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A systematic review of application of multi-criteria decision analysis

for aging-dam management

lvan Zamarron Mieza®
Victor Yepes?

José Maria Moreno-Jiméne3
ABSTRACT

Decisions for aging-dam management requires apeaast process to prevent the dam failure, thus to
avoid severe consequences in socio-economic aricbamental terms. Multiple criteria analysis ardse
model complex problems like this. This paper redepecific problems, applications aMdilti-Criteria
Decision Makingtechniques for dam management. Multi-Attribute Bienn Making techniques had a
major presence under the single approach, spetialyAnalytic Hierarchy Process, and its combimatio
with Technique for Order of Preference by Similatid Ideal Solution was prominent under the hybrid
approach; while a high variety of complementanhtegues was identified. A growing hybridization and
fuzzification are the two most relevant trends obse. The integration of stakeholders within the
decision making process and the inclusion of traifie-and interactions between components within the
evaluation model must receive a deeper exploraf@espite the progressive consolidation Milti-
Criteria Decision Makingin dam management, further research is requiredifferentiate between
rational and intuitive decision processes. Addaityy the need to address benefits, opportunittests
and risks related to repair, upgrading or removehsures in aging dams suggests the Analytic Network

Process, not yet explored under this approach ageresting path worth investigating.
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1. Introduction

It is estimated that by 2050 the population wilv@ancreased by 130 million, much of the
increase being located downstream from reservargained by dams that are aging and presenting

therefore significant potential rigk].

Today, owners of dams face a significant challeimgallocating limited financial, human and
material resources to ensure adequate operatirditions in old dams. The absence of proper investme
in conservation of the dam condemns it to the Jéwly event of failure, with particularly severe
consequences in socio-economic, environmental andage termd2]. It is necessary, therefore, to
provide a transparent decision process so as iiadte public participation in decision-making dams
that are deteriorated or agif]. Assessing the status of an aging dam requirebrihging together of
guantitative and qualitative information, since thetors that determine the state of the dam (strat

geological, environmental, etc.) are determinigtiochastic or fuzzy in natufé].

Deterioration may appear throughout the whole déarclcle, from its construction phase to its
completion, demolition or abandonment phase. Ageiaig be defined as the deterioration process that
occurs more than five years after the beginninghefoperation phase, so that deterioration ocayirrin
before that time is attributed to inadequacy ofiglgsconstruction or operation. Even beyond thaeti
dam ageing can be considered as a class of det#riorassociated with time-related changes in the
properties of the materials of which the structamnel its foundation are constructed. Besides the tfp
structure, other factors significant to the aggingblems are the environmental conditions, dimersio
design and construction standards, nature of dparaind maintenance and congenital and early age

deterioration of structurg8].

The problem of deterioration through aging is dme tilso applies to the reservoir contained by
the dam, where environmental degradation may berebed (within the short and medium terms of the
life of the structure, <50 years), in the form @f:alterations in the flow system, (ii) loss ohlgitudinal
and floodplain connectivity, (iii) altered sedimesyistem, (iv) changes in the composition of thesgalte
and, (v) degradation of the downstream channel. éiivironmentally-related problems in the long term
(> 50 years) of the dam-reservoir system is, siiflay, even less well-known; therefore, new denisio
making processes must be developed for the managerhthese systems in a situation of deterioration

through aging6].
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There is a close connection between Climate Chamge managing the operation of ageing
dams. Hydrological changes brought about by theanéoread to the need to reassess the safety comaliti
of dams in general, but even more so in older danas)y of them already considered unsafe in periods
before the onset of Climate Change. There are @ grember of existing dams, at an advanced stage of
deterioration, that are especially vulnerable twesre natural phenomena linked to Climate Chanpe. T
determination of the vulnerability index as a meahsliagnosing the real state of the dam serves as

clear support to decision-making on its conservatinaintenance and rehabilitatif#j.

Generally, decision-making processes in dam manageose a combination of decision bases
ranging from technical codes and standards-basegs wh assessing alternatives to values-based
assessments based on company or wider societasvald stakeholder expectations and perceptions.
The inclusion of social sustainability criteria afattors within the evaluation model to be devetbpe
must be guaranteed by addressing social and cultapacts on human populations derived from the
decisions undertaken on an ageing dam during #sabipnal phase. The decision-maker must weigh and
balance community, owner and other stakeholderaate and make all necessary value judgments,
including those needed to weigh different typesiss: monetary loss, environmental degradation, et
In parallel, political risks and resources allooatamong competing societal needs must be considere

These are all subjective tasks to which knowledaged disciplines can give little assistaf@je

The inclusion of social sustainability criteria afattors within the evaluation model must be
guaranteed by addressing the social and culturphdts derived from the decisions undertaken on an
ageing dam during its operational ph§& Essentially, sustainability applied to aging-damnagement
must be understood as the reconciliation of theneaic, environmental and social aspects intrinkical
related to complex decisiorj40]. Ultimately, from a cognitive perspective, the adi@g approach to
aging-dam management must be to improve knowledgthe decision-making process and to make it
possible for the stakeholders participating in tasolution process and its integrated systemsamle

from the experiencpl1-13].

Decision-making in water resources managementvemiby multiple objectives. Multi-Criteria
Decision Analysis (MCDA) has been used in areashsas watershed management, groundwater
management, selection of hydraulic infrastructumaigly urban water supply), watershed management,
water policy planning and management, water quatipnagement and the management of protected

coastal areafl4]. Over a long time scale, with a variety of decisinakers, the use of MCDA reveals
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itself to be more suitable compared with other mégphes usual in water resources management such as
multi- or mono-objective optimization or cost bahahalysis (CBA)[15]. MCDA provides an excellent
support to prioritize rehabilitation activities iageing dams. Therefore, this review analyzes the
application of Multi-Criteria Decision Making (MCDMmethods and techniques to the comprehensive
management of dams throughout the whole infrastradifecycle and identifies the specific treatment

given to these methods in its application to ageiags during its operational phase.

2. Search strategy and methodology

The purpose of the literature review was to idgriti€nds and gaps in research and to propitiate
further progress upon the foundation developedthgrs. A systematic, objective review contains a-fiv
stage structur§l6]. The first stage is the formulation of the probleéhg second stage deals with the
determination of the data collection strategy,ttfied stage revolves around evaluating the retdedata,
the fourth stage points to the analysis and in&tgion of the literature and finally, and theffiitage

presents the resulting conclusions.

2.1. Formulation of the problem

The study formulated two main questions. First: W8pecific types of decisional problems and
applications in dam management have been addraksedghout Multi-Criteria Decision Analysis
techniques. Second: How these techniques have &gdied to solve each problem and application to

explore the reasons of their adequacy.

2.2. Determination of the data collection strategy

An extensive computerized search was the centialfax the data collection strategy. Articles
were identified by the internationally-recognizethlingraphic database SCOPUS. Among the main
advantages of this database are the depth of itesrage and its ability to search both forward and
backward from a particular citatidaa7]. Electronic databases searches were supplementselabching

conference proceedings and relevant journals.

A preliminary search was conducted to collect articla within the database clearly related to
the study object. The objective was to create theéwork for a later filtering that would finallygduce
the set of articles on which the qualitative andmjiiative analysis would be performed. The preiany
search was developed using the Boolean operatdtB*Aand ‘OR’ with specific search terms especially

selected to produce the optimum search algorittah would track all the relevant articles in respafct
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MCDA applied to dam management. Logically, a prasiditerature examination, based upon the
knowledge of the research team within the aredlittted the configuration of the best preliminary
search algorithm. The review covered the 1992-20d%0d (24 years), as no relevant article prior to

1992 was found in the database. This preliminaaycteresulted in the identification of 6.217 stgdie

Finally, a five steps filtering process was conddcas follows: (1) exclusion of keywords not
related to the search (terms from the oil and galshyydraulic fracture industry, artificial intelégce and
neural networks); (2) limitation of the researckaiflines involved in the study to the followingeas
classified in SCOPUS: Agricultural and Biologicaiénces, Chemical Engineering, Computer Science,
Decision Sciences, Earth & Planetary Sciences, ggnétngineering, Environmental Science, Materials
Science, Mathematics and Social Sciences; (3) méiticin of those articles identified in more tharme arf
the application areas or disciplines finally sedelcin filter 2; (4) ‘search within the search’, 88OPUS
permits a further detailed identification of aréislwithin an initial search throughout keywords];a%) a
final filtering to eliminate articles that, despitaving close association with the study goal, wWiraly
considered to be not at the core of the investigatarticles from energy, procurement, commoditied
enterprise management, as well as, articles frodengnound water resources, land uses and watershed
strategic planning). As a result of this structufiétdring process, a final set of 128 articles veastled

upon for further analysis and interpretation’.

3. Evaluation of data

The publication of studies increased dramaticall2009, with a clear sustained upward trend (Fjg. 1
Over 80% of the publications in the field of MCDAied to dams were made in the 2009-2015 period.
The year 2012 stand as the year with the highestoeu of publications (26 studies). Chinese authors
played a key role in the investigation on MCDA apglto dams, having published up to 70 studietén t
1992-2015 period. Authors from Iran (9 studies),AU® studies) and Taiwan (5 studies) significantly
contributed to the investigation as well. NethedgnUSA, Germany, United Kingdom and China were
the sources of the journals more active in MCD/Aeagsh related to dams, totaling respectively, 35, 3
20, 14 and 12 studies between 1992 and 2015. 32%eofotal studies published -41 articles- were
concentrated in six journals: Water Resources Mamagt (11 studies), Advanced Materials Research
(10 studies), Applied Mechanics and Materials (8dms), Natural Hazards (5 studies), Stochastic
Environmental Research and Risk Assessment (4estudnd Journal of Water Resources Planning and

Management (3 studies).
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The evaluation of the obtained data permitted tentification of nine main applications or topics

that are described as follows:

1. Flooding (5 studies, 4%). These studies used MCDA spetlifitca model and simulate multi-

objective decision-making for flood control and igittion. This application is closely related to the
7" and 9" applications, ‘Reservoir Operatioff8-20] and ‘Risk Analysis’ -dam break analys[g1,

22] -both under extreme flood conditions-, respecyivel

. Water quality(5 studies, 4%). This involved applications of MERo problems of reservoir water

quality evaluation. Most of the cases were focusedhe eutrophication assessmgg-25], while
two studies focused on the determination of theewguality contamination factof26] and the

weighting of different reservoir water quality inaes[27].

. Dam location (6 studies, 5%). These papers covered applicatidn8ICDA to decide the ideal

location for a dam in a specific sjt28-33].

. Seismicity and Geolog{l1 studies, 9%). These applications involved ohdhe two following

purposes: (i) reservoir-induced seismicity analyf34-37] and, (ii) large-scale debris flows
susceptibility analysis, landslide hazard assesgmstability rock study, rock burst prediction ack

mass quality evaluation -reservoir/dam surroundif@®f-44].

. Hydropower (18 studies, 14%). These studies used MCDA foeghmnain objectives: (i) planning,

evaluation and prioritization —projects, portfolitechnologies, energy sector, benefits, project
financing- [45-55], (ii) construction procedures safety evaluatiorgjgxt risk analysis and project
managemenf56-60], (iii) impact assessment of Climate Change on &yadwer project§61] and,

(iv) hydropower generation efficien¢§2].

. Environmental Impact Assessm¢ht studies, 14%). The cases included in thisgan be divided

into two sub-groups of applications: (i) developineiha new EIA method or improvement of existing
EIA methods[63-68], and, (ii) environmental planning and ecologidak ranalysis of specific dam-

reservoir systemi§9-79].

. Reservoir operation(20 studies, 15%). These studies used MCDA foeghmain purposes: (i)

reservoir operation evaluation -mainly orientedtsooptimization-[80-92], (ii) analysis of risks on
the reservoir operation -principally due to the lamrfactor and flood ventg93-96], and, (iii)

assessment of the environmental dimension relatdtetreservoir operatid@7-99]
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8. Water resources managemg@l studies, 16%). These papers applied MCDA fur fgoals: (i)
comparative study or literature review of methotlschniques and tools for water resources
managemen{100-102] (ii) development of methods for conflict resotutj equal distribution,
constraints evaluation and water uses prioritizafib03-107] (iii) development of models for
sustainable management mainly oriented to dam aptinocation, drought mitigation, flood control
and hydropower projects evaluatiph 108-115] and, (iv) reservoir operation optimization to ezkb

adequate water resources manageidr@-119]

9. Risk analysis(25 studies, 19%). This involved applications ofCBA to: (i) dam break risk
assessment —regardless the dam typol¢f®0-129] (ii) risk assessment for earth fill darfis30-
133], (iii) risk assessment for hydropower projeft84-136] (iv) risk assessment for tailing dams
[137,138] (v) risk assessment for cascade resenjaBS], (vi) risk assessment for river-way levees
[140], and, (vii) other purposes as rock stability as@j141], risk assessment for dam demolition
[142,143]and, construction equipment allocatidd4].

Fig. 2 shows the interannual progression of MCD4d#s in each of the nine applications fields, Fig.

3 specifies the contribution of each MCDA approadt) single MADM (Multi-Attribute Decision

Making) method, (2) single MODM (Multi-Objective ddision Making) method and (3) hybrid

MADM/MODM- and ‘fuzzification’ in each of these samine application fields, Fig. 4 presents theltota

number of studies under each MCDA approach andeThabdategorizes current literature according to

type of decisional problem, application and MCDMegaches and techniques.

4. Presentation of the results

Firstly, problems, applications and techniques wexplored in a two steps process: (1) a detailed
analysis of types of decisional problems faced BI@DA approaches and techniques employed in each
of the nine applications, based on a sound categfarn of problems and techniques; and (2) an divera
diagnosis that permits the identification of the imaatterns and tendencies to gain perspective
particularly on the adequacy of methods in eacle.c&scondly, a statistical analysis was developed t

identify relevant correlations between specific MERchniques and applications.

4.1.Problems, applications and techniques

Table 1 served as a key basis for the in-depthyaisabf the different decisional problems faced

by scholars, as well as the distinct approacheshads or techniques employed and how they were
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applied to each decisional problem in each on the wlentified applications. The fitness or adeqguaic
methods around decisional problems and applicatieass our major concern. We firstly categorized all
the studies according to three basic dimensiongyfies of decisional problems; (2) applications] 43)
approaches and techniques. Regarding the first rdiime, we initially distinguished four kinds of
decision making problenj&45]: (1) ALPHA (Choice problem) -choicing the besteaftative or selecting

a limited set of the best or most preferred altivea-; (2) BETA (Classification problem) -
classifying/sorting the alternatives into predefinalternatives homogeneous groups-; (3) GAMMA
(Prioritization problem) -ranking-ordering of thiteainatives from the best to the worst-; and (4)LDE&
(Description problem) -describing the major feasuref the alternatives and their consequences-.
Additionally, with the purpose of broadening thecidmnal spectrum, we considered other decisional
typologies proposed by the MCDM community: (5) ‘@gs -creating new alternatives that will meet the
goals and aspirations of the decision maKéa6];, (6) ‘Elimination’ -a particular branch of sorting
problem-[147]; and (7) KAPPA (Cognitive problem) -educating thetors involved in the resolution
process by providing the arguments (knowledge) sbaport the scientific resolution of the problehg

different positions of the actors and the finalidien-[148].

Regarding the third dimension (approaches and tgeobs), we established three main Multi-
Criteria Decision Making (MCDM) approaches: (1) MABbased single approach; (2) MODM-based
single approach; and (3) MADM-MODM hybrid approadthis approach categorization was based on
previous academic research that dealt with sysienis¢rature review in related areg$49, 150].
Furthermore, as the fuzzification of different reeal MCDM methods is a clear trend initially detégte
we included an additional parameter in the thimetision demonstrative of the fuzzified studiessfach
decisional problem and application. We classifiadtirtriteria techniques under the ‘single’ approas
follows (the ‘hybrid’ approach has been considessch combination of MADM and MODM methods):
A) Multi-Objective Decision Making (MODM) method#.1. ‘Efficient Solutions’ (Weighting, Epsilon-
Constraint, Simplex Multi-Criteria, etc.); A.2. ‘@b Aspiration or Reference-level’ techniques: A.2.
Compromise Programming (CP); A.2.2 TOPSIS; A.2.XOR; A.2.4 Goal Programming (GP); and
A.2.5 Data Envelope Analysis (DEA). B) Multi-Attiite Decision Making (MADM) methods: B.1.
‘Aggregation methods’: B.1.1 Direct (MAUT, MAVT, WA, GRIP, etc.); B.1.2 ‘Hierarchy or Network’
(AHP, ANP, SMART, MACBET, etc.); and B.2. ‘Outramig methods’: B.2.1 ELECTRE and B.2.2
PROMETHEE. C) Complementary techniques: CT.1 ‘Stig@l’ Techniques: CT.1.1 Discriminant

analysis; CT.1.2 Logit and Probit analysis; CT.CRister analysis; and CT.1.4 Other Multivariate



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

Techniques. CT.2 ‘Non-parametric’ Techniques: CI.®eural Networks (NN); CT.5.2 Machine

Learning; CT.5.3 Fuzzy Set Theory (FSs); CT.5.4do8ets (RS); and CT.5.5 ENTROPY.

4.1.1. Flooding

The main decisional problem treated was the GAMMpetand almost all the studies were developed
under the hybrid approach. In this case, AHP wasMICA method primarily chosen although ANP and
MAUT had also a significant presence. The few gtsdinder the hybrid approach combined AHP and
TOPSIS, so that the first was used to establistolijective weights of criteria and factors and skeond
was employed for the final ranking. Singularly, DEVEL was valued by its capacity to deal with the
indirect relationships between model components Bndolve the ANP’'s drawback derived from
assuming equal weights for each clugt]. Scholars were especially concerned by the idicsgy of
information within this application, essentiallyettdifficulty of data standardization due to theedse

data sources, different formats, time periods aatd grocessinfR0].

4.1.2. Water Quality

Despite the variety of decisional problems treateas relevant, the GAMMA type showed great
relevance. The single approach was dominant and whifthe preferred MCA method, while FSs and
ENTROPY were principally selected by authors as mlementary techniques. Scholars took advantage
of AHP’s capacity to adequately structure the assest model (hierarchy) and to determine the
subjective weights of criteria and factors, wher&$TROPY contributed to calculate the objective
weights and FSs handled the vagueness and ambitpaitycharacterizes the water quality evaluation

problems in reservoii@4].

4.1.3. Dam Location

ALFA and GAMMA types were the solely decisional plems attended by scholars. The single approach
was the path chosen while AHP was used in almbshalstudies, where remarkably no complementary
technique was used. Certain authors decided tofyude nuclear AHP (FAHP) to make the convenient
sensitivity analysis based on different levels n€ertainty[29]. Interestingly, GIS was scarcely used in
comparison with neighboring areas where SpatialtiMifiteria Decision Analysis (SMCDA) is being
repetitively explored (Solid Waste; Sustainable &rlDevelopment; etc[151, 152]] or even other

applications within this review (primarily Seisnticiand Geology).
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4.1.4. Seismicity and Geology

The main decisional problems faced by scholars Weré&sAMMA, BETA and DELTA types. The single
approach was the path chosen by all the authomshioch AHP was the nuclear method and ENTROPY
and FSs were the complementary techniques seleesgebcially the second. Authors valued AHP’s
capacity to comprehensively structure the problachta compute the model components weights, based
on the subjective human experien@8]. Considering this application, the dam-reservgistesm is
characterized by its high turbulence degree (@lghris flows), whose quantification is an authentic
challenge. Accordingly, ENTROPY was chosen in sanglies to enable this quantification based on
objective data without the influence of subjectfaetors, thus avoiding personal interference targd
extent. In this case, weights from AHP (subjecti@eyl ENTROPY (objective) were rationally combined
while the principle of minimum deviation of subjeet and objective results was used to construct a

combination weighting optimality modf38].

Additionally, a significant number of studies preded to fuzzify the nuclear AHP (FAHP) to deal with
the complexity, impreciseness and uncertaintiessge in this application, Lastly, GIS-based

multicriteria -even accompanied by Remote SendRf){ had its major prominence in this application.

4.1.5. Hydropower

The majority of studies focused on GAMMA type démisl problems. The hybrid approach slightly
appeared (AHP and GP), so again the leading pashtmesingle approach in which AHP was mostly
employed as the nuclear method. VIKOR, DEA and TISP&ere the MODM alternative to AHP. The
interactions and dependencies between model comonere poorly explored -a behavior extensible to
all the review-, as ANP was scarcely used. Howeitegised our attention the presence of a couple o
studies facing KAPPA type decisional problems, ey one that explored three methods for
knowledge acquisition in a multi-criteria environmgValue Focused Thinking; Knowledge Elicitation
Techniques; and, Repertory Grid) for planning hpdneer plant reconditioning assessm{st]. The
fuzzification of models was moderate and a highmiety of complementary techniques were used to
deal with the imprecise, uncertain and incomplaferimation (RS), to finally synthesize the problem
(RBF) or to impute relationships between unobseruedstructs (latent variables) from observable
variables (SEM]51]. Essentially, scholars concluded with the samenm&lP’s advantages (simplicity,

flexibility, intuitive appeal and ability to handléoth qualitative and quantitative criteria) and

10
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disadvantages (time consuming; risk and uncertanaty handled; and the conversion from verbal to
numerical judgements given by fundamental Scalel-8f which tends to overestimate preferences

estimates]54].

4.1.6. Environmental Impact Assessment

Practically all the studies solved GAMMA type déaismal problems -mainly ecological safety or
environmental vulnerability at a watershed scaléthough a significate number of ALFA type problems
were faced. The single approach led the reseacchhat half of the models were developed around
MADM methods (principally AHP, except punctual caseith PROMETHEE, ANP and RATINGS) and
the other half of studied throughout MODM metho@®PSIS, DEA and VIKOR). The fuzzification in
this application was relevant (half of the studigs)rsuing to adequately deal with the complexitg a
non-quantitative nature of the environmental ddaholars felt the necessity of overcoming the

disadvantages of traditional models (subjectivitd aomplexity) through FSs, SPA and others.

4.1.7. Reservoir Operation

ALFA and GAMMA type decisional problems were mos#lyaluated, given the concern of researchers
around the optimization of the reservoir operatiajch requires identifying the optimal functional
alternative or prioritizing different scenarios fofnctional operability. In this application, it given a
slight prominence of MOMD on MADM methods. In thatter case, even AHP was no longer the most
widely chosen method, participating ELECTRE, PROMIEE, MAUT and ANP. The presence of
hybrid models was nonexistent, but it must be seeghe abundant use of complementary techniques
(especially SFs, but also ENTROPY, Neural Netwakd NSGA-II -Non-Denominated Sorting Genetic
Algorithm-). TOPSIS and Multi-Objective Programmiflgoth Linear -MOLP- and Dynamic -MODP-)
highlighted as the most commonly used MODM methdtie use of MOLP or MODP was motivated by
the achievement of the operational effectivenessannenvironment of uncertainty, randomness and
interaction between factors, characteristics athaf application. For this reason, the fuzzifioatplayed

a central role in several studies.

4.1.8. Water Resources Management

The decisional problem of prioritizing or orderirgf alternatives (GAMMA type) was the most
commonly chosen by the researchers. The assessnmai#ls were developed around both MADM

methods (primarily AHP, but also other MADM metho&4$ ECTRE, PROMETHEE, MAUT and ANP)
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and MODM methods (Weighting method, CP, VIKOR, TO®IDEA and MOLP). It must be stressed

the almost absence of hybrid models as well asnamim fuzzification of the nuclear methods.

4.1.9. Risk Analysis

Half of the research in this application dealt WBAMMA type decisional problems. It must be pointed
out the profuse use of AHP, regardless of the tfpaecisional problem faced. There were many studie
that propose, under a single approach, a comprisfeentethodology for risk assessment of the dam-
reservoir system supported on the usual practicaskfanalysis along with the classic multi-crigeri
analysis (primarily AHP, except a few cases throagtP and TOPSIS). In the few studies that opted for
the hybridization process, the AHP-TOPSIS combamativas mostly chosen so that AHP was used for
structuring the model and obtaining the weightghef criteria and factors, and TOPSIS facilitateel th
final prioritization. The fuzzification process hadvery relevant presence, a path particularly ehdsy
Chinese authors in the risk assessment of damgarkdlel, other complementary methods like CLOUD
MODEL, GREY THEORY, Average Ranking, Borda, Copelaand CBR (Case-Based Reasoning) were
explored. Finally, we have detected a slight attetopexplore the modeling of interactions between

components of the evaluation model by ANP.

4.1.10. Overview

Our examination moved us to infer that 66% of stadised the MADM single approach, 24% of
studies employed the MODM single approach and 10%tuaies were based on the MADM/MODM
hybrid approach. Clearly, under the single apprpatidies were principally constituted on MADM
methods. In this case, when MODM methods were ehdbey were basically used to solve optimization
problems in the applications ‘Reservoir OperatioWater Resources Management’, and ‘Environmental
Impact Assessment’, particularly through Multi-Ottjee Linear or Dynamic Programming (MOLP,
MODP, respectively) and TOPSIS. As to the MADM nueth, scholars plainly preferred AHP due to its
known advantages while some authors dealt with AHtisadvantages by means of two alternatives: (1)
other MADM methods (primarily ELECTRE, PROMETHEE,AUT and ANP) or (2) a hybrid
approach, where the AHP-TOPSIS combination was lynogsited by scholars, regardless the
application. In this case, AHP was used for stniictuthe model (hierarchy) and obtaining the sulbjec
weights of the criteria and factors, while TOPSdSilftated both the objective weights determinatol

final evaluation (mostly, alternatives ranking asbalternative selection). 33% of the studies U=s8sl
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(Fuzzy Sets Theory) as the complementary techniguendle the complexity, imprecision, ambiguity
and uncertainty that particularly characterize mapions ‘Environmental Impact Assessment’, ‘Risk
Analysis’, ‘Reservoir Operation’, ‘Hydropower’ arttVater Resources Management'. The significant
presence of AHP determined this was the majorlyified method, a combination (AHP+FSs: FAHP)
well established in Multi-Criteria Decision Analgsiapplied to different fields. Essentially, the
fuzzification trend is clearly more relevant théwe tybridization trend; in terms of the number tofdges

we detected any of them, a fact demonstrative ofagor concern on the treatment of uncertainty and
imprecision than on the handling of classical AHBisadvantages. The two major decisional problems
were GAMMA (62%) and ALFA (21%), i.e., ranking oternatives and selection of the best alternative,
respectively. According to the classification pmsly established, no ‘Design’ nor ‘Elimination’
problem was detected. Regarding the use of compitame techniques their use was determined by
different reasons: (1) the need of dealing withueagess; (2) the presence of uncertain and incoenplet
information; (3) the analysis of correlations betwemodel components; (4) the very nature of the
decisional problem (temporal or spatial); (5) tlaaf step of synthesizing the problem; and (6) the
purpose of overcoming the disadvantages of subjgctind complexity of traditional methods. Verwfe
studies focused on the analysis of interactionpeddencies, loops and feedbacks between criteria,
factors and alternatives. In this case, ANP wasptith chosen by scholars. Additionally, Spatial fiAul
Criteria Decision Analysis (SMCDA) had certain redace in the application D (Seismicity and Geology)

but few significance at the level of the dam mamaget field when compared with other fields or areas

The study detected a less systematic inclusionas®solders in the model than in other similar
areas, such as Transport, where the participatfoatakeholders has been the subject of increased
attention with different techniques or approachkAUJT, MACBETH, ANP, GIS, TOPSIS, SAW
(Simple Additive Weighting), AHP, PROMETHEE, ELECERetc.[153]- or the area of Environmental,
where the inclusion of stakeholders in complex sieais in the context of natural resource management
has been addressed in defitf]. In the majority of the 128 analyzed studies tlakeholder engagement
was not consistently set out, so input from staldgrs was mainly used at the MCDM first stages to
collect enough information in order to build antiadi framework. The DELPHI technique was widely
used by experts for that ca[€9]. Therefore, participation of stakeholders was prilpédentified in the
following stages: (i) decisional problem definiti@md contextualization; (ii) alternatives idengfiion;

(iii) criteria elucidation; (iv) criteria weightingnd; (v) scoring alternatives. Very uniquely, soshedies

ensured stakeholder involvement at the final phasprovide feedback on the evaluation results. The
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multiple-actors involvement, the building of anexsion of the decision process to a group declsial
and the methodological challenges of capturingettalders preferences must receive a more consistent

treatment when applied to dam management.

In the operational management of dams, decisionitgak a complex problem since there are
many interrelationships between the various fadgtorslved. Of the 128 studies examined, only ff9F,
96, 135, 136Jormally addressed the modeling of the dependerii@éseen the different components of
the evaluation model. To do this, in all the camethors opted for ANP, and applied it mainly to tis&
assessment of hydroelectric projects in China.draltel, we noted that no author developed the BOCR
(Benefit-Cost-Opportunity-Risk) variant of the ANR,variant that has been developed successfully in
other areas of application. The current strategytegrated management of dams during the opegdtion
phase requires a holistic approach to identify)ymeaand quantify the benefits, opportunities, saatd
risks of maintenance, operation and rehabilitatimasures. This is especially critical in old damish
observable problems related to aging-based ded¢ioor The BOCR-variant of the ANP method opens
up a line of research for aging-dam management;twiriust be considered of great interest in the near

future.

Essentially, the findings of this study confirm whaas pointed out by previous authors: (i)
different methods establish different prioritizatifi 54]; (ii) the choice of one method over another is
subjective, depending on how the decider feels aboe or the othel55]; (iii) the choice of MCDM is
in itself a multi-objective problerfl56] and; (iv) this choice depends on the particularditions of the

problem.

4.2.Statistical analysis

In parallel to the literature review, a statistiealalysis was developed to detect correlations dostw
specific MCDM and applications for aging-dam mamagat. Firstly, the data were structured in the form
of a contingency table composed of rows (Appliaajo and columns (Methods). Secondly, a
correspondence analysis was carried out througBMtSPSS Statistics 22.0 software, with the goal of
reducing the original interactions between bothaldes, according to their frequencies. Accordimghie
values obtained from standard deviation and cdioglathose elements achieving an extreme score in
dimensions were discarded, limiting the spectrurargdlysis to the range~(p.5, 1.0]; [ 1.5, 2.5]). The

results are graphically depicted in Fig. 5.
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The information shown in Fig. 5 must be treatectfidly, since the frequency of application of
a certain MCDA method to an application is not eestalue, i.e. even though data were sought through
an extensive bibliometric search in a digital dasb so reliable as SCOPUS s, this literature wevie
might not cover all the studies of application o€CBA methods in dams. Moreover, one cannot issue
categorical judgments based on enough punctual aorrepresentative observations. Under these
premises, and whereas the variables under studgieretomous, the Phi's correlation coefficientseve
calculated for each pair of elements Applicationthdel. The results show that two interactions were
statistically significant —see Table 2-: (i) a tendy to use ENTROPY in studies evaluating the guefi
reservoir water and, (ii) a tendency to use ELECTIREtudies evaluating the operation of the dam-

reservoir system.

The ENTROPY theory measures uncertainties andxteneof useful information provided by
data. It overcomes the subjectivity of expert eatiin and it is useful when dealing with missingader
unreliable information, such as is the case withtaVauality assessment, where imprecision and
vagueness characterize the problem. ELECTRE meth@dnon-compensatory aggregation procedure
with the ability to set pre-defined categories &mihtroduce thresholds. These characteristicsagxphe
suitability of this method for ranking solutions afulti-objective Reservoir Operation optimization

problems.

5. Conclusions

MCDA has gained importance to evaluate complexdiees in dam management, especially since 2009,
when the literature on this subject surges wittearcuptrend. Between the nine applications idiextiin

the review, Risk Analysis (dam/reservoir safetyeleassessment) was the topic more frequently esglor
by scholars, indicative of the serious concerns pgtablem of aging-dam management is arousing in
Society. The majority of problems were focused amking of alternatives (GAMMA) or selection of the
optimal alternative (ALFA). MADM techniques were gily applied under the single approach
(principally AHP or its fuzzified version, FAHP),hile the MODM techniques were majorly used to
solve optimization problems related to the reserdaim system operation. AHP-TOPSIS was the
MADM/MODM hybrid model fundamentally visited by sglars due to the reinforcing aspect of their
combination, oriented to deal with the classicalFAHisadvantages. Models were complemented by a
relevant variety of techniques to handle aspecdiseshby all the applications: imprecise, uncertaid

incomplete information, and the subjectivity andnptexity of traditional methods. Apart from those
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commonalities, the different problems in each aapion were treated in a very diverse way due ¢ th
author’s preference or the particular conditionghef problem. Additionally, we discovered that tida
Multi-Criteria Decision Analysis (SMCDA) has beers$ explored than other related fields. Essentially
two main trends were identified in this systemaéeciew: (1) a growing hybridization process of nult
criteria evaluation models, based on the combinatb two or more MCDM methods, and, (2) an
increasing fuzzification of these same models. fiilgt trend seeks to add one or more supplementary
methods to manage the inconsistencies of the nuelethod while, the second trend aims to adequately
handle with subjective judgements and to effecjivieltegrate uncertainty and imprecise or vague

information into the evaluation models.

The multiple-actors involvement, the adjustmenthef decision process to a group decision level
and the methodological challenges implicated incihléection of stakeholders preferences within MCDA
studies applied to dam management were not asstensy treated as in other areas (e.g. Transport a
Environmental). From a holistic perspective of daranagement, a multi-stakeholder and multi-criteria
approach is strongly needed to assess not onlyigke but also the benefits, costs and opportuitie

derived from repair, upgrade and removal measwpbcable to aging-dam management.

However, our diagnosis is that further researctedgiired to better understand what causes the
difference between rational and intuitive decigmwacesses by stakeholders involved in the managemen
of dams, specially ageing dams during the operatiphase; and to develop improved MCDA models
that help decision-makers solidly learn about extépons and trade-offs between components of the
evaluation problems, so that an effective decisi@king process can be guaranteed. In the management
of a strategic infrastructure asset, such as am@ggam in operation is, several criteria are imedl in
complex decisions that are intimately interconnécfprimarily socio-economic, environmental and

technical), so making a decision implies makingéraffs between criteria.

ANP should play a key role in this aspect, aspgraach to characterizing and quantifying loops
and trade-offs between decisional components istitsigest capacity, which in turn has scarcelynbee
explored in the area of dam management. Despite tha few studies developed so far have showed
promising results that point to ANP as an effecipath to evaluate these interactions and depereenci
within the MCDA model. Accordingly, we recommendther research on the combination of BOCR
(Benefits-Opportunities-Cost-Risks) analysis andPA&s a potential framework, not explored yet in dam

management, to effectively respond to complex noisl related to the operation of ageing dams.
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Dimension # 3: Approaches and techniques
Dimension # 2: Single Single Hybrid e
Application MADM- | -MODM- | (MADM+MODM) | Fuzzifie
A 1 0 0 0
B 0 0 0 0
C 3 0 0 1
D 0 0 0 0
ALFA E 2 1 1 1
F 3 2 0 1
G 3 4 1 3
H 2 0 0 0
I 2 2 0 2
A 0 0 0 0
B 1 0 0 1
C 0 0 0 0
D 4 0 0 0
BETA E 0 0 0 0
F 0 0 0 0
£ G 0 0 0 0
% H 0 0 0 0
S I 2 0 0 2
< A 3 0 i 0
-% B 3 0 0 1
'8 C 3 0 0 0
o D 5 0 0 2
8 GAMMA E 6 4 2 3
o F 8 3 0 7
= G 4 4 1 2
vy H 9 9 1 4
< I 7 0 6 5
@ A 0 0 0 0
) B 1 0 0 1
£ C 0 0 0 0
D 2 0 0 1
DELTA E 0 0 0 0
F 0 0 0 0
G 1 0 0 1
H 0 0 0 0
I 4 0 0 2
A 0 0 0 0
B 0 0 0 0
C 0 0 0 0
D 0 0 0 0
KAPPA E 2 0 0 0
F 0 1 0 0
G 1 1 0 0
H 0 0 0 0
I 2 0 0 2
1069 Note: A: Flooding; B: Water Quality; C: Dam Location; D: Seismicity and Geology; E: Hydropower; F: Environmental
1070 Impact Assessment; G: Reservoir Operation; H: Water Resources Management; I: Risk Analysis.
1071 Table 1. Categorization of studies according to three main dimensions
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1074

1075 Table 2.Phi values between MCDA methods and applications.
1076
Method - Application Phi's correlation coefficient
ID. Method Application Value Approx. Sig. N of valid cases
1 ENTROPY Water Quality 0,267 0,001 128
2 ELECTRE Reservoir Operation 0,249 0,002 128
1077
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Highlights

Multi-Criteria Decision Making techniques for dam management are analyzed.
Type of problem, approach and application are considered for this structuring.
Single and hybrid models as well as complementary techniques are included.
Cognitive problems (P.k) jointly with P.a, P.3, P.y and P.5 problems are observed.
Stakeholdersinclusion and interactions modeling must receive a deeper exploration.
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