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Abstract

A challenge in infrastructure asset managementroegun both developed countries
and developing countries. The challenge is how¢alipt infrastructure performance
with appropriate models regarding the ability ofngdete data in order to make
optimal maintenance and repair strategies. A gty on maintenance, repair and
rehabilitation is generally in form of stochastantrol models with found on Markov
decision process (MDP). Standard models of infuattire management are based on
the MDP which the condition state of facilitiedisfined in discrete states. Statistical
estimation methods have been applied to overcoraeptbblem of deterioration
using econometric analysis approach. As a parttaifsical method, the Markov
hazard model becomes a valuable research thabvegrby a plentiful paper and
research produced in this field. Inspection datarisessential in Markov hazard
models application. Accuracy of estimation occupideast two inspection times
which will be affected by quality of inspection dafA measurement error should be
done due to errors occurred in inspection dataaased by measurement system or
inspector (human or machine), inspected objectdtoon data processing and data
interpretation. Methods with focused on formulatiegaluation techniques for
guantifying the error term have been posted. Inteh] estimation methodologies
using Bayesian estimation technique suggested deroto overcoming small
sampling population of inspection data and measen¢nerrors has already
documented.

Recently, a variety of databases have been dewtldyye road administrators.
However, it is still measly database functions dbaoting to infrastructure asset
management. This fact mentions that even if a damlcontains plentiful and
detailed data, it is not a guarantee that it wodddinitely be used. Appropriate
management suitable in developing countries dependkeir needs and limitations.
Poor systems of database or due to the databasensed like just black boxes are
kind of challenge in database application in intfiasture asset management. Thus,
a comprehensive strategy to build a methodologydafabase application in
infrastructure asset management should be condidésaderstanding of basic
knowledge of deterioration model in connecting wibbls will be valuable in field
of database development.

This study is aimed at understanding and elabayateterioration prediction models
by referring to application of Markovian deterioost hazard process for
infrastructure asset management. Practically, fegusn the pavement asset
management systems. Secondly is verifying and applyrhe Kyoto model
Pavement Management Systems as a part of road patemsset management
systems with preferential on pavement databaseippast pavement maintenance
work. Lastly is developing a practical approachegipirical studies of pavement
maintenance management systems. The practical nsodadvided as open systems
of database for practical orientation.



Chapter 3 has discussed a methodology of maintenance mamagenith strategy

and policy approach. The maintenance managemerntypd developed from

viewpoint of mid/long-term maintenance plan. Thaigy is working with highway

pavement maintenance. In order to verify the appilty of this policy, an

empirical study was conducted on maintenance managgein Kyoto City road

pavement. This study has made a contribution tofigld by comparison and
benchmarking repair using maintenance policy apgrodhe maintenance policy
approach represented can be extended to applynhofay main road pavement but
to various other kinds of road facilities as well.

In chapter 4, deterioration risk in pavement section was eualliaby paying
attention to road pavement maintenance issuesyajeseoutine maintenance work
using statistical data, and proposes concept oétassmnagement system that
continuously decreased deterioration risk. In adidjta methodology that requests
maintenance strategy to aim at achieving reductost and making long-lived
pavement was developed, and an approach that astempapplying to actual
maintenance work was considered. In that case,séscwn maintenance of road
pavement that local government managed, constpat®ment logic model for
highway, and proposes operation method. In additimanagement system to
perform steadily such as repair method selectioth @mdating necessary data in
order to propose benchmarking evaluation methodletérioration speed using
statistical deterioration prediction model as a njuative evaluation method to
achieve cost reduction and pavement long-lived.

Chapter 5 has explained logic model and benchmarking eviaoahat forms as

basis of the Kyoto model more in detail, has disedsa basic concept of Kyoto
model pavement management system that has evaldatiotion and customization
which enabled to overseas standardization, andgdiisfied requirement of ISO for
road pavement based on trend concerning interradtistandardization of asset
management.

Furthermore, example of benchmarking evaluation whewn, and evaluation
method that synchronized with logic model was aoméd. The Kyoto model wish to
emphasize overall platform of PMS composed by logiclel in more with database,
application and evaluation system, mechanism, sataindin order to construct
mechanism of PMS in average not merely aimed atdata application of PMS as
pointed out but also while corresponding to eacldui® and AM plan process. In
addition, to form the strategic pavement managensystem in a long-term
perspective, to construct PDCA cycle, and to symeize with inspection function of
ISO. When restructure asset management plan thiébghk and Action by ISO, the
logic model is redefined. As a result, customizatid asset management system is
ensured, and standardization of PMS that has diyéssachieved.

In chapter 6, it has proposed a practical model approach faterstanding of
pavement management system in order to solve dbleo related to lack of
information of pavement condition due to minimumi@t of maintenance and
inspection. Within this practical model, integratiatabase as a unification of several
otherwise distinct files was an approach to shadiaig and also enforcing standards



to reach that goal. Having common open-source idgieominent effort in providing
beneficial work purposes, for instance, in resealich academic, and in non-
commercial works.

Development a practical model of PMS is the wayhahdling problem of open-
source pavement inventory data. In this works, bygiical approach is utilized.
Virtual or imaginary but closes-in-reality as a mgoif view with the target of
highway network in form of city (municipalities) gsrovince (prefectures) level
target. Following integrated pavement database goas customized database by
flexible structure in regard to user’s options, amnpatibility with external and
internal models.
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Chapter 1

| ntroduction

1.1 General Introduction

Increasing utilize of infrastructure to support isbgs activities creates a new
research area that should be developed. As a natureost infrastructures,

continuous development becomes a vital part. Tpecavith demands of
infrastructure, asset management have been intedduilc recent years. Asset
management as integrated approach may become afigeed conflicting of

resource constraints, performance requirements riadacceptances that always
exist in the infrastructure system. Now, assetagament is come in as efficient
way to maintain civil infrastructures which hasdpwally deteriorated under a limited
budget (Kobayashi and Ueda, 2003). This means ribatonly a wide-scale of
research has been done well, but also applyingarelsefor asset management

practices.

Infrastructure asset management is not generattgdfito be an engineering

discipline, combining humanities and sciences @anomics, accounting, business
administration) are also invited. Therefore, a poghensive understanding on asset
management as a whole may not be reached by & seggarcher or decision maker.
Based on that, the entire infrastructure network diferent systems and of course a
definition developed in case by case approachegeeless, a broader perspective
can be understood according to Kobayashi (200&gstructure asset management
as “the optimal allocation of the scare budget ketwthe new arrangement of
infrastructure and rehabilitation/maintenance o texisting infrastructure to

maximize the value of the stock of infrastructumd &o realize the maximum



outcomes for the citizens”. On the one side, assgtagement as applied to the road
and pavement sector can be considered to be “amnsgit process of maintaining,
upgrading, and operating assets, combining engmgeeprinciples with sound
business practice and economic rationale, and girayitools to facilitate a more
organized and flexible approach to making the deuss necessary to achieve the
public’s expectations” (OECD, 2001).

Underlining above definition, one important keyaisset management is maintenance
or repair strategy. Even though we have had magly technologies in design and
construction infrastructure, however the maintepaiscoften excluded as a part of
sustainable infrastructure. Infrastructure asseluding road and bridge sector are
highly and frequently maintained such as inspect@mmal monitoring which are
needed by decision makers in order to make a glamamtenance and rehabilitation.
To address infrastructure optimal maintenance,iregpeal rehabilitation, a variety of
research have been accumulated (Madanat and Bew,AkO94; Guigner and
Madanat, 1999; Swilowitz and Madanat, 2000). Reiggrdncertainty measurement
in conjunction with facility deterioration is mogtemphasized (Madanat, 1993a;
Tamura and Kobayashi, 2001; Jido et al, 2008; Mathaand Gong, 2009). With
stochastic model using Markov decision processs ttee serve optimal repairing
policy that minimizes facilities life-cycle cost.

A large number of researches on pavement (inclutimdpge) management system
have been disseminated. Pavement management sistdaveloped in order to
reduce life-cycle cost of road pavement that igakle with project level and or
network level (Hass et al, 1994; Hudson et al, 198tabat et al, 2002). Estimating
the demand of pavement repair becomes challenget dff road management
agencies. On other side, there is a lack of detrom data to use in deterioration
estimation. Repair budget often unable to provigeually due to economic policy or
public work budget changes. Whereas, ideally, matkement repair should be done
when the life-cycle cost is at a minimum. It isightory to manage the demand of

repair and determining budget at a certain timerder to reach pavement long-lived.
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1.2 Background of Study

A challenge in infrastructure asset managementroedun both developed countries
and developing countries. The challenge is how¢alipt infrastructure performance
with appropriate models regarding the ability ofngdete data in order to make
optimal maintenance and repair strategies. A gattahtion focused in maintenance
field has been run well. Carnahan et al (1987) Hadper et al (1990) proposed
maintenance and repair under forecasting unceytaihtfacility deterioration. In

these studies, inspections with predetermined amedf time intervals are

incorporated.

Basically there are two dimensions of inspectiociglen. Firstly is when inspections

will be doing to the facility. This decision is ad to the presence of forecasting
uncertainty. Secondly is how to inspect it (inchgliwhich technology to use) that

refers to measurement uncertainty. An improved rmpdesented incorporating of

both forecasting and measurement uncertainty. Matdafl993b) tried to

incorporating inspection decision of optimal timimgpblem of both inspections.

A great study on maintenance, repair and rehatditais generally in form of
stochastic control models (Madanat et al, 1995;hlesni and Madanat, 2002; Aoki
et al, 2005a; Madanat et al, 2006; Aoki et al, 200Bh found on Markov decision
process (MDP). Standard models of infrastructurmagament are based on the
MDP which the condition state of facilities is dedd in discrete states. The optimal
maintenance models were documented using disciete, tstate-based models
(Durango and Madanat, 2002; Frozzi and Madanat4;280ki et al, 2007; Nakat
and Madanat, 2008). However, increases the rantkaosition probability matrix
rapidly with small increments in the number of staariables and policies bring on
difficulties for estimations using MDP (Guillamoat al, 2003; Khun and Madanat,
2005; Jido et al, 2008). Kobayashi and Kurino (900®@pose an optimal repairing

strategy model for infrastructure facilities undercontinuous-state-deterioration

Chapter 1 Introduction 3



process and succeed in facing such difficultiehe@t of continuous state solution
approach were suggested by Tsunokawa and Sch®@4) &nd using a steady state
of continuous time and continuous state space atetrdinistic deterioration (Li and
Madanat, 2002; Ouyang and Madanat, 2006)

Statistical estimation methods have been appliedbwercome the problem of
deterioration using econometric analysis approddndgaster, 1990; Gourieroux,
2000). Lancaster (1990) developed the multi stagdainfor the behavior of labor
transition which using a rational approach to eatentransition probability from
multiple condition states. This research tries tsveer the problem of binary
condition states as proposed by Shin and MadafBjaising Weibull deterioration
hazard model to forecast the starting time crackpavement structures or similar
research by applying the Weibull distribution fuonotin case of tunnel lightning
facilities deterioration (Aoki et al, 2005b). Tweycome the problem of deterioration
prediction using Weibull Hazard model, profounde@sh have been accumulated
mostly to pavement management by Asset Managemenip®f Kyoto University
(Aoki et al, 2005c; Kaito et al. 2008; Aoki et &D08; Kobayashi et al, 2010;
Kobayashi et al, 2011).

As a part of statistical method, the Markov hazarddel becomes a valuable
research that is proved by a plentiful paper arskaech produced in this field
referring to some foundation books (White, 1993teBuan, 1994; Norris, 1997).
Tsuda et al (2006) portrayed the vertical transitiglation between condition states
and figured a method to estimate Markovian tramsiprobabilities with multi-stage
hazard model applied in bridge deterioration fostiog. Whilst, Kobayashi et al
(2009) developed the model for pavement determmafibrecasting with the Korean
case. This model is possible to apply in severahfséstructure asset management
system. Application of hazard models in asphaltepaent (Hiroshi et al, 1990;
Abaza et al, 2004; Kaito, et al, 2007), deck bridgd bridge networks (Golabi and
Shepard, 1997; Morcous, 2005; Robelin and Mad&2@@,/), and also for waste
water systems (Baik et al, 2006) are obvious pssy@ long research related to

Markov chain models.
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Inspection data is an essential in Markov hazardletsoapplication. Accuracy of
estimation occupied at least two inspection timagwwill be affected by quality of
inspection data. A measurement error should be dugeto errors occurred in
inspection data as caused by measurement systempactor (human or machine),
inspected objects, or from data processing andidtggoretation (Humplick, 1992).
Methods with focused on formulating evaluation taghes for quantifying the error
term have been posted (Cochoran and Cox, 1968;bSyub973). In addition,
estimation methodologies using Bayesian estimagohnique suggested in order to
overcoming small sampling population of inspectdata and measurement errors,
(Ben-Akiva and Ramaswamy, 1993; Ibrahim et al, 208@ng and Frozzi, 2006;
Kaito and Kobayashi, 2007).

To eliminate error term, bias or noise in inspeattdata, a Hidden Markov hazard
model as a branch of Markov chain model is usefithough, as for infrastructure
system is still limitation in application, howevier applied statistics can be shown
more documented (MacDonald and Zucchini, 1997; Raded Titterington, 2000;
Kobayashi et al, 2009). On economic and finandde,sresearches invents by using
non-stationary series of information. Using Markahain theory is possible for the
transition probability in non-linear regression eggeh (Hamilton, 1989; Kim and
Nelson, 1999). Employ Bayesian estimation and Markechain Monte Carlo
(MCMC) simulation is best way to estimate the Markoansition probability to

overcome the limitation of hidden Markov chain misd&Vago, 2005).

Estimation of heterogeneity factor of individuabgp using Mixture hazard model is
being applicable. With mixture hazard model, estintgp is accorded on
inhomogeneous data and also in the same set adanep data. Nevertheless, it is
important to understand if we will estimate of metgneity factor in relation to
different group of facilities (Nam et al, 2008). llewing that, by mixture hazard
model, it is considered model as an excellent teahmool for benchmarking study.
Particularly in developing countries, benchmarkstgdy is used to find the best

practice in management and technology.
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Recently, a variety of databases have been dewtldyye road administrators.
However, it is still measly database functions dbaoting to infrastructure asset
management. This fact mentions that even if a dambcontains plentiful and
detailed data, it is not a guarantee that it wodddinitely be used. Appropriate
management suitable in developing countries dependkeir needs and limitations.
Poor systems of database or due to the databasensed like just black boxes are
kind of challenge in database application in irthésture asset management. Thus,
a comprehensive strategy to build a methodologydafabase application in
infrastructure asset management should be condidésaderstanding of basic
knowledge of deterioration model in connecting wibbls will be valuable in field

of pavement database development.

1.3 Objectives of Study

The objectives of the present study are mainlyeotfid by current discourse of
finding the answer of more practically of infragtiure asset management. In brief, it

would be categorized in three solid items, that is:

* Understanding and elaborating deterioration presicnodel by referring to
application of Markovian deterioration hazard pssxeand pavement

maintenance policy and strategy for utilizing imblemarking evaluation.

* Verifying and applying The Kyoto model pavement age&ment systems as
part of road pavement asset management systems psgtferential on

pavement database to support pavement maintenamnke w

 Developing a practical approach of empirical stadief pavement
maintenance management systems. The practical ns@ebvided as open

systems of database for practical orientation.
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1.4 Scope of Study

This study is being figured in four main chaptegaitlines of scopes are stated as

follows:

» Chapter 3 discusses the pavement maintenance nmaeageolicies which
provide a step of constructing maintenance managesystems. Utilize of
inspection method and repair method in relatindnwiformation systems in

order to rationalize objective data acquisition argpection work.

* In chapter 4, presents benchmarking evaluation etércbration speed for
long-lived pavement. A new maintenance managemenk \that making
pavement long-lived using logic model is evaluataither in secularly or
continually. Empirical study was implemented in alsonaintenance work in

Kyoto city.

» The chapter 5 scope is on development of Kyoto Nodavement
management systems. Featuring international stdedaf pavement
management systems which consist of information agament functions,
analysis-evaluation and planning for decision mgksupport systems are

predominantly.

* Development of practical systems is conducted ditieg of pavement asset
management systems in the form of database fursctidms study is written
in chapter 6. Specifically, the model of chaptes @leveloped by in a close

link with the content of chapter 5.

* Conclusions and recommendations on models and iead@studies are come

up at each last section of respective chapters.
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1.5 Expected Contribution

Through the research, it is expected that the kedgd of this research will

contribute to:

* Maintenance management policies in chapter 3 gpeated to be used for
road manager or governments who is responsibleol the maintenance
systems in their city or local government. Thisptlea is also possible to be

extended with other infrastructure systems.

* In chapter 4, a benchmarking evaluation for paverdeterioration process is
proposed. As a benchmark, the result of this rekearpossibly to support a
plan of maintenance of different section in theufat Moreover, pavement
long-lived and cost reduction which is related taimenance work poised to

be applied in asset management.

* Inspection data and repair method should be coregsideshen working on
pavement database. Thus, chapter 5 promises as@hew contribution to
pavement asset management that will overcome thi@gn of deterioration
prediction. Other contribution may in form of framak to develop a

deterioration model appropriate with road manadgersands.

* A practical approach of pavement database whicld us@pen systems as
stated in chapter 6 might useful for developingntoas. The difficulties by
expensive cost for using sophisticated models amndg by developing
countries. Come out with this, to alleviate devetept of pavement

management systems in their countries based oactigal model.
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Chapter 2

Pavement M anagement Systems

2.1 General Introduction

The infrastructure asset management process rdterslecision making of
maintenance, repair and rehabilitation to minimiltie-cycle cost. Deciding
maintenance strategic, for example, come up wittiopmance of facilities in the
network. Performances of facilities usually divide two forms. Firstly is
information on current condition, which is obtainf@m inspection. Secondly,
information on future condition is supported bygcting of performance models.
Thus, accuracy of current performance and preaictb future performance of
infrastructure such as: pavement, bridge, airpmmnel, etc is crucial point for
developing appropriate deterioration prediction gisd

Deterioration prediction can be broadly dividedointnechanical methods and
statistical methods. In other ways, it also camémely by deterministic models and
stochastic models in chronological order. Mechdmuathods prescribe a prediction
model based on two ways, either by experiencegweldping a model to derive the
mechanisms of deterioration and damage by usinigdbgeduction. Meanwhile, a

huge amount of visual inspection data is used dsase to denote statistical
likelihood in statistical methods. Accordingly, nmanical methods are useful in
deterioration prediction for specific infrastructar or facilities in form of a

microscopic view. Conversely, statistical methods advantageous for macroscopic

view of deterioration prediction of entire infrasttures.
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Employed deterministic or stochastic models for thegerioration prediction in
infrastructure management rely on intended goalwéier, since deterministic
models have varying information and predictions cihhinge with deterioration
occurred, and information necessary is excludedisnal inspections standard, it
makes less in used. In reverse, stochastic modeisre visual inspections of entire
infrastructures which is assumed as discrete sthgm even if in the different
deterioration prediction, it will be much prefetexhative for practical applicable to

deterministic one.

Output of deterministic models can be called asopeance curves, meanwhile in
stochastic model; it can definitely not be exprdsae performance. It means that
visual inspections are not figuring physical atitds of facilities, but results of
visual inspections based on information obtainednaeded to define repair time and
suitable repair methods. As consequence, it wildleable in practical when using
stochastic models in order to elucidate investmtmie of life-cycle cost by
employing visual inspection results of deteriomatipredictions. Thus, as in
compared with performance curves that stated irvigue, output of stochastic
models is called management curves as an appmpréahe. Management curve is

more valuable for deterioration process.

This chapter reviews in-depth research works imastfucture asset management
which was proposed by asset management group atoKyaiversity lead by
Professor Kiyoshi Kobayashi. Main reference are theper on multi-stage
exponential hazard model (Tsuda et al, 2006), papaneasuring deterioration risk
of infrastructure (Aoki, 2007), and paper on loaaixtures hazard model (Nam,
2008).

The following sections (2.2) expresses backgroutedakture on infrastructure asset
management approach, where encompasses the coraept practical of
infrastructure asset management, and also rolesoébinspection data in supporting
Markov chain models. Section 2.3 presents detdraoraprediction model using

deterministic method. Adversely, deterioration dicdon model by stochastic
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approach is described in section 2.4. The subsémqfesection 2.4, multi-stage
Markov exponential hazard model is discussed ini@e@.5. Whilst, section 2.6
explains the mixture Markov deterioration hazard delo The last section
summarizes this chapter and recommendations retatedpanding this chapter in
future.

2.2 Infrastructure Asset Management Approach

2.2.1 Overview of Infrastructure Asset Management System

Infor mation
(visual inspection)

Knowledge
(deterioration
model, L CC)

Figure 2.1 Concept of Management

As in line with the concept of management, infrastiire asset management
encompassing a cycle of three processes as displaygure 2.1 (Kaito et al, 2010).
Information deals with extracting a huge of infotroa that is beneficial and

applicable to gain knowledge. Information processot only as the first step of
management, but also to oversee the quality okaetimaking. Knowledge focuses
on tools to support of decision making which cutas information gained. Decision
making pays attention to provide result of procassthe end of this cycle. As

noticed, in infrastructure asset management, a bigdormation can be enlisted is
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narrow. Thus, it is important to realize informatidtype that can be applied in

practice.

Regarding the limitation, it is necessary to coesithat some of limitations be in

place with infrastructure applied. A number olstures to be managed, age, type,
and state, as well as organizational limitationshsas a number of employees,
technical capability, and budget are possible. @meroside, the characteristics,

culture and history of the administrator, and alsoent social conditions may serve
as limitations. These limitations are different degree based on the specific
administrator. By limitations existed, experieneéngd and know-how approach, the

administrator carries out decision making processes

Hereinafter, infrastructure asset management metbges as stated above are
likely rely on experience and hinge to the admraistr. Hence, a shared framework
of infrastructure asset management used jointlyrentbe administrators is opened,
but it is a narrow when ask how much a ready-mgdtes could be practically used
in infrastructure asset management. Other matystemization and a reliance on
systems can induce misconceptions with respectdsidn making. In other words,
the “decision making” in figure 2.1 is related tesamption that administrator have
to undertake by themselves. As explained in se@i8¢2.4, deterioration predictions
and life cycle cost evaluations are commensuraté&nowledge”. These outputs

(results analysis) are a tool to support the adstratior’s decision making process.

2.2.2 Practical Infrastructure Asset Management

Infrastructure asset management tries to reducs aosnaintaining infrastructures
or look for a method to increase infrastructuregitimed by repair activities. To
achieve these conditions, figure 2.2 shows managesteicture that is hierarchical
management system with emphasized on three diffatermanagerial levels. The
first top, strategic level, observes process oéfietation in a long-time planning of

implementation. The second, tactical managemeset deals with plans and tactical
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activities in medium-term scenario. Whereas, th&t lavel in the hierarchical

management system focuses on a specific mainte@agcespair works.

The three levels of management are integrated mgstnd working as a single
functional entity for entire network structure. Bveo, each level requires a specific

analytical methodology and has its own missionghbpectives.

In strategic level, in order to invent a long-termplementation, estimating the
budget allocation as well as a method to allocagehiudget by economics analysis
such as life-cycle cost is one example of actisitieTo support budget plans and
maintenance strategies, of course, deterioraticedigion model is needed to
estimate repair time and methods. The stochastierideation prediction model

requires inspection data daily recorded at the temance and repair level.

Adversely, as data input to strategic and tacteadls, the data should be reliable.

Further to tactical levels, the objective is foliag the basic policies or outputs as set
at the strategic level, then in replying urgenivaiieés such as citizen’s requests and
efficiently daily work procedures. Other activity generating a list of candidate
infrastructure component that should be maintaimechear future. At this time,
periodical inspection is carried out. Priority |e€wé repair is adjusted by evaluating

simultaneously various indicators.

In accordance with maintenance and repair level,rédpair candidate components
are processed within budget allocation in connactiath priority level which
decided at tactical levels. It is important notihee, record of actual performance of

facilities is important to update status of fa@ktinto inventory system.

Information recorded and learned from the projechsas influence of maintenance
performance to infrastructure long-lived, will becdmented as knowledge data.
This knowledge is considered as lesson-learnedthier qrojects. Therefore, the
Deming cycle (Plan-Do-Check-Act) (Deming, 1994) yslaa positive role that

connecting with management system to improve te&egay as whole.
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Figure 2.2 Management Flow by Level

2.2.3 TheRole of Visual Inspection Data

As previously described, inspections are a soufgaformation about condition of

facilities. Nevertheless, it is not require for décision-making methods. In case of
deterministic decision-making models, it assumasitifrastructure performance can
be predicted without error into any time in theuhet Within this assumption, due to
assume that the information provided is alreadyknto the decision-maker, then it
is not important to derive from performing inspeos. In consequence, to being
unrealistic in representing of pavement deteriomgtideterministic models do not

recognize the role of inspection (Madanat, 1993b).

On different way, employ of stochastic hazard moainly based on Markov
decision process means that asset managementcpsadtave to recognize the
uncertainty and using information form inspection monitoring to reduce
uncertainty. Availability of historical informatiowill support the better deterioration

process result.
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Visual inspection is a method to obtain the neagssdormation on deterioration
progress. As a fact, using visual inspection adistapoint to predict deterioration
will be possible to reduce cost in life-cycle c@staluation. A visual inspection
records the status of facilities in the time ofp@stion; it is not define accurately at
certain time changed in the future. Even if, justited and uncertain information,
utilizing probabilistic models to establish a modél deterioration processes and

applying inspection data to develop stochasticiptieas of deterioration are enable.

A large number of studies have been proposed oroging visual inspection data

to deterioration prediction models. As in sectio®, Markov chain model is a model
for displaying transitions between discrete stagables such as visual inspection
data. The Markov chain model relays probabilitytrainsiting one state to another
specific state as Markov transition probability eTdeterioration process is calculated
in accord with Markov transition probability matrixn case of transitions between
ratings of facilities are fulfilled requirement darkov transition probability, and

then utilize visual inspection data to reveal detation process of infrastructures.

The concept of the Markov chain model is simplej #ren the models have been
widely implemented. However, it is necessary t&lathe problems of measurement
error and bias, when estimating the Markov chainl@hdased on visual inspection
data. In fact, high accuracy of estimation is aaimple one. Several of Markov
transition probability model proposes the subjectilecision by the field engineer.
Thus, why several of papers related Markov chaidetsomay not be agreeable with
actual data (visual inspection data). Consequentgtimation model are
inappropriate to actual work. Therefore, thera iseed to further develop a hazard
model which considers the measurement errors aasl (Hiobayashi et al, 2007).
With these conditions, it would bring consistentlymprehensive improvement in
the field and deterioration prediction models iogical way.
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2.3 Deterministic Deterioration Prediction Modée
2.3.1 The Simple Linear Regression Model

Regression analysis is one of the most generaiyg tisols in many research fields.
Regression analysis deals with measurement of atioeship between an
independent or explanatory variable and a dependanable. In specific way,
regression analysis is used for predicting the esafiy by given values of x. To
examine of errors and evaluate the judging whetiserg the linear functional form

is considered for applying the regression analysis.

In pavement application, we can employ this modelestimate road condition
annually using function of elapsed time. This modah be applied as minimum
requirement for all deterioration prediction modeds that will be suitable with
countries which have minimum data of pavement ¢(rdy pavement condition and
maintenance history data). However, it is importaninderline based on experience
both from researchers and engineers that regressmael have limitedness to

overcame with uncertainties of pavement deteriongbrogress.

This section describes simple description of sintiplear regression model. In term
of the linear regression model, an important carsition should be noticed that
whether we are obtaining prediction for particwalue of y or for the average value
of y. Another one is considering the conditionsLefst Squares Estimators (LSE)
that have desirable optimum properties which alledas linear unbiased estimator
(Maddala, 2008).

The linear regression model essentially consistsliowing variables:

» The dependent variable, denotedds
* The independent or explanatory variable, denotéX’as

* The regression parameter, denotetl/&s
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Based on that variables, to estimdtdy a function ofX andf using regression

model can be defined &s~ f (X, ). The formulation is usually formalized as:

EY|X) = f(X|B) = Bo + PiXi + & (i = 1,...,n) (2.1)

In this case, the dependent variallés condition indices and meanwhile the time
since last major rehabilitation or condition chamgéween inspection points can be
as the explanatory variabk For adding several explanatory variables in teains

X?, ..., X', the regression is formulized in multiple lineagression as in below:
Vi = Bo + PrXi + BoXP o B X+ (i=1,...,1n) (2.2)

As a note, equation (2.2) is still linear regressiie to the paramete, s, ..., B,

is linear even though in the explanatory varialiidhe right side is quadratic.

Theg; in equation (2.1) and (2.2) is an error term. @igerandom sample from the
population, it can be estimated the population matars and step into the sample

linear regression model:

9, =PBo+ Prxi + e 2.3)

Thee; is residual term, that iss; = y; — y;. The method of least squares is required

to estimate that choog® andp; as estimates g8, and 8, respectively. By this
method, it generates parameter estimates thatuhredd Squared Errors (SSE) is a

minimum:
SSE =X/l ef = LI (Y — Bo — Bix;)? (2.9)

To minimize SSE in equation (2.4) with respectdltve parameter estimators, 5 ,
we equate its first derivatives with respeciigcand p; to zero. From those result
(called normal equations) then substitutes eackrotience the formulas of least
square estimates in the case of simple regressgon a

B, = Ziz (=X O=Y) 04 Bo =7 — pi% (2.5)

T (xi—%;)?
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Wherex is average value of explanatory variableandy is average value of

dependent variable y.

From the graphical presentation of regression linere is one important question,
that is, dependability of relationship between daejemt and explanatory variables.

Standard error of estimate is generally used ingheblem.

The Mean Squared Error (MSE) can be estimated &seli estimates of regression

line refer to the variance?:

1 1 A 1
MSE=—7% ef = — 3L (yi = 9)? = —Eii(vi— Bo— Fux)®  (2.6)

n

Then, the standard error of estimat§s,are calculated by:

S0 = VHISE = | L3811 = o - o)’ 2.7)

When the value of, is closer to zero, it explains that relationshiptween
dependent variabley; and explanatory variable; is well. Coefficient of
determinationR? should be used to check the goodness of fit ofession line.
Regarding to differences between measurememindy, total deviation can be
divided into SSE and SSR (Sum of Squares Regréssion

Gi=N=0:=-9)+F: -y (2.8)
> . (y; — )% = total sum of squares (SST)
>, — ¥)?* = regression sum of squares (SSR)
™, (y;i — 9)? = error sum of squares (SSE)
The total deviation can be rewritten as:

SST = SSE + SSR (2.9)
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Let divide equation (2.9) by SST, so the variatiatio of explained and unexplained

variation, respectively:

SST _ SSE , SSR SSE , SSR
— ==t orl=—+—— 2.1
SST — ssT | ssT ssT | ssT (2.10)

Here, the% is called as the sample of coefficient of deteani R. Then can

also be written as:

n(9.—7)2
RZZSS_R:1_SS—E:Z‘;1(#,here,OSRZS1 (2.11)
SST SST X!, (yi-¥)?

While all estimation well-off on the regressiondin
SSE = ?zl(yi — S\Il')z = ?=1 e, = 0 then Rz =1 (212)

Values ofRr? will be in range 0 to 1. The high@? indicates higher correlation
coefficient. Ther? 1.0 stands for the regression line completelytfi¢ data.
However, it should be emphasized that the coefficie a measure of relationship

(not exactly a measure of correlation).

As stated before, engage of simple linear regrasesiodel respect to pavement
management can be reached depends on data requiréxeea dependent variable,
condition indices during the period of pavemeng-kif/cle, otherwise elapsed time
from last rehabilitation or construction, or intahtime between two inspections will

be an explanatory variable.

2.3.2 The Multiple Regression Model

As described in section 2.3.1, simple linear regjoesis configuring the relationship
between an explained variahjjeand an explanatory varialbte In order to match the
needs of research fields those require not only exganatory variable, using
multiple regression should be considered. The esiim of multiple regression has a
similar way to that for simple linear regressiomeTmost important difference that

the multiple regression can surmount more than ex@anatory variable. This

Chapter 2 Pavement Management Systems 25



model is often done to ascertain admit of addifi@xplanatory variables impress to
increased prediction of dependent variable. Irepant case, it is possible that too
many explanatory variables affect to pavement dwtdron process. Employ the
multiple regression for pavement deterioration withore effective when
understanding of effect of variables and their legntribution to deterioration rate
due to that deterioration could be different inteaection (in small scale) or among

countries (in large scale).

The general form of the multiple regression equmatiith n variables, that is:
Yi = Bo + B1X1 + B2 X2, o, BrnXn + & (2.13)

In the similar way of simple linear model, tBgis the intercept of regression line in
y-axis when the values of explanatory variatXdese all zero. Thg,, ..., B, is partial
regression line gradient to measure changing aiag value per unit changing of
eachx variablesx,, ..., X,,. The restg; is a residual or errors due to measurement
errors inY and errors in the specification of the relatiopshetweenY and theX

variables.

Equation (2.13) can be written in vector form by:

Y, =Xf; +¢ (2.14)
where:
Y 1 X1 Xz1 oo Xma\ /B €1
Yz _ 1 X2z X3.2 X‘{’l ,3:2 + 822
Y, 1 Xpn Xon o Xun) \B, e,

In other way, equation (2.14) also can be written a

Y, 1 P2Xo1t+ BsXsi+ ot BpXp &
Y, — ,32 B2X22 + B3Xzz + 0+ BnXnz € (2'15)
Yn :81 ,82X2n + ﬂ3X3n + et Bann €n
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The least square methods states that normal equeimeeded to simplify the

estimators'f"s.
SSE=¢e'e = (Y — XB)'(Y — XB) (2.16)
The normal equation can be written in matrix fothat is:
X'X)B=X'Y (2.17)
To found the solution of estimatotg"s, multiply each side by the inverse @f'X).
X'X)IX' X =X'X)IX'Y (2.18)

Regarding the inverses properties, we get:

X'X)1X'X) =1 (2.19a)
IB=X'X)"X'Y (2.19b)
B=&XX)"'X'Y (2.19¢)

As same concepts refer to equation (2.9) and (2th8)coefficient of determination
can be estimated. Notice the SSE in equation (2théR? can be written as:

__ SSR _ SSEZ Y-9'(v-7)

2 —_ =
R* = SST SST (Y-7)'(Y-7)

(2.20)

The addition of variables always increagés This does not mean that the regression
equation is improving. The appropriate thing tokla is the estimate of the error
variance. An equivalent measurerig the value oR? adjusted for the loss in degree
of freedom due to addition of more explanatory afsles. A procedure usually
followed is to keep on adding variables umf stop increasing. Th&2 might
increase by addition (or deletion) of two or moeeiables even though it might not
if one variable is added (or dropped) at a timediéda, 2008).
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2.4 Stochastic Deterioration Hazard M odel

2.4.1 Condition State and Periodical I nspection Scheme

In regard to deterioration prediction model usit@rbastic method, it is necessary to
accumulate time series data on the condition sw@itdhe components. In reality,
deterioration progress of pavement components Isasi@us problem of uncertainty.
Furthermore, the condition state at each poinhentime-axis carried out by visual
inspection encounters a limitary of time. The cqucef deterioration process of

pavement component by periodical inspection schiemeesented in Figure 2.3.

Condition state

. A O___’Q
;
2 O--©-»O
i
3 ©O >
i --»0O
-
i+1 O --»

Note) In this example, the deterioration processagbavement section if expressed in terms of
calendar time,, 7, ..., 7;, and condition state of the section is increasaghitary units.

Figure 2.3 Timely Transition of Condition States

In Figure 2.3,7 represents real calendar time (hereinafter wilubed only by “time”
expression). The deterioration of the pavementriseignmediately after it is opened
to the public at time,. The condition state of a component is expresyea tanky
representing a state varialgie= i, ...,] — 1) . For a component in the good or new
situation, its condition state is given ias 1, and increasing of condition state

expresses progressing deterioration. A valug=of indicates that a component has
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reached its service limit. In this figure, for eatiscrete time; (i = i,...,J] — 1) on
the time-axis, the corresponding condition state hecreased from to i+ 1.
Hereinafterr; is referred to the time a transition from a coioditstate; toi + 1

occur.

Information relating to the deterioration proceds pavement can be obtained
through periodical visual inspections. Neverthelesformation on the condition
state based on continuous visual inspection iscdiffto found. In this case, the
initial inspections are carried out at timgson the time-axis. It is supposed that at
time t, the condition state observed by inspection(iis=1i,..,J —1). The
deterioration progress in future times is uncertaimong the infinite set of possible
scenarios describing the deterioration process amypath is finally realized.

Condition state

A
: Path 1
1 e B -: :CD
| |
l Path 3 Path2
2 1 —— — —— — — — — — — —t(
: 3O
|
|
|
|
3 | Path 4 >
|
|
|
: < >
: Sa
o 7t T3 51 T ta

Note) In this example, the deterioration procespafement section is explained in terms of four
different sample paths. In paths 2 and 3 the cmmd#tate has advanced to one upper state condition
at the calendar timeg andt; respectively. In path 4, the condition state haseased one state at
each timer} andzj. Nevertheless, in the case of a periodical inspeatarried out at times, the
condition state at any point in time between insipas cannot be observed.

Figure 2.4 Periodical Inspection Schemes of ConwliStates

Chapter 2 Pavement Management Systems 29



Figure 2.4displays four possible sample paths. Path 1 dispteytransition in the
condition statd during a periodical visual inspection interval. paths 2 and 3,
condition state has advanced to one upper stattit@momat the calendar timesg and
7} respectively. The condition state of these twihpabserved at timg, become
i + 1 are not determined. Moreover, path 4 displayssitims in the condition state
at timest; andt},; during the inspection interval. The condition stabserved at
time tz becomed + 2. That is, despite the transitions in the conditgiate are
observable at the time of periodical inspections ihot possible to gain information

about the times in which those transitions occur.

Condition state

A
i-1 | O
4
| Q- :’ ————————— >
i+1 a0 A >
Yc g
VB VA
T
Ti—1 Ta T; Tg

Note)In the case the condition state changes frem toi at the calendar time_, the inspections
carried out at times, andzy will also correspond to the points in timg andy; when using;_; as
the time origin. The figure displays a sample detation path in which the condition state has
advanced in one unit tg. in the interval timer;_; — y.. Nevertheless, observations at time, are
not possible in a periodical inspection schemethsge is no way to obtain observationyaty; and
vc. Nevertheless, it is possible to use the inforamationtained i = y, — y, € [0, Z].

Figure 2.5 Model of Deterioration Process

2.4.2 Markov Transition Probability

The transition process of the condition states afempnent component is uncertain.
Consequently, deterministic methods cannot be eyedito predict future condition
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states. To address this situation, Markov transigimbability is utilized to represent
the uncertain transition pattern of the condititatess of pavement section during two
time points. Markov transition probabilities can lbefined for arbitrary time

intervals.

To simplify, Markov transition probabilities can Hefined and utilized to predict the
deterioration of pavement component in relating hwithe information from
periodical inspection scheme shown in figure ZHe observed condition state of the
component at time, is expressed by using the state varidigle,). If the condition
state observed at timg is i, then the state variablgt,) = i. A Markov transition
probability, given a condition state(t,) =i observed at time,, defines the
probability that the condition state at a futumadiz for example) will change to
h(tg) =j. Thatis:

Prob[h(tg) = jlh(1y) = i] = m;; (2.22)

The Markov transition probability matrix can be idefl by using the transition

probabilities between each pair of condition stéigg as
71'11 cee 71'1]
I =< oo ) (2.22)

The Markov transition probability (2.21) indicatée transition probability between
the condition states at two given timgsandtg, accordingly, it is straightforward
that the values of a transition probability wilffdr for different time intervals. Since
deterioration continues as long as no repair IS rieghr out
m; =0(i >j). From the definition of transition probabilit3§j§=1 m; = 1.

Afterwards, Markov transition probability must betisfied succeeding conditions:

T[ij >0

m;j = 0 (wheni > j) (2.23)
J —

Zj:lﬂij =1
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The highest level of deterioration is expressedtiy condition statg¢, which
remains as an absorbing state in the Markov crelorag as no repair is carried out.

In this caser;; = 1.

Markov transition probabilities are appointed inelegently from deterioration
history. As shown in figure 2.5, the condition stait the inspection timg, isi,

however, the time in which, condition state chanfyethi — 1 to i is unobservable.
In a Markov chain model, it is assumed that thediteon probability between the

inspection times, andry is only dependent on the condition state at tie

The Markov chain model is largely implemented ifrastructure asset management
strategies. In specific, in management of pavemeuro level or network level, The
Markov chain model is utilized in determining theseage transition probability of
the entire system, or a group of pavement sectwhi&h has two periodical

inspection data.

2.4.3 Disaggregation of Markov Transition Probability

The Markov transition probability can be defineusing hazard model in clarifying
the deterioration process of an individual pavenaamponent. In order to estimate
Markov transition probabilities based on a variefyexplanatory variables, it is
desirable to develop an estimation methodology tltamnsiders specific
characteristics of each pavement section. The gerpaf hazard model is to
determine the transition probabilities that chaeaze the deterioration process of
each pavement section. Thus, Markov transition giodities imposed by means of

hazard model are referred as disaggregate Markositron probabilities.

Figure 2.5 illustrates the deterioration processaabad pavement section. In this
figure, it is assumed that the condition statehatdalendar time;_; has changed
fromi — 1 toi. The calendar time,_; is assumed to be equalyp= 0, and known

as the sample time-axis. The time represented &ys#imple time-axis is referred
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from now on as a “time point”, and differs fromrtie” on the calendar time-axis.
The timesr, andty correspond to the time poingg andy, on the sample axis.

With these conditions, it can be seen Wat 1, — 7,_, Y5 = 75 — Tj_1-

Information on the condition staiet the beginning of the calendar time, cannot
be obtained in a periodical inspection scheme. dfbeg, time pointy, andy; on
the sample time-axis cannot be obtained in a peabdnspection scheme. For
clarity in description, it is assumed that the mfation at the time a point is known
in order to develop the model, in spite of thisuasgtion is not necessarily essential.
The following paragraph discusses that even withioisrmation at time pointg,

andy, an exponential hazard model can be estimated.

In the case the condition state of a pavementmectat timer; (time pointy.) is
assumed to change fraimo i + 1, the period length in which the condition state ha
remained at (referred as the life expectancy of a conditiatesi) is represented by
(=1, —1i-1 =Y. The life expectancy of a condition state assumed to be a
stochastic variable; with probability density functionf;({;) and distribution
functionF;({;). Random variablé; is defined in the domaif9, «]. The distribution

function is defined as
_ (Vi
Fi(y) = [ fi6)ds; (2.24)

The distribution functionF;(y;) represents the cumulative probability of the
transition in the condition state froimo i + 1. Condition state is arranged at initial
timey; = 0 (timet,). The time interval measured along the sample-amis until

the time pointy; is 7;_; + y;. In consequence, using the cumulative probability
F;(y;), the probabilityF;(y;) of a transition in the condition stateuring the time
points intervaly; = 0 toy; € [0, o] is defined byf; (v;):

Prob{; > y;} = Fi(y) =1 - Fi(y;) (2.25)
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The conditional probability that the condition staff sections at timg; leads fromi

toi + 1 during the time intervdly;, y; + Ay;] is defined as

iV)Ay;
MOy =12 (2.26)

where the probability densiiy(y;) is referred as the hazard function.

2.4.4 Exponential Hazard Model

In this section, it is assumed that the deterioratf a pavement section satisfies
Markov property, and the hazard function is indejgem of the timey; on the time-

axis. That is, for a fixed value é6f > 0,
Ai(yi) = 6; (2.27)

By using the exponential hazard function (2.27),isit possible to represent a
deterioration process of a pavement section thasfiss the Markov property
(independence from the past history). In additioms assumed tha#; + 6;(i # j).
By differentiating both sides of equation (2.25}wiespect tg;,

= —fin) (2.28)

Equation (2.26) then becomes

dF;(vi)
filyi) i d T
MDAy = E28 = -2 = 2 (~log Fy () (2:29)

Take into consideration thd(0) =1 — F;(0) =1 and by integrating equation
(2.29):

i xydu = [—log F(w)1y = —log Fi(y;) (2.30)

Utilizing the hazard functiork;(y;) = 6;, the probabilityF;(y;) that the life

expectancy of the condition stdatbecomes longer than is expressed by
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F,(y)) = exp[- f:i A (wdu] = exp(—6;y;) (2.31)

Equation (2.31) is an exponential hazard modelstant to equation (2.28), the

probability density functiorf; (;) of the life expectancy of the condition staie

fi(i) = 0; exp(—6,7;) (2.32)

Forth, considering that the condition state hasngkd toi at the timer;_;, and
remains constant until the inspection time Clearly to express, the condition state
observed at inspection timg isi. In term of duration, condition statdnas actually
stayed in the periogtl,. The probability, to which the condition stdateemains
constant in a subsequent timg> 0) measured after the duration, is then
defined:

Fi(ya + z;|¢; = y4) = Prob{{; = y4 + 2;|(; = ya} (2.33)

Dividing both sides of equation (2.33) by the proibty F;(y;) declared in equation
(2.25) generates

Prob{{;zya+z;} _ Fi(ya+z;)
Prob{Gizya}  Fi(va) (2.34)

By exercising to equation (2.31), the right sideeg@iation (2.34) becomes:

Filyatz) _ exp{-0;(ya+z)} _ o
Fiva)  exp{-6ya} exp(—6;z;) (2.35)

In regard to the same condition state, the proiltabib which, the condition staie
obtained at time, keeps on to be observed at subsequent inspectiery = y, +
Z is:

Prob[h(yp) = ilh(ys) = i] = exp(=6;Z) (2.36)

whereZ denotes as the interval between two inspectiorediniThe probability

Prob[h(yg) = i|h(y,) = i]is nothing but the Markov transition probability; .

Chapter 2 Pavement Management Systems 35



Obviously, if the exponential hazard function ispdoyed, the transition probability

n;; IS dependent only on the hazard @teand the inspection interva.

2.5 Multi-stage Markov Exponential Hazard Model
2.5.1 Determination of Markov Transition Probabilities

This section continues the formulation of hazarddetlowith Markov transition

probability as prior delivered in section (2.4.2.4.4) as for general case.

Engage with an exponential hazard function, thensiteon probability of the
condition state at the inspection time poipisandy, form i to i + 1 can be
acquired. Firstly, with assumption that the comxdlitstatg remains during duration
y, and in subsequent increment of tigje= y, + z;, (z; € [0,Z]). Secondly, the
condition statg changes int@ + 1 aty, + z;, . Lastly, the condition statg + 1

keeps constant during the interyal+ z;, yg.

Even though the exact time, at which the conditstaite transits fromtoi + 1
cannot be traced by periodical inspection, it cantémporarily assumed that the
transition occurs at the time poifty + Z;) € [y4, vg]. Given the condition state
immutable during/, and until the time, + Z;, the conditional probability density
that at this time point the condition state chartges+ 1 is

fi(Zi+ya) _ 0iexp{-0;(Zi+ya)}

9i(Zi|¢ =y = o~ explboyal 0;exp(—6;z;) (2.37)

In relating to satisfy the above condition, the aitional probability density that the

condition state observed at the inspection timatpgj isi + 1 becomes:

Qi+1(Zi|G = ya) = 9:(Zi18 = ya)- Fior (v — Zi — Ya)
= 6;exp (—0;z;)exp{—6,41(Z — z;)} (2.38)
= 0;exp (—6;11Z)exp{—(0; — 6,+1)Z;}
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Regarding above explanation, then =1y, + z; is assumed as fixed value. The
elapsed timé&; of a condition statéis exactly a stochastic variable, thasmay
change in rangf0, Z]. The Markov transition probability that the comalit state
change fromi toi + 1 during the time pointg, andy; is accomplished by the law

of integration:

1 = Problh(ys) = i + 1h(ys) = il = [ qis1 (215 = ya)dz

z
= [, 6iexp (=0;11Z)exp{—(6; — 6;41)z;}dz (2.39)
0;

= ——— {—exp (—6,2) + exp(—0;112)}
1 1+1

wherer;;,; > 0 is indifferent to the relative size betwegnandg, . The assumption
0; + 0,,, implies 1 >1 > m;;,,. As these characteristics are trivial in the daion

process of equation (2.39), the verification is tbeol.

Moving to general case, when in a case of a cardgiate between two inspection
time changes fromi to two or more condition stat¢§ > i + 2). The distribution
function and the probability density function ofetlduration condition statge

immutable is denoted a§(yj) andfl.(yj). The hazard function linked to the

condition statg is identified by),(y,) = 6; -

The process of transition at condition state fioimi + 1 during intervally,, yz]
takes a place if conform to following conditionssEy, the condition statéremains
during the elapsed timg, and in a subsequent ting& =y, + Z; € [y, V5] .
Secondly, precisely at tim® = y, + z;, condition staté changes inté + 1. Thirdly,
condition staté + 1 remains in the durationls; = y, + 2,541 = §; + Z;41 (< yp)]
before changing to condition stdte- 2 ats;,; = §; + z;,,. Fourthly, after repeating
the same transition process, condition state ctsange; at times;_; (< yz), and
keep constantly until inspection timg . If the entire process of transition is

examined, a conditional probability density funot&multaneously is denoted by:
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4 (Zi) Zivrs 0 Zj—1| G = V)
= 911G = ya) 2 iss in @) B (Z = 20021 2m)
= H£n_=1i O €Xp {_ Z{n_=1i OmzZm — 0;(Z — Z{n_zli Z_m)}
=12 Om-exp{—6,Z — 3" .(6m — 6,)Zm},

(2.40)

wherez, ..., zj_, are called as fixed values. Since the elapsed {iroé condition
statesi(i = 1,...,/ — 1) is a stochastic variable, the values gf>0,...,z;_; = 0

are variable to satisfy the following condition:
OSZL'+ZL'+1+"'+Z]'_1 <Z. (241)

Therefore, the Markov transition probabiliteeg that a transition in the condition

state fromi to j(j =i+ 2) occur between the inspections timg and yp is

expressed in equation 2.42, that is:

m;j = Prob[h(y,) =J'Ih(y3) =]

Z-z; z-3J~
= f ° CIj(Zi;- 21| = ya)dz; ... dz; (2.42)
Z m 19 _9 Hm k9 exp( ekz)

A detail of explanation for getting into equatidh4?2) is given in the paper of Tsuda
et al (2006). As a summary, general forms of Markansition probabilities based

on exponential hazard model are given as:

;= exp(—6;2), (2.43a)
Mijp1 = 5— —0i412)}, (2.43Db)

LT g T e exp(—=6,2), (2.43c)
my=1-3tmy, (2.43d)

(i=1,)-1DG=i.,))
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2.5.2 Time Adjustment of Markov Transition Probability

As conceived in equations (2.43a - 2.43d), the datkansition probabilities rely on
the inspection intervadl. For convenience in understanding, the Markovsitamm
probability is denoted as;;(Z), then the Markov transition probabilities matrix

respect to the inspection time interZabecomes:

m11(Z) - 7T1](Z)

nz) = (2.44)

0 - 1,2

An integer numbemn of inspection is formed in a regular based tinfeiwo
inspection intervalZl andnZ are considered, the Markov transition probability
matriceslI(Z) and I1(nZ) also can be utilized expressing the dependency on
inspection interval. Based on the law of matrix tplication, the relation
between1(Z) andll(nZ) is clearly defined:

I(nz) = {11(Z)}" (2.45)

Equation (2.45) is called as the time adjustmenditoon of the Markov transition
probability matrix. In order to satisfy above cdimmhs, a fixed mathematical
structure between the Markov transitions probaeditr;; must be held. A brief
summary here that in respect to different timeriu@kZ, adjusted the properties of
Markov transition probability can be reflected thetual inspection schedule in

pavement section practices.

2.5.3 Estimation of Markov Transition Probability
2.5.3.1 Contents of Periodical I nspection Data

Suppose periodical inspection data on the samedfidroad pavement sections is
available. An inspection sampt€k = 1, ..., K) describes two continuous periodical

inspections carried out at time$ andzX and the respective condition states ratings
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h(z§) andh(zf) measured at those times. Differences in the inggemtervals of
the samples are inconvenient. In regard to the elispection data, the inspection
interval of a samplé& is defined ag® = t¥ — 7%, In addition, a dummy variable
6i"j(i,j =1,..,/;k=1,..,K) respect to the deterioration progress patternsdsat

two inspections times is defined as

5l = {1 when h(7f) = iand h(zf) = j (2.46)

0 otherwise
Furthermore, the structural characteristics andgeiseonditions that affect the
deterioration of road pavement sections are reptede by the vector
k k k

xk =zxk, . xk . Thexk(m=1,..,M) expresses the value of a characteristic

variable m observed in the sample data The information contained in the
inspection sample datacan be rearranged 8% = (65, Z¥, x¥). On the other hand,
the exponential hazard function of the deterioratfrocess for a sample data

k(k=1,..,K)is
N =6fl=1.,]-1 (2.47)

The hazard rate for condition stédtes not defined due to the condition states
absorption state of Markov chain ang; = 1. The hazard ra®*(i = 1,...,J;k =
1, ..., K) characterizing the deterioration process of raadien is advised to change

in relation to the vectat* as follow:
0k = x* B! (2.48)

where B; = (fi1,.-.,Biy) IS a row vector of unknown parameters
Bim(m =1,..,M) and the symbol’] indicates the vector is transposed. In order to
acquire Markov transition probabilities, firstlyhe exponential hazard function
A (yF) =06F is estimated subject to the observed sampling rrimdtion
2%k = 1,...,K). Secondly, Markov transition probabilities can estimated by
employing exponential hazard function as a redytrevious one. This methodology
permits estimating of Markov transition probabdgiin every individual section.
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Nevertheless, it is beneficially estimating of theerage transition probability for the

entire group of road pavement instead of estimdbngndividual section.

2.5.3.2 Risk Management Indicators

By applying exponential hazard model, a risk manssgg indicator of pavement
management can also be enlisted. The indicatdreigémaining duratioRMD; of
condition state. This indicator reflects the expected elapsed wfneondition stateé
can be reached until the following inspection agsult of deterioration progress.
RMD,; is actually analogous to survival functi&r(y{‘) in infinite domain (Lancaster,

1990):
RMD} = [ F; (yF)dyf (2.49)

With employing the survival function as in equatidd.49), the remaining

durationRM D} of sectionk in exponential form becomes:
) 1
RMD{ = ["exp(-6fy{) dy{ = ¢ (2.50)

By assuming the condition state after the road egea the public i$. The expected
valueET;(j = 2,...,J) called as average life expectancy of conditioriegtais a

summation of all transition duration from each dtind statei :

i1
ETy =%/, (2.51)

Ratingj(j = 1, ...,J) and average relation of elapsed tif%(x) are used to portray

the expectation deterioration curve.

2.5.3.3 Estimation of the Hazard M odél

Informationzk = (Sl!‘j,z‘k,;—ck) can be obtained in relation to the inspection daikp

where the symbof "] indicates an actual measurement. The Markov tiansi
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probabilities can be described in terms of the fhZanctions as expressed in
equations (2.43a - 2.43d). The relationship betweanard rate;ik(i =1,..,]—
1;k=1,..,K) that is contained in the Markov transition prolitibs and the
characteristic variablegk of pavement section is explained in equation (2.48

addition, the transition probability also dependdrspection intervagk.

In regard to clarity of explanation, the transitiprobabilityr;; is expressed as a
function of the measured dafZ’,x*) obtained from visual inspection and the
unknown parameteig; asm;; = (Z*,z*: B;). If the deterioration progress of the
pavement section in a sam@leare assumed to be mutually independent, the log-
likelihood function expressing the simultaneous batality density of the
deterioration transition pattern for all inspect®amples is (Tobin, 1958; Amemiya
and Boskin, 1974)

In£8)] = In[T/23 T, Ty (24,25 )}
= 210 L) et 8 In[ry; (25, 75 B)]

(2.52)

where §¢,Z% and z* are all determined through inspections, and
B:(i=1,..,] —1) are parameters to be estimated. Estimations opahamneter$

can be obtained by solving the optimality condition

9 In[£(B)]

=0 (=1.,J-Lm=1..,M (2.53)

that result from maximizing the log-likelihood furman (2.52). The optimal values
B = (B11, -, B u) are then estimated by applying a numerical itegafirocedure
such as the Newton Method for tfye— 1)M order nonlinear simultaneous equations
(Isoda and Ohno, 1990). Furthermore, estimatotif@rasymptotic covariance matrix

of the parameters is given by

2 1nfe(@) L
() = [l (2.54)
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The(J — 1)M x (J — 1)M order inverse matrix of the right-hand side of #imve
formula, composed by the eleme@&n{L(B)}/dB;m0B:m results to be the

inverse matrix of the Fisher information matrix.

2.5.3.4 Average Markov Transition Probability

Given the vectorxg* and the inspection intervatk, the Markov transition
probabilities of a pavement section can be estichate using equations (2.43a -
2.43d). Markov transition probabilities to satigiyne adjustment conditions can be

estimated for arbitrary inspection intervals byrafiag the valuezk.

Depart from the experiences, and due to therenscassary of consuming time and
resources, if predicting the deterioration pattefrroad pavement as a whole, it
would be better to determine the average transipoobability rather than a

transition probability for each section.

In referring to above conditions, developing a mdthto estimate the average
transition probability, which also satisfies themd& adjustment condition is
considered. The hazard r@f(k = 1, ..., K) is utilized and related to the distribution
of characteristic variable. The distribution function for the population sdepf

pavement sections is denoted'és).

Then, the expected value of hazard &€, ] subject to the entire population sample

can be defined as:
E[6:] = J, xBdT(x) (2.55)

where0 subjects to the entire population sample. The Blatkansition probability
matrix is realized to satisfy the time adjustmennditions if it ties up in two
conditions. First condition is employing exponehtiazard equations (2.43a - 2.43d)

to estimate it. Second condition obligates the matroperties for each sampteto
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be defined based on individual hazard r&&i=1,..,J—1;k=1,..,K).
Accordingly, the Markov transition probability mitrestimated by using equation

(2.55) is also satisfying the time adjustment ctiodi

2.6 Mixture Markov Deterioration Hazard M odél
2.6.1 Deterioration Process Heter ogeneity

In previous section (2.4 - 2.5), a comprehensiv@lamation of the Markov

deterioration hazard model as a stochastic deétioor prediction method based on
visual inspection data has been documented. Nelesdy as indicated earlier, in
regard to the incompleteness of visual inspecti@ta dand records, and also
considering in more practically, the Markov deteatcon hazard model should be

expanded.

As a fact, the Markov deterioration hazard modeh gaedict deterioration for
individual section under the same characteristit @mvironmental conditions as a
characteristic variables (or explanatory variabldsjen though, the deterioration
process of pavement section employed same metmabismaterials, and also under
the same conditions, the result will differ depeadthe environmental conditions
and quality of construction. Therefore, it is adedtto consider the heterogeneity of
deterioration process. If considering in representthe heterogeneity of the
deterioration process of pavement sections as ciesistic variables, increasing the
number of characteristic variables and adversetyadesing the explanatory power of
individual characteristic variables are unavoidahleccur. Further, there are some
factors cannot be estimated within the heteroggméitieterioration processes. Thus,
a Mixture Markov deterioration hazard model is folated to describe the
heterogeneity of hazard rates with a probabil@istribution as an advanced Markov
deterioration hazard model. In Figure 2.6, oveplcedures of mixture hazard
model developed by Nam (2009).
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Figure 2.6 Benchmarking Flowchart by the Mixturezeia Model

2.6.2 Markov Transition Probability and Heter ogeneity Factor

As realized in term of deterioration process, samgroup of individual infrastructure

components can be produced a different in deterorapeed. In other way, due to
dynamic factor, a different of deterioration spemmhong pavement sections is
possibly occurred. Thus, to remark these differsnemploy the term “heterogeneity

factor” is truly assisting. In pavement system, émtire road system is assumed in
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comprising ofK group of road pavement according to their techgiold difference.
In each grougk(k = 1, ...,K), total road pavement sectionSis, ands* is called as
the heterogeneity factor, which infers the chanfectmracteristic of a peculiar
hazard raté(i =1,...,1 — 1) to a pavement sectian (s = 1, ...,5¢). Thus, the

mixture index hazard function can be expressed as:
Ne=2xkek (i=1,..,1-1Lk=1,..,K;s,=1,..,5) (2.56)

wherexs¥ is average hazard rate agidalways non-negative. It is important here to
notice, the higher value @f means the faster deterioration speed of roadosegti
Within the one group of road sections (or one tetbyy), the hazard index of all
ratings holds the same value of the heterogenaitiofe. Counting all the road
sections as a whole, the distributiong6fis exactly representing the influence of
individual group of road sections on the overaltederation process. By rely on
structural characteristic of each system; hetereggifiactorsk can be in form of a

function or stochastic distribution.

For measurable representation, a set of valug*@ = 1, ...,K) is denoted as a
vectorg®. The baf] indicates measurable value. As a result, the salrpirobability
in equation (2.31) by means of mixed hazard rateguation (2.56) for pavement

group k can be further expressed:

F(y{) = exp(—X;&%yf) (2.57)

In similar way, Markov transition probability exmsed in equations (2.43a - 2.43d)

are derived as follows:

nfi (2% €¥) = exp(—AFekzk), (2.58)

ke k. zky — v 1p/-1 A% Tk ok Kk
i (2% &%) = lzinmzi,¢lxlrc,1i1’;:;c exp(—A{ez")

= Sl (1) exp(Hfe2¥)
(i=1.,1-1j=i+1,.,Lk=1,..,K),

(2.59)
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where

~ . Xk
i (AF) = anzli,ﬂw : (2.60)

2.6.3 Local Mixing Mechanism

Regarding the difficulties in determining the hegeneity factoe* follows in a
particular function. The assumption of the heteneggy factor to be in the form of a
function or a stochastic variable crucially depemus the characteristics of the
system itself and the availability of inspectiontadglLancaster, 1990; Anaya-
Izquierdo and Marriot, 2007). This section conceonsutilizing mixture model in
the case that the value distribution of heteroggrfactors* has a small dispersion.
It is similar to say that it departures from homgiéy in a small scale. This type of
mixture model is namely as the local mixture modelexponential family form
f(x; €) (wherex ande are the variable and heterogeneity respectividggl mixing

mechanism is defined via its mean parameterizatfon

g == f(xe) + X, fH(xe), (2.61)

where

feie) = 2 f (o).

Another class of the local mixture model that cegguthe behavior of scale
dispersion in mixture value ¢f(x; e) particularly if the dispersion parameters
small, is defined as the local scale mixture maotthelt is:

ek

gx;€) :=fx;€) + Lip o fX(x; €). (2.62)

It can be noticed here that equations (2.62) am@BjZan be expand to follow the

Taylor series. Since the likelihood function of Mav transition probability in
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equations (2.62) and (2.63) belongs to the expdalefamily. It is possible to

approximate the transition probability as in thenfmf the local mixture distribution.
t;(2) = [, my (ze)f(e)de(i = 1,...,1 - 1). (2.63)

For comfortable of mathematical expression, thallogixture transition probability
is assumed as an exponential functifip,(€,z,A) with mix indicates the
abbreviation of mixture. As in series, the mixtutenction f;,;,(€,2z,A) can be
explained by means of standard functfda, z, A) and distributiord (¢). Equation

(2.63) can be simplified as:

fmix(&,2,8) = [ f(&,2,) dH (&), (2.64)

where dH(e) is arbitrary distribution around the mean of Ad& (e, z,A) =
exp(—eAz) . In addition, functionf(e, z,A) is exponential family and likely a
function ofe about its mean. Without any loss of generality] as long as the mean

exist, equation (2.61) can be parsed as:
“Az (e-1)2 2
exp(—erz) = e ™1+ (e —1)(—A2) + T(—?xz) + .- (2.65)

This is the Taylor series. And thus, the quadratim (when r = 2) is acceptable for
an accurate approximation. Thus, an explicit fofnagproximation can be obtained

for the Markov transition probability:

E(e™7) ~ e7h2(1 + 22 (2.66)

and
(2) = e ™M%{1 + (“XZ—Z)Z} (2.67a)
iy (2) = Zioy iy (D)e ™ {1 + mz_lz)z} (2.67b)

(i=1.,1-1j=i+1,..,I
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2.6.4 Likelihood Estimation Approach

2.6.4.1 Estimation Assumption

The estimation of Markov transition probability ahdterogeneity factor requires at
least two visual inspections data. Suppose thap#rmdical inspection data 6§
road sections is on hand. An inspection samplga road section) has two
consecutive discrete periodical inspections atgiigF and 7,¢ = 7,* + 25 , with
its respective of condition stateéz,*) = i andh(7;*) = j. By linked to inspection
data of Y¥_, S, samples, dummy variabl§;f(i=1,..,—=1j=1i,..,[;5 =
1,..,Sx:k =1,..,K) is defined to satisfy the following conditions:

5% _ {1 h(73¥) =i, h(T5) = (2.68)
Y 0 otherwise

The range of dummy variablgs;*, ,__,Slsfl’l) is denoted by using the dummy
variable vector §5x, Furthermore, structural characteristics and enwiremt
conditions of the road are presented by means afackeristic variable vector
TSk = (:)Zigk' ___,f;k), with yzfrf(m: 1,..,M) referring the observed value of
variablem for samples,. The first variable;ufk = 1 is a constant term. Thus, the
information concerning inspection data of samjplecan be described &k =

(Ssk' 75k, ,—Csk) )

The hazard rate of condition statef samples, can be expressed by using mixture
hazard functiod;*(y;*) = X;*e*(i = 1, ..., — 1, with I as the absorption condition
state in regard to satisfy the conditiom§ =1 andA;* = 0. The hazard rate
Xf"(i =1,..,1 -1;s, =1,.., L, ) depends on the characteristic vector of pavement

section, and is expressed as follows:

Ak = x5, (2.69)
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where B; = (B4, ..., Bim) IS @ row vector of unknown parametegs, = (m =
1,...,M), and the symbdl] indicates the vector is transposed. Deriving @qnat
(2.67a) and (2.67b), the standard hazard rate spfertive condition states can be
expressed by means of hazard ral?C(i =1,..,1-1s,=1,..,L, and
heterogeneity parametgf, By considering characteristic variable’x, the average
Markov transition probability can be represente@guation (2.67b). Moreover, the

transition probability depends on inspection ingrgsk .

For clearly explanation, transition probability; can be denoted as a function of
measurable monitoring dafas, x¢) and unknown paramet@r= (B4, ..., 8;-10)

as ﬁl.s]?‘(z‘sk,?csk: 0). If assuming the deterioration of road sectibnm the entire.
samples to be mutually independent, the likelihdoehction expressing the

simultaneous probability density of the deteriamatitransition pattern for all

inspection samples is defined (Tobin, 1958; Amenaiyd Boskin, 1974):

= -1 Sk (=S, =S 5k
L(6,2) =[I; 1H5k {7 (2%, 2% 0)} U (2.70)

By means of local mixture distribution with Taylseries, the explicit form of the

Markov transition probability can be expressedai®ws:

(0xSkB[Z5k)?

=Sk =Sk Sk, ) — o—EkBIZSK
T, (z%,x°:0) = e #1 + 5

1, (2.71a)

(o%° kﬁlz k)?

7ol (2%, 2% 0) = Xl (X)e =HFiZ*(1 +
(i=1.,1-1j=i+1,..,D.

b (2.71b)

wherey;(1') is referred to equation (2.60). Sing¥, z°%, %"« are known from

inspection, thend = (B,6) can be estimated by utilize maximum likelihood
approach. Likelihood function in equation (2.70nche rewritten by means of

logarithm as follows:

In£(6,8) = YIZi ¥l TK ¥k S (2%, %% 6) (2.72)

Sg=1"ij
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The estimation 08 can be obtained by solving the optimality condiitio

dln L(6,2)
20;

=0, (i=1..0-1DM+1) (2.73)

The, the optimal value of@ = (85, ...,0_1)u+1) are estimated by applying a
numerical iterative procedure such as Newton Metfwwdthe(/ — 1)M + 1 order
nonlinear simultaneous equations (Isoda and Oh880)1 Furthermore, estimator

for the asymptotical covariance matligd) of the parameters is given by

£(0) = [Tn2l2) £(®, ~>] (2.74)

0000’

The((I — 1)M + 1) x ((I — 1)M + 1) order inverse matrix of the right-hand side of
the formula, composed by the elemedt£(0, E)/36,86; results to be the inverse

matrix of the Fisher information matrix.

2.6.4.2 Heter ogeneity Factor Estimation

Information concerning inspection sampjeof pavement group is denoted as
&k(s, = 1,...,5%). In order to explain the condition states of indiixal sample, the
first and second condition states of samplare assumed dé6s;) andj(sy). It is

supposed that the parameter@et (B, ..., B;_16) is available. If the distribution
of heterogeneity factar* expressed by functiofi(e: §) is reviewed, the probability
density accounting for the transition pattern offreanspection samplk&’* can be

attained by:

_Sk

p(£:8,8°) = (i, 5 (770, 2%: B,£9)} OO0 f(e%, ) (2.75)

where functionf(e*: 8) follows local mixing mechanism as previously dissed.
As consideration sampling population in pavementigk as a whole, consideration

for the entire sampling population in pavement gratiis a possibility in expressing
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the simultaneous occurrence probability densityctioam refers to heterogeneity

factore® as shown in following formula:

—~ k —~
pk(e*:8,&F) = l_[gk:lpk(ek:e, &) o
. 5%k
S (sx) 3 o) 3 o) = i(sk)j(s
Hs,'f=1{ I=ttso Wits it (lsk(e)) eXP(—Asz(e)fk)Zs")} (o) (2.76)
Sk 1) Sk
{1 n (07\1 z k) }
2!
The standard or average hazard rate is explainaplmeans of vectak®:(9) =
(Xi"(’é), ...,7\751('9)). Thus, average hazard raf§ is perceived to correspond on

the paramete@. Overtaking by an explicit form of probability dsty function,

equation (2.76) is solved in partial logarithm:
—~ k —
In 'Dk(gk: 0, fk) x ng:l 65(121()1'(51()
(k) 35k (D 35k (B k) 7
In {255 o Wlsjso (25(8)) exp (=X @)e")2°0) |

TSk s3.) 2
+Skln{1 +M}

2!

(2.77)

The last, optimal value of heterogeneity facté(k = 1,...,K) can be reached

through maximizing equation (2.77) with respect efo as variable and =

(Z}ll "'131—11 6)

max «{In p*(£*: 8, &*)} (2.78)

2.7 Summary and Recommendations

This chapter has discussed an in-depth literatwew on hazard model practice in
infrastructure asset management typically in fifigpavement asset management. In
regard to the importance of infrastructure to suppociety activities, formulation a

methodology to overtake the problem of deteriorapoocess should get attention in
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more. By utilizing deterministic and stochastic rabtb determine the deterioration
process, it can be seen that stochastic modeliis applicable and close to reality in
asking the problem of deterioration as many papet has been disseminated.
Markov chain model with role of visual inspectioata proposes the answer of

deterioration problem exhaustively.

Besides, this chapter is emphasized to solve therdgeneity factor that exists in
pavement group. Thus, the mixture model is presefbve benchmarking study
which is determined by means of heterogeneity factdhis model is utilizing semi
parametric approach with following the function Bdylor series. Two estimation
approaches with maximum likelihood estimation mdtli® applied to estimate the
heterogeneity factor. From the advantageous ofntitdure hazard model, it is
supposed to be an excellent tool for benchmarkingys which is employed to

found the best technology in pavement managemstersg.

Depart from the theory and model presented indghé&pter, the following chapter of
this dissertation is going to compose deterioratioodels to apply in pavement

management systems in various objectives.
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Chapter 3

Pavement M aintenance M anagement Policy

3.1 General Introduction

Road has a significant function in supporting eitiz life and serving economic
activities. Look carefully on that situation, manance has been surely advanced up
to now while attempting harmonize among the uniggsnthe history and the future
plan of the city or region. Pavement maintenanadettakes to be an integrated part
of city or region planning. As a result, in manyotries, a large of budget has been
allocated in maintenance of infrastructure inclgdpavement. However, there are
original challenges of economic condition such lasvly economic growth, severe
financial situation, thus pavement maintenance rapdir cost is decreased. Within
this context, it is a substantial to perform anrapph that decreases life-cycle cost
by reasonably allocating of limited resource, andilmplementing an efficient
management of pavement maintenance. In briefly syottiat is maintenance

management policy.

Regarding the potential value of road asset, byimgagavement long-lived, and by
applying an appropriate maintenance, reduction teaance cost can be expected
consequentially. Therefore, in pavement maintenanasks, a first step of reform
understands management situation of pavement olgbct grasps pavement
inspection by operation automatic car measuringepent road properties, carries
out input of geographical information systems (GE3)d accumulates necessary data

related to pavement inspection and maintenanceritistformation.
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A positive policy approach for implementing ratibpavement maintenance will be
promoted based on those accumulated data, espeaajplan of maintenance
management strategy respect to road pavement thdsdc. In addition as a long-
term vision, stated as a goal, optimal maintenamamagement to attempt the
minimization of life-cycle cost, and leveling of meenance cost by carried out of an

appropriate maintenance policy and in order to lived pavement is promoted.

This chapter proposes a new policy approach inrpamné maintenance management
with deeply and comprehensively empirical applmati The following sections
presents maintenance management function using fmainrmanagement functions.
Section 3.3 deals the mid/long-term maintenanceag@ment policy. A main road
maintenance management policy is discussed inose8td. Meanwhile, section 3.5
details comprehensively maintenance managementypwli empirical study using
data of Kyoto City Bureau of Construction Enginagriworks (2008). The last
summarizes contribution of this chapter and disouast®r future research.

3.2 Maintenance Management Function

Defining maintenance works and activities is bwifgbn its objective. In linked with
these tasks, management function is suggested th®atrequisites of policy

framework are met.

To derive maintenance management function, maintnananagement integrates
four main functions of management, namely: plannipigpgramming, preparation

and operations. These are described in the follpwecttions.

3.2.1 Planning

Planning tries to determine road pavement standaitthlsminimizing cost and also
to determine the budget required in order to futfile standards determined. This
function covers the entire network as a whole aislyn time of long term or

strategic level. Senior managers and policy makegsresponsible to handle within
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this function. Example of systems descriptions lanping function is strategic

analysis system, network planning system and panemanagement systems.

3.2.2 Programming

Programming aims to determine the works or acéisithat can be undertaken within
the budgetary period. This function is preparingawer the sections in the network
likely need to maintain, repair and rehabilitate strould be making in a new
construction. The programming activity is prepaired medium term, and then will
be a tactical analysis. Management staff conceim@tanagers and budget holders.
Program analysis system, pavement management syatehbudgeting system are

example of systems description in programming fionct

3.2.3 Preparation

This function is working to design the works oriaties and also preparing and
issuing the contract or activities instruction. @ant or activities packages should be
covered in preparation function. Preparation wél d&ppropriate in budget year of
time horizon which is held by engineers, technara contract or procurement staff
of management. The project analysis system, pavemanagement system, bridge
management system, overlay design system and cbmracurement system are

systems description in line with preparation fuoti

3.2.4 Operations

Operations function has to undertaking tasks as gfaworks activity within on-

going operations. This function is preparing fob-sections where works are taking
place. Works supervisors are responsible for rupmictivities. Examples systems
description respects to operations function arejepto management system,
maintenance management system, equipment managsyséan and also financial

management or accounting system.
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A brief summary of pavement management function lsanseen in table 3.1 as

follows:

Table 3.1 Pavement Management Function

with minimizing cost
» Determining the

budget required to

support the standard

1

Function Typical aims Network|  Time Management Typical system
coverage | horizon staff
Planning « Determining Entire Long-term| Senior Strategic analysis systen
pavement standards| network | (strategic) | managers and « Network planning systen

policy makers

=]

Pavement management
systems

Programming | Determining the work| Sections | Mid-term | Managers and « Program analysis system
activities that can be | likely (tactical) budget Pavement management
undertaken within the | need holders system
budgetary period MRR Budgeting system

activities

Preparation | « Designing works Contract | Budget Engineers, Project analysis system

activities or work year technical and Pavement analysis
« Preparing and issuing packages contract or system
contract or activity procurement Bridge management
instruction staff system
Overlay design system
Contract procurement
system

Operations Undertaking tasks as| Sub- On-going | Works Project management
part of works activity | sections supervisors system

where Maintenance

wo_rks are management system
taking Equipment management
place systems

Financial management
/accounting system

Source: Developed from TRL (1998) and Kerali (2000)

3.3 Mid/Long-term Maintenance M anagement Policy

3.3.1 Overview of Mid/L ong-term Maintenance

Figure 3.1 displays three terms of management flatvich are mid/long-term

maintenance plan, short-term maintenance planiagtesgerm maintenance plan.
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» Mid/long-term plan (service level and budget plagnof pavement)

» Short-term plan (repair plan and repair selection)

2. Short-term network level

1. Mid/long-term
network level

3. Project level

¢ Record or repair execution condition
» Detailed design of individual section

Figure 3.1 Hierarchical Management Flow

Each term of maintenance level has its own objestand duties as well as calls for
comprehensive technology. The first term focusesservice level and budget
planning of pavement. The short-term deals with ibooing of repair plan and repair
selection. Meanwhile, the last term refers to dedaior specific work of repair
execution. However, the three terms are integrateda single entity function for
entire pavement network. Furthermore, this chagitrusses more in mid/long-term

maintenance level.

3.3.2 Classification of Pavement Section (grouping)

In order to determine a plan of repair prioritydiferent repair policy, and a plan of
budget, pavement section is classified accordinghéodeterioration characteristic

and importance of pavement section.
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To achieve those goals, the purpose of groupingbealetailed into:

» Setting of phased management standard value

» Putting priority level of repair under budget coasit

Whilst, the basic idea of groupings is referring to

» It greatly classifies into highways (main roadfe Ifoad (residential road) and

a peculiar route.

* A peculiar route shows concept to extract the sacthat should make a

special remark by the management in the future.

The detalil of basic concept in relation to type sadable of grouping can be seen in

table 3.2 as follows:

Table 3.2 Basic Concept of Grouping

Pavement Group Type of grouping Variable of grogpin

Highway/main road| Main section road Traffic, urgergnsportation road (by transportation

demand, route characteristic, and priority level)

Special section road Special purpose
Life/residential Important section road Road around sightseeingrdars
road Other section road Other sections (the rest of napo road)
Peculiar route Peculiar section A section whereri@ation is remarkably early

As for this study, it emphasizes on highway or nraisd. The total traffic, the urgent
transportation road, the cultural heritage, anddhg distance sections were adopted

as an index of grouping. The detail of variablediton is showing in table 3.3.

Another consideration of variable that can be exawhito be an index of grouping
is disaster prevention facilities and also bus nmade. However, it depends on how
strong the correlation among the index. If the elation was strong, the two rest of

index can be excluded.
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Table 3.3 Detail of Variable Condition

Group Detail of variable condition

Group 1 Section that corresponds to:
 The first urgent transportation road
» Road around the cultural heritage

» 30,000 total traffic

Group 2 Sections other than group 1 and it corresponds to:
» The second urgent transportation roads

» Long distance section

10,000 total traffic

Group 3

Other section

Group 4 » For annual event or festival route (special segtion

3.4 Highway M aintenance M anagement Policy
3.4.1 Management by Objectives Level and Budget Planning

The objective level of maintenance is essentialrtange the plan of budgeting. With
defining the objective level, the problem of budgenstraint becomes easier to
handle. In accordance with that, it is importanptopose a scenario of repair plan.

A scenario of repair plan is composed with regaydifirepair criteria, priority level
concept, budget planning, and management by obgeleiel. This scenario will be
a guidance of maintenance management that is Buitabcondition of respective

city or region.

The criteria of repair as one of variable defineg structured by grouping of rutting
and cracking occurred in pavement section. The munad group (e.g. G1-G4)
depends on needs for grouping of rutting depth (mncyracking size (%). Following
the criteria, a budget plan is proposed with repegroup of repair criteria (G1-
G4).
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In the same way, priority level concept is arranfdeach scenario. This priority
refers to the section in which has a state of pagrfe.g. bad or good). Meanwhile,
the management by objective levels subjects tovHiee of Maintenance Control

Index (MCI) or more for each group.

3.4.2 Pavement Service Leve

The road pavement service level is described agiatbhance Control Index (MCI)
value formulated by the Ministry of ConstructionJafpan. This section (3.4.2) refers
to Kobayashi et al (2008).

3.4.2.1 MCI Management Level

Theoretically, there is a possibility to estimaiv@ment deterioration process by
examining the MCI inspection records of the pastthe existing inspection data,
however there are no data such as different megsoints by year. Therefore,
deterioration process should be described witimglsi deterioration model, which is
supposed that the measuring MCI value for a roaticsein yeart is z(t). The

estimated value of MCI in year+ r may be expressed as follows:
z(t+1r) =z(t) — ¢r (3.1)

whereg is the average falling-off amount of MCI in ther@sponding road section
for one year. The real deterioration process isertam, and it is impossible to
estimate the deterioration process that actualljneso about. Equation (3.1)
represents an expected value pass that is exprbegdbe expected value of MCI at
each point in time. In many casds, in every road section was presented with
reference to the MCI value at the point of paseanrepnd at the point of inspection

immediately prior to repair.

Expected life-cycle costs can be minimized by ekagurepair work at the point in

time when the MCI value reaches some critical lefreferred to as the MCI
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management level). Suppose that pavement is repatr¢he initial point in time,

t = 0 and MCI value is returned t& . Then, suppose also a rule stipulating that
repair work is performed again when the MCI valfipavement reacheg6) = z°
afterf years have passed from the initial year. The repzst which is required to
recover MCI fromz? to Z is denoted by (z°). Suppose the expected life-cycle cost
in the case the initial MCI value i5is defined ag(Z; z°), then the expected life-

cycle cosy(Z; z°) may be conveyed as follows using recursive prgpert

6(z°) 0 40
1(Z;2°) = Z c(z())B 4 _FE) | J@zz%) (3.2)

P e LI €& S LICLO RN C RS LICR))

wherec(z(t)) is user cost when MCI value ig(t), B is annual average traffic
volume,f8(z°) is time interval (year) from the correspondingrygathe year when
the first repair is conducted. That is, the firstmt on the right side expresses the
present value of total user cost that is genenapeid the repair point of the next time,
the second term deals the present value of repats @t the next point in time, and
the third term describes the present value of erpetife-cycle costing that is
generated by executing optimal repair the next.tlyearranging the above equation

for J(Z;z°), then next equation becomes:

1 -1 0(z%) c(z(®)B F(z°)
.50\ — - -
J(Z;2°) = {1 (1+a)9(zo)} * {Z (1+a)t + (1+a)f=) (3:3)

t=0

In equation (3.3), expected life-cycle cost chargeording to MCI value® at the
time when repair is carried out. Using a one-dinmra direct searching method
allows calculation of MCI management leve! that renderg(Z;z°) as the
minimum. Suppose thatz°, creating the minimal expected life-cycle costing,
considered the MCI management level, and is expdessz*. The MCI value
measured at the present point in titne 0 isz , and the expected life-cycle costing
that is achieved in a case where the repair of rpané is performed at optimal

timing referenced at MCI management lexehereafter may be declared as follows:
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9(z*2) . i
J(z;z") = Z c(z®)B L _F@) | J@z) (3.4)

r=o A+t T (1+a)0@D)  (1+a)b2)

whered(z*, z) is average number of elapsed years from the yhanwICl value z

is measured until MCI value obtains management le\ve

3.4.2.2 Cost-Benefit Rule

The benefit of repair work on a certain road secti® defined as the difference
between expected life-cycle costs in the case pdire deferred until the following
year, and expected life-cycle costs acquired ine caich optimal repair is
performed using the MCI management level. Let usotkethe expected life cycle
cost in a case where repair is deferred for one g#(z), and the expected life-
cycle cost in a case where repair occurs at optimméthg year by/(Z; z*). Then, the
benefit of repair work is defined &) — J(Z;z*). But life-cycle costing assumes
that all repairs after next time are executed uiegMCl management leved*. The
cost-benefit ratio (B/C) of repair work on pavemanthe corresponding year can
be expressed as follows:

_ J@-)(Z;z*)

F(z(t+1) | J(Z;z%)
(1+a) (1+a)

J(@) = c(2)B +

(3.6)

Using the cost-benefit ratio formulated above mayednine the order in which
maintenance should be carried out under a limitedhbt with the practical method

outlined in the following sequence:

1. Determine the lowest MCI levelto repair.

2. Extract the section that reacheas the highest priority section.

3. After calculating cost-benefit ratio (B/C) for albad sections, select the
section of the highest (B/C) among sections whest-benefit ratio is (B/C)
> 1.
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4. Determine the section where repair should be pedrwithin the scope of

budget constraints, referring to the priority decidy the steps listed above.

Thus, a desirable repair order of pavement mayabrilated approximately in cases

where budget constraint exists.

3.4.3 Priority Level of Repair

Due to limitation of budget, the repair plan thashbeen set up by management

objectives level and budget planning in previousvag is considered to carry out.

In this regards, it is necessary to deal with pasmnsection in which the repair is

enforced by priority in the range of the budget.

The score of each pavement section is calculategivbluation item shown in table

3.4 and evaluates of importance degree. Furthernbgrémposing evaluation point

of each repair necessary section, the pavemenbsastdistributed to a section in

which has highly evaluation point. Highly evaluatipoint implies the section should

be carried out in repair priority.

Table 3.4 Evaluation Item o

f Route

Evaluation item

Content

Total traffic

By 5 ranking section in total traffic
5 point : 20000 or more

4 point: 10000 to less than 20000
3 point: 2500 to less than 10000
2 point: 500 to less than 2500

1 point: less than 500

Long distance section

Long distance section (cemsig of high school studen
administrative division’s, city event, and wheel ath or
disabilities)

1 point: Pertinent either of above-mentioned sectio

—F

Surrounding  of  sightseein
facilities

gHigh-ranking visit ground by cultural heritage

1 point: Section from facilities for tourist withitDOOm in radius

Urgent transportation road arn
shelter road specification

dUrgent transportation road (the 1st and the 2nd)shelter road

1 point: Section that corresponds to the above-imesd route
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The evaluation point in each pavement sectias calculated by the following

expressions:

Yep €ach item point in section (i)x weight of item

ep(i) = x100 (3.7)

Total point

whereep (i) is evaluation point of pavement section

3.4.4 Examination Method of Repair Update.

As a member of maintenance activities, updatingrepair should take into
consideration by examination of method. Examinatiwethod of repair update aims
at making pavement long-lived with cost reductionthe way of repair method
selection and also as a benchmarking for applicato new methods or new

materials. Section 3.4.4.1 and 3.4.4.2 explain2thvays in respectively.

3.4.4.1Repair Method Selection

A repair method selection is a process of selediat is divided into 2 forms of
evaluation, by function evaluation and structurahleation. The selection process

involved can be described as follows:

» Repair candidate section is selected from roadaciewistics investigation

based on criteria of repair by the result of fumatevaluation.

» Pavement section structure investigation of seteotpair candidate section
is extracted by section in which damage shape, irepetory, and
deterioration progress are relatively early.

* Investigation by Falling Weight Deflectometer (FWDf pavement section

structure investigation is carried out as pavemsenctural evaluation.
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» Pavement that does not necessary to repair an@ @ngpair execution are
assessed based on a structural evaluation resdW\y investigation, and

then repair method is selected.

* Maintenance and repair are assessed based on hethtian evaluation and

a structural evaluation, and then repair methaetliected.

1) Road characteristic investigation Function evaluation

Criteria of repair —

2) Selection of repair candidate section

« Damage shape,

« Repair history,

¢ Section in which deterioration is relativel
early (Compare with BM curve)

3) Extraction of pavement section structurg
investigation

Execution pavement
structure investigation

4) Pavement structure investigation ' Structural evaluation
(Underground radar investigation, FWD | = ----------------mmmommooo
investigation

»
P

y
5) Selected of repair method

Figure 3.2 Repair Selection Implementation Flow

As a summary of repair selection method procegsiyrdi 3.2 shows flow of repair

selection implementation in pavement.
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a. Selection method by function evaluation

In selection of repair method using function evabrg repair method is selected

from condition state of cracking and rutting.

While repair method is selected, a different resmléy occur according to
management by objectives level and budget planing. example of basis selection
is matrix of cracking and rutting (explained in aietoy empirical application in

section 3.5)

b. Selection method by structural evaluation

In selection of repair method using structural estibn, there are three flow of
selection. Firstly is evaluation of pavement sowesdn Secondly, assessed based on
following results obtained according to amount eflection measured by FWD.

Lastly, repair method is selected.

The following result obtained according to amouhteflection measured by FWD
(figure 3.3) is defined by:

» Soundness of the entire pavement including subegrad

» Sub-grade bearing capacity (CBR)

» Soundness of pavement (thickness rate equals trentstate)

 Strength of asphalt layer (modulus of asphalt metayer)

3.4.4.2 Benchmarking for Application in New Methodsor New Materials

It is preferable to adopt new methods and new nad¢epositively to achieve
pavement long-lived with cost reduction. Howeveriisidifficult in disseminating a
new technology as long as neither the performamethine effect becomes clear.
Then, to evaluate and analyze acquired data by ieséion constructed, and also
considering the adequacy of such as effect andrageea benchmarking evaluation
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of pavement deterioration curve is introduced. Figu8.4 shows the general

procedure of benchmarking evaluation.

FWD measurement result

D
CalculateT, shortage

problem in paveme

DeflectionD, <
reference valt

Current soil sub-grade
CBR >:

CalculateT, shortage
problem in paveme

CalculateT, shortage
problem in paveme

v v

15 < T, shortage 5 < T, shortage< 15 T, shortage< 5

:

Asphalt layer strength
E, > 6000 Mp:

i No
v v

Sub-grade improvement| Likely replace all Likely replace partial Cutting overlay Preventive repair

Figure 3.3 Repair Methods Selection by FWD

In benchmarking evaluation, extracting section ihic deterioration progress is
remarkable as a peculiar section by evaluating ttla@sition of deterioration

prediction model using inspection data of road abristics, and then comparing
with benchmarking curve. Examination constructienexecuted by considering
measures and scrutinizes condition states of seclioe effect of new materials in
order to making pavement long-lived can be verifigdollow-up survey afterwards.
Furthermore, benchmarking curve shifts to makingghived, if deterioration

progress can be dulled by adopting and spreadireyvetechnology
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Road characteristics investigation

A4

A 4
Estimate of benchmarking cui

Repair execution Extraction peculiar section
A

>
hl

Execution of examination constructior

\ 4
Adopt for standard method Evaluation of examination constructiov|v
A

Performance result
evaludion

Evaluation of examination constructiof

Figure 3.4 General Procedure of Benchmarking Evia@oa

Small <+ Traffic —> Large

R Surface [ Seal material injection ]
a
n
g T [ Thin-layer surface treatment, Micro-surfacin%
e
o [ Thin-layer overlay ]
f Up to base

[ Stress relaxing layer (reflection crack control mwgas) ]
m
ey
a Pavement long-lived
s Modified asphalt, larger diameter As.con, and crstsime mastic
U Sub-grade
r
e [ Road sub-grade reproduction ]

Figure 3.5 Range of Measures and Traffic Condition
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The repair method is also possible conducted inrdemce with range of measures
and traffic condition. Figure 3.5 displays in detalation between range of measures
and traffic condition. Moreover, function requiremefor each repair method is

shown in table 3.5, and types of damage and prereemaintenance method that can

be applied are shown in table 3.6.

Table 3.5 Function Requirement of Each Repair Metho

Function requirement Abrasion | Liquidity Crack | Drain | Slipping
resistance character resistance

Repair method
Macadam mastic asphalt pavemerijt v v v v
Large diameter asphalt pavement v v
Use of modified asphalt v 4
Stress relaxing layer v
Drained pavement v v
Water penetration pavement v
Composite pavement (high durable) v v v
Semi-flexible pavement 4

Table 3.6 Preventive Maintenance Method and Dariigge

Damage type Crack Rut Flatness | Decrease of Slipping
resistance
Repair method
Thin-layer overlay v A v v
Thin-layer surface treatment v N v v
Micro-surfacing v v
Seal material injection v

Note) Preventive maintenance: executed to recowad function before pavement is structurally
deteriorated.

3 Execute cutting as prior processing before canrit, and remove the convex part on the
road.

3.4.5 Periodic I nspection Plan

Periodic inspection plan is conducted as processvistigate periodic maintenance
and surface damage degree that will be utilizest lat calculation of repair level and

budget allocation. Periodic inspection is classdifie visual inspection and machine
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inspection. In highways, both of these inspectiaressemployed. Mean while, in life

or residential road, only visual inspection is coomhy used.

In order to make periodic inspection plan, there tavo considerations should be

prioritized, that is:

« A number of total traffic and special section tistould investigate by

machine inspection.

* An investigation frequency and a cycle in year.

3.4.6 Method of Selecting Construction Section (horizontal synchronization)

Considering preserving minimum load in traffic asliwas does not cause
deterioration given to congestion and route envitent by pavement construction
work, construction method is examined in highwajysian areas that has heavy

traffic number.

The following concepts are introduced aims at desgefrequency of pavement
construction work by doing a preventive repair af@ment section around the repair

necessary section.

By doing preventive repair of pavement section, esahconsiderations in selection

of repair section are pointed in below:

* A maximum section extension including preventiveaie section is assumed
to be about 500m.

* In regards to preventive repair section, repairhoetis selected besides
repair necessary section, and repair method tlzainbes best and a minimum
cost is adopted.
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e Construction of an upper and lower section simetarsly is examined
according to condition state of other side lanewkler, it is necessary to

carefully consider influence on a traffic networkdosure of traffic.

Regarding notes about consideration in selectimve@bconditions in repair section

(preventive repair) selection can be classifiethio terms as follows:

a. Conditions 1

When deterioration in the section placed betweepaire necessary section

progresses to some degree (Do not select whenat ideteriorated at all)

Construction extension 500(m)

A

=gl = W

Two sections in which maintenance standard It narrows among sections that falling
value was selected as part of falling under repair under criteria of preventive repair
necessary

Figure 3.6 Deterioration Conditions 1

b. Conditions 2

When deterioration in the section progresses befm@ behind repair necessary

section to some degree
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Section in which maintenance standard value was
selected as part of falling under repair necessary

i

""\ e, 4

\/

Preventive repair section is adjacent before
and behind repair necessary section

v mw ww oo

Figure 3.7 Deterioration Conditions 2

3.5 Empirical Application
3.5.1. Overview of Empirical Application

In this section, we present an empirical applicated maintenance management
policy to further review the applicability of thimaintenance policy in pavement
section. This empirical study refers to the KyotityCPavement Maintenance
Management Policy (2008). This policy has been @mmnted since 2008 and
widely further in a maintenance management pollay pintil 2037.

3.5.2 Scenario of Repair Plan

The following three scenarios are set as a managehyeobjectives level and a
budget plan.

e Scenario 1:A current management standard value (average ME) i8
maintained.

» Scenario 2:A current budget level is maintained and averagel BI6 of
group 1 and group 4 is maintained.
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» Scenario 3Average MCI 6.0 or more of group 1, 2, and 4 isntaned.

According to the three scenarios above and to a@oa budget plan, table 3.7 shows

the criteria of repair, the idea of priority levalnd the management by objectives

level.

Table 3.7 Repair Plan Scenarios

Scenario Criteria of repair Priority level idea Maement by
objective levels

1) A current Rut 25 mm and more or crack It gives priority to| Average  MCI
management 15% and more section in  which| 6.5 or more
standard value condition states is
(average MCI 6.5) poor.
is maintained.

2) A current budget | G1: Rut 20 mm and more or cragklt gives priority to| Average  MCI
level is maintained 10% and more section in  whichl 5.0 or more off
and average MCI | G2: Rut 30 mm and more or crack condition states is G1 and G4
5.0 of group 1 and 20% and more poor in each group.
group 4 is G3: Rut 30 mm and more or crac
maintained. 30% and more

G4: Rut 15 mm and more or crack
5% and more

3) Average MCI 6.0 G1: Rut 20 mm and more or crack It gives priority to| Average  MCI
or more of group 10% and more section in  which| 6.0 or more of
1, 2, and 4 i9 G2: Rut25 mm and more or crack evaluation point of G1, G2, and G4
maintained. 15% and more repair necessary

G3: Rut 30 mm and more or crack section is high in
20% and more each group.

G4: Rut 15 mm and more or crac
5% and more

As noted from table 3.7, criteria of repair for leacenario depends on the condition
states of cracking and rutting occurred in respedection. Based on each group for
each scenario, a budget plan is allocated. Forasicet, a budget in total will be
allocated. Meanwhile, in scenario 2 and 3, a breakdof the total budget allocated

is required.

In different way, priority level idea gives prioyito section in two types. Firstly is
given based on the poor of condition states (ascenario 1 and 2). Other is

delivered by highly evaluation point as for sceo&i
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3.5.3 Repair Method Selection by Function Evaluation
3.5.3.1 Standard of Repair Method Selection

The standard of repair method is established aouptd Maintenance Control Index
(MCI) value. A value of MCI implies to action wibe executed. This standard is
corresponding to four groups of pavement sectiah taro types of action, cutting

overlay and replacement.

Table 3.8 presents the content of each respectougpghat describes consideration

maintenance and actions suitable to each valueGif M

Table 3.8 Repair Method Selection Standard

Group Content of standard

Group 1,4 Consider to preventive maintenance, #hgevof MCI 5.0 or less should he
repaired, the value of MCI is greater than 4.0 deds than 5.0
corresponding to cutting overlay, the value of M@ith less than 4.
should be replacement

Group 2 The value of MCI 4.5 or less should be irepa the value of MCI ig
greater than 3.5 and less than 4.5 correspondingutting overlay, the
value of MCI 3.5 or less should be replacement

Group 3 Consider to a symptomatic response, the value MClo4 less should b
repaired, the value MCI is greater than 3.0 and fkan 4.0 correspondin

to cutting overlay, the value MCI 3.0 or less slidoé replacement

D

(]

3.5.3.2 Matrix of Cracking and Rutting

Matrix of cracking and rutting portrays classificet value of each cracking rate (C1
until C10) and rutting depth rate (R1 until R7). dietail, this matrix provides

information of MCI value that indicates appropriaigtion as illustrating in content
of standard in table 3.8.
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Crack rate C1 C2 Cc3 c4 C5 C6 C7 cs8 Cc9 c10
Amount r c=0 0<C | 5=C [10=C|15SC|20=C|25=C|30=C|35=C 40<cC
Group 1,4 <5 <10 <15 <20 <25 <30 <35 <40 =

R1 R=3 9.1 71 5.9 5.2 4.7 43 4.0 3.7 3.4 3.0
R2 4=R<10 7.9 6.8 5.9 5.2 4.7 43 4.0 3.7 3.4 3.0

R3 | 10SR<15 | 6.8 6.3 5.5 5.0 4.7 43 4.0 3.7 3.4 3.0
R4 | 15SR<20| 6.0 5.8 5.0 4.6 4.2 3.9 3.7 3.5 3.3 3.0

RS | 20=SR<25| 5.2 5.2 4.6 4.1 3.8 3.5 3.3 3.1 2.9 2.6

R6 | 25SR<30| 45 45 4.2 3.7 34 3.1 2.9 2.7 2.5 22
R7 30=R 3.5 3.5 3.5 3.2 2.8 25 23 2.1 1.9 1.7

Crackrate | C1 c2 | c3 | c4 | c5 | c6 | Cc7 | c8 | C9 | CI0
Amount r c=o0 | 0¢C | 5=C [10=C[15SC [20=C [25SC[30SC[355C |, 0
<51 <10 | <15 | <20 | <25 | <30 | <35 | <40 —

Group 2 R1 R=3 9.1 7.1 5.9 5.2 4.7 43 4.0 857 34 3.0
R2 | 4=R<10 | 79 6.8 5.9 5.2 4.7 4.3 4.0 3.7 34 3.0
R3 | 10SR<15| 6.8 6.3 55 5.0 4.7 43 4.0 3.7 34 3.0
R4 | 155R<20| 6.0 5.8 5.0 46 42 39 3.7 35 33 3.0
R5 |20=R<25| 5.2 5.2 4.6 4.1 38 35 38 3.1 2.9 26
R6 |25=R<30| 45 45 4.2 357 34 3.1 29 2.7 25 22
R7 30=R 35 35 35 3.2 2.8 25 23 2.1 1.9 1.7
"~ Crackrate | i c2 c3 c4 c5 C6 c7 c8 c9 | c1o0
Amm.\ c=o | 9¢C | 5sC [10=c|155c]20=C (255G [30=C[35sC|,
— <5 <10 | <15 | <20 | <25 | <30 | <35 | <40 =
Group 3

R1 R=3 9.1 71 5.9 5.2 4.7 43 4.0 3.7 34 3.0

R2 4=R<10 7.9 6.8 5.9 5.2 4.7 43 4.0 3.7 34 3.0

R3 | 10SR<15) 6.8 6.3 5.5 5.0 4.7 43 4.0 3.7 34 3.0

R4 | 15SR<20| 6.0 5.8 5.0 4.6 4.2 3.9 3.7 3.5 3.3 3.0

RS | 20SR<25] 5.2 5.2 46 4.1 38 3.5 33 3.1 2.9 2.6

R6 | 25SR<30| 45 4.5 4.2 3.7 34 3.1 2.9 2.7 25 252
R7 30=R 35 3.5 3.5 3.2 2.8 2.5 2.3 2.1 1.9 1.7

Yellow: cutting Blue: replacement

Figure 3.8 The MCI Value and Appropriate Actions

Figure 3.8 is clearly representing appropriateoactegarding to the MCI value in
different colors. Cutting overlay is indicated bgllpw colors, on the contrary blue

colors refers to replacement action.

As noticed here, from section 3.4.4.1 and 3.4.#e@air method is determined into
two actions (cutting overlay and replacement). Haaveit is noteworthy to enforce

verification of preventive maintenance and appiaabf new methods repeatedly. In
addition, to enhance conformity repair method bgpdithg new methods and new
materials as a basis of selection in relation t@ibesffective repair method and an

efficient way updating in the future.
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3.5.4 Preferable Repair M ethod

As for pavement long-lived, by reducing content &eduency of repairs, it does not
only offer an advantage for road administrator, dgb confer a benefit for road user
and people surrounding the road according to sscheducing traffic congestion
because of reduction in construction indirectly. dddition, to contribute in the
viewpoint such as conservation of energy and sasgsgurce to global environment

widely furthermore.

In consequence, repair method should have pretetabyjet and condition criteria

for implementing in each group. The target and d@rd criteria are detailed as

follows:

« First, repair method is introduced as about grownd group 4 as a special
section in maintenance route which have highly irtgpwe degree. Moreover,
it is preferable to extend period until replacing By implementing

preventive maintenance in which deterioration seatemarkably early.

» Next, without considering of pavement long-live@sizally corresponds to
level of damage, cutting overlay and replace oupasiormed in group 2
which have highly importance degree. Moreover, ifeasures are
implemented, it is preferable to carry out meastwgsther (both rutting and

cracking measures) corresponding to damage level.

e In group 3, because it is comparatively slower thather group, a
symptomatic response is considered. Thus, it refersutting overlay and

replacement according to damage level.

Table 3.9 presents preferable repair method asvamany of target and condition

criteria as deliver in previous.
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Table 3.9 Preferable Repair Method

section)

well as group 1

Group Condition Preferable repair method
Group 1 | The first urgent transportation roads The repair method in which expected (to
) reduce frequency and content of repair| is
» Road around cultural heritage introduced.
* Section that corr_esponds to either of Extending period until replacing all by
30,000 total traffic or more . . . .
executing preventive maintenance in which
deterioration states is remarkably early.
Group 2 | « The second urgent transportation| « Measures are carried out by using method
roads, or and material corresponding to pavement
damage level (measures of rutting and crack)
» Long distance section, or
« It corresponds to either of 10,000
total traffic or more, and sections
other than group 1
Group 3 | Other sections « Considered a symptomatic response, and to
apply cutting overlay and replacement
Group 4 | For annual event or festival (special « Preventive maintenance are implemented as

As supplementary, it is superiorly applying pavetmsurface reproduction method

and pavement sub grade reproduction method thgtlescexisting pavement section

from viewpoint of cost reduction by conservationesfergy and saving resource.

Moreover, for group 2 and 3, in which, a little lafge-sized vehicle traffic (below

N5 traffic), route where deterioration pavement aedpective roughness are in

progress but the pavement structure is soundneissdesirable to apply only thin-

layer overlay.

3.5.5 Periodic I nspection Plan

Periodic inspection plan is documented and impleéetem two steps, as follows:

* [Each 10,000 total traffic or more and mountainotesagsection in which

operating inspection directly is though in danga® executed by machine

investigation.

* Investigation frequency organizes inspection freqyeof each route by

traffic and grouping based on three cycles of year.
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3.6 Summary and Recommendations

This chapter has discussed a methodology of mantenmanagement with strategy
and policy approach. The maintenance managemeategyr is represented by

integrating of management functions appropriatgavement maintenance. Based on
these function, change in maintenance managemeoggses are structured being a

pavement management function.

The maintenance management policy is developed Wempoint of mid/long-term

maintenance plan. This policy is working with pawsthmain road maintenance. In
order to verify the applicability of this policynaempirical study was conducted on
maintenance management in Kyoto City road pavemEnis study has made a
contribution to the field by comparison and benchamg repair using maintenance
policy approach. The maintenance policy approaghesented can be extended to
apply not only for main road pavement but to vasiother kinds of road facilities as

well.

However, more discussions are still called in sa@vpoints for considered later in

broaden this study:

» A positive introduction of new methods is necessargnake pavement long-
lived and reduction of life-cycle cost. However,gaced data should be
evaluated; validity and impact of new methods stidnd analyzed.

* In order to benchmarking evaluation, using logic deloto pavement
maintenance is considered in the future.

* Regarding future management, the empirical appdicas implemented only
on the pavement systems. However, this approactheapplied for various
types of infrastructure. Understanding of strudtucharacteristic and
appropriate methodology is prominent in widely agtion of maintenance

management policy approach.
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Chapter 4

A Benchmarking Evaluation using Logic Mode

with Pavement Application

4.1 General Introduction

In infrastructure asset management, rationalizatibmaintenance and inspection
time can reduce total cost, and using a prevemtig@tenance may achieve long-
lived facilities. Take example in bridge, it haseheempirically shown that more
proactive implementing a preventive maintenancéhatearly damage states will
bring a great effect in reduction life-cycle costmpared with implementing
maintenance after the fact that damage is progitestmwvever, there is a limitation
of cost decreased by rationalizing the timing ofintemance and inspection.
Particularly in case of road pavement, repair métlepends on damage level of
pavement structure and it is difficult to applyrayentive maintenance. Furthermore,
deterioration processes of road pavement contavamnigus uncertainties and being
not able to specify deterioration mechanism arcdities factor of pavement asset
management. Maintenance cost in the future dependsleterioration speed of
targeted pavement section. In road pavement, dedéion speed is greatly
influenced not only by observable factor such affitrand pavement structure, but
also by unobservable factor such as constructiolitons and weather conditions.
In a sentence, divergence of deterioration speeddividual pavement section is
extremely large. Therefore, understanding charastieof pavement deterioration of
all roads managed is impossible, and becomes ot extract peculiar pavement

section which has divergence in deterioration speevyaluate deterioration speed.
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By arranging of making long-lived pavement as fioatcome of road pavement
maintenance work, it is necessary to evaluate aehient level of making long-
lived quantitatively. Average long-lived pavemeandie expressed in deterioration
performance, and deterioration performance curve lba calculated by using
statistical deterioration prediction model basedhstorical inspection data. Thus,
the average performance curve estimated can be lateduas a standard
(benchmark) to evaluate the relative deterioragpaed in an individual pavement
section. As a result, it is possible to extract ploent which deterioration speed is
remarkably fast as an important section to be meshagmpared with benchmarking
curve. Thus, it is necessary to examine the measurmaking long-lived for
extracted important section. If deterioration spé@edelevant section is improved,
both of deterioration performances on entire neltwaord deterioration performance
curve of benchmark case are also improved. As @ltregduction of total cost is
achieved. As for given influence at deterioratipeed, multiple factors relates, and
application result evaluation is requested to cohdudetailed investigation for each
section of extracted important section, to try pplgging such as a new method and
new material. Continuously these practices carcdiled as a major issue which
should addressed in the next generation of assetgement. In this chapter,
decision making issue in asset management thatgitgrgtion to deterioration speed
of individual pavement section is defined as beratking evaluation.

In this chapter, by referring to paper of Aoki £{2010), a new management system
to monitor accomplishment of pavement maintenancg&kwbjective is developed.
Accuracy of management system is continuously imguidoy using monitoring data
acquired each year according to PDCA cycle of pargnmaintenance work.
Concretely, this chapter proposes a mechanism aiuation long-lived pavement
guantitatively in a long-term perspective usingineation result of pavement
deterioration prediction model. Specifically, Inder to develop the logic model for

road pavement maintenance works in local government

This chapter also introduces a practical casersva pavement management system

for pavement maintenance work in Kyoto City, Jap&his kind of effort can
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succeed the boundary of industry-government-academnaking a scheme of new

approach of asset management.

Hereinafter, section 4.2 describes a pre-conditbbnlogic model. Section 4.3
presents formulation of logic model in pavementidiieEstimation method of
deterioration hazard rate is explained in sectiod. 4A practical case of
benchmarking evaluation using logic model intended pavement maintenance
work in Kyoto City is discussed in section 4.5. Tlast section summarizes

contributions of logic model and discussion fowuhet study.

4.2 Pre-condition of Logic M odel
4.2.1 Pavement Maintenance Work |ssues

The road administrator of such municipalities masagoad network in which
reaches an enormous lengths, and has obligatiprotade sustainable high service
for the citizen’s satisfaction in form of ensurisgfety-security and comfort ability
without decreasing function of these roads. Onctir@rary, in severe fiscal situation
recent years, a sufficient maintenance managemadgdb is not necessarily
approved. Regarding the study on asset manageroefar,sformulating a budget
plan to rationalize pavement life-cycle cost is gibly arranged. However, a
large discrepancy between the realistic budget tcaings and the
ideal budget plan was derivedas a result of maw@oagement in asset
management, may few significant barriers on runnim@ptimum maintenance
strategy. If sufficient maintenance repair costnzdarbe secured in the short-sighted
even if the life-cycle cost can be decreased wng-term, the optimum maintenance
strategy was derived by life-cycle cost analysisgpesses deterioration of pavement
section and loses the timing of optimum maintenaddais, as well as a budget
necessary to execute optimum maintenance scenari@pracured, a rational
maintenance plan is asked to be planned withimddd budget at the project level

in macro-level of asset management.
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Routine maintenance of pavement section due toerdifices in time of decision
making is classified into three hierarchies. In iadd, management tasks will be
forwarded by management flow of Plan-Do-Check-Act{BDCA) in each hierarchy.
These routine management tasks are arranged witkitimited resources such as
budgets and technologies. The “Plan” derives optinmaintenance strategies that
aims at cost reduction and maximize service eftorthe citizens. The “Do”

activities perform maintenance works in consonamitle optimum strategy. Whilst,

a review of budget plan by updating deterioratioadction models and grasp left-
off freight in maintenance are conducted in the €€ and Action”. By post-

evaluation carried out, continuing operational a@&nagement cycle contributes for

system improvement strategy in routine managenaskist

Evaluation functions of management cycle

Policy-achievement evaluation
Logic review
Input review

System improvement
strategy

Monitoring data

aggregated ' PIf_A"_ \ 7
. /’ = =

/—--._..;"

Py
CEA f— ok A DO
. CE&AD+—

¥

Hierarchical Management Cycle
Figure 4.1 Management Systems with Evaluation Fonct
However, it has focused on the rationalization a@fintenance work in the frame of

policy objective and technological standard decidetbrehand in manage routine

maintenance. It is necessary to review validity artdchnological standard of those
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policy objectives in order to reduce cost and ltiwgd of respective pavement. It is
impossible, and needs the management function ef rnieta-level to aim at

generalize the management tasks in routine maintenaork. The management
system that provides learning function is cons&dcby serving a new hierarchy
evaluation function in addition to the hierarchicahinagement cycle that supports
the routine maintenance management (figure 4.1)nitdong data generated in

hierarchical management cycle of daily managensenbnsolidated, then evaluation
of policy-target based on the monitoring data gateel. Furthermore, the logic and
the inputs are verified. The result is assumedeta Iplan for improving system, and

involved in making a feedback for routine managemen

4.2.2 Benchmarking Evaluation and L ogic M odel

In order to shift deterioration performance cur¥emtire pavement section with
long-lived condition of pavement, subdividing scope of pavement
sections targeted by carried out unit of mainteeamork is required to evaluate the
heterogeneity of pavement deterioration speed inctwibelongs to individual
sections. Then, by evaluating the relative detation speed, if deterioration speed is
remarkably fast, it should be extracted as sectiloats need to improve of work
processes. Improvement of pavement section usinghinearking evaluation aims to
elevate the entire deterioration performance, haditnprovement should be made
by introducing new maintenance techniques such a@ntemance methods. In
addition, carried out inspection investigation teasure the work results introduced
anew method, to obtain data for new maintenanoe,estimate deterioration
performance, and to evaluate heterogeneity of idetion speed. The relative
evaluation of deterioration performance curve et&ra section subjected to a
new target section of improvement work for benchamay
evaluation. Thus, continuing in inspection the hesaf maintenance works and
functioning operational cycle to successively perfdbenchmarking evaluation in

order to achieve entire pavement target and md&imgrlived pavement.
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The principle of benchmarking evaluation is notfpened pavement on routine
maintenance; it is desirable that agencies or edficepresentative have ability to
evaluate performance of pavement maintenance. Rantdogic  modelis an
evaluation tool for a better measurement of pavémearerformance
by routine maintenance work. With regards to dere@ch evaluation index by
accumulating data concerning the performance dirmreumaintenance, and utilizing
the logic model, consider improvingthe input is bstantially. The
improved inputs subjects to organize techniques anddelines for practice

routine maintenance work.

4.3 Formulation of Logic M odel
4.3.1 Outline of Logic Modd

As mention before, there are many activities relabepavement maintenance, for
example, inspection (periodic inspections and reufatrols), maintenance works
and budget planning. To tackle the problem of thastvities, there is always a
hypothetical logic that explains what outcomes mtended by conducting the
pavement activities. As consequently, those indiaid activities can logically
describe a causal relationship leading up to maartee targets and outcomes due to

executing those activities (Sakai et al, 2007).

Basically, a logic model is a tool with combiningmanned activities and intended
result. A logic model is systematic and visual wayintegrates the relationship
among the resources/inputs, activities, output$écarnes, and impact. The logic
model is a beneficial evaluation tool that faddi effective program planning,

implementation and evaluation (W.K Kellog, 1998).

A pavement logic model is a tool for activities wfaintenance works such as
maintenance implementation, budget, and inspe¢inguts) to measure influence of
achieving final target of pavement management disated in safety’s and securing
comfort ability. Furthermore, it is a tool to mamitachievement situation of the
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result (outcomes) regularly, and reviews the inpotselating with improving the

entire system.

The object that is evaluated and improved accorttinthe pavement logic model
shows a technical indicator such as patrol frequedtaracteristics to be inspected,
and introduction new methods of maintenance foramse. These objects comes in
analyzes various data generated by continuing imghing the process of routine
pavement management work, arranges the revieweointputs as an indicator, and

disseminates to maintenance field.

The logic model has a role to observe the manageffem of Plan-Do-Check-
Action in routine maintenance. The logic model ea#ibn function located in upper

level at the hierarchical management cycle showigire 4.1

4.3.2 Development of Pavement L ogic Model

A pavement logic modelis a model of causal refetiop among all of work
activities related to pavement management. Therpamtelogic model tries to define
and display the action involved in achieving thetcomes, the intermediate
outcomes in supporting of final outcomes, and fioatcomes as a target of

pavement service related to user’s need.

Road pavement network using in this logic modetlassified into two types, the
highways and the residential road which providesventent space of citizen’s
daily life. The highways andthe residential rohdse different approach in
pavement maintenance. In highways, in order to rensafety and comfort ability of
vehicle traffic, a large of repair with cutting olay and replacement is applying for
road damage occurred overall time (cracking, rgitftatness  index) due
to deterioration of structure. Meanwhile, in resiti@l road, to ensure safety
of residential road users including pedestriangeatment in quickly identify road
accident due to failures as well as potholes ireotd preventing injury in incidence

is required.
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The logic model of the highway, as well as finatammes of safety and comfort, has
addressed rationalization of pavement maintenarad.\RRationalization pavement
maintenance work, in long-term perspective of pam@mmaintenance, as well
as implementation of maintenance plan in order tontridbute for long-lived
pavement, discovering an early deterioration in cejdocations, application
new methods-new materials, which is the final ooteo can be obtained in

improving benchmarking curve.

Whilst, the logic model of residential road statedensure the safety of pedestrians
and road users as a final target, assumes the mudxk damage handling such as
potholes to be an output index, numbers of accdeetects management
by damaged roads as an indicator to evaluate tta dutcome. A review of inputs

such as the frequency of reconfiguring routine gdatshould be conduct to reduce
the risk of accidents due to road damaged. In @agia section where road damage
occurs easily is possibly in structurally weak, reitba detailed investigation and

repair respective pavement in priority locatiomeduce the risk of accidents.

By using a logic modelin this way, regularly mamihg maintenance work are
carried out on routine pavement, it is possiblednsider sequentially improving the
input for accomplishment of the target. To do thisantitatively evaluating
indicators of each output and outcome of the lagmdel becomes important. The
maintenance management work of the pavement inglodey things, and a lot of
generated information and the derived index exist. In particular, this study

focuses on the logic model to monitor in makinggidived pavement of the highway.

To indicate the degree of change or improvemeiténpolicy or project, outcomes
are implemented in multiple steps (for instancéermediate and final outcomes) as
illustrated in table 4.1 (Sakai et al, 2007).
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Table 4.1 Elements of Logic Model

Element Description
Input (resources and | Resources and activities (such as budget and mampoused to
activities) perform the operation
Output (results) Results obtained by personnelitie

Intermediate outcomes | Short-term outcomes that may result from activiiad outputs
(short-term results)

Final outcomes Final objective of the operation. It generally taka long term tg
(management objectiveg)achieve and may be affected by an external faotthvd operation

The logic model has features, in the following:

« The process between activities (input resources) famal outcomes is
described by connecting the elements with singke dir multiple lines.

o Outcomes are presented in multiple steps.

o The process of deriving outcomes of a policy ojgmbis shown plainly and
objectively, otherwise the process tends to beaekidbox.

4.3.3 Pavement L ogic Model and Indicator Setting

As for reconsidered, pavement routine maintenascémplemented in order to

ensure safety of road users. Causal relationshiawement routine maintenance has
been recognized but understanding in systematiealy has in low progress. As a
result, it is important to arrange the objectived aneasures of entire pavement
maintenance work systematically. In this pavemegtcl model, the inputs include

pavement routine maintenance and periodic inspeetio., and the outcomes include
safety of road users, ensuring comfort ability aational pavement maintenance
works. Causal relationships in the intermediate cpsses are systematically
described by using intermediate outcome and ouipditators, as of enable of

guantitative evaluation as much as possible. Acgavaluation model is established

to evaluate the relationship between inputs andoonés. Pavement logic model is a
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large-scale model. Figure 4.2 illustrates an exangdl a part of pavement logic

model.
Strategic target (final Results (intermediates Results Resource-activity
outcomes) outcomes) (outputs) (inputs)
Ensure safety of travelling Eliminate accident caused Accident number Daily patrol
by sporadic failures “T| by pothole
Periodic inspection

Ensure comfort of road Improve of maintenance Crack, rut, average

user for traveling & walking rate of road states MCI Pavement repair (usual

Figure 4.2 Example of Logic Model

The entire of pavement logic model used in thislgtis attached in appendix A of

this paper.

4.3.4 PDCA Cyclein Pavement Maintenance Work Flow

v

Logic model construction

Measurement of data to

Example: normalized calculate indicators Example: number of
occurrence of | accidents caused by
potholes ¢ ¢ potholes
Calculation of output Calculation of outcome
indicators indicators

v

Setting of management
levels based on outp!

Example: review on - -
inspection frequency Review of inputs

Figure 4.3 Pavement Maintenance Flow based on Lidgutel
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Figure 4.3 shows pavement maintenance work flowrparating by PDCA cycle
concerning on logic model approach. This flow ini@s logic model development,
calculation of indicators and review of input. TIRDCA cycle departs from
constructing of logic model. During this cycle, meements of data to calculate
indicators, calculation of output indicators (farsiance, occurrence of potholes),
calculation of outcome indicators (for example, twem of accidents caused by
potholes) are conducted. To arrange managemenis I&ased on outputs before
moving to review of inputs (such as review on irgpa frequency) as final of
PDCA cycle of this flow. If any indicator changesncerning benchmarking values,
the causal relationship among input, output, anttame indicators should be
reevaluated. In addition, the relationship showdddvised and inputs selected again
if it is necessary. Through the PDCA cycle, paveimeaintenance work can be
improved continuously, and accountability to roagens and the public can be
strengthened (Sakai et al, 2007).

The whole of PDCA cycle in pavement maintenancekwailized in this chapter is

enclosed in appendix B of this paper.

4.3.5 Post-Evaluation M ethod

Post-evaluation assess efficiency and effectivenégsmvement maintenance work
and seeks to facilitate sustainability of improvemeédased on logic model, post-
evaluation method for pavement maintenance is imeiged in three kinds of

activities as in the following:

» Updating of deterioration prediction model
Deterioration prediction model is updated by usihg latest data such as

periodic inspection data and maintenance histoty da

» Extracting of deterioration characteristic withfdient peculiar sections
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Deterioration characteristic of different peculsgction such as section in
which deterioration speed is remarkably faster extracted according to

analysis of periodic inspection data and mainteadmstory data.

* Measuring current state of maintenance and accepg the objective.
Current state of maintenance and accomplishmeralfestive are measured
as an execution condition in each fiscal year amadnges it in time-series

data.

4.3.6 Work Flow in Routine Maintenance

Routine work flow illustrates pavement maintenanaek in daily of operation on-
site maintenance. Work flow is arranged in accocdawith the role of three
relations. Firstly is a relation to management araintenance service. Secondly is in
relation to construction and lastly is correspomdemno adjustment management

division.

In relation to management and maintenance servg@gment damage states are
obtained from routine patrol and request or conmplaccepted. From discovering of
pavement damage, repair or treatment is conductddfinally recorded results of
treatment. Visual inspection activities are incogbed in construction relations;

otherwise machine inspection is worked with adj@sthmanagement division.

The aggregate of work flow in routine maintenangpliad in this chapter is
included in appendix C of this paper.

4.3.7 Method of Deriving Evaluation Indicators

Deriving evaluation indicators is important in madgicorrelation among indicators,
contents, necessary data and problem of pavemeintemance work. Method of

deriving evaluation indicators is established ilatieg with element of logic model.
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In this case, output indicators, intermediate iathcs and final outcome indicators

are made in separately.

As one example, by indicators of pavement soundrtesscontent is road states
(cracking, rutting and flatness) with states ofgraent in each evaluation section as
necessary data and possible problem is arrangtranah maintenance at inspection

cycle.

For completely understanding, overall of derivingleation indicators method can

be seen in appendix D of this paper.

About benchmarking evaluation and finding out speébcations of heterogeneity
of deterioration speed is described in followingctEm. Estimation methods of
benchmarking curve for pavement deterioration perémce that describes
benchmarking evaluation method for deterioratiomana rate is also carried out in
section 4.4

4.4 Estimation M ethod of Deterioration Hazard Rate.
4.4.1 Data Management for Estimation Deterioration Hazard Rate

In this study, the target of benchmarking evaluai® pavement damage which is
addressed into two condition states of pavementadamFirstly is cracking and the
second is rutting. In order to estimate deteriorathazard rate, it is necessary
to maintain time-series data concerning on pavendetgrioration. A several data
and information are required in estimating detation hazard rate. At first,

pavement properties investigation data were obdedamage states of pavement.
Secondly is maintenance history information, ande thast is related to

observable characteristics variables affect to perg deterioration speed (traffic,

etc.).
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Regarding the first data needethe pavement characteristics investigation data
is acquired by investigation conducted periodicallyy using automatic car
measurement, and the data were quantitatively atedudamage states such
asrutting and cracking in each pavement sectldng. evaluation

of pavement properties investigation should be dase100m. However, in order to
subdivide the point where exists a structure sushu@nels, intersections, and
bridges, interval of unit could be shorter thanrhO®Vhen investigation data serves a
time-series, it is importantto create a standardthe identical investigation
data by evaluation unit during pavement charadtesisnvestigation were conducted

in the past.

Meanwhile, maintenancéistory information as secondly data needed accai®s!|
information such construction condition, repair hoets and repair of section that
was carried out. In maintenance history infornmatib is necessary to record each
case linked to evaluation section of pavement pitag®e investigation at point to

which repair was carried out.

Thus, in estimating of deterioration hazard rateate a data base made in one
sample combination of interval time and propertrasiables of investigation and
damage states at time of latest investigation fp@mnt which repair was executed or
point which two or more investigation was carriedt,ofor the same pavement
condition, maintain a time-series data for eacHuatsn unit on various data

concerning on pavement.

4.4.2 Estimation Deterioration Hazard Rate according to Pavement Section

This section briefly describes estimation methods deterioration hazard
rate obtained by relative evaluation of deteriamatprediction models as well as
pavement deterioration prediction models as expthim chapter 2. Details of
estimation methods are given in the paper of Tsida (2006) and Obama et al
(2008).
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Deterioration hazard rate is represented as paeasnetf statistical deterioration
prediction models of road pavement. The statistiedérioration prediction model is
formulated by using a Markov transition probabilityatrix, and Markov transition
probabilities can be estimated using Markov detation model. Firstly, focuses
on one of multiple pavement distress, and damags ig defined in discrete time of
soundness rating. Now, at any time given, rating (i=1,..,J—1) was
observed for the pavement section, the probakliiysity function changes to rating
(i + 1) attime that has elapsed time could be expressed using hazard function
(A)y;. The hazard function independent on the elapsaé,ti, take in constantly

9, >0(i=1,..,] —1), exponential hazard function is established.

A(y) = 6; (4.1)

By using exponential hazard function (equation ,4ifl)is possible to express a
deterioration process that satisfy the Markov priypéndependent from the past
history). Furthermore, the Markov transition proiisbcan be defined by using
this hazard function.

Using the exponential hazard functio®,)y; =6;  the Markov transition
probabilitiesr;;(z) (i = 1,...,/ — 1;j = i,...,J) when transitioning time interva

between rating to j(> 1) is

(4.2)

m;i(z) = k ; m 19 Hm Ko, Om exp(—HkZ)

i=1,..,]—-1;j =i;1,...,])

However, the following notation rule is given:

fn__lieefme —1 (when k=1i)

I,

(whenk =)

m= k 9m+1_9k
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Unknown parameteg;on exponential hazard function, a combination ofnawn

parameter and observable variable, is represested a

Here,x = (x;, ..., x)) is a characteristic vector of variablgs,= (B;, ..., Bim) IS a
row vector of unknown paramete8;,,(m =1, ..., M). As a result, it is possible to

represent the different rating of deteriorationespe

Next, expresses deterioration hazard rate for gmuolement section by relative
evaluation of deterioration speed, and describésrideation hazard rate by relative
evaluation of deterioration speed derived by edionaof Mixture Markov
deterioration model. The pavement section that Wl analyzed is divided into
individual group ofK as the basic unit for relative evaluation of detation speed.

In addition, in the groupk (k =1, ...,K) is assumed that there is a total pavement
sectionSy. In group k (k =1,..,K) change of characteristics peculiar hazard
rate (hereinafter referred to as the heterogemaitgmeter}” is introduced. At this
time, a pavement sectiop (s, = 1, ..., S)and peculiar hazard rat€i = 1, ...,J —

1) represented using a mixture exponential hazarctifum
AT = X§kek (4.4)

Here, A{* is average hazard rate of ratihgf sections, in groupk (hereinafter
referred to as the standard hazard rate). Heteedtyeparameters® is a random
variable representing the influence of the standwziard ratd;* on the groupk,
that is assumed to satiskf > 0. The higher value of parameter heterogeneitys
the faster deterioration speed of all facilitieslugled in groupk comparing to

standard hazard rate.

In the hazard functiofi;, it is possible to represent average deteriorataia by
observable factors of deterioration such as roaaracheristics and road traffic.

Meanwhile, pavement deterioration process involuesny uncertainties due to
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unobservable factors. The heterogeneity of thegerideation processes can be

expressed ire® parameters derived by mixture Markov deterioratioodel.

4.4.3 Interpreting Deterioration Hazard Rate

As described in models above (section 4.4.2), fassible to estimate deterioration
hazard rate of each pavement section. This sectimtusses concept for

interpretation of the deterioration hazard ratémesied.

Stochastic deterioration prediction model considensertainties of deterioration

process which represents the uncertainty of detdiom processes in probability. In
other words, rather than deterministic predictidndeterioration state of a certain
time, at any given time, the probability represguissibility transition of soundness
rank. This deterioration transition probability, ioonsidering uncertainty of

deterioration process, represents a variation iergeation state at a certain time. In
the macro analysis such as budget planning, ietacyin more facilities, there is a
possibility to estimate maintenance demand in theré. The macro-analysis does

not necessarily require information about detetioraspeed of individual facilities.

On the other hand, deterioration hazard rate sHpmaeguation (4.4) is an expression
of the heterogeneity of deterioration speed of vimdial facilities according to

deviation level from an average deterioration spafetthe entire facility. Estimating

the deterioration speed of individual facilitiespect to assumption of transition in
pursuance of probability distribution with heterogagy parameter, the differences
deterioration speed of individual facilities is rfmulated in accordance with
heterogeneity parameter after an average detaaonrgpeed of the entire facilities is

estimated.

Even though, the hazard deterioration rate has leséimated in this way, it is
important to notice here, a representation of ayeideterioration speed of peculiar

individual section does not give information abadgterministic deterioration
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prediction for each section. A high value of heteneity parametee® shows
deterioration speed in the pavement section igivelg faster compared with other
pavement sections due to historical deterioratieriopmance data. If deterioration
performance is relatively faster in the past, i @éssume that there is some factors
influence deterioration speed. Using this informati preferentially repaired in
sections that have high probability in deterioratedducing risk of future
deterioration can be acquired. Furthermore, sesti@ which deterioration
performance is extremely poor can be expected heeae pavement long-lived by
doing the examination construction such as apphcadf new methods and new

materials.

4.5 Practice of Benchmarking Evaluation
4.5.1 Summary of Practice

This section discusses application of benchmarkéwgluation for pavement
maintenance work of highways in Kyoto City. The kKydCity manages 3.100km
road pavement which reaches about 680km in torgjtiheof highways pavement.
The country’s leading sightseeing spot from theheyn part to the center part in the
city exists, the southern part has a prosperousmagparacteristic with industry and
distribution activity, furthermore, a variety of fidirent road network which

characterized by traffic and urgent transportatmad are formed.

The road characteristics investigation is impleradnt highways from 2006 and the
result has accumulated in data ba&kso, repair history of pavement maintenance
work constructed in the past as well as road danmdgenation has documenteds

for target, to implement benchmarking evaluatiangstimate deterioration hazard
rate by evaluation heterogeneity of deterioratipaesl along the route as well as to
create deterioration prediction model using dataaulated Moreover, undertaking
operational improvement of pavement maintenancé wased on the logic model is

considered.

Chapter 4 A Benchmarking Evaluation using Logic Model with Pavement Application 102



4.5.2 |ssues of Pavement Maintenance Work

Kyoto City has managed an enormous of road lendgtied obviously has
deterioration in the pavement. Each engineeringsvoffice which in charge of road
maintenance has selected route for repair basedutime patrol and demands from
the citizen, and also has determined the neces$ityaintenance. However, in
current severe financial situation, it is difficuid increase maintenance budget
dramatically. In such situation, an understandibgectively damage states of road
and importance level of route, selects route catdidor repair, and requires
effective repair to be carried out by priority le#®m among of an enormous length

of pavement.

Firstly, road characteristic investigation of highwvin 2006 tries to understand
damage states quantitatively in road flatnessingitand cracking. The evaluation
result of each 20m is managed at the same timert@ataunderstanding damage of
targeted road such as potholes and pavement ddtadtie 100m as basis of unit
evaluation of investigation result in order to adjwith evaluation section of road
characteristic investigation executed in the pBst.understanding road damage
states quantitatively, objective indicators whitdesting candidate repair section is

possible.

Meanwhile, determining optimal maintenance methoanly by road deterioration
states is difficult, it is obligatory to evaluateumndness of structure under road
pavement. The FWD (Falling Weight Deflection) intrgation can evaluate non-
destructive structural strength and pavement nasesirength by measuring amount
of deflection as a method of investigating soundne$ pavement structure.
Implementing the FWD investigation at all enormdesgth is unrealistic but
appointing optimum maintenance repair method amdpair plan with very high
accuracy becomes possible, due to that can d@eabamanprehensively from both
sides of road damage and pavement structure FWiB investigation is enforceable
in all routes in the city. Therefore, effectivelysad of existing data such as

maintenance history information and road charasties investigation that has
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already implemented requires a method to concluderiy of structural

investigation section and repair section.

The benchmarking evaluation proposed in this stu@dg applied to pavement
maintenance management work issues under such uvati@it, and a new
management system that improves pavement maintenmaacagement work was
established

4.5.3 Benchmarking Evaluation using L ogic Model

Pavement maintenance |«

!

Pavement states monitoring
(periodic inspectior Output evaluation

v Scope setting
A

Benchmarking curve
estimatiol

Examination construction

v evaluatior

Outcome indicators calculation
(benchmarkincindex'

i Examination construction

Peculiar route extraction based
on outcomeindicator:

h 4
Review of input

Figure 4.4 Benchmarking Evaluation Procedures

The benchmarking evaluation is performed by degwieterioration hazard rate in
pavement section, and as a result, review of irguagh as maintenance strategy
improvement is carried out pursuant to the logiaeioBy evaluating heterogeneity
deterioration speed in highway, classifies an epdyement section as a peculiar

route in relatively deterioration speed, performseaperimental application of such
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new building methods and new materials, and verig@ effective maintenance

method in making long-lived pavement.

The scope of an effective maintenance method ianizgd in making long-lived
pavement as a result of examination constructipreagls as a standard method, and
updates the benchmarking curve. By repeatedly puinfig these in sequential,
rationalization of pavement maintenance work an#tingalong-lived pavement and
also cost reduction can be realized. A benchmarkvejuation procedure can be

seen in figure 4.4.

(Maintenance strategy examination flow) (References)

1) Making list of maintenance
(1) '9 ' ) Road damage
candidate section (MCI)

v

(2) Deterioration speed peculia

section extraction

Peculiar route (3) Maintenance priority level

Deterioration
hazard rate

! |
1
| extraction: ! setting
! 1
! 1
1 Applying ! ¢ i
! . . oo A
1 examination || 4y stryctural investigation P Maintenance
1 . .
! construction | section selection h history
\  hew method- !
i new material ! l —
Lommmoooo 3
(5) Maintenance method Crack shape
selection evaluation
v —
—
v
(6) Synphronized maintenance P GIS data
decision -
v

Figure 4.5 Maintenance Strategy Examination Floiwgi®eterioration Hazard Rate

The estimation result of deterioration hazard cate be referred in decision making
for planning of maintenance strategic plan. Figur® demonstrates a flow
maintenance strategy review that employs determrahazard rate. A high
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deterioration hazard rate of pavement section atd& a high deteriorated risk in

respective pavement section in the future.

4.5.4 Analysis of Benchmarking Evaluation

Here, let's acquire new inspection data, and asslategioration prediction model is

updated. The road characteristic investigation x®ceted after deterioration

prediction model is estimated, and a certain tinassps and inspection data is
acquired. An existing deterioration prediction modeupdated by using acquired

inspection data. In that case, an existing detatimon prediction model before

updating is defined as the benchmarking curve.ptated deterioration prediction

model shifts from the benchmarking curve to thétrigjde of figure 4.6, it is meant

that an average deterioration speed slowed byechout maintenance from that time
to update that constructs benchmarking curve. [@uitis time, a number that shifts
from bench marking curve to the right side can\mduated as an effect of making to
long-lived if measure of making to long-lived ofnse pavements was applied.

In addition, deterioration hazard rate was caledato estimate heterogeneity at

deterioration speed for each route.

In order to create deterioration prediction modsésjeral investigation results related
to same investigations unit in road characteristiestigation are needed. Several
data cannot be obtained in same unit investigatfonad characteristic investigation
that has begun since 2006 in Kyoto City. Howevegim@nance construction
information executed in the past was accumulatemta dbase for estimating
deterioration progress and elapsed time from repaie to road characteristic
investigation which summed up as one sample wastearted, and about 2,300

samples were acquired.
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Next, by using mixture Markov hazard deterioratioadel, deterioration hazard rate
was estimated based on evaluation of heterogeoktgterioration speed. The unit
evaluation of heterogeneity parameter was estadisly a group into each route. If
one route consists of two or more management officewas concluded by

jurisdiction of the office area.

Figure 4.6 shows deterioration performance curveragvn according to the life
expectancy and deterioration hazard rate alongrabée is estimated for rutting
states. Deterioration hazard rate evaluates dedtion risk in each pavement
section, and deterioration hazard rate of a laayement section can be determined
that a deteriorated possibility is high in the fetindependent from damage states of
current pavementigure 4.7 is plotted relation between heteroggrmrameter and
standard hazard rate (rank 2) related to each atvatusection using estimate result
of deterioration hazard rate by similar rutting.eThorizontal axis of standard hazard
rate expresses variation of large-sized vehiclidraeanwhile, the vertical axis of
heterogeneity parameter expresses difference @ridedtion speed according to
factors other than large-sized vehicle traffic. Bwerage mixture hazard rate curve
shown by the blue line in figure 4.7 illustrateg #verage hazard rate of the entire
route, and the red line that shows critical stadd®5%) indicates critical level
extracted of top 5% as a product of hazard ratearMsile, the critical heterogeneity
parameter shown by dashed line is a critical lemdlacted of top 5% of large
evaluation section of heterogeneity parameter ebatuthe influence of standard

hazard rate. Similarly, figure 4.8 and figure 40@w estimation result of cracking.

As a result of figure 4.6 and figure 4.7, we furtbkassified the group of route into
three routes (route A, route B, and route C) whieterioration is remarkably fast in
rutting. On these three routes, Maintenance Contrdéx (MCI) calculated from
three indices of cracking, rutting, and flatnesd-&, and damage level at the current
state does not progress remarkably in compare ettier routes. Three routes of
these are major highways in the southern part at&\City, and it is conceivable
one of the causes of fast progress in rutting ittty routes has significantly large-

sized vehicle traffic.
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Moreover, it is also considered due to constructoprality at this time and

unobservable factor. Until now, these routes wasigg priority level of repair and

demanded repair cost by engineering works officeclwhs in charge of repair

construction on-site did not become necessarilyetaof repair by MCI evaluation.

However, estimation deterioration hazard rate @salt of benchmarking evaluation
on road pavement coincide with repair demand sedtased on empirical finding by
engineer on-site, a result considering influenderit&ration risk not appreciable only
by damage level of road section is obtained.

In other words, there is a case that proper engbiperspective was clarified by
analysis of technological finding on-site basedbenchmarking evaluation and the
engineer who in charge on-site understands routehwis high deterioration risk

empirically by routine maintenance. Meanwhile, gction which is high risk in

deterioration extracted by benchmarking evaluat®omlso possible to find a new
section issues not always only by empirical findigthe engineer on-site. For this
case, verifying validity of benchmarking evaluatidoy executing a detailed
investigation to analyze mechanism of deteriorationextracted section issues

becomes important.

4.5.5 Issues and Effect by Applying to Pavement Maintenance Work

In order to practice pavement maintenance workgusenchmarking evaluation, it is
necessary to understand purpose and content cditapeal model improved by each
person in charge in pavement maintenance work.tamday each role. Therefore,
dissemination activities such as training conceynio asset management and
training of system operation to input repair higtmformation to the database were
executed. Moreover, collects information of introlon new methods and new
materials that able to expect the effect on makomg-lived pavement and cost
reduction together, as adjustment control divisitbecks adaptability to a technical
standard and validity, for the content of the desi§ repair construction executed

with the engineering works office, and the disseation to the engineering works
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office was done. By employing such as training eafidrmation sharing, the effort to

work improvement in the organizations is infiltragisteadily.

During execution of repair construction, AdjustmeManagement Division
consolidates information on the engineering worfe® in line with creating repair
candidate section list, and selects the priorityelleof repair by benchmarking
evaluation. The engineering works office carry detail investigation in the site
based on information offered by Adjustment Manag&mi@ivision, decides the
repair method, and creates the budget request dotuihthe best repair method is
decided, the execution section of FWD investigatisn selected by using
benchmarking evaluation. Thus, the approach of teaance work to a new
pavement by using benchmarking evaluation is beBatated to the route in which
remarkably the deterioration speed of rutting shdwnbenchmarking evaluation,
some sections that has excellent drain ability Ayement combination material is
adopted as strengthening rutting measures andntoaaimaking long-lived. The
consensus of stakeholders concerned to the strafegnaking long-lived in rutting
to consider the deterioration risk in the futureusyng benchmarking evaluation was
obtained and will be referred to other routes taiven priority in the repair plan as

before to use only MCI value by the road charastierinvestigation.

On the other hand, in maintenance work intendedrfountainous area, up to now,
since that not necessary to consider higher roagnwbpairing pavement section
which house does not stand by road side, usingaywer a general approach in this
case. However, a policy for adopting the road su#olg reproduction method was
taken in condition both route which current MClualwas low and deterioration risk
in the future was high. The road sub-grade repricluenethod was evaluated to be
able to expect in reducing life-cycle cost and mgkpavement long-lived even
though rises in initial cost compared with the noeltlas before. In the road sub-grade
reproduction method, it is newly to implement subeg stabilization treatment by
doing mixture-compaction of stability material suah bitumen material and cement
at the same time and crushing in-situ existing akph the road. This method has

advantage such as attempting the cost reductiorp&a@d with replace method, a
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few of scrap and fast in works. Thus, by understepdf asset management
infiltrates the engineers who in charge of mainteeaworks in the site, and
recognizing again importance of the pavement desigh considers cost reduction
and making long-lived, a maintenance strategy usiegchmarking evaluation is

being practiced.

In Kyoto, the practice of maintenance strategy gisianchmarking evaluation based
on the logic model has just started. Thus, it negpucertain time to appear actually
effect of cost reduction and making long-lived hgge approaches. The logic model
functions as a tool in monitoring effect of theggmaches. It is important to do
regularly review of the input such as maintenancategy in order to improve
benchmarking curve and evaluates the outcome amnient in the logic model
regularly. Moreover, it is significant to accum@atontinuously road characteristics
and maintenance history information for benchmaylamaluation. It is prominent to
analyze the factor with fast deterioration speedetail to give effective measures to
those pavements which possible extract fast seatioalatively deterioration speed
according to deterioration hazard rate. Furthermibraust be verify the changing of
benchmarking curve and accumulate more detailea while the examination work
is done to the section in which deterioration imaekably fast. And, it is substantial
to evaluate the effectiveness to reduction maimeaaost and making long-lived in
the entire pavement management by expanding cowet@agother routes as an
effective repair method. Take time to this, conbmsly accumulate and verify
various data in order to achieve rational pavemaaihtenance, also clarify specific
effect of reduction cost related to pavement maemee work as an outcome
indicators using logic model, continues improvemeotk by continuous operation

of logic model, and is a major issue in the fatur

4.6 Summary and Recommendations

In this study, deterioration risk in pavement smttiwas evaluated by paying

attention to road pavement maintenance issuesyajeseoutine maintenance work
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using statistical data, and proposes concept oétasgmnagement system that
continuously decreased deterioration risk. In adidjta methodology that requests
maintenance strategy to aim at achieving reductost and making long-lived

pavement was developed, and an approach that astempapplying to actual

maintenance work was considered. In that case,s&cwn maintenance of road
pavement that local government managed, constpat®ment logic model for

highway, and proposes operation method. In additimanagement system to
perform steadily such as repair method selectioth @odating necessary data in
order to propose benchmarking evaluation methodletérioration speed using
statistical deterioration prediction model as a njuative evaluation method to

achieve cost reduction and pavement long-lived.

Furthermore, concept of a new management systeroaof pavement proposed by
this research was applied to maintenance work ghfivaay in Kyoto City, and a
practical example which aims at rationalization graent maintenance work was
presented. Deterioration hazard rate was estimai®dg road characteristics
investigation result and maintenance history infation that has accumulated in
Kyoto city in actual and also benchmarking evalhmatof deterioration process of
road pavement was applied. As a result, benchnm@rkwaluation empirically
describes that it was an effective method in cosiseriorms between the person in
charge who executed maintenance work at the prtgeet and the decision makers
who managed the network level. Additionally, thiethod is an efficient way to
grasp not only damage state of road pavement Isot déveloping of repair plan
using deterioration risk in each pavement sectiorthie future. Moreover, it is
considered that concept in achieving cost reduarmh making pavement long-lived
is infiltrating in the organization regarded to miahance of pavement because
applied benchmarking evaluation based on logic moderactice of maintenance
work, and the system to work on asset managemeninx@der.

However, in regard to improve practical use of stisdy, several points should be

emphasized as topic for extending in the future:
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* Mid/long-term practice is a necessary, for thiatieh, an important issue to
accumulate and to update various data by execatialyation based on logic
model surely in order to achieve final outcomeshsas cost reductions and

making long-lived.

» Due to that estimation result of deterioration mdzate comes to influence
maintenance strategy strongly, pavement maintenastategy used
benchmarking evaluation as presented by this shiyuld construct a
mechanism to update sequentially deterioration faazde from accumulated

enormous data.

» Establishing a methodology to operate logic modgdavement maintenance
work arranged systematically in widely is the gesatssues in the future to

achieve rationalization of pavement maintenancekwor

* It is important to continue activity to construcanagement system that can
achieve a high result while repeating by trial @anar and doing a discussion
among parties concerning in practice establishethadelogy proposed by

this study.
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Chapter 5

Kyoto M odel Pavement M anagement System as

| nter national Standard

5.1 General Introduction

Globalization of economic activity advances, vasidailures to international market
reduces, and market borderless has progressedalGiudrkets are flattened, and
"technically excellent product” became an age thas able not to be necessarily
captured market. In a word, it is the necessaryditmm for not stay only in

development of a technically excellent productoggation of product as the world
standard, and adjustment to the world standarddardo secure the merchantability.
Furthermore, agreement of WTO/TBT (agreement regdato Technical Barrier to

Trade) was obligated to ratification of many coiesty and adjustment to domestic

technical regulations system and to an internatistaadard.

Here, the standard is classified by several legpkdds on its scope. For instance, an
enterprises standard and an industry standardreated for enterprise and industry
as small scope. A national standard organizatiamulshprovide generalization of
national standard in each country. In others, aermational standard is the widest
scope of standard. These are approved by mechaniarpriori market standardized
by being registered such as to the organizatiostahdardization, and generally
called an industrial standard. ITU (Internationa@lécommunications Union), 1ISO
(International Organization for StandardizationpdalEC (International Electro-
technical Commission) are typical organizationst tpeomotes standardization

internationally and mostly for industrial standaation.
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Furthermore, recently, an industrial standard tbeitles on standardization of
management systems such as the ISO 9000 seridgy(@aatrol system standard)
and the 1ISO 14000 series standard (environmentdegtion system standard has
spread rapidly. Those industrial (engineering amatpction standard) are de-jure

standards which will be formulated by the standaation organization.

In contrast, product and standard that had comeetased widely by the user as a
result of market competition became a posteri@mngards (eventually) is a de-facto
standard. Standardization of the ubiquitous typstésn that can use by everyone
without a barrier in anytime and anywhere) shownthe change of a social

infrastructure recently such as internet, line mekywand transportation network has
progressed rapidly. These are de-facto standatdstfiermed on business field, and

is called business standard.

In many developing countries, a little discussidnsofficiently and necessity an
international standard despite of approach of enal standard had been done from
such as geographic condition so far. In additimmrespondence to de-jure standard
such as ISO has been captured if anything passigesése in amount of work) in
the business. On the other hand, developed cosntrés been implementing
generally a strategy to use this standardizatiasitipely in forms of incorporating
standardization into business model as tool ofrmss. Now, facing of change in
international market from approach to standardiratiy incorporating concept of
business standards so far, developing a new bgsstasdard has become the most
pressing issues in order to survive in the globaiket.

A discussion concerning international standardmatiof infrastructure asset
management is encouraged. In de-jure standardsef asanagement, what should be
done for rationalization of maintenance of infrasture assefWhat) are targeted.
De-jure standard are intended to be one of shaaitempted and can called as
hardware standard. Meanwhile, in technical perspeadf asset management, a
discussion of method for deriving rationalizatidnneaintenancéHow) is arranged.

As for management methodologies, technologicalesystthat should be applied by
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some situations of maintenance field are differdadr instance, there is an
assumption that setting a strategic objective afetasnanagement is obligated.
However, content and standard of objective setting different depends on the
managers. Moreover, acquired data items, contdmsoaitoring, and methods for
achieving the objective are entrusted by the mamagerefore, the possibility of
excellent method in more technically becomes aadé&sf standard is high. In

standardization of asset management, softwareatémg required at the same time.

Hardware standard as de-jure standard and sofstaneard as de-facto standard are
not completely conflicting in the context of stardlaation strategy that aims at
making of oligopoly market though standardizatioppr@ach is various. It is
necessary to establish business model that sinealtesty achieves software
standardization and hardware standard. In the fiefthvement asset management as
targeted in this study, a lot of studies that hgwregressed to technological
developments, available knowledge and technology ¢hn be put in practical use
have been accumulated not only in Japan but alsttemational way. Referring to
paper of Aoki (2011), the objective of this study tb propose pavement asset
management system based on standardization strdtmgydiffusion and to
consolidate those new technologies and accumulatenlvledge. Service and
innovation of pavement asset management occursubecaf diffusion element

technology.

Pavement Asset management system proposed inttlig is an integrative system
that aims at global platform standard in pavemeanagement that provides a
standardization of element technology in accordamitie international standard and
independent to conventional PMS, and flexible inresponding to pavement

management field furthermore.

In this chapter, following section presents theidasncept of Kyoto model. Section
5.3 describes the whole structure of Kyoto modelaion between Kyoto model
and international standard of asset managementissussed in section 5.4.

Meanwhile, section 5.5 deals with logic model eatibn and pavement maintenance
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work. Section 5.6 provides benchmarking evaluattbrroad pavement. The last
section summarizes contributions of Kyoto modetedacto international standard

and recommendations for future study.

5.2 The Basic Concept of Kyoto Model

As previously mentions, since 1970, a variety ofidsgs on the pavement
management systems (PMS) have been conducted. Eheties are designed to
reduce the life-cycle cost of road pavement atpitogect level and or network level
(Hass et al, 1994; Hudson et al, 1997; Herabal, @082). Take example in United
States, PMS developed is configured as a systegemtering and uniting in data
banks for all action related to pavement organycéflasahara, 2005). As in Japan,
the studies on PMS have been positively executedreigard to pavement
management systems. For instance, Jido et al (2@0é¥ent a pavement
management accounting system (PMAS) for the roatagers of local governments
to execute rational repair referring to asset mamsmt information regarding road

pavement.

Now, HDM (Highway Design and Maintenance Standavidelel) developed by the
World Bank is recognized as the de-facto standamheement management system
that widely open to public user in the world (PIRAZD06). The latest version
(HDM-4) has been used as a support system for deadlopment and maintenance
plan mainly in the developing country. This HDM-dsha role as an analytical tool
of PMS which supports economic analysis such adystin budget allocation,

financial condition evaluation and road investmardluation.
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Figure 5.1 Kyoto Model Feature (compared with ppegi model)

However, using HDM-4 for analysis, calibration @fterioration prediction model by

using an enormous amount of data input concernivayiaty of data related such as
regional characteristic, weather, and traffic dgftauld be conducted (Aoki, 2011).
In fact, it is impossible to collect input inforn@t of those related data to operate
PMS which aims at rationalization of pavement nmenance work. Therefore, the
HDM-4 cannot be operated in optimal way due to tw@tecting enormous input

information is facing problem especially in someveleping countries. The

deterioration prediction model installed in HDM-4edicts deterioration speed by
adding road characteristic data (calibration deada) standard for deterioration
prediction model and without using the archive daftactual investigation of road

pavement maintenance targets. However, deteriorgtiocess of road pavement is
complex, and various factors relate mutually, aaterspecific pavement section is
deteriorated. A difficult factor to observe suchraaterial characteristics, condition
during construction besides observational factahsas traffic and meteorological
conditions might rule greatly. Moreover, differezdnditions of pavement section,
different performance afterwards according to tbastructed age. Therefore, it is

difficult to specify deterioration factor and alsleere is diversity in the factor in
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deterioration in the road pavement. Even if enorsnanput information for
deterioration prediction is collected so that HDMré&y demand, it is impossible to

express deterioration performance in pavement@ectincerned.

The Kyoto model proposed in this study adopts nuology that estimates
deterioration prediction model (deterioration hazarodel) by using repair history
data, and history data of investigation inspecéracuted in actual pavement section
of maintenance targets. The deterioration perfonmamrve estimated by using data
of repair and actual investigation inspection hast jmodeled the rule of past
deterioration performance concerned to road pavenherPMS, improvement and
evaluation based on past performance (Check anwrAcplay an important role
(Detalls are discussed in section 5.6). An actesfgpmance of road pavement is
expressed in the archive data such as repair histata and result of periodic
inspection of pavement. In using deterioration ftesh model that modeled rule of
this archive data, the deterioration process infthere is assumed equal to past
performance of concerned road pavement. As folKiywo model, a basic concept
of the deterioration prediction model is differgvith conventional model of HDM-4.
In addition, in Kyoto Model, by doing evaluation i past deterioration

performance can give a feedback to the next plan.

Thus, the Kyoto model supports decision making MSPbased on an actual
investigation inspection, repair data, and perforoea is "Performance base”

management systems (Figure 5.1).

5.3 The Whole Structure of Kyoto Model

In this paper, the “Kyoto model” pavement asset ag@ment system proposes
regularly monitors by comprehensive perspectiveooftine works at management
cycle of maintenance state and budget executi@ma®d for routine works, and has
hierarchical structure by strategic managementecyal point out improvement to

routine works by policy evaluation. The pavemenintamance work is expressed by
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hierarchical management cycle, and the entire akwoocess is modeled by using
logic model. Meanwhile, various data groups neagsika pavement maintenance
work are used as an evaluation index of logic méalepolicy evaluation as well as
being reference for decision making of routine veond being as archive of

pavement data base.

5.3.1 Budget Execution-M aintenance State M anagement Cycle

In budget execution-maintenance state managemeale,cyoutine pavement
maintenance work is accomplished according to &aghtechnological standard in
order to achieve the target that previously fixB&nge of influence in decision
making is divided into three hierarchies with diéfleces of project target: 1) budget
plan level, 2) network level, and 3) project levalthe budget plan level (1), budget
planning is settled on, and repair and update wxgiired to carry out long-term
maintenance of road pavement managed are calculBitedbudget approximation
for repair and update of pavement is determineggedn situation of investment
allocation to asset other than pavement, techncdbgitandard, targets and a new
policy in accordance with policy evaluation. In thadget planning intended for
pavement, deterioration states in the future iglipted by deterioration prediction
model and current states of pavement and settidgditallocation in time axis and

allocation of budget for road pavement targeted.

At the network level (2), section that requiresaie@nd update is extracted from
entire road pavement, and repair plan accordingdency level of repair and update
is created. In addition, at the project level (@pair and update of an individual
section are executed according to repair plan. rimddion acquired in routine
maintenance inputs to the pavement data base atraayis kept and is recycled as

reference data.

Post-evaluation of hierarchical management cycieftates a new plan according
to improvement content of input in policy evaluatiof strategic management cycle

in order to execute preferably each 3-5 years megg.
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Figure 5.2 The Whole Structure of Kyoto Model

5.3.2 Strategic Management Cycle

The roles at the strategic management cycle isview routine maintenance method
regularly, to set such as technological standandjet and new policies to achieve
improvement of performance (making long-lived) amgprovement of service and
cost reduction, and to apply in routine works. tio$ all, result at the budget
execution-state maintenance management cycle igewed, and setting the
following target from such achievement situationtafget. Next, review of input
required for target setting, arrange the resula asew technological standard, and
making improvement in routine work. Further, poleyaluation is carried out based

on the logic model, and restructures the logic rhaath review of work process.
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5.3.3 Logic Model

The logic model is represented as result (outcarhegrvice aspect for objectives of
maintenance works linked logically to relation beém the result and the work in

order to achieve the objectives, and expressearitiie work in an orderly sequence.

The result that executes the work based on the logdel is quantitatively evaluated
as an output index and an outcome index, and a®saltr target of input
improvement is clarified by analyzing contributidevel of individual work and
routine work to the entire work, and extracting thwerk (activity) with low
contribution level. Moreover, the factors are amaty by logic model if failure to
achieve the objectives and combination of waysctiewve the objectives (input) is

reexamined during review time of a new plan.

Thus, the logic model is a tool in improving andmtoring accomplishment of the
work and modeling the entire of pavement mainteaamork. Method of pavement
maintenance work and setting objectives are diffeia regard to management
subject, and customizing management system is ¢edioi developing logic model.

Policy evaluation based on the logic model requiregularly monitoring, and
maintenance information is required in evaluatiod aalculation output indicators
and outcome indicators. Information that shouldabguired in routine maintenance
work is decided by evaluation item of the logic rabdExample of important
monitoring information when considering evaluatiobased on the logic model of

PMS is arranged as follows.

5.3.3.1 Complaint

A complaint comes from citizens and road user comngg road pavement states.
Information on complaint should be utilized as amportant source to evaluate
output and outcome indicators by aspect of serdiglevery and user satisfaction

rating. It might be found a failure of road doed rwaluated in road deterioration
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index (such as rutting and cracking rate) but emald by road characteristic

investigation.

* In which part of road those complaints refer?

* In what failure of pavement those complaints refer?

» Which is attributes of complaint source (road ugmdestrian, and
residential road)?

5.3.3.2 Factor of Repair

If pavement section repaired which is caused byhbie® and deterioration of
pavement, it is needless to say that accumulatiosapair history data that describes
content and location of repair are important. Hogvevecording of repair factors
during repaired is not so much. Repair of road pearg does not limited to road
deterioration but is performed by various factoushs as decrease in drainage
function, noise, and vibration. Repair factor datégomes valuable monitoring data

to evaluate service level, performance of pavenmesimilar data complaint.

* In what deterioration factor and damage repairesed?

5.3.3.3 History for Maintenance Support

An emergency action is subjected to damage thaahiesk compromising with user

safety suddenly occurred such as pothole by routn@éntenance (maintenance
support). History information for maintenance suppan be used as an indicator of
such as setting of repair priority level, evalugtiulnerability of pavement structure,

and examining of rationalization of execution fregay of routine patrol.

* What kinds of damage were treated (content anditotaf damage)?

5.3.3.4 Pavement Database

As for the Kyoto model PMS “performance base”, acualation of pavement data

base in order to evaluate the performance becompsriant. The logic model is
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intended to model entire pavement management agchown in entire structure of
Kyoto model in figure 5.2. The pavement data basgenerated form pavement
management cycle, and can be defined as knowlestga@ evaluate the logic model.
Therefore, definition of pavement data base isngefiwhen the logic model is made.

5.3.3.5 Evaluation of Road and Role of Pavement Database

In pavement maintenance work, handled informateacihes an enormous amount
due to covering all pavement sections in the rofiteanging enormous information,
considering influence to safety and comfort of raseér, selecting repair candidate

section efficiently become important.

Section deterioration states contain a large vanafuncertainty) from complexity
deterioration progresses by various factors thouggd pavement deterioration

progresses with the passage of time.

Therefore, it is impossible to push down possipiiit zero (zero risk) that pavement
section necessary repair which damage progresse®iche discovered (overlook)
even if a variety of investigation inspection (sues routine patrol, road
characteristic investigation, complaint and demanodjliscover damaged section of
pavement are executed. However, the risk can befimekly reduced by examining
evaluation and method used of information obtaibgda variety of investigation

inspection.

In pavement maintenance investigation inspectiba, final objective understands
influence damage states to road user’'s safety antdfoct. Simply, the objective

does not represent the road state numericallyhBgrtatching process of a variety
of investigation inspection and information overalhd understanding the meaning

of the information accurately become important.
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Figure 5.3 Uncertainties of Pavement Investigaéind Decision Making

Figure 5.3 illustrates concept of reduction undetya process in pavement
investigation inspection and decision making foles#gon process of repair
candidate section. Decision making process of amlucincertainty is shown based
on acquired data on investigation inspection. Tdermanager observes pavement
states by routine patrol in every day. Deterioratio road pavement progresses

gradually excluding such as pothole occurred suigderiong time.

It is possible to understand level of severe damafygpavement section that
influences user’s safety and comfort by routinegiat

Furthermore, necessary measures due to such asin@iadge, noise, vibration, and
other road states by demand from citizen are impigad. Within consideration of
such road manager has information of pavementsstétaegular investigation of
pavement is executed at intervals 3-5 year gewetalregular investigation, damage
pavement states can be understood quantitativelg evaluation result and evalutes

road states according to indicator such as 1) argcalate, 2) rutting depth, and 3)

Chapter 5 Kyoto Model Pavement Management System as International Standard 128



flatness, using automatic measurement car (Aokil120However, a regular
investigation of pavement generally divides pavemato evaluation section of
100m, and is presented as a damage value to acalsaction. Moreover, in section
that has multiple lanes, all lanes are not neci#gsavestigated. Damage value is
represented by investigation of representative .lafleus, a regular pavement
investigation by automatic measurement car remainsertainty in a regular
investigation result and catches as a sampling stigegion by investigation
frequency of investigation and evaluation methoa istrong technique in order to
evaluate damaged section. Therefore, repair methodgepair section are decided
after confirming visual inspection on-site baseslteof a regular investigation when

identifying repaired actual pavement section.

If past deterioration process is different, methematd priority of measures are
different even if deterioration state in currentv@@ent is an equal section.
Deterioration in pavement section depends on detgion of entire pavement
structure. Deterioration progresses in sub-gradlanfluences at deterioration speed
of road. Deterioration process of pavement contangarge uncertainty, and
deterioration speed varies widely in individual ganent section. Section which
faster in deterioration speed as section whichgh hisk in deterioration, if section
can be identified even if the factors cannot becifigel can utilize as useful

information for decision making of next measures.

Thus, process and information for the engineers edpecially manages on-site in
order to make decision in decrease uncertainty ediston making by fusing
evaluation result of by machine and human decisan support an advanced
decision making in pavement maintenance work. fimportant to understand the
role (merit) and the limit (demerit) in each infation. The limit (demerit) of single

evaluation exists in each role respectively.

In other words, decreasing uncertainty of decisimaking due to constructing the
logic model of complementary decision making focleavaluation independently to

technique of each investigation inspection, ancdhgisin overall information and
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evaluation result each other, and consequentlyteffereducing road user’s risk is

achieved.

5.3.3.6 Deterioration Performance Evaluation of Road Pavement

In PMS, constructing deterioration prediction modgelindispensable in order to
estimate pavement repair demand in the future arelvéluate life-cycle cost. The
method of estimating regularity of deteriorationogass statistically based on
recorded data of past deterioration is called asisstal deterioration prediction
model which varies properties depend on objectivase of deterioration prediction
model. Statistical deterioration prediction modeéstimated using performance data
of an actual maintenance object, and there is at noérattempting easily in
adjustment of empirical findings in maintenancesdr-as a result of condition in
order to utilize in accumulating some data. A lagfeuncertainties interposes in
deterioration process of pavement, and a signifidifference in performance
deterioration is occurred if service and constarcgnvironment are different even if

the pavement has same environment.

Meanwhile, another characteristic of statisticatederation prediction model is
possible to express performance of past deterooratin routine maintenance,
deterioration and repair demand in the future &ailities are estimated based on this
statistical deterioration prediction model. Deteaiteon prediction model is invariable
as long as new data is acquired and the deteoarédrecasting model is not updated.

Here, let's assume a case which new inspectionisladaquired and deterioration
prediction model is updated. Road characteristmgestigation is executed after
acquired inspection data and passes a certain dpédoestimate deterioration
prediction model. An existing deterioration predint model is updated by using
inspection data acquired. In that case, an exidieigrioration forecasting model
before updating is defined as benchmarking curvea(@a et al, 2008). If updated
deterioration prediction model shifts from benchkiay curve to direction of

making to long-lived, it is meant that an averaggedoration speed slowed by
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maintenance done for the period from point to updhat constructs benchmarking
curve. Meanwhile, it is possible to evaluate infloes of making to long-lived by
amount of changes from benchmarking curve if assumed that measure of making

to long-lived of some pavements was applied.

In asset management of road pavement, it is nagessadevelop deterioration
prediction model in order to analyze life-cycle tciws predicting of repair demand in
the future. However, it is impossible to predictm@dme of individual pavement
section in the future determinately as mentioneovab By constructing pavement
database, investigation result and maintenancerkistata according to pavement
section can be are stored. Then, there is a cotwepbddify present damage value by
adding investigation result of damage value thdl progress by passage of time
from the latest investigation result to presentestigation result. In this case,
estimating deterioration prediction type accordimgleterioration factor of pavement,
and amount of average deterioration progress irermpant section that has same
characteristic is predicted by adding to investaratesult. However, due to such as
location which deterioration does not progress detefy and location which
deterioration progress rapidly in realistically byrcertainty of deterioration process
in pavement section, prediction result by amourdwirage deterioration progress is
actuality in different state.

Moreover, the road administrator does not determimeessity of repair only from

database, but also can be able to confirm the $&tateisual inspection on-site.

Pavement road has different feature with other miafoastructures that is easily to
verify road deterioration states visually while ltasnplex deterioration process and
varies characteristic widely. Deterioration perfamoe evaluation using statistical
data has an important role at PDCA cycle of pavémmanagement by post-

evaluation (Check and Action) instead of plannifgaf). Pavement deterioration
prediction model is requested to be utilized affervement deterioration

characteristic and objective of use of deterioragpwediction model are discussed
sufficiently.
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5.4 Kyoto Model and International Standard of Asset Management
5.4.1 Relation between Kyoto Model and 1SO

The Kyoto model is a pavement management systern siygports pavement
decision making with performance base and featewaduation function at PDCA
management cycle. Meanwhile, in advance discusseated to international
standardization of asset management is expected standardized as a requirement
of asset management. The Kyoto model providesralatd platform corresponding
to an international standard as well as PMS thapeus overall pavement asset

management.

This section discusses relation between Kyoto maddl ISO. The Kyoto model is
composed by accumulation of routine maintenancekviomth circles at strategic
(growth) management cycle with a focus on policgleation and management cycle
of budget execution and maintenance state as skeovire structure on figure 5.2.
Meanwhile, ISO is in a position to evaluate thenpénd implementation result of
asset management, monitoring of entire pavementgament and has a different
position from target of overview with pavement mgeaent.

Meta knowledge —— Meta knowledge — Meta knowledge group
group structuring

Meta-knowledge

(best practice learning)
o—— e B 0y c®
Check @ o Actlon

AM Post-evaluation report

AM Plan restructuring
(Logic Model restructuring)

Logic Model

Management cycle

OUTCOME

PLAN-DO : KYOTO MODEL

Figure 5.4 Relation between meta-knowledge of I8@Kyoto model
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The relation between Kyoto model and ISO is showrfigure 5.4. A schematic
illustration of entire structure of Kyoto modeliasfigure 5.2 is shown in the bottom
of figure 5.4 and the flow of ISO rule is displayedupper row of figure 5.4. The
relation between the Kyoto model and ISO compo&¥SA°cycle besides PMS. The
entire Kyoto model subjects to Plan-Do, and ISQkhe role of Check and Action.
In a word, it can be understood that ISO standasdigystem of evaluation and
improvement, and monitors entire pavement maintemavork in routine that PMS
composes. Requirement to execute Check and Actisters is provided by ISO.
Pavement maintenance work is executed accordintpedogic model, and, as a
result, Kyoto model generates the result of execyu@vement maintenance work
(post-evaluation report of asset management). I18Qvarts from post-evaluation
report to meta-knowledge (method for acquisitionknbwledge concerning Asset
management). In order to restructure of asset nemegt plan, meta-knowledge
group is structured by adding past meta-knowledgel #@he best practice.
Restructuring asset management plan in PMS is basetieta-knowledge, while
Kyoto model is restructured by logic model. Custration ability and improvement
of management system corresponding to standaraiizafi ISO can be maintained

by reviewing structure of logic model.

5.4.2 Correspondence of Kyoto Model and Asset M anagement Plan.

Next, correspondence between each module of Kyattelrand requirement of ISO
in PMS is arranged. Process of asset managemenisptamposed by 10 steps. First
of all, requirement to PMS is arranged if appliegemeral 10 step process of asset
management to pavement asset management. In addilation of each module
corresponding to Kyoto model for each requiremsrghiown in figure 5.5. Noticed
here, Kyoto model module is an individual subsysteat forms PMS platform and
should be understood that mechanism and concefigadng input of logic model

not an application of management system.

Chapter 5 Kyoto Model Pavement Management System as International Standard 133



5.4.2.1 Pavement M aintenance Condition

Maintenance state of road pavement that should aeaged is verified in road
length, area, and position (road network). It ipraperty ledger of pavement and

possibly to show in relation to GIS data and pav@rdatabase.

AM Plan 10 step process

Requirement to PMS

Kyoto Model Module

Step 1 Asset arranging OFor Pavement mamItenance cond|t!on _[ Pavement database ]
»Road pavement maintenance extension
»Road pavement maintenance area -
G »Road pavement maintenance location _{ GIS (spatial information) ]
(road network)
Step 2 Asset state and failure
ep mode Scheduled investigation
(road characteristic)
G OPavement maintenance state
»Pavement state evaluation method Routine inspection support
: - »Current damage state | system
Step 3 Long-life decision »Damaged state transition
_{ Archive maintenance of ]
28 4 performance curve
LCC and replacement _{ Deterioration prediction ]
Step 4 cost decision - - model
OpPavement maintenance life cycle
U »Pavement long-life evaluation method
»Pavement long-life (achievement) ——[ Performance curve estimation ]
» Pavement economic value-evaluation
Step 5 LOS target setting method
—{ Accounting system J
; ; OPavement service level —[ Maintenance history system ]
Step 6 Risk evaluation »>Service level defined
exposure > Service to road user a
»Service to route resident Maintenance information
0 »Rules for service delivery request from resident
»Current service level
Step 7 Appropriate { Accident information ]
maintenance (defect maintenance)
Oinput for maintenance performance
0 > Critical damage ‘{ Logic model maintenance ]
»Important damage - system
Step 8 Appropriate investment »Method of repair-maintenance
plan > Cost of repair-maintenance _{ Maintenance method ]
U selection guideline
) OBest maintenance strategy-budget plan Budget plan simulation system ]
Step 9 Capital strategy >Best maintenance strategy method setting
»Maintenance strategy alternatives B h K luati
»What is a realistic maintenance plan ? SHCIRALCNS Svauaton ]
U > Long-term budget plan method setting systems
»Long-term investment plan content
i »Adjustment to another facilities
Step 10 AM plan decision . Plan of making long-life J

Figure 5.5 Relation among AM Plan Process, Requergrno PMS and Kyoto Model
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5.4.2.2 Pavement M aintenance States

Next, it is necessary to show current damage stdfestively and define method of

evaluating the states in demands concerning mantenstates of road pavement
managed. In addition, to evaluate process fronsitian condition of damaged states
to current states. Pavement states can show catargiy by accumulating states of

result of routine inspection and regular investmabf road. Moreover, the transition

of damage states by evaluating transition of detation performance curve using

the time-series data.

5.4.2.3 Pavement Maintenance Life-Cycle

Define method of evaluating long-lived pavementdefined, and show result

evaluating of long-lived pavement to be actuallynaged. Long-lived pavement can
be shown as a result value of long-lived and perésrce curve is estimated by using
deterioration prediction model. Moreover, it is pibée to arrange evaluation method

and extent of economic value of pavement as accwuintformation.

5.4.2.4 Pavement Service L eve

Pavement service level requires decision whethéate obligation to provide kind
of services for various service target providecetrafiiarifying role of pavement. If
thinking about service level of pavement, workimglinked to damage factor and
content of failure feel by resident and road useneeded (for instance, driver’s
handle operability, such as water splash to pedestrser at rain, a lot of cases
causes rutting, meanwhile, noise and vibration Bgetesident around the route is
highly influence to cracking progress). Logic modela tool to show relation of
maintenance state of pavement and to define derdas®eice content of each target
that receives service such as route resident aad wsers (drivers and pedestrian
user). The input for setting service level that @iny using logic model is examined
in considering on demand level and rule relatingséovice offer. Furthermore,

service level target reviews input as benchmaruofent service level.

Chapter 5 Kyoto Model Pavement Management System as International Standard 135



5.4.2.5 Input for Service (performance maintenance)

Aspect and method of measures to execute an ajgpraintenance are defined as
an input for service (performance maintenancepaifement deteriorated by various
type of damage, the most important (critical) daenesgdefined by comparing it with

service level based on logic model. Moreover, ingcessary to arrange standard
concerning to such as recovery level, method oihteaance and repair, and levels
of cost. In that case, it is important to recordtda led to repair by arrange archive

data of repair information in maintenance history.

5.4.2.6 The Best Maintenance Strategy and Budget Planning

Finally, is performing post-evaluation and settmgthod of optimum maintenance
strategy and budget planning. Pavement maintenatregéegy derives minimum

work cost necessary to maintain target servicel liggen relation of the trade-off of

work cost and service level, and sets such as rregtandard, repair method,
investigation inspection frequency in order to aebi it. In that case, objective
setting corresponding in actual is needed and densiot only an ideal maintenance
strategy and budget planning but also alternatstesh as a realistic maintenance
plan. In budget planning, a long-term plan is neagsin accordance with life-cycle
of pavement. Moreover, optimization of maintenandan is aimed at arrange
relation-dependency of repair and such occupanay anderground such as
sewerage pipeline and collateral facilities thaesimot limited to road pavement.
Plan of making to long-lived pavement can decidepstting policies and

achievement situation to target progressively ddpem benchmarking evaluation

system based on comparative evaluation of det¢iooraerformance.
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+ Cost reduction, etc

_________________________________________________________________________________________________

efficiency effectiveness

Figure 5.6 Service Production Process (logic model)

5.5 Logic Modd Evaluation and Pavement M aintenance Work

An entire structure of Kyoto model is systematigairanged using the logic model,
and comes to restructure logic model during revigws$lere, a basic concept to

evaluate logic model and pavement maintenance isakanged.

Based on clearly discussion so far, road pavemeaittenance work is not only all
of strategic maintenance of intentional inspectiepair-update plan contributes in
reduction life-cycle cost. Outline of service protlan process in pavement
maintenance is shown in figure 5.6. Process indfieside of figure 5.6 switches on
budget, executes of investigation and repair oepant. As a result, damage such as
pothole and road damage is found, and then, trekeds are improved by repair.
Here, each input and output indicators are measuned evaluation of efficiency
from that relation is executed. On the other haight process shows process to
generate achievement/result (outcome) from caledlabutput, and executes
evaluation of effectiveness from relation and pemiance indicator corresponding to
output and outcome indicators (Yoshikawa, 2007)addition, achievement result is
reported based on result of effectiveness evalmatio accordance with
performance/result indicators and it will be a fe®ck for improvement of input. In
this way, logic model shows relation linked in loglly of such as budget and work-

various measures in actual and target of maintensimategy.
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Some cases of constructing and operating logic matended for maintenance of
infrastructure asset has been reported (Aoki é2CHlQ; Sakai et al, 2007; Sakai et al,
2009).

Logic model is a logical model with systematicadlypress logically contribute in
relating with output such as works, services, petéicand method of utilize
maintenance resources for outcome as maintenaneetisbs of maintenance work
system. Logic model functions as a tool of perfanoe evaluation, achievement
level evaluation for maintenance objectives of neiance systems that can show
relation between qualitative target and quantieatarget at the same time. The logic
model becomes a tool that operates achievement unepasnt of strategic

maintenance and supports the management cyclafBi-Check-Action.

Target that should be improved as a result of exalibbased on logic model is
reconsidered configuration of unit input and re8esf target setting and might be
considered for further review of logic model. A fmaintenance of infrastructure
asset, logic model has an active role in techrgo@elines to observe in standpoint
view of routine maintenance. Maintenance of infiaure asset requires monitoring
in under long-term environment and assumes in tteemanagement system does
not appropriately operate as originally designsngfe occurs in social environment
and the citizens needs. Furthermore, change imtdapical level which influences

to maintenance work on-site cannot be disregardechinor change is required in

entire system by changing of investigation insmectand repair standard. A

continuous monitor is required by benchmarking ahieavement measurement for

change in these technological levels.

In this way, effectively function of logic model &sol that supports the evaluation
according to evaluation flow based on achievemeeasurement, and standard of
review and evaluation according to logic model &edchmarking to the execution

of strategic maintenance work.
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The machine that is operated from early time to suea while running in road
damage of pavement can be utilized as means oéwahient measurement. The
output indicator that relates to damage of roadbmanalculated by executing regular
road characteristic investigation. Historically, ado characteristic investigation
discovers damage section of pavement, specifiesrrégration, understands entire
damage in the macro, and has been operated adivdgeof maintenance level
evaluation. As for the Kyoto model, it is necessaoy redefine role of road
characteristic investigation. Achievement measurgmequires regular monitoring
of results value in order to understand achieversguaation of outcome indicator,
requires review of execution frequency and methdd rmad characteristics

investigation with adaptive to logic model.

5.6 Benchmarking Evaluation of Road Pavement

The Kyoto model is PMS performance base, and Haaraing ability in providing
information for decision making and actions for nongng evaluation of
maintenance work based on actual monitoring dalas Fection shows a basic
concept of benchmarking evaluation that is majalwation function of the Kyoto

model, and introduces a case of benchmarking etiatua

5.6.1 Benchmarking Evaluation using L ogic Model

There is a techniqgue of benchmarking in single teai@nce techniques of the
enterprise. The process is 1) to evaluate quamgtgttheir own works, 2) to explore
other enterprises work with excellent in mainteramork process (best practice),
and evaluates it similarly, 3) to understand démmtvith their enterprises, to bury
the deviation, and continuously improve of work tems. Benchmarking has
intended to attempt and introduce exploring of besictice continuously and
systematically, clarifies the work objective, arftbws not just comparison of work
results but by a quantitative indicator. Conceptha best practice in is not new,

since 1990, a measure has been incorporated tdigarahift of enterprises rapidly.
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On the other hand, benchmarking in public sectoutiszed in 3 forms in the
following, 1) First, applies directly a concept pfivate enterprises as mentioned
above, 2) views as wider concept, setting targat@achieving entire vision such as
local government, measuring target level achievéndra concept of comparing the
target that is achievement of owned organizatiotih \appropriate reference value
(Osumi, 2003). In the public-sector, many case<iwbienchmarking is only used in
forms of "measureable objective" (Yoshikawa, 2007gloses to (3). Actually, it can
be said that starting from approach of findingist&@ problem, exploring for the best
practice that private enterprises executes manficdif case’s there, setting
measureable target at first, doing a relative commpa with benchmark set in an
organization concerned. Gradually, by stepping ionla process and approach of
benchmarking by private enterprises as of 1), commg to a positive improvement
work by comparing performances with foreign coupdet, and discovering the best

practice furthermore.

A matter of fact, this benchmarking concept coneeadcomplish important role in
setting target value and comparison analysis iniegement measurement.
Benchmarking evaluation is a concept that can bglemented at each stage of
theory of evaluation by input - process - outpautcome. Outcome indicator and
target value set at work level are strongly chamadf instrument for internal
management, and will lead to work improvement froesult of the relative
comparison by benchmarking evaluation of efficierayd effectiveness of work

management on-site.

Effectiveness of maintenance work in order to nsmta certain service level,
performing relative comparison of road deterionat&peed, priority maintenance
section can be extracted for pavement maintenaneemore microscopic point of
view (Aoki et al, 2010). This is based on concelpingproving deterioration speed
leads to reduction of pavement maintenance cost.ti@nother hand, outcome
indicator and strategic target at policy level ist mn indicator generated from
internal management but an indicator that shoul@éxieacted from potential issues

and needs of the citizens and road user as custoriApym this, indicator set at
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policy level may face issues of causal relation ik level that is not always in
actually. However, for operational management byagament objectives type, a
concept of benchmarking to support necessary cdrocglly link to target at site
level and objective of policy level and securindidity of indicator. Furthermore,
logic model is utilized to clarify evaluation pra&seties organically causal relation of

activity in each stage of input-process-output-onte.

In addition, during benchmarking evaluation, preoeg might be required and
standardization of indicator with relative compansamong indicators becomes
possible in order to compare each standard by uswdgator derived from
achievement measurement. For instance, as sim@surestandard, the standard of
3E is introduced: 1) Economy: minimize of input,Efjiciency. maximize of output,

3) Effectiveness: improve outcomes through outpOumi, 2003).

5.6.2 Benchmarking Evaluation Case Studies

Benchmarking evaluation is performed by derivingederation hazard rate in
pavement section, and, as a result, review of igpgh as improvement of repair
strategy is executed according to logic model. Datation speed relatively
classifies faster pavement section as a peculigerby evaluating heterogeneity of
deterioration speed, conducts application of sicheav methods and new materials
experimentally, and examines an effective repaithogk in making to long-lived. A
scope of an effective repair method is set in n@km long-lived pavement as a
result of examination construction, spreads asaadsird technology, and updates
benchmarking curve. By repeatedly executing thesequent, making to long-lived
and cost reduction of pavement, and also ratioataiza of pavement maintenance

work is achieved.

Estimation result of deterioration hazard rate barreferred to in decision making
for the plan of more strategic repair plan. In theure, pavement section which is
high in deterioration hazard rate indicates a gk in deterioration of relevant

pavement section.
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As for local government manages highways, procéssrarking rate and rutting
depth are estimated by creating deterioration ptedi model using Markov
deterioration hazard model and benchmarking cuparf¢rmance curve that is
shown an average deterioration speed) is arranigedddition, heterogeneity of
deterioration speed from benchmarking curve acogrdb pavement section is
evaluated (Aoki et al, 2010).

Figure 5.7 shows that deterioration performancevecus drawn according to life
expectancy, and deterioration hazard rate alongrdhte is estimated for rutting
states. Deterioration hazard rate evaluates deation risk in each pavement
section, and deterioration hazard rate of a laayement section can be determined
that a deteriorated possibility is high in the fetindependent from damage states of
current pavement. Figure 5.8 is plotted relatiotwieen heterogeneity parameter and
standard hazard rate (rank 2) related to each a&tatusection using estimation
result of deterioration hazard rate of rutting $amy. The horizontal axis of standard
hazard rate expresses variation of large-sizeccieehiaffic. Meanwhile, the vertical
axis of heterogeneity parameter expresses differefaleterioration differences of

deterioration speed according to factors other thaye-sized vehicle traffic.

The average mixture hazard rate curve shown byplilne line in figure 8 illustrate
the average hazard rate of entire route for arglymind the red line that shows
critical standard (95%) indicates critical leveltraxted of top 5% as a product of
hazard rate. On the other hand, the critical hgtareity parameter shown by dashed
line is a critical level extracted of top 5% ofdarevaluation section of heterogeneity
parameter excluding influence of standard hazatd. r@imilarly, figure 5.9 and

figure 5.10 show the estimate result of cracking.
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From above-mentioned analysis result, route whiatenbration speed was
remarkably faster can be identified, and deterionaspeed of each damage of
cracking and rutting was evaluated according tohepavement section. These
evaluation results can be utilized for decision mglof such as priority level of a
detailed investigation in order to select repairthod and priority level setting
maintenance. In a word, route which deterioratigpeesl is early shows that
deterioration risk in the future is relatively hjglnd entire deterioration risk can be
decreased by executing repair priority in comparé wavement section that has

same level of damage.

On the other hand, in figure 5.7 and figure 5.® tertical axis displays relative
evaluation result of differences in deterioratipeed according to other uncertainties
factors excluding influence at deterioration spégdlarge-sized vehicle traffic as
mentioned above. Understanding deterioration stnaif entire structure pavement
from road damage data by road characteristic ilgeggin that progresses to
deteriorate in passing age during constructionotsaible in road pavement. As for
road damage, might be that factor in quicken detation speed of road and
encourage road deterioration by decreasing loadngeability/ultimate strength to
below the base-course even if the state is allotwedecover damage of road by

cutting overlay.

Such in pavement section, there is a rational t¢aseelect recovering ultimate
strength of entire structure of pavement, for ins& carry out replacement and not
by cutting overlay in evaluation states of entil@gment structure by executing
detailed investigation such as FWD investigatioh.standard for optimum repair
method selection is installed by expressing difieee of performance curve after
repairs according to elapsed year and repair metf@tire structure pavement in

life-cycle cost analysis.
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In benchmarking evaluation presented here, theaepesrspective to review method
of future corresponding to section which deterioraspeed is remarkably early, and
review standard of applied repair method to improgic model’s input.

5.7 Summary and Recommendations

This chapter has explained logic model and benckin@revaluation that forms as
basis of the Kyoto model more in detail, has disedsa basic concept of Kyoto
model pavement management system that has evaldatiotion and customization
which enabled to overseas de-facto standardizadioa,has satisfied requirement of
ISO for road pavement based on trend concernirggnational standardization of
asset management. Furthermore, example of benchngagkaluation was shown,
and evaluation method that synchronized with logiodel was confirmed. The
Kyoto model wish to emphasize overall platform &% composed by logic model
in more with database, application and evaluatystesn, mechanism, standard, in
order to construct mechanism of PMS in average metely aimed at standard
application of PMS as pointed out but also whileresponding to each module and
AM plan process as in figure 5.5. In addition, wrni the strategic pavement
management system in a long-term perspective, tstagect PDCA cycle, and to
synchronize with inspection function of ISO. Whesstructure asset management
plan through Check and Action by ISO, the logic elod redefined. As a result,
customization of asset management system is ensameldstandardization of PMS

that has diversity is achieved.

Nevertheless, as a model that still requires amorgment, several points should be

learned deeply as considering topics in the future:

* |t is necessary to practice in advance of paverassét management that
applies the Kyoto model within proceed discussioncerning international

standardization of asset management in the future.
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» Accumulation of knowledge related to pavement assahagement has
achieved. In order to restructuring asset managepian, acquires strong

meta-knowledge is expected.

» The Kyoto model has learning function in actualilsat, achieving PMS as
a de-facto standard model in the future can be@tgg by accumulation of
several requirements especially mechanism of adprst with other

features.
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Chapter 6

A Practical Model for Pavement Management
Systems

6.1 General Introduction

Recently, a variety of studies were carried outl@pavement management system
(PMS). An objective of pavement management systenoi calculate optimal
maintenance policy which is desired in making paseitong-lived and reduction of
life-cycle cost. In relating with pavement deteatbon, there are many uncertainties
should be considered to predict when a next repaiuld become necessary
accurately. Under such conditions, making obsewnatiat the service level of road

pavement is looking for.

Moving toward in management approach with pavenretite core, PMS model has
noteworthy support for pavement maintenance andagement. Some of issues
should be regarded in order to develop PMS modeh as management cycle,
inspection, data and database, deterioration predicmodel, life-cycle cost,

optimum accounting process, and additional maiker $ocial and political issues.

As for importance of PMS, development of decisiopport system is a must.

Continuously, a PMS tries a combination of paventemniditions in the past, present,
and future. By accumulating of maintenance hiswinpavement in the past, then
implementing management cycle in present, an optinmiaintenance strategy is
going to establish for the future. In regard te tkind of tasks, road agencies have to

secure well-to-do effort and time in determininge thptimum PMS in the first
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application. As well as effort and time, annual geidis also in order to carry out
optimum repair strategy which usually has constrainbudget. Furthermore the
optimum PMS does not means that has super funoti@ame for all, but the system
can fulfill road agencies PMS objectives and coods.

Under these situations, self-development of PM$ sguare up with current states
and future demand which is more considering inilfiéity use of the systems. While
developing their PMS, a road agency sometimesd@sd a problem of strategy that
usually proposes in long-term perspective. In cqueatly, a simple solution for
them is using ready-made software which is not gdnappropriate with their needs.
More in case, not only a wrong decision they diat, dso spend gratuitous cost. This
condition make a fuss with stated before that ragdncies should secure budget

within limitation of budget.

Learning from here, sustainable development of RM&ld not be guaranteed by
using ready-made software. Although ready-madewso# supports a size for
modification by allocating calibration factors andefficient change in model, to
satisfy detail situation of their needs still inegdate. As a suggestion, moving to

customized PMS is the best way to implement PM$8essfully.

Along with customized PMS, accumulating of pavemedata to support PMS
implementation has an essential role. Comprehensebnology is required to
provide sufficient pavement data. A comprehenseahmology devotes component
technology selected tune in with existing systemproved or newly developed in
case by case approach (Kaito et al, 2010). Frosrabmprehensive technology, a
final objective of pavement data accumulating iacs@l term and a final objective of

pavement maintenance and management in generatterioh be reached.

Pavement data acquired during actual inspectioresoras different with data that
needed to analysis by road managers or researchifrs. is an example of

divergence information that can be called as a latlcommunication between
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component technologies of data acquisition and da#dysis. It is also can express

in general as comprehensive technology not beiqdeimented.

In general, pavement data is closed to the pulsicome countries, particularly in
the developing countries, public (researchers,utecs, student and people in
general) have not able to access the data incluftingacademic reasons. This
condition affected by difficulties of collecting yement data. To collect data
pavement in example, of course, required amouritnzé, man-power, equipment

and also cost.

Actually, there are many databases developed by agancies. Nevertheless, there
are still a few cases that these databases fusctmmpavement asset management
and PMS implementation. This is evidence that dg&eh database with excessively
and detailed data would inevitably be used in pamnmaintenance is incorrect
perspective. Put on data that can currently beisejthrough visual inspection is a
focus of pavement maintenance proposed in thig/stud

Pavement database has a different property withergerndatabase system. In
pavement database just showing previous data,vadeein the general one has all
previous data. Other important is pavement datalbass not want to modulate
function inside of database. According to expemeatsome countries, they did not
do more action after collecting data by inspecti@iher ways, some restricted
regulation to share data about pavement conditiakimgy these problems being

important matter.

To solve of problem related to lack of informatioh pavement condition due to
minimum action of maintenance and inspection isiigp@se of this study. With this
problem in mind, change in approach from restrictedpen database of pavement
as a background for internationalization. Integtatatabase as a unification of
several otherwise distinct files was an approackh@ing data and also enforcing
standards to reach that goal. Other objectivesisfgtudy are to store information

and to allow users to retrieve and update thatmétion on demand.
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In this chapter, following section (6.2) preserte importance of developing a
practical model. Section 6.3 describes the rolesmaethodologies of practical model.
Database system development in practical model PMiiscussed in section 6.4.
Meanwhile, section 6.5 deals with a practical magtelcture and module support.
Section 6.6 provides benchmarking evaluation irctizal model with case study.

The last section (6.7) gives summary and recomniemgafor future study.

6.2 Importance of Developing Practical Model PM'S

A great optimal repair models using Markovian decismodel has been proposed
and applied in practical of PMS ( Kobayashi and &)&2D03; Otazawa et al, 2004;
Jido et al, 2004a; Aoki et al, 2006). Those optimegdair aiming at repair selection
method, judgment of condition rate or inspectiosults, and optimal repair strategy
planning. In regard with maintenance of road pavémet is necessary to
simultaneously deal with problems of managing twitecent levels, i.e. the project

level for each pavement sections and system levelritire of road pavement.

As many result of recent studies on road pavemamttenance by PMS application,
it could be emphasized that some problems relate@ducing life-cycle cost has

already developed. In summary, road pavement nrante should implement when
expected of life-cycle cost is at a minimum. Asaasequent, securing a sufficient
annual budget to execute optimum maintenance pignior all road pavement as
well as limiting repair work within a certain yetar only those road sections of the
highest priority, postponing other necessary repairs uatlater time are kinds of

problem facing by road manager. As is the case milt infrastructures, in the case
of road pavement, when a necessary repair is e@eféemporarily, the effects do not
immediately appear (Jido et al, 2004b).

Many road agencies have tried to estimate roadrpentrepair demand, in case that

there is a lack of data relating for pavement detation prediction model estimation
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or has owned poor data. In order to grasp of regemnand in the future, a method
by using time series data from the results of pegair history of pavement while
making assumptions of life expectancy of road paamnwith referring to repair
information has been derived from 3 decades agoweher, there is disadvantage of
using past history information of repair is tha¢ thudget level for repair does not
figure out the entire life-cycle cost on road paeem In addition, it cannot be
predicted clearly at what degree the service lefebad pavement will be degraded
in the future if repair resources are inadequatsb@yashi et al, 2008).

As for consideration, various pavement managemetess implementation widely
is more preferred to use ready-made software. kample, the micro PAVER, a
ready-made software analysis which proposes pavememnagement
implementation steps divided into 13 steps, asofat 1) obtain map, 2) define
network(s), 3) collect inventory data, 4) creatdallase including shape file, 5)
collect condition data, at a minimum, 6) develomdaidon deterioration models, 7)
verify data, 8) obtain localized maintenance artfthbditation unit costs, 9) obtain
global maintenance and rehabilitation unit costd raquency of applications, 10)
develop pavement condition index (PCI) versus oaostlels, 11) perform condition
analysis, 12) perform work planning analysis, a®)l formulate maintenance and
rehabilitation projects and establish prioritieshgBin, 2005). Those steps are
sufficient to cover basic procedures PMS analysys rbad agency, but still
insufficient to cover various object that will b&tended for such as road user cost
and environmental issues. This is only suitableafgency-oriented of PMS analysis
(Shahin, 2005).

Similarly, as mentioned in chapter 5.2, HDM-4 (Higty Design and Maintenance
Standards Model-the last version) developed bywWuweld Bank is recognized as a
support system for road development and maintenatare mainly in developing
country. This HDM-4 has a role as an analyticall tob PMS which supports
economic analysis such as study on budget allatdfiimancial condition evaluation
and road investment evaluation (PIRAC, 2006). Thare some limitations in

expressing deterioration performance in pavememtiose Another important
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consideration from 2 kinds of ready-made softwdreva is needs more budget in

order to using the software.

In different perspective, Jido et al (2004b) andb&yashi et al (2008) develops a
pavement management accounting systems (PMAS) whigiresented for road
managers of local governments who wish to execatieral repair by referring to
asset managemeintformation regarding road pavement. The PMAS mposed of
the following: 1) a Pavement Management Account{RiylA) that is to record
changes in asset prices (or debts) during thelfiggar and the changes in asset
prices of road pavement; and 2) a Maintenance Mamagt System (MMS) that is
to determine repair strategies of road pavemerit mgard to the execution budget
during the fiscal year. The results of repairs ineatain fiscal year are counted as
increases in assets (or decreases in debt) in dhesponding year, and such
information is used as a basic tool in managing lthdget for repairs of road
pavement in the following fiscal year.

As in different with conventional model, Kyoto madehich is discussed in chapter
5, provides decision making of PMS based on ingabn inspection, repair data
and performance, that is called as performance bamgagement systems. This
Kyoto model is completed by benchmarking evaluatiod logic model that can be
utilized as feed-back for the next plan. As forutesensuring customization of

pavement asset management and achieving standandiabPMS.

The practical model of PMS proposed in this studippas methodology that

estimates deterioration prediction models usingerit@tation hazard model by

employing repair history data and inspection dateestigation as well as presented
in the Kyoto Model. This practical model is recargd as “pedagogical model” of

Kyoto Model.

This practical model tries to develop open-sour@eement management system for
constructing of a pedagogical standard of hetereiggerof PMS situations that

support sustainable development of PMS models iactimal way. A basic
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motivation of this study is that every researchdexturers and students can
customized the PMS and develop and improved their model concurrently with
long-term PMS strategy.

Previous Model
Commercial approach ~which
requires an enormous of data
input

Deterioration
prediction model

(Future prediction)

Ledger Information Calibration Data
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Calculating Pedagogical - practical  base

Extracting deterioration of Presenting management  systems  which
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Pavement data Deterioration
set hazard model

data and model Kyoto model with open /free source

Post Benchmarking approach)

evaluation evaluation

Understanding Outcome Learning best strategy
measures using logic of pavement
model maintenance

Figure 6.1 Practical Model Features

Within this practical model, the considerations amvard contributing for
infrastructure asset management sector, practifilgcademic view of point (as for
key element in developing infrastructure asset mameent):

Chapter 6 A Practical Model of Pavement Management System 155



» Deeply introduction of PMS model

 Sustainable improvement of PMS model

» Confidently development and improvement of PMS nhdbg their own
model)

Regarding these considerations above, this studipedethe Practical model as
follows:

“An open-source pavement management system whinlraslucing PMS functions

to support understanding the PMS model and devagppustomized PMS model for

pedagogical orientation (as for researchers, leetsrand students)”.

A new methodology using in this study is open-sewtpractical use of PMS model
in term of pedagogical and non-commercial orieatatdy employing hypothetical
and virtual-imaginary (but closes-in-reality) apach in supporting responsibility of
academic (in collaboration of academic-governmentlstry) for providing

pavement maintenance work.

6.3 The Roles and Methodologies of Practical Model PM'S
6.3.1 The Roles and Purposes

A practical model PMS is a virtual or an artificaty with real pavement data which
is used for open-source approach of database systeroad pavement management
system. Since road pavement data is usually bloaket the public, researchers or
other parties related to academic activities wilVisage some constraint in their
research-academic work. Having common open-souate id prominent effort in
providing beneficial work purposes, for instanae,résearch, in academic, and in

non-commercial works.

Regarding those consideration, development a pedatiodel of PMS is the way of
handling problem of open-source pavement inventdgta. In this works,

hypothetical approach is utilized. Virtual or imaggy but closes-in-reality as a point
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of view with the target of highway network in forof city (municipalities) or
province (prefecture) level target. Following intaigd pavement database forms as
customized database by flexible structure in reg#wd user’s options, and
compatibility with external and internal models.

As a model approach, this practical model has tengr roles and purposes expected
to be achieved. The roles and purposes are, asvill

* Practical and educational approach for researcleatsirers, and students
The concept of this model mainly is in agreemeith\practical approach
and should be educational or academic oriented. i@ objective will

serve demand of researchers, lecturers, and student

 Collaboration in consortium with several universatyd public institution
As practical and educational approach, universitgt public institution are
expected to join in consortium that has just dgvetbto share information
and knowledge and a possibility to joint in resbarancerning to pavement

maintenance work.

* Virtual institute collaboration
Collaboration in consortium is based on virtuatitute. Within virtual
institute, some rules are prepared in using inféionaand knowledge
available by the consortium.

* Platform for international research
This model is planned to be an international platfofor research
collaborative and also as a communication platfesrdevelop and extend
knowledge about asset management especially inirdeabstructure asset

management.
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6.3.2 Classification of Usersand Demands Works

As a platform for international approach with méanget to university consortium,
the practical model is designed to encompass thpess of important users expected.
User type, user subject, and description of workceoning to the users can be
noticed in table 6.1, as following:

Table 6.1 User Type and Works Description

User type Works description

Lecturers and students of | Learning, sharing and discussing subject to roacpant
international consortium asset management especially in predicting deteidoraate,

i.e. Markovian model and software application

Researchers of international| Getting supply material to develop the model forreno

institution or public official | practical approach of deterioration prediction niode

Students for all university Using small size otad&o understand the concept of agset

management mainly on road deterioration prediatioalel

Furthermore, regarding to the level of user, theraiss divided into three levels, as

can be seen in table 6.2.

Table 6.2 User Level and Demand Works

User level User subject Demand works
First level All types of users Preparing all data based on users may selecting
(top user) data from entire data and also may extracting

for all highway route data

Second level| Researchers and lecturefsPreparing some “pedagogical data” file, for
(middle user) instance pavement design database, traffic

database, and so on.

=)

Third level Students (basic user) Preparing smaké ©f data which they ca
calculate hazard model by example of dpta

provided.
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6.3.3 Expected Benefits

By using practical model of PMS, users may takeaathges in term of “easier and

cheaper” effort on some of contents as classifidtié following:

* Eliciting data and data set from pavement database
Lack of data is one of classic problem in resedieitd. With this, users can
elicit data from pavement database content, fomgik@, selecting data to

help users understood and apply kind of data wivieht to use in advance.

» Obtaining some of raw material of pavement modeling
Some of raw materials for pavement modeling aovided in this model.

The users can download and may use it in advamgeafement modeling.

» Comparing model and developing methodologies.
As same as eliciting data and obtaining raw matgriusers also can
compare several models. It is also very likely tvelop methodologies
with referring to the guidance (may acquire a neeai from comparing

models).

» Understanding in-depth knowledge related to pavémsset management
In pavement asset management field, this modeligegevcurrent and new
research, which will become important matter, faatance, monitoring and

inspection work and how to implement in practice.

6.4 Database System Development in Practical Model PM S
6.4.1 Database Development Procedures

As in line with other infrastructure management, $Mevelopment embracing a
cycle of three processes as illustrated in figu2 Ghe role of PMS focuses on
satisfying requirement of pavement maintenance svarld user’s expectation. Road
agencies should prepare long-term roles of PMS aget achievement for

measurement the result of pavement maintenancerolés are not only as the first
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cycle, but also will keeping in track the PMS gtyaliPMS functions deals with
supporting of the roles of PMS. Data conditions supporting the PMS functions.
As noticed here, data condition disposes entireldgment scheme. In addition, in
PMS database, a system of development should refenstire the cycle in order to
provide flexible and user-friendly system.

Regarding the concept of PMS development as detlarégure 6.1, the following
table (table 6.3) summarizes procedures of datatyastem development. It could be
in different order but this is most typical (Stepbhg2009).

PMS roles

N

PMS functions Data conditions

&/

Figure 6.2 Concept of PMS Development

6.4.2 Consideration in Database System Development Plan

Database system should be served on searchindpaséd on users need. In case of
road pavement database, developing database slyageta consider some of general
question in which are mainly subjected to functltpadata needs, data integrity,
and environment system (Stephens, 2009).
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Table 6.3 Development Procedures

Procedures step Description of activities

=

Devise a list of question Listing of questions tek ausers in obtaining bette

idea of database objective and scope

=

Identify users and main players Getting to knownthevhat they do and figuring oul

who is who (user and or players)

Understands users need and their works  Pickingsus®ins, grasp what is involved and how

they did their works

Learn current operations Looking around for anystixgy database that users
use, figuring out information and how it relatesother

pieces of information.

Hold brainstorming Sitting together with users dure that everything is
relevant
Look to the future During brainstorming processimag users what they

might like to have in future releases explicitly

See through users reasoning Digging deeper todfimdvhy users reason and thinks

for their obscure request

Take up what users really need Observing real sao$eusers’ problems and think

ways to keep in track of their need

Review by prioritize Prioritizing of desired funotis and data content

should include

Create use cases Detailing by driven of functiomuired within

database system environment

Confirm feasibility Reexamining possibility of datse works and decid

D

whether is possible

Note: customized from Stephens (2009)

However, developing of this practical model is dégé from some of questions
which are mainly divided intovhat question approacland how/who question

approachas illustrated in table 6.4 as follows:
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Table 6.4 Main Consideration in Planning Database

What question approach How/who question approach
- What should the system do? - Who are the users?
- What is purpose of building this system? - How to define the level of user?
- What kinds of functions are necessary? - How it will be used by users?
- What should user interface look like? - How are those pieces of data related?

What results are expected?
What data should be included?

How to modify the data?

How to evaluate by criteria?

What kinds of strategy for priority are planned?

6.4.3 Main Database Functions

A basic function of database is searching data. §beeral information and

corresponding of database function in pavement gemant of this model can be

listed as in below:

Searching by basic information: This searching is fundamental function of
database. It is going to show the identity (nanfehe road sections by level

of administration, agency, and section unit. Exasm@f main data are such as
name or identity of roads (identification number/lBgency name, agency

code, route name)

Searching physical characteristics: This searching provides information of
physical characteristics of road section that b&lused for maintenance work.
Others are showing properties of road such asclzed, traffic flow, and road
type. Examples of main data are section lengthijaggeway width, number of
lane, slope, curvature, type of road (e.g. bridgenel).

Searching pavement design: This type exhibits information detail of
pavement design (related to pavement structurestmetigth). This kind of
data information should used for maintenance wastamples of main data

are pavement materials and thickness value.
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» Searching pavement condition: This function will show deterioration indices
as the character of pavement conditions. This sladalld be compatible with
pavement maintenance criteria and for deteriorapogdiction estimation.
Examples of main data are cracking, rutting, MCdl grotholes (minimum)
and type of cracking, patching, type of sealingitop.

* Searching maintenance and inspection history: This is a function of
conducted maintenance histories from first consiwacuntil current work.
From this data, elapsed time from last maintenawdé be useful for
deterioration modeling. Examples of main data aaryof reconstructions,

rehabilitation repair, routine maintenance, angatsion year.

» Searching traffic information: This function is an external data which is not
directly respect to road pavement characteristias Ts going to reveal the
traffic condition and vehicle types in use. Examsplef main data are
composition of vehicle type, total transportatiasiume, heavy vehicle load

and also day-time rate.

* Searching subsidiary information: This searching function supports
information additional of road which just showing emportant thing about

road to get information completely.

* Exporting files: This function will provide data for additional apgation of
pavement management. The functions could be mddbie users plan and
needs.

6.4.4 Data Contents and Attribute I nformation

A database is a tool to store the data, which cawige sharing data in order to stick
up pavement maintenance by PMS application. Witlzodata, a database will be
meaningless. Road agency should understand dadaittap to promote maintenance

work and decision making by PMS. Each road agerey gnasp about this, however,
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definition of data requirements in regard to thet that data requirements are often

renewed by changing or improving the PMS is stilhiproblem.

In many cases, much more data may guarantee eftficimaintenance work. Even
so, during budget limitation, extending contentdata has an obstacle. Simplified,
road agencies have to consider in running of PMShagement and budget
simultaneously. In other words, extending data ireguent is a consequence of
improvement current PMS capabilities.

To arrange data is not complicated tasks. Nevarsielfinding the optimal data set
among enormous of data contents in order to exdmiteof minimizing budgets for
PMS operation and supporting desired level of PNf8iently is not easy works.
Briefly, data attribute needed for pavement databdspends on road agencies
approaches and details, types of deterioration tapded estimation methods of life-
cycle cost and customization.

In relating with this practical method, data attte information is arranged from 8
categories of data attribute. Each of data atteilisicompleted with item data with a
basis of 100m evaluation (some cases using botm Hi@ also 20m evaluation for

clearly explanation).

6.4.4.1 Road Char acteristics

Road characteristics provide history of the roadeldaon 100m evaluation. In this
attribute, current state and 5 investigations hys{the latest, twice ahead, 3 times
ahead, 4 times ahead, and 5 times ahead investiyjai available. As for attribute

item can be seen in table 6.5 as follows:

Table 6.5 Road Characteristics Attributes

Attribute Attribute item |
100m evaluation | Date of investigation, road type, linear crackiater(%), planar cracking rate

(%), cracking rate (%), patching rate (%), lineaalig rate (%), planar sealing

rate (%), sealing rate (%), rutting (maximum) (mmyjtting (average) (mm)),

flatness (mm), MCI, and MCI type number.
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6.4.4.2 Current State of Pavement

Current state of pavement attribute is describeddym and 20m evaluation. 100m
evaluation shows road characteristic value predietethe current state as in usual,
whereas 20m evaluation deals with road charaaterigalue of the latest
investigation. A detail data of cracking and thesaroad properties measurements is
provided in detailed information inside the tabl& @vhich illustrates the attribute

item concerning to current states of pavement.

6.4.4.3 Repair History

Repair history attribute is explained in differemhy with 2 data attribute previous
(not based on 100m or 20m evaluation). A detaiterh is also provided inside of
table 6.7. Fully attribute item of repair historgncbe shown in table 6.7 in the

following.

Table 6.6 Current States of Pavement Attributes

Attribute Attribute iten?
100m evaluation| Km (start), Km (finish), predicted years, road typeacking rate (%), patchin

(=]

rate (%), sealing rate (%), rutting (maximum) (mmijtting (average) (mm)),
flatness (mm), and MCI.
[Km (start), Km (finish), (value at the time of road characteristic
measurement)nspection years, road type, linear cracking r@tg, planar
cracking rate (%), cracking rate (%), patchinge ré), linear sealing ratg
(%), planar sealing rate (%), sealing rate (%)timgt (maximum) (mm),
rutting (average) (mm), flatness (mm), MCI, MCI ¢ypumber(current state
of road characteristics valud)near cracking rate (%), planar cracking rate

(%), linear sealing rate (%), planar sealing rét¢, (MCI type numberl].

20m evaluation | Km (start), Km (finish), date of measurement, raggde, cracking rate (%),
patching rate (%), sealing rate (%), rutting (mfl&tness (mm), MCI
[Km (start), Km (finish), (value at the time of road characteristic
measurementjate of measurement, road type, linear crackitey(fa), planar
cracking rate (%), cracking rate (%), patchinge ré¥), linear sealing ratg
(%), planar sealing rate (%), sealing rate (%)timgt(mm), flathess (mm)j
MCI, and MCI type number].

UIn the inside [] is a detailed item.

Chapter 6 A Practical Model of Pavement Management System 165



Table 6.7 Repair History Attributes

Attribute

Attribute iten?

Repair history

Operation office name, construction name, constyact section,
construction type, construction area, remarks faeanent numben,

finished fiscal year, electronic delivery, constioe company, plant name

office concerned, construction reason, traffic sification, ordering
condition, number of fatigue destruction, numbeplafsticity deformation
flatness, volume of water infiltration, other perfance, others unit gf
performance, CBR design, equivalent thickness oatede CBR
measurement, cutting depth, digging depth, subegragbrovement, sub

grade improvement industrial, sub-grade improvenséamidard, sub-grad

D

construction, sub-grade construction standardgroaime 1, route name P

route name 3, route name 4, route name 5, constnuctassification,
finished year, finished month].

DIn the inside [] is a detailed item.

6.4.4.4 Road Par ameter

Road parameter attribute is figure out in 4 tydeetail of attribute item of road

parameter can be looked in table 6.8 in below:

Table 6.8 Road Parameter Attributes

Attribute

Attribute item

Road attribute

Urgent transportation road (th& the 2° others), road around the cultutal
heritage (pertinent section, others), long distesesgtion (pertinent section,

others), annual event/festival route, shelter r@adtinent section, other)

Group

Number of grouping route

Evaluation point

Evaluation point of repair priority level

Road traffic census

Investigation unit section number, total trafficlmme (unit), large-sized
vehicle traffic (unit), traffic classificatioh maximum speed (km/h)
9 traffic classification:

N7: traffic of large-sized vehicle/day > 3000

N6: 1000 > traffic of large-sized vehicle/day < B00

N5: 250 > traffic of large-sized vehicle/day < 000

N4: 100 > traffic of large-sized vehicle/day < 250

N3: 40 > traffic of large-sized vehicle/day < 100

N2: 15 > traffic of large-sized vehicle/day < 40

N1: traffic of large-sized vehicle/day < 15
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6.4.4.5 Deterioration | ndex

As for deterioration index, the item can be founceatly (without attribute item)
from data listed in database as result of cracking rutting by benchmarking

evaluation.

6.4.4.6 FWD Investigation

Falling Weight Deflection (FWD) investigation penfios evaluating of structure.

Attribute item of FWD investigation can be perceive table 6.9 as follows:

Table 6.9 FWD Investigation Attributes

Attribute Attribute item

=)

FWD investigation resulf DO, D20, D150: (Deflectidiata position from loading point Ocr
20cm, and 150cm)(n), H1: Asphalt mixture thickness of layer (cm),
CBR (%).

6.4.4.7 Repair Candidate Section

Repair candidate section attribute and fully attiébitems can be seen in table 6.10

as in below:

Table 6.10 Repair Candidate Section Attributes

Attribute Attribute item
Repair candidate section Repair candidate secstmuctural investigation of necessdry

section, selection method, and priority level.

6.4.4.8 Examination Construction

Examination construction attributes consists of attoibutes, candidate section and
execution section. A detail item of execution smttiis provided in detailed
information inside the table below. Table 6.11 sthates the attribute item

corresponding to examination construction.
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Table 6.11 Examination Construction Attributes

Attribute Attribute iten?
Candidate section Examination construction candidate section
Execution section Section, km (start), km (finish), section length)(mnmvestigation

years, road type, cracking rate (%), patching (&t sealing
rate (%), cracking rate (%), rutting (maximum) (mmjitting
(average) (mm), flatness (mm), MCI, arrangement benmn
office concerned, repair method, date of constouncti

[section, km (start), km (finish), section length)( investigation
years, road type, linear cracking (%), cracking 1@b), patching
rate (%), linear sealing rate (%), planar sealeig (%), sealing
rate (%), cracking rate (%), rutting (maximum) (mmjtting
(average) (mm), flathess (mm), MCI, FWD investigatifrom
Om to 100m at 20m intervals by DO, D20, and DLBg)
material type and 1 surface thickness before antér pf
construction, material type and 2 surface thicknesgerial type
and 1 up to base thickness, material type and Zoupase
thickness, material type and 1 base thickness,riabtgpe and 2
base thickness, material type and 1 sub-gradertegsk materia
type and 2 sub-grade thickness, material type atawvér sub-
grade thickness, material type and 2 lower subathttkness
arrangement number, construction company, plantenafiice
concerned, construction reason, ordering condit@mstruction
area, unit price design, repair method, date ofsiantion,
weather during construction, construction time zoi@BR
design, equivalent thickness converted, CBR measemg
cutting depth, digging depth, sub-grade improvemsuib-grade

construction, and remarks.

DIn the inside [] is a detailed item.

6.4.5 Strategy for Data Correspondence

As mentioned in previous, a database can provideeat number of data that is
suitable for agencies or users needs. From enormidata, there is an important
consideration to make relation among of data. Gpeding of each data requires a

plenty of time and of course resources for maimgirthe data. In order to simplify
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this kind of work, it is noteworthy to establishstrategy for data correspondence.
This is also in accordance with providing qualifydata. May understandable that
quality of data will guarantee the quality of datab and at the end brings effect to
quality or accuracy of pavement deterioration preoin model estimation.

This strategy is going to connect by closes-inigafrom the original data
converting to this practical model. The strategyere some activities as stage as
below:

* Investigating of inconsistency or unrealistic cadiust

» Making priority target based on selecting variable

» Separating target section by each priority corradpace

* Question for each priority group to synchroniziragadsection

» Keeping of reality (closes-in-reality) by versiavision approach

6.4.5.1 Investigating of Inconsistency or Unrealistic Conditions

One of the most problems in correspondence of datthis practical model is

presence of inconsistency or unrealistic data.edency or unrealistic data more
related to an inappropriate of data to the reatipndition. Identification of

inconsistency or unrealistic data could be categdriin 2 conditions. The first
condition is has a zero value of data which meaesetis no data available from
inspection or problems when entering data to damb@he second one deals with
has a value of data but looks like unsuitable oconnected (incoherent) with

previous section data and next section data comgern

If the data has a zero value, it should be consdle&ssuing the data from this model.
Meanwhile, the data that has non-zero value, theams continue to look in detail

about suitability of data. It is involved to moditle data when data is unsuitable
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finding (in “no” condition). Conversely, data would be moved tdofeing strategy

after data is suitable finding (Byes” condition).

To more understanding about process of investigdioth of conditions, figure 6.3

could explain easily.
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Figure 6.3 Strategy for Data Correspondence
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6.4.5.2 Making Priority Target Based on Selecting Variable

Moving to the next activities concerning stratedydata correspondence, making
priority target based on selecting variable dateoisducted. Priority target refers to
data variable that has to take into consideratiprsdiecting variable group in data
original. This priority target concludes considerg@ems selected. By target of
priority, it has already set up three of variable®up. Each variable group is

contained with some variable items.

The three group variable could be seen in below:
« 1% priority: continuation of traffic volume

In this variable group, considered items are trartggion volume, heavy

vehicle, and also expected of heavy vehicle.
« 2" priority: physical condition

For this group, considered items are covering kiaith, road type and area.
« 3% priority: pavement structure

In pavement structure group, a considered itenavement type.

6.4.5.3 Separating Target Section by Each Priority Correspondence

Related to priority target suggested in previowmet the third stage is separating
target section by each priority correspondenceoddgin this separating, some of
procedures should be incorporated into prioritygearsection variable. As for

following of making priority target, the separatiradso consists of three parts,
namely: traffic volume variable, physical conditigariable, and pavement structure

variable. Each part is described in the followiegt&n.
a. Traffic Volume.

In priority target of traffic volume, some of pratees are going to be done. The
first activity is declared variable of data which grouped to this traffic volume
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group. Variable declared ateansportation volume, heavy vehicle, and expected
heavy vehicleAfter declared data variable concerning, clasaiion of data set is
executed. Classification of data is doing by ckassion which has a range or
interval of data. The third activity allocates aitd which has a big value or small
number of point. If allocating data to group offdrent value or point number has
been applied, it is time to move for last proceduniéhe last activity is first fixed of
data position, means an early version of data\eesion 0) is arranged for called in

next revision.

More in classification of data, for this activitgata set classified according to
number of variable, total section and total route £ach variable A completely

procedures is illustrated in flowchart as in figet8.
b. Physical Condition.

As same as traffic volume priority target, somepadcedures are also going to be
done in physical condition priority target. Varialdoncerned amoad width, area,

and also road typeNext activities are similar with traffic volume.

More in classification of data as identical forffiavolume, in physical condition
also, data set classified accordingitomber of variable, total section and total route
for each variable A completely procedure for physical condition soamized in
figure 6.3 is described as in general (one proaddior three variable priority

similarly)
c. Pavement Structure

For the pavement structure priority target, vagatncerned ipavement typas the

first activity. All of procedures illustrated itofvchart as in figures 6.3.

Classification data of pavement structure alsodwase condition with two previous
priorities. The different just located in variabtencerned of pavement type. In

pavement type case, only consists of 2 categ(agshalt and concrete)
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6.4.5.4 Question for Each Priority Group to Synchronizing Data Section

Completing of separating target priority for eachiopty correspondence will
continuous by activity of asked questions for eptrity group target. Objective of
these questions is synchronizing of data accordirentire priority targets as in stage
3. After synchronizing of data, first fixed datasasilar with stage 3 is figured out as

result of synchronizing process.

6.4.5.5 Keeping of Reality (closes-in-reality) by Version Revision Approach

To make this practical model more interesting,vétidis for keeping reality of data
should prepared. In this occasion, 2 principal epph suggestions to apply, that is
to say:

* Allocating of arterial data in example, allocating 15 % of arterial data

from original data to this practical model data.

* Randomizing of arterial datadata which will use to this practical model

could be randomized.

A procedure of keeping of reality figures in flovachas in figure 6.3. To set up data
became a final fixed data; some revision shouldex@erimented until getting the

best conditions.

6.5 Practical Model Structure and M odule Support
6.5.1 Practical Model Structure

To determine database structure, it is promineninberstand desired functions and
see the data in some form. In this practical maskadtion unit is defined as basic unit
of database system which is referred by maintenavar&s. An aggregat unit is

physical characteritiscs of road.

The database of practical PMS has most functionmegioned in section 6.4. To
realize the functions, 9 forms have been documer8atte each function has been
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seen by independent moduls (by a form), systendimgjlis easy and flexible. The
system architecture of database of practical migddiplaying in figure 6.4

Guideline Main Interface Downloadstable
(Access and Excel file)

Totalsearch
; - Maintenance/Inspection and Time-series
= { “ Basicunit ™
: ~ _(sectionuni) _ 7 | ] B ; |
== Aggregated =
5 unit
— 1
= e
Trafficand Additional data Pavement conditionsand design

Figure 6.4 Practical Model Structures

6.5.2 Pavement Data Relation

One of most question in database is “how to dedfisiga tables and their contents?”.
In this study, relation of pavement database istifled in five table relation. There
is pavement road information, pavement inspectipayement repair history,
pavement current conditions, and pavement det¢ioorgerformance. The road
information has in a whole relation with othersspgaction data is correspondence
with repair history and current conditions. Meanilejhdeterioration performance
data will working with road information. A completelation can be found in figure
6.5.
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*Benchmarking index

*Flatness (mm)

*MCI

Figure 6.5 Pavement Data Relation

6.5.3 Relation between PM S Requirement and Practical Model Module

Relation between PMS requirement and practical inedpported is arranged in
figure 6.6. There are six requirement could be stppy practical model, that is:
pavement maintenance states, pavement maintenaocgition, pavement
maintenance life-cycle, pavement maintenance pedoce, pavement service level,

and best maintenance strategy. These requiremdhssipport by nine modules.

6.6 Benchmarking Evaluation in Practical M odel

Benchmarking has intended to attempt and introdexaoring of best practice
continuously and systematically, clarifies the watijective, and shows not just
comparison of work results but by a quantitativdiecator. Benchmarking evaluation
is a concept that can be implemented at each sfatpeory of evaluation by input -

process - output - outcome. Furthermore, logic rhizdetilized to clarify evaluation
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process ties organically causal relation of agtiuit each stage of input - process -
output — outcome.

The position and relation of benchmarking evaluatwath functions system and

pavement database is illustrating in figure 6.7sdgon the functions with a focus
on pavement database is provided to support aidecisaking for rational pavement

maintenance work.

Requirement to PMS Practical model support

OPavement maintenance condition
> Road pavement maintenance extension
> Road pavement maintenance area
> Road pavement maintenance location
(road network)

Pavement database j

¢

OPavement maintenance states
>Pavement state evaluation method
> Current damage state
> Damaged state transition

Archive maintenance of
performance curve

¢

Deterioration prediction

OPavement maintenance life cycle model

> Pavement long-lived evaluation method
> Pavement long-lived (achievement)

-

OPavement service level Maintenance history.

>Service level defined
> Current service level

Performance curve estimation ]

Logic model

¢

Oinput for maintenance performance

Ll J Ll L] l L

> Critical damage Maintenance method ]
>Important damage selection
> Method of repair-maintenance

OIBest maintenance strategy Benchmarking evaluation J
> Best maintenance strategy method setting
> Maintenance strategy alternatives
>What is a realistic maintenance plan ? Plan of making long-lived ]

Figure 6.6 Relation between PMS Requirement anctiead Model Supported

As for the practical model PMS, accumulation of graent data base in order to
evaluate the performance becomes important. Thie lagdel is intended to model

entire pavement management cycle as shown in figutreThe pavement data base
is generated form pavement strategic managemené,cgnd can be defined as

knowledge data to evaluate the logic model.
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Figure 6.7 Decision Making for Benchmarking

6.7 An Empirical Applicationsof Practical M odel

This section demonstrates the typical applicatmingractical model. The difference
of result is different type of result regardingfeient of data used in simulations. It is
noticed here that this is only a simple trial tatpy application way of proposed
model. Thus, the result should not be interpretedepresentative of any location

(country, province, and city) or any case.

6.7.1 Application Procedures

The application of practical model requires somecedures. Regarding to the

features of practical model in figure 6.1, usersusth follow these procedures:

 Extracting required data from database concernitiy application target
» Establishing predicting/forecasting standards ¢(dragzand rutting)
» Applying maintenance standard and strategy
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6.7.2 Simulation Planning

A simulation for demonstration has been arrangathtterstand the feature provided
of two models (Kyoto model and Practical model) hwitsed of different target
sections. That is, the result should not be conmtpaf@e simulation schemes are

summarized in table 6.12.

Table 6.12 Summary of Simulation Schemes

Simulation schemes Case study A Case study B
(Kyoto model) (Practical model)
Contents Actual data of Kyoto model Correspondetata of
Practical model database

Target sections About 2.300 section About 10.520i@e
Simulation purposes Find out maintenance time Burtdmaintenance time
Predicting/forecasting Markov hazard model Markov hazard model
model
Application standard | Refers to Japan standards rikefe)apan standards
Main results -Averaged network condition - Averaged network conditior]

- Comparison of alternatives| - Comparison of alternatives

6.7.3 Details of Simulation
6.7.3.1 Characteristics of Target Sections

In the Practical model, target sections used foukation can be summarized in table

6.13 as follows:

Table 6.13 Characteristics of Target Sections

Road Total Road Total Area Total
with (m) | section (%) type section (%) section (%)
<6 81.168| Normal 96.44p  Urban 44.273
6-10 15.555 Bridge 3.417 Rural 40.220
10-14 2.257| Tunnel 0.134 Mountain  15.666
14-18 0.835
> 18 0.185

In road width, data classified into 5 ranks wittadowidth < 6 as minimum value,
among 6 to 18 value, and > 18 value. Whereas the type and the area just consist

of 3 categories.
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6.7.3.2 Traffic Information

Information concerning to the traffic condition dsén practical model data is

divided into two types, that is traffic volume aheéavy vehicle. The conditions

illustrated in table 6.14 in the following:

Table 6.14 Traffic Information

Traffic volume Total section (% Heavy vehicle Tiataction (%)

< 1.000 22.976 < 500 66.2712
1.000 — 5.000 43.665 500 — 1.000 14.741
5.000 — 10.000 15.894 1.000 — 1.500 8.553
10.000 — 15.000 9.65P 1.500 — 2.000 3.973
15.000 — 20.000 4.971 2.000 — 3.000 3.435
20.000 — 25.000 1.96b 3.000 — 4.000 1.641
25.000 — 30.000 0.38[7 4.000 — 5.000 1.056

> 30.000 0.490 > 5.000 0.329

Traffic volume data is classified into 8 ranks w4tfi.000 value, some ranks between
1.000 to 30.000 and > 35.000. As for heavy vehjatas also classified into 8 ranks.

6.7.4 Application of Pavement Deterioration Prediction Model

As mention in previous chapter, Markov hazard masl@mployed in deterioration
prediction estimation model. For application of Kar hazard model in this
benchmarking case, in the first, rating standamukhbe prescribed concerning to
the rutting and the cracking of pavement detenongprediction model. An example

of deterioration prediction using database of Kyotodel and Practical model is

presented in the following:

Table 6.15 A Rating Standard for Kyoto Model

Rating Cracking (%) Rutting (mm)
1 0 <4
2 1-4 4-9
3 5-9 9-14
4 10-14 15-19
5 15-19 20-24
6 19-24 25-29
7 24 - 29 > 29
8 30-34 -
9 34 -39 -
10 > 39 -
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Table 6.16 A Rating Standard for Practical Model

Rating Cracking (%) Rutting (mm)
1 0 <5
2 1-5 6-10
3 6-10 11-15
4 11-15 16 - 20
5 >15 > 20

In this case, it is assumed that the rutting aedctiacking occur independently in the
same pavement condition. Table 6.15 and table ludirate a rating standard for
application of Markov hazard model by Kyoto modatdapractical model

respectively.

Figure 6.8 shows deterioration performance curveKgbto model for rutting
condition states. Similarly, figure 6.9 display thstimation result of cracking of

Kyoto model.

Meanwhile, figure 6.10 shows deterioration perfonce curve that is drawn

according to life expectancy and deterioration hdizate along the route for rutting

condition states. Deterioration hazard rate evekialeterioration risk in each

pavement section, and deterioration hazard rate lafge pavement section can be
determined that a deteriorated possibility is highthe future independent from

damage states of current pavement. Similarly, égbrll display the estimation

result of cracking. The vertical axis indicates thating of condition states,

meanwhile, the horizontal axis expresses elapsadofaleterioration.

By Kyoto model data, the data consist of 7 groups-K7) which indicated by the
color (marked in the right side of figure 6.8-6.%he BM is benchmark condition
(red line). In other ways, Practical model dataligded into 15 groups (N1-N15)
which can be seen in the right side of figure 610, and also complemented by
the BM condition.
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Figure 6.8 Deterioration Curve of Rutting (Kyoto deb case)
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Figure 6.9 Deterioration Curve of Cracking (Kyotode! case)

Note) displays estimation result of deterioratioediction model of rutting
(above) and cracking (below). The horizontal axididates elapsed years,
while damage states rating of rutting (above) amagling (below) in vertical

axis.
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Figure 6.11 Deterioration Curve of Cracking (Preatimodel case)

Note) displays estimation result of deterioratioediction model of rutting
(above) and cracking (below). The horizontal axidicates elapsed years,

while damage states rating of rutting (above) amagling (below) in vertical

axis.
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From figure 6.8 - 6.9 (Kyoto model case) and fig6r&0 - 6.11 (Practical model
case), a summary of deterioration models of rutting cracking can be summarized

as follows:

 The rutting strongly undertakes the influence affic
» The deterioration speed of the cracking is fasten trutting

It is expected that the factor of repair is rubgdthe cracking

6.7.5 Maintenance M ethods Appropriate

In this practical model, the standard for mainteeamethod is referring to Japan
standards. Within database of practical modelMf# index of each unit section are

defined as surface condition examination results. sSfandardize maintenance
method, a maintenance method decision rule shaukbktablished. The maintenance
method decision rule using in practical model isveh in table 6.17 as follows:

Table 6.17 Maintenance Method Decision Rule

Group | MCI index Maintenance method
11 3.5 < MCI Overlay (1-1-1)
2.0<MCI<3.5 Cutting overlay (1-1-2)
MCI <2.0 Dig out/replacement (1-1-3)
1-2 3.5 < MClI Overlay (1-2-1)
3.0<MCI<35 Cutting overlay (1-2-2)
MCI <3.0 Dig out/replacement (1-2-3)
2-1 3.0 < MClI Overlay (2-1-1)
2.0<MCI<4.0 Cutting overlay (2-1-2)
MCI<2.0 Dig out/replacement (2-1-3)
2-2 3.5 <MCI Overlay (2-2-1)
3.0<MCI<35 Cutting overlay (2-2-2)
MCI <3.0 Dig out/replacement (2-2-3)

Whilst, distribution of MCI value in database ofaptical model is displayed in

figure 6.12 in the following:
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Figure 6.12 Distribution of MCI Value

6.8 Summary and Recommendations

This chapter has proposed a practical model apprimaainderstanding of pavement
management system in order to solve of problemeléo lack of information of
pavement condition due to minimum action of maiatere and inspection. Within
this practical model, integrated database as #catidn of several otherwise distinct
files was an approach to sharing data and alsa@nfpstandards to reach that goal.
Having common open-source data is prominent effogroviding beneficial work

purposes, for instance, in research, in academétjranon-commercial works.

Development a practical model of PMS is the wayhahdling problem of open-
source pavement inventory data. In this works, bygiical approach is utilized.
Virtual or imaginary but closes-in-reality as a mgoif view with the target of
highway network in form of city (municipalities) gsrovince (prefectures) level
target. Following integrated pavement database goas customized database by
flexible structure in regard to user’s options, ammmpatibility with external and

internal models.

As for database development, this study proposeslal@ment procedures, main

consideration in development database, main datatmstions, data contents and
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attribute information, strategy for data correspamak, and design of framework. In

regard with PMS requirement, this practical modglports with several module.

However, several points should still to discussaolhinay be considered as topics

considering in the future:

* This chapter focuses only a simple database fumctwhich does not
considered the update data of routine maintenadncerder to overcome
this limitation, an additional function should bm@oyed in future study

relating this topic.

» The empirical study of this chapter just focusechamall scale application
of benchmarking methodologies on the pavement maamice, particularly
in cracking and rutting. In accordance to find bast pavement technology,

it is necessary to consider about updating andjtiadity of inspection data.

« Practical model is suggested for researchers, reestand students to
commence understand how to calculate deterioratandel and
performance curve in firstly. In future developmetitis model will be

accommodated for more people within non-commeggpgalroach.

Bibliography

Kaito, K., Aoki, K., Kobayashi, K. Practical asseanagement and its perspective
toward the second generation R&ISCE Journal of Professional Practices in
Civil Engineering (in Japanese);67-82, 2010.

Kobayashi, K., Ueda, T. Perspective and researchndss of infrastructure
managementlSCE Journal of Civil Engineering (in Japanes&}4/1V-61:15-27,
2003.

Otazawa, T., Ishihara, K., Kobayashi, K., Kondo,Ofatimal repair strategies with
reference to economic life expectand@CE Journal of Civil Engineering (in
Japanese)772/1V-65:169-184, 2004.

Jido, M., Otazawa, T. and Kobayashi, K. Synchraizepair policy for bridge

Chapter 6 A Practical Model of Pavement Management System 185



managementin: E. Watanabe, D.M. Frangopol and T. Utsunomiyads.),
Bridge Maintenance, Safety, Management and ,C&3tROM, Balkema, 2004a.

Aoki, K., Wakabayashi, N., Owada, K. and Kobayadfi, Bridge management
system application]SCE Journal of Applied Commuting in Civil Enginegr(in
Japanese)]15:313-324, 2006.

Jido, M., Ejiri, R., Otazawa, T., Kobayashi K. Ro@avement management
accounting system applicatiodSCE Journal of Civil Engineering Informatics
(in Japanese)]13:125-134, 2004b.

Kobayashi K., Ejiri, R., Do, M. Pavement managensastounting systemsournal
of Infrastructure System44(2):159-168, 2008.

Shahin, M.Y. Pavement Management for Airports, Ropadnd Parking Lots.
Springer, 2005

PIRAC. Overview of HDM-4, Highway Development ancgivagement Series, 2006
Stephens, R. Beginning Database Design SolutioflsyWublishing, Inc. 2009
W.K. Kellog Foundation. W.K. Kellog Foundation Euation Handbook, 1998.

Aoki, K. International de-facto standardizationagdgy in pavement: Kyoto model.
Proceeding of Asset Management Summer School 20Jdfianese)Toward
International Standardization ISO 5500X. Kyoto Unsity, pp.91-102, 2011.

Aoki, K., Oda, K., Kodama, E.,Kaito, K., KobayasK, Benchmarking evaluation
for long-lived pavement based on logic mod&¥CE Journal of Professional
Practices in Civil Engineering (in Japanes&)40-52, 2010.

Sakai, Y., Uetsuka, H., Kobayashi K. New approamheffficient road maintenance
on urban expressway based on logic model (HELNSCE Journal of
Construction Management (in Japanesk):125-134, 2007.

Sakai, Y., Jido, M., Kaito, K., Kobayashi, K. Rigkaluation and financial analysis
for asset management of urban expressw&CE Journal of Construction
Management (in Japanesd):71-82, 2009.

Kobayashi, K. Asset management overvieMroceeding of Asset Management
Summer School 2011 (in JapanesE)ward International Standardization ISO
5500X. Kyoto University, pp.1-13, 2011.

Sawai, K. International standard of asset managemsystem (considering recent
trends of ISO 5500X)Proceeding of Asset Management Summer School 2011
(in Japanese), Toward International Standardization 1SO 5500X. #yo
University, pp.15-23, 2011

Chapter 6 A Practical Model of Pavement Management System 186



Hass, R., Hudson, W.R., Zaniewski, J.P. Modern P& Management. Krieger
Publishing, Melbourne, Fla, 1994.

Hudson, W.R., Hass, R., Uddin, W. Infrastructurensigement: Integrating Design,
Construction, Maintenance, Rehabilitation and Ratiom. McGraw-Hill, New-
York, 1997.

Obama, K., Okada, K., Kaito, K., Kobayashi, K. [jgeegated hazard rates
evaluation and benchmarkingSCE Journal of Structural and Earthquake
Engineering (in Japanese)4(4):857-874, 2008.

Kerali, H.G.R. Overview of HDM-4. Volume One, PIARZ000.

Kerali, H.G.R., McMullen, D., Odoki, J.B. Applicat Guide. Volume Two, PIARC,
2000.

Wightman, D.C., Stannard, E.E., Dakin, J.M. Sofevllser Guide. Volume Three,
PIARC, 2000.

Odoki, J.B., Kerali, H.G.R., Analytical FrameworkcaModel Descriptions. Volume
Four, PIARC, 2000.

Bennett, C.R., Paterson, W.D.O., A Guide to Catibraand Adaptation. Volume
Five, PIARC, 2000.

Morosiuk, G., Riley, M.J., odoki, J.B., Modeling &b Deterioration and Work
Effects. Volume Six, PIARC, 2000.

Bennett, C.R., Greenwood, I.D., Modeling Road Ussa Environmental Effects in
HDM-4. Volume Seven, PIARC, 2000.

Chapter 6 A Practical Model of Pavement Management System 187



Chapter 6 A Practical Model of Pavement Management System 188



Chapter 7

Conclusion and Future Study

7.1 Summary and Recommendations

Main objective of this dissertation is developingractical approach of empirical
studies of pavement maintenance management systEmes.practical model is
provided as open system of database for practicahtation. Other objectives is
understanding and elaborating deterioration prigictmodels by referring to
application of Markovian deterioration hazard prxcefor infrastructure asset
management. Practically, focuses on the real wafrldavement asset management
systems. As for developing of practical approadrifying and applying the Kyoto
model Pavement Management Systems as a part opesa&inent asset management
systems with preferential on pavement databaseippast pavement maintenance

work as international standard is suggested.

The whole dissertation consists of 7 chapters inclwvhhe following paragraph

explains each chapter into more detail.

Chapter 1describes a basic concept of the study about deweint practical model
for pavement management system, rationale and tolgeaf the study, as well as

provides scope of study and expected contributoreéch chapter.

Chapter 2investigates an in-depth literature review on hézaodel practice in
infrastructure asset management typically in fifighavement asset management. In
regard to the importance of infrastructure to suppociety activities, formulation a

methodology to overtake the problem of deteriorapoocess should get attention in
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more. By utilizing deterministic and stochastic rabtb determine the deterioration
process, it can be seen that stochastic modeliis applicable and close to reality in
asking the problem of deterioration as many papet has been disseminated.
Markov chain model with role of visual inspectioata proposes the answer of

deterioration problem exhaustively.

Besides, this chapter is emphasized to solve therdgeneity factor that exists in
pavement group. Thus, the mixture model is presefte benchmarking study
which is determined by means of heterogeneity fagtorhis model is utilizing semi
parametric approach with following the function Tdylor series. Two estimation
approaches with maximum likelihood estimation mdtli® applied to estimate the
heterogeneity factor. From the advantageous ofntitdure hazard model, it is
supposed to be an excellent tool for benchmarkingys which is employed to

found the best technology in pavement managemstersg.

Chapter 3has discussed a methodology of maintenance marmggesith strategy
and policy approach. The maintenance managemeategyr is represented by
integrating of management functions appropriatgavement maintenance. Based on
these function, change in maintenance managemeoggses are structured being a

pavement management function.

The maintenance management policy is developed Wiempoint of mid/long-term

maintenance plan. This policy is working with higlywpavement maintenance. In
order to verify the applicability of this policynaempirical study was conducted on
maintenance management in Kyoto City road pavemEns study has made a
contribution to the field by comparison and benctiamg repair using maintenance
policy approach. The maintenance policy approaphesented can be extended to
apply not only for main road pavement but to vasiother kinds of road facilities as

well.

In chapter 4 deterioration risk in pavement section was ewualliaby paying

attention to road pavement maintenance issuessaesaoutine maintenance work
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using statistical data, and proposes concept oétasgmnagement system that
continuously decreased deterioration risk. In adidjta methodology that requests
maintenance strategy to aim at achieving reductost and making long-lived

pavement was developed, and an approach that astempapplying to actual

maintenance work was considered. In that case,s&cwn maintenance of road
pavement that local government managed, constpat®ment logic model for

highway, and proposes operation method. In additimanagement system to
perform steadily such as repair method selectioth @odating necessary data in
order to propose benchmarking evaluation methodletérioration speed using
statistical deterioration prediction model as a njuative evaluation method to

achieve cost reduction and pavement long-lived.

Furthermore, concept of a new management systeroaof pavement proposed by
this research was applied to maintenance work ghfivaay in Kyoto City, and a
practical example which aims at rationalization graent maintenance work was
presented. Deterioration hazard rate was estimai®dg road characteristics
investigation result and maintenance history infation that has accumulated in
Kyoto city in actual and also benchmarking evalhmatof deterioration process of
road pavement was applied. As a result, benchnm@rkwaluation empirically
describes that it was an effective method in cosiseriorms between the person in
charge who executed maintenance work at the prtgeet and the decision makers
who managed the network level. Additionally, thiethod is an efficient way to
grasp not only damage state of road pavement Isot déveloping of repair plan
using deterioration risk in each pavement sectiorthie future. Moreover, it is
considered that concept in achieving cost reduarmh making pavement long-lived
is infiltrating in the organization regarded to miahance of pavement because
applied benchmarking evaluation based on logic moderactice of maintenance
work, and the system to work on asset managemeninx@der.

Chapter 5has explained logic model and benchmarking eviaoahat forms as
basis of the Kyoto model more in detail, has disedsa basic concept of Kyoto

model pavement management system that has evaldatiotion and customization
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which enabled to overseas standardization, andgiisfied requirement of ISO for
road pavement based on trend concerning interratistandardization of asset

management.

Furthermore, example of benchmarking evaluation whewn, and evaluation
method that synchronized with logic model was aoméd. The Kyoto model wish to
emphasize overall platform of PMS composed by logiclel in more with database,
application and evaluation system, mechanism, atandin order to construct
mechanism of PMS in average not merely aimed adata application of PMS as
pointed out but also while corresponding to eacldui® and AM plan process. In
addition, to form the strategic pavement managensystem in a long-term
perspective, to construct PDCA cycle, and to symaize with inspection function of
ISO. When restructure asset management plan thi@bhghk and Action by ISO, the
logic model is redefined. As a result, customizatid asset management system is

ensured, and standardization of PMS that has diyéssachieved.

In chapter 6 it has proposed a practical model approach fatetstanding of
pavement management system in order to solve dblgo related to lack of
information of pavement condition due to minimumi@et of maintenance and
inspection. Within this practical model, integratiatabase as a unification of several
otherwise distinct files was an approach to shadiaig and also enforcing standards
to reach that goal. Having common open-source idgieominent effort in providing
beneficial work purposes, for instance, in reseaiich academic, and in non-

commercial works.

Development a practical model of PMS is the wayhanhdling problem of open-
source pavement inventory data. In this works, Hygiical approach is utilized.
Virtual or imaginary but closes-in-reality as a mgoif view with the target of
highway network in form of city (municipalities) gsrovince (prefectures) level
target. Following integrated pavement database goas customized database by
flexible structure in regard to user’s options, amnpatibility with external and

internal models.
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7.2 Future Study

This dissertation has proposed several contribstfonpavement asset management
and pavement database applicable for understamp@dingment management system
perspective. For extending study in the futuresva points should be emphasized as

founded within this study, as follows:

» A positive introduction of new methods is necesdarynake pavement long-
lived and reduction of life-cycle cost. However,qaced data should be

evaluated; validity and impact of new methods stidnd analyzed.

» The empirical application is implemented only ore thavement systems.
However, this approach can be applied for varioymed of infrastructure.
Understanding of structural characteristic and appate methodology is

prominent in widely application of maintenance ngaraent policy approach.

* Mid/long-term practice is a necessary, for thiatieh, an important issue to
accumulate and to update various data by execatiafyation based on logic
model surely in order to achieve final outcomeshsas cost reductions and

making long-lived.

* It is necessary to practice in advance of pavenasset management that
applies the Kyoto model within proceed discussioncerning international

standardization of asset management in the future.

* The Kyoto model has learning function in actual tisat, achieving PMS as a
standard model in the future can be supported loyrmaalation of several

requirements especially mechanism of adjustmerht @ther features.

* The practical focuses only a simple database fonstiwhich does not
consider updating data of routine maintenance. roleroto overcome this
limitation, an additional function should be empdyin future study relating

this topic.
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* The practical model is suggested for researcherdures and students to
commence understand how to calculate deterioratiodel and performance
curve in firstly. In future development, this modall be accommodated for

more people within non-commercial approach.
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Appendix C Work Flow in Pavement Maintenance

Adjustment Management Division

Public works office

Maintenance service-management relation

Worksopka

»
>

A

Daily patrol

Request-complaint accepted

A 4 A 4

Surface damage discove

\ 4

Repair (treatment)

Create road damage ranking
map

A

Treatment record results|

Based on number pavemen
road damage

»
Ll
(Visual Inspection)
Periodic inspection (Machine inspection)
perforrred plar
¢ Periodic inspection
performed pla
Periodic inspection- ¢
maintenanc
¢ Periodic inspection-
maintenanc
Periodic inspection ¢
record results
Periodic inspection
record results
Based on surface damagp
degre:
v v
Repair plan-budget »| Budget plan (adjusted)
reques

'

Repair carried out
(construct)

A 4
Budget allocation

'

Repair information
record

Repair quantity

A 4

aggregate

'

Repair rate calculated

Management criteria

value achieve calculatedi«
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