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Abstract

Preventing cost overruns of such infrastructure-projects as power plants is a global
project nanagement problenthe existing risk ‘assessment methods/models have limitations
to address the complicated nature of these ‘projects, incorporate the probabilistic causal
relationships of the risks and probabilistic*data for risk assessment, by takiraraotant
WKH GRPDLQ H[SHUWVY MXGJPHQWYV VXEMHFWLYLW\ DQG
the decision making procesd&‘’knowledgebased expert system is presentechddress th
issue usinga fuzzy canonical model (FCMhatintegraesthe fuzzy group decisiemaking
approach (FGDMA)and theCanonical model(i.e. a modified Bayesian belief network
model) The FCM overcomes: (a) the subjectivity and uncertainty involved in domain
HISHUWVY MX,GJPHQW E VLJQLILUFriec)sd @k the ldandir exgertd KH W L
in eliciting conditional probabilities of the risks involved in complex risk networks, and (c)
reduces the model development tasks, which also reduces the computational load on the
model. This approach advances the appboat of fuzzyBayesian models for cost overrun
riskssassessment in a complex and uncertain project environment by addressing the major
constraints associated with such modélsase study demonstrates and tests the application
of the model for cosbverrun risk assessmentthe construction and commissioning phase of
a power plant projectconfirming its ability topinpoint the most critical riskgwolved sin
this case,the complexityof the lifting and rigging heavy equipment, inadequate work
inspection and testing plan, inadequate site/soil investigation, unavailability of the resources
in the local market, anthe FRQWUDFWRUfV SRRU SODQQLQJ DQG VFKHC
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1. Introduction

Infrastructure constructionprojects are dynamic and complex in nature, vihe
combined effects of human and a myriad of other factors interacting in“a dynamic
environment(Mulholland & Christian, 1999)Power plantprojects, for examplegonstitute
complex infrastructure project undertakings due to the involvement of many stakeholders,
their complex organizational structure, use of numerous multistage contracting systems, and a
multitude of intefrelated activitiesri different phases of thesproject ldgcle (Zegordi,
Rezaee Nik, & Nazari, 2012 hese factors producggnificant risk exposure, uncertainty,
YDIJXHQHVV DQG YXOQHUD E lzO-tytla (StMatd &, MNLigeRtX8\Giber§ UR MH F'
2014) Risk management is a major task, with.timerand cost being particularly difficult (e.g.,
Love et al., 2015)Cost overrun risks, fomstance are said to be dynamigjterdependent
complicdaed, uncertain, subjective, and fuzzy in nature duehwr large size, higher
complexity, and unique project.contexts and environnjegbpoosh, Dikmen, & Birgonul,
2011) Given such a situation, therefore, it is unsurprising tiwst overruns are a global
phenomenon (e.g., Love et al.,, 2015), the main contributory fagteodved including
inaccuracies_in ‘cost estimation at their preliminary stg§esacool, Gilbert, & Nugent,
2014) inadeguate management resources, optimism bias, and the limited amount of
information aavailable to the estimators during budget prepardkbivbjerg, 2013; Pinto,
2013)

However, thesituationcan be improvedby the effective identification and assessment
of the potential risksinvolved during the cost estimation processd the adoption of
adequate risk management strategisieyaw, Chan, Dé&raft, & Coleman, 2015; Vidal,

Marle, & Bocquet, 2011)This is currently limited bya lack ofobjectiveprojectbased data



for risk assessment ilWKH S UeMrhiriaky fpWase,increasingthe relianceon the
experience and judgment pfactitioners(Cardenas, Alibouri, Halman, & van Tol, 2013)
Such judgmentbasedassessmenthowever suffers from being biased inconsistent,and
imprecise(Guyonnet et al., 2003)

Although many studies have developed risk assessment models for power plant
projects, they do not always addressch unique inherent risksas the fuzzy, uncertain,
causalinterdependent, and subjective nature of cestruns Fuzzy logic on the other hand,
has frequently beeproposedfor risk assessment dhe preliminary stages of complex
projects because of its cap#y to overcomesuch difficulties (Ji, Huang, & Sun, 2015;
Kucukali, 2011; Y. Li & Wang, 2016)However,fuzzy logic-basedmethods are unable to
accommodatecausal interdependencies betwgaoject.risks and such mbability-based
methods as Bayesian belief networks (BBN),. for, example, are considered superior
handling probabilistic causal interdependencies between risks, iogptomain expert
judgments, and updag previous beliefs and probabilities of risksthe light of new and
more reliable informatior(Khodakarami & Abdi, 2014)Fuzzy Bayesian belief network
(FBBN) madels (EleyeDatubo,, Wall, & Wang, 2008; G. Kabir, Sadiq, Besfamariam,
2016; Ren, Jenkinson, Wang, Xu, & Yang, 2009; Zhang, Wu, Qin, Skibniewski, & Liu,
2016) offer the benefitsrof both fuzzy logic and BBN, haveonly a limited potentia) as
eliciting the probabilistic parametea a complex risknetworkis a daunting taskDiez &
Druzdzel, 2007)

This studydevelops an advancement in cost overrun risk assessment in the farm of
Fuzzy Canonical Model (FCMysing a combination ofhe fuzzy group decisiemaking
approach (FGDMA) and a canonical model (aform of BBN) from the perspective of

individual projectphase. The model ighendemonstrated and tested inapplicationto the



assessment otost overrun risk in the construction and commissioning phase af
Bangladeshihermal power plant project.

Our study makes the followingunique contributions tothe existing body of

knowledge:

x A novel approach (i.e. FCM)to modelingthe causal risknetworksfor the cost
overrun riskassessmerntf different phases gfroject. The proposednodel requires
lessprobability datahanexisting FBBNs the main advantageeingthatit reduces
the needlessly time consuming addunting taslof the domain‘experts eliciting
conditional probabilitie®f the risksinvolved in complex networksThe approach
alsoreducegheamount of work irmodel buildingasiwwell-as theomputational load
on the modelfacilitating a quick assessment,afost overrurrisks in a complex
uncertain project environment.

x The identificationand assessent ofthe mostcritical and sensitiveproject cost
overrunrisks This is of significant valugéo individual project stakeholdergcost
estimators, project managers, contractoesc.) in, or from, different application
domains andperspectivesFor example,estimatos can allocate a more realistic
contingencyamaountin the preliminary budgetingtage;project managaercan make
an informed _proactive decision in managing critical construction and
commissioningrisks, and contractors carbetter determine their bid markups
decisions

X Theflexibility the model can be applied to future projedibe domain experter
users(i.e. project risk assessment team, cost estimators, project manager and project
engineer of contractors/ownersf) the proposed modélavethe flexibility to revise
the probabilitiesof the risksin the causal networks affuture project particularlya

thermal power plant projechased on their knowledge and experience gaired



similar past projects antthrough observatiaof likely changes in cost overrums
different risk scenarios

For complex power plant and similar projects, the cost overnskn identification,
DVVHVVPHQW DQG RYHUDOO PDQDJHPHQW KLJKO\ GHSHQG
project experiences. The existing methods and models have some shortcomings as identified
from the relevant literature. They include: limited knodge available t0 handle the
subjectivity associated with the varying judgment abilities of the expertsin a group, lack of
tools to aggregate the qualitative responses of the domain experts for assessing the risks and
reducing inconsistency in their asseest, probabilistic data- elicitation difficulties for a
complex causal risketwork, a huge computation load required’on the model, and a lack of
methods to inference from the risk assessment outcomes for proactive decision making. The
proposed FCM is anxpert system applicationy=which overcomes these particular issues. It
uses structured probabilistic causal fistworks and applies the aggregated knowledge and
experiences of the domain experts and their judgment abilities cumulated from working on
similar previous projects. The model assists domain experts to handle complex project
management problems,/such, as cost overruns in an uncertain project environment, by
reproducing various/redife scenarios following causeffect networks propagating to cost
overruns and applying bagikopagation technique to identify the root causes of the problem.

The next sectioprovides armoverview ofthe risk assessment methodsed inpower
plant projects, followed by detailed desgstion of the development ofraFCM. We then
assesshecost overrun riskusing validating, and appfing the modeto a casestudyproject
with a particular focus on the construction and commissionirgha®. Finally, we provide

concluing remarks, researdimitations,and directions for further research.



2. Overview of risk assessment methods for power plant projects

Risk assessment anlde management of risks during different phases of power plant
and other similarly complex projects require a systematic and integappedach because
the dynamics and complexty of the risks involved are at times laden with fuzzy
dependencies and propagatioviarious qualitative and probabilistic methods/have been
proposedor this purposéLi & Wang, 2016) Dikmen, Birgonul, & Han (2007)or example,
developa fuzzy logiebasedqualitative cost overrun risk assessment metihad they claim
can more realistially accommodatamprecision, vaguenessnd .uncertainty in complex
problems; whileKucukali (2011)leverage fuzzy logic to develop a.fuzzy rating tool thoe
risk assessmeiatf hydropower plant projectd.i & Wang (2016) on the other hand¢ombine
fuzzy logic and the Analytical Hierarchical Process (AHP) as a means of effectively
measuring qualitative datfor the risk assessmentfipower plant projects wittmultiple
divergent risksby aggregang a risk factor indexandthe probability and intensity of risks
into a fuzzy decision system to calculateithmagnitude. HoweverAHP cannot handle the
variability in pairwise comparigas between the riskfNieto-Morote & RuzVila, 2011)and,
in the case of divergent risks,the complex computation involved renders the process
impractical (Ebrahimnejad, Mousavi, TavakkeMoghaddam, Hashemi, & Vahdani, 2012)
Moreover,whileqpower plant project riskare highly interdependemy\HP does notconsider
anycausal relationshgbetweerrisks (Fidan, Dikmen, Tanyer, & Birgonul, 2011)

The Analytical Network Process (ANP) cabe used towhen there are
interdependencies betwednerarchical risk levels and present the risks in a network
(Shafiee, 2015)Yoo, Yang, Kang, & Lee (2016jor example, use ANP tevaluate risk as a
crisp numberas a crude means capturing expert judgmetitased risk evaluatigrwith
Zegordi et al. (2012)mproving on this by applying fuzzy-ANP risk assessment modke

power plant projectE\ HYDOXDWLQJ ULVN DV 3SWULDQJXODU. IX]]\ QX



Increasng the number of decision criteria and risk networkimders ANP applications,
however, making pairwise comparisons between risks a tedious and lengthy process.
Structural equation modelingEM) can help handlesituations involvinga large number of
risk networks(Lowry & Gaskin, 2014)and hasalso been usedor the risk assessmeruf
power plant project¢§Eybpoosh et al.,, 2011; J. Liu, Xie, Xia, & Bridge, 201HApwever,
neitherfuzzy-ANP nor SEM can update risk data when new data becosaadle- a critical
limitation to developing a dynamic risk assessment matleile SEM provides satisfactory
outcomes if there is a large size data set, eliciting data from experts is a antctime
consuming taskespecially for power plastand similar infrastructure projectSailure Mode
and Effect Aalysis (FMEA) integrated with fuzziogic providesan expert systenfor
assessing risks in complex construction projects. “The {bkiiyA considers three
assessmenvariables i.e., risk event detectionyprobability of occurrenceand severity
dHW HF W L l@the bv@i@akilEyoWimeforitaking correctiveaction which is important
for proactive decisioimaking. This_approeachis unable to providethe possibility or
probability of therisks and their effecfsbut rather defines the risk level by a risk priority
number andinrealisticallyconsiderghe three variables @qualimportance(Liu, Liu, Liu, &
Mao, 2012) The fuzzyTOPSIS (Technique for Ordeif ®@reference by Similarity to Ideal
Solution) is another suitable expert system $milectng the best alternative andtisk
evaluationin anuncertain project environment, which can handle both qualitative and
guantitative ydata set¢§Wang & Chang, 2007)However, his method disregardsthe
correlatiors betweernthe variablesand evaluatethe alternatives bgomparing thi variation

in subjective judgmest i.e., it providestheir relative importancanstead ofrealistic risk
levels, where reliability can beompromised due tpudgmentinconsistencyVelasquez &

Hester, 2013)



FBBN - the combination of fuzzy logic and BBN s increasingly being used to
improve the reliability of risk assessment models affected by uncertainty and vagueness
(Islam, Nepal, Skitmore, & Attarzadeh, 201/Huzzy logic defines and measurask
evaluation criteria according to the verbal opinions of experts and transforms them into a
fuzzy number. The BB is a wellacceptedorobability based model, which cdmande the
causalrelationships between riska an uncertain and complex environmeti, BBN, a
single probability value measures tteengthf the relationships involveditis critical and
challenging to deal witlihe single values for unconditional and=conditional probabilities
obtairedfrom expers in considering project uncertaintyhich limitsthe/practicality of BBN
(G. Kabir et al., 2016; Ren et al., 2009) order toaddressincertainty and biasutzy logic
definesthe probabilistic relationshipbetween the riskas afuzzy numbsdi.e. triangular or
trapezoidal) According toNovak (2012) models-based ofuzzy-logic need to be improved
by beinglinkedwith probability theorywhile Taroun(2014)suggestsmproving probability
based modslby adding other methods taddressthe uncertaintiesdiminish subjective
biases, and hadle causal interrelationships between risks. Thivs,FBBN has potentiato
providea realistic and reliableisk assessmemtutcomefor complex power planigunneling
andsimilar infrastructure projects

The FBBN model*has been mainly used for safetly analysis(EleyeDatubo et al.,
2008; G. Kabir et al., 2016; Ren et al., 2009; Zhang et al., 2@i6ject risk evaluation
(Chiang & Che, 2010)and human reliability anadys (P. Li, Chen, Dai, & Zhang2012) The
basic .concept of these FBBN mode¢sto provide fuzzy (i.e. triangular or trapezoidal
numbers instead dhe exact value) probabilitieof the nodes in the networks and to develop
a fuzzy conditional probability table (FCPT) fouery nodeshaving one or more parent
nodes.FuzzyAHP, fuzzy logic, and fuzzy set theofdyave beerusedto find the fuzzy

probabilities for the nodes (i.e. independent or dependengeneral, fuzzy logic demands



careful application and improvement for group decision makongcerningdata elicitation,
aggregation of expert @pons, and controlling judgment bigblovak, 2012) In order to
increase the reliability of group decision making under uncertal@gfamariam, Sadiq, &
Najjaran (2010)propose aredibility factor based on expert experiences auehg, Kim, &
Lee (2016) introducea professional compeencyfactorto control judgment biasSimilarly,
Kabir et al.(2016) considera credibility factor for computing the fuzzy prebability of the
BBN nodes.However, he most challengingspectof FBBN modelsis to.develop a FCPT
for eachdependenhode Data elicitation from experts Isoth critical-and.cumbersomasit
requiresfinding x" probabilisticparaneters(n andx indicate the=umberof parent nodes and
the variabledor each parent node respectivelg)y each dependent no@®igurdsson, Walls,
& Quigley, 2001; Xia, Wang, Wang, Yang, & Liu, 2017)his is grticularly relevantfor
nodes with more than three parentdes as elicitation, of suchan exponential number of
probabilistic parameters is impractichideed,there areno exampls of an FBBN that has
assessed thtizzy probabilities of a dependent nodéh four or moreparentnodes The
original formulation of Bayesian networks requifguge conditional probabilt datafor a
complex network.Another form of Bayesiametwork called a Canonical Modelwith a
Noisy-Or gate or disjunctive interactiohetweenthe risks can beused to overcome ¢h
limitations of the conventional FBBN modelSucha modeltype has beerappliedto IT
projects(Gingnell; Franke, Lagerstrom, Ericsson, & Lillieskéld, 20IPhe Noisy-Or gates
can also successfully modiile uncertainty in reliability analysiSigurdsson et al., 2001)
and.is ‘able to producebetter results even with a small data set 2QL NR 'UX]G]HO
Wasyluk, 2001) Xia et al.(2017)use theCanonical Modektoncept(termeda modified BBN
mode) in which expertsprovide the probability data fax dependent noden aoneto-one
basisinstead ofdeterminingthe aggregatempact of multipleparens nodessimultaneously

While this approach eases the elicitationtbé probabilitiesof the dependent node&vith n-

10



number of parenfghe limitation of Noisy-Or is that the node can onhave two statese.
true or falselt is still a critical task for experts taqvide the exactprobability of true or false
for the node.In contrast as discussed above, thpplication of fuzzy probabilities is more
suited toexpert knowledgeThus, the canonical model (i.e. Noi§r gate)has the potential
to be integratel with a fuzzy methodor furtherimprovement and application tfie FBBN
modek. Thus,a modified FBBN modelin the form of afuzzycanonical model’(FCMgyould

bea potential tool for costverrun risk assessment.

3. Development ofthe fuzzy canonicalmodel

Fig. 1showsa detaiéd flowchart of the development and applicatiohthe fuzzy canonical
model (FCM) for cost overrun risk assessmentpafwer plant projectsin response tahe
limitations of the existing Fuzzy-Bayesianrisk @assessment adek discussed at the end of
section 2(i.e. controlling judgment bias, aggregation of expert opinicaeta elicitation
technique,reducing the number of probabhilistic parameters and computational load on the
mode), we propose a EM model, which combines théuzzy group decisiomaking

approach

Fig. 1. Thedevelopment and application proces$6GM
11



(FGDMA) and thecanonicalmodel (i.e. anodified BBN) Thefuzzy group decisioimaking
approach (FGDMA)assesssthe prior probability of the independent risknd conditional
probability or degree of causality between the risks (i.e. how much the effect of a parent risk
is transferred into a dependent risk), anddaeonicalmodelassesses the probability of the

dependent risk in the network.

The FGDMA, as prposed and validated Bglam, Nepal, & Skitmor€2019) is a suitable
method for a group of experts involved in the risk assessment of a complex project laden with
uncertainties. This methoidcreass decision makingeliability by taking into account the
judgment abilty of H[ SHUWYVY EDVBGRRKVWIKRHQD O3J&rg,Pkint] & He®,F H~
2015)and incorporang a quantitative aggregation process of fuzzy judgments of the experts
to evaluatandividual risk. Professional competenee measured based on the characteristics

of the experts (i.e. professional position, relevant work experience, and academic
qualificationg, which influence their risk evaluation judgment. The FGDMA applies a
guantitative technique after Xu et @Ku et al., 2010)IRU DJJUHJDWLQJ WKH H[SHU
to compute the riskscore. Thus, it avoids theuchecriticized limitations of conventional

fuzzy ifthenrules for decision makingf its subjective biases induced by the different levels

of knowledge, experience, and judgment ability of the experts.

Existing..FBBN /modelsrequire the constructon of a conventional EPT for the
dependent nodesyhich is particularly complex for a node witla large number of parent
nodes(Xia_et al., 2017) Developing a FCPT for a critical node with many parent nodes
increases the data elicitation time and effjrtigment bias, and computation load on the
model. In order to overcome this challenges, we apply the data elicitation technique proposed
in (Diez & Druzdzel, 2007and (Xia et al., 2017)in which the conditional probability data
elicited from the experts is simplified by ot@one relationship between a pair of risks (i.e.

how much one risk influences another rigkgtead of considering the collective impact of all

12



parent risks. The probability computation of the dependent/query node is also simplified
using a NoisyOR gate, the most common type aanonical mode(Gingnell et al., 2014;

2QL NR HW.Dhe aim is toreduce the computational load on the model as well as to

enable the elicitation of the conditional probability parameters intuitive and comprehensive to

the domain expert®iez & Druzdzel, 2007)However, the proposed FCM not beyond the

limitations. For instance, the accuracy of the risk assessment throughsthis model mostly
depends on developing the realistic causal-mstevorks and evaluating, the probability of
occurrences of the individual risks and their cost imgpact correspoending dependent risks.
7KHVH DUH VXEMHFWLYH XQFHUWDEQWwDQG VROHO\ GHSHQ!
experiencesThe following subsections describe a systematic.procddurevaluatng risks

with the FCM.

3.1. Fuzzy Group DecisioMaking Approach (FGDMA)
The proposed FGDMAassesss the fuzzy probabilities of thedependent risks or
determinesthe degree of causality among the risks influencing cost overlugsptures
project the uncertainty,.vaguenesand imprecisiorof subjective judgment using linguistic
termsin risk evaltation With this model, experts provide judgmenising such terms as
HORQHY™ UYHU\ ORZY HMORZY MPHGLXPYT pKLJIKY pYHU\ KL
values such'as'0, 1, 2, 3, 4, d&d 6 repectively to evaluate the risk likelihood and its
conseguential cost impadihe experts also evaluate the degree of causality between the pairs
of risks usinghe same linguistic term$Based on the expewtflidgmens, FGDMA evaluates
the probabilities d therisksusing thefollowing equations
a. The fuzzy triangular number (FTN) for the corresponding linguistic term is extracted
following Table 1(Kuo & Lu, 2013) The model is flexible to redefine/chge the FTN
based on the knowledge and experiences of users (or experts). The FTN can be varied to suit

13



the time available for risk assessment, data accessibility, expected level of accuracy desired
for risk assessment, and the preference of the projéctasisessment team. However, the
provision to using different scales for FTN is quite common as observed in previous studies
(Chu & Tsao, 2002; Ganguly & Guin, 2013; Maravas & Pantouvakis, 2012; Rabbani,
Zamani, YazdarChamzini, & Zavadskas, 2014; Ren, Kieson, Wang, Xu, & Yang,

2008) Further, there is no strict rule as such to define the scale of linguistic terms (i.e. none

to extreme) for risk assessméhdrus, Nuruddin, & Rohman, 2011)

Table 1

Linguistic variables and corresponding fuzzy numbers

Level of risk Fuzzy triangular Defuzified Description

likelihood/ number (FTN)  number range

consequence

Extremely high 0.9, 1.0, 1.0 0.90 to 1.00 The risk event is almost certain to occur
andiinvolves an extremely significant cos
overrun

Very high 0.7,0.9,1.0 0.70 to <0.90 The risk event has a very high chance of
occurring and involves a most significant
cost overrun

High 0.5,0.7,0.9 0.50 t0:'<0.70 The risk event has a high chance of
occurring and involves a significant cost
overrun

Medium 0.3,0.5,0.7 0.30 to <0.50 The risk event is likely to occur and
involves a moderately significant cost
overrun

Low 0.1,0.3,0.5 0.10to <0.30 The risk event has a rare chance of

occurring andnvolves a little significant
cost overrun

Very low 0,0.12,0.3 0.025t0 < 0.10 The risk event has a very rare chance of
occurring and involves a very little
significant cost overrun

None 0,0,0.1 0to < 0.025 The risk event will never happen

b. Using the FTN, a fuzzy decision matri¥DM) for the risk likelihood RL) or

consequenced) of an individual risk K) in a particular project phasp)(is formed by

o H 15 Q
K(&/Eay0=e- ° - [1]
H 14 Q

14



where Hl & J @represent the low, mediyrand upper values of the risk likelihood

or consequence of a rigkspectivelyand n denotes the number of domain experts
evaluating the risk.

7KH H[SHUWVY MXGJPHQWYV RI D SDUWLFXODU SKHQRPF
across the board for a number of reasons and thus need to be weighted accordingly.
7KH H[SHUWYVY aZdihttibK bf ¥hed Préfessional positiorRIP), 'working
experience EP), experience gained working on other projed®), and“academic
qualifications AQ), which DUH F R O O H F Vpioféssioral\tbbhpeRRC&Iuhg et

al.,, 2015) The level of professionaloenpetenceof an individual expert needs to be
incorporated ito the risk analysis to increase data reliabi{i§abir et al., 2016)The

weight of professional competenaaef an expert 6@ 4y can be computed by
(Aboshady, Elbarkouky, & Mohame&013)

S0 4% :Se ¢ E SyeE SyeE Se iy [2

To evaluate the professional *competenad the experts, the criteria

weights : BAGESE ¢6S,, 5,z and So¢ ; are assumed equal. The global weight of the

professional competencdan expert: SS; is calculated byAmeyaw et al., 2015)

°é%u.-: Ao SO L s [3]
Here; the global weights of all experts magm to unityto satisfy the conditiothat

the highest level afhe fuzzy score is 1 as shown in Tabl¢Jung et al., 2015andn
indicates the number of domain experts who provide their judgment for risk
evaluation.

. Considering the weight of an expert, tR®M for a risk in a project phase is

transformedo aweighted~DM (WFDM), where

15



H 1ls Q s>

kO (&/ #py0, L K(&/Epy0 USF=e- °  -i(x) N& O
H s Q Ss
HSY 1:sY Qs
=N - o o) [4]

HSY 1:8Y Qs

e. The fuzzy scoreKS) for likelihood (RL) or consequenceC) of a risk in/asproject
phaseor whole project is computed by the fuzzy arithmesion of the/individual

columrs of the above matrix (Eq. 4) adopted frdomg et al(2015)as:
(52 20,7 Al 1Sy g | 1S #Algs QS 9 [5]
f. The fuzzy risk scoref the importance level of the'risk adoptedfrom Xu et al.,

(2010)as

arnaes = ¥ (S xa UT( 58 ama [6]
where : (58 55 and : ( i;é are fuzzy scores for the risk likelihood acdnsequence
respectively for the individual preject phage) ©r whole project R). The fuzzy
methodmakes annference.about a riskased on the risk likelihood and consequence
by applying the conventional fuzzif-then rules. The fuzzy Ifthen rules can be
developedonly-by domain experts, which arecessarilysubjectiveand uncesdin,
becausesachyariesaccording toits level of knowledge experience, and judgment
ability. Thus/the fuzzylf-then rules have beegriticized for not dealing withthe
subjectiity and uncertaintynvolved (Novak, 2012) which leads uso considerXu et
al.'s (2010 application of the technique

g.. Defuzzification is required to define the risk levéldry low”to ®xtreme), which is

computed agAbdelgawad & Fayek2010)

) IVWL>8UIVWe,>: IV W
divg b e 7]
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We map the defuzzified value measured from Eq. 7 to the corresponding level of risk

for an individual risk factor as shown in Table 1.

3.2. CanonicalModel

Risk assessment bthe canonical model of multi-causal interactionsequires the
determination oftwo variables the prior probabilities(i.e. the risk levelf. independent
risks which have no preceding rigk and the conditional probabilitiebetween gpair of
risks The modelassumes thate causal influencef a parent risk on the dependent risk is
independentf other parentisks , W LV EBAiw@Gtéraction (i.e. the noisy Ogate).
The disjunctive interactioroccurs when any of the parents'is likely to cause a certain,event
and it does not diminish when other parents simultaneously p(@estl, 1988)Moreover
it is more natural for the domain experts to evaluate the caenflesncesbetweena parent
and its dependent risk rathdran evaluating thanfluencesof all parents on the dependent
risk (Diez & Druzdzel, 2007)Of the'different Bayes propagation processes, the selected
Canonical Modelof multi-causal interactions has a number of application benéfits.
previously used FBBN.mod€Kabir et al., 2016; Ren et al., 2008¢eds to elicit a huge
amount ofprobability. data if the child/dependent node ff@asr or moreparentnodes. For
example, if a noghas/12 parents witthreefuzzy stategi.e. Jow ", Imedium’, and igh”
probability of risks) thetraditional FBBN requires3{? =) 531441 conditional probabilities to
compute the probabilities of that nod€he Noisy-Or canonical model here makes this
process easier because it requires dalyprobability valuesi.e. 12 parent risks will produce
12 independent pairs with the dependsrde. This significantly reduces thamount otime
and effortneeded for thexpertsto provide data and decreases the computational load on the
model (Gingnell et al., 2014while providng an acceptableapproximation of the true

probability distribution 2QL NR HW. Dédhilsof the Noisy-Or gate inthe canonical
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modelcan be found iGingnell et al(2014) andPearl (1988) The basic Bayes equatiotisat
are applied in calculating the fuzzy probabilities of the dependent risks in this model are:
a. The FTN of the joint probabilities, i.e:2:Ué Ty ;244, and the probability of
dependent risk, i.e. 2 :U; 344 can be computely (Pearl, 1988)
2:U8 Ty jasa = P(TY)mu T 120U @ asea [8]
The abovementionedFGDMA will be used to find P( TY)umu and :25: U & ; aaei
XVLQJ WKH H[SHUWVY MXGJPHQWYV
The probabilities (i.e. FTN) of a dependent ridl ére
12:U; s aga = ( Aflgs 2 1U8 Tiasea) [9]
b. Finally, the posterior probability of the independentiridi given that of dependent

risk (U, i.e. 2:Ty U; &an be foundy (Pearl;>1.988)

Ep:l égHE:ég

2:Ty U= .

[10]
4. Costoverrun risk assessment using-CM
4.1. Developmenof risk-networks

To demonstrate the applicability of the FCM model in cost overrunasskessmest
the development.of the causal relationships between the risks is thenfingtry important
step. Theecan be developed from previously validated ceef§ect relationships between
the risksusing.expertknowledge(Kleemann, Celio, & First, 201.8However, the project
risks_or-eost overruns significantly vary depending on project type and size. For example,
public investment projects and pubpcivatepartnership (PPP) projects have different
contracting terms and conditions, migarties involverant, and complex investment and
management systems. In order to develop the eaffiset relationships between the risks,
this study specifically considered publicly owned power plant projects, where the owner may
have selfund or managed fund pooled frorm host of national or international
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funding/investment agenciesn the absence & completeknowledgebase and/ovalidated
causal risknetworksfor publicly ownedthermal power plant projects (i.e. natural gas, coal,
heavy fuel oil (HFO), ocombinal cycle power plant§CCPP)i.e. combiration of natural gas
and sean), we derived the causal risletworks using expert knowledgen approach very
commonin the development of Bayesian belief netwofRguilera, Fernandez, Fernandez,
Rumi, & Salmeron, 2011)o develop the causal relationships between the'risks, the critical
cost overrun risksvere first identified(seeTable 2)from Islam et al.(2019)as that study
was conductedf a thermal power plant projeowned and funded.lg government agency,
i.e., the Bangladesh Power Development Board (BPDBe causal relationships between
these riskswere initially establishedbased orEybpoosh etwal(2011), Fidan et al.(2011),

Han & Diekmann(2004), andXia et al.(2017) and subsequentlyalidatedby conducting a
focus group discussion with experntgorking (on, Bangladeshipower plant construction
projects Thefocusgroup consistedf seven industry experta project director, three project
managers, and three project engigeetith almost 2512 to 15, and 6 to 10 yearsrefevant
experience.The industry experts from Bangladesh were selected bsesawcurrently the
country hasrecentlycommenced.32 mega projects with a targeted production capacity of
11,209 MW, and 30.more projects of 4909Wicapacity are now in the procurement phase.
These 62 projects.are ‘expected to be completed by RDB, 2017) Cost overrunof
power plant projects in Bangladeshasvery serious commoproblem, previous projects

havngexperienced cost overrun§ 150 to 200%(Hannan, 2015; Kabir, 2012)
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Table 2
Critical risks in thermal power plant projects in Bangladesing FGDMA

Risk Likelihood Consequence Risk Rank
Score Level Score Level Score Level
Complex bureaucratic system 0.605 H 0.623 H 0.614 H 1
Delays in land acquisition 0.613 H 0.596 H 0.604 H 2
Delays inthe project tendering process 0.542 H 0.58 H 0.551 H 3
2Z Q H U 1 \in Gekii$ob making 0.477 M 0.539 H 0.507 H 4
Equipment uneailable in the local market 0.505 H 0.489 M 0.497 M 5
&RQWUDFWRUTVY SRRU SODQQ 0.469 M 0.560 H 0.512 H 6
& R Q W U RWrRIgcIsibn Gnaking 0.417 M 0.5 H 0.466 M 7
Govt. customs policy and complexity 0.428 M 0.459 M 0.443 +#M 8
Lack of knowledge and experience 0.431 M 0.492 M 0.48) M 9
Change orders during construction 0.445 M 0.453 M 0.449 M 10
&RQWUDFWRUTY PDQDJHULD(Q 0.4 M 0.521 H 0.484 M 11
Lack of knowledge and experience 0.418 M 0.510 H 0.462 M 12
Procurement delays 0.403 M 0.522 H 0.459, M 13
Site constraints 0.459 M 0.472 M 0465 M 14
Poor firance management by contractor 0.442 M 0.475 M 0458 M 15
&RQWUDFWRUTV IXQG VKRUW,| 0.407 M 0.489 M 0.446 M 16
Lack of skilledpersonel (technical staff) on site 0.4 M 0.466 M 0.447 M 17
Unclear project scope 0.415 M 0.456 M 0435 M 18
Poor feasibility study 0.393 M 0.452 M 0.421 M 19
OwnerfV LQFDSDEOH SURMHFW 0.357 M 0.512 H 0.428 M 20
Bank interest ratéfluctuation/high) 0.423 M 0.458 M 0.4 M 21
Lack of knowledge and experience of the 0431 M 081 M 0455 M 22
manpower
Desigridesign errors 0.356 M 0.459 M 0404 M 23
2ZQHUTV IXd@ endprymenniblays (govt.| 0.374 MY, 0.442 M 0406 M |24
Transportation difficulties 0.420 M 0.446 M 0.433 M 25
Shortage of equipment 0.378 M 0.443 M 0.409 M 26
Govt. interference in procurement 0.348 M 0.374 M 0.361 L 27
Conflict between the project parties 0.387 M 0.449 M 0.417 M 28
Poor commauication between the parties 0.36) M 0.448 M 0.402 M 29
Inflation 0.312 M 0.328 M 0.3D M 30

Source (Islam et al., 2019)

In order todevelop thecausalkisk-networks,a power planprojectis divided into three
phases namelyinitiationand planning, engineering and procurement, and construction and
commission- the_ decision taken basedn WKH H[SHU W §vokl ubhgtdary
complexity in_networks yet provide enough practical informatiolcast overrurrisks. We
allowed the experts toadd or remove the nodes (i.e. risks or events of risks)liakd
between _the nodeas they sawfit. In the beginning of the focus group discussion, we
explained the purpose and process of forming-mestevorks and asked the expertgdéoiew
the causal risketworks with a particular focus on the frequently available risks in the
planning and initiation to construction and commission phases of power plant projects that
have a direct/indirect impact on project finanédter multi-round qualitative discussions

with the experts, afew risks were added after(lslam et al., 2019)some of the causal
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relationshipswvere reestablished, andomeof the risk terminologies wee revised Appendix
A shows a list othanges made tite risk networks aftethe focus group discussienThe

resulting causeeffect relationshipsietworks ofthe cost overrun riskfor the three project
phasesarepresented ifrigs. 2-4 respectivelyln thefollowing, we provide ébrief discussion

of the causdiies of the risks and thepropagation

Fig. 2shows thecost overrurrisk propagadbn through thenetworksin theinitiation and
planning phase. Specific to the initiation of the publicly ownpdwer plant projectin
Bangladesh a project management team fraime Power Development Board (PDB$
formed to manage the whole projethe expertsnvolved in thefocus grouplentified that
the Project Charter does not clearly mentibe toles‘and responsibilitieof the project
manager (PM)As aresult,t KH R Z Q HriadgevialPeriormance (OMRill be impacted

and when combined withWW KH 3 6l§jdf kd@ledge and experiendéis will have knock

Fig. 2.Risk propagation networks theinitiation andplanning phase



on effect on poor OMP throughout the projectife cycle The PM has thdamportant
responsibilitiesof undertaking theproject feasibility study (environmental, social, political,
land acquisition and site selection, fuel supply, transportation etc.), development project
proposal (DPPand obtainingits approved site selection, tender document preparatsom
tendering.

The DPP is also influenced by such other factors as a poor feasibility study, unclear
project scope, schedule constraints, lack of lessons learned from.previous projects, and
inadequate codienefit analysis and communication with the key- stakeholdersdivner,
consultant, and corresponding government departments)> For_dsstd power plant
projects, the DPP is under the Ministry of Planning for approval; such other ministries as the
Ministry of Finance, Commerce and National Board of Revenue (N&#i) Ministry of Law
are also involved. Thus, due to high level ofdbureaucratic complexity in the project approval
process, subsequent delays occur in tendering, contractor selection, and site selection. A
significant delay in project tendering, coupledtiwprice inflation of all resources and
infeasible DPP (i.e. an inadequate cost analysis, in particular) makes the approved project
budget unable to cope with “high inflation. An infeasible DPP and poor OMP propagate
throughout the project execution phasel airectly affect project cost performan&aiitable
site selection another important outcome of the planning phaisenegatively affected by a
poor feasibility study, poor OMP, and intéepartment bureaucratic complexity.

Power plant projectsare nomally built by EngineefProcureConstruct (EPQ
contractos and it is theirsole responsibility tgroperly plandesign procureresourcesand
execute the projectThe procuremenprocess forpower plant projects is rather long,
continuous proces®ccurring before anchtoughout theconstructionphase and hasa large
propensity for cost overrun&ig. 3 shows thecost overrurrisk-network propagain in the

engineering and procurement phas$ée risks that arise from the initiation and planning
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phase (e.g. apoor feasibility study, OMP, unclear project scop@d infeasible DPP
influence certainrisks inthe engineering and procurement phasfereprocurement delay,
change ordex price inflation and inaccuriely estimaed procurement costdirectly produce
cost overrua

Change ordex (e.g.for changes in project scope orthme design and specifications
defined inthe original contract between the project owner and EPC contjabtve a
sizeableimpact on procurement delay and cost owest For power plant.projectghese are
frequentlydue tothe ownerq Msufficiently clear project scope during the developmerthef
project pofile (DPP) They are DOVR VLIJQLILFDQWOMLALQIOXHQsFaG E\ WK
they are responsibler providing clear specificationsf the materials and equipmenteded
or other technical documentdigned with the projectiscope. If the consultantack the
knowledge and experienceeded fronworkingen_similar projects, and thegre likely to
fail to understand the uncertainties/olved in the project execution phase, which may cause

substantial changes in project scogegd hence the prevalencleange ordex

Fig. 3. Risk propagation networks in engineering and procurement phase
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Another major cost overrun risk is procurement delay, which is caused by many other
risks as shown irfrig. 3 Usually, the construction of power plant projects in a developing
country such as Bangladesh depends on the procurement of plant equipmenterseasv
This is a complex process involving multiple organizations and few#l contracts. To
procure plant equipment efficiently, the contractors should have a realistic’advance plan and
defined schedule that considers the customs policy and compddxitg _host country. The
project owner also has direct involvement in the procurement.process, which may cause
significant delays. These include, for example, situations-invelving a guaranteed advance
payment before procurement and payment after equipst@piment showing necessary
paper documents (i.e. an invoice with forwarding“lettery bill of entry/export, and custom
clearance certificate). If the owner delays in makim@mamentor an incomplete procurement
document is supplied by the contractor, ‘th@®cprement process may be significantly
delayed. Moreover, any change in the design and specification of the procured item during or
after completion of the procurement process has a-leigh impact on the procurement
delay and cost overrunss Otherrisksd their propagations to produce cost overruns are
shown inFig. 3

After initiation and planningsuchprojectwork as land acquisition and procurement
areconductedsimultaneouslyWhile delay in land acquisitiorare mostly due toinadequate
site-selection and poor feasibility stied some projectsare seriously delayetly strong
publicresistancarising fromresettlementissuesof the inhabitants and other social and
political factors Land acquisibn can also be delayda/ government bureaucts  ¥ck of
coordinationbetweenits own bodies such asthe Ministry of Forestry and Environment,
Ministry of Power, Energy and Mineral Resources, Settlement Departraadt]l.ocal

GovernmentInappropriatesite selectionnducessuchother undesirable consequenessa
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severelyconstrairdsite for equipmenset up and mobilizationmaterialssupply andstorage,
congested working spacewporking time restrictios, and the supply of fuel (i.e. coalor
natural gasjo the site Another najor riskencountereds the F R Q W U dhériage bffinds,
which is significantly influenced by poor finaat managementthe R Z Q Hstdftege of
funds, and payment delay Payment delag/are often the consequence d RQRU DJHQFLH)\
delays in project funding poor site OMP, andthe late approval of contractor submittals.
Construction delagy are often the result of delayed work order appravadtl WKH RZQHU(YV
consultanf FR Q W U poeMsReUnfiaviagemenan inadequatesoil snvestigation and site
logistic problems. The latter is attributed complexity in heavy equipment erection due to
thelack of heavy lifting crane (i.e. 600 tons or more), inefficient'port facilities adjacent to the
site, and/orunavailability of special consumables (special‘greaseair filter, andwelding
electrodes)Construction dlays directly translat@to cost overrurrisk due to increasein
overhead costs, financing costed the cost ofresources.

Fig. 4 presentshe major risks and‘theipropagationpathts in the conguction and

commissioning phase
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Fig. 4. Risk propagation networks in construetion.and commissioning phase

4.2. Finding theprobabilities of input variables

Risk assessment usiribe proposed FCM requires two sets of probabilities,the prior
probabilities of independent riskandthe conditional probabilities between the risks (the
probabilistic causal dependees between pas of risks). Both prior and conditional
probabilitiescan beelicited from the domainexperts To elicit the fuzy probabilities othe
independent risks” ancdausal dependems between pag of risks (i.e. conditional
probabilities) we askd the experts to assess the probabiliies qualitativescale,i.e. pery
low fto pxtremef and mapped thefuzzy probabilitiesfrom Table 2 We then used
professional softwarbleticato form Conditional Probability Tables (CPT$)eticaproduces
CPTs based on the weighif the parent risks directed to tdependentU LVN XVLQJ 31RLV
2 U distribution a mostcommon canonical modeln the NoisyOr-gate (i.e. disjunctive
interaction)type of canonicaimodel, it is assumed that a true condition of a single risk can

produce a greater consequence with or without the true condition of other risks influencing
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the dgpendent risKPearl 1988)For example, a change ordgéiig. 4) may havea very high
impacton cost overrunwhile only a change in soil condition can produce significant cost
overrun on the contrary, if both risks becaraetual eventshen the cost overrun will just
increase, which isligned withthe concept ofcanonical probability theoryi.e. Noisy-Or
gate.

In order b elicit the conditional probabilitiesye approached tsevenexperienced experts
who have beemvorking on thermal power planproject in BangladesHor, 10,t0+15 years
They provided their response to the survey questions asinglitative scale (i.epery low
to pxtremey asmentioned inTable 1in section3.1. They evaluated.the pairwise conditional
probabilitiesbetween the riskand the prior probabilities (i.e. likelihoods) the newlyadded
risks as notedin AppendixA. The fuzzy prior probabilities”of the independent risks were
taken fromthe questionnaire survag (Islam et-al., 2019pf 70 randomly selected experts

working on Bangladeshi thermabwer plant prejects.

4.3. Costoverrun risk assessment findings
A canonical model fwasfirstly built in the Netica Application Netica 604

(http://www.norsys.com/ To build the model ilNetica the risknetworks forsFRQVWUXFWLR

anG FRPPLVYLR QUa®sklestédd ¥dditionto some important risks from previous
phases based on the findings(lslam et al., 2019)This model has 27 independent and 14
dependent risks, and 54 causal relationshigisveenthe risks.The FGDMA was used to
analyze«the elicited expert knowledgeomputingthe fuzzy prior probabilities of all the
independent risksand the conditional orm®-one relationshipbetween the risks involved in
the risknetwork model. The defuzzified valsief all the independent risks ancbnditional

risk-relationshig were given as inputs to the model.
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The model first created the conditional probability tables (CPTs) between the parent risks
and child risk for all cases usirige weighted NoisyOr model. At this timepased on the
findings of previous studie@Gingnell et al., 2014)20% leaky in NoisyOr was usedo
compute the conditional probabilitied/hile Gingnell et al(Gingnell et al, 2014)found that
while therr respondents covered -B®% of thecritical factorsquantifying the project success
in terms of time, budget and quality, they did not fully understand thesleaky probability.
Therefore,the respondentkere were not askeabout leaky probabilityut rather assmed
20%. This means there is 20% chance of project cost overruns=beyond the risks davered
this study.The weight of each risk to produeeost overrun isaputintosthe properties asn
equation to build the CPTs ifNetica For examplethe costwoverrurprobability (PCO) has
four parent risks, i.e. construction delégD), change order (CO), an inadequatesoil
investigation(ISl1), and inflation(l). The individual impacts of these four riska the PCO
were found to be 0.74, 0.703, 0.645, and 0.@8spectivelyusing FGDMA. The weighted
values of theseisks are given bythe individual weight divided byhe total weight. For
example, the weighted value of CD to PCO is 0.74/(0.74+0.703+0.645+0.87.
Similarly, the weightedconditional’ probabilitiesof CO, ISI, and Iwere found to bé.26,
0.24, and 0.23 respectivelhe equation was writtem Neticaas NoisyOrDist (PCCg, CD,

0.27, CQ 0.26,4SI1,/0.24, 1, 0.23Here, e means lkg and itsvalue waggiven 0.2to denote
20%. Fig. 5showsa CPT table with probability values for four major parent rigmilar

equations were writteimto Neticafor other dependent risk produe theCPTs.
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Fig. 6 showsan outcome of theisk assessmenih the construction and commissioning
phaseusing FCM (i.e. Noisy-Or with 20% leaky. The resuls show that the complexity in
lifting heavy equipmentis very high {.e. risk likelihood above 70%)There is a high
likelihood (i.e. between 50 to 70%)f aninadequatevork inspection and testing plan, soil
investigation, unavaildlity of resourceshthe ORFD O P D U N Hs\WoorFppR@ioahd FW R U
VFKHGXOLQJ FRQWUDFWRU YV cogpled Ddvein@enthiréaudfdicR Q PDNL(C
JRYHUQPHQWTV FXVWRP P60Cchirmubicat@n b&iRSrOthe] paNigs.
project owner, consultants, and EPC contractompvailaldity of specialsite consumables,
andthe RZQHUYV SRRU V gk actoi Dhe ArbR$isQé8ults alshow that the
major dependent risksamelychange ordex procurementidelay, construction delénd
acquisition delayshortage otontractor fund, delay inwork‘order approvas, and conflict
between the partiesave high probability of occurrenedi.e. above 50%and below 70%).

Finally, the overall cost overruprobabilitywas determinetb behigh at %.6%

5. Model validation

A thorough validation isssential @ ensure the theoretical and practical soundness of a
proposed knowledgebased model Such well-established approacheas quantitative
benchmarking extremecondition testglifferent scenario analysis, and sensitivity itegt
have beenfrequenly usedfor validating fuzzyBayesian model§Zaili, Bonsall, & Jin, 2008)
BHQFKPDUNLQJ YDOLGDWLRQ GHPRQVWUDWHY WKKESPRGHOYT
to findwthe standard outcomewhile maintaining transparency and simpliy in its
computational process A fully quantitativebenchmarking validation was not conducted i
this studydue tonot havingcomparablestandard cost overrun risk assessnmattvorks and
resultsfor thermal power plant projestavailablein the literature Rather,we conducted a

partial quantitative validatiody axiomstesing (Jones, Jenkinson, Yang, & Wang, 2010;
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Zaili et al., 2008) An extremecondition testotherscenario analysi&leemann et al., 2018;
Zaili et al., 2008) and sensitivity analysigKabir et al., 2016; Kabir, Tesfamariam,
Francisque, & Sadig, 2015; Ren et al., 2009; Siraj, Tesfamariam, & DOsE®D, D15)

was also conductedhefollowing subsections present the detailstbé validation.

5.1. Partial validation

The threeaxiom-based partial quantitative validation approédtnes et al.; 201@yas
used br the gantitative validation of the proposed FCWhe first axiomis stated as:2D
slight increase/decrease in the prior probabilities of the parent.nodes should certainly
LQFUHDVH GHFUHDVH WKH SRVWHU LURadIS thRdSDiE &iO,W LHYV R
the prior probabilities of all of the parent nodere dncreased by 2%, resulting wery
similar changes irthe posterior probabilities of all the-child nodes. For example, the posterior
probabilities of procurement delay, change osd@onstruction delay, and cost overrun
increasedby 1.67, 1.90, 1.59, and 1.45%.respectively. The second aisicsuch thatthe
totalimpactof the probability variations frorthe x attributes (evidence) on tli@al outcome
should always be greater thathat from the set oim-n (n B 1) attributes (suevidencé”
Fig. 7shows that an increase in'the probability of site constraints increases the probability of
a cost overrup an, increase in the probabilities shortage ofskilled manpower, change
ordess, andan_inadequateoil investigation further increases the probabilityacbst overrun
while an.additiopal increase in inflation progressively increases the probability cufst

overrun.
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The third axiomis framed as:3W KH Y D Uthds\bjedRive praDability distributions
Rl HDFK SDUHQW QRGH VKRXOG KDYH WKH HR &¥raoNHQW L
analysisas discussed earlier and the results showsign8 clearly showthat NoisyOR (0%
leaky) with changed CPTs distributions produces a consistent outcome for the probabilistic
assessment of cost overruridere a Tonsistent outcomemeans same lewelof input
probabilities produce similar outmtfor example, 10 to 30%rgbabilities ofindependent
risks (i.e. inputvariable$ producecost overrun probabilities betweéf t0.30% and so on
following the definition othe fuzzy probabilities of linguistic variables (i.e. none to extreme)

given inTable 1

Fig. 8. Comparative scenario analysis using different distributions of CPTs in FC}
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5.2. Extremecondition test and othecenarioanalysis

A rigorous scenario analyswas performedo justify the operational validity of the
FCM, to examinewhether the model structure and results behave logigallgxtreme
conditionsand other scenarmf the cost overrumisks. Two extreme conditiongsedare:(a)
all the input variablesare true(i.e. 100%risk likelihood), and(b) all the input variablesare
false (0% risk likelihood). Other scenariosonsidered in the validatiowere for example,
starting with the assumption thall independent risksavea 10% chanceof beingtrue, and
then increasing them 0% in each steppto a 90% probability(Zaili et al., 2008) As we
assessed the risk section 4.3using NoisyOr with a 20% leaky prebability, it is important
to justify its outcomes under a different scenario drydchanging thepercentage of leaky
probabilities inNoisy-Or. Accordingly, he scenario analysis was conducted using different
CPT distributions such agoisy-Or with 0%,10%.15%, and 20% leaky

Furthermore, ie model has the advantaggfine-tuning the input variables to achieve
D UHOLDEOH DQG UHDOLVWLF RXW FNoradveE ihé/ EFRGs,Rv@iclW KH H[ S
are produced using the NoiS}distribution can also be revised aftére initial elicitationof
probabilities.Initially developed, CPT$0 the projecitan be modifiecdby the experts as they
see fit,and in response to thesk assessment outcoradd new evidence or information
gatheréd as the/project progressddased on this advantage of FChhother scenariaas
produced for itooperational validity analysiey making a change irthe CPTs produced by
Noisy-OR with 0% leaky. For examplghe Noisy-Or distribution produceda 68.38%
corditional cost overrunprobability onthe conditionthat all the parent risksvere true, a
seemingly an unrealistic situatiomhe conditional probabilities cdll dependentisks were
changedn sucha way thatwhen allthe parent risks will b&rue (i.e. 100%)the probability

of thecorresponding dependent rigkll also be true (i.e. 100%).
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Theresults of running different scenarios on twest overrumprobability are presented
in Fig. 8. Theseresultswere also comparedith the fuzzydefinition of the project risls and
their correspondingsignificance to produca cost overrur{Table J. It is evidentthat Noisy-
Or with 10%, 15% and20% leaky hasfailed the extreme condition testith a very low or
zero probability for the input variablesthe modelstill predicts al8 to 30%cost.overrun
probability for these types of Nois@r distributions.This indicates thatin a condition of no
risk, the project can experienadow to mediumlevel of cost overrurAlternatively extreme
cases of all input variables (i.e. probabilitie 100%) provide an unexpectedly lower
prediction (i.e. 55 to 7@6). On the contrary, Nois®r with_no leaky (i.e. 0%) provides
satisfactory outcomesf up toa 50% chance obeingtrue for allsinput variablesLater, it
fails the uppeilevel extreme tesind other scenario tesEorexample|f all the inputs hava
100%probabilityof beingtrue, the probability edcostoverrun bemmes 66.3%.However,if
the produced CPTs based on expeft N Q R As0cHaBgedthe Noisy-Or with 0% leaky
produceshe mostsatisfactory outcomes in‘all casexludingthe extreme condition tests. It
also satisfies the fuzzy rangeapped infable 1to define the category of risk. For example,
if the input parameters (iiéhe likelihood of independent risks) havepeobability of 10 to
30% of beingtrue, the probaltly of acost overrun will be lowwhile it will be mediumfor a

30 to 50%probabilty of theinput parameterbeing accurateand so on
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5.3. Sensitivityanalysis
Sensitivity analysis is an important aspect of the model for testing the variability of the

outcomes in response toinor changes in input parametehs the FCM model, the input
parameteryary andareuncertain asthe probability dda arebased orexpert judgments, and
the final probability of a risk is dependent on the prior and conditional probabilities. Thus,
sensitivity analysis is needed to identifiye critical input parameters that may have a
significant impact on the final outconfabir et al., 2015) Sensitivity analysis in &uzzy
Bayesianmode| such aghe proposedCM, can be carried out in various wajy&abir et al.,
2016, 2015; Ren et al., 2009; Siraj et al., 208)ce the input-parametestthe model are
discrete (probability obeingtrue or false)in Noisy-Or, the entropyreduction method is
preferred (Pearl, 1988) in which the entropy reduction(l) is computedbetweenthe
dependent riskY) and parent risksX) in measuring ‘the sensitivity of the mod&htropy
reduction(l) indicatesthe total uncertaintyn reducingthe potential o finding Y, and can
be foundby (Pearl, 1988)
+;a,L *;F* L @
AA2:UeT,2®UeT 2:UU2:T,=2 [11]
where

X yis the state oftte query nody;

X Xis the state of the varying variable noge

X * 1; [@is theentropy functionY given that ofX (or causal effect ak on'Y);

X7 * . ;is theentropy functiorof Y before consulting(.
For sensitivity analysiswe also compute the variance of bekéf{Y, X), i.e. the expected

changs of the beliefs ofY given that ofa finding atX, using(Neapolitan, 1990)

8::a;LA A2 U2:UBF2:U?P [12]
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Table3 presentghe resultof the sensitivity analysis. Notice thite risksthat havea
direct impact ornthe cost overrun have the highest percentageasfance of beliefsFor
example, construction delayjnadequatesoil investigation, change orderinflation, and
changes in design and specificati@me very sensitive, with correspondingontribution to
the variance of beliefs of 299%, 20.93%, 21.68%, 15.33% and 6.13%respectively. Other
risks that indirectly affect cost overruns are very less sensiggs than 0% in total). The
results indicate thatonstruction delay highy influences project cost overrunAdditionally,
procurement delay, land acquisition deldyy FRQWUDFWRUYY SRRU VLWH PDQC(
between the parties, antle FR Q W U ghbrtéde Wffuvid are~the.most influencing risks

causingconstruction delagf power plant projects.

Table 3
Sensitivity analysis using the proposed model
Probability of cost overrun Probability of eenstruction delay
Risk (Top 25factorg Entropy % variance |Risk Entropy % variance
reduction of beliefs |[(Top 25 factors) reduction of beliefs
Construction delay 0.03037 27.99811 |Procurement delay 0.012 38.05607
Inadequatesoil investigation 0.02358 20.92987 |Landracquisition delay 0.00174 5.51215
Changeordess 0.02331 216851 Contractor's poor site managemei0.00171 5.399065
Inflation 0.01649 «15.33183+ |Conflict between the parties 0.00168 5.307477
Changes in design 0.00663 1,6:135322 |Contractor's fund shortage 0.00155 4.914019
specifications
Owner's additional required 0.00379, 3.504691 |[Changeordess 0.00137 4.359813
Infeasible DPP 0.00119 1.099898 |Lack of skilled manpower 0.00129 4.072897
Performance of consultant ,0/00118 1.086381 |Poorcommunication 0.00122 3.83271
Procurement delay 0.00092 0.852378 |Inadequatesoil investigation 0.00113 3.566355
Owner's fund shortage 0.0003 0.275678 |Delay in work's approval 0.00104 3.303738
Managerial performance  0.00025 0.231187 |Inefficient port facilities 0.00088 2.784112
Unclear project scope 0.00016 0.143612 |Unavailable of special consumabl0.00088 2.784112
Owner's ‘payment delay 0.00013 0.120521 |Complexity in lifting he 0.00088 2.772897
Contractor's fund shortage 0.0001  0.094333 |Site constraints 0.00063 2.005607
Land'acquisition delay 0.00007 0.059979 |Owner's fund shortage 0.0006 1.88972
Contractor's poor site 0.00006 0.058853 |Owner's payment delay 0.00057 1.802804
management
Delay in project tendering 0.00006 0.058289 |Changes in design specifications 0.00043 1.354206
Conflict between the parties 0.00006 0.057726 |Owner's additional requirement 0.0003 0.938318
Lack of skilled manpower 0.00005 0.044492 |Infeasible DPP 0.00026 0.820561
Poorcommunication 0.00005 0.041676 |Contractor's poor financial 0.00024 0.765421
management
Delay in work's approval ~ 0.00004 0.036044 |Owner's poor site management 0.00018 0.559813
Inefficient port facilities 0.00003 0.030412 |Delay in project tendering 0.00016 0.494393
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Probability of cost overrun Probability of construction delay

Risk (Top 25factorg Entropy % variance |Risk Entropy % variance
reduction of beliefs |(Top 25 factors) reduction of beliefs

Unavailable of special 0.00003 0.030412 |Govt.'s bureaucracy 0.00011 0.342991

consumables

Complexity in lifting heavy 0.00003 0.03013 Approval delay from owner 0.00008 0.251402

equipment

Site constraints 0.00002 0.021964 |Owner's poofinance management0.00008 0.247664

6. Application of the FCM to a casestudy project

The proposed model is easy to apply for risk assessment of thermal pewer plant and other
projects with similar characteristics. One of the following two steps are'needed: (1) the
developed causal risketworks can be used directly or the experts of theexte project
can modify the networks by adding or deleting any relevant risk, if needed, or (2) the experts
will apply their best judgment in order to determine the frequencies of the independent risks
and the probabilistic cost impacts of the indep@hae.precedent risks on the succeeding
risk/s propagating through the network to cause project cost overrun.

A recentlycompleted 450 MW Combined Cycle (i.eatural gas and steapowered)
power plant(CCPP) project owned bghe Bangladesh Powd&evelopment BoardBPDB)
was selected to demonstrate #gpplicdion of the proposed=CM to the real world situatian
The projectperiodwas March 20130 July 2016.The total project cost at completionvas
USD 439.38 million The project was defined aspablic invested projecivhile 89% of the
money was manadeby a loan from an overseas financek. foreign company built this
projectwith‘an EPCtype contract. The project documerghow that therevere 31 weeksf
delay (le.close to 240 of thetotal plannedprojectduratior) in the procurement ahe mgor
equipment gas component#\ change ordewas required due tachange irtheoriginal gas
supply condition. The project was expectitige gas supplyto be receival with reduced
pressure Neverthelessthe National Gas Regulations Authority imposte conditionthat
the project mustcomply with the national regulation3 his involved a major change ithe

design specificationf the gas equipmen&nd delayed thenajor procurement proces$here
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werealso suchadditional issues asefficient port facilities, change atbarsupplierat the
ownerfV U H addidovidlpiling work due toan inadequateoil investigation, and payment
delays. The EPC contractoclaimedover USD 81 million (almost 23% othe initial cost)
from the owneras compensatio hus, several factors werevimlved inthe actualconditiors
and were in full play duringhe projectexecution causing widespread g in procurement
and constructionand cost overrundVe have used #seactualconditionsin the modeli.e.
probability 100%)of the certain factors (i.e. change order, changes_in design specification,
inefficient port facilities,an inadequateoil investigation, payment-delay atile 0 ZQH U V
additional requiremestsuch as the directive twhangethe supplier)it.was learned from the
PM teamthat other riskssuch ascomplexty in lifting heavy.equipmentan inadequate
inspection and testing plaandthe unavailability of speciasite consumables weralsoat a
high level. While the risks ofand acquisition delay Site constraintsFRQWUDFWIRU TV G H (
decision making, poor plannirend scheduhg,»andthe governmenf] ®omplexbureaucracy
may havea significant impacton costoverrurs (asdiscussed in subection 4.3 these risks
weredisregared in the casestudyproject.It should be mentioned that sinB&€DB built this
projecton their own landthe risks.associatealith public resistancenadequatesite selection
issues,and land acquisition delss/were avoided The EPC contractor antls team vere
highly experiencedin building CCPP power plant projects, which ensurgaely and
efficient decision makingand suitable planning and scheduling fathe procurement of
equipment The PM team did not considghat government bureaucraayas an important
risk.on this project

As anapplication ofthe FCM modelin this casestudyproject the best perfornmg model
(i.e. NoisyOR with 0% leaky) with a change in CPTs was selectedtlamddentified risks
were given as inputd he probabilitiesof the identified riskgor whichthe contractor claimed

extra costveretaken to bel00% Therisksaddressed bthe PM teamwerekeptunchanged
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as all were high leveli.e. probability >50%),with the remainingrisks in the networks
assumedo befalse (i.e.0% probability) astheywereneither mentioned bthe PM teamor
considereds likely to beadditionalrequirementsrom the owner. The model calculated the
probability of a project cost overruio be 58.9%, a high-level risk (0.50 to <070) of a
significant cost overrufrom the mappng presentedh Table 1 Fig. 9shows theisk analysis

output for this specific case study project generateth  Netica
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Fig. 9. Application of the FCM to cost overrun risk assessment



The PM teamcan use this modednd the outcome of this case project te cost
overrun risk analysis of a future projeEor examplethe risks thatdid not prevailand had
0% probability of being true in the caseproject could actually have a 50% probability in
another project. This can be doneupgdating the probabilities dfie independent riska/ith
other risks unchanged, this scenario will prodanencreased probability 95%) of a cost
overrun(Fig. 10. Thus,the proposednodelcan befine-tuned by updating the” probabilities
of independent risks or chaing the CPTs othe dependent risksand its.behaviorcan be
analyzed forbetterrisk management antbst controlMoreover thesmodel caralso update
the probabilities of the independent risks as posterior~probabilities thrabghback
propagatiorof the belief networksFor examplethe updaté\belief for a change orde(i.e.
100% trug increased the probability of changes in design‘and specificatmoithe RZQHU TV
additional project scoperequirementto 100% (respectively. These changewxreased the
probabilities ofsuchcorresponding parent risks #g poor managerial performance tie
owner (63%), unclear project scop€60.1%) poor consultantperformance(78.1%) and
infeasible DPH(88.3%) All these risks carbe identified andmanaed accordinglyat the
initiation and planning phase of the projesidiscussed in subection 4.1 andhown inFig.
2. This alsoshows how a risk in an execution phafs examplea change orders linked
with other risks (i<e. unclear project scope, poamwner and consultanimanagerial
performance, and infeasible DP) the initiation and planning phasérhis causeeffect
analysis of the risksan facilitate good risk managemenby finding the root causes tlfie

project cost overrun at the preliminary phases of the  project
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Fig. 10.Updating beliefs in the networks and studying the posterior probabilities
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For a future project, BPDB can appoinhghly skilled PM who can contributéo make
the project scope very clear, prepare a quality DPP, and appoint a competent cotasultant
improve the owner{ Vhanagerial performancelhe resultsare likely to helpredue the
changes indesign and specification of equipmefithe PM team careasily update this
information in the model and observe the changed scenario for infopreattivedecision
making. For examplaf the ownefrelated risks were to reduty up to 0% the probability
of achange ordewill likely also reducgo 0% with theresulting probability of.cost overruns
down to 30%, which essentially means that the cost performance outcome is inmpyayed
to 70%. The responsibility then rests with the PM team and-the contractornogactd faith
and leverage a sounutoject execution planand cost monitoring"and control mechanisms
into action The proposed model can assist the PM team-to track how the effects of different
risks propagate arehable them to beontroled.

The proposed model is a dynanpecoject phasdasedisk identification approacto
assess and manage project cost overrun risks. In a situation of cost overrun at the execution
phase of the project, the PM teamwwill'have t@ssess the root causes of the project cost
overrun and their cost impact(s) eoreesponding dependent risk(s). For the risks that have
occurred, their probability of occurrence will be 100% and the corresponding cost impact
being determined accordingly. The probabilities and the cost impact of other risks will also
be revised as apppriate. The model has the flexibility to deleting the initial risks that are no
longer/relevant as well as adding newly identified risks in the risk netwbsksid or delete

any riskiinto the network, a clear understanding of thenetkvork developmemrocess and how to

run the model using the proposed FCM is necessary. For deleting any risk in the network, the user
(i.e. the PM team) has to assigierofvalue tothe probability of occurrence for that risk. And for
adding a risk (i.e. an independeisk) in the network, the user needs to identify the immediate
dependent risk and the following dependent risk/s propagating through the network to causing cost

overruns.The PM team uses the revised risk network and the information about the
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probability and cost impact of the associated risks to further plan and control the project as

the project progresses.

Overall, this realife case study has provided some useful insight on the application of the
developed model for proactively managing critical risks to similar future projects as well as
other construction projects. This case study demonstrates thattptoument/study and
H[SHUWVY RSLQLRQ FDQ EH OHYHUDJHG WR, VAVWHPDWLFD(
determine their frequency of occurrence and significance on project cost. The model also
shows the flexibility to experiment with differenski scenarios and varying rigkobabilities
of some critical risks into the risketworks, which could be_angreat asset to the project
management team. The case project clearly shows that risks associated with the earlier phases
(e.g., design, procuremerdj the project propagate-and.influence the risks in the following
phases of construction and commissioning to preducing cost overrun. It demonstrate the
ability to find the root causes of the cast.overrun through the-paigkagation technique to
the risknetworks, update the rigikrobabilities (i.e. posterior probabilities) and observe the
changed riskscenario in the network for proactively managing risks. The systematic
procedure for cost overruns risk assessment and management developed in this cagearc
EH DSSOLHG _JRU FRQVWUXFWLRQ SURMHFWY RWKHU WKDQ

knowledge and experiences are critical in the whole risk assessment process

7. Conglusions

The risks involved in infrastructure projects are 4iaear, complex, and
interdependentln this study, we developeda fuzzy canonical mode(FCM) for the cost
overrun risk assessment power plant projest The novelty of the developed model is such
that it combinesan FGDMA andthe canonical mode(i.e. a modifiedBBN) to address the

complexity of the risk assessment process in large, complex pjdt applied and
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validatedthe proposed EM to the assessment cbst overrun ris&for thermalpower plant

projects with particular attentiomo the construction and commissionipiase

The existing fuzzybased expert systems such as fugHP, fuzzyANP, fuzzy
FMEA, fuzzyTOPSIS and fuzz2BBN have some basic limitations discussed in Section 2.
For instance, fuzapHP cannot handle the causal relasbip between the risks/atithe same
phase and the impact of risks in different phases, and thevis&rcomparison of AHP
approach is tedious for a large number of risks involved in the assessment process. Although
the fuzzyANP overcomes some of thessuss, however, similarito AHP; this approach also
requires an enormous number of subjective judgrbased pairwise comparisons among the
risks. While the fuzzaFMEA is a suitable expert system, this approach does not address the
causal relationships betee the risks and disregards-the relative importance among the risk
assessment variables. FUzEQPSIS is another'toolfor risk evaluation; however, the method
does not consider the correlation between therisks and has challenges to weight the attributes
aQG NHHS FRQVLVWHOF\ LQ H[SHUWVYT MXGJPHQWYV %HVLC
limitation, in that they are net dynamic systems, to be updated with new information as the
project progresses, for’proactive risk monitoring and control. While the -BBa/ can
represent the causal relationships between the risks and it has such advantages as simplicity
and increased level of accuracy under limited data set, the existingB&ttymethods
however_have some limitations to handle the subjectivity, whichinatigs from varying
judgment abilities of the experts in a group, and aggregating the qualitative responses of the
domain experts for risk assessment. The ftBBN also has data elicitation difficulties for
complex risknetworks. In particular, elicitingarge probability data set for dependent risks
with many parent risks in a fuzzy state (very low to extreme) is a daunting and tedious task
for domain experts. Asuchit limits the practical application of the existing FBBN models

for the risk assessmeof complex and uncertain construction projects.
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The proposed FCM theoretically contributes to the existing body of knowledge by
addressing these limitations with the combination of a modified fuzzy group degisiking
approach (FGDMA) and the canonical model (a modified form of BBN). The FGDMA
overcones the limitations of fuzzy logibased risk assessment methods by incorporating the
H[SHUWVY MXGJPHQW DELOLWLHYVY GDWD FRQVLVWHQF\ DC
process for risk ranking. The canonical model addresses the limitations ss$adif the
existing FBBN models. The application of the canonical model as the /wisyethod has
some significant advantages since it requires fewer probability parameters, describes the
conditional probability distributions well, and requires less ehwddiilding efforts, all without
compromising the reliability of the outcome. Although a ¢onditional probability table fits the
actual distribution better than a Noi€y, the latter, certainly fits better than uniform
distribution when there is insufficienlata to canstruct a conditional probability distribution

2QL NR HW. Di@eover, it enables'the domain experts to-tinee the probability
distribution based on initial learning, which,is a great advantage in using the Giomgdel.
As the model needs fewer padblitysparameters to build the probabilistic relationships in the
complex risknetworks, it significantly reduces the time and effort involved in data collection,
reduces the computational load on the model, and facilitates quick decision making for risk
assessment and cost control of complex power plant and other similar projects. This approach
also allows' for adding or deleting the risks/variables in the networks as much as required to
assess the project risk according to the experts involved in risksassnt and management,

which.is+a significant advantage of FCM over the existing FBBN models

To demonstrate the applicability of this model to the industry, this study first
thoroughly developed causal rigketworks for different project phases to untlamd the cost
overruns usinghe knowledge oexpertsworking in Bangladeshpower plant projectdt also

elicited the fuzzy probabilities of theindependentrisks and determirte the degree of
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causality betweenpairs of risks using the domain H[S H Wndwefige Commercially

available softwarelNetica wasused to producthe conditional probability tables (CPT&r

the dependent risksased orihe oneto-one causal relationshgfpetween herisks. The study

found that complexity in heavy equipmelifting operationis a very critical risk. Other

notably critical risksin the construction phase of power plant projects aranadequate

inspection and testing plamadequatesoil investigation,lack of resources” inthe local

market, the FR QW & pdeWdrabhfhg and schedulingnd delay in.decision making,

complex government bureaucraes the JRYHUQPHQW YV "FXVWRP SROLF\ L
inadequatecommunication between the parties, unavditgbof specialsite consumables,

andthe RZQHUYV SRRU VLWH PDQDJHPHQW 7KH RYHUDOO UL\
shows thaBangladeshi thermal power plant projectsshav@ghcost overrun risk, with the

sensitivity analysisshowing that construction delayinadequatesoil investigation,change

ordess, inflation, and changes in design specificatiargsthe most sensitive risksvolved

These identified risks andheir ‘causal relationshipsstablished in this studgan be
used to estimata realistic moresaccuratecost contingencyamountin preliminary project
budgeting.The project managsrcan use these causa&lationshipsbetween the risks and
their probabilistic level.of significand® help control project costsy making a strategic risk
management plan in advandée contractors can also use the model for risk assessaraht
to determine the project matp during the bidding stageThe modefflV DSSOnaDWLRQ
demonstratednd validatedor the assessment obst overrun risks in theonstruction and
commissioningphase However, the modeland the underlying concepts (such t®
assessment gdrobabilistic causal relationshsgpetween pag of risks, CPTs distributions
and the risk propagation process to find the probability ofdgmendent risksare equally
applicableto assesshe risks inotherphases opower plans. This equally applies teimilar

infrastructure projects that have highly interrelated activities in different phases, phase
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overlaps, multistage contracting systemand sheer level of uncertaintyhe developed

FCM model has the potential for project delay risk analysis, cost analysis under uncertainty
(Khodakarami & Abdi, 2014) alternative project selectiofChiang & Che, 2010) bid
evaluationby multi-criteria decisiormaking and human reliability analysis for improving

project safetyfMartins & Maturana, 2013; Zhang et al., 2016)

8. Limitation sand future research

Although we haveattempted todevelop comprehensive fcausal risietworks for
different project phases based on expert knowledge, the~application of the nwdel
neverthelessestricted to the construction and commission phd@ée causal relationstsp
between the risks are nalwaysabsolute but canchangedepending on theroject context
andthe G HF LV L R QewifkhbWwlgdfe and experien¢elan & Diekmann, 2004)Thus,
the networks presented mayedesome modifications (i.e., addition or deletion of the risks in
the developed riskQHWZRUNV “WR VXLW WKH UHTXLUHPHQWYV RI WK
contextual environment. The risk networks in this research were established based on the
knowledge of experts working in Bangladeshi thermal power plant projects, and therefore the
project characteristics and counspecific conditions may have introduced some biases in
the development.of the networks and the resulting risk assessment outcomede8xraf
care and.judgment is therefore needed in the further implementation of the derived risk
networks Finally, the scope of this study was limited to assessing the project risks in the
construction and commissioning phaske other risk factors bendthis phasefor instance,
planning and initiation, engineering and procurement were not considerddnfmmstration
of the model due to time and data collection constraiBesides some external factors like
electricity price or alternative sourcese( solar or nuclear) of energy for power production,

which may have significant effects on projeabst overruns or project choiceyere
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disregarded in this study. Further study should consider these and otherec@muomic
factors in project appraisaln that case, the developed risktwork needs to be revised
DFFRUGLQJO\ XVLQJ H[SHUWVY MXGJPHQW EHIRUH DSSO\LQ
The challenges of such models are commonly addressed as subjective bias and
knowledge gapin developing risknetworks, providing mbabilistic inputs” (prior
probabilities and conditional probabilities) for the risks involved in the networks, proactive
decision making based on the risk assessment outcomes and updating the probabilities of the
risks with project progress for monitoriagd control of the riskaVhile the proposed model
is incapable of providing a crisp cost overrun percentage=value.and required contingency
amount, the main benefit of the model is in providing support’and guidance to the decision
maker. We used a compdel project to demonstrate thevapplicability of the model. Its use
with live projects would provide more valuable.insights into its ease of use and the level of
flexibility needed for model construction and updating.
Some additional points in relation ttiet modelling softwareNetica are worthy of
mention. In our case, one condition was tih@Noisy-Or node must b8oolean(i.e. true or
false) Thus, instead offuzzy triangular probabilities the defuzzified probabilities for
independent risks and causal relationships between the risks were given as inputs. Otherwise,
three separate dnputreneedcd for W KH pleaRtZOH W H@ st likely and ppper least
likely fvalues forthe prior and conditional prteabilities and the modelneeds taun in three
different statesn order to identify thduzzy outcomes of the project cost overrun riskise
proposedFCM is also of limited use in decision making if the experts haseafficient
knowledge to evaluatehe risks. The fuzzyDelphi techniquemay be more suited to
consolidaing the differewes in expert opinions particularly when they havelimited
knowledge and experience amhly a vague understandingf the project(Nasirzadeh,

Khanzadi, & Rezaie, 2014)
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Appendix A.

The feedback summary of the of focus group discussion: addition or deletion of the nodes or links between the nod&sflami s PLQRORJ\ FKDQJHV

Phase Node Terminology Shifted tc Link Description
Node name Added Removecchanged other  Added Removec
phase
Initiation and Inadequateost X Inadequate X According to the@xperts, this factor is responsible for ineffic
planning estimation costbenefit Development Project Profile (DPP) and the changed termin
analysis is morebefitting with DPP
Not applynglessons X X This factor is added by the experts as it is responsibledoor
learned from previou feasibility study and infeasible DPP for the future project
projects
Land acquisition delé X Shiftedfrom theplanning phaseo theconstruction phase
Public resistance X X X Added from the literature and shifted frahe planning phas¢o
theconstruction phase
Lack of risk analysis X X This factor is added by the experts as it is responsiblenfor
inadequateostbenefit analysis
Unclear project X X This factor is added by the experts as it significantly influen:
charter the RZQHUYYV PDQDJHULDO SHUIRUPD(
Inadequate X X Although this factor wasneof top-ranked factors found in ou
communication with previous studythe experts added it to the risletworks as they
the stakeholders thought this factors neeckd for abetter understanding of the
cost overrun inW Kirtitiation and planning phase
Ministry of Finance, X X After consuling the experts and their provided project
Law, Commerce and documents, these factors are added and litkkegplainthe
NBR, Planning 3*RMUQ P HEQXW M X F U DiRitiationnw/ K H 3
commission, and commissioning phase
PowerDevelopment
Board
'RQRUVT LQV Not significant and rarely happgn
in contractor selectio
Design error X $FFRUGLQJ WR W Kgfthis$ f&ctornas\sHiftBdSrorg
theinitiation and planning phast theexecution phase
Lack of project Level of X 7KH WHUPLQRORJ\ RI \MatequatoBrbeRetit
information information analysis
available

61



Phase Node Terminology Shifted tc Link Description

Engineering Low quality X X As many other factorstich agontractor§ knowledge and

and contractorselection experience, managerial weakness, poor finance manageme
procurement fund shortage etc. represent the quality of the contractor in

Construction
and

&RQWUDFWR
knowledge and
experience

2 Z Q Hshdrtage of
fundsanddelays in
makingpaymens

Equipment
unavailable irthe
local market

Transportation
difficulties

Delay inlocal credit
(LC) opening

Inadequate
communication
betweerthe key
stakeholders
2ZQHUYV LQ
in procurement

Transportation
difficulties,

commissioninChanges in geologic

2ZQHUTYV
in advance
paymens

Resources
unavailable in
thelocal
market
Transportation
(maritime and
inland)
difficulties

2ZQHUTV
interference
(i.e. corruption
in procuremen
Insufficient
port facilites
Inadequatesoil
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more comprehensive way, thus experts requested this Esctc
removed

7KLVIDFWRU ZDV OLQNHG ZLWK WK
weakness and poor finance managensnboth are highly
influenced. byfhe FRQWUDFWRUTV NQRZOHGC
working andthe successful completion of previous similar
projects.

At theinitial stage of procuremernthe RZQHU TV DGYI
paymenis amore appropriate term, as it can delay the start
theprocurement process. The previous term d#fie
construction phase becauberest of the procurement cost ar
progress paymesare claimed itheconstruction phase.

The «perts said that not only equipment higoconstruction
materials, some special consumables, and skilled labor are
unavailable irthelocal market. Thuspesourcs unavailablefis
the appropriate terro use

Adding maritime and inlandnakesit easierto understand
transportation difficultiesas it specifies the sources of the
problem.

This factor was addedfter theproject document study and
consultation with the experts as it is adseery importantcause
of delayin the procurement process, which has direct impac
cost overruns.

This factor was addeobecause oW KH H[SHU W V&s iV
hasa significant impacon procurementlelays as well as in the
construction phase

The «perts suggested aidd WKH WHUP 3BRitUslaX ¢
very common problemwith capitatbased projestin developing
countries.

As it is more specific tshippingequipment to the project site

The expertprovidedthismore specific term to understand



Phase

Node

Terminology Shifted tc

Link

Description

site conditiors
2ZQHUYV LQI
project manager

Complexity in heavy
equipment erection

Unavailability of
special consumables

Inadequatsite
selection
Gowernment
bureaucracy
2ZQHUYV SR
finandal managemer
Infeasible DPP

x

investigation
2ZQHUTV
site
management

XX X X

sources of cost overruns
Thisis amore specific influencen suchother factorsas
conflicts between the parties and dedéry approvas

The factor is addednitially it was named S\ WHFKQROR.
FKDOOHQJHV™ E\ WZR H[&ttbentwasU RF
QDPHG 3ODFN RI KHDY\ HTXLSPHQW
FKDQJHG"WR 3FRPSOH[LW\ LQ KHDY)
factor wadinked directly with constructin delag.

Thisis an important risladded by the experfsr construction
delays. The special consumables are special grease, oil, air
filters, andwelding electrodg which arehemost unavailable i
thelocal market andausesignificant delagin theconstruction
phase.

This factor was initiated itheplanning phase and continued
iNWR FRQVWUXFWLRQ SKDVH WR LQI
This factor was also initiated the planning phase and contirg
tothe FRQVWUXFWLRQ SKDVH WR LQIO
This factor was added to clearly understand ey R Z Q H L
funds”issuearises in the construction phase

This factor was initiated itheinitiation phase and continse
into construction phaselaimedto cause theR Z Q Htubftage ¢
funds. It also hagninfluence othe RZQHU YV DGGL'
requirements to produce change osderthis phase
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