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Abstract

Managing risk events and uncertainties plays a key role in the successful delivery of construction
projects. To cover the implementation cost of risk response actions as well as the effects of risks
on project goals, contingency reserve must be calculated and considered in the project budget.
Previous research on determining contingency reserve focused on the first steps in the risk
management process, which are risk identification and assessment. However, incorporating risk
response planning into risk identification and assessment can improve the accuracy of determining
contingency reserve. The application of complex quantitative models such as optimization
methods to select and rank risk response actions for large-scale construction projects can be a
complex and costly process because of the effort and amount of data required. Moreover, these
models account for only a limited number of criteria, which can lead to the selection of risk
responses that are cost effective but unfeasible in terms of technology, environment, and

achievability.

Previous research has also limitations on determining contingency reserve not only in the
absence of sufficient quantitative historical data in construction projects but also in considering
positive risks (opportunities). Fuzzy logic and fuzzy arithmetic can be employed to capture the
subjective uncertainty and take linguistic evaluations into consideration when numerical project
data fall short of the amount or quality requirements for successful modelling. However, previous
research (i.e., both expert-driven and data-driven methods) has difficulty to determine the fuzzy
membership function of linguistic terms used to assess the probability and impact of risk events.
Previous research on risk assessment and contingency determination methods assume that the

probability and impact of risk events and risk response actions are independent and static.
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However, in practice, these values change over the course of project and depend on the occurrence

and impact of other risk events.

To address the limitations of previous research on determining contingency reserve in
construction projects, a hybrid fuzzy arithmetic-based contingency reserve method (HFACRM)
was proposed which is the combination of four fuzzy models: (1) a fuzzy model consisting of
fuzzy rule-based system (FRBS) along with fuzzy ranking methods to evaluate the effectiveness
of risk response actions and rank them, (2) a hybrid fuzzy model to determine the MBFs of
linguistic terms used to describe the probability and impact of risk events, the causality degree
among project components, and the effectiveness of risk response actions, (3) an adaptive hybrid
fuzzy model to determine the degree of causality and formulate soft causal relationships between
risk events together and with risk response actions, (4) a hybrid fuzzy model to formulate hard

relationships, stocks and flows of quantitative fuzzy system dynamics model.

The main contribution of this thesis is to propose a novel hybrid fuzzy method to determine
the value of contingency reserve at different stages of construction projects in work package and
project level. It identifies the most critical criteria to evaluate the effectiveness of risk response
actions; it improves the accuracy and effectiveness of determining contingency reserve by
modeling time dependent elements and cause-and-effect relationships between them; it addresses
the problem of high reliance on quantitative data by using fuzzy arithmetic and capturing
subjective uncertainty associated with linguistic evaluations; and it improves the process of
determining memberships functions by considering the level of risk expertise of multiple experts

and aggregating multiple experts’ assessments.

il



Preface

This thesis is an original work by Seyed Hamed Fateminia. The research project, on which this
dissertation is based on, received research ethics approval from the University of Alberta Research
Ethics Board, Project Name “Risk Assessment of Power Projects’ Budgets Using Fuzzy Logic”,
Study ID: Pro00044029, approved on October 16, 2018. This research was funded by the Natural
Sciences and Engineering Research Council of Canada Industrial Research Chair in Strategic
Construction Modeling and Delivery (NSERC IRCPJ 428226—15), which is held by Dr. Aminah

Robinson Fayek.

Chapter 3 of this thesis has been published in Algorithms: Fateminia, S. H., Sumati, V., & Fayek,
A. R. (2020). “An Interval Type-2 Fuzzy Risk Analysis Model (IT2FRAM) for Determining

Construction Project Contingency Reserve.” Algorithms, 13(7), 163.

Chapter 4 of this thesis has been published in CivilEng: Fateminia, S. H., Nguyen, P. H. D., &
Fayek, A. R. (2021). “An Adaptive Hybrid Model for Determining Subjective Causal
Relationships in Fuzzy System Dynamics Models for Analyzing Construction Risks”. CivilEng,

2(3), 747-764.

Chapter 5 of this thesis has been submitted for publication in Automation in Construction:
Fateminia, S. H., Fayek, A. R. (2022). “Determining Contingency Reserve throughout the
Lifecycle of Construction Projects Using a Hybrid Fuzzy Arithmetic-Based Model (HFACRM)”

Automat. Constr., 36 manuscript pages, submitted October 2022.

I was responsible for the data collection and analysis, as well as the composition of the
manuscripts. Dr. Aminah Robinson Fayek was the supervisory author and was involved with

concept formation and composition of the manuscripts.

v



Dedication

I dedicate this research to my wife Sama Sadat Parian, to my mother, Zahra Daneshvar, to my

father, Seyed Hossein Fateminia, and to the baby who we are expecting.



Acknowledgements

I would like to express my gratitude to my supervisor, Dr. Aminah Robinson Fayek, for her
intellectual support, valuable guidance, and the energy and time she dedicated to guide me along
the course of this research. I have benefited from her great knowledge and expertise during my
research, and her meticulous and instructive comments have always been informative and helpful.
I also want to extend my thanks to my supervisory committee members: Dr. Simaan AbouRizk

and Dr. Petr Musilek for their contribution and invaluable input during the course of my research.

I would like to take this opportunity to thank all individuals, colleagues and friends who assisted
me during this research. I particularly recognize Dr. Mohammad Raoufi, Dr. Phuong Hoang Dat
Nguyen, Dr. Vuppuluri Sumati, Dr. Nebiyu Siraj Kedir, Yisshak Tadesse Gebretekle, Matin
Kazerooni, Sahand Somi, and Sara Ebrahimi for all their help during my studies. I would like to
thank my colleagues Renata Brunner Jass for her great works on editing my research papers, and

Eric Ren, for his collaboration with developing Fuzzy Risk Analyzer (FRA) software.

I'would also acknowledge our partner company in general, and specifically Steven Owen, Vladimir
Tamondong, Faisal Siddiqi, Matthew Crane, and Kris Meszaros for their cooperation and time and

the valuable information they provided in the data collection process.

Finally, I would like to express my greatest gratitude to my wife Sama Sadat, my parents Zahra
and Seyed Hossein, my siblings Fatemeh Sadat and Seyed Ahmad, and my nephews and nieces
Amirhossein, Saba, Reyhaneh Sadat, and Seyed Ahmadali for all of their unconditional love,

inspirations, encouragements, and supports.

Vi



Table of Contents

ABSTRACT ...ttt sttt ettt sttt e bt e b e b et e s e st e st e st en e es e e st e be et et et e st eneeneeneens I
PREFACE. ... o oottt h e st e bt e b et e s e st e st e st eb e et e e b et eneent e st eneeneeseenennenee v
DEDICATION. ... ittt ettt ettt ettt e et te et e s se s b et e s e st eseesee st eseeseesessensessesseseeseeseeseesessensensenseneeseeseess A%
ACKNOWLEDGEMENTS ..ottt te st ssesaessessesaesaeseeseesessessessensensensesseseesessensenes VI
TABLE OF CONTENTS.....oittiititiieieiettett ettt sttt ettt esestesse st essesaesaeseeseesaesessensessensenaesseseaseesessensan VII
LIST OF TABLES ...ttt ettt ettt se ettt e se s e s et e e sseseeseeseese s esenseneesseseeseesessensan XII
LIST OF FIGURES ......ooiiiiitiitiitistestetete ettt ettt ettt ebestesae s e s e s essesaeseeseeseesessassensenseseeseesens XIII
LIST OF ABBREVIATIONS AND NOTATIONS ....cooiiiieiieieieeiesieietetee ettt ese s enas XV
CHAPTER 1: INTRODUCTION .....ccoioiiieieiieiieiietietestesiee et eseesesteetessessessesseseseessssessessessessessessessessesessessenes 1
L1, BACKGROUND.......ceiititetenteniesteteeseeseesessessessessesseseesseseesessessessessessessessessasessessessassensessesseseasensessenss 1
1.2. PROBLEM STATEMENT AND CURRENT RESEARCH GAPS ....ccooiieiiiiieiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 4
1.3, RESEARCH OBJECTIVES ...cciicutttieiitiieeeeiiteeeeiteeeeesareseesssesessssesessssssesssssssesasssesesssssesesssssesssssses 10
1.4,  EXPECTED CONTRIBUTIONS .....cciititieiittrieeeirreeeeiureeeessreeeesssesesssssesesssssesesssssesesssssesessssssssssssees 12
1.4.1. Expected academic CONTIIDULIONS.......cccuiivieriierieeriiesiieeieereeteeteereesseesnesereesseesseessaesseessnenes 12
1.4.2.  Expected industrial CONtIIDULIONS.........c.cccviiriiiriieriierieete e ere et esreesteesresreereebeesseeseeessnaes 13

1.5, RESEARCH METHODOLOGY ....eeeeiiutiieeiiitreeeeitreeeesiuseeeeasseseaessesesssssssesssssesssssssesessssesesssssssesssssses 14
L.5.1. THE fIFSt STAZE ...eevvieivieeiieiietieieetes e ste et eereebe e bt e et estbesebessbeesbeesseessesssessseesseessaessaesssessnenns 15
1.5.2. The SECONMA STAZE ...ecvvererieeiieerietieiiesieesiteereereeteesteesteestbessressbeesseesseesssesssesssesssesssaesseesssessnenns 15
1.5.3. The third SEAZE....c.eecveeiieiieiieiieiierte st e ere e e ste et estaesebessbeesbe e beessaesssessseesseessaessaesssessnenns 16
1.5.4.  The fOUrth StAZE.....cccveiiiieciieiieiieieree sttt ettt ser e s beesbe e e e staesebessseesseessaessaessnessnenes 17

1.6, THESIS ORGANIZATION ...uuieieiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeeeeeseeeseessssesesssssesssesssesesssesesessesseeeees 18
1.7, REFERENCES ....uuiiiieiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseaesesesesesesesesesssesesssesessssseseessesseesseesesesesssssseeeseees 20

CHAPTER 2: EVALUATING RISK RESPONSE STRATEGIES ON CONSTRUCTION PROJECTS

USING A FUZZY RULE-BASED SYSTEM ..ottt ee et e e e e e eseaaaneeee e s e 22
J22 DR 0 4200 0] 6104 5 () ORI 22
2.2. OVERVIEW OF RISK RESPONSE EVALUATION AND SELECTION APPROACHES.........cccovvvvvrvereennn. 24
2.3.  DEVELOPING THE RISK RESPONSE EVALUATION AND SELECTION APPROACH ........ccccovvvvvveeenn. 26

2.3.1. Evaluating risk responses: Identifying inputs and oUtputs ...........cceceeverrecirerieenieeneenieeieeneenn 26

vii



2.3.2. Evaluating risk responses using an FRBS............ccccooviiiiiiiinieeceeeeeee e 28

2.3.3. Selecting effective risk responses using the fuzzy ranking method............ccccccvevvvrirrrrnnen. 31
2.4,  HYPOTHETICAL EXAMPLE ......ootiiiiiiiieiiiiie e eeieee e eettee e ettt e e etee e e sivaeeeeaaaeaesareeeeeasaeaeennseeesnnseens 34
2.5, CHAPTER SUMMARY .....uutiiiiiitieeeeitieeeeetteeesstteeeeeetteeeastreeasasssaeeeasssseesasssesasassssessessssseesssseeesssses 36
2.6, REFERENCES .....ciiiitiiiiiiiieeeeeiiee e ettt e e ettee e etaeeeeataeeeeearaeaeasssaeeeasssaeesanssaeeeassseeeassaeeeanssaeesansseens 37

CHAPTER 3: AN INTERVAL TYPE-2 FUZZY RISK ANALYSIS MODEL FOR DETERMINING

CONSTRUCTION PROJECT CONTINGENCY RESERVE .....ccccciiiniiiiiiiiiiineneeceeeeeese e 47
3.1, INTRODUCTION ..cutiitiiitetinieeteniteitentesttetesteeseestesteetesbeeases bt ebeenbesbeessenbesueentesbeembenbeeuaenbesbeensenseennen 47
3.2.  PRELIMINARIES REQUIRED IN IT2FRAM .....ouuiiiiiiiiiieeieeee ettt e e 53

3.2.1. Fuzzy arithmetic operations in IT2FRAM .......cccccciiiiiiiiiiieieeeeeete et 54
3.2.2.  Associated concepts of Type-2 fUZZY SEt.......cecierirrieiieiieeieeeeeeee et 56
3.2.3. Interval Type-2 fuzzy set modeling using uncertainty degree ............ccoceeveeeriieeneeneeneennenns 58
3.2.4. Principle of justifiable granularity.........cc.cccooeeiiiiieiiiiieeee e 60
3.3.  INTERVAL TYPE-2 FUZZY RISK ANALYSIS MODEL (IT2FRAM) .....cccoviiiiiieiiiecieeeiee e 62
3.4.  IMPLEMENTATION OF IT2FRAM IN FRA® AND DISCUSSION.......c.ceuriimrrrrereinienineeneensesesseneenens 68
3.5, CHAPTER SUMMARY .....ovtiiiiiiiieeiiiieeeeitteeeeitteeeestsseeesassesasasseseaassesesassesesasssssssssssssesnsssssssnsses 78
3.6, REFERENCES .....cciottttiiiitttieeeitteeeeeeteeeeeettaeeeesasaesesatsseeeeastsesaaassseseaanssaeesassseseeasssesesasseseeassasesanssenas 79

CHAPTER 4: AN ADAPTIVE HYBRID MODEL FOR DETERMINING SUBJECTIVE CAUSAL
RELATIONSHIPS IN FUZZY SYSTEM DYNAMICS MODELS FOR ANALYZING

CONSTRUCTION RISKS ...ttt ettt eeveebe e teestaessvessbeesseesssessaesssesssessseassaesseesssessennes 85
4.1, INTRODUCTION ....cccviiriiesiieittesreereesseesseesssessseasseasseesssesssessssassesssesssessssssssesssessseassessssssssssssesssesssens 85
4.2.  JUSTIFICATION OF APPLIED TECHNIQUES IN THE PROPOSED MODEL ........ccccvvieeivireeeirreeeeneneee. 90

4.2.1. REVIEWING AND COMPARING FUZZY SYSTEM DYNAMICS AND FUZZY COGNITIVE MAPS

CAPABILITIES TO MODEL CONSTRUCTION RISK MANAGEMENT SYSTEMS ...ccoviiiiiiiiiiiiiiiiiiiicicci e, 90
4.2.2. FUzzy SYSTEM DYNAMICS FOR CONSTRUCTION RISK MANAGEMENT ......ccccciiieririeeeerieeeenneen. 92
4.2.3. ROLE OF EXPERTS’ LEVEL OF RISK EXPERTISE IN FSD RISK MODELING ......cccceeeervieeeeirieeennnneen. 94
4.2.4. WEIGHTED PRINCIPLE OF JUSTIFIABLE GRANULARITY ....ceeeiitiieeeiiieeeesiieeeenreeeeesreeeesnnveeeesnnneens 96
4.2.5. FUZZY AGGREGATION OPERATORS .......uttiititeiutiertteenttesteeentteeeteessuteessseesssteesnseesnseeessseesaseessseens 98

4.3. METHODOLOGY: DEVELOPING ADAPTIVE HYBRID MODEL FORM CLDS IN FSD MODELING ... 99
4.3.1. STEP 1—DETERMINING THE IMPORTANCE WEIGHT OF EACH EXPERT USING FAHP................. 101

4.3.2. STEP 2—FORMING MBFS OF SOFT CAUSAL RELATIONSHIPS USING WPJG .......cccceevvirninnnne. 102

viii



4.3.3. STEP 3—AGGREGATING THE HETEROGENEOUS EXPERT’S OPINIONS USING AGGREGATION

OPERATORS ....cvtutetiatetitestetesteseseesestesesseseesestesesteseseesaneeseneesessesensesesesesseseeseneeseneeseneesensesensesensenenseneasanens 104
4.4.  CASE STUDY: THE PROPOSED ADAPTIVE HYBRID MODEL.........ccoiiiiiiieeiieenieeeiieeneeeeevee e 105
4.4.1. STEP 1: DETERMINING RISK EXPERTISE ......ccccctteeteeerureesieeeereeseeesnseeennseesseeesnseessseeessseessseessnnes 107
4.4.2. STEP 2: CONSTRUCTING MBFS OF SOFT CAUSAL RELATIONSHIPS ........ceeveuirerreeeireenereeneeeennes 109
4.4.3. STEP 3: AGGREGATING ASSESSMENTS......eeittiitieiuieeiteeteeteenttesstesitesteeteesseesseesseesnsesnsesnseeseenees 110
4.5. RESULTS AND DISCUSSTON ......ciiuttiiieiteenttentiesiteete et et et esteesttesitesateenteebeesbeesaeesasesabeenbeenseennes 111
4.6.  CHAPTER SUMMARY ....oittitieitteniteete et esteesttesttesuteemteenseeseenbeasstesatesaseenseanbeeaseesseesnsesaseenseenseanses 112
4.7, REFERENCES ....cuttiuttetteteenttestteette et eteesteaeteestteeuteeate e bt eabte bt eabeesateeateemteenbeeabeesseesnseeabeenseenseanses 114

CHAPTER 5: DETERMINING CONTINGENCY RESERVE FOR CONSTRUCTION PROJECTS
CONSIDERING TIME-DEPENDENCE, CAUSAL RELATIONSHIPS, AND LINGUISTIC
ASSESSMENTS OF RISKS AND RESPONSES ...ttt 118

5.1, INTRODUCTION ....uttiiiiiiieeeeiiteeeesiteeeestteeeesasteeeessseeeeaassseeeessseesesssseesssssseesssssseesesssseesssssseesssssees 118

5.2.  DETERMINATION OF CONTINGENCY RESERVES IN RISK MANAGEMENT FOR CONSTRUCTION

PROJECTS ..eitittteee ettt e ettt et e e e e ettt e e e e e e e e s satabaaeeeeaeasssssssaaaaeseaassssssaaeaeeseassssssaseasesesssssssrereees 122
5.2.1. Defining CONtINZENCY TESCIVES ....vievierrierreereerreereasseesseesseesseessesssessseesseessessssssssssssesssesssees 122
5.2.2. Drawbacks of traditional methods to determine contingency reserve.........covverververveennenn 123
5.2.3. FSD simulation advantages for construction risk management..............coeceeveervervenveennen 125

5.3.  DEVELOPING HYBRID FUZZY ARITHMETIC-BASED CONTINGENCY RESERVE MODEL (HFACRM)

129
5.3.1.  Step 1, PreproCessing IMPULS........c.eevvierrierierieerreereesieesseeseessessesssesseessessseessessssessesssesssens 130
5.3.2.  Step 2, Qualitative FSD model of HFACRM..........cocooviiviiiiiiciecececeeeeee e 133
5.3.3.  Step 3, Quantitative FSD model of HFACRM.........c.ccooeviiiiiniiciicreceeeeee e 134
5.3.4. Step 4, Dynamic SIMULAION ....cc.cevuiriiiiiniiiiiiirieteseet ettt 142
5.4. CASE STUDY: IMPLEMENTING HFACRM WITH AN ACTUAL WIND FARM PROJECT ................ 143
5.4.1.  PreproCeSSING IMPULS......ccueeieeieeieeitertterttestesteeteeteesteesteesseesseesnsesnseenseeseenseesseesssesnsesnsens 143
5.4.2. Qualitative FSD model of HFACRM..........ccciiiiiiiiiiiieieceee ettt 148
5.4.3. Quantitative FSD model of HFACRM..........c.oooviiiiiiieccee et 150
5.4.4. Dynamic SIMUIATION .....eeeuiirieiiieiieieeiteieeseeeteete et ebeesteesteeseessbesnbeesseesseesseesseesssesnsesnsens 154
5.5.  RESULTS AND DISCUSSION ....ceciiiiuieeeeiirireeesrteeeesiteeeassseeeessssesessseeessssssesessssssssssssssesssssssssssssees 155
5.6, CHAPTER SUMMARY ....cutiiiiiiiieeiitieeeeitteeeestteaeseestesesssseeeeasssaesesssssessssssssessssssessssssssssssssesessssees 161
5.7, REFERENCES ......ceittttttitettettetesttete et ett et et et e s et eate et sht e beebeeste bt eat e tesbeeabenbesstenbeebeentenbeententesbeens 164

1X



CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS .....ccccooiiiiiiiiiininieeneceneceee e 168

6.1, INTRODUCTION ....coiiiiiiiiieeeeitieeeeetteeeeetteeeeserteaeesatteeeaasaeeeesssaeaeasasaeeeasssaeaeasssssesasssseesasssseesansseeas 168
6.2.  RESEARCH SUMMARY ...ooiiiiitiiieiiiieieeitieeeeitteeeestteeeeseseeeeesssaeeesssaeeessssseessssssssssssseessssssesessssses 168
6.3.  RESEARCH CONTRIBUTIONS .....cccuttiiiiitieeeeirieeeeetteeeesteeeeesesaeeeessaeeessssseasssnsssesssssesesssssseeessnsees 174
6.3.1.  AcademiC CONLIIDULIONS. ........cccvirevieriieriiertiertesteete et eteesteesteesteesssessseesseesseesseesseesssessseesses 174
6.3.2.  Industrial CONLIIDULIONS .....c.eeiiiiiiiiieiietie ettt ettt ettt et ettt e s bt e saeesaeeeneeas 176

6.4. RESEARCH LIMITATIONS AND SUGGESTIONS FOR FUTURE RESEARCH .....cccccoceeeeruenerrenienneens 178
6.4.1. Computational Methods for Implementing Fuzzy Arithmetic Operations..........c...cccec..... 178
6.4.2. Further Expansion of the Developed Model ..........c.ccccvieeiiiiiiiiiiieeiecee e 179
6.4.3. Incorporating risk Response Planning...........ccocceevuieiiiiiininnienie et 181
6.4.4. Development of MBFs for Linguistic Terms .........cccceevierienieniieeiieieeeeieeeenee e 182

6.5, REFERENCES ......ceitiitietetiettetesteetes st eetesteestessesseessassesssensesssassenseassessesssensassenssensesssansesseansensesseens 183
BIBLIOGRAPHY ...ttt ettt ettt ettt et s et este s st e seeseesse s e essansesssensasseessansenssensesssensensensnans 193
APPENDICES. ... .. oottt ettt et e e st e e e te e st e s e eseesseseessassesssensasseessensesssensesseensensensnans 205
APPENDIX A. DATA COLLECTION PROTOCOL .....cc.coiiiieieieieeeeie ettt 205
APPENDIX Bl ... ettt ettt ettt e a et e bt et et en e et e e bt et e e bt en e e bt ene et e eneentenaeeneen 224
FORM 1: PROJECT AND WORK PACKAGE CHARACTERISTICS ......ccooveiieieriecieere e 224

APPENDIX B. FORM 2: EXPERTISE LEVEL OF THE EXPERTS IN RISK MANAGEMENT
(COMPLETED BY RESEARCH PARTICIPANTS) ..eeiiiiiiiiieeieeeeeeiteste ettt 230

APPENDIX C. FORM 3: EXPERTISE LEVEL OF THE EXPERTS IN RISK MANAGEMENT
(COMPLETED BY SUPERVISOR) ....couteiiiiiiiiiiiciiteeettee ettt sre e s 236

APPENDIX D. FORM 4: MEMBERSHIP FUNCTIONS OF LINGUISTIC TERMS........ccccceevinienne 244

APPENDIX E. FORMS 5 AND 7: IDENTIFICATION AND ASSESSMENT OF BOTH POSITIVE
AND NEGATIVE RISK EVENTS BEFORE AND AFTER IMPLEMENTING RISK RESPONSES ..245

APPENDIX F. FORM 6: IDENTIFYING RISK RESPONSE ACTIONS AND ASSESSING THEIR
EFFECTIVENESS ...ttt e s s s sae s 277

APPENDIX G. FORM §: DETERMINING CAUSAL RELATIONSHIPS AND THEIR DEGREE OF
CAUSALITY AMONG PROJECT COMPONENTS ......ccooiiiiiiiiiiice e 278



APPENDIX H. FORM 9: WORK PACKAGE CONTINGENCY RESERVE STATUS AND COST

PERFORMANCE ASSESSMENT

X1



List of Tables

Table 1.1 Current state of research, gaps and proposed methodological approach........................ 9
Table 2.1 Fuzzy rules used in the FRBS ..o 31
Table 2.2 The input values of each risk response and its related risk event. ...........ccceeveveeennenns 34
Table 2.3 The effectiveness values of each risk response and its related risk event .................... 35
Table 3.1 Cost Of WOTK PACKAZES. ....cviiiiieiiieiieiiecieeee ettt saeeeebeens 69

Table 3.2 The membership values of the very low risk probability suggested by seven SMEs... 70

Table 3.3 Comparison of the contingency reserve determination methods (modified from

Fateminia et al., 2020). ...cccueeiiiiiiiiiieiie ettt ettt et e et ebe e staeebeensaeensaens 78
Table 4.1 Numerical and linguistics attributes to determine the risk expertise levels (importance

WEIZhLS) OF the EXPEILS. ..eoeiiiiiiiieeii ettt et 108
Table 4.2 Linguistic terms and fuzzy numbers for assessing the degree of causality. ............... 110

Table 5.1 Comparison of contingency reserve determination methods (adopted from Bakhshi &

Touran, 2014; Fateminia 2020).........cccueeiiiiieiiieeiiie et eee ettt e e ae e e eaaeeeeanee e 129
Table 5.2 Sets and variables required in the FSD model of HFACRM, where i = {1,... ,n},
J=A1L...om}, k={1,... 0}, and 7= {1,... £} oo 137
Table 5.3 Cost breakdown StIUCTUTE. .......coouiiiiiiiiiiiiieece e 143
Table 5.4 Construction REs identified for the case study.........ccccveevivierciiiniieeniieeee e, 145
Table 5.5 Effectiveness of suggested RRAs for construction REs. Under Defuzzified value, A =
Affordability of RRAs, B = controllability of REs, and C = achievability of RRAs. ........ 148
Table 5.6 Contingency reserve values for each category of risk events. .........cccocveveiieenieennnen. 157
Table 5.7 SMAPE: Comparison of actual net contingency with the result of HFACRM, MCS
P50, MCS P95, and FRA. ........cooiiiiiiiiieineieeiesieie ettt 159
Table 6.1 Linking research activities, outcomes, and contributions.............coeceeveeeevieeneeeneeennen. 173

Xii



List of Figures

Figure 1.1 Research methodology. ........ccueeiiiiiiiiiieiieeiieeceee et 14
Figure 2.1. Membership functions of affordability...........cccceceuieeiiiieiiiieieee e 29
Figure 2.2 Membership functions of achievability. ..........ccccocoiieiiiieiiiiciececee e 29
Figure 2.3 Membership functions of controllability. ...........ccccceeviiiiiieniieiiieieciieie e, 30
Figure 2.4 Membership functions of effectiveness. ..........cccvevvieriieiiieiiieiiieieceeee e 30
Figure 2.5 Three-dimensional representation of the proposed FRBS...........ccccoooiiiiiiiiiieiciee 31
Figure 2.6 COA, SOM, and LOM defuzzification methods. ..........cccccveeeviieeiiiiiniie e 33
Figure 3.1 Defuzzification: smallest of maximum (SOM), middle of maximum (MOM), largest
of maximum (LOM), and COA .........ooooiiiiieiieeieeeee ettt e eee 56
Figure 3.2 Some commonly used footprints of uncertainty (FOUs) for type-2 fuzzy sets with
primary membership functions: (a) trapezoidal, (b) Gaussian, and (c) triangular................ 58
Figure 3.3 Steps of IT2FRAM (modified from Fateminia et al., 2020). ......cccoceveerienienieniennnene. 63
Figure 3.4 Three-level work breakdown structure (WBS) comprising work packages, activities,
and tasks 1N FRAO. ..ottt et 64
Figure 3.5 Two-level event breakdown structure (EBS) in FRA©. .........ccooooiiiiiiiiiiiiiiieee, 64
Figure 3.6 Membership functions of the linguistic terms for risk probability...........cccceeeveeennnne 65

Figure 3.7 Suggested membership functions of the linguistic term very low for risk probability
by seven subject matter eXperts (SMES). .....cccuoiiiiiiiiniiiiiicceeeee e 66
Figure 3.8 Membership function of interval type-2 fuzzy set of very low before optimization... 70
Figure 3.9 Optimizing the lower and upper bounds of interval type-2 fuzzy sets.......c...cceeeneene 71
Figure 3.10 Optimized interval type-2 fuzzy set membership function of very low after
OPEIMIZALION. ...utiiiiiiitieite ettt ettt ettt b ettt s bt bt et e e bt e be et saeenbe et e ebbesbeeneesanenee 72

Figure 3.11 Converting the optimized interval type-2 fuzzy set membership function of very low

t0 @ LYPE-1 TUZZY SEL. oeeeneieeeiiieee e et et e et e et e et eenr e eneee 73
Figure 3.12 Optimized membership functions of the linguistic terms for risk probability. ......... 74
Figure 3.13 Assigning and assessing the 1ocal eVents. .........ccccoveeveiiiinienieienienceeeseeeee 75
Figure 3.14 Assigning and assessing the 1ocal eVents. .........ccccevvevirviinieneenenienceeeeseee e 76
Figure 3.15 Local, global, and total contingency values. .........ccccoooeeiiiiiiiniinniienienceeceeee, 76

Xiii



Figure 4.1. Components of system dynamics (SD): (A) Causal loop diagrams (CLDs) and (B)
stock and flow diagrams (adapted from Sterman, 2010). ........cccveeeiiieeiiiieeie e 93

Figure 4.2. Inputs and outputs of all steps in adaptive hybrid model to determine soft causal

relationships in fuzzy system dynamics (FSD) modeling...........ccoeveviienienciieniienieeeeee, 100
Figure 4.3. Graphical representation of FSD model in qualitative step in AnyLogic® software.

............................................................................................................................................. 107
Figure 5.1 Contingency reserve and management reserve (adapted from (Ahmadi-Javid et al.,

20203 PMI, 2017)) cutetteteeieeieee ettt sttt ettt et sttt sttt et st 123
Figure 5.2 Steps Of HFACRM .......ooiiiiii ettt 131
Figure 5.3 Inputs, procedures, and outputs of qualitative FSD model of HFACRM ................. 134
Figure 5.4 Inputs, procedures, and outputs of first step in quantitative FSD model .................. 135
Figure 5.5 Inputs, procedures, and outputs of second step in quantitative FSD model.............. 138
Figure 5.6 Inputs, procedures, and outputs of third step in quantitative FSD model ................. 139
Figure 5.7 Inputs, procedures, and outputs of fourth step in quantitative FSD model................ 141

Figure 5.8 Optimized membership functions for linguistic terms used to evaluate risk events

(REs) and risk response actions (RRAS).......cccveeiiiiieiiieieeieeiie et 147
Figure 5.9 Management risk category CLDs for the Civil works work package, created in

ANYLOZICR. ..ttt ettt ettt ettt ettt 150
Figure 5.10 Flows and stocks for the Management risk category for work packages 1 and 2 in

ANYLOZIC®. ..ottt et e et e e et e e e tteesabeeessbeeesssee e sbeesnseeesaeeenneeenaeeans 152
Figure 5.11 Influence relation map of risk events for the Management risk category ............... 153

Figure 5.12 Flows and stocks for the Management risk category for the Civil works work
package, created using ANYLOZIC®). .......coiviiiiiiiieiiieeieeeeee et e 154
Figure 5.13 Total net contingency based on the a-cut method...........cccocovveviiiiniieiniiiiee, 156

Xiv



List of Abbreviations and Notations

Abbreviations

AACE Association for the Advancement of Cost Engineering International
AC Automation in Construction

AHP Analytical hierarchical process

ANP Analytic network process

ASCE American Society of Civil Engineers
BBN Bayesian belief network

CIl Construction Industry Institute
CLDs Causal loop diagrams

COA Center of area

DEMATEL Decision making trial and evaluation laboratory
DTA Decision tree analysis

FAHP Fuzzy analytical hierarchical process
FCM fuzzy cognitive maps

FMEA Failure mode and effect analysis
FRA® Fuzzy Risk Analyzer®

FRBS Fuzzy rule-based systems

FSD Fuzzy system dynamics

FTA Fault tree analysis

H High

IRM Influence relation map

L Low

LOM Largest of maxima

M Medium

MBF Membership function

MCS Monte Carlo simulation

MOM Middle of maxima

XV


http://en.wikipedia.org/wiki/Cost_engineering

MW Megawatt

N/A Not applicable

P-1 probability—impact

PMI Project Management Institute
RBS Risk breakdown structure

SD System dynamics

SMAPE Symmetric mean absolute percentage error
SOM Smallest of maxima

VH Very high

VL Very low

Notations

A The set of all risk response action (RRAs)

CTW P;Threat contingency reserve of jth work package

COWP; Opportunity contingency reserve of jth work package

CWP; Total contingency reserve of jth work package

CRT Total contingency reserve

E The set of all risk events (REs)

IT; Impact of ith threat before implementing risk response action

I Tik Impact of ith threat after implementing Ath risk response action (RRAy,)

10;  Impact of ith opportunity before implementing risk response action

10¥  TImpact of ith opportunity after implementing kth risk response action (RRAy)

PT;  Probability of ith threat before implementing risk response action

PTl-k Probability of ith threat after implementing kth risk response action (RRAy)

PO;  Probability of ith opportunity before implementing risk response action

POF  Probability of ith opportunity after implementing kth risk response action (RRA})
RRAC;, Implementation cost of kth risk response action for ith risk in 7th category of risks

RST,;j Threat risk severity of ith threat in rth category of risk events for jth work package

XVvi



RST,; Threat risk severity of ith category of risk events for jth work package

RS0,;; Opportunity risk severity of ith opportunity in rth category of risks for jth WP
RSO,; Opportunity risk severity of rth category of risk events for jth work package
RSN,; Netrisk severity of rth category of risk events for jth work package

WPC; Cost of jth work package

WPIC;; Impacted cost of jth work package by the ith risk
e Fuzzy subtraction

@D Fuzzy addition

® Fuzzy multiplication

xvil



Chapter 1: Introduction

1.1. Background

The construction industry contributes close to 7 percent of Canada’s overall gross domestic
product (GDP), and almost 10 percent of the Canadian workforce worked in the construction sector
in 2019. Therefore, the successful delivery of construction projects is vital from both economical
and social aspects. The uncertainty of construction projects has increased dramatically due to the
recent COVID-19 pandemic, advancement in construction technologies, changes in supply chain
paradigms, higher complexity of projects, and shortage of knowledge workers. Moreover,
construction projects have high levels of uncertainty due to their dynamic and complex nature,
multiple feedback processes, and non-linear relationships and interdependencies among project
components (Ahmadi-Javid et al. 2020; Fateminia et al. 2021; Siraj & Fayek 2020). Therefore,
managing risks and uncertainties is crucial for construction projects to successfully achieve project
goals in terms of time, cost, and quality. Risk management is recognized as an essential contributor
to project success, since it addresses uncertain events so as to control their impact and probability

of occurrence (Ahmadi-Javid et al. 2020).

The Project Management Institute (PMI) (2017) defines a project risk as an uncertain event or
condition that has a positive effect (opportunity) or negative effect (threat) on one or more project
objectives, such as scope, schedule, cost, or quality. According to PMI, a risk management plan
determines how to structure, fund, and perform risk management activities and should be
developed in the first step of the risk management process. Then, qualitative and quantitative
analysis techniques are employed to evaluate and prioritize identified uncertain events.
Subsequently, in the risk response planning step, identified response strategies and actions are

assessed, selected, and implemented considering project resource constraints. Finally, the overall



effectiveness of a risk management process is evaluated and controlled (Fateminia et al. 2020b,a).
To cover the implementation cost of risk response actions and the effects of risks on project goals,
contingency reserve must be calculated and considered in the project budget. Contingency reserve
is the money or time allocated in the cost or schedule baseline to decrease overruns of project
objectives due to known risks (Ahmadi-Javid et al. 2020; Fateminia et al. 2020a; PMI 2017).
Contingency reserve is a key tool for the decision makers of a project to respond to positive and

negative risks, which are also referred to as opportunities and threats, respectively.

The first four steps in the risk management process (i.e., planning risk management, risk
identification, qualitative assessment, and quantitative assessment) have been widely studied in
the literature, resulting in various risk assessment tools and techniques. However, previous studies
have not paid much attention to investigating risk response planning, which plays a vital role in
managing project risks (Hillson 1999; Nasirzadeh et al. 2008). Incorporating risk response
planning with risk identification and assessment can improve the accuracy of contingency reserve
determination by considering 1) the effects of risks on project goals before and after implementing
risk response actions (Ahmadi-Javid et al. 2020) and 2) the implementation cost of risk response

actions in the total contingency reserve amount.

Researchers have used different techniques to determine the optimal contingency reserve. The
issue of determining optimal values for a set of decision variables falls within the field of
optimization. However, optimization techniques require many assumptions and simplifications
(Onwubolu & Babu 2013). So, optimization models may oversimplify real-world problems
(Barnett 2003). Moreover, they do not capture the time dependent variables and complex nature
of systems, which makes these models inaccurate in modeling complex and uncertain systems

(Ahmadi-Javid et al. 2020). On the other hand, simulation methods are used to dynamically



analyze and evaluate the performance of systems as they change over time, in order to make future
inferences. Simulation methods are more flexible than optimization models and do not generally
require those assumptions made with the optimization models (Helal 2008). The goal of simulation
is to determine which factors have the greatest effect on an output. Therefore, employing

simulation methods can lead to more realistic modeling results.

The appropriate simulation technique must be selected to accurately mimic the complexity and
uncertainty of construction projects (Helal 2008). Large-scale construction projects belong to the
class of dynamic systems that are extremely complex and consist of multiple interdependent
components. Moreover, construction projects are highly dynamic and involve multiple feedback
processes and non-linear relationships. In discrete event simulation models, system performance
can be evaluated for specific values of decision variables or control policies (Helal, 2008; Helal &
Rabelo, 2017). However, determining the stability of the system in any region or neighborhood of
those values or policies is not possible. This is critically important in dynamic and complex
systems where performance may be driven by causal relationships that can be highly non-linear.
In such systems, small deviations from the optimal decision point can cause disproportionately
large changes in the system performance (Helal 2008). In agent-based modeling (ABM)
simulation, which is a type of bottom—up computational simulation modeling, individual entities
are represented by discrete agents and interactions among agents, and macro factors cannot be
modeled (Ding et al. 2018). On the contrary, system dynamics (SD) is a well-elaborated technique
for continuous simulation that can model dynamic behaviour of complex systems and is a feasible
simulation method for modeling the complexity of construction projects (Fateminia et al. 2021).

By employing SD, causal interactions among system variables, such as interdependencies among



probability dependencies and impact dependencies among risk events, risk response actions, and

secondary risks, can be modeled (Sterman, 2010).

Complex construction systems involve subjective variables that are qualitative in nature and are
best expressed using linguistic terms. Since most construction projects suffer from lack of
sufficient historical quantitative data, the development of probabilistic distributions for system
variables can be challenging (Raoufi et al. 2016). Furthermore, casual relationships of systems
cannot be clearly calculated by statistical methods and represented as numerical values owing to
the lack of sets of similar data (Raoufi et al., 2016; Nasirzadeh et al., 2008). Therefore, to capture
the subjective uncertainties of the subjective variables and relationships in the simulation model,
SD must be integrated with fuzzy logic, resulting in fuzzy system dynamics (FSD) (Raoufi et al.
2016; Siraj & Fayek 2016). The FSD technique can capture the dynamism of construction
uncertainties and the interactions among the components influencing contingency (Raoufi et al.

2016).

1.2. Problem Statement and Current Research Gaps

An extensive literature review of contingency reserve determination methods revealed that current
conventional and hybrid risk and contingency analysis techniques have limitations to incorporate
risk response planning into risk assessment while considering the complexity and dynamism of
construction project components. This review of the risk-related literature indicates that current
techniques of determining contingency reserve have not focused much on: 1) risk response actions,
2) cause-and-effect relationships between risk events together and with risk response actions, 3)
opportunities, or positive risks, and 4) linguistic assessments of risk events, risk response actions,
and causal relationships between risk events together and with risk response actions. The main

objective of the proposed research is to develop a hybrid fuzzy method for determining and



managing contingency reserve throughout the life cycle of project while addressing above

mentioned gaps and taking all of the following into consideration.

1y

2)

Reviewing current studies (Ahmadi-Javid et al. 2020; Hillson & Simon 2020; Murray-
Webster & Hillson 2021) showed that risk response planning plays a vital role in risk
management by addressing identified risk events. Incorporating risk response planning into
risk assessment can improve the accuracy of determining contingency reserve and the
effectiveness of risk management. However, previous research on project risk management
has mainly focused on risk identification and assessment, resulting in various risk analysis
tools and techniques (Teller et al. 2014). Therefore, the first gap addressed in this research is
the lack of a contingency determination model that incorporates risk response planning into

risk analysis in order to determine contingency reserve in construction projects.

In construction, numerical project data frequently falls short of the amount or quality
requirements for successful modelling or is not fully representative of new project
environments. Moreover, subjective uncertainty exists in many decision-making processes in
construction projects and stems from the use of approximate reasoning and expert knowledge,
which are expressed linguistically. Fuzzy arithmetic can address the mentioned limitations by

capturing subjective uncertainty and incorporate linguistic evaluations.

To employ fuzzy arithmetic, membership functions (MBFs) of linguistic terms are required
to be initially determined in order to assess probability and impact of risk events, causality
degree among project components, and effectiveness of risk response actions. However, both
expert-driven and data-driven methods have limitations in forming MBFs of linguistic terms.
Therefore, the second gap addressed in this research is that both expert-driven and data-

driven methods have limitations in determining the MBFs of linguistic terms used to assess



3)

4)

the probability and impact of risk events, causality degrees of causal relationships, and the

effectiveness of risk response actions while considering experts’ risk expertise.

There are two types of risk: threats, which have negative impacts on objectives; and
opportunities, which have positive impacts on objectives. Ignoring opportunities in risk
management process can lead to inaccurate contingency reserve amounts and waste of project
budget (Hillson 2002, 2003), because the monetary profits of opportunities can be added to
the contingency reserve. The third gap addressed in this research is addressing the challenge
to considering positive risks (opportunities) in the contingency reserve determination methods

of most current research.

To select the most effective risk response actions on large-scale construction projects, the
application of complex quantitative models such as optimization methods, can be a complex
and costly process because of the effort and amount of data required (Fateminia et al. 2019a).
Moreover, these models account for only a limited number of criteria, which can lead to the
selection of risk responses that are cost effective but unfeasible in terms of technology,
environment, and achievability. Optimization models have low transparency (i.e., they
operate in such a way that it is not easy for others to see what actions are performed) during
the process of selecting most effective risk response actions. Furthermore, current ranking and
selection methods of risk response actions cannot consider linguistic assessments. Therefore,
employing approaches with the capability to address the abovementioned limitations can
result in more realistic, applicable, and feasible risk responses. Therefore, the fourth gap
addressed in this research is the lack of research on criteria required to evaluate the
effectiveness of risk response actions and rank them based on linguistic assessments of

experts.



5) Current risk assessment and contingency determination methods consider risk events as
independent and static variables. Thus, they do not capture the cause-and-effect interactions
between risk events together and with risk response actions in the dynamic and complex
environment of construction projects (Ahmadi-Javid et al. 2020). The FSD simulation
approach, which focuses on the cause-and-effect relationships of model variables, is a feasible
option to 1) model causal relationships between variables that affect contingency using SD
simulation, 2) consider time-dependent variables whose values may vary during the lifecycle
of project, and 3) consider linguistic evaluations represented linguistic terms, such as “Very
Low” or “High.” Therefore, there is a lack of research in developing a hybrid FSD model for
determining and managing contingency reserve value throughout the life cycle of construction
projects to address the aforementioned issues. The development of a hybrid FSD model
comprises qualitative and quantitative phases. The qualitative phase of FSD modeling has
been widely studied, and different techniques and tools have been proposed. However, in the
quantitative phase of FSD modeling, there is a lack of research for a fuzzy arithmetic-based
risk analysis model to formulate variables, stocks, flows, and causal relationships among
variables. Consequently, to develop the required fuzzy arithmetic-based risk analysis model,

the following issues must be addressed initially.

a) Subjective variables of FSD models such as linguistic assessments of probability and
impact of risk events are fuzzy numbers represented by fuzzy MBFs, rather than
deterministic or probabilistic values. Therefore, the fifth gap addressed in this research
is developing a fuzzy arithmetic-based risk analysis model that uses fuzzy arithmetic is

required to formulate stocks and flows in quantitative FSD modeling.



b)

The two types of causal relationships among model variables in FSD models are soft and
hard relationships. Regular or fuzzy arithmetic can be applied for hard causal
relationships, depending on the objectivity or subjectivity of variables. The literature
reveals a lack of structured and systematic methods for formulating hard causal
relationships among the elements of a quantitative FSD model. Therefore, the sixth gap
addressed in this research is the lack of research in formulating hard causal relationships

in FSD modeling of construction risk management problems.

Soft causal relationships are fuzzy numbers expressed in linguistic terms. The literature
reveals a lack of structured and systematic fuzzy arithmetic—based methods to calculate
the degree of causality for soft causal relationships between risk events together with risk
response actions. Therefore, the seventh gap addressed in this research is the limitations
of current methods to calculate crisp values of causality degrees of soft causal
relationships in FSD modeling of construction risk management projects. In this respect,
an equation comprising the values of impacted and caused variables along with the crisp

values of soft causal relationships can be determined.



Table 0.1 Current state of research, gaps and proposed methodological approach

State of prior research efforts Identified Gaps Methodological
approach
Both deterministic and probabilistic lack of a contingency Contingency

techniques have limitations to incorporate
risk response planning into risk
identification and risk analysis to determine
contingency reserve in construction projects

determination model that
incorporates risk response
planning into risk analysis in
order to determine contingency
reserve in construction projects

determination fuzzy
procedure

Previous studies (i.e., both expert driven,
and data driven methods) had limitations in
their ability to form MBFs of linguistic
terms. For example, to form the MBF of
probability by using an expert-driven
method such as analytical hierarchy process
(AHP), almost 4,900 pair-wise comparisons
among risk events must be performed by
each expert for a project with 100 risk
events, and the results are not necessarily
linear

The expert-driven method may
become broad in nature and may
not even be necessarily reflective
of the experimental data used to
generate these fuzzy sets

using data-driven methods may
result in semantically meaningless
fuzzy sets

data-driven methods inefficient
and time consuming

Standard fuzzy
arithmetic
Interval type-2
fuzzy sets
Principle of
justifiable
granularity

Previous studies focused on the limited
criteria which can lead to the selection of
risk responses that are cost effective but
unfeasible in terms of technology,
environment, and achievability

The previous studies focused on employing
complex quantitative models such as
optimization methods to select and rank
risk response actions for large-scale
construction projects can be a complex and
costly process because of the effort and
amount of data required. Moreover, these
models accounted for only a limited
number of criteria, which can lead to the
selection of risk responses that are cost
effective but unfeasible in terms of
technology, environment, and achievability.
Optimization models have low transparency

lack of research on criteria and
techniques required to evaluate
the effectiveness of risk response
actions and rank them based on
linguistic assessments of experts.

An extensive
literature review

A fuzzy rule-based
system (FRBS) and
multiple fuzzy
ranking methods to
evaluate the
effectiveness of risk
response actions
and rank them




Reviewing the literature showed a lack of
research in FSD quantitative model
development for contingency determination
in construction projects. Subjective
variables of FSD models are fuzzy numbers
represented by fuzzy MBFs rather than
deterministic or probabilistic values.
Therefore, a fuzzy arithmetic-based model
was required to formulate stocks, flows,
and hard relationships of quantitative FSD
model as well as analyze risk events and
risk response actions to determine
construction project contingency reserve

Lack of a fuzzy arithmetic-based
risk analysis model that uses
fuzzy arithmetic is required to
formulate stocks, flows, and hard
relationships in quantitative FSD
modeling

Contingency
determination fuzzy
procedure

The literature review revealed a lack of
structured and systematic methods for
constructing and analyzing soft causal
relationships among the elements of an
FSD model. Since most construction
projects suffer from lack of sufficient
historical quantitative data, the casual
relationships of systems cannot be clearly
calculated by statistical methods and
represented as numerical values owing to
the lack of sets of similar data.
Consequently, to capture the subjective
uncertainties of the subjective variables and
relationships in the simulation model, soft
causal relationships must be expressed in
linguistic terms

lack of a systematic method to
calculate crisp values of causality
degrees of soft causal
relationships in FSD modeling of
construction projects

Fuzzy AHP
Interval type-2
fuzzy sets
Weighted principle
of justifiable
granularity

Fuzzy ordered
weighted average

Considering positive risks (opportunities)
as well as negative risks and their
respective risk response actions in
determining contingency reserve

Ignoring opportunities in risk
management process can lead to
inaccurate contingency reserve
amounts and waste of project
budget

Contingency
determination fuzzy
procedure

1.3. Research Objectives

The objectives of the research are to address the gaps and limitations outlined in section 1.2. They

are as follows:

1) The main objective of the proposed research is to determine and manage value of contingency
reserve throughout the life cycle of construction projects in project and work package levels to

address the gaps with current methods. The developed method addresses the gap of ignoring
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risk response actions in determining contingency reserve. The proposed method considers

time-dependent nature of risk events, cause-and-effect relationships, linguistic assessments of

risk events and risk response actions, and linguistic assessments of causal relationships.

Therefore, a hybrid fuzzy arithmetic-based contingency reserve model (HFACRM) is

developed to determine contingency reserves throughout the lifecycle of construction projects,

which is fulfilled in Chapter 4. The following sub-objectives are accomplished in order for

HFACRM development to proceed:

a)

b)

d)

A novel fuzzy arithmetic based contingency determination procedure is developed to
address the lack of systematic method to formulate stocks, flows, and hard relationships
between subjective and objective variables which is fulfilled in Chapter 4.

An adaptive hybrid model is proposed to fill the gap by determining the degree of
causality and formulate soft causal relationships between risk events together and with
risk response actions. The proposed model employs FAHP and fuzzy aggregation
operators. This objective is fulfilled in Chapter 4.

To address the problem of determining the MBFs of linguistic terms used to describe
and evaluate the probability and impact of risk events, the causality degree among
project components, and the effectiveness of risk response actions, a Fuzzy hybrid
model is proposed which is fulfilled in Chapter 3. The proposed method addresses the
gaps with the both expert-driven and data-driven methods.

To address the gap with the current techniques of evaluating the effectiveness of risk
response actions described in section 1.2, a fuzzy model consisting of fuzzy rule-based
system (FRBS) along with fuzzy ranking methods is developed, which is fulfilled in

Chapter 3.
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e) The other objective is to implement the proposed method in an actual wind farm
construction project to validate the proposed HFACRM. This objective is fulfilled in

Chapter 5.

1.4. Expected Contributions

The proposed research will contribute to current risk management techniques and modeling by
developing a hybrid fuzzy simulation method for determining and managing contingency reserve
throughout the life cycle of construction projects. The expected contributions of the proposed
research are outlined below in terms of advancing current fuzzy hybrid modeling techniques and

risk modeling techniques.

1.4.1. Expected academic contributions

The expected academic contributions of this research are listed below.
1) Developing a methodology for evaluating the effectiveness of identified risk responses by:

a) employing an FRBS to determine the effectiveness of risk responses, and
b) employing a fuzzy ranking method for selecting the most effective risk responses.
2) Developing a hybrid fuzzy model which contributes the advancement of the state of the art
in forming fuzzy MBFs by:
a) considering the opinions of several subject matter experts to develop the MBFs of
linguistic terms,

b) reducing the effect of outlier opinions in developing the MBFs of linguistic terms,

and

c) enabling the aggregation of non-linear MBFs into trapezoidal MBFs.
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3) Proposing an adaptive hybrid fuzzy model to improve efficiency and effectiveness of
developing FSD quantitative modeling by:
a) optimizing MBFs for linguistic terms representing the causality degree of soft
relationships, and

b) calculating the crisp value for the causality degree of soft relationships between

different variables in FSD models.
4) Developing a hybrid fuzzy model to formulate stocks, flows, and hard relationships of

quantitative FSD model for determining contingency reserve in construction projects.

1.4.2. Expected industrial contributions

The expected industrial contributions of this research are listed below.

1) Incorporating risk response planning into risk identification and assessment to determine

and manage contingency reserve all over the life cycle of construction projects.
2) Identifying the most critical criteria to evaluate the effectiveness of risk response actions.

3) Capturing the soft and hard causal relationships and interactions between risk events

together and with risk response actions.

4) Considering positive risks (opportunities) as well as negative risks and their respective risk

response actions in determining contingency reserve.
5) Providing construction industry organizations with:

a) with an integrated risk assessment and risk response planning model to determine
and manage the value of contingency reserve in construction projects with better

transparency and visibility to understand the effects of causal interactions,

b) with a validated risk assessment and risk response planning model to assist

practitioners in modeling project uncertainties,

13



c) amethod for determining the value of contingency reserve at different stages of a
project and throughout the life cycle of a construction project from project initiation

to the end, and

d) a method for increasing the accuracy of managing contingency reserve in

construction projects significantly.
6) Applying an expert driven FRBS and fuzzy ranking method can help automate the
evaluation of risk response actions. This technique also delivers an expert-level risk

management tool to a non-expert in the field.

1.5. Research Methodology

The objectives of this research (see Section 1.3) are achieved in the four stages as illustrated in

Figure 1.1 and described below.

Research Methodology

o - . Identifying gapsin :
o Conducting extensive . TYIng gaps | Developing research
Q0 Start  —> . - > previous methods of >
o literature review . proposal
) contingency reserve
J
~ Developing a fyzzy Developlng a fuzzy model _to Developmg a fuzzy model Pevieriiae My e
g |,/model to determine the determine the membership to determine the degree
i . . —> . L . —>{ formulate stocks, flows, and
S effectiveness of risk functions for the linguistic of causality for soft causal . .
n . . . hard relationships
response actions terms relationships
- .
o L D.ev.eloplng HFACRM by . Developing data collection
& combining models developed in
2 protocol and forms
2 stage 2
J
< Implementing qualitative and
9 quantitative FSD mod.el of HFACRM in N Validating HFACRM
i) Anylogic®
(%)

Figure 01.1 Research methodology.
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1.5.1. The first stage

An extensive literature review was conducted on the relevant topics. The first topic is risk response
planning processes in construction projects. This review showed that a gap exists in the research
on this topic, since current contingency determination methods have limitations on their ability to
consider risk response actions. Next, previous research on application of SD and FSD techniques
and their advantages in construction risk management was reviewed, followed by a literature
review of current contingency reserve determination methods. Two gaps were identified, 1) one
regarding research on the integration of the FSD technique with other methods to define the soft
relationships of FSD models, and 2) one regarding research on formulating quantitative FSD
modeling in construction risk management. Finally, the advantages of employing fuzzy hybrid
models in determining contingency reserve of construction projects were reviewed. This review
showed that a gap exists in the research on this topic, since current fuzzy hybrid models have
limitations on determining MBFs of linguistic terms used to assess the probability and impact of

risk events.

1.5.2. The second stage

All fuzzy models are proposed in the second stage based on the research objectives to address the
gaps with the current methods. A list of the most critical criteria to evaluate the effectiveness of
risk response actions was developed. Next, an FRBS was developed based on the identified criteria
as well as fuzzy ranking methods to evaluate the effectiveness of risk response actions and rank
them based on their effectiveness. Then, a hybrid fuzzy model was developed to integrate,
optimize, and construct MBFs of linguistic terms used to evaluate the probability and impact of
risk events and the identified criteria of assessing risk response actions using interval type 2 fuzzy

sets and principle of weighted justifiable granularity (WPJG). Next, a hybrid fuzzy model was
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developed to calculate the crisp value for the causality degree of soft relationships between
different variables in quantitative FSD models. Finally, a fuzzy model was developed to formulate

stocks, flows, and hard relationships.

1.5.3. The third stage

In the third stage, a hybrid fuzzy arithmetic-based contingency reserve method (HFACRM) was
developed to determine contingency reserve throughout the lifecycle of construction projects by
combining the proposed fuzzy models in the second stage. HFACRM employs FSD to 1) model
the dynamic behavior of time-dependent components such as probability and impact of risk events
and 2) capture the interactions, relationships, and mutual impact of risk events together and with
risk response actions over the course of project. The qualitative FSD model of HFACRM was
developed using the list of risk events and risk response actions. The qualitative FSD model of
contingency reserve determination has two components: the cause-and-effect diagram and the
stock and flow diagram. The cause-and-effect diagram is developed to capture causal relationships
between system variables. The stock and flow diagram is developed to show the contingency
determination process. Then, causal relationships and logical interactions among the model
variables are determined. Finally, the corresponding causal loop diagrams (CLDs) of identified
variables and their interrelationships is constructed by determining feedback loops and stock and
flow structures. The quantitative FSD model is developed in four steps and begins with
determining the value of subjective and objective variables. The causal relationships between
variables identified in the qualitative phase are formulated in the second and third steps. Finally,

all stocks and flows are formulated using both crisp and fuzzy arithmetic.

16



1.5.4. The fourth stage

The proposed models of the study were validated using a case study of a wind farm construction
project in Alberta. To accomplish this, a data collection protocol and detailed data collection forms
were developed. Next, the qualitative and quantitative FSD models were validated by conducting
structural and behavioral validations. Structural validation (i.e., structural verification, parameter
verification, and dimensional consistency) was performed on the CLDs, flow and stock diagrams,
and mathematical equations. For behavioral validation, the performances of the FSD model (i.e.,
the defuzzified net project contingency values calculated by the FSD model) were compared to the
outcomes of Mont Carlo simulation (MCS), the actual amount of project contingency reserve, and
the defuzzified contingency values derived by using Fuzzy Risk Analyzer® (FRA®), a fuzzy
arithmetic-based risk analysis software developed at the University of Alberta. FRA® was selected
because it employs linguistic terms represented by triangular and trapezoidal fuzzy numbers to
assess the probability and impact of risk events as well as fuzzy arithmetic techniques based on
the o-cut method to generate work package and project contingencies. The symmetric mean
absolute percentage error (SMAPE) was utilized to quantify the error and measure the level of

agreement between results.

The proposed models were implemented in AnyLogic® simulation software. MATLAB was
linked to AnyLogic® to perform fuzzy arithmetic operations using the a-cut method as well as
determining contingency values using defuzzification methods in the model through
Matlabcontrol, which is a Java API that allows for calling MATLAB from AnyLogic®. At each
timestep, fuzzy arithmetic equations containing fuzzy variables were calculated, and the

appropriate output fuzzy numbers or defuzzified values were produced.
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1.6. Thesis Organization

Chapter 1 presents a brief background on risk response planning and contingency determination
in construction projects. Then, it identifies the gaps in the research on risk response planning and
contingency determination and FSD techniques. This chapter also presents the research objectives,

expected academic and industrial contributions, and research methodology of the thesis.

Chapter 2 provides a review of current literature on risk response planning. Following the
performed literature review, this chapter identifies the most critical criteria to evaluate risk
response actions. The identified critical criteria and fuzzy ranking methods are then used in an
FRBS model to calculate the effectiveness of risk response actions and rank them based on their

effectiveness.

Chapter 3 presents the proposed hybrid fuzzy model to determine the MBFs of linguistic terms
used to describe the probability and impact of risk events, and the effectiveness of risk response

actions.

Chapter 4 presents a proposed hybrid fuzzy model to calculate the crisp value of causality degree
for soft causal relationships between the probability and impact of risk events together and with

risk response actions.

Chapter 5 presents a hybrid fuzzy arithmetic-based contingency reserve model (HFACRM) to
determine contingency reserves throughout the lifecycle of construction projects. This chapter
presents the application of the proposed models for calculating the contingency reserve values of
a selected case study in a wind farm construction project. The work package and project cost
contingency results of the dynamic simulation of the proposed model based on a-cut method are
presented and discussed. The structural and behavioral validation tests used for validating the FSD

models are also presented in this chapter.
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Chapter 6 presents the conclusions, contributions, and the limitations of this research as well as

the recommendations for future research.
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Chapter 2: Evaluating Risk Response Strategies on Construction
Projects Using a Fuzzy Rule-Based System'

2.1. Introduction

Risk management is vital for achieving business objectives on construction industry projects.
Current trends in the construction industry are towards bigger and more complex projects, which
can result in a greater number of risks and uncertainties (Abdelgawad & Fayek 2010). These risks
can cause failures in terms of cost overruns, schedule delays, environmental damages, and fatal
injuries. In general, risk management processes include identification, qualitative analysis,
quantitative analysis, risk response planning, and monitoring and control (PMI 2017). First, risk
events need to be identified and documented. These risk events should be analyzed by qualitative
methods so they can be prioritized based on probability and impact. Next, quantitative risk analysis
must be performed to model the combined effects of randomly occurring risk events and to develop
a synthesized view of the overall effects of risk events on the project. Then, risk responses should
be identified, evaluated, and implemented to mitigate occurrence probability and/or the negative
impacts of risk events. Finally, the overall effectiveness of the risk management process needs to
be monitored, reviewed, and controlled on a regular basis. The effectiveness of the risk response
is the extent to which the risk events’ probabilities and/or impacts are reduced as a result of

implementing the risk responses.

! This chapter has been published in the Proceedings the 36th International Symposium on
Automation and Robotics in Construction, Fateminia, S. H., Gerami Seresht, N., & Fayek, A. R. (2019,
May). Evaluating risk response strategies on construction projects using a fuzzy rule-based system. In
Proceedings of the 36th International Symposium on Automation and Robotics in Construction, Banff, AB,

Canada (pp. 21-24).

22



A large amount of the research on risk management acknowledges the importance of risk response
planning (Ben-David & Raz 2001). Hillson (2004) argues that identifying and analyzing risks and
uncertainties is clearly vital for the risk management process, as it is not possible to address risks
that are not identified or that are poorly analyzed. Risk response planning is considered an
important step for effective risk management; it is a process that is complementary to risk
identification and analysis; and without risk response planning, only limited benefits can be had
from the risk management process (Hillson 1999). Risk response strategies need to be developed
and implemented as follows: first, all possible risk response strategies for each given risk event of
the project are identified. Next, each risk response strategy is evaluated to determine its
effectiveness. Then, for each risk event, the optimal risk response strategy is identified and

implemented. Finally, the risk events and the response strategies are consistently monitored.

Although some researchers have developed optimization-based methods for selecting an optimal
set of risk responses (Fan et al. 2008), the application of these methods on real projects can be a
complex and costly process due to the effort and amount of data that are required. Moreover, these
models account for only a limited number of criteria, namely time, cost, and quality, which can
lead to the selection of risk responses that are cost effective but unfeasible in terms of technology,
environment, and achievability. Optimization-based approaches have low transparency (i.e., they
operate in such a way that it is not easy for others to see what actions are performed) during the
process of selecting the optimal set of risk responses. Employing approaches with the ability to
address the abovementioned weak points can result in more realistic, applicable, and feasible risk
responses—a fuzzy ruled-based system (FRBS) is just such an approach. The existing literature
confirms that there is a lack of research on evaluation criteria for risk response strategies, making

it difficult to determine their effectiveness. The objectives of this chapter are to (1) identify
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appropriate criteria for evaluating risk responses; (2) develop an FRBS to determine the
effectiveness of risk responses; and (3) develop a fuzzy ranking method for selecting the most

effective risk responses.

This chapter is organized as follows. First, a brief literature review of risk management and risk
response planning in construction projects is presented, followed by a discussion about the
application of fuzzy logic methods in the risk management process. Second, evaluation criteria for
risk responses are identified and an FRBS is developed for determining the effectiveness of risk
responses; a fuzzy ranking method is then applied to rank the risk responses based on their
effectiveness (determined by the FRBS) on construction projects. Third, a hypothetical example is
provided to illustrate the proposed framework. Finally, conclusions are presented, and future

extensions of the current research are discussed.

2.2.  Overview of Risk Response Evaluation and Selection Approaches

Risk response planning involves reducing the negative impact and probability of occurrence of
risk events to ensure project success. Identified risk responses need to be evaluated, and the optimal
risk response needs to be implemented for each risk event. Several researchers have developed
decision support systems for evaluating and selecting risk responses using different approaches,
including the trade-off approach (Hillson 2004; Kujawski 2002; Qazi et al. 2016) , the zonal-based
approach (Datta & Mukherjee 2001), mathematical modeling and optimization (Ben-David & Raz
2001; Fan et al. 2008; KAYIS et al. 2007; Wu et al. 2018; Zhang & Fan 2014), and a combination

of these approaches and fuzzy logic (Nik et al. 2011).

The trade-off approach makes trade-offs between parameters—such as cost, time, and quality—
that are either risk event related, or risk response related in order to evaluate a set of risks. Kujawski

(2002) makes trade-offs that account for a project’s objective requirements and project
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stakeholders’ subjective preferences. Risk responses are selected based on the cost of
implementing each risk response compared with the probability of project success when the risk
response is implemented. Hillson (2004) argues that the effectiveness of proposed risk responses
must be assessed based on appropriateness (i.e., the correct level of risk response according to the
severity of the risk event, ranging from a crisis response to a “do nothing” response), affordability
(i.e., the cost effectiveness of the risk response), achievability (i.e., how realistically achievable or
feasible the risk response is, either technically or in terms of a respondent’s capability and
authority), agreement (i.e., the consensus and commitment of stakeholders), and allocation (i.e.,
the responsibility of and accountability for implementing the risk response). Qazi et al. (2016)
develop a model for selecting a set of optimal risk responses by measuring the impacts of different
combinations of risk responses on the objective function of a project. In zonal-based approaches,
two-dimensional diagrams are applied to assess the regions of the risk responses using one of two
common assessment tools: (1) a matrix that features different factors in a two-dimensional diagram

and (2) a two-axis graph that maps risk responses based on the values of the two dimensions.

Using an optimization-based approach, Fan et al. (2008) suggest a model for assessing the
effectiveness of risk responses based on three criteria: risk event controllability, risk response
costs, and project characteristics. Kayis et al. (Kayis et al. 2007) employ five heuristic algorithms
to minimize the cost of implementation within the constraints of the implementation budget and
acceptable risk effects for new product development. Zhang and Fan (2014) maximize the sum of
estimated risk response effects (i.e., they reduce the expected loss of the risk event) after risk
response strategy implementation using a method for selecting risk responses with an integer linear
programming (ILP) model. Zhang (2016) uses an ILP model that accounts for the cost of

implementation and the determined budget for risk responses. Wu et al. (2018) propose a multi-
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objective decision-making model for the selection of risk responses that minimize total expected
losses, total expected schedule delays, and total expected quality reduction. An optimization model
is used to minimize expected time loss, expected cost loss, and expected quality loss. To calculate
the coefficients of the objective function, a fuzzy analytic hierarchy process (FAHP) is employed

as a technique to guide the risk analysts (Nik et al. 2011).

2.3. Developing the Risk Response Evaluation and Selection Approach

In order to develop the proposed FRBS for the evaluation of risk responses, appropriate evaluation
criteria are identified, which are the inputs of the FRBS. The output of the FRBS is the
effectiveness of the risk responses. Based on the output of the FRBS, the risk responses are then
ranked using a fuzzy ranking method that allows the model to mimic the three human attitudes
towards risk: risk averse, neutral, and risk taking.

2.3.1. Evaluating risk responses: Identifying inputs and outputs

This study uses three criteria to evaluate risk responses: affordability of the risk response,
achievability of the risk response, and controllability of risk events. These criteria make up the
three inputs of the FRBS, and its output is the effectiveness of the risk response strategy. There is
a positive correlation between the controllability of a risk event and the effectiveness of its risk
response. For example, even if you implement a risk response with high affordability and high
achievability, the risk response will not be effective in addressing a risk event with low
controllability. Therefore, the FRBS developed for the evaluation of risk responses needs to
evaluate both risk events and their identified risk responses in order to identify the most effective
risk responses. Subjective system variables (evaluation criteria) are represented by triangular fuzzy

membership functions, which are commonly used in engineering applications.
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Affordability refers to the cost-effectiveness of risk responses, where the amount of time, effort,
and money spent on addressing a risk should not exceed the available resources for implementing
risk responses. One way to measure the cost-effectiveness of risk responses is to use the risk
reduction leverage (RRL) factor, which can be calculated by converting the impact of the risk
event into a monetary value (for example, the cost of delay and/or the cost of negative impacts on
quality) (Hillson 2004). RRL represents the ratio of the increase in risk event exposure to the cost
of risk response implementation. RRL can be calculated by dividing the difference between the
risk responses’ cost impacts before and after implementation by the implementation cost (see

Equation (1)) (Hillson 2004).

(Cost Impact) pefore — (CostImpact) after

response response

RRL =
Cost of response (1)

Hillson (1999) proposes that responses with high effectiveness in terms of affordability should
have RRL values above 20. Responses with medium effectiveness have RRL values ranging from
1 to 20, and RRL values of less than 1 can be labelled as having low effectiveness (i.e., they are
ineffective) because their implementation cost is more than what they might save later. Thus, the
fuzzy membership functions for affordability are defined as low (less than 1), medium (between 1

and 20), and high (more than 20).

Achievability refers to the feasibility of a risk response in terms of three considerations: the
technical complexity of the proposed risk response, the capability of the respondent, and the
authority of respondent (Hillson 2004). According to Fan et al. (2008), the complexity of a risk
response may stem from technical obstacles, political obstacles, limited access to information, or
conflict resolution obstacles. Three fuzzy membership functions of achievability can be defined,

namely low, medium, and high achievability.
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Miller and Lessard (2001) define controllability as the likelihood that the probability of occurrence
of a risk event can be changed. This criterion describes the nature of the risk situation. Risk events
with a low degree of controllability include occurrences such as natural disasters, while risk events
with a high degree of controllability are caused by scheduling and budget problems. The latter can
be addressed more effectively than the former by implementing an identified risk response (Fan et
al. 2008). Although the controllability value of a risk event is the same for all of its related risk
responses, this criterion can be used to ascertain whether risk responses meet the threshold for
effectiveness, which can be determined by risk decision makers. As with affordability and
achievability, controllability can be categorized into three fuzzy membership functions, namely
low, medium, and high.

2.3.2. Evaluating risk responses using an FRBS

An FRBS is a methodology for modeling human logical thinking and decision-making. These
systems use membership functions and fuzzy rules to make a decision (Fayek & Lourenzutti 2018).
An FRBS can be developed with either data or expert judgments using one of the few approaches
proposed in the literature. Fuzzy c-means (FCM) clustering can be employed when there is access
to historical data (Bezdek 2013). Expert judgments can be applied to develop an FRBS when
historical data is unavailable (Gerami Seresht & Fayek 2018; Khanzadi et al. 2012). In this chapter,
the FRBS for the evaluation of risk responses is developed using expert judgments. The
membership functions of three inputs and one output are determined based on documented

literature using MATLAB® R2018b.

In this chapter, a Mamdani fuzzy inference system is used to develop an FRBS for the evaluation
of risk responses; by delivering fuzzy outputs, the Mamdani inference system facilitates the use of

different defuzzification methods for fuzzy ranking. The membership functions of affordability
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are determined by RRL values between 0 and 20 as recommended by Hillson (2004). Figure 2.1

shows the membership functions of affordability.
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Figure 20.1 Membership functions of affordability.

For the achievability and controllability membership functions, the three linguistic terms low,

medium, and high are used, as illustrated in Figure 2.2 and Figure 2.3, respectively.
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Figure 2.2 Membership functions of achievability.
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Figure 2.3 Membership functions of controllability.

The membership function of the FRBS output (effectiveness) is also between 0 and 1, as shown in

Figure 2.4.
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Figure 2.4 Membership functions of effectiveness.

Fuzzy rules are defined as “if-then” rules. In this system, 27 if-then fuzzy rules are defined. Some

of these rules are presented in Table 2.1.

30



Table 2.1 Fuzzy rules used in the FRBS

Rule If Then
Affordability Achievability Controllability Effectiveness
1 Low Low Low Low
2 Low Low Medium Low
3 Medium Medium Medium Medium
4 Low Medium Medium Medium
5 High High High High
6 Medium High High High

Figure 2.5 shows the three-dimensional curve that represents the mapping from inputs to output

and the dependency of effectiveness on controllability and affordability.

0.4

0 : Contrallability

Figure 2.5 Three-dimensional representation of the proposed FRBS.

2.3.3. Selecting effective risk responses using the fuzzy ranking method

In the next step, the risk responses need to be ranked based on their effectiveness, so that the most

effective risk response can be selected for each risk event. In order to solve decision-making

problems, fuzzy ranking methods are commonly used, wherein the evaluation scores (i.e.,

effectiveness) of decision alternatives (i.e., risk responses) are represented by fuzzy membership
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functions (Chen & Wang 2009a; Sadeghi et al. 2016). There are various fuzzy ranking methods
discussed in the literature, the majority of which can be grouped into three categories based on the
approaches they use to rank fuzzy numbers. The first category of fuzzy ranking methods includes
those methods that rank fuzzy numbers based on their a-cuts at a pre-specified level of a (Chen &
Wang 2009b) ; thus, these methods change the fuzzy ranking problem into an interval ranking
problem. The second category of fuzzy ranking methods includes those methods that use fuzzy
distance measures to rank fuzzy numbers (Cheng 1998). The third category of fuzzy ranking
methods includes those that rank the fuzzy numbers based on their defuzzified values (Chen &
Wang 2009b); these methods change the fuzzy ranking problem into a simple problem of ranking
crisp numbers. The first two categories of fuzzy ranking methods (i.e., a-cut-based methods and
fuzzy distance-based methods) usually require that fuzzy numbers be regularly shaped (e.g.,
triangular or trapezoidal fuzzy numbers)(Chen & Wang 2009b). However, in this chapter, the
output of the FRBS (i.e., the effectiveness of the risk responses) is an irregularly shaped fuzzy
membership function. Therefore, in this chapter, the third category of fuzzy ranking methods (i.e.,
ranking methods based on the defuzzified value) is used to rank risk responses based on their
effectiveness. To do this, the results of the FRBS need to be defuzzified. There are various
defuzzification methods proposed in the literature; the smallest of maximum (SOM), largest of
maximum (LOM), and center of area (COA) methods are commonly used in different engineering
applications of fuzzy logic. Figure 2.6 presents the three aforementioned defuzzification methods
implemented on a hypothetical example of risk response effectiveness. Moreover, Figure 2.6 also
shows how different defuzzification methods can result in different defuzzified values for risk

response effectiveness.
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Figure 2.6 COA, SOM, and LOM defuzzification methods.

When ranking risk responses based on the defuzzified value of their effectiveness, the use of
different defuzzification methods can mimic different human attitudes towards risk. Ranking risk
responses based on the results of the SOM method means that the decision maker considers the
smallest maximum value of effectiveness for each risk response and ignores all other possible
values for the effectiveness of the risk response (see Figure 2.6). Thus, ranking risk responses
based on the results of the SOM method mimics a risk-averse attitude. In contrast, ranking the risk
responses based on the results of the LOM method means that the decision maker considers the
largest maximum value of effectiveness for each risk response and ignores all other possible values
for the effectiveness of the risk response (see Figure 2.6). Thus, ranking the risk responses based
on the results of the LOM method mimics a risk-taking attitude. The COA, on the other hand,
determines the defuzzified value of effectiveness by taking into consideration all possible values
of effectiveness for each risk response. Accordingly, ranking risk responses based on the results
of the COA method mimics a neutral human attitude towards risk. In this chapter, the three

defuzzification methods (i.e., SOM, LOM, and COA) are used to rank risk responses based on
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their effectiveness so that all three human attitudes towards risk can be mimicked in the selection

of the most effective risk responses.

2.4. Hypothetical Example

In this section, a hypothetical example is presented to demonstrate how to use the proposed
approach to evaluate the effectiveness of risk responses and select the most effective. Assume two
risk events: (1) incomplete design and (2) operation interruption due to adverse weather conditions.
The first risk event can be addressed by two possible risk responses: (1-1) outsourcing design to
subcontractors or (1-2) employing professional design teams. To mitigate the second risk event,
two risk responses are possible: (2-1) schedule compression using extra resources or (2-2)
considering alternative construction methods, such as using precast materials. A number between
0 and 10 represents achievability (where 10 is high) and another number between 0 and 10
represents controllability (again, 10 is high); these numbers are determined for each risk response

by expert judgment. The values for each criterion can be found in Table 2.2.

Table 2.2 The input values of each risk response and its related risk event.

Risk Affordability

Event Risk Response (RRL) Achievability Controllability
1 1-1 7.00 9.00 6.00
1-2 12.00 5.00 6.00
5 2-1 7.00 6.00 2.00
2-2 5.00 3.00 2.00

Table 2.3 shows the effectiveness values, which are based on the information in Table 2.2. The
inputs are imported to the FRBS to evaluate the effectiveness of the risk responses. Crisp numbers
representing the effectiveness of the risk responses are then predicted by the FRBS using three

defuzzification methods (i.e., SOM, LOM, and COA) as discussed in Section 3.3 and the risk
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responses are ranked accordingly. Table 2.3 presents the effectiveness of the risk responses and

their rankings for the two risk events.

Table 2.3 The effectiveness values of each risk response and its related risk event

Effectiveness
Risk Response
(SOM) Rank (LOM)  Rank (COA) Rank
1-1 8.50 1 10.00 1 6.95 1
1-2 4.10 2 6.00 2 5.00 2
2-1 0.00 - 2.00 2 3.74 2
2-2 0.00 - 2.50 1 3.92 1

Table 2.3 presents the most effective risk response for each of the two risk events as determined
by three different defuzzification methods. The effectiveness value determined using the SOM
defuzzification method mimics a risk-averse attitude; the LOM defuzzification method mimics a
risk-taking attitude; and the COA defuzzification method mimics a neutral attitude towards risk.
Although in this case study the rankings of the risk responses are similar for each of the three
defuzzification methods, on real construction projects with numerous risk responses, rankings can
be different for different defuzzification methods. Since higher effectiveness of risk responses is
favorable, in the hypothetical example, risk responses 1-1 and 2-2 should be selected for risk events
1 and 2, respectively. As shown in Table 2.3, the values of effectiveness for risk responses 2-1 and
2-2 are equal to zero, which indicates neither of these two risk responses should be applied to risk
event 2 if the risk response strategy is based on a risk-averse attitude. Moreover, as discussed in
Section 3.1, risk responses can be rejected if their effectiveness is less than a threshold value that

is determined by the decision maker. For instance, assuming an effectiveness value of 5 as the
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threshold for the risk responses’ effectiveness, both risk responses for the second risk event (i.e.,
2-1 and 2-2) are not acceptable in this case study (refer to Table 2.3). In this situation, new risk
responses should be identified for the second risk event or its adverse effects on the project should

be accepted.

2.5. Chapter Summary

This chapter presents a methodology for evaluating the effectiveness of identified risk responses
by applying an FRBS that has three inputs as evaluation criteria and that produces the effectiveness
of risk responses as an output. The three inputs are the affordability of each risk response, the
achievability of each risk response, and the controllability of related risk events. The FRBS uses
the estimated crisp values of affordability, achievability, and controllability to evaluate the
effectiveness of risk responses according to the rules developed based on experts’ opinions. The
output, which is a fuzzy set, is used as an input for three different fuzzy ranking methods, one
based on SOM, one based on LOM, and one based on COG (COA), to determine the most effective
risk response in terms of affordability, achievability, and controllability. Applying an expert-
driven FRBS and fuzzy ranking methods can help automate the evaluation of risk response
strategies, and this technique delivers an expert-level risk management tool to a non-expert in the

field.

On construction projects, risk events are often dependent on one another; for example, the risk of
precipitation is linked to the risk of excessive soil moisture in earthmoving operations. In order to
develop a comprehensive risk response planning tool, interdependencies between different risk
events need to be taken into consideration. In future research, the FRBS developed in this chapter

will be extended to capture these interdependencies and determine the most effective risk

36



responses for each risk event, accounting for all risk events that affect a project throughout its life

cycle.
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Chapter 3: An Interval Type-2 Fuzzy Risk Analysis Model for

Determining Construction Project Contingency Reserve’

3.1. Introduction

Dealing with uncertainties is an unavoidable challenge of every project. The effect of uncertainties
on project objectives, which may be positive or negative, can be controlled by implementing a risk
management process. Risk management starts with developing the risk management plan, which
determines how risk management activities will be structured, funded, and performed.
Subsequently, the risk events must be identified and documented. Then, these events must be
analyzed qualitatively and quantitatively in order to be prioritized based on their probability and
impact, and to determine the contingency reserve. Response strategies must be identified, assessed,
and implemented in order to control the probability of occurrence and/or the impacts of the events.
Finally, the effectiveness of the risk management process throughout the project must be evaluated
and controlled. In this chapter, to highlight the importance of uncertainties with positive effects,
“risk event” and “opportunity event” are defined as uncertain events or conditions that can

negatively or positively affect the project objectives, respectively.

To deal with uncertain events, there are two types of reserves in a project, namely management
and contingency reserves, that must be calculated and considered in the project budget.

Contingency reserve is defined as the money or time allocated in the cost or schedule baseline to

2 This chapter has been published in the Algorithms: Fateminia, S. H., Sumati, V., & Fayek, A. R.
(2020). An interval type-2 fuzzy risk analysis model (IT2FRAM) for determining construction project
contingency reserve. Algorithms, 13(7), 163.
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reduce the overruns of project objectives due to known risks and opportunities (Fateminia et al.
2020a; PMI 2017) . The management reserve is an amount of project budget that is reserved to
handle unforeseen events (PMI 2017). The project budget is the summation of the cost baseline
and management reserve. The cost baseline is made up by adding the cost estimates of all work
packages with contingency reserve (PMI 2017). Ahmadi-Javid et al. (Ahmadi-Javid et al. 2020)
categorized uncertain events into two main groups: (1) unknown unknowns that must be addressed
with management reserve, and (2) known unknowns that must be addressed proactively (i.e., by
employing avoiding, mitigating, and transferring strategies for risks and also exploiting,
enhancing, and sharing strategies for opportunities) or reactively (i.e., by employing active and
passive accepting strategies). Those events that are addressed by applying proactive response
strategies or active acceptance response strategies are dealt with using contingency reserve. Risk
and opportunity events addressed with passive acceptance response strategies are dealt with using
management reserve (Fateminia et al. 2019a, 2020a). Contingency reserve is a key tool for the

decision makers of a project for controlling and responding to risks and opportunities.

Allocating too little or too much for the contingency reserve amounts required for a project may
result in significant losses and inefficient resource management (Salah & Moselhi 2015). The
accurate estimation of contingency leads to achieving project objectives (e.g., schedule and cost
objectives) (Bakhshi & Touran 2014; Salah & Moselhi 2015). Moreover, different uncertainties
need to be considered in calculating contingency reserve. Helton (Helton 1997) first defined the
dual nature of uncertainty by categorizing it into “objective uncertainty” and “subjective
uncertainty.” Objective uncertainty refers to the variability that comes from the stochastic
characteristic of an environment and its concepts rooted in probability theory. Subjective

uncertainty stems from employing approximate reasoning and linguistically expressed expert
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knowledge. Fayek and Lourenzutti (2018) break down subjective uncertainty into vagueness,
ambiguity, and subjectivity. Vagueness results from the lack of sharpness of relevant distinctions.
Ambiguity stems from the lack of certain distinctions characterizing an object, from conflicting
distinctions, or from both. Subjectivity results from the influence of personal beliefs or feelings
rather than facts (Klir 2006). Classic techniques of calculating the contingency reserve have
serious drawbacks and fail to consider vagueness, ambiguity, and subjectivity uncertainties. On
the one hand, deterministic approaches, which are based on the intuition and experience of experts,
have difficulty calculating the exposure of risk events and determining the appropriate contingency
applying to a single crisp value (Iranmanesh et al. 2009). Moreover, deterministic techniques fail
to consider opportunities. On the other hand, in the probabilistic approaches, the value of
contingency reserve can be affected by the lack of quality and quantity in historical data, since
these techniques significantly rely on historical data (Salah & Moselhi 2015). Additionally,
probabilistic techniques assume that cost variations are inherently random. Many find it difficult
to perform an accurate and precise risk assessment, since the data are either scarce or of low quality

(Hao et al. 2019).

Fuzzy logic, which is based on the fuzzy set theory developed by Zadeh (1965, 1999), fills the gap
for classic techniques as it handles such uncertainties. Applying fuzzy logic, experts are able to
assess the probability and impact of events with linguistic terms such as very low, medium, and
high, which can be represented by fuzzy numbers (Zadeh 1975). Fuzzy numbers are a special type
of fuzzy sets employed to represent the values of real-world parameters when the exact amounts
cannot be measured due to a lack of information or knowledge (Abdelgawad & Fayek 2010).
Reviewing the literature shows that fuzzy logic alone or as integrated with other techniques can be

employed to address the limitations associated with classic contingency reserve determination

49



tools and techniques. A hybrid method that integrates the fuzzy set theory with the Monte Carlo
simulation, proposed by Iranmanesh et al. (2009), can handle both random and subjective
uncertainties. However, this suggested method fails to determine the individual effect of each risk
event, and instead calculates the range estimation of the combined effect of risk events. Another
method proposed by Nieto-Morote and Ruz-Vila (Nieto-Morote & Ruz-Vila 2011) combines the
analytic hierarchy process (AHP) with fuzzy set theory to prioritize different risk factors in a
building project. However, this proposed fuzzy AHP method (Nieto-Morote & Ruz-Vila 2011)
fails to deal with definite scales and has a high potential of encountering inconsistencies during
pairwise comparison. In another study (Abdelgawad & Fayek 2011), fault tree analysis (FTA) and
fuzzy set theory are integrated for the quantitative assessment of risk events; however, this hybrid
approach is unable to handle the drawbacks of the FTA method, which does not model large
systems and is inflexible for incorporating later changes. Failure mode and effect analysis
(FMEA), AHP, and fuzzy set theory are combined by Abdelgawad and Fayek (2010) to assess
risks and determine contingency; however, establishing clearly defined terms for its input and
output variables requires a significant effort. To capture the interdependencies among different
risk events and variables, a fuzzy system dynamic model (Nasirzadeh et al. 2008) has been
proposed; however, it has difficulty establishing the feedback loops and the mathematical
equations. Fateminia et al. (2020a) proposed using fuzzy arithmetic-based risk analysis method
(FRAM) to fill the gap by addressing the imprecision in measurement and the subjective
uncertainty inherent in experts’ estimations. FRAM applies a fuzzy arithmetic procedure that
solves the problem of substantial reliance on historical data in probabilistic methods. The fuzzy
arithmetic procedure employs expert judgment, linguistic scales, and fuzzy numbers resulting in
the flexibility of FRAM. Moreover, experts are able to customize linguistic scales and fuzzy

numbers for different types of projects and phases. FRAM also considers risk attitude in terms of
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its contingency calculation and output determination methods. Compared to fuzzy FMEA
(Abdelgawad & Fayek 2010), FRAM does not rely on complicated failure cause-and-effect
scenarios in its computation procedures. Moreover, FRAM does not depend on feedback loops
with complex mathematical equations when several variables are considered in the fuzzy system
dynamics model (Nasirzadeh et al. 2008). Moreover, FRAM addresses the measurement
imprecision and the subjective uncertainty of experts’ opinions when assessing the probability and
impact of risks and opportunities. Finally, FRAM enables risk analysts to estimate contingency at

different levels of confidence.

FRAM has limitation despite all the mentioned advantages. To implement FRAM in practice, it is
necessary to determine the membership functions of linguistic terms pertaining to risk probability,
risk impact, opportunity probability, and opportunity impact. FRAM does not propose a systematic
method for determining the membership functions of linguistic terms for probability and impact,
which are the foundations of its risk analysis process. Moreover, FRAM fails to aggregate the
opinions of different subject matter experts (SMEs) about the membership functions of the
aforementioned linguistic terms. The membership functions of linguistic terms can vary depending
on how the characteristics of each project affect experts’ judgements based on their risk attitude,
knowledge, experience, and so on. In general, the two main categories of estimating membership
functions are expert-driven and data-driven approaches (Pedrycz & Wang 2015). In expert-driven
approaches, the elicitation of membership functions is considered as a process of knowledge
acquisition via eligible experts. The most common method in expert-driven approaches is the AHP
(Saaty 1987), which enables experts to perform pairwise evaluations of alternatives in order to
determine their membership function. Membership functions in data-driven approaches, however,

are elicited based on the organization (structuring) of data, such as in fuzzy clustering (Pedrycz
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2005). There are some limitations to eliciting membership functions through the aforementioned
approaches. For example, AHP, as the most common expert-driven method, is not applicable in
forming the membership functions of risk analysis linguistic terms in FRAM. To employ AHP, all
risks and opportunities must be considered as alternatives for pairwise comparison, which can be
impossible or very time-consuming. Moreover, the aggregation of different opinions of SMEs is
impossible through AHP. Besides, according to Pedrycz and Wang (2015), there are no explicit
performance indexes invoked by the AHP approach. However, since industries suffer from
accessing qualified data about risk management, data-driven approaches are not applicable in most
cases. Moreover, they may cause fuzzy sets that are not semantically meaningful, which means
that fuzzy clustering could result in some “crowded” fuzzy sets with unclear meaning and they
would need to be optimized (Pedrycz & Wang 2015). These further adjustments during the
optimization process could hinder the interpretability aspect. Various optimization methods are
employed to adjust fuzzy sets including the simulated annealing algorithm (Cheng & Chen 1997),

genetic algorithm (Arslan & Kaya 2001; Lee & Takagi 1993), and tabu search (Bagis 2003).

To address these gaps, the objective of this chapter is to propose an interval type-2 fuzzy risk
analysis model (IT2FRAM) that extends FRAM (Fateminia et al. 2020a) for determining
contingency reserve. The proposed method employs interval type-2 fuzzy sets (introduced by
Zadeh (1975)) in order to provide a broader knowledge representation and approximate reasoning
for computing with words. Because “words mean different things to different people” (Mendel
2001, 2007), wider knowledge representation in terms of a spread in membership values through
type-2 fuzzy sets is more useful as compared to the standard fuzzy sets(Liu & Mendel 2008;
Mendel 2007; Mendel & Wu 2006, 2007, 2008). IT2FRAM aggregates the opinion of SMEs using

optimized interval type-2 fuzzy sets. The principle of justifiable granularity (Pedrycz 2021) is
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employed for determining the optimized interval type-2 membership functions of risk analysis
concepts (i.e., linguistic variables including probability and impact). This principle provides an
alternative to clustering methods in constructing information granules based on the criteria of
coverage and specificity of data (Pedrycz & Homenda 2013). However, fuzzy arithmetic using
type-2 membership functions versus type-1 membership functions is computationally more
demanding (Pedrycz 2005). Thus, type-2 membership functions are type-reduced to type-1 or a
standard membership function to perform the fuzzy arithmetic and the calculate crisp output
values. The statistical representation of the optimized interval type-2 membership function is used
to form a standard membership function, consequently enabling it to be used in a software tool
such as the Fuzzy Risk Analyzer® (FRA®). A hypothetical case study is presented to illustrate the

application of IT2FRAM in FRA®.

The rest of this chapter is organized as follows. First, the basic definitions of required fuzzy
arithmetic operations, type-2 fuzzy sets, and the principle of justifiable granularity are discussed
and are necessary to model. Second, the use of IT2ZFRAM to determine the contingency reserve of
projects is described. This model is developed to determine the optimized membership values of
linguistic terms of probability and impact for risk and opportunity events. Then, a hypothetical
case study was used to show how IT2FRAM can be implemented in practice using FRA®. Finally,
the contributions and results of this research are presented, and potential future extensions are

discussed.

3.2. Preliminaries Required in IT2FRAM

Fuzzy arithmetic operations, type-2 fuzzy set concepts, and the principle of justifiable granularity
are applied in IT2FRAM. Fuzzy arithmetic enables IT2FRAM to employ natural language to

assess risk and opportunity events and in turn, determine project contingency reserve by employing
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fuzzy numbers, which represent linguistic scales. The initial membership functions of linguistic
terms are formed using interval type-2 fuzzy set concepts. The intervals of type-2 fuzzy sets are
optimized applying the principle of justifiable granularity. Then, the optimized interval type-2

fuzzy sets are converted into standard fuzzy sets.

3.2.1. Fuzzy arithmetic operations in IT”2ZFRAM

A fuzzy set is defined as a set of elements with a degree of membership varying between 0 and 1.
The elements of crisp sets, however, have membership degrees of either 1 (fully belong in the set)
or 0 (do not belong in the set) (Bezdek 2013; Zadeh 1965). IT2FRAM uses either the a-cut
technique (standard fuzzy arithmetic) or the extension principle based on different t-norms
(extended fuzzy arithmetic) to perform fuzzy arithmetic operations. The standard fuzzy arithmetic
is based on interval analysis and discretizes the input fuzzy numbers into several a-cuts. Then, the
a-cut of the output is achieved by interval calculations on each a-level cut of the inputs.
Subsequently, the union of the a-cuts is applied to gain the final fuzzy set based on the
representation theorem. The mathematical representation of standard fuzzy arithmetic is illustrated

in the following:

C(Z) = A(X) @ B(y) = SUPgel0,1] a((Aa * a)(z)) (31)

where 4A(x) and B(y) are input fuzzy numbers and C(z) is an output fuzzy number. The a-cuts of
the input fuzzy numbers are represented by Aa and Ba, and ® represents the basic arithmetic
operations. The accumulation of fuzziness results in the overestimation of uncertainty in a standard
fuzzy arithmetic method (Pedrycz & Gomide 1998). Extended fuzzy arithmetic is preferred in recent
applications because of its capability to reduce uncertainty overestimation problems using any t-

norm other than min t-norm (Chang et al. 2006; Lin et al. 2011b,a). Extended fuzzy arithmetic,
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developed by Zadeh (1965, 1975, 1999), extends the domain of a function on fuzzy sets. It
generalizes a common point-to-point mapping of a function to a mapping between fuzzy sets. As
presented, in extended fuzzy arithmetic, the membership degree of each output is calculated by

taking the supremum of the t-norms of the membership degrees of the inputs:

C(2) = A(x) ® B(y) = sup;=z.y (t(A(x), BY))) (3.2)

where ¢ can be one of the common four t-norm operators on fuzzy sets, fuzzy number C(z) is the
output, and fuzzy numbers A(x) and B(y) are the inputs. The t-norm ¢ is a binary operation,
T:[0,1] x [0,1] — [0,1], which is commutative, associative, and non-decreasing in each argument,
and t(x,1) = x for each x € (0,1). The strength and continuity of common fuzzy t-norms
(minimum, algebraic product, Lukasiewicz, and drastic product) are different. In terms of strength,
the minimum t-norm is the highest and the drastic product t-norm is the lowest (Pedrycz & Gomide
1998). Furthermore, the changes in output fuzzy numbers result in continuous t-norms, which are
less sensitive to the changes in input fuzzy numbers compared to non-continuous t-norms.

Various defuzzification methods are suggested in the literature. As illustrated in Figure 3.1, the
single value (defuzzification) methods include the smallest of maximum (SOM), middle of
maximum (MOM), largest of maximum (LOM), and the center of area (COA). The best

representation of the shape of the output fuzzy number is the COA.
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Figure 3.1 Defuzzification: smallest of maximum (SOM), middle of maximum (MOM), largest
of maximum (LOM), and COA.

The level of confidence associated with the range of output fuzzy number, represented by the
confidence level, can be determined from the corresponding a-cut level (or possibility degree) and
ranges between 0 and 1. The possibility degree is the difference between 1 and the confidence

level (1—confidence level).

3.2.2. Associated concepts of Type-2 fuzzy set

In IT2FRAM, the interval type-2 fuzzy sets are employed to represent the different opinions of a
group of decision makers, or SMEs. This section presents brief introductions to the basic
definitions, equations, and theorems associated with type-2 fuzzy sets, and the detailed theoretical

background can be found in Mendel (2001), Liu and Mendel (2008) , and Mendel et al. (2006).

Definition 1. A type-2 fuzzy set, denoted by A and represented by a type-2 fuzzy set membership

function uz(x,u) where x € X andu € J,, € [0,1], is defined as
A={(Gw,maw)| vuej, c01]}, (13)

in which 0 < uz(x,u) < 1. A can be expressed as
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A= [y fue raew /W), Jx<[01] (3.2)
where [ [ denotes union over all admissible x and u.
Definition 2. If 1;(x,uw) = 1, A is called an interval type-2 fuzzy set. Thus:
A= [yl 1/xw)  Jr<01] (3.3)

Interval type-2 fuzzy sets are a special case of general type-2 fuzzy set. Interval type-2 fuzzy sets

can be defined based on vertical slice representation as
A= [ a0 /x=[ |l 1/u]/x Jecl01]. (3.4)

Definition 3. Primary membership of x is the domain of a secondary membership function. Thus,
in Equation (3.6), the primary membership of x is |, ], € [0,1] Vx € X. The secondary grade is
the amplitude of secondary membership function. For an interval type-2 fuzzy set, all secondary

grades are equal to 1.

Definition 4. Footprint of uncertainty (FOU) of A is the bounded region depicting the uncertainty
in the primary membership function. It can be represented as the union of all the primary
membership functions:

FOU(4) = le (3.5)

xX€EX

This is vertical slice representation of FOU.
In the case of an interval type-2 fuzzy set, FOU conveys all the necessary information; the
secondary grades do not convey any new information. Knowledge of FOU is highly useful,

because it highlights the inherent uncertainties of the type-2 fuzzy set membership functions whose
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shape indicates the nature of uncertainties. Furthermore, it helps in choosing appropriate type-2

fuzzy set membership functions. Some of the commonly used FOUs are shown in Figure 3.2.

'uTrr'urrq

Figure 3.2 Some commonly used footprints of uncertainty (FOUs) for type-2 fuzzy sets with

primary membership functions: (a) trapezoidal, (b) Gaussian, and (c) triangular.

3.2.3. Interval Type-2 fuzzy set modeling using uncertainty degree

There are two methods of constructing interval type-2 fuzzy set models from data. One is the
interval approach (Liu & Mendel 2008; Wu et al. 2011) and the other is the fuzzistics approach
(Mendel 2007; Mendel & Wu 2006, 2007). The former method involves the use of statistics to
realize the interval type-2 fuzzy set modeling, whereas the latter uses a kind of uncertainty measure
(mostly centroid) of interval type-2 fuzzy sets in order to ensure that an identified interval type-2
fuzzy set model captures the uncertainty of the collected data. In addition to the well-studied
centroid of interval type-2 fuzzy sets (Mendel 2007; Mendel & Wu 2006, 2007), other uncertainty
measures exist in the literature (Li et al. 2013). In Li et al. (2013), the uncertainty measure is called

the “uncertainty degree of interval type-2 fuzzy sets” and it is based on the lower and upper a-cuts

58



of interval type-2 fuzzy sets. This method provides a type-1 fuzzy set if all the uncertainties in the
interval end points data vanish. This method is applied in modeling the interval type-2 fuzzy sets
from the data collected from surveys. The brief description of uncertainty degree method in

modeling interval type-2 fuzzy sets, as adapted from Li et al. (2013), is described below.

Suppose p words need to be modeled using interval type-2 fuzzy sets. To model these, data need
to be collected from a group of SMEs. Let us assume n subjects are surveyed. Thus, for each word

we get n intervals [xl-l, x; ] The sample mean x}, for left end points, mean x7, for right end points,

and the standard deviation s' for the left end points, s” for right end points are given as follows:

n l
xhy = 221 al (3.6)
n T
xp, = == (3.7)
l 1)?
gl :j () — i (3.8)
n
" =j A (39)
n

Statistically, the word should be contained within the [x},, x,] data. For some subjects, the word
should be contained in the data [x}, — Ax, x%,] U [x,, x, + Ax]. The following equation was used

to determine the end points’ uncertainty degree (Li et al. 2013):

px = —2X (3.10)

T xl—xb+20x

Li et al. (2013) have shown that in the case of Ax = 0, the interval type-2 fuzzy set reduces to a

type-1 fuzzy set.

59



3.2.4. Principle of justifiable granularity

The principle of justifiable granularity is used in IT2FRAM to determine the optimum value of
upper and lower bounds of intervals in interval type-2 fuzzy sets. One of the fundamentals of
granular computing is the principle of justifiable granularity, which is about constructing
information granules based on the available experimental evidence resulting in a form of a
collection of one-dimensional numeric data, D = {xI, x2, ..., XN} where xk € R. A given
information granule Q must satisfy two requirements of high specificity and appropriate
experimental evidence (coverage). High specificity refers to the required level of abstraction of
information granules and implies their tangible semantic of them. Higher specificity represents
more specific (less abstract) information granules. Moreover, an “experimentally justified
information granule” means that an information granule should be supported by the available
experimental evidence. The following definitions and equations are adapted from Pedrycz (2005)

, Pedrycz and Homenda (2013), and Pedrycz (2018).

Definition 5. The numeric evidence accumulated within the bounds of information granule Q
(coverage) must be as high as possible. Therefore, the existence of the information granule Q is
justified as it reflects the existing experimental data D. For instance, if the information granule Q
is a set of numeric data, then the more data contained within the bounds of Q, the better, and the
set is more legitimate. Coverage is related to the ability of information granules to represent
numeric data. Coverage is expressed as the cardinality (count) of the data X included in the interval

[m,b], assuming m in the numeric representative of a data set, such as a median.

cov = card {xk |xk€ [m, b]} (3.11)

Definition 6. The information granule Q@ must be specific, which means that the resulting

information granule must be semantically meaningful. This implies that the smaller the
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information granule Q is, the better. In general, specificity is a measure of how detailed the formed
information granule is. Some substantial requirements are: (1) specificity is the highest when there
is only one element in the information granule, (i.e., sp({x}) = 1); (2) if two information granules
have the relationship A < B, then sp(A) > sp(B); and (3) specificity is the lowest when the
information granule Q is constructed as an entire universe of discourse. We can view specificity
as a decreasing function of the size of information granules. In the case of an interval, we can relate
specificity directly with the length of the interval and define any decreasing function of the length
that is |[m—b| or |m—a|. For instance, we can express the specificity of A = [m,b] in the following

detailed form:

sp(4) = exp(—|m — b)) (3.12)

or exp(—|jm — al) for the lower bound of the interval. Alternatively, we can satisfy the formulation
of the specificity measure with the relative length of all the possible values assumed by numeric

data (the length). The specificity then is as follows:

po_bom (3.13)
sp=1———+— .

Xmax —M
Note that both Equations (3.14) and (3.15) result in the highest specificity amount when b = m,

however Equation (3.15) is equal to the zero value of specificity for b = xmax.

Definition 7. Coverage and specificity measures are conflicting by nature, which means that
increasing coverage decreases specificity and vice versa, and constructing the information granules
is a result of tradeoff between them. Therefore, there is an optimization problem with a

multiplicative form of the objective function:

V(b) = coverage x specificity (3.14)
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Equation (3.16) can be realized independently for the lower and upper bound of the interval as

follows:

V(b) =f1(card{xkD|med(D) < xk < b}) x f2(|med(D) — b)) (3.15)
V(a) = fl(card{xk € D|a < xk< med(D)}) * f2(|med(D) —al) (3.16)

By maximizing V(b), we achieve an optimal value of b, i.e.,

bopt = arg maxb V(b). (3.17)

3.3. Interval Type-2 Fuzzy Risk Analysis Model IT2FRAM)

IT2FRAM is a multi-step model employing fuzzy arithmetic to analyze risk and opportunity events
to determine contingency reserve for construction projects. Figure 3.3 presents the five steps of
IT2FRAM and their outputs. In steps 1 and 2, the work, cost, and risk breakdown structures (WBS,
CBS, and RBS) are determined. In step 3, the membership functions of the linguistic terms for
risks and opportunities are determined using interval type-2 fuzzy sets and the principle of
justifiable granularity as explained in Sections 2.2-2.4. Then, in step 4, the identified risks and
opportunities are assessed by SMEs using linguistic terms and their related fuzzy numbers. Finally,
the contingency reserve can be calculated in step 5 using fuzzy arithmetic as explained in Section

3.2.1.
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Figure 3.3 Steps of IT2FRAM (modified from Fateminia et al., 2020).

In step 1, the WBS and CBS are developed. The WBS is the foundation of IT2FRAM assuming
that each project contains up to a three-level WBS, namely work package, activity, and task. As
an example, Figure 3.4 shows a three-level WBS of a wind farm project illustrated in FRA®. The
CBS must be developed after establishing the WBS to determine the cost of the work packages,
activities, and tasks. Developing the event breakdown structure (EBS) and the identification of
potential risk and opportunity events are step 2 in IT2ZFRAM. Since there is no consensus on the
standard categorization of risk and opportunity events (Nieto-Morote & Ruz-Vila 2011), different
combinations of risk and opportunity identification methods can be employed, ranging from
information-gathering methods to analysis-based techniques. Siraj and Fayek (2019) conducted a
systematic review and content analysis of 130 papers from journals with high impact factors in the
construction engineering and management area published between 1990 and 2017. They propose
eleven categories of risk and opportunity events, which are considered as the default template of
IT2FRAM. These event categories are depicted in Figure 3.5: resource-related, management,
technical, construction, site conditions, contractual and legal, economic, financial, environmental,

social, political, and health and safety.
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Figure 3.4 Three-level work breakdown structure (WBS) comprising work packages, activities,

and tasks in FRA®.
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Figure 3.5 Two-level event breakdown structure (EBS) in FRA®.
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In step 3, the linguistic terms and scales must be established and optimized to assess the probability
and impact of the events. Triangular or trapezoidal fuzzy numbers represent linguistic terms.
According to Fayek and Lourenzutti (2018)Click or tap here to enter text., Pedrycz (1994), and
Proske (2008), triangular and trapezoidal shapes are the most common shapes for fuzzy numbers
that have supports with the open intervals of real numbers. Triangular fuzzy numbers are a special
case of trapezoidal fuzzy numbers. In IT2FRAM and according to Hall (1998), the probability and
impact of events are commonly determined by five linguistic terms namely, very low, low, medium,
high, and very high. A sample of triangular membership functions for risk and opportunity

probability with respective linguistic terms is presented in Figure 3.6.

Membership function plot
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Figure 3.6 Membership functions of the linguistic terms for risk probability.

Different membership functions for probability and impact must be formed and aggregated to
benefit from the knowledge and experience of all decision makers and SMEs on a project. Type-1
fuzzy sets project only one crisp number for the membership degree of each linguistic term, while
interval type-2 fuzzy sets return an interval. Therefore, interval type-2 fuzzy sets are preferable,

and they provide more information than type-1 fuzzy sets. An interval type-2 fuzzy set also covers
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all opinions. Figure 3.7 shows a hypothetical case study of various membership functions of the
linguistic term very low for risk probability as determined by seven SMEs. For instance, in Figure
3.7, based on the opinion of SME 1, the risks with very low probability are those risks with an
occurrence probability of less than 6 percent with the full membership degree in 0. Lower and
upper limits of the intervals can be determined by the lowest and the highest height of the triangular

membership functions built based on the opinions of different SMEs.
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Figure 3.7 Suggested membership functions of the linguistic term very low for risk probability

by seven subject matter experts (SMEs).

Then, the optimal lower and upper limits of the interval type-2 fuzzy set for each linguistic term
are determined by maximizing the specificity and the coverage of each horizontal interval and
simultaneously applying the principle of justifiable granularity (see Section 3.2.4). The intrinsic
contradiction between the maximization of the coverage and the maximization of the specificity
results in an optimization problem with a multiplicative form of the objective function. Having

these two criteria in mind, a numeric representative, a robust estimator of the sample such as
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median med (D), must be selected for each horizontal interval (horizontal information granule).
The determination of the upper and lower bound must be realized independently but in the same
way. The optimal upper bound must be obtained by maximizing the value of V(b) in Equation
(3.17). In the same way, the lower bound must be realized based on Equation (3.18). This process
must be repeated for all intervals for each linguistic term. Then, the optimized horizontal intervals
of each linguistic term are converted into interval type-2 fuzzy sets. Such a constructed optimized
interval type-2 fuzzy set represents the aggregated opinions of all SMEs without the effect of
outlier opinions. A statistically representative embedded set of the constructed optimized interval

type-2 fuzzy set is used in the next steps of IT2ZFRAM.

In step 4, the probability and impact of events are assessed. Because of the neutral wording of
events, each event can be evaluated simultaneously as a risk and an opportunity. An event
allocation matrix (EAM) is employed to determine the relationships among the events and the
project’s work packages, activities, and tasks on the basis of expert judgment and project context.
Events are categorized as local and global. The global events impact several work packages,
activities, and tasks and are evaluated for the assigned group. On the contrary, local events can
only be assessed individually for each work package, activity, or task and so are assigned
individually to individual work packages, activities, and tasks. IT2FRAM considers two
capabilities to improve the accuracy of the result: 1) determining the percentage value (between 0
and 100 percent) of each work package, activity, or task impacted by each local or global event,
and 2) determining the portion of the estimated cost of the work package, activity, or task (in terms

of a percentage or dollar value) affected by each local or global event.

Finally, the contingency of a work package, activity, or task is calculated applying the following

fuzzy arithmetic procedure with respect to local events. (1) First, the probability and impact of the
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risk and opportunity events are evaluated by decision makers or SMEs in terms of the optimized
linguistic scales which were established in step 3. Due to the neutral wording, the local events are
assessed two times, both as risk and opportunity. (2) Risk and opportunity severities are calculated
as a percentage by the multiplication of probability and impact fuzzy numbers. (3) The net severity
percentage of each local event is calculated by a summation of risk severity and opportunity
severity. (4) The fuzzy number of net severity dollar value is calculated for each local event by the
multiplication of its net severity percentage by the affected cost of the work package, activity, or
task. (5) The total local contingency in dollars of the work package, activity, or task is calculated
by the summation of the net severity (in dollars) of all local events affecting it. (6) The same
procedure (1-5) must then be used to calculate the total global contingency in dollars, with the
only difference being that assessing the probability and impact of each global risk event is done
for the affected group of work packages, activities, and tasks, instead of each work package,
activity, or task individually. (7) Finally, the total contingency of the project is calculated by
subtracting the total local contingency from total global contingency, reported in dollars (see

Section 3.2.1 for detailed fuzzy arithmetic).

3.4. Implementation of IT2FRAM in FRA® and Discussion

In this section, a hypothetical case study is presented as an illustration of how to implement
IT2FRAM in practice. FRA® is employed to implement the fuzzy arithmetic procedures of
IT2FRAM. The three-level WBS of a hypothetical onshore wind farm project includes six work
packages, 11 activities, and 42 tasks. The budget is CAD 554,628,000, and the work packages and
their respective costs are presented in Table 3.1. The default two-level EBS in FRA® (see Figure
3.5) was modified resulting in new EBS with 26 risk and opportunity events, six of which were

global and 20 were local.
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Table 3.1 Cost of work packages.

Work Package Name Total Cost (CAD)
Conceptional phase $6,000,000
Design $3,000,000
Contracting/procurement $399,764,000
Construction $135,664,000
Handover checklists $5,000,000
Operation/maintenance $5,200,000

For step 3, linguistic terms and their scales and respective fuzzy sets are established in order to
evaluate the probability and impact of the risk and opportunity events. The opinions of different
SMEs must be collected for the linguistic terms of probability and impact of events. In this
hypothetical situation, it is assumed that there are seven SMEs whose opinions are essential for
analyzing the risk and opportunity events. Table 3.2 summarizes their opinions about the
membership function of the linguistic term very low for risk probability. Based on the opinion of
SME 1, the linguistic term very low for risk probability ranges from 0 to 6 percent with the
membership value of 1 in 0 percent. However, for SME 4 this value is different and ranges between

0 and 8 percent.

The interval type-2 fuzzy sets are used to consider all the membership functions suggested by
different SMEs. As illustrated in Figure 3.8, an interval type-2 fuzzy set is formed by taking the

minimum and maximum of each column in Table 3.2.
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Table 3.2 The membership values of the very low risk probability suggested by seven SMEs.

Percentage Value

Expert
SME 1 1 0.9 07 05 04 02 0 0 0 0 0
SME 2 1 1 0.5 03 02 02 0.1 0 0 0 0
SME 3 1 0.4 02 0.1 0.1 0 0 0 0 0 0
SME 4 1 0.8 07 0.6 05 04 02 02 O 0 0
SME 5 1 0.6 0.5 05 04 0 0 0 0 0 0
SME 6 1 1 0.8 04 03 02 0.1 0.1 0 0 0
SME 7 1 0.8 07 04 04 0.1 0.1 0 0 0 0
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Figure 3.8 Membership function of interval type-2 fuzzy set of very low before optimization.

Then, by applying the principle of justifiable granularity and taking it as a multiplicative
optimization problem, the tradeoff between specificity and coverage are performed. The lower and
upper bounds of the interval type-2 fuzzy set membership function of all the intervals are
calculated by maximizing the coverage and the specificity of the interval simultaneously (see
Section 3.2.4). Figure 3.9 shows the trade-off results for horizontal intervals from 1 to 4 in Figure

3.8.
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Figure 3.9 Optimizing the lower and upper bounds of interval type-2 fuzzy sets.
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Figure 3.10 shows the optimized interval type-2 fuzzy set membership function of the linguistic

term very low for risk probability.
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Figure 3.10 Optimized interval type-2 fuzzy set membership function of very low after
optimization.
Based on the theories and concepts associated with interval type-2 fuzzy sets (Mendel 2001;
Mendel & John 2002; Mendel et al. 2006), it is evident that interval type-2 fuzzy sets capture more
uncertainty than their type-1 counterparts. Thus, interval type-2 membership functions are used to
aggregate the opinions of all the SMEs. However, to minimize the effect of outlier opinions, the
principle of justifiable granularity is used. These optimized membership functions are then type-
reduced to standard membership functions for crisp output calculation. Figure 3.11 illustrates the
process of converting interval type-2 membership function to type-1 membership function based

on Sections 3.2.2 and 3.2.3.
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Figure 3.11 Converting the optimized interval type-2 fuzzy set membership function of very low

to a type-1 fuzzy set.

The aim is to find the best fit line passing through these interval fuzzy values. Statistically, the
interval fuzzy values are represented by the mean and spread. The interval sets are represented by
their corresponding mean points in the x—y space, which are (0,1), (1,0.75), (2,0.6), (3,0.45),
(4,0.4), (5,0.2), (6,0.05) and (7,0.05). The mean values of all the interval fuzzy sets might not lie
on a straight line. To find the best fit linear equation, we solve linear equations between (0,1) and
the mean point of each interval set that provides an intercept value at the x axis. Solving the linear
equation between points (0,1) and (1,0.75) yields the intercept on the x axis at x = 4. We draw
other lines by solving the line equations between (0,1) and the other mean points. The line between
(0,1) and (7,0.05) gives the intercept value on the x-axis at x = 7.37. Thus, all the calculated
intercepts on the x-axis are at x = {4, 5, 5.45, 6.67, 6.25, 6.31, 7.37}. This represents a region of
uncertainty between x =4 and x = 7.37, which is a direct consequence of the differences in opinion
of the SMEs. This region of uncertainty forms the FOU of the interval type-2 fuzzy set with the
triangular membership function. The interval type-2 set can be modeled as described in Section

3.2.3. Statistically, the word being modeled should be contained within [x},, x7]. Here, x., is the
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mean of the left end points of the interval type-2 fuzzy set and x;, is the mean of the right end
points. Assuming that the end point uncertainties disappear, then the above interval type-2 fuzzy
set reduces to a type-1 fuzzy set with @ = b = x}, = x!, . The mean of these points is at x},, = 5.86
with the standard deviation s = 1.046. The resulting type-1 fuzzy set is highlighted with red color.
Similarly, the optimized membership functions are obtained for other linguistic terms. Figure 3.12

illustrates the optimized membership functions of all the linguistic terms for risk probability.

Optimized membership function plot

- - Very JoW  secececes Low

Medium = = =High ====- Very high

Membership degree

0.00% 20.00% 40.00% 60.00% 80.00% 100.00%
% Probability

Figure 3.12 Optimized membership functions of the linguistic terms for risk probability.

In step 4, as illustrated in Figure 3.13, the identified local and global risk and opportunity events
are assigned to work packages, activities, and tasks, and the probability and impact of these events

are assessed on the basis of linguistic terms (type-1 fuzzy sets determined in step 3).
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Figure 3.13 Assigning and assessing the local events.

Finally, fuzzy arithmetic is employed to calculate the work package and project contingency
reserve using FRA. IT2FRAM provides the user with the choice of standard fuzzy arithmetic or
extended fuzzy arithmetic, the latter of which uses four different t-norms. The resulting fuzzy value
of contingency reserve can be presented both as an interval value using the confidence level and
as a crisp value based on the selection of a single value (defuzzification) method (Figure 3.14).
The defuzzified single value of the total project contingency reserve based on the COA is CAD
7,307,032, and at an a-cut level of 0.50 there is a confidence level (possibility degree) of 0.5 that

the project contingency will be between CAD 932,573 and CAD 9,890,760.

Figure 3.15 is the project summary graph report created by FRA® that provides a visualization of
the defuzzified contingency values. This report is only available when a single defuzzified value

is being used as the output in FRA®.
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Figure 3.14 Assigning and assessing the local events.
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FRA® also is able to calculate the confidence intervals of contingency reserve before
defuzzification. The level of confidence associated with the range of output fuzzy number,
represented by the confidence level, can be determined from the corresponding a-cut level (or
possibility degree) and ranges between 0 and 1. The possibility degree is the difference between 1

and the confidence level (1—confidence level).

In Table 3.3, several contingency reserve determination methods are summarized and compared
based on ten criteria. IT2FRAM provides a unique structured way to develop, optimize, and
aggregate the linguistic terms. IT2ZFRAM addresses the limitations of the other methods of
contingency reserve determination. The interval type-2 fuzzy sets in IT2FRAM capture more
uncertainties, provide better knowledge representation, and consider several experts’ opinions. The
principle of justifiable granularity optimizes these interval type-2 fuzzy sets by maximizing the
performance index of two criteria—coverage and specificity—which helps minimize the effects
of outlier opinions of SMEs. IT2FRAM provides an alternative to other methods for the elicitation
of membership functions such as fuzzy clustering and AHP, which cannot be effectively applied
to form the membership functions of risk analysis linguistic terms. Based on Table 3.3, it is clear
that IT2FRAM has greater advantages than the models developed in the past and extends FRAM
(Fateminia et al. 2020a) by proposing a structured method to determine the membership functions
of linguistic terms for probability and impact that are the foundations of its risk analysis process.
Moreover, IT2FRAM fulfills the need to (1) aggregate the opinions of different SMEs about the

membership functions of the identified linguistic terms and (2) remove outlier opinions.
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Table 3.3 Comparison of the contingency reserve determination methods (modified from

Fateminia et al., 2020).
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3.5. Chapter summary

The uncertain events involved in projects make it challenging to achieve the project objectives
without performing a risk and opportunity analysis and determining the contingency reserve. In
this chapter, type-1 fuzzy arithmetic, interval type-2 fuzzy sets, and the principle of justifiable
granularity are combined to improve the project contingency reserve determination. The new
method, called interval type-2 fuzzy risk analysis model (IT2FRAM), is introduced in order to

develop, optimize, and aggregate the membership functions for the probability and impact of risk
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and opportunity linguistic terms (e.g., very low). IT2FRAM is an extension of the fuzzy arithmetic-
based risk analysis model proposed by Fateminia et al. (2020a), which addresses the limitations of
traditional techniques of project contingency determination methods. Interval type-2 fuzzy sets are
employed to capture more uncertainties, provide better knowledge representation, and consider
several experts’ opinions. The principle of justifiable granularity is employed to optimize interval
type-2 fuzzy sets by maximizing the performance index of two criteria: coverage and specificity.
IT2FRAM also provides an alternative to other methods for the elicitation of membership
functions, such as fuzzy clustering and the analytical hierarchy process (AHP), which cannot be
effectively applied to form the membership functions of risk analysis linguistic terms. A software
tool, Fuzzy Risk Analyzer® (FRA®), was introduced to illustrate the implementation of IT2FRAM

using a hypothetical case study.

The contributions of this chapter are in addressing the following challenges associated with
previous methods of determining project contingency reserve: (1) considering the opinions of
several SMEs to develop the membership functions of linguistic terms for the probability and
impact of events, (2) decreasing the effect of outlier opinions in developing the membership
functions of linguistic terms, and (3) aggregating non-linear membership functions into trapezoidal
membership functions. Future research will focus on the validation of IT2FRAM using real project

data and comparing the results with traditional contingency determination methods.
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Chapter 4: An Adaptive Hybrid Model for Determining Subjective
Causal Relationships in Fuzzy System Dynamics Models for Analyzing

Construction Risks’

4.1. Introduction

Decision-making procedures in construction projects are complex because a large number of
factors and/or variables (e.g., risk events and work packages) are involved that have
interrelationships and often-conflicting objectives (Abdelgawad & Fayek 2010; Fateminia et al.
2019a). Large projects with long durations entail a wide range of activities in different areas, as
well as opposing stakeholder interests, making them particularly complex. Human actions and
subjective reasoning complicate the interacting aspects that must be taken into consideration while
making project management decisions (Fayek 2018). In construction projects, decisions are often
made based on analysis of complex systems and imprecise or unstructured data (Fayek 2018). The
influence of uncertainties on project objectives, which can be either positive or negative, may be
managed through modeling complicated construction risk and uncertainty management systems
comprising risk identification, quantitative and quantitative risk analysis, and planning risk
responses (Ahmadi-Javid et al. 2019; Fateminia et al. 2020a). In construction, common types of
uncertainty include random uncertainty and subjective uncertainty (Helton 1997). Random

uncertainty has been widely investigated, necessitating enormous amounts of project data to

3 This chapter have been published in the CivilEng: Fateminia, S. H., Nguyen, P. H. D., and
Fayek, A. R.(2021).“An Adaptive Hybrid Model for Determining Subjective Causal Relationships in
Fuzzy System Dynamics Models for Analyzing Construction Risks,” CivilEng, vol. 2, no. 3, pp. 747-764,

2021.
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accurately estimate it. However, numerical project data frequently falls short of the amount or
quality requirements for successful modeling, or the data may not be fully representative of new
project environments. Subjective uncertainty exists in many decision-making processes in
construction projects, which stems from the use of approximate reasoning and expert knowledge,
which are expressed linguistically (Fayek 2018). Helton (1997) characterized uncertainty's twofold
nature by dividing it into "objective uncertainty" and "subjective uncertainty." The variability that
arises from an environment's stochastic characteristics is referred to as objective uncertainty, and
its concepts are based on probability theory. Subjective uncertainty, on the other hand, results from
the use of approximate reasoning and linguistically articulated expert knowledge. Subjective
uncertainty is classified by Fayek and Lourenzutti (Fayek & Lourenzutti 2018) as vagueness,
ambiguity, and subjectivity. Vagueness arises from the absence of clear distinctions between
important concepts. Ambiguity occurs when an object lacks specific distinctions that define it,
from conflicting distinctions, or from both. Subjectivity arises as a consequence of the impact of

personal beliefs or emotions rather than objective facts (Klir 2006).

Fuzzy system dynamics (FSD), a hybridization of system dynamics (SD) and fuzzy logic, is
capable of capturing the dynamism and interactivity of real-world system components while
addressing the limitations of SD, such as the lack of ability to deal with subjective uncertainties.
FSD is concerned with system feedback loops and is capable of modeling systems in which the
system variables change continuously through time (Fayek 2018). FSD can also keep track of the
changes in the dynamics of variables (e.g., risk events, work packages) in construction projects.
FSD is a suitable simulation approach when the primary areas of interest for the modeler are
analyzing the changes in variables in the system over time, detecting the impacts of factors

influencing the system's variables, and capturing vagueness, ambiguity, and subjectivity in
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linguistic terms (Fayek 2018; Raoufi et al. 2016). Causal loop diagrams (CLDs) are employed in
FSD models to map soft (subjective) and hard (objective) causal relationships and causal structures
among model variables. When the mathematical form of a causal relationship is known, it is said
to be "hard" (e.g., relationship between risk severity and risk impact). Soft causal relationships, on
the other hand, are those in which the mathematical form of the causal relationship is unknown
(e.g., relationship between the probability of occurrence of a risk event and a secondary risk event)
(Siraj & Fayek 2016, 2020). Soft causal relationships are expressed in linguistic terms. Regular or
fuzzy arithmetic can be applied for hard relationships depending on the objectivity or subjectivity
of variables. However, the literature reveals a lack of structured and systematic methods for
constructing and analyzing complex soft relationships among the elements of a system in order to

develop CLDs (Ahmadi-Javid et al. 2019; Fateminia et al. 2020b).

To develop a quantitative FSD simulation model, the crisp value of all causal relationships (i.e.,
soft and hard) needs to be calculated. To determine the crisp value of soft causal relationships in
practice, it is necessary to determine the membership functions (MBFs) of linguistic terms resulted
from a heterogenous expert’s opinions (Siraj & Fayek 2016). The opinions of experts about forming
MBFs of linguistic terms may differ based on their attitude, knowledge, and experience (Pedrycz
1994). Two main categories of MBF estimation are expert-driven approaches, in which MBF
elicitation is considered a method of acquiring less or more sophisticated knowledge through
interaction with a domain expert, and data-driven approaches, in which the elicitation of MBFs is
based on organizing data into a structure (Fateminia et al. 2020b). The analytical hierarchy process
(AHP) (Saaty 1987) is an expert-driven technique that enables experts to do pairwise assessments
of alternatives in order to establish their MBF. There are some limitations to and eventual biases

in the aforementioned techniques for eliciting MBFs (Pedrycz & Wang 2015). The expert-driven
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method may become broad in nature and may not even be necessarily reflective of the experimental
data used to generate these fuzzy sets (Pedrycz 2005). This limitation is especially evident when
such fuzzy sets are included in the resulting fuzzy model, which may occur as a result of the
absence of experimental support for some MBFs (Fateminia et al. 2020b). For example, in a
construction risk management system, AHP as an expert-driven method is not applicable in
forming the MBFs of linguistic terms related to construction risks since employing AHP means
all risks and opportunities must be considered as alternatives for pairwise comparison, which can
be impossible or very time-consuming (Pedrycz 2020; Pedrycz & Gomide 1998); for example, for a
project with 100 risk events, almost 4900 pairwise comparison among risk events must be
performed by each expert to form only probability MBF, and the result is not necessarily linear.
On the other hand, because of the difficulty of obtaining qualified numerical data on risk
management for construction industry projects, data-driven methods are not applicable in the
majority of cases (Fayek 2018; Pedrycz 2020). Additionally, using data-driven methods may result
in semantically meaningless fuzzy sets (Pedrycz 2021), which implies that fuzzy clustering could
result in some "crowded" fuzzy sets with ambiguous meaning that need to be tuned by an
optimization method, such as simulated annealing algorithm, genetic algorithm, or tabu search
(Pedrycz 2005; Pedrycz & Wang 2015). These limitations make data-driven methods inefficient and
time consuming. As a result, their further modifications, when optimizing the fuzzy model that
comprises the fuzzy sets, may significantly impair the interpretability of the fuzzy sets and the
entire model (Pedrycz & Wang 2015). Aggregation methods used in previously published FSD
approaches do not account for risk management experts' levels of expertise. In most instances, a
moderator or project manager assigns importance weights to experts directly (Siraj & Fayek 2020).
The principle of justifiable granularity (PJG) is a well-known paradigm and fundamental concept

of granular computing, offering robust guidance for structuring information granules based on
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existing experimental data. PJG can be employed to optimize interval type-2 fuzzy sets and form

type-1 MBFs (Fateminia et al. 2020b).

The current construction literature lacks a structured method for constructing and investigating
soft causal relationships in FSD modeling of construction risk analysis. To form the soft causal
relationships in an FSD model, MBFs of linguistic terms pertaining to these relationships must be
determined. However, both expert-driven and data-driven methods have limitations to forming
MBFs of linguistic terms of soft causal relationships by experts, which are necessary to assess
them. To address these research gaps, the objective of this chapter is to propose an adaptive hybrid
model for calculating crisp values of causality degrees of soft causal relationships in FSD modeling
of construction risk management. The proposed model consists of fuzzy analytical hierarchy
process (FAHP), weighted principle of justifiable granularity (WPJG), and fuzzy aggregation
operators. FAHP enables the proposed model to calculate the level of risk expertise (importance
weight) of different experts based on several factors and consider these importance weights in both
processes of forming MBFs for linguistic terms and integrating experts’ assessments of soft causal
relationships. Moreover, WPJG (Pedrycz & Wang 2015) is applied to increase the accuracy of
constructing MBFs of soft causal relationships by determining the optimum value of upper and
lower bounds before converting them into type-1 MBFs. Furthermore, fuzzy aggregation operators
are employed to aggregate the assessments of several heterogeneous experts’ opinions using
constructed fuzzy MBFs and the importance weight of each expert. The resulting crisp value of

soft causal relationships then can be employed to form CLDs and run the FSD simulation model.

The rest of this chapter is organized as follows. First, the advantages and disadvantages of available
methods of modeling complex systems in analyzing construction risks are reviewed and compared

in Section 4.2.1. Second, Sections 4.2.2, 4.2.3, and 4.2.4 review and discuss the benefits, literature,
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and capabilities of techniques used in the proposed model, including FAHP, WPJG, and fuzzy
aggregation operators, respectively. In Section 4.3, the proposed adaptive hybrid model is
presented for calculating the causality degree of soft causal relationships in FSD modeling of
construction risk management systems. Section 4.4 reports how the proposed model is
implemented in a wind farm project to show how the adaptive hybrid model can be implemented
in practice. Finally, Section 4.5 discusses the contributions, and results of this research are

presented, along with potential future extensions.

4.2. Justification of Applied Techniques in the Proposed Model

This section first discusses the benefits and limitations of several modeling methods for complex
systems. The concepts and techniques required for the proposed adaptive hybrid model are then
discussed, and it is demonstrated that FSD is more capable than other mentioned techniques to

model causal relationships among variables of construction risk analysis systems.

4.2.1. Reviewing and comparing fuzzy system dynamics and fuzzy cognitive maps

capabilities to model construction risk management systems
SD, FSD, cognitive maps, and Fuzzy cognitive maps (FCM) methods allow modeling causal
relationships among variables of a complex model. This subsection reviews the merits of

mentioned techniques and compares their modeling capabilities.

The first cognitive maps were introduced in 1976 (Miller 1979) with the goal of representing social
scientific knowledge through defined digraphs with arcs representing causal links between nodes.
Modeling the knowledge associated with a complicated system is possible using these graph-based
structures. There are two major downsides to cognitive mapping (Ledn et al. 2010; Stach et al.
2010). The first is a lack of expression power, which causes their relationships (Papageorgiou et

al. 2006). Casual signs are substituted by signed and weighted arrows that take values in the [1,1]
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interval to address representation capability. Because both ideas and relations have corresponding
numerical weights with a coherent meaning for the problem under analysis, simulations can be
used to address the reasoning capability problem of cognitive maps. Some limitations when
applying FCMs comprise: (1) weights relate the states of concepts rather than changes in state, (2)
meaning of iterations and activation function is unclear, (3) a need exists to invert concepts to
avoid negative weights, and (4) convergence can be problem and results may not make sense

(Glykas 2010; Gregor 2017; Papageorgiou 2013).

On the other hand, SD, developed by Jay Forester in the 1950s (Sterman 2010), is a well-developed
continuous simulation technique that can model the dynamic behavior of complex systems and is
a viable simulation approach to modeling the complexity of projects (Siraj & Fayek 2016, 2020).
One primary goal of SD is to capture how components in a system interact with one another and
how changes in one variable influence another over time (Boateng et al. 2012; Nasirzadeh et al.).
Xue et al. (2020) proposed an SD-based risk model to assess risks of high-speed rail (HSR)
projects. However, their proposed model has certain limitations, such as ignoring unavoidable
subjectivity in experts’ risk evaluations. Complex construction processes involve subjective
variables, which are qualitative in nature and are best expressed using linguistic words. Moreover,
since most construction projects lack sufficient historical quantitative data, developing
probabilistic distributions for system variables can be difficult (Raoufi et al. 2016). Furthermore,
casual relationships of systems cannot be clearly calculated by statistical methods and represented
as numerical values because of the lack of sets of similar data (Siraj & Fayek 2016). Therefore, to
capture the subjective uncertainties of the subjective variables and relationships in the simulation
model, SD must be integrated with fuzzy logic, resulting in FSD (Raoufi et al. 2016; Siraj & Fayek

2016). The FSD technique can capture the dynamism of construction uncertainties and the
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interactions among project components (Raoufi et al. 2016). FSD also addresses the limitations of
FCM since (1) weights are similar to elasticities and their meanings are clear, (2) sensitivity
functions modify weights as a function of concept value, (3) if a model contains one or more
cycles, calculations are iterated to convergence, and (4) node values are in range of percent of

maximum assumed real value (Gregor 2017).

4.2.2. Fuzzy system dynamics for construction risk management

FSD was first developed in 1990 (Levary 1990) by integrating SD with fuzzy logic, which results
in improvements of SD technique’s capabilities. System variables with subjective uncertainty and
the uncertainty of the relationships among system variables can be represented in FSD models by
MBFs rather than probabilistic distributions or deterministic values (Raoufi et al. 2016).
Quantitative historical data are not widely available because construction projects are unique,
which means there is a lack of data points from which to develop probabilistic distributions to
represent the risk factors associated with these projects. Another issue is that the subjective impact
of these risk factors is largely based on expert knowledge, and that also includes an uncertainty

due to the nature of construction projects (Raoufi et al. 2016).

To develop and run an FSD model, both qualitative and quantitative FSD models must be built.
The qualitative FSD model (system thinking) allows users to recognize system behavior, whereas
the quantitative FSD model allows users to dynamically simulate system behavior and anticipate
system state (Raoufi et al. 2016; Siraj & Fayek 2016, 2020). As illustrated in Figure 4.1, SD enables
users to understand how components of a system interact with one another and how a change in
one variable impacts another variable over time (Sterman 2010). Thus, utilizing feedback loops
and stock and flow structures, a qualitative FSD model may be created. The qualitative model

creation process begins with identifying system variables, such as risk events. The qualitative
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model illustrates the hard and soft relationships and interactions between model variables (Sterman
2010). Then, to support realistic representation, the initial model boundary and the amount of
aggregation are determined. The model border denotes the modeling scope, whereas the
aggregation level denotes the subdivision of activities into subsystems (Sterman 2010). Then,
using CLDs and stock and flow maps, the interdependencies, causal structures, feedback
structures, stocks, and flows are mapped. Following that, the qualitative model's layout is

constructed (Siraj & Fayek 2020; Sterman 2010).
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Figure 4.1 Components of system dynamics (SD): (A) Causal loop diagrams (CLDs) and (B)
stock and flow diagrams (adapted from Sterman, 2010).

In order to construct the quantitative FSD model, it is necessary to formulate the variables and
relationships of the qualitative model to simulate the model. Formulating the objective and
subjective system variables and relationships is performed to develop the quantitative FSD model,
in which the objective system variables are represented by crisp numbers (e.g., work package cost)
and the subjective system variables are represented by MBFs, such as impact and probability of
risk events, which are represented using linguistic terms, such as “Very Low” or “High.”
Moreover, hard (objective) relationships can be represented by equations, while crisp values of

soft (subjective) causal relationships must be calculated initially. Then, an equation comprising
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the values of impacted and caused variables along with the crisp values of soft causal relationships
can be determined, and the FSD simulation can be run (Siraj & Fayek 2020). Few research projects
have investigated FSD's applicability to risk modeling and analysis. For example, Loh et al. (2020)
proposed a framework that combines SD and fuzzy logic to facilitate the development of risk
models for autonomous underwater vehicle (AUV) operations in the Antarctic. However, their
proposed model does not suggest a systematic method for determining MBFs for linguistic terms
representing the causality degree of soft relationships and the crisp value for the causality degree
of soft relationships. In addition, Nasirzadeh et al. proposed a fuzzy-based SD approach
(Nasirzadeh et al. 2008) for integrating risk management procedures for construction projects. In
another study, an FSD model with a similar technique was used to establish the best risk allocation
percentage between owners and contractors for construction projects (Nasirzadeh et al. 2014a).
Very few fuzzy variables were considered in the FSD models in either technique. The project
objective implications of the risks were evaluated at the project level, and opportunities in the
evaluation process were not addressed. In both techniques, a fuzzy Delphi, requiring multiple
rounds of modifications to attain an acceptable degree of agreement, was employed for aggregating
expert input, but the experts’ expertise levels were not considered. In another study using expert
judgement and subjective evaluation, a hybrid FSD model 020 was designed to study the impacts
of linked and interacting risk and opportunity events on work package cost in order to estimate
work package and project contingencies (Siraj & Fayek 2020). However, the model was limited to
risk assessment level and ignored risk response planning, which plays a vital role in managing

risks.

4.2.3. Role of experts’ level of risk expertise in FSD risk modeling
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Level of experts’ risk expertise must be considered to maximize knowledge elicitation and avoid
biased assessments in both forming CLDs and assessing soft causal relationships in FSD risk
modeling. Level of risk expertise can be determined based on multiple factors, such as knowledge,
credentials, and experience of assessors. Various techniques have been used in construction for
this goal. For example, Elbarkouky and Fayek (2011) employed a fuzzy expert system (FES) to
aggregate expert opinions on roles and responsibilities in project delivery systems and calculated
the experts' weights based on their qualification characteristics. In another study (Awad & Fayek
2012), a multi-attribute utility function (MAUF) was utilized to calculate the consensus weight
factor for each expert based on their utility values and the relative weight of experience measures
for contractor prequalification in surety bonding. Both FES and MAUF, however, have limits
when dealing with many criteria. To propose a method for weighting experts according to their
level of risk expertise while also handling a large number of criteria, this study employs an

extended version of AHP.

AHP is a rational and straightforward measuring theory (Saaty 1987) that has been effectively
implemented in the construction industry. AHP is capable of handling a large number of criteria
by decreasing the number of necessary comparisons hierarchically. AHP is a structured yet flexible
approach that can be easily updated or adjusted. However, the pairwise comparison may cause a
dimensionality issue because of the large number of variables compared. Moreover, conventional
AHP is incapable of accounting for the imprecise or vague nature of linguistic assessment and
uncertainties inherent in expert evaluations. To alleviate this constraint, Laarhoven and Pedrycz
(van Laarhoven & Pedrycz 1983) proposed a fuzzy analytic hierarchy process (FAHP) was proposed,
which is an extended form of AHP that enables professionals to make decisions using linguistic

terms represented by fuzzy numbers. Pedrycz and Laarhoven (1983) and Buckley (1985) modified
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Saaty's importance rating scale (Saaty 1987) to allow experts to utilize linguistic terms, expressed
as fuzzy number ratios instead of conventional AHP crisp ratios, in pairwise comparison matrices
(Li & Zou 2011). Thus, fuzzy pairwise comparison matrices were constructed to approximate the
imprecise and ambiguous value of human judgment (Li & Zou 2011). Given the complexity of
construction methods and their inherent uncertainties and subjectivities, it is proposed that, rather
than using AHP definite scales, FAHP linguistic scales be used for assigning importance weights
to experts in order to more accurately capture their opinions in the proposed model (Chen & Wang
2009a). Additionally, the FAHP model has the benefit of allowing for overlapping linguistic terms
that more accurately represent human perspectives, allowing for a smoother transition between
diverse viewpoints than the crisp numerical representations of experts' opinions. In conclusion, the
FAHP is a more appropriate model for calculating the level of risk expertise (importance weight)

for each expert to be employed in forming MBFs of linguistic terms.

4.2.4. Weighted principle of justifiable granularity

Conventional approaches for creating fuzzy sets (or information granules) are limited in terms of
forming MBFs of linguistic words, which are required for experts to evaluate soft relationships.
Both expert- and data-driven approaches rely on expert (user) perception or data (data-driven
constructs). PJG can be defined as the approach that maximizes the utility of available
experimental data while augmenting the construct with domain knowledge, either in the form of a
single component of the general criteria or additional problem-oriented domain knowledge. In this
way, the concept can be thought of as representing a middle ground between the two previously

mentioned data- and expert-driven approaches (Pedrycz 2021).

Granular computing, which incorporates fuzzy sets as a formal framework (Pedrycz & Gomide 1998;

Pedrycz & Wang 2015; Zadeh 1975, 1999), is concerned with obtaining, processing, and transmitting
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information granules (Pedrycz & Homenda 2013). It becomes critical to identify (construct)
information granules, which are utilized as conceptual entities in granular models, predictors,
classifiers, and data descriptors as follows. The challenge of creating fuzzy sets has been a
cornerstone of the field, serving as a requirement for any future uses of these information granules
(Pedrycz & Wang 2015). A prominent tendency in granular computing that is also evident in fuzzy
sets is to study and apply higher-order information granules (Pedrycz & Homenda 2013). Regarding
intervals, a more advanced sort of construct presents itself in the form of granular intervals, that
is, intervals whose limits are no longer integers but information granules. This trend toward
increasing the variety of information granules is readily seen in the form of type-2 (particularly

interval-valued) or order-2 fuzzy sets (Pedrycz 2018; Pedrycz & Wang 2015).

PJG (Pedrycz 2018; Pedrycz & Homenda 2013) is a prominent paradigm and one of the core
foundations of granular computing, providing strong guidelines for dealing with constructing
information granules in a structured way based on available experimental evidence (Pedrycz &
Vukovich 2001; Pedrycz & Wang 2015). For further extensions and applications, refer to Pedrycz
(2018, 2020, 2021). The PJG objective is to create an information granule that is empirically
justifiable (i.e., can be justified by experimental data) and conceptually meaningful (i.e., having a
well-defined semantics) (Pedrycz 2021). These two intuitive criteria are represented as the
coverage criterion and the specificity criterion. The term coverage refers to the amount of data that
is positioned behind the formed information granule; coverage indicates the degree to which an
information granule is backed up by existing experimental data. Specificity is concerned with the
semantics of the information granule, emphasizing the granule's meaning (Pedrycz 2021; Pedrycz &
Wang 2015). PJG can be extended to accommodate scenarios in which individual data are linked

with weights, which can be used to assess their quality, which may vary from element to element
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(Pedrycz & Homenda 2013; Wang et al. 2018). Consequently, PJG and WPJG can be potential

solutions in constructing MBFs of linguistic terms.

4.2.5. Fuzzy aggregation operators

The use of aggregation operators is key in every aggregation process. Aggregation operators are
divided into two categories: crisp aggregation operators combine expert preferences expressed as
crisp numbers, whereas fuzzy aggregation operators combine expert preferences expressed as
linguistic phrases (which can be transformed to interval numbers, or fuzzy numbers). When group
decision-making contains solution alternatives and options that cannot be accurately evaluated
with a precise numerical value, linguistic evaluation and natural language are used in order to offer
a more meaningful representation of experts' judgments. Therefore, in a group decision-making
situation, fuzzy aggregation operators are employed to integrate the numerous experts'

linguistically expressed preferences.

Several applications demand fuzzy aggregation in construction group decision-making procedures.
A review of the literature confirms that numerous fuzzy aggregation operators have been proposed,
comprising fuzzy weighted average (FWA) (Sadiq et al. 2004), fuzzy ordered weighted average
(FOWA) (Yager 2004), fuzzy number-induced ordered weighted average (FN-IOWA) (Merigo &
Casanovas 2009), fuzzy weighted geometric operator (FWG) (Gohar et al. 2012), and fuzzy
similarity aggregation method (FSAM) (Hsu & Chen 1996). Selecting an aggregation operator

depends on its characteristics and application.

Several properties for aggregation operators can determine the best option for each context. These
properties comprise: (1) commutativity condition, which says the ordering or ranking of arguments
is irrelevant and all criteria are equally important, (2) monotonicity, where the criteria and the

aggregation output have a non-decreasing relationship in functions, (3) boundary condition, in
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which the outputs of the aggregation function are constrained to the minimal and maximum bounds
of the function, and (4) idempotence, which is the strongest kind of agreement or unanimity, which
is said to occur after the same initial value is aggregated n times and the outcome is the same as
the initial value (Monzer et al. 2019). FOWA is commutative, monotonic, bounded, and

idempotent.

Smolikova and Wachowiak (Smolikova & Wachowiak 2002) employed several aggregation
operators to evaluate a case study, and they discovered that the FWG and FOW A operators provide
more flexibility in fulfilling analysis requirements than FWA. The FOWA aggregation operator is
the most often used aggregation operator in construction risk assessment (Monzer et al. 2019).
Moreover, when working with fuzzy numbers, mathematical operations are critical because the
fuzzy number format is not always preserved (e.g., multiplication of triangular fuzzy numbers).
The FOWA aggregation operator simplifies the process of getting the product of two fuzzy
numbers without modifying the fuzzy number format. Additionally, while evaluating reciprocal
fuzzy pairwise comparison matrices in FAHP, the FOWA aggregation operator demonstrates
exceptional efficiency and effectiveness. Furthermore, several fuzzy aggregation operators have
been tested in the construction risk management domain, and the symmetric mean absolute
percentage error (SMAPE) has been calculated, indicating that FOWA provides the smallest error
(Monzer et al. 2019). As a result, FOWA is employed in this study as the aggregation operator for

various assessments of heterogenous experts.

4.3. Methodology: Developing Adaptive Hybrid Model to Form CLDs in
FSD Modeling

Development of an FSD model, as discussed in Section 4.2.1, is divided into two general phases:
(1) creating a qualitative model and (2) developing a quantitative model. Qualitative modeling

allows for identification of system variables and causal relationships, as well as the development
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of stocks and flows. In the quantitative modeling phase, the values of variables should be
established using crisp numbers and probability distributions. Moreover, all causal relationships
and interdependencies among the model variables should be formulated in order to run the model
and identify the effect of variables (Sterman 2010). So, while mathematical equations are always
used to define hard relationships, soft causal relationships can be determined in three steps, as

illustrated in Figure 4.2.
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Figure 4.2 Inputs and outputs of all steps in adaptive hybrid model to determine soft causal

relationships in fuzzy system dynamics (FSD) modeling.

The 3-step process for determining soft causal relationships begins with evaluating experts’ risk
expertise to enhance knowledge elicitation and avoid making faulty judgments using FAHP. The

output of the first step, which is determining the importance weight for each expert, can be utilized
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in the second step where MBFs of linguistic terms (e.g., “Low” or “High”) for assessing causal
relationships are built, optimized, and aggregated in order to use the knowledge and skills of all
project decision makers and experts. In step 2, interval type-2 fuzzy sets are initially formed that
contain all possible viewpoints of the experts. Then, constructed interval type-2 fuzzy sets are
optimized and integrated using WPJG, resulting in MBFs of linguistic terms for the assessment of
soft causal relationships. In the third step, all qualified experts are required to assess degree of
causality for soft causal relationships based on optimized and aggregated MBFs in the second step.
Then, the FOWA aggregation operator is used to aggregate the assessments of all experts. The
output of the first step, importance weight for each expert, is utilized as one of inputs of third step,
since FOWA is a weighted aggregation operator. Next, the aggregated fuzzy degree of causality
between variables can be established and defuzzified to obtain the crisp degree of causality. The

details of each step are described as follows.

4.3.1. Step 1—Determining the importance weight of each expert using FAHP

When aggregating expert judgments of the degrees of soft causal relationships among variables in
the model, the importance weights of the experts must be accounted for. For example, Monzer et
al. (2019) recommended assessing experts' level of risk expertise based on seven criteria
comprising experience, knowledge, professional performance, risk management practice, project
specifics, reputation, and personal qualities and skills. These criteria are employed in this chapter
to calculate level of risk expertise (importance weight) for each expert. Each of the seven criteria
has quantitative or qualitative sub criteria, and for each of the qualitative attributes assessed using
a preset rating scale (1-5), detailed information can be found in Monzer et al. (2019). The
importance weights of the experts, (Wk), are derived using FAHP weight-assigning approach after

analyzing the experts' level of expertise based on the mentioned attributes. Unlike standard AHP,
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which utilizes crisp numbers, the FAHP approach allows experts to do pairwise comparisons using
fuzzy linguistic evaluations (Mukherjee 2017). As a result, the FAHP approach is used to calculate
the relative weights of qualifying attributes and criteria based on expert pairwise assessments. For
further information about FAHP equations and concepts, refer to Monzer et al. (2019). The
importance weight of each expert can be employed in both steps 2 and 3 in order to (1) form MBFs
of linguistic terms for degree of causality and (2) aggregate several assessments of degree of

causality.

4.3.2. Step 2—Forming MBFs of soft causal relationships using WPJG

Linguistic terms (e.g., “Very Low” or “Very High”) for illustrating the causality degree of soft
causal relationships are defined in order to enable experts to assess them. Defined linguistic terms
for causality degree of soft relationships among variables are fuzzy numbers. These fuzzy numbers
can be represented by triangular or trapezoidal fuzzy numbers, since the most popular forms for
fuzzy numbers with open intervals of real numbers are triangular and trapezoidal (Fayek &
Lourenzutti 2018; Pedrycz 1994). Trapezoidal fuzzy numbers are a subset of triangular fuzzy
numbers. The degree of causality between variables is denoted in this model by five linguistic
terms: “Very Low,” “Low,” "Medium,” “High,” and ”Very High.” Various MBFs for causal
relationships are established and aggregated in order to benefit from the collective knowledge and
expertise of all project decision makers and experts. A type-1 fuzzy set projects a single crisp
number for the membership degree of each linguistic term, whereas interval type-2 fuzzy sets
project an interval for the membership degree of each linguistic term (Mendel & Wu 2006, 2007,
Mendel et al. 2006). Consequently, interval type-2 fuzzy sets are more appropriate because they
give more information than type-1 fuzzy sets and are more accurate. In addition, an interval type-

2 fuzzy set encompasses all possible viewpoints. Consequently, the intervals' lower and upper
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bounds are initially defined in this step by the lowest and highest heights of the MBFs constructed
for linguistic terms (e.g., "Low,” “Medium,” “High”) to assess degree of causality using the

information from various risk experts.

After forming interval type-2 fuzzy sets of linguistic terms, the WPJG is applied in order to
optimize these intervals and construct information granules. Coverage and specificity are two
essential requirements invoked by the WPJG. The two criteria are at odds, which means that
increasing coverage decreases specificity, and vice versa. Therefore, constructing information
granules is a result of tradeoff between them, and there is an optimization problem with a
multiplicative form of the objective function, shown by Equation (1), where D is an information
granule based on the available experimental evidence resulting in a form of a collection of one-
dimensional numeric data, and D = {x1, x2, ..., XN}, where xk € R. Coverage is expressed as the
cardinality (count) of the data X included in the interval [m,b], assuming m is the numeric
representative of a data set, such as a median. In addition, specificity can be related directly with
the length of the interval and define any decreasing function of the length that is [m—b| or |m—a,

where a and b are the optimized values of the lower and upper bounds of the interval, respectively.
V(b) = coverage x specificity 4.1

Equation (1) can be implemented separately for the lower and upper bounds of the interval as

follows:
V(b) = fl(card{xkD|\med(D) < xk <b}) x f2(imed(D)—b|), 4.2)
Via) = fl(card{xk € D|a <xk< med(D)}) % f2(|med(D)—al|). (4.3)

By maximizing V(b), we achieve an optimal value of b, which is to say,
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bopt = arg maxb V(b) 4.4)

The optimal upper bound bopt can be obtained by maximizing the value of V(b), namely V(bopt)
= maxb>med(D)V(b). The lower bound of the information granule is constructed in the same way:

aopt, that is, V(aopt) = maxa<med(D)V(a).

The importance weights of each expert calculated in the last step using FAHP can be integrated
with PJG, resulting in WPJG. To form WPJG, Equations (2) and (3) can be extended to deal with
situations where data are associated with relative weights (Pedrycz 2021). In this case, given the
data form (xi, wi), where wi represent weights in the range of an [0,1] interval, w = [ wil, w2, ...,
wN], the upper and lower bounds can be determined by maximizing the performance index V as

follows:

V) =f1( Tt ) % f2(imed(Dw) ~ b 45
0) = 11( o okt o ) * F2(\med(D,w) = bl), (4.5)
where med(D,w) is a weighted median as follows:

After med(D,w) = argminy leg=1 wi [xx =yl (4.6)

implementing WPJG and optimizing the upper and lower bounds of interval fuzzy sets, MBFs are
type-reduced to standard MBFs for the purpose of performing crisp output computation. In this
research, the procedure described in Reference (Pedrycz 1994) is used to transform an interval
type-2 MBF to a type-1 MBF.

4.3.3. Step 3—Aggregating the heterogeneous expert’s opinions using aggregation

operators

In step 3, MBFs of linguistic terms determined in the previous step are utilized to assess degree of
causality for soft causal relationships. Assessments of several experts are aggregated using FOWA.

The FOWA aggregation operator is a weighted aggregation operator for combining the linguistic
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opinions of diverse experts (Merigd & Casanovas 2009; Yager 2004), as a simple extension of the
ordered weighted average (OWA) operator used in uncertain scenarios where the available data
input and knowledge source may be evaluated using fuzzy numbers (Hsu & Chen 1996; Monzer et
al. 2019). FOWA supports parameterization of a family of aggregation operators, including the
fuzzy maximum, fuzzy minimum, and fuzzy average criteria. Additionally, FOWA shares many
of the same characteristics as OWA (Yager 2004). Letting f: On — O, where O is the set of all

fuzzy numbers, the formula for applying FOWA is:
f(dl, dz, ey dn ) = Z?:l WJEJ, (47)

where w = (wl,w2,...,wn) is the weighting vector, and d; € ®, which means d; are fuzzy
number representing experts’ opinions. In addition, w € (0,1), and Z’}:l w; =1, and bj is the
largest jth of the d; (Pedrycz 2020). Here, the weighting vector wj is calculated in Step 1 using
FAHP. The aggregated fuzzy number of causality degree among variables can then be determined
and is defuzzified to calculate crisp degree of causality. Consequently, crisp values of causality

degree are employed to form CLDs and run the FSD model to assess construction risks.

4.4. Case Study: The Proposed Adaptive Hybrid Model

The main purpose of the case study was to illustrate how to implement the proposed model for
analyzing risks of a construction project. The proposed model was employed as part of forming an
FSD simulation model for analyzing construction risks of a real wind farm power generation
construction project, since authors had access to some project information. However, the model
can be implemented in any kind of construction project. Implementation of the proposed model is
illustrated to (1) form MBFs of causality degree for soft causal relationships and (2) determine the
crisp value of causality degree for soft causal relationships. To maintain confidentiality of project

information, some actual information and value of used relationships and variables were
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substituted in the case study for some hypothetical data. Names and values of some variables
comprising risks, risk responses, secondary risks, and assessments of causality degree for soft
causal relationships are substituted. However, actual data and information were utilized to
calculate experts’ level of risk expertise. Moreover, the type of objective and subjective variables
and the types of hard and soft relationships between them are real and were extracted from a risk
analysis model of a real wind farm project in North America. The real wind farm project had eight

construction work packages, which are categorized as civil, structural, and electrical.

FSD modeling begins with qualitative modeling, followed by quantitative modeling, to formulate
all identified variables and relationships. The process of developing a qualitative model starts with
the identification of system variables (e.g., risk events) and all hard and soft relationships and
interactions between variables. Additionally, it incorporates the feedback structure for various
variables (e.g., response actions that are available to address identified risks). The initial model
boundaries, as well as the degree of aggregation, may then be determined in order to achieve the
objective of realistic representation. Although the model boundary indicates the extent of the
modeling exercise, the aggregation level indicates the breakdown of activities into subsystems.
Using CLDs, stock and flow maps, and other tools, the interdependencies, causal structures,
feedback structures, stocks, and flows are all visualized and represented graphically. Next, the
layout of the qualitative model is developed. To formulate soft causal relationships in the
quantitative modeling phase, the proposed model in this study is implemented in the following

three steps.
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Figure 4.3 Graphical representation of FSD model in qualitative step in AnyLogic® software.

4.4.1. Step 1: Determining risk expertise

In the first step in formulating soft causal relationships, the experts’ level of risk expertise
(importance weights) is calculated. The criteria for choosing experts were their engagement in the
project, their overall years of experience, their years of risk management experience, and the
number of similar projects in which they had participated. A diverse group was established from
four real experts who were actively involved in the project. Each expert was a part of the project
team and had worked on more than five comparable-scale projects. They had an average of 23
years of total construction experience and an average of 12 years of risk management experience

(Siraj & Fayek 2020).

In Step 1 of determining soft causal relationships, the risk expertise levels (importance weights)

of the experts were determined using a combination of numerical and linguistics attributes, as
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detailed in Table 4.1. Next, the evaluation data were normalized to the range [0,1]. Then, the
weights assigned to the criterion and sub criteria were used to compute the experts’ level of risk
expertise. The FAHP weight assignment technique was then used to compute the importance
weights (Wk) of the four experts, W1, W2, W3, and W4. Calculated weights, such as each expert's
importance weight (risk expertise), must be normalized before being used as the expert's
importance weight. The experts' importance weights are relative weights that, when added, equal
1. This guarantees that the opinions of experts with a higher weight of importance have a greater
effect on the experts' collective evaluation. The four experts' importance weights were 0.25, 0.27,

0.22, and 0.26.

Table 4.1 Numerical and linguistics attributes to determine the risk expertise levels (importance

weights) of the experts.

Criteria Criteria Name Criteria
No. Weight
Experience—Total years of experience, Diversity of
1 experience, Relevant experience, Applied experience, 0.17

Varied experience
Knowledge—Academic knowledge, Education level, On-

2 the-job training 0.13

3 Professional pgrformancg—Current occppation, Years in 0.2
current occupation, Expertise self-evaluation :
Risk management practice—Average hours of work in

4 risk per week, Level of risk training, risk conference 0.18

experience, Risk identification and planning, Risk
monitoring and control, Crisis management

Project specifics—Project size, Commitment to time

5 deadlines, Commitment to cost budget, Safety adherence, 0.16
Geographic diversity experience
Reputation—Social acclimation, Willingness to

6 participate in survey, Professional reputation, Level of risk 0.12
conservativeness

Personal attributes and skills—Level of communication,

Teamwork, Leadership, Analytical skills, Level of ethics 0.12
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4.4.2. Step 2: Constructing MBFs of soft causal relationships

In the second step, MBFs of linguistic terms for assessing causality degree of soft relationships are
formed by expert opinions using WPJG. The following phase establishes linguistic terms, their
scales, and associated fuzzy sets in order to analyze the degree of causality for project components
with soft causal relationships. So, Step 2 begins with gathering opinions of several experts about
the scales of linguistic terms of causality degree (e.g., “Very Low,” “Low,” “Medium,” “High,”
and “Very High”). For example, based on the opinion of Expert 1, the linguistic term “Very Low”
for causality degree ranges from 0 to 18 percent with the membership value of 1 in 0 percent. Then,
interval type-2 fuzzy sets of each linguistic term are constructed for degree of causality in soft
causal relationships. Interval type-2 fuzzy sets capture more uncertainty than their type-1
counterparts (Mendel & John 2002; Mendel & Wu 2006; Mendel et al. 2006; Wu et al. 2011). Thus, the
opinions of all experts are employed to form interval type-2 fuzzy set. Since there were four experts
in the project whose opinions were critical to risk modeling, interval type-2 fuzzy sets were
employed to account for all MBFs these experts proposed. The interval type-2 fuzzy set was

constructed by calculating the lowest and highest bounds of the proposed MBFs.

Then, the tradeoff between specificity and coverage of each interval is conducted using the WPJG
and considering it as a multiplicative optimization problem (Pedrycz 2018, 2021; Wang et al.
2018). The parametric WPJG can mitigate the influence of irrelevant and biased opinions.
Equations (5) and (6) are employed to determine the optimized upper and lower bounds of each

interval by maximizing the performance index.

For crisp output calculation, type-2 fuzzy sets are subsequently converted to standard MBFs. The
process of converting an interval type-2 fuzzy set to a type-1 fuzzy set, proposed by Fateminia et

al. (Fateminia et al. 2020b) and Pedrycz (Pedrycz 2021), is applied in this study. The objective of
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the type reducing process is to determine the line that best fits these interval fuzzy values. Initially,
mean and domain values are used to represent the interval fuzzy values statistically. The interval
sets are represented by their corresponding mean points in the x—y space, which are (0,1),
(10,0.75), (15,0.6), and (20,0.05). The mean values of all interval type-2 fuzzy sets may not be
linear. Therefore, to get the best-fit linear equation, a linear equation between (0,1) and the mean
point of each interval set is required to be solved for an x-axis intercept value. Statistically, the
modeled linguistic term should fall inside the range [x},, x,] (Fateminia et al. 2020b; Pedrycz
2021). Here, x!, is the mean of the interval type-2 fuzzy set's left endpoints, and xJ, is the mean
of the set's right endpoints. If the endpoint uncertainties are removed, the preceding interval type-
2 fuzzy set degrades to a type-1 fuzzy set with a=b = x7, = x},. The mean of these points is at xJ,
= 22 with standard deviation s = 3.06. Consequently, the optimized MBFs for various linguistic

terms are similarly calculated as illustrated in Table 4.2. The optimized fuzzy numbers in Table

4.2 can be employed to assess risks and opportunities in the next step.

Table 4.2 Linguistic terms and fuzzy numbers for assessing the degree of causality.

Linguistic terms Fuzzy number
Very low influence (VL) (0.00 0.00 0.22)
Low influence (L) (0.00 0.22 0.47)
Medium influence (M) (0.22 0.47 0.72)
High influence (H) (0.47 0.72 1.00)
Very high influence (VH) (0.72 1.00 1.00)

4.4.3. Step 3: Aggregating assessments
In the third step of the model, several experts assess the causality degree of soft causal relationships
based on linguistic terms constructed in Step 2 (Table 4.2). Then, FOWA is employed to aggregate

the assessments of the four experts, resulting in creation of a single fuzzy number that reflects the
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group's opinion. Experts offer their evaluations of causality degree for soft causal relationships
using linguistic terms that are represented by fuzzy numbers that are optimized and formed in step
2. The importance weights of the experts, calculated in Step 1 using FAHP, are utilized by FOWA
as the weight vector for the experts' assessments in order to reflect their level of expertise. The
aggregated fuzzy number of causality degrees across variables are then calculated. Finally,
aggregated fuzzy number of causality degree is defuzzified to obtain the crisp value for degree of

causality for the soft causal relationship.

4.5. Results and Discussion

The proposed hybrid model results in calculated the crisp value of causality degree for soft causal
relationship among each pair of variables (e.g., variables 1 and 2) while considering the level of
risk expertise for each assessor. Crisp values of causality degree for soft causal relationships are
employed to formulate the value of the second variable (affected by first variable through a soft
causal relationship) in different time steps of the FSD simulation. As a result, the FSD simulation
model comprising of soft causal relationships can be quantified and run in simulation software

(e.g., AnyLogic®) to evaluate construction risks.

The crisp value of causality degree for soft causal relationships among project components in this
study are: 0.37 between risk event 2 and work package-electrical; 0.56 between risk event 2 and
risk event 3; 0.6 between risk response 1 and secondary risk 1; and 0.40 between risk event 1 and
risk response 5. The crisp value of causality degree can be utilized to formulate the soft causal
relationships between interrelated variables in FSD modeling. The suggested adaptive hybrid
model can provide industry professionals with a systematic and structured approach to modeling
complex construction risk systems through FSD simulation comprising soft causal relationships.

The model can be a potential alternative for traditional techniques (e.g., modified horizontal
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approach) for determining the MBFs of linguistic terms for degree of causality. Traditionally,
modelers used to utilize the modified horizontal approach coupled with curve fitting, which is an
expert-driven and direct method, to develop MBFs of linguistic terms. The modified horizontal
approach is very straightforward to apply and enables condensing of many questions into a single
one. However, it is highly reliant on expert judgments and is, thus, susceptible to mistakes owing

to experts' subjectivity and inconsistency in responding to questions.

The interval type-2 fuzzy sets used in the proposed adaptive hybrid model capture more
uncertainties compared to standard fuzzy sets, offer better knowledge representation, and accounts
for the opinions of a larger number of experts compared to standard fuzzy sets. Moreover, WPJG
optimizes these interval type-2 fuzzy sets by maximizing the performance indexes of two criteria—
coverage and specificity—, thereby mitigating the impact of irrelevant and biased expert opinions.
The suggested model is an alternative to existing techniques for eliciting MBFs, such as fuzzy
clustering and AHP, which are ineffective for eliciting MBFs for risk analysis linguistic terms.
Additionally, the proposed model meets the requirements for (1) aggregating expert opinions on
the MBFs of identified linguistic terms, (2) aggregating expert evaluations of soft causal

relationships, and (3) removing irrelevant and biased opinions.

4.6. Chapter Summary

Decision-making in construction projects is a complex process involving a large number of risks
and uncertainty that requires efficient modeling and computing techniques to mitigate the impacts
of risk and uncertainty on project objectives and to manage project contingency reserve. In this
chapter, an adaptive hybrid model was proposed for improving the efficiency of constructing
CLDs in FSD modeling of complex construction risk analysis systems. The model integrates

FAHP, WPJG, and FOWA to (1) form and optimize the MBFs of linguistic terms and (2) aggregate
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assessments of causality degree for each soft causal relationship made based on the constructed
MBFs. FAHP is employed to determine the level of risk expertise (importance weight) of various
experts based on several criteria. WPJG is applied to determine the optimal value of the upper and
lower bounds of interval type-2 MBFs of soft causal relationships, and FOWA is utilized to

aggregate the opinions of heterogenous experts.

This study contributes to the modeling and analysis of risks in construction projects by proposing
a systematic and organized technique via an adaptive hybrid model for calculating the crisp value
of causality degree for soft causal relationships among the elements of construction projects. The
proposed model can address the following issues with prior techniques: (1) considering the level
of risk expertise (importance weights) of several experts in both developing the MBFs of linguistic
terms and assessing the degree of causality based on constructed developed MBFs, (2) mitigating
the influence of irrelevant and biased opinions on the development of MBFs for linguistic terms
of causality degree , and (3) aggregating several expert’s assessments of causality degree of soft

causal relationships.

The results of the proposed adaptive hybrid model for FSD modeling of construction risks are: (1)
optimized MBFs of linguistic terms for causality degree of soft causal relationships and (2) the
crisp value of causality degree of soft causal relationships. The first result can be employed in
assessing degree of causality of soft causal relationships among project variables by experts, and
the second can be utilized in formulating the value of impacted variable based on the value of
caused variable in each time step of the FSD simulation. The study results will enable risk analysts
to: (1) calculate the crisp value of soft causal relationships when quantitative project data falls
short of the quantity or quality required for effective modeling and (2) benefit from the opinions

of several experts while modeling the dynamic behavior of complex construction projects using
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FSD. The developed adaptive hybrid model was implemented on a hypothetical case study that

was extracted from a real wind farm project.

When determining the degree of causality, the experts' importance weights were assumed to
remain constant for a particular project, independent of the work package being evaluated.
However, some experts are more informed than others or have more relevant backgrounds for a
certain work package. Therefore, the weights assigned to experts must vary according to the work
package being evaluated. Thus, future research should focus on the creation of a weighting
technique that accounts for the level of expertise of the experts assigned to the work package under
evaluation. Additionally, the proposed model can be implemented in several FSD models of
construction risk analysis to compare the results with conventional methods (e.g., modified

horizontal approach coupled with curve fitting).
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Chapter 5: Determining Contingency Reserve for Construction
Projects Considering Time-dependence, Causal Relationships, and

Linguistic Assessments of Risks and Responses *

5.1. Introduction

Uncertainty and risk are inherently part of all projects, and thus risk management plays a critical
role in ensuring project success (Ahmadi-Javid et al., 2020). Risk refers to the situation in which
a decision-maker is aware of decision outcomes and their probabilities of occurrence. Uncertainty
refers to a situation in which a decision-maker is unaware of such information (Ahmadi-Javid et
al., 2020). In construction projects, a wide range of activities exists across multiple knowledge
areas (e.g., Civil works, Major equipment). This environment along with conflicting stakeholder
interests make project management and decision-making processes highly complex (Fateminia et
al., 2021). Moreover, the frequent need to use approximate reasoning and linguistic terms in
construction projects that have imprecise or unstructured data increases the complexity of decision
making and managing uncertainties (Fateminia, Sumati, et al., 2020). Construction projects have
high levels of uncertainty due to their dynamic nature, multiple feedback processes, and the non-
linear relationships and interactions among project components (Fateminia et al., 2021; Fateminia,
Sumati, et al., 2020). Therefore, managing risks and uncertainties is crucial for construction

projects to successfully achieve project goals in terms of time, cost, and quality.

* This chapter has been submitted for publication in the Automation in Construction: Fateminia, S.
H., and Fayek, A. R.(2022).“ Determining Contingency Reserve throughout the Lifecycle of Construction
Projects Using a Hybrid Fuzzy Arithmetic-Based Model (HFACRM),” Automat. Constr., 36 manuscript
pages, submitted Oct 2022.
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Risk management is ineffective without considering risk responses, which are critical in addressing
the effects of identified risks on project goals (Fateminia et al., 2019; Fateminia, Siraj, et al., 2020;
Hillson, 1999). Risk response planning is the process of developing, assessing, and selecting risk
response strategies and actions that control the probability and impact of risks in order to increase
the chance of achieving project objectives (Ahmadi-Javid et al., 2020; Fateminia, Siraj, et al.,
2020; PMI, 2017). Contingency reserve is the budget calculated for implementing risk response
actions (RRAs)and handling both secondary and residual risks (PMI, 2017). Contingency reserves
must be calculated and considered in the project budget to cover the implementation cost of RRAs
and the effects of risks on project objectives. Contingency reserve determination is a key tool for
the decision makers of a project to respond to positive and negative risks (i.e., opportunities and

threats) (Ahmadi-Javid et al., 2020; PMI, 2017).

Insufficiently allocating the contingency reserve amounts required for a project may result in
significant financial losses and inefficient resource management (Salah & Moselhi, 2015). Current
techniques for calculating contingency reserve, including deterministic and probabilistic
approaches, are unable to capture the complex and dynamic of construction projects (Ahmadi-
Javid et al., 2020; Fateminia, Siraj, et al., 2020). Deterministic approaches, which are based on the
intuition and experience of experts, are simple and transparent to use. However, these approaches
have difficulty calculating the exposure of risk events (REs) and are unable to consider positive
risks, also known as opportunities (Iranmanesh et al., 2009). On the other hand, in probabilistic
approaches a lack of quality and quantity of historical data can affect contingency reserve values,
since these techniques rely significantly on such data (Fateminia, Siraj, et al., 2020; Salah &
Moselhi, 2015). Additionally, probabilistic techniques assume that cost variations are inherently

random. Many risk experts find it difficult to perform an accurate and precise risk assessment,
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since data are often scarce or of low quality (Hao et al., 2019). The probability of occurrence and
impact of positive and negative REs change over time because of their dynamic behavior and time-
dependent nature (Fateminia et al., 2021). However, traditional risk modeling and analysis
approaches tend to focus on a static view of risks, rather than considering the time-dependent
behavior of risks. Therefore, it is crucial to model and assess the interrelationships and interactions

among risks as well as their dynamic nature in order to develop a realistic contingency reserve.

System dynamics (SD) (Sterman, 2000) and cognitive maps (CM) allow modeling of causal
relationships among variables of a complex model. Two major downsides to cognitive mapping
exist (Ledn et al., 2010; Stach et al., 2010), in that they lack 1) expression power, which expresses
causal relationships between two variables as positive and negative states, and 2) inference
capabilities, which imply we cannot make decisions based on the model’s relationships. Fuzzy
cognitive maps (FCM) (Kosko, 1986) is an extension of CM that addresses some of their
limitations. However, FCM has some limitations while. First, weights relate the states of concepts
rather than changes in state. Second, the meaning of iterations and activation function is
incomprehensible. Third, a need exists to invert concepts in order to avoid negative weights.
Fourth, convergence can be problem and results may not make sense (Fateminia et al., 2021). SD
also has some limitations. First, complex construction processes entail subjective, qualitative
variables that are best represented through linguistic terms. Moreover, it is difficult to create
probability distributions for system variables because most projects lack sufficient quantitative
historical data (Raoufi et al., 2016). Additionally, due to a lack of similar data sets, the casual
interactions of systems cannot be properly calculated using statistical methods and expressed as
crisp values (Elbarkouky et al., 2016). Therefore, SD can be integrated with fuzzy arithmetic to

capture subjective uncertainties associated with subjective variables and causal relationships in
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simulation models (Elbarkouky et al., 2016; Raoufi et al., 2016). Fuzzy system dynamics (FSD)
technique addresses the limitations of SD, CM, and FCM (Fateminia et al., 2021; Gregor, 2017).
In FSD, weights are similar to elasticities, and their meanings are clear. Moreover, sensitivity
functions modify weights as a function of concept value, and if a model contains one or more
cycles, calculations are iterated to convergence. Furthermore, node values are in range of percent

of maximum assumed real value.

In summary, current methods of determining contingency reserves in the construction literature do
not consider 1) RRAs, 2) subjective reasoning and linguistic evaluations, 3) causal interactions
and dependencies between project components, and 4) the dynamic nature and time-dependent
behavior of probability and impact of both positive and negative REs and RRAs. The objective of
this paper is to propose a novel hybrid fuzzy arithmetic-based contingency reserve model
(HFACRM) to determine contingency reserves throughout the lifecycle of construction projects.
HFACRM takes RRAs into consideration while formulating variables, stocks and flows, and
causal relationships among variables. The proposed model employs FSD tol) model the dynamic
behavior of time-dependent components such as probability and impact of REs and 2) capture the
interactions, relationships, and mutual impact of REs together and with RRAs over the course of
project. HFACRM uses fuzzy logic and fuzzy arithmetic to capture the subjective uncertainties
associated with assessing model variables (e.g., REs, RRAs) and causal relationships between

them.

This paper is organized as follows. First, a brief literature review of traditional techniques of
determining contingency reserve of projects is presented and their gaps are highlighted, followed
by a discussion about the SD, FSD, and application and benefits of employing fuzzy arithmetic in

the risk analysis process. Second, a fuzzy arithmetic-based contingency reserve model is proposed
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to determine contingency reserve of construction projects. Third, a case study is provided to
illustrate how the proposed framework can be implemented in a wind farm project using
AnyLogic®, a simulation software tool to run simulation models, and MATLAB. Then, results of
this research are presented and discussed, and conclusions are presented along with potential future
extensions.

5.2. Determination of Contingency Reserves in Risk Management for
Construction Projects

5.2.1. Defining contingency reserves

To deal with uncertain events, construction projects have two types of reserves that must be
calculated and considered in the project budget: management reserve and contingency reserve
(Ahmadi-Javid et al., 2020; PMI, 2017). Management reserve is the amount of project budget or
time buffers reserved for handling unforeseen events (PMI, 2017). Cost baseline is the sum of the
cost estimates of all work packages and project contingency reserve (Ahmadi-Javid et al., 2020;
PMLI, 2017). Project budget is the sum of the cost baseline and management reserve. Contingency
reserve is the budget typically used for implementing RRAs and handling both secondary and
residual risks considering contingency plan or fallback plan (Ahmadi-Javid et al., 2020). A
contingency or fallback plan can be developed and implemented when the selected response action
turns out not to be fully effective or when an accepted risk occurs. Secondary risks are risks that
arise as a direct result of implementing an RRA. Residual risks are risks that are expected to remain
after planned response actions have been taken or risks that have been deliberately accepted

(Ahmadi-Javid et al., 2020; PMI, 2017).

As shown in Figure 5.1, uncertain events in projects can be divided into two main categories: 1)

unknown unknowns addressed with management reserve, and 2) known unknowns that must be
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responded to proactively or reactively. A proactive approach focuses on eliminating problems

before they can occur by avoiding, mitigating, and transferring with respect to negative risks or

exploiting, enhancing, and sharing with respect to positive risks. A reactive approach is based on

responding to events after they happen by employing active and passive accepting strategies

(Ahmadi-Javid et al., 2020). Workarounds are immediate RRAs for unidentified risks or identified

risks that have been accepted passively (Ahmadi-Javid et al., 2020; Fateminia, Siraj, et al., 2020;

PMI, 2017). Contingency reserve is used for events that are responded to with proactive response

actions or active acceptance response actions.

CR: Contingency Reserve
MR: Management Reserve
CP: Contingency Plan

FBP: Fall Back Plan (Plan B)
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Figure 5.1 Contingency reserve and management reserve (adapted from Ahmadi-Javid et al.,

2020; PMI, 2017).

5.2.2. Drawbacks of traditional methods to determine contingency reserve

Contingency determination methods can be categorized into two groups: deterministic techniques

and probabilistic approaches. In deterministic techniques such as expert judgment and
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predetermined guidelines, contingency reserve is expressed as a predetermined proportion of the
budget or as a single crisp number. Deterministic techniques are incapable of effectively
addressing uncertainties (Mak & Picken, 2000), taking into account the unique effects of project
complexity, market conditions, and location (Olumide et al., 2010), or accurately assessing risks
(Kirchsteiger, 1999; Olumide et al., 2010). Additionally, they do not provide a confidence level
for the predicted contingency’s sufficiency and are incapable of considering positive risks (i.e.,

opportunities) (Ahmadi-Javid et al., 2020).

However, because probabilistic approaches rely heavily on probability theory, a lack of quality
and quantity of historical quantitative data causes inaccurate and unreliable contingency reserve
values (Fateminia, Siraj, et al., 2020; Salah & Moselhi, 2015). Probabilistic approaches can be
classified as simulation-based methods (e.g., range estimating, integrated cost and schedule) and
non-simulation-based methods (e.g., probability tree, analytic hierarchy process, expected value,
regression) (Fateminia, Siraj, et al., 2020). Since probabilistic approaches presuppose that cost
variations are intrinsically random, numerous risk specialists struggle to conduct an accurate and
exact risk assessment because of a lack of data or poor-quality data (Hao et al., 2019). Standard
probability theory does not provide techniques for deriving and computing from natural language-
based data. Additionally, Monte Carlo simulation (MCS), which is the most common probabilistic
technique, frequently fails in assessing risks of projects because of overconfidence bias (Flyvbjerg,
2021). Experts develop overconfidence bias by assuming thin-tailed risk distributions (normal or
near-normal), whereas the true distributions are fat-tailed (lognormal, power law, or similar
probability distribution) (Flyvbjerg, 2021). The error is not with MCS models per se, but with
improper model input (Ahmadi-Javid et al., 2020; Flyvbjerg, 2021; Hillson, 1999). Additionally,

neither deterministic nor probabilistic techniques can model subjective uncertainty.
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5.2.3. FSD simulation advantages for construction risk management

Simulation methods are appropriate techniques to dynamically analyze and evaluate the
performance of systems as they change over time and make future inferences (Helal, 2008).
Simulation methods are more flexible than optimization models and do not generally require those
assumptions and simplifications made with optimization models (Helal, 2008). Therefore,
employing simulation methods can lead to more realistic modeling results.

The appropriate simulation technique must be selected to accurately mimic the complexity and
uncertainty of construction projects. Large-scale construction projects belong to the class of
complex, dynamic systems, which consist of multiple interdependent components (Fateminia,
Siraj, et al., 2020; Fateminia, Sumati, et al., 2020). Moreover, highly dynamic construction projects
entail various feedback loops and nonlinear interactions. (Fateminia, Sumati, et al., 2020). In
discrete event simulation models, system performance can be evaluated for specific values of
decision variables or control policies (Helal, 2008). However, determining the stability of the
system in any region or neighborhood of those values or policies is not possible. This is critically
important in dynamic, complex systems where performance may be driven by causal relationships
that can be highly non-linear. In these systems, modest variations from the optimal decision point
might result in disproportionately huge performance changes (Helal, 2008). In agent-based
modeling (ABM), which is a type of bottom—up computational simulation modeling, individual
entities are represented by discrete agents and interactions among agents, and macro factors cannot
be modeled (Raoufi et al., 2016; Raoufi & Fayek, 2015, 2018). On the other hand, SD is a well-
elaborated technique for continuous simulation that can model dynamic behavior of complex
systems. Thus, SD represents a viable simulation technique for modelling the complexity of

construction projects (Fateminia et al., 2021). SD allows representation of causal relationships
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between system variables, such as interdependencies between probability dependencies and impact
dependencies among REs, RRAs, and secondary risks (Nasirzadeh et al., 2008; Sterman, 2000).
Complex construction systems contain subjective variables of a qualitative nature, which are best
expressed using linguistic terms. Since most construction projects lack sufficient historical
quantitative data, the development of probabilistic distributions for system variables can be
challenging (Raoufi et al., 2016). Furthermore, casual relationships of systems cannot be clearly
calculated by statistical methods and represented as numerical values owing to the lack of sets of
similar data (Fateminia et al., 2021; Fateminia, Sumati, et al., 2020).Therefore, to capture the
subjective uncertainties of the subjective variables and relationships in a simulation model, SD can
be integrated with fuzzy arithmetic, resulting in FSD (Fateminia, Sumati, et al., 2020; Raoufi et
al., 2016). FSD is able to capture the time-dependent nature of construction uncertainties and
interactions among the components influencing contingency (Raoufi et al., 2016).

The main feature of FSD is its ability to model continuous changes in system variables, deal with
system feedback loops, and track the dynamics of construction variables (Fateminia et al., 2021).
Therefore, FSD is the appropriate choice when modelers wish to assess changes of system
variables over time and identify the effects of factors influencing these variables. Qualitative and
qualitative FSD models are developed in the same way. However, quantitative FSD models are
developed differently compared with quantitative SD models (Fateminia et al., 2021). Specifically,
the subjective variables of FSD models are represented by fuzzy membership functions (MBFs)
(Fateminia et al.,, 2021; Fateminia, Sumati, et al., 2020), rather than the deterministic or
probabilistic values used in SD models (Raoufi et al., 2016). To design and run an FSD model, it
is necessary to build both qualitative and quantitative FSD models. The qualitative FSD model

(system thinking) enables users to perceive system behavior, whereas the quantitative FSD model
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enables users to simulate system behavior dynamically and predict system state (Fateminia et al.,

2021).

The study of the literature indicates an increasing tendency toward overcoming the constraints of
traditional risk analysis methods by integrating them with other techniques such as fuzzy logic.
Nasirzadeh et al. (Nasirzadeh et al., 2014) employed a fuzzy-based SD technique in their FSD
model to determine the optimal risk allocation percentage for construction projects between
owners and contractors. In their proposed technique, very few fuzzy variables were included in the
FSD models. The risk implications for the project’s objectives were examined at the project level.
Moreover, RRAs and opportunities were not addressed throughout the evaluation process. Siraj et
al. (Siraj & Fayek, 2016) developed a hybrid FSD model combining expert judgement and
subjective evaluation to investigate the influence of connected and interacting risk and opportunity
events on work package cost in order to predict work package and project contingencies. However,
the model was restricted to risk assessment and omitted risk response planning. Sadeghi et al.
(Fateminia, Sumati, et al., 2020) suggested an approach for coping with both random and
subjective uncertainties in estimating project contingency by combining fuzzy set theory and MCS.
However, the proposed approach is incapable of evaluating the effect of individual REs; rather, it
determines the range estimate of the combined effect of REs. Fateminia et al. (Fateminia, Siraj, et
al., 2020) developed an arithmetic-based fuzzy risk analysis model (FRAM) to solve the research
gap by resolving measurement imprecision and subjective uncertainty inherent in expert
assessments. FRAM does not, however, take into account RRAs, causal relationships, or the
complex and dynamic nature of construction project components. FRAM also serves as the
foundation for the software application Fuzzy Risk Analyzer© (FRA©), a fuzzy arithmetic-based

risk analysis software. FRA© employs linguistic terms represented by triangular and trapezoidal
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fuzzy numbers to assess the probability and impact of REs, as well as fuzzy arithmetic techniques
based on the a-cut method to generate work package and project contingencies.

Other approaches to developing fuzzy hybrid models include integrating failure mode and effect
analysis (FMEA), analytic hierarchy process (AHP), and fuzzy logic to assess risks and determine
contingency (Raoufi & Fayek, 2018), prioritizing a project’s risk factors using AHP and fuzzy set
theory (Nasirzadeh et al., 2014), and quantifying REs using FMEA and fuzzy set theory (Siraj &
Fayek, 2016). Table 5.1 compares different contingency reserve determination methods based on
ten categories adopted from related literature (Ahmadi-Javid et al., 2020; Bakhshi & Touran, 2014;
Fateminia, Sumati, et al., 2020; Salah & Moselhi, 2015; Teller et al., 2014). The Criteria are
extracted from reviewing the literature of contingency determination methods and their capabilities
and weaknesses. Table 5.1 summarizes how hybrid fuzzy techniques are more capable compared
to deterministic and probabilistic approaches to consider subjective uncertainties. However,
current methods of determining contingency reserve have shortcomings in incorporating RRAs
into their risk analysis process. Moreover, current methods are limited in their ability to consider
time-dependent behavior of REs and cause-and-effect relationships between project components.
Furthermore, current contingency determination methods are based on one expert’s assessment,
which may cause biased assessments and decisions. Although hybrid fuzzy techniques use fuzzy
logic and fuzzy arithmetic, the literature does not reveal a systematic method to develop, optimize,

and aggregate the (MBFs) of linguistic terms used for risk assessments.
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Table 5.1 Comparison of contingency reserve determination methods (adopted from Bakhshi &

Touran, 2014; Fateminia 2020).
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5.3. Developing hybrid fuzzy arithmetic-based contingency reserve model
(HFACRM)

HFACRM has four main steps: 1) preprocessing inputs, 2) developing qualitative FSD model, 3)

developing quantitative FSD model, and 4) dynamic simulation of the model. Step 1 begins with

calculating experts’ risk expertise, then determining MBFs of linguistic terms and evaluating the
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effectiveness of RRAs. In Step 2, qualitative FSD model is developed resulting in stock and flow
structures and identifying relationships between variables. In Step 3, all variables, relationships,
and stocks and flows are formulated via quantitative FSD modeling. In Step 4, the cumulative and
concurrent impact of REs on work packages and project cost is quantified by running the model
across the duration of the project. Figure 5.2 provides an outline of the HFACRM process, and the

steps are further described below.

5.3.1. Step 1, Preprocessing inputs

HFACRM employs fuzzy arithmetic to capture the subjective uncertainty of linguistic terms used
to assess the risk expertise of each expert, probability and impact of REs, effectiveness of RRAs,

and causality degree of causal relationships.

5.3.1.1  Evaluating risk expertise level of each participant

When aggregating expert opinions of the linguistic terms, importance weights must be assigned to
the experts. For example, Monzer et al. (Monzer et al., 2019) suggested assessing experts’ level of
risk expertise based on seven criteria: experience, knowledge, professional performance, risk
management practice, project specifics, reputation, and personal qualities and skills. In this study,
these criteria are applied to calculate level of risk expertise (importance weight) for each expert.
Each criterion has quantitative or qualitative subcriteria, and each qualitative attribute is assessed
using a preset rating scale (1-5) (Monzer et al., 2019). The experts’ importance weights (Wk) are
derived using fuzzy analytical hierarchy process (FAHP) weight-assigning approach after
analyzing each expert’s level of expertise based on the mentioned attributes. Standard AHP utilizes

crisp numbers, whereas FAHP allows experts to make pairwise comparisons using fuzzy linguistic
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evaluations (Fateminia, Sumati, et al., 2020). Therefore, FAHP is used to calculate the relative

weights of qualifying attributes and criteria based on expert pairwise assessments.

Step 1. Preprocessing inputs
\

1.1. Evaluating risk expertise level of each participant

1.2. Determining MBfs of linguistic terms

1.3. Evaluating risk response effectiveness

—

Step 2. Developing qualitative FSD model
|

2.1. Identifying all subjective and objective variables, parameters, and
table functions

—»2.2. Identifying all hard and soft relationships

»2.3. Constructing stock and flow structures and feedback loops

+_1

Step 3. Developing quantitative FSD model

—3.1. Determining value of objective and subjective variables

3.2. Formulating hard relationships

—{3.3. Formulating soft relationships

> 3.4. Formulating stocks and flows

H

Step 4. Dynamic simulation: implementing and running FSD model

Figure 5.2 Steps of HFACRM.
5.3.1.2  Determining membership functions of linguistic terms

Expert-driven and data-driven methods both have limitations in their ability to form MBFs. For

example, to form the MBF of probability by using an expert-driven method such as AHP in a
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project with 100 REs, almost 4,900 pair-wise comparisons among REs must be performed by each
expert, and the results are not necessarily linear. Therefore, a fuzzy hybrid model proposed by
Fateminia et al. (Fateminia, Sumati, et al., 2020) was employed to construct, optimize, and
aggregate the MBFs of linguistic terms for the probability and impact of REs. This model uses
interval type-2 fuzzy sets to provide broader knowledge representation and approximate reasoning
for computing with words. It also employs weighted principle of justifiable granularity (WPJG)
for determining the optimized interval type-2 MBFs of risk analysis concepts (i.e., linguistic
variables including probability and impact). This principle provides an alternative to clustering
methods in constructing information granules based on the criteria of coverage and specificity of

data.

5.3.1.3  Evaluating risk response effectiveness

The application of complex quantitative models, such as optimization methods to select and rank
RRAs for large-scale construction projects, can be a complex and costly process because of the
effort and amount of data required. Moreover, these models account for only a limited number of
criteria, which can lead to the selection of risk responses that are cost effective but unfeasible in
terms of technology, environment, and achievability. Furthermore, most ranking and selection
methods of RRAs are unable to consider linguistic terms. Therefore, a fuzzy model consisting of
fuzzy rule-based system (FRBS) along with fuzzy ranking methods proposed by Fateminia et al.
(Fateminia et al., 2019) is employed to evaluate the effectiveness of RRAs and rank them. The
proposed FRBS uses three inputs as evaluation criteria and produces the effectiveness of risk
responses as an output. The three inputs are the 1) affordability of each risk response, 2) the
achievability of each risk response, and the 3) controllability of related REs. FRBS uses the

estimated crisp values of these inputs to evaluate the effectiveness of risk responses according to
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the rules developed based on experts’ opinions. The consistency of rules are examined using the
inconsistency measure (Adilova, 2019) by calculating Similarity of Rule Premise (SRP) and
Similarity of Rule Consequent (SRC). The output is a fuzzy set and is used as an input for three
different fuzzy ranking methods, one based on the smallest of maxima (SOM), one on largest of
maxima (LOM), and one on center of area (COA). This ranking determines the most effective risk

response in terms of affordability, achievability, and controllability.

5.3.2. Step 2, Qualitative FSD model of HFACRM

The qualitative FSD model of HFACRM enables users to identify system behavior and can be
developed in three major steps using focus groups, interviews, published literature, and surveys.
First, subjective and objective variables, parameters, and table functions such as REs and RRAs
are identified. Variables are identified using the most common REs in construction projects, which
have been categorized into eleven groups (Siraj & Fayek, 2019): Resource-related, Management,
Technical, Construction, Site conditions, Contractual and legal, Economic, Financial,
Environmental, Social, Political, and Health and safety (Siraj & Fayek, 2019). Then, an initial
model boundary and the level of aggregation are established to achieve realistic abstraction and
representation. The model boundary reflects the modeling scope, and the level of aggregation deals
with grouping of activities into subsystems (components). Next, causal relationships and logical
interactions among the model variables are determined. Corresponding causal loop diagrams
(CLDs) of identified variables and relationships between them are then constructed, by
determining feedback loops and stock and flow structures. Figure 5.3 shows the required inputs,

procedures, and outputs of each step for the qualitative FSD model of HFACRM.
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Figure 5.3 Inputs, procedures, and outputs of qualitative FSD model of HFACRM.

5.3.3. Step 3, Quantitative FSD model of HFACRM

The quantitative FSD model of HFACRM comprises four steps. First, the value of subjective and

objective variables is determined. Between model variables, both soft and hard causal relationships

exist. When a causal relationship’s mathematical form is known, it is said to be “hard” (e.g.,

relationship between risk severity and risk impact). Soft causal interactions are those in which the

mathematical form of the causal relationship is unclear (for example, the relationship between the

probability of occurrence of two risk events) (Fateminia et al., 2021; Fateminia, Sumati, et al.,

2020). In the second and third steps, the soft and hard relationships between variables identified in

the qualitative phase are formulated. Fourth, all stocks and flows are formulated using both crisp

and fuzzy arithmetic. These four steps of quantitative FSD modeling of HFACRM are described

in the following subsections in detail.
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5.3.1.4  Determining value of objective and subjective variables

In quantitative FSD, objective system variables are represented by crisp numbers (e.g., work
package cost). However, the subjective system variables are represented by MBFs, such as impact
and probability of REs, which are represented using linguistic terms such as “Very Low” or

“High.” Figure 5.4 shows the required inputs, procedures, and outputs of the first quantitative FSD

modeling step of HFACRM.
_Llstrz;cl\;z:ir;kélheis ?ndb 21 - | o Crisp number of
Process P o De'termlnlng V‘a UE‘: 0 objective variables'}
- unput-)» Name  ~- Outputp> Experts’ objective and subjective
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Y —Stockand flow Al | subjective variables
structures
Mechanism Fuzzy Crisp FL;;zyorsr;c;Jdi(:‘I
arithmetic arithmetic P p[3]

Figure 5.4 Inputs, procedures, and outputs of first step of the quantitative FSD model.
5.3.1.5  Formulating hard relationships in FSD model of HFACRM

Second, hard causal relationships are formulated using a contingency determination fuzzy
procedure and both crisp and fuzzy arithmetic, resulting in mathematical equations of the hard
causal relationships. This procedure starts with calculating the threat risk severity and opportunity
risk severity of implementing related RRAs. For any positive and negative RE impacting a given
work package, the fuzzy number representing its impact is multiplied by the fuzzy number that
represents its probability; the product gives the risk or opportunity severity as a percentage. Then,
net severity percentage is computed for each RE by subtracting its opportunity severity percentage
from its threat severity percentage. To determine each RE’s net severity in a currency
denomination (e.g., Canadian or U.S. dollars), its net severity percentage is multiplied by the

expert-determined impacted portion of the estimated cost of the work package as a result of that
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event and expressed as a fuzzy number. The fuzzy number that represents the contingency amount
of the work package is determined by adding the net severity of all events impacting that work

package.

Table 5.2 presents a list of all sets and variables required in the FSD model of HFACRM. The

equations of the quantitative FSD model of HFACRM are described and expressed as follows.

Threat severity after implementing kth RRA (RRAy):

RST,;; = PT} x ITF i={1,..,n}j={,. mLk={1,. 0, r={1,..,f} (1)

RST,; = ¥/ _, RST,; j=1{1,..,m} @)
Opportunity severity after implementing kth RRA (RRA):

RSO,;; = POf x 10f i={1,..,n}j={1,.. mLk={1,..,1},r= (3)

{1,...f}

RSO,; = ¥!_ RSO, j={1,..,m} @

Net severity of rth category of REs for jth work package:
RSN,;=RST,;—RSO,; r={1,..,f}Lj={1..,m} (5)
Total threat contingency of jth work package:
CTWP; =¥/_, RST,; x WPC; X WPIC; (6)
Total opportunity contingency of jth work package:
COWP; = ¥/_ RSO,; x WPC; x WPIC, (7)

Total net contingency of jth work package:
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CWP; = CTWP; = COWP, + (], £y Tkt RRACy) 8)
Total net contingency of project:
CRT = Y=, CWP; 9)

Figure 5.5 shows the required inputs, procedures, and outputs of the second quantitative FSD

modeling step of HFACRM.

Table 5.2 Sets and variables required in the FSD model of HFACRM, where i = {1,... ,n},
j=A{l,... m}, k={1,... 1},and r= {1,... f}.

Category Symbol Description
1. Required sets E The set of all risk events (REs)
A The set of all risk response actions (RRAs)
il. Threats PT; Probability of ith threat before implementing RRA
(negative risks) IT; Impact of ith threat before implementing RRA
PTik Probability of ith threat after implementing kth RRA (RRAy,)
ITf Impact of ith threat after implementing kth RRA (RRAy)
iii.  Opportunities PO; Probability of ith opportunity before implementing RRA
(positive risks) 10; Impact of ith opportunity before implementing RRA
POk Probability of ith opportunity after implementing kth RRA (RRAy)
10F Impact of ith opportunity after implementing kth RRA (RRAy)

iv. Work packages WPC Cost of jth work package
RRAC;, Implementation cost of kth RRA for ith risk in rth category of risks

WPIC;;  Impacted cost of jth work package by the ith risk

v. Threat risk RST,; Threat risk severity of ith threat in rth category of REs for jth work
severity package

RST,

T Threat risk severity of rth category of REs for jth work package

vi. Opportunity RSO,;;  Opportunity risk severity of ith opportunity in rth category of risks
risk severity for jth WP

RSO Opportunity risk severity of rth category of REs for jth work package

rj
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vii.  Total risk RSN,; Net risk severity of rth category of REs for jth work package
severity

viii. Contingency CTWP;  Threat contingency reserve of jth work package
reserve COWP;  Opportunity contingency reserve of jth work package
CWP Total contingency reserve of jth work package

CRT Total contingency reserve

Crisp number

— of objective P
Pl variables 2.2. Formulating hard Mathematical
- anput-)» Name  ~-Outputp relationships — equations of p
relationships
Fuzzy number
AO — of subjective P A2
variables

) System Crisp

Mechanism dynamics arithmetic

Figure 5.5 Inputs, procedures, and outputs of second step of the quantitative FSD model.
5.3.1.6  Formulating soft causal relationships in FSD model

Third, soft causal relationships are formulated using fuzzy arithmetic and a fuzzy model proposed
by Fateminia et al. (Fateminia et al., 2021), which uses FAHP, WPJG, and fuzzy aggregation
operators. This study employs the model in order to obtain crisp causality degree values and
optimized MBFs for soft causal relationships. Since linguistic terms are used to express soft causal
relationships, fuzzy arithmetic is employed to formulate linguistic assessments. By employing
fuzzy arithmetic, the HFACRM addresses the limitations of traditional risk analysis methods, such
as a high reliance on historical data and the inability to account for the subjective uncertainty
associated with assessing risk and opportunity events. Also, a fuzzy decision-making trial and
evaluation laboratory method (FDEMATEL) is employed to demonstrate the importance degree
of REs in terms of their causal relationships. Using graph and matrix theory, FDEMATEL
efficiently structures and analyzes complex causal relationships between a system’s main

components (Seker & Zavadskas, 2017). REs with high importance degree values have more
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causal relations with the other risk and opportunity events. Figure 5.6 shows the required inputs,

procedures, and outputs of third step in the quantitative FSD modeling step of HFACRM.

__ Listofvariables
Process and realationships 3.3 Formulating soft Mathe matical
anput-p Name - Output) relationships —equations of sof»
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—— equations of —» A3
AO relationships
Fuzz Fuzzy
Mechanism s stezﬁ Fuzzy model
ysten Arithmetic proposed
dynamics in (2]

Figure 5.6 Inputs, procedures, and outputs of third step of the quantitative FSD model.
5.3.1.7  Formulating stocks and flows in FSD model

Fourth, stocks and flows are formulated using both crisp and fuzzy arithmetic. CLDs have the
ability to show relationships among the elements of a system using features such as loop polarity.
However, they fail at quantifying the elements of the system. If a component increases or decreases
due its causal variable, it is important to know how much and at what rate it changed. Stocks and
flows are the concepts that account for such quantities. Each stock is considered the accumulation
of each element size in the system. Thus the system is said to have memory or history. Two types
of flows exist: inflows and outflows. Inflows and outflows usually vary with time. Inflows and
outflows are the rates at which a given quantity is being added to or subtracted from the stock.
Therefore, a stock is the integral of the net flow added to the initial value of the stock. The net flow
is eventually the outflow subtracted from the inflow. The net flow is therefore the derivative of the

total stock with respect to time:

stock(t) = S, + ftto(inflows(t) — outflows(t))dt (10)
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Both inflow and outflow arrows contain a valve that dictates the rate of the flows entering or
leaving a stock. In short, stock and flow diagrams not only show the structure’s components and
their relationships, they draw more attention to accumulation and flow processes. All equations

for required flows in HFACRM are described and expressed as follows.

Threat risk severity for each work package:
CTWP; =¥/ _, RST,; x WPC; X WPIC; (11)
Opportunity risk severity for each work package:
COWP; = Z’:zl RS0,; X WPC; x WPIC; (12)
Net risk severity for each work package:
CWP; = CTWP; — COWP; + (X/_, Y™, 3¢ _| RRACy,) (13)
Total project risk severity:
CRT = X7, CWP; (14)
Monthly planned cost of project:
MPCP = Y., WPC; (15)
Monthly actual cost of project:
MACP = Y2, WPC; + CWP; (16)

All equations for required stocks in HFACRM are described and expressed as follows.

Threat contingency reserve of each work package:
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ft‘; CTWP (t)dt (17)
Opportunity contingency reserve of each work package:
ft’; COWP (b)dt (18)

Total contingency reserve of each work package:

ffo CWP (t)dt (19)

Total contingency reserve:
t

fto CRT (t)dt (20)
Total planned budget of project:

ft’; MPCP (t)dt 1)
Total actual budget of project:

ffo MACP (¢) dt (22)

Figure 5.7 shows the required inputs, procedures, and outputs of the fourth step in quantitative

FSD model of HFACRM.
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Figure 5.7 Inputs, procedures, and outputs of fourth step of the quantitative FSD model.
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5.3.4. Step 4, Dynamic simulation

After constructing the quantitative FSD model, the cumulative and concurrent impact of REs on
work packages and project costs is calculated by simulating the quantitative model throughout the
project’s entire duration. The proposed models are implemented using simulation software. In this
study, AnyLogic® simulation software was applied to implement the model. In this study, fuzzy
calculations are restricted only between two fuzzy numbers, because the outputs of a single
implementation of a fuzzy operation (e.g., fuzzy multiplication) are irregularly shaped fuzzy
numbers, and the a-cut method is the only possible arithmetic. The a-cut method is the most
commonly used arithmetic method in FSD models. The minimum t-norm gives the same result as
the a-cut method. Moreover, the support of the fuzzy numbers obtained by using the minimum t-
norm and the product t-norm are the same. Hence, the accumulations of fuzziness due to the
minimum t-norm and the product t-norm are similar to the a-cut method (Hanss, 2005). Fuzziness
is the quality of being indistinct and without sharp outlines. Therefore, this study implemented the
a-cut method to carry out fuzzy arithmetic operations involving trapezoidal fuzzy numbers in the
FSD model. For any trapezoidal fuzzy number represented by a tuple (a, b, ¢, d), a and d represent
the lower and upper bound of the support (i.e., the set of all elements of the universe of discourse
that have a non-zero membership degree in the fuzzy number), respectively. The parameters b and
c denote the lower and upper mode of the core (i.e., the set of all elements of the universe of
discourse that have a membership degree of 1 in the fuzzy number), respectively. The four
defuzzification methods of COA, SOM, middle of maxima (MOM), and LOM are employed to
defuzzify the final output (fuzzy numbers) of the FSD model that represents work package and

project contingency values in terms of cost. To choose the best defuzzification approach, a
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compromise must be made between accuracy and computational complexity. COA can be
considered as the most accurate defuzzification method while the calculation process is harder than

others.

5.4. Case Study: Implementing HFACRM with an Actual Wind Farm
Project

The proposed model and methodology were applied to analyze REs and determining contingency
reserve on the construction of a 97.2-megawatt wind farm power generation project in Alberta,
Canada which can be categorised as large construction project. Large-scale construction project
means a construction project for which the total estimated cost of the construction contract is $35
million or more based on the Federal Acquisition Regulatory Council (FAR Council). The
estimated overall cost of the project was around CAN$165 million, and the planned project
duration was 12 months. The cost breakdown of the wind farm project consisted of four major
categories: Civil works, Electrical and grid connections, Major equipment, and Owners’ cost.
These four categories were considered as higher-level work packages in the model. Table 5.3

presents the project cost breakdown structure.

Table 5.3 Cost breakdown structure.

Category Percent (%) Cost (CANS)
Civil works 8 13,200,000
Electrical and grid connections 12 19,800,000
Major equipment 75 123,750,000
Owners’ cost 5 8,250,000
Total project cost 100 165,000,000

5.4.1. Preprocessing inputs

A data collection protocol comprising several different data collection forms was developed to
describe the methodology and data collection process and collect required data for developing

HFACRM. Data collection forms were designed to 1) collect project and work package
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characteristics, 2) evaluate risk expertise level of each participant based on experience, knowledge,
professional performance, risk management practice, project specifics, reputation, and personal
attributes and skills, 3) identify a list of REs, 4) evaluate the probability of occurrence of identified
REs and their impact on work package cost using linguistic terms represented by fuzzy numbers,
5) determine RRAs for each RE, 6) evaluate the effectiveness of RRAs using linguistic terms
represented by fuzzy numbers, 7) assess the REs after implementing each risk response using
linguistic terms represented by fuzzy numbers, 8) identify causal relationships between REs
together and with RRAs, and 9) assess degree of causality, type, and polarity of soft causal
relationships using pairwise comparison matrix and linguistic terms represented by fuzzy

numbers..

5.4.1.1.  Evaluating risk expertise level of each participant

To identify REs, RRAs, and causality degree of causal relationships, a heterogeneous group was
formed consisting of three experts who were directly involved in the project. There is no ideal
number of SMEs. However, authors’ recommendation is 3 to 5 experts. Expert selection strategies
are not provided by this study. However, if there is only one qualified expert among heterogeneous
experts, the model can be regarded reliable since the weights are distributed appropriately,
reducing the effect of biased judgments. The importance weight (experts’ level of risk expertise)
of each expert was calculated based on the seven qualitative and quantitative criteria and the FAHP
weight assigning method proposed by Monzer et al. (Monzer et al., 2019). Experts were selected
based on their participation in the case study project, total years of experience, years of experience
in risk management, and number of similar projects they had participated in. More than 15
individual and group meetings were held to fill out the forms. For Experts 1, 2, and 3, total expert

scores were 0.62, 0.66, and 0.59, respectively, and the expert weight importance was 0.33, 0.35,
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and 0.32, respectively. The process of calculating importance weight is developed to increase the
effect of qualified experts (based on criteria) and decrease the effect of experts with lower risk
expertise. In cases that the importance weights of experts are close together, this indicates that they
have a comparable impact on the formation of MBFs and the evaluation of risk events and risk

response activities.

The experts initially identified 90 REs and 72 RRAs with the corresponding causal relationships
between all variables during several focused group meetings and interviews and reviewing risk
management documents of similar projects. The relevance of the identified REs and their
categorization with respect to the wind farm project were validated by another qualified expert
from the project’s company. Consequently, the final number of REs and RRAs were reduced to

77 REs and 57 RRAs. Table 5.4 shows the list of construction risk events.

Table 5.4 Construction REs identified for the case study.

RE no. RE name

RE 3.1 Delays and interruptions causing cost increase to the work package/project

RE 3.2 Poor workmanship and construction errors leading to rework

RE 3.3 Unreasonably tight project schedule causing cost increase to the work
package/project

RE 3.17 Roads: poor quality gravel crane pads

RE 3.18 Roads: problem with public roads

RE 3.19 Roads: high WTG turnarounds

RE 3.20 WTG erection: additional crane path reclamation

RE 3.21 WTG erection: additional crane breakdowns (based on crossing
agreements)

RE 3.22 WTG erection: problem with aviation lights
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RE 3.23 Collection system: relocation of junction boxes due to not getting
landowner sign-off

RE 3.24 Collection system: cable spec change

RE 3.25 Collection system: 1.5-3% scope change based on final design. add fault
indicators

RE 3.26 Collection system: above ground and underground directional drilling
crossings

RE 3.27 Substation: operation of substation during commissioning

RE 3.28 Substation: additional reclamation not including in contract (laydown and
batch plant)

Note: WTG = wind turbine generator

5.4.1.2.  Determining membership functions of linguistic terms

The MBFs of subjective variables were calculated to develop the quantitative FSD model of
HFACRM and assess REs, RRAs, and causality degree of soft causal relationships based on the
models proposed by Fateminia et al. (Fateminia et al., 2021; Fateminia, Sumati, et al., 2020). In
these models, WPJG and fuzzy aggregation operators were employed to optimize and construct
MBFs. The resulting optimized MBFs of linguistic terms to evaluate REs and RRAs are presented

in Figure 5.8.
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Figure 5.8 Optimized membership functions for linguistic terms used to evaluate risk events

(REs) and risk response actions (RRAs).
5.4.1.3.  Evaluating risk response effectiveness

Using the linguistic terms and their related optimized fuzzy MBFs, the experts evaluated the
probability of occurrence of REs and their corresponding impacts on civil works, electrical and

grid connections, major equipment, and owners’ costs. An FRBS proposed by Fateminia et al.
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(Fateminia et al., 2019) was implemented in MATLAB and applied to evaluate the effectiveness
of RRAs based on their achievability and affordability as well as the controllability of
correspondence REs. Then, the most effective risk response action for each RE was selected. Table
5.5 presents the effectiveness of suggested RR As for some of construction REs. For example, RRA
3.1.1 and RRA 3.1.2 are suggested for RE 3.1 with the aggregated effectiveness of 46.5 and 48.9,

respectively.

Table 5.5 Effectiveness of suggested RRAs for construction REs. Under Defuzzified value, A =
Affordability of RRAs, B = controllability of REs, and C = achievability of RRAs.

Defuzzified value Aggregated

Risk response actions (RRAs) for Mitigation effectiveness
response strategy A B C (based on
FRBS)
3.1.1 Liquidated damages clause to accelerate the 66.4 41.3 66.4 46.5
delivery and decrease the effects of delays
Consider time contingency for deliveries 664 484 664 48.9
3.2.1 Implement QA/QC procedures measures to 46.2 37.2 55.7 48.6
limit rework
3.3.1 Keeping contractors up to date to provide cost 52.1 27.7 56.9 41.7
schedule impacts
3.3.2 Proportional liquidated damages clause in 55.7 37.8 473 48.6

relation to construction impact

5.4.2. Qualitative FSD model of HFACRM

The qualitative FSD model of contingency reserve determination has two components: cause-and-
effect diagrams, and stock and flow diagrams. The cause-and-effect diagrams were developed to
capture causal relationships between system variables. The stock and flow diagrams were
developed to show the contingency determination process. Then, causal relationships and logical
interactions among the model variables were determined. Finally, corresponding CLDs of

identified variables and relationships between them were constructed by determining feedback
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loops and stock and flow structures. The identified REs and corresponding selected RRAs were
considered as model dynamic variables. The total contingency reserve values required for each
work package, risk category, and project were considered as stocks of the simulation model. The
severity of negative and positive risks per time were considered as flows of the model. Then,
experts identified and evaluated the types of causal relationships (degree of causality, polarity of
causal links) between REs together and with RRAs for each risk category. A combination of the
fuzzy model developed by Fateminia et al. (Fateminia et al., 2021) and FDEMATEL (Seker &

Zavadskas, 2017) was applied for each work package to construct the CLDs.

Figure 5.9 presents, for brevity, only the CLDs of the Management RE category for the Civil works
work package associated with the corresponding causal relationships between variables. There are
nine Management REs, represented by black circles, for the Civil works work package. Seven of
these are mitigated by selected RRAs, represented by white circles. The cause-and-effect soft
causal relationships are displayed by bold gray links between REs together and with RRAs. Gray
circles are fuzzy arrays used in the simulation software to represent the MBFs of fuzzy numbers

such as the probability and impact of REs.
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Figure 5.9 Management risk category CLDs for the Civil works work package, created in
AnyLogic®.

5.4.3. Quantitative FSD model of HFACRM

The quantitative FSD model was developed in four steps and began with determining the value of
subjective and objective variables. Hard and soft causal relationships between variables, identified
in the qualitative phase, were formulated in the second and third steps. Finally, all stocks and flows

were formulated using both crisp and fuzzy arithmetic.

5.4.3.1.  Determining value of objective and subjective variables

Values for the objective model variables were determined using crisp numbers for objective
variables, such as work package cost and RRA implementation cost. Values for subjective model

variables were defined using fuzzy MBFs, such as impact and probability of REs, which are
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represented using linguistic terms such as “Very Low” or “High.” Subjective (fuzzy) variables
were also represented by fuzzy arrays in the proposed method. Fuzzy arrays allow storage of
multidimensional data pertaining to a given system variable, so they can provide the advantage of
representing a large number of fuzzy variables with several attributes (dimensions) while keeping

the FSD model compact and efficient.

5.4.3.2.  Formulating hard relationships in FSD model of HFACRM

Next, hard causal relationships and stocks and flows were formulated. Figure 5.10 illustrates the
hard causal relationships and stocks and flows for the Management risk category for the Civil
works work package in AnyLogic®. Each RE was modeled as a dynamic fuzzy array defined by
the probability and impact of REs and their corresponding fuzzy MBF parameters. The affected
percentage of work package cost and the degree of causality for soft causal relationships between
REs were represented by crisp values, whilst the remaining attributes were represented by
trapezoidal fuzzy numbers. All flow and stock variables in the FSD model were fuzzy variables,
since risk severity numbers employed in the equations were also fuzzy numbers. The weighted
risk probability and weighted risk impact, which reflect the effect of a preceding RE on the
subsequent RE, were calculated for each RE at each timestep. Then, fuzzy multiplication and sum
functions were employed to calculate weighted risk severity percentage and in Canadian dollars
(CANS) at each timestep. The aggregation of these severity values in the work package and project

levels resulted in the risk contingency and net contingency. .
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Figure 5.10 Flows and stocks for the Management risk category for work packages 1 and 2 in

AnyLogic®.
5.4.3.3.  Formulating soft causal relationships in FSD model

A degree of causality form (described in subsection 4.1) was completed by three of the experts
involved in the risk assessment and prioritization stage. Each expert determined the causality
degree between REs together and with RRAs using the fuzzy linguistic scales depicted in Figure
5.8 (see also subsection 4.1). The experts also determined the polarity and types of causal

relationships as “Positive,” “Negative,” or “Not applicable (N/A).”

Then, the model proposed by Fateminia et al. (Fateminia et al., 2021) was employed to determine
the crisp value of causality degree for soft causal relationships between REs together and with
RRAs. In this respect, fuzzy ordered weighted average (FOWA) was applied to aggregate the
evaluations of the three experts, resulting in a single fuzzy number that reflects their opinion. The

experts’ importance weights were employed by FOWA as the weight vector for the experts’
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assessments, to show their level of expertise. The aggregated fuzzy numbers of causality degrees
between variables were then calculated. Finally, the aggregated fuzzy number of causality degree

was defuzzified to obtain the crisp value for degree of causality for the soft causal relationship.

The FDEMATEL was employed to calculate the prominence and relation of REs and RRAs based
on each risk category. Figure 5.11 shows that REs having the highest values of prominence, such
as RE1.4, have the highest level of causal interactions with the rest of the REs. In contrast, REs

with the lowest values of relation are the most affected by the rest of the REs.
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Figure 5.11 Influence relation map of risk events for the Management risk category.

The constructed CLDs in the qualitative step were modified based on the defuzzified total-relation
matrix values. A threshold value of 0.070, which is the 75th percentile of the defuzzified total-
relation matrix, was set for each risk category so the strongest causal relationships were selected,

reducing the complexity of the final CLDs.
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5.4.3.4.  Formulating stocks and flows in FSD model

As illustrated in Figure 5.12, green circles are the fuzzy arrays of work packages 1 and 2 risk
severity for the Management risk category, which are added together, resulting in fuzzy total
contingency reserve for Management for all work packages. Then, all fuzzy numbers were
defuzzified using the four defuzzification methods. Additionally, to calculate the actual cost of
each work package, the monthly progress percentage of each work package is multiplied by the

cost of related work package and added to the contingency reserve.
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Figure 5.12 Flows and stocks for the Management risk category for the Civil works work

package, created using AnyLogic®.
5.4.4. Dynamic simulation

The proposed model was implemented in AnyLogic® simulation software. Linking the simulation
software with a mathematical software was necessary to perform fuzzy arithmetic, since simulation

software are not capable of performing fuzzy arithmetic. Therefore, MATLAB was linked to
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AnyLogic® to perform fuzzy arithmetic operations using the a-cut method. Moreover, MATLAB
defuzzification functions were linked to AnyLogic® to determine contingency values using
defuzzification methods. Matlabcontrol (a Java application programming interface) allowed for

calling MATLAB from AnyLogic®.

The concept of risk events' "dynamic nature" is distinct from "reactive". To construct a reactive
system, a system must observe, comprehend, and analyse events before adjusting itself based on
the new condition. Considering the dynamic nature of risks, however, means that the probability
and impact of risk events might alter throughout the simulation as a result of the influence of events
and conditions.

At each timestep, fuzzy arithmetic equations containing fuzzy variables were calculated, and the
appropriate output fuzzy numbers or defuzzified values were produced. Since the probability and
impact of the REs were assessed using linguistic scales represented by trapezoidal fuzzy numbers,
the REs were considered as subjective variables in the FSD model and represented by fuzzy arrays.
The contingency values of the work packages and the project were determined by simulating the

quantitative FSD model over the project duration.

5.5. Results and discussion

HFACRM calculates total contingency reserve for threats, total contingency reserve for
opportunities, and total net value of contingency reserve at the work package and project levels for
each risk category for the ith work package and all work packages. To maintain confidentiality of

the results, the contingency reserve values presented in the following are ratios of actual numbers.

The result is defuzzified in the final step of calculation. Defuzzification is the process of converting
the degrees of membership of output linguistic variables within their linguistic terms into crisp

numerical values. The defuzzified total contingency for the project was CAD$3,708,990 based on
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the a-cut fuzzy arithmetic method, as shown in Figure 5.13. The level of confidence associated
with the range of output fuzzy number, represented by the confidence level, can be determined
from the corresponding a-cut level (or possibility degree) and ranges between 0 and 1. However,

due to the software limitations, the confidence level can not be calculated in this case study.

According to contingency reserve accumulation s-curve in Figure 5.13, almost 70 percent of
contingency reserve budget is required between months 7 and 10 to implement risk response
actions. It also highlights the vital role of exploiting opportunities (positive risks) as they can
compensate a significant cost of threats’ adverse effects (i.e., almost 45 percent of
CAD$6,300,000).

a-cut method
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Figure 5.13 Total net contingency based on the a-cut method.

The drawdown curve of contingency reserve can be illustrated based on the contingency reserve
values acquired by the simulation software for every time step of the project. Assuming that threat

contingency absolute value is bigger that opportunity, the drawdown graphs for all three
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contingency declines. On the contrary, if threat contingency absolute value is smaller that

opportunity contingency, the drawdown curve can increase.

The model provides project decision makers with a blueprint of the contingency reserve values
from different point of views. In addition to the total contingency reserve for the project, the model
calculates the total contingency reserve for each work package, category of REs, and work package
as well as for each RE category, based on the a-cut fuzzy arithmetic method. Table 5.6 presents

contingency reserve values for each RE category and work package.

Table 5.6 Contingency reserve values for each category of risk events.

Risk Category Contingency Reserve Value (CANS)

Construction 456,205.77
Management 318,973.14
Resource 1,453,924.08
Technical 359,772.03
Contractual 307,846.17
HSE and Site conditions 352,354.05
Economical and Financial 459.914.76

After implementing the proposed HFACRM and running it in AnyLogic® simulation software,
the resulted defuzzified net project contingency values were compared to the 1) actual amount of
project contingency reserve after completion of the project, 2) estimated value of contingency
reserve resulted from MCS, and 3) estimated value of contingency reserve resulted from the
defuzzified contingency values using FRA©. The symmetric mean absolute percentage error
(SMAPE) was utilized to compare the results and quantify the error by measuring the level of
agreement between results. SMAPE overcomes the drawbacks of other error measurement

methods such as asymmetry and impact of outliers, associated with other error measurements,

157



including the mean absolute error (MAE), mean absolute percentage error (MAPE), and the root
mean square error (RMSE) (Willmott & Matsuura, 2005). MAPE is asymmetric, and it puts a
heavier penalty on negative errors (when forecasts are higher than actuals) than on positive errors.
This is caused by the fact that the percentage error cannot exceed 100% for forecasts that are too
low. While there is no upper limit for the forecasts which are too high. To calculate SMAPE, the
baseline value is the actual net contingency value from the project and the result of proposed
HFACRM was compared to the outputs of the other methods. In general, the value of SMAPE

ranges from 0% to 200% and a value of 0% implies a perfect agreement.

Table 5.7 shows the SMAPE values among the actual net contingency results after completion of
the project compared to the estimated net contingency value resulted from the proposed HFACRM,
MCS P50, MCS P95, and FRA©. Per Table 5.7, the degree of agreement between the actual value
of net contingency reserve and other methods varied between 8.47% and 76.61%. Comparing the
SMAPE derived from HFACRM with the estimated net value of contingency reserve calculated
by MCS P50 (confidence level of 0.5), MCS P95 (confidence level of 0.95), FRA© demonstrates
that HFACRM results have the lowest SMAPE which is the highest level of agreement with the
actual net contingency value from the project. This means that the level of agreement between
HFACRM results using MOM defuzzification method and the actual contingency reserve is higher
than the other contingency determination methods using different defuzzification methods.
Therefore, the accuracy of the HFACRM result is much higher for forecasting the total
contingency value. SMAPE results show that FRA© results in a lower level of agreements
compared to MCS 95 when using SOM, and higher level of agreement when using LOM, MOM,

and COA defuzzification methods.
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Table 5.7 SMAPE: Comparison of actual net contingency with the result of HFACRM, MCS
P50, MCS P95, and FRA®.

HFACRM MCS MCS FRA®

Method
etho SOM MOM LOM COA P50 P95 SOM MOM LOM COA

Actual value of net

contingency reserve

(after completion of
the project)

1431 847 1856 1293 2831 4247 76.61 30.14 41.33 33.40

To ensure the accuracy of the qualitative and quantitative FSD models, they were tested with
structural, behavioral validation techniques. The CLDs, flow and stock diagrams, and
mathematical equations conducted structural validation, which included structural verification,
parameter verification, and dimensional consistency. In order to determine how precisely the FSD
model represents the system’s variables and interactions, structural verification was performed at
multiple points in the development process. In order to identify risk response strategies/actions
and assess REs and RRAs, surveys, focus groups, and interviews were employed. Furthermore, all
the parameters used in the FSD model (e.g., work package cost) were obtained from project
documents and verified by the project manager of the case study under consideration. Additionally,
all equations in the FSD model were inspected, and automatic dimensional analysis was carried
out using AnyLogic® simulation software. Fuzzy arithmetic examples from Lin et al. (Lin et al.,
2011) and Pedrycz and Gomide (2007) were used to evaluate the accuracy of the Java-based fuzzy
arithmetic functions designed to implement the a-cut method.

The extreme condition test was utilised to evaluate parameters under extreme conditions and
determine the validity of the result. Using the boundary parameter values, it was determined
whether the results remained consistent. For instance, for the management risk category, we

reduced to zero the cost of implementing risk response actions and the cost associated with each
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risk event. As a result, the value of the contingency reserve for the management risk category
became zero. The extreme condition test results were found to be within the upper and lower limits
of the expected contingency reserve, indicating plausibility.

The model for the project was decomposed into subsystem models for each RE category and for
each work package, so the FSD model’s aggregation level could be tested for mathematical
precision. After simulating each subsystem model separately, the resulting work packages’
contingency reserve were aggregated and compared with the project’s contingency reserve
acquired from simulating the entire project model. For behavior validation, the FSD model was
examined to determine if it reproduces the expected system behavior. To do this, the predicted
contingency values of the work packages and the project were plotted and compared with the shape
of the forecasted S-curves for the work package and project costs. In addition, an integration error
test was undertaken on the FSD model by running the model with several timesteps and numerical
integration methods to ensure that the model was insensitive to the choice of timestep or integration
method (Sterman, 2000). Although the proposed method is implemented in a large scale
construction project, the HFACRM can also be applied in small projects with less complexity

which shows the flexibility and adoptability of the method.

In the FSD model and based on the research objectives, we were not looking for optimizing
variables and parameters based on the characteristics of the model. Instead, calibration of the SD
model was performed to ensure that it could replicate the project's behavior under various
conditions. Calibration of SD means the process of evaluating and optimizing certain variables so

that the model can mimic the exact behavior of the project under investigation.
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5.6. Chapter summary

To deal with REs and RRAs of construction projects, insufficient allocation of contingency
reserves has a significant adverse effect on achieving project objectives and can lead to poor
resource management (e.g., budget). This paper proposes a hybrid fuzzy arithmetic-based SD
method called HFACRM for improving the accuracy and effectiveness of calculating contingency
reserve in complex construction projects. The proposed HFACRM: 1) constructs the MBFs of
linguistic terms used to evaluate the components of risk analysis model, 2) determine the
effectiveness of RRAs and rank them, 3) determine the crisp value of causality degree for soft
causal relationships between REs together and with RRAs, and 4) formulate hard causal
relationships, stocks and flows of quantitative FSD model.

This study contributes to current literature and methods of risk analysis and contingency
determination in construction projects in both academic and industrial aspects. From academic
perspective, it proposes a systematic and structured fuzzy method that integrates four different
fuzzy models to calculate contingency reserve. The proposed HFACRM considers time-dependent
behavior of probability and impact of REs and RRAs, since their value changes during the lifecycle
of the project. HFACRM can model dependent variables and capture the cause-and-effect
relationships and dependencies among subjective and objective variables that affect contingency
since the occurrence of an RE may increase the probability of occurrence for another RE.
HFACRM captures the subjective uncertainty associated with linguistic evaluations of risk
analysis model. Finally, it incorporates RRAs into the process of calculating contingency reserve.
From an industrial perspective, HFACRM contributes to the current methods of determining
contingency reserve by 1) employing expert judgment and linguistic terms instead of historical
quantitative data that are either scarce or of low quality, 2) determining the value of contingency

reserve at different stages of a project from initiation to completion, 3) providing a validated risk
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assessment and risk response planning model to assist practitioners in modeling project risks and
RRAs.

The proposed adaptive hybrid model calculates: 1) the total amount of contingency reserve for
negative risks (threats), 2) the total amount of contingency reserve for positive risks
(opportunities), and 3) the total net value of contingency reserve. All of these three contingency
reserves can be calculated for the work package and project levels as well for each risk category
for the ith work package and all work packages. The comparison of the SMAPE values between
the contingency reserve resulted from the proposed model with the contingency reserve calculated
by MCS P50 (confidence level of 0.5), MCS P95 (confidence level of 0.95), FRA©, and the actual
value of contingency reserve confirms that HFACRM results have the highest level of agreement
with the actual value of contingency reserve. This means that taking risk responses into account as
well as considering soft causal relationships among project components and time-dependent
factors such as probability and impacts of REs can significantly increase the accuracy of
calculating contingency reserve in construction projects. HFACRM results provide a better
understanding of the required amounts of contingency throughout the duration of project and can
lead to more accurate budgeting and planning in construction projects.

Linking the simulation software with MATLAB was necessary to perform fuzzy arithmetic.
However, MATLAB fuzzy arithmetic package is based on the a-cut method. Moreover, fuzzy
calculations were restricted only between two fuzzy numbers because the outputs of a single
implementation of a fuzzy operation (e.g., fuzzy multiplication) will be irregularly shaped fuzzy
numbers, and only possible arithmetic is the alpha-cut method. Future research can focus on the
fuzzy arithmetic aspect of model using the effect of different methods of fuzzy arithmetic
operations (i.e., extension principle and Yager t-norms) on the final value of contingency reserve.

Investigating consecutive fuzzy arithmetic operations and implementing them in the HFACRM
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can also address the issue of extra programming both in Java and MATLAB. Furthermore, the
FSD model only addresses subjective uncertainties, so this research can be expanded to account

for both probabilistic (i.e., randomness) and subjective uncertainties in FSD.
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Chapter 6: Conclusions and Recommendations

6.1. Introduction

This chapter provides the summary of the work conducted in this research, the academic and
industrial contributions of the research, limitations of the research, and recommendations for future

research and development.

6.2. Research Summary

Managing risks and uncertainties have long been a major research interest in the large construction
engineering domain. Large-scale construction project means a construction project for which the
total estimated cost of the construction contract is $35 million or more based on the Federal
Acquisition Regulatory Council (FAR Council). Contingency reserve is a key tool for the decision
makers of a project to deal with positive and negative risk events A review of previous research
revealed that current methods of determining contingency in construction projects had limitations
to incorporate risk response planning into their calculations. Moreover, previous methods
considered the probability and impact of risk events as static and independent variables. However,
in practice, the probability and impact of risk events and risk response actions can change during
the project duration and can be affected by their cause-and-effect relationships with other risk
events and risk response actions. Furthermore, previous methods of determining contingency had
high reliance on quantitative historical data. In practice, however, construction projects suffer from
lack of quantitative data. Therefore, the previous models that have been developed for developing
contingency reserve cannot accurately estimate the value of contingency reserve in construction
projects. To address the identified gaps, this research incorporated risk response planning into risk
identification and assessment by developing a hybrid fuzzy arithmetic-based contingency reserve

method (HFACRM) to determine a contingency reserve throughout the life cycle of construction
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projects. The proposed HFACRM is a combination of four fuzzy models, one to determine

effectiveness of risk response actions, one for determining MBFs of linguistic terms, one to

determine causality degree of soft causal relationships, and one to formulate stocks, flows, and

hard relationships of FSD model. The objectives of this research were achieved as described

below.

a.

b.

An extensive was conducted on the processes entailed in risk management in general, with a
specific focus on contingency determination methods and risk response planning in
construction projects. Previous studies focusing on hybrid fuzzy techniques for risk
management and contingency determination were closely examined to identify research gaps.
The identified gaps were presented in chapter 1. Criteria for assessing the effectiveness of risk
response actions were identified and were presented in chapter 2. The proposed study used
three criteria to evaluate risk response actions: affordability of the risk response action,

achievability of the risk response action, and controllability of risk events.

Next, four fuzzy models were developed to prepare the required inputs for the main model to
determine contingency reserve. These four fuzzy models were proposed to calculate (1) the
effectiveness of risk response actions, 2) form the MBFs of linguistic terms used to evaluate
model variables, 3) calculate the crisp value of causality degree for soft causal relationships
between model variables, and 4) formulate stock, flows and hard relationships of quantitative

FSD model.

i.  The first fuzzy model consisting of FRBS and fuzzy ranking methods was developed to
evaluate the effectiveness of risk response actions and rank them based on their
effectiveness. The proposed FRBS has three inputs as evaluation criteria and produces

effectiveness of risk responses as an output. The three inputs are identified critical criteria
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C.

ii.

iii.

1v.

for evaluating risk response actions. The FRBS uses the estimated crisp values of
affordability, achievability, and controllability to evaluate the effectiveness of risk
responses according to the rules developed based on experts’ opinions. The output, which
is a fuzzy set, is used as an input for three different fuzzy ranking methods based on the

SOM, LOM, MOM and COA to determine the most effective risk response.

Second hybrid fuzzy model was developed to integrate, optimize, and construct MBFs
of linguistic terms used to evaluate the probability and impact of risk events and the
identified criteria of assessing risk response actions using Interval type 2 fuzzy sets and

principle of WPJG.

Third hybrid fuzzy model was developed to calculate the crisp value for the causality
degree of soft relationships between risk events together and with risk response actions

in quantitative FSD models using WPJG, FAHP, and fuzzy aggregation operators.

Fourth fuzzy model was developed to formulate the stocks, flows, and hard relationships
in quantitative FSD model. A contingency determination fuzzy procedure and both crisp
and fuzzy arithmetic were applied resulting in the mathematical equations of stocks,

flows, and hard relationships.

Then, the FSD model of HFACRM was developed using four proposed fuzzy models by

developing the qualitative and quantitative parts.

A data collection protocol was prepared to describe the methodology and data collection

process for developing the FSD model. Several data collection forms were designed for (1)

collecting project and work packages characteristics, (2) evaluating risk expertise level of each

participant based on experience, knowledge, professional performance, risk management
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practice, project specifics, reputation, and personal attributes and skills, (3) identifying the list
of risk events, (4) evaluating identified the probability of occurrence of identified risk events
and their impact on the work package cost using linguistic terms represented by fuzzy numbers,
(5) determining risk response actions for each risk event, (6) evaluating the effectiveness of
risk response actions using linguistic terms represented by fuzzy numbers, (7) assessing the
risk events after implementing each risk response using linguistic terms represented by fuzzy
numbers, (8) identifying causal relationships between risk events together and with risk
response actions, and (9) assessing degree of causality, type, and polarity of soft causal
relationships using pairwise comparison matrix and linguistic terms represented by fuzzy
numbers. A candidate project for a case study was selected during a meeting attended by top
management from the participating company. The surveys were done in the form of a
structured interview survey to a group of experts who were directly associated with the selected

project.

Next, the qualitative and quantitative FSD models of HFACRM were validated by conducting
structural and behavioral validations. Structural validation (i.e., structural verification,
parameter verification, and dimensional consistency) is performed on the CLDs, flow and
stock diagrams, and mathematical equations. For behavioral validation, the performances of
the HFACRM model (i.e., the defuzzified net project contingency values) were compared to
the actual amount of project contingency reserve (after completion of the project), the
outcomes of Mont Carlo Simulation (MCS) and Fuzzy Risk Analyzer® (FRA®). FRA® is a
fuzzy arithmetic-based risk analysis software developed at the University of Alberta. The
symmetric mean absolute percentage error (SMAPE) was utilized to quantify the error and

measure the level of agreement between results.
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f. The proposed HFACRM method was implemented in simulation programme AnyLogic®.
MATLAB was linked to AnyLogic® through Matlabcontrol to perform fuzzy arithmetic
operations using the a-cut method and to determine contingency values using defuzzification
methods. Matlabcontrol is a Java application programming interface that allows MATLAB to
be called from Java-based AnyLogic®. At each time step, fuzzy arithmetic equations involving
fuzzy variables were calculated, and the corresponding fuzzy output numbers or defuzzified

values were generated.

Three outputs from the proposed HFACRM are the total amount of contingency reserve for
negative risks (threats), the total amount of contingency reserve for positive risks (opportunity),
and the overall net value of contingency reserve. All these three contingency reserves can be
calculated in work package and project level as well for each category of risk for ith work package
and for all work packages. Comparing the SMAPE values of the contingency reserve derived from
the proposed model with the contingency reserve calculated by MCS P50 (confidence level of 0.5),
MCS P95 (confidence level of 0.95), FRA®, and the actual value of contingency reserve
demonstrates that HFACRM results have the highest level of agreement with the actual value of
contingency reserve. It means that taking risk responses into account, along with considering soft
causal relationships among project components and time-dependent factors such as the probability
and impacts of risk events, can significantly improve the accuracy of calculating contingency
reserve in construction projects. The results of HFACRM provide a better knowledge of the
required amounts of contingency all across the project's life cycle and can result in more accurate

budgeting and planning for construction projects.
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Table 6.1 Linking research activities, outcomes, and contributions

Research activities

Outcomes

Contributions

Comprehensive literature review

Developing a fuzzy model to
determine the effectiveness of
risk response actions

Developing a fuzzy model to
determine the membership
functions for the linguistic terms

Developing a fuzzy model to
determine the degree of causality
for soft causal relationships

Developing a fuzzy model to
formulate stocks, flows, and hard
relationships

Developing data collection
protocol and forms

Identified gaps
Research objectives
Possible techniques

Effectiveness of risk response
actions

List of selected risk response
actions

Optimized membership
functions for linguistic terms
used to describe the probability
and impact of risk events, the
causality degree of causal
relationships, and the
effectiveness of risk response
actions

The crisp value degree of
causality for soft causal
relationships

Equations of all stocks, flows
and hard relationships in
quantitative FSD modeling

Data collection protocol
data collection forms

Proposing criteria to evaluate the
effectiveness of risk response
actions

Propose a systematic way to
evaluate the effectiveness of risk
response actions

Applying an expert driven FRBS
and a group of fuzzy ranking
methods can help automate the
evaluation of risk response
actions.

Opinions of several subject
matter

Reducing the effect of outlier
opinions

Aggregation of non-linear
membership functions into
trapezoidal membership
functions

The proposed model improves
efficiency and effectiveness of
developing FSD quantitative
modeling by (1) considering the
level of risk expertise
(importance weights) of multiple
experts in assessing the degree
of causality based on constructed
developed MBFs, (2) mitigating
the influence of irrelevant and
biased opinions on assessing the
causality degree of soft
relationships, and (3)
aggregating multiple experts’
assessments of causality degree
of soft causal relationships
Employing fuzzy arithmetic
procedure solved the problem of
substantial reliance on historical
data in probabilistic methods by
employing expert judgment and
linguistic terms

[lustrating how to collect data
for analyzing risks of a
construction project
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[lustrating how to implement
the proposed model for
analyzing risks of a construction
project

Implementing qualitative and
quantitative FSD model of validating of proposed method
HFACRM in AnyLogic®

6.3. Research Contributions

The academic and industrial contributions of this research relevant to academic researchers and
construction industry practitioners, respectively are presented in the following subsections.

6.3.1. Academic contributions

The academic contributions of this research are as follows:

1) Developing a methodology for evaluating the effectiveness of identified risk responses by
employing an FRBS and fuzzy ranking method to determine the effectiveness of risk
responses and select the most effective risk responses. The previous studies focused on
employing complex quantitative models such as optimization methods to select and rank risk
response actions for large-scale construction projects can be a complex and costly process
because of the effort and amount of data required. Moreover, these models accounted for
only a limited number of criteria, which can lead to the selection of risk responses that are
cost effective but unfeasible in terms of technology, environment, and achievability.
Optimization models have low transparency (i.e., they operate in such a way that it is not
easy for others to see what actions are performed) during the process of selecting risk
response actions. Furthermore, current ranking and selection methods of risk response
actions can not consider linguistic terms. Applying an expert driven FRBS and a group of

fuzzy ranking methods can help automate the evaluation of risk response actions.

2) Developing a hybrid fuzzy model which contributes the advancement of the state of the art

in forming fuzzy MBFs by considering the opinions of several subject matter experts to
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3)

develop the MBF's of linguistic terms, reducing the effect of outlier opinions in developing
the MBFs of linguistic terms, and enabling the aggregation of non-linear MBFs into
trapezoidal MBFs. Previous studies (i.e., both expert driven, and data driven methods) had
limitations in their ability to form MBFs of linguistic terms. For example, to form the MBF
of probability by using an expert-driven method such as analytical hierarchy process
(AHP), almost 4,900 pair-wise comparisons among risk events must be performed by each

expert for a project with 100 risk events, and the results are not necessarily linear.

Proposing an adaptive hybrid fuzzy model to calculate the crisp value for the causality
degree of soft relationships between different variables in FSD models using FAHP and
aggregation operators. The proposed model improves efficiency and effectiveness of
developing FSD quantitative modeling by (1) considering the level of risk expertise
(importance weights) of multiple experts in assessing the degree of causality based on
constructed developed MBFs, (2) mitigating the influence of irrelevant and biased
opinions on assessing the causality degree of soft relationships, and (3) aggregating
multiple experts’ assessments of causality degree of soft causal relationships. The
literature review revealed a lack of structured and systematic methods for constructing and
analyzing soft causal relationships among the elements of an FSD model. Since most
construction projects suffer from lack of sufficient historical quantitative data, the casual
relationships of systems cannot be clearly calculated by statistical methods and represented
as numerical values owing to the lack of sets of similar data. Consequently, to capture the
subjective uncertainties of the subjective variables and relationships in the simulation
model, soft causal relationships must be expressed in linguistic terms. FAHP enabled the

proposed model to calculate the level of risk expertise (importance weight) of different
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experts based on several factors and to consider these importance weights in the process
of aggregating experts’ assessments of soft causal relationships. Furthermore, fuzzy
ordered weighted average was employed to aggregate the assessments of several
heterogeneous experts’ opinions using constructed fuzzy MBFs and the importance weight

of each expert.

4) Developing a hybrid fuzzy model to formulate stocks, flows, and hard relationships of
quantitative FSD model for determining contingency reserve in construction projects. The
proposed model (1) considered the time-dependent nature of risk events and risk response
actions, (2) modeled the cause and effect relationships and dependencies among subjective
and objective variables that affect contingency, and (3) addressed subjective uncertainty
associated with linguistic evaluations in risk management. Reviewing the literature
showed a lack of research in FSD quantitative model development for contingency
determination in construction projects. Subjective variables of FSD models are fuzzy
numbers represented by fuzzy MBFs rather than deterministic or probabilistic values.
Therefore, a fuzzy arithmetic-based model was required to formulate stocks, flows, and
hard relationships of quantitative FSD model as well as analyze risk events and risk
response actions to determine construction project contingency reserve.

6.3.2. Industrial Contributions
The industrial contributions of this research are as follows:

1) Employing fuzzy arithmetic procedure solved the problem of substantial reliance on
historical data in probabilistic methods by employing expert judgment and linguistic terms.
Many risk experts find it difficult to perform an accurate and precise risk assessment, since

the data are either scarce or of low quality.
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2)

3)

4)

5)

Incorporating risk response planning into risk identification and assessment to determine
and manage contingency reserve all over the life cycle of construction projects. Reviewing
the risk-related literature acknowledged that current techniques of determining
contingency reserve have not paid much attention to risk response actions. Incorporating
risk response planning into risk assessment can improve the accuracy of determining

contingency reserve and the effectiveness of risk management.

Identification of most critical criteria to evaluate the effectiveness of risk response actions.
Previous studies focused on the limited criteria which can lead to the selection of risk
responses that are cost effective but unfeasible in terms of technology, environment, and
achievability. This study suggested three criteria to evaluate risk response actions:
affordability of the risk response action, achievability of the risk response action, and
controllability of risk events. There is a positive correlation between the controllability of
a risk event and the effectiveness of its risk response action. Even if a risk response action
will be implemented with high affordability and high achievability, the risk response action

will not be effective in addressing a risk with low controllability.

Capturing the soft and hard causal relationships and interactions between risk events
together and with risk response actions. Previous studies on risk analysis had limitations
capturing the complexity and causal relationships of the components of construction

projects.

Considering positive risks (opportunities) as well as negative risks and their respective risk
response actions in determining contingency reserve. Ignoring opportunities in risk
management process can lead to inaccurate contingency reserve amounts and waste of

project budget.
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6) Providing construction industry organizations with:

a. An integrated risk assessment and risk response planning model to determine and
manage the value of contingency reserve in construction projects with better

transparency and visibility to understand the effects of causal interactions,

b. A validated risk assessment and risk response planning model to assist

practitioners in modeling project uncertainties.

c. Determining the value of contingency reserve at different stages of a project and

throughout the life cycle of a construction project from project initiation to the end.

d. Increasing the accuracy of managing contingency reserve in construction projects

significantly.

7) Applying an expert-driven FRBS and fuzzy ranking method delivers an expert-level risk

management tool to a non-expert in the field.

6.4. Research Limitations and Suggestions for Future Research

Research limitations and the recommendations for future research are presented in this section.

6.4.1. Computational Methods for Implementing Fuzzy Arithmetic Operations

e In this research, linking the simulation software with MATLAB was necessary to perform
fuzzy arithmetic since simulation software are not capable to perform fuzzy arithmetic.
However, MATLAB fuzzy arithmetic package is based on the a-cut method. Future
research can focus on the fuzzy arithmetic aspect of model using the effect of different
methods of fuzzy arithmetic operations (i.e., extension principle and Yager t-norms) on the

final value of contingency reserve.
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6.4.2.

Fuzzy calculations were restricted only between two fuzzy numbers because the outputs of
a single implementation of a fuzzy operation (e.g., fuzzy multiplication) are irregularly
shaped fuzzy numbers, and only possible arithmetic is the alpha-cut method. Future
research can focus on investigating consecutive fuzzy arithmetic operations and
implementing them in the proposed contingency determination model which can address

the issue of extra programming both in JAVA and MATLAB.

Further Expansion of the Developed Model

In this thesis, the hybrid fuzzy contingency determination model was developed and
validated by field data that were collected from a case study of windfarm construction
project. However, the MBFs, number od variables and types of relationships and their
influence on contingency reserve varies from one context to another. In future research, the
hybrid FSD model of determining contingency developed in this research can be adapted
for other contexts using field data collected from construction activities in different

contexts.

In this thesis, a hybrid fuzzy model was developed to determine contingency reserve in
work package and project levels. Future development of the model can investigate the
determination of contingency reserve in portfolio-level, that is, a contingency
determination model can be developed using the FSD technique as an integration of the

several project-level FSD models of contingency determination.

In this thesis, the hard and soft causal relationships were considered between risk events of
each risk category together and with their selected risk response actions. Future
development of the model can be done by considering the causal relationships between all

risk events of the project together and with their selected risk response actions.
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Through the behaviour reproduction test, the behavioural validity of the FSD model was
evaluated in this thesis. To increase trust in the results of the FSD model, the behaviour
validation of the model can be studied further using the behaviour sensitivity test (Bala et
al. 2017). The behaviour sensitivity test assesses the sensitivity of simulation results to
changes in system variable values and compares the model's behaviour sensitivity to that

of the actual system.

This thesis established an FSD model that only addresses subjective uncertainties. In order
to account for both probabilistic (i.e., randomness) and subjective uncertainties in the FSD,

this research should be expanded.

This thesis’s FSD model is only capable of estimating the impact of interacting risk events
on work package and project costs. Risk events may affect two or more project objectives
simultaneously (i.e., concurrent impact). In addition, the cumulative impact of linked and
interacting risks on two or more project objectives differs from the total of the individual
impacts of independent risks on a particular project goal (Boateng 2012). Therefore, future
research should be conducted to develop an FSD model for determining the concurrent and
cumulative impact of risk and opportunity events on two or more project objectives (e.g.,
cost, schedule, quality, and safety and health). Specifically, the FSD model will be
expanded to identify not only the severity of risk and opportunity events in terms of cost,

but also their impact on the project's schedule, including time extensions.

The cross validating of FSD model with other methods that use bottom up approach can be
investigated in the future research. Agent based modeling is a type of bottom—up
computational simulation modeling. Individual entities are represented by discrete agents

and agent interactions, therefore macro variables cannot be modelled in ABM. However,
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6.4.3.

SD is a continuous simulation technique that can model the dynamic behaviour of complex
systems. Therefore, a hybrid Fuzzy SD-ABM can be developed to get a deeper insight into
system and to study the effect of productivity of the person who is responsible for
implementing risk response actions on the value of contingency reserve by considering the

effect of micro elements such as temperature and working environment on the productivity.

To collect required information and implement and run the proposed method, several
interviews, meetings, and surveys are required for each project separately which can be
time consuming. The collected information can be used to form MBFs of linguistic terms,
assess the probability and impact of risk events, assess the effectiveness of risk response
actions, and evaluate the causality degree of soft causal relationships. A retrospective study
costs less and takes less time than a prospective study. This is because a retrospective study
doesn't involve observing and interviewing participants, so there's less time and cost spent
on data collection. Therefore, a retrospective case-control study can be performed in the
future to determine a set of standard values for variable of models in different conditions.
In a retrospective case-control study the investigator can quickly estimate the effect of an
exposure on outcome status. Cases and controls are established based on the presence of
the condition, and exposure is assessed by looking back over time. It is very important in
a case-control study that the cases be as similar to the controls on all factors except the

outcome of interest.

Incorporating risk Response Planning

In this thesis, expert knowledge and approximate reasoning were employed to develop

FRBS rules due to lack of quantitative historical data. Therefore, FRBS rules must be
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6.4.4.

customized based on the opinions of each group of experts in each project. However, the
data-driven FRBSs are more accurate, as compared to the expert-driven FRBSs; while the
expert-driven FRBSs are more interpretable, as compared to the data-driven FRBSs
(Guillaume & Magdalena 2006). Further research can be performed to investigate the
possibility of hybrid methods (i.e., using data and expert knowledge simultaneously) for
developing the FRBSs that determine the effectiveness of risks response actions. In order
to accurately represent linguistic terms, the hybrid approaches modify the fuzzy
membership functions using expert knowledge. These methods additionally make use of
expert knowledge to alter the rule base if the sample data (i.e., those used to create the data
driven FRBS) is not a thorough representation of all possible input and output variable

values(Guillaume & Charnomordic 2012).

Development of MBFs for Linguistic Terms

In this thesis, the proposed model for determining MBFs can be implemented on triangular
and trapezoidal fuzzy numbers, which are commonly observed in engineering applications.
The proposed computational approach can be developed in future study to implement
operations on Gaussian fuzzy numbers, the other prevalent form of fuzzy numbers used in

engineering applications.

The proposed method for determining MBFs employed interval type-2 fuzzy sets in order
to provide a broader knowledge representation and approximate reasoning for computing
with words. The proposed model employed also WPJG for determining the optimized
interval type-2 MBFs of risk analysis concepts (i.e., linguistic variables including
probability and impact). This principle provides an alternative to clustering methods in

constructing information granules based on the criteria of coverage and specificity of data.
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However, fuzzy arithmetic using type-2 fuzzy numbers and WPJG versus type-1 fuzzy
numbers is computationally more demanding. Future research could be conducted to
produce an interactive and user-friendly programme that automatically does all essential

computations to construct optimized MBFs for linguistic terms.
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Appendices

Appendix A. Data collection protocol

[Company X (Co. X)], as an independent power supplier, must guarantee that its strategic
objectives are met during project implementation. As a result, [Co. X] has tried to investigate its
risk assessment and management processes in order to evaluate their applicability and capacity to

effectively forecast and mitigate future threats.

In order to help [Co. X]improve its risk assessment and management processes, the Natural
Sciences and Engineering Research Council of Canada Industrial Research Chair in Strategic
Construction Modeling and Delivery (NSERC-IRC-SCMD) has developed Fuzzy Risk Analysis
Model (FRAM) and the Fuzzy Risk Analyzer® (FRA®). These tools were designed to help [Co.
X]discover and analyze events that might potentially affect its projects, and then estimate the

contingencies of these events at both the work package and project levels.

Risk analysis is greatly influenced by the causal relationships and dependencies among risk events,
risk response actions, and other components of construction projects. To avoid overestimating or
underestimating risk contingency, these causal relationships and dependencies must be taken into
account. Moreover, incorporating risk response planning into risk identification and assessment
can improve the accuracy of determining contingency reserve by considering (1) the effects of
risks on project goals before and after implementing risk response actions and (2) the
implementation cost of risk response actions in the total contingency reserve amount. However,
FRAM and FRA® are not able to capture the causal relationships and take risk response actions

into consideration. Overall, FRAM and FRA® have the following limitations:
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1. The risk response actions have not been considered.

2. There is not a systematic method to form and aggregate the membership functions of
linguistic terms required to describe subjective variables.

3. The risks/opportunities are treated as stand-alone items (i.e., causal interactions and
dependencies between risks/opportunities are not considered).

4.  The dynamic nature of risks that result from various feedback processes are not
considered.

5. The risk expertise levels of experts are not considered in assessing the probability and
impact of the risks.

A new Hybrid Fuzzy Arithmetic-based Risk and Response Analysis Method has been developed
to address all above-mentioned limitations in calculating contingency reserve throughout the life
cycle of construction projects. Proposed method is the integration of several fuzzy models in order
to determine contingency reserve in construction projects. It addresses the gaps in different steps
of developing a fuzzy system dynamics simulation that can be run using AnyLogic© simulation
software. This data collection protocol details the methodology and data collecting procedure for

constructing the proposed method.
Introduction

Construction projects have high levels of uncertainty due to their dynamic and complex nature,
multiple feedback processes, and non-linear relationships and interdependencies among project
components. Therefore, managing risks and uncertainties is crucial for construction projects to
successfully achieve project goals in terms of time, cost, and quality. Risk management is
recognized as an essential contributor to project success, since it addresses uncertain events so as

to control their impact and probability of occurrence (Ahmadi-Javid et al. 2020).

A new Hybrid Fuzzy Arithmetic-based Risk and Response Analysis Method has been developed
to address limitations in calculating contingency reserve throughout the life cycle of construction
projects. The proposed method will consider the dynamic behavior, causal interactions, and
interdependencies among work packages, risk events, and risk response actions. Moreover, it
employs a systematic method for forming and aggregating the membership functions of linguistic
terms required to describe subjective variables. Furthermore, assessors’ risk expertise levels are
considered both in forming membership functions of linguistic terms and in aggregating their

evaluations. The proposed method is more accurate and will provide better transparency and
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visibility in tracking the impact of dynamic and interacting risks over time, compared to other risk
assessment tools. Proposed method integrates several fuzzy models (Fateminia et al. 2019b,
2020b,a, 2021) in order to determine contingency reserve in construction projects. It addresses the
gaps in different steps of developing a fuzzy system dynamics simulation that can be run with

AnyLogic© simulation software.

This data collection protocol details the methodology and data collecting procedure for
constructing a dynamic risk analysis model that will be used to calculate the contingency reserve
throughout the life cycle of construction projects. The proposed hybrid method determines the
impact of risk events and risk response actions on work packages while considering their dynamic
behavior, causal interactions, and interdependencies. The data collection process consists of eight

main steps:

1. Identifying a candidate project and work packages with [Co. X]

2. Conducting a survey to determine the research participants’ level of risk expertise
3. Conducting a survey to form membership functions of linguistic terms
4

Identifying and assessing both positive and negative risk events affecting the selected work
packages before implementing risk response actions

9]

Identifying and assessing response strategies for the most critical risks

6. Conducting assessment for both positive and negative risk events affecting the selected
work packages after implementing risk response actions

7. Conducting a survey to determine the causal interactions among work packages, risk
events, and risk response actions together and with each other

8. Gathering data about work package contingency reserve status and cost performance
assessment

The data collection methodology will be based on the completion of nine data collection forms, as

summarized in Table 1.

Table 1. Summary of Data Collection Forms

Appendix F;l(;m Description Frequency
A 1 Project and work package characteristics Initially
Expertise level assessment .
B.1 2 (self-evaluation form) Initially
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Expertise level assessment

B2 3 (supervisor evaluation form)

Initially

C 4 Membership functions of linguistic terms Initially

Initially for three work
packages (civil,
mechanical, and
electrical)

Identification and assessment of both
D 5 positive and negative risk events before
implementing risk responses

Identifying risk response actions and
assessing their effectiveness
Identification and assessment of both
D 7 positive and negative risk events after Initially
implementing risk responses

Determining causal relationships and their
F 8 degree of causality among project Initially
components

Work package contingency reserve status
and cost performance assessment

Initially

Initially

The rest of this data collection protocol document is organized as follows. Each section details one
major step in the data collection process. Section 1 describes the process of identifying a candidate
project and work package for the research. Section 2 discusses the data collection forms for
determining the expertise level of the participants in risk management. Section 3 presents details
of data collection for constructing membership functions of linguistic terms. Section 4 discusses
the data collection form for identification and assessment of both positive and negative risk events
before implementing risk response actions. Section 5 discusses the data collection form for
identification and assessment of risk response actions. Section 6 discusses the data collection form
for identification and assessment of both positive and negative risk events after implementing risk
response actions. Section 7 presents the details of data collection for determining causal
relationships and their degree of causality. Finally, Section 8 discusses the data collection form for

work package contingency reserve status and cost performance assessment.
1. Identifying a Candidate Project and Work Packages

The data collection will begin by identifying a candidate project and work packages with [Co. X]
through a meeting in the presence of senior management staff from [Co. X]and the research

supervisor and/or principal investigator. The criteria for selecting a project and work packages for
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the research are summarized in Table 2. Please refer to Form 1: Project and Work Package

Characteristics .
Table 2. Project and Work Package Selection Criteria
Item Criteria Preferable amount
Project e At least three-month project duration One project
e Risk analysis is carried out and an amount is
assigned for contingency
Work package e Critical work packages that contain a large Minimum of three

portion of the project cost and/or contingency | work packages

e  Work packages that are affected by several
risks

e Preferably common among several power
projects

e Have a construction deliverable

2. Evaluating the Level of Risk Expertise for Research Participants

The expected participants of this research are senior managers, managers, project managers, and
project engineers who have direct involvement with the project and work packages selected. In
order to aggregate individual opinions to get a collective assessment, it is essential to account for
the different expertise level of the research participants (which will later be used to assign weights
to research participants). The expertise level of the research participants in risk management is
assessed based on certain qualification attributes such as experience, knowledge, professional
performance, risk management practice, reputation, project specifics, and personal attributes and
skills. The qualification attributes are of two types: quantitative (i.e., numerical) and qualitative
(i.e., linguistic). A predetermined rating scale of 1-5 is established for assessing each qualitative
qualification attribute. The criteria and sub-criteria used for the qualification attributes and their
respective data source are provided in Table 3. The assessment of the expertise level will be carried
out using Data Collection Forms 2 and 3. The research participants will carry out self-evaluation
based on the qualification attributes using Form 2. An immediate supervisor will evaluate some
qualitative qualification attributes of the team member participating in the research using Form 3.
The expertise level assessment should be done initially and when there are changes to the research

participants.
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Table 3. Qualification Attributes for Expertise Level Assessment [6]

Criteria Sub-criteria Data source

1.1 Total years of experience Expert

1.2 Diversity of experience Expert

1. Experience 1.3 Relevant experience Expert

1.4 Applied experience Expert

1.5 Varied experience Expert

2.1 Academic knowledge Expert

2.Knowledge 2.2 Education level Expert

2.3 On-the-job training Expert

3.1 Current occupation in the company Expert

3.Professional performance | 3.2 Years in current occupation Expert
3.3 Expertise self-evaluation Expert

4.1 Average hours of work in risk Expert

per week
4.2 Level of risk management training Expert
4 Risk management practice 4.3 Risk management conferences Expert

experience

4.4 Risk identification and planning

Expert and Supervisor

4.5 Risk monitoring and control

Expert and Supervisor

4.6 Crisis management

Expert and Supervisor

5.1 Project size limit Expert
5.2 Commitment to time deadlines Expert
5. Project specifics 5.3 Commitment to cost budget Expert
5.4 Safety adherence Expert
5.5 Geographic diversity experience Expert
6.1 Social acclamation Supervisor
6.2 Willingness to participate in survey Expert and Supervisor
6.Reputation 6.3 Professional reputation Supervisor
6.4 Enthusiasm and willingness Expert and Supervisor
6.5 Level of risk conservativeness Supervisor
7.1 Level of communication skills Supervisor
. 7.2 Level of teamwork skills Supervisor
7.Personal attributes and - - -
skills 7.3 Level of leaderghlp sk_llls Superv%sor
7.4 Level of analytical skills Supervisor
7.5 Level of ethics Supervisor

3. Membership Functions of Linguistic Terms

Form 4 (Appendix C (Fateminia et al. 2020b, 2021)) is used to construct membership functions of
linguistic terms(e.g., “Very Low” or “Very High”). Linguistic terms for describing the probability
and impacts of risk events, the effectiveness of risk response actions, and the causality degree of

soft causal relationships among variables in the model must be defined in order to enable experts
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to assess them. The probability and impacts of risk events, the effectiveness of risk response
actions, and the causality degree of soft causal relationships are denoted in this model by five

linguistic terms: “Very Low,” “Low,” "Medium,” “High,” and ”Very High.”

Each expert is required to estimate the values for lower bound, lower modal, upper modal, and
upper bound for each linguistic term. For example, in Figure 1, for linguistic term “Medium” for
“Percentage of risk impact,” the lower bound is 25%, lower modal is 45%, upper modal is 55%,
and the upper bound is 70%. This means that based on the opinion of Expert 1, the risks with
“Medium” impact are those risks with an impact of less than 70 percent and more than 25 percent

with the full membership degree between 45 and 55 percent, which are the lower and upper limits.

Membership function plot

Upper modal

Lower modal

o1t — lowerfound Upper bound

0.00% 20.00% 40.00% 60.00% 80.00% 100.00%
9% Impact

Figure 1. The lower and upper modal and bounds of linguistic terms

4. Risk Identification and Assessment Before Implementing Risk

Response Actions

Form 5 (Appendix D (Nasir & Fayek 2019)) is designed to assess the probability of occurrence of
potential risks/opportunities and their impact on the selected work package cost. The
risks/opportunities were identified through extensive literature review and grouped under 11
different risk categories comprising Management, Technical, Construction, Resources related,
Site conditions, Contractual and legal, Economic and financial, Social, Political, Environmental,

and Health and safety (Table 4).
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Table 4. Number of Identified Risk Events in Each Category (Siraj & Fayek 2019)

Risk category No. of identified risks
Management 26
Technical 19
Construction 16
Resources related 30
Site conditions 18
Contractual and legal 21
Economic and financial 20
Social 12
Political 14
Environmental 9
Health and safety 15
Total: 200

Research participants are asked to assess the probability of occurrence and impact of each risk
and/or opportunity on work package cost on a scale of 1-5 where 1 = “Very Low,” 2 = “Low,” 3
=“Medium,” 4 = “High,” and 5 = “Very High.” If the risk event does not affect the work package,
participants are asked to assign “N/A” (“Not applicable”). Participants are also asked to determine
the percentage of the work package cost that may be affected by each risk/opportunity. Refer to
Form 5 included in Appendix D.

5. Identification of Risk Response Actions and Assessing their

Effectiveness
Once risk events have been identified and prioritized, risk response actions for the most severe

risks, which may impact the work package cost, will be identified and assessed using Form 6. The
research participants from [Co. X]are asked to assess the effectiveness of the recommended risk
response actions to be implemented based on three criteria: (1) affordability of the risk response,
(2) achievability of the risk response, and (3) controllability of risk events. Affordability refers to
the cost-effectiveness of risk responses, where the amount of time, effort, and money spent on
addressing a risk should not exceed the available resources for implementing risk responses.
Achievability refers to the feasibility of a risk response in terms of three considerations: (a) the
technical complexity of the proposed risk response, (b) the capability of the respondent, and (c)
the authority of the respondent. Controllability refers to the likelihood that the probability of

occurrence of a risk event can be changed.
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[Co. X] research participants are asked to evaluate all three criteria on a scale of 1-5, where 1 =
“Very Low,” 2 = “Low,” 3 = “Medium,” 4 = “High,” and 5 = “Very High.” Also, the cost of

implementing the response strategies is required. Refer to Form 6 ( Appendix E).

6. Risk Identification and Assessment After Implementing Risk

Response Actions

The research participants from [Co. X] are asked to evaluate the impact of selected risk response
strategies on risk events. Therefore, the probability and impact of both negative and positive risk
events must be assessed after implementing risk response strategies. Refer to Form 7 included in

Appendix D.

7. Conducting a Survey to Determine Subjective (Soft) Causal

Relationships

There are two types of causal relationships among model variables in FSD models: soft
(subjective) and hard (objective). When the mathematical form of a causal relationship is known,
it is said to be “hard” (e.g., relationship between risk severity and risk impact). Regular or fuzzy
arithmetic can be applied for hard relationships depending on the objectivity or subjectivity of
variables. “Soft” causal relationships, on the other hand, are those in which the mathematical form
of the causal relationship is unknown (e.g., relationship between the probabilities of a risk event

and another risk event). Soft causal relationships are expressed in linguistic terms.

To determine the causal interactions among work packages, risk events, and risk response actions

together and with each other, data is collected using Form 8 included in Appendix F.

Research participants are asked to evaluate causal relationships on a scale of 1-5, where 1 =“Very
Low,”2="“Low,” 3 =“Medium,” 4 = “High,” and 5 = “Very High.” Also, the cost of implementing
the response strategies is required. Refer to Form 8 ( Appendix F).

8. Work Package Contingency Reserve Status and Cost Performance
Assessment

Form 9 is designed to assess the contingency reserve status and cost performance of the work

package at different completion percentages of the work package (i.e., 25%, 50%, 75%, and

100%). The first section of this form documents the estimated work package contingency to be
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spent and the actual work package contingency expended at the specified percentage completion
of the work package. The second section of this form records cost information such as actual total
work package cost, actual work package direct and indirect cost, cost of approved changes to work
package, total value of variations in work package cost, and construction cost of rectifying all work
package defects at specified percentages of work package completion. This form is to be filled in
by the project manager when the company data related to the work package performance are not
available. Refer to Form 9 (Appendix F).
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Appendix B.

Form 1: Project and Work Package Characteristics

Please provide a description of the selected project and work package by providing appropriate

answers to the questions below.
1. Project Characteristics

1.1. Please indicate the name of the project:

1.2. Please indicate the project location:

1.3. What role does your organization play in the project?

O Owner O Main contractor

O Sub-/Specialty contractor O Consultant

O Project management service O Supplier

O Financier O Other (please specify):

1.4. Please specify the total contract value of the project:

1.5. Please specify the percentage of the allocated project contingency relative to the total project
cost:

1.6. Please specify the contract duration of the project:

1.7. Please specify the project start date (for construction work):

1.8. Please specify the approximate percent complete to date in the construction work for this

project:

1.9. Please indicate below the project delivery system employed for the project.
O Traditional Design-Bid-Build O Design-Build (EPC)
O Construction Management at Risk O Parallel Primes
O Build, Own, Operate and Transfer (BOOT) O Integrated Project Delivery (IDP)

O Public—Private Partnership (P3) O Other (please specify):

1.10. Please indicate below the contract type used in the project.

O Unit Rate O Lump Sum
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O Cost Plus O Time and Material

O Guaranteed Maximum Price O Other (please specify):

1.11. Please specify the number of similar projects completed by your organization:

1.12. Please specify the number of work packages involved in the project:

1.13. How would you rate the level of complexity of the project with respect to the number of

work packages involved?

Low Somewhat Average Somewhat
Low High
1 2 3 4

1.14. How would you rate the overall complexity of the project?

Low Somewhat Average Somewhat
Low High
1 2 3 4

2. Work Package Characteristics

High

High

The project manager will complete this section of the form for EACH selected work package

initially.

2.1. Please indicate the name of the work package:

2.2. Please provide a full description of the work package:
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2.3. Please indicate below the contract type used in the work package:

0 Unit Rate 0 Lump Sum
0 Cost Plus 0 Time and Material
0 Guaranteed Maximum Price 0 Other (please specify):

2.4. Please indicate the estimate type used for the work package:
0 Indicative 0 Estimate

O Historical o Other (please specify):

2.5. Please specify the total work package cost:

2.6. Please specify the percentage of the total cost of the selected work package relative to the total
project cost:

2.7. Please specify the values of the cost components for the selected work package:

Cost component Amount (Canadian dollars)

Labour total cost

Materials total cost

Equipment total cost

Subcontract total cost

Indirect total cost

2.8. Please specify the estimated duration of the work package:

2.9. Please specify the start date of the work package (for construction work):

2.10. Please specify the approximate percent complete to date in the construction work for this
work package:

2.11. Please specify the cumulative budgeted cost of the work package at different completion
stage (percentage):
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Percentage completion of the | Cumulative budgeted cost of the
work package (%) work package (Canadian dollars)

10

20

30

40

50

60

70

80

90

100
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2.12. Please rate the level of complexity of the selected work package based on the following
descriptions using the predetermined rating scale (1-5):

Level of complexity
Low | Somewhat | Average | Somewhat | High
No. Description Low High
2.12.1 | The level of complexity of the
selected work package in terms of 1 2 3 4 5
number of activities involved
2.12.2 | The level of complexity of the
selected work package with respect 1 2 3 4 5
to the work scope
2.12.3 | The level of complexity of the
selected work package with respect | 1 2 3 4 5
to the construction methods
2.12.4 | The level of difficulty of the
selected work package with regard 1 2 3 4 5
to the constructability

2.13. Please rate the criticality of the work package based on the following descriptions using
the predetermined rating scale (of 1-5):

Level of criticality

total project contingency

Low | Somewhat | Average | Somewhat | High
No. Description Low High
2.13.1 | The criticality of the selected work
package in terms of its share of the 1 2 3 4 5
total project cost
2.13.2 | The criticality of the selected work
package in terms of its share of the 1 2 3 4 5
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2.133

The criticality of the selected work
package in terms of its proneness

to several risks
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Appendix B. Form 2: Expertise Level of the Experts in Risk Management (completed by research

participants)

B.1. Form 2: Self-evaluation form

1. Name of research participant:

2. Demographic information

Your age:

Your gender: 00 Male

3. Supervisor’s name:

0 20-30

0 3140 0 41-50

O Female O Other / prefer not to say

O 51-60

O Over 60

4. Please enter numerical data values for the quantitative qualification attributes and assign a data value for each qualitative qualification

attributes based on the corresponding predetermined rating scales provided.

Scale of Data
Criteria Sub-criteria Description Predetermined rating (1-5) description

measure value

1.1 Total years of | Number of years you have been | Integer N/A

experience working in this discipline

) 1.2 Diversity of | Number of different companies you | Integer N/A
1. Experience ]

experience have worked for

1.3 Relevant Number of years you have been | Integer N/A

experience working in risk management
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Criteria Sub-criteria Description Scale of Daa Predetermined rating (1-5) description
measure value
1.4 Applied Number of years you have been | Integer N/A
experience working in risk management
1.5 Varied Number of different functional areas | Integer N/A
experience or project types worked with in your
entire career
2.1 Academic Number years of study in your Integer N/A
knowledge discipline
2.2 Education Highest degree achieved to date 1-5 1. High school degree
level predetermined 2. College degree
2. Knowledge rating 3. Technical degree
4. Bachelor degree
5. Master’s degree
2.3 On-the-job Number of courses taken in current Integer N/A
training discipline
3.1 Current Your occupation in company 1-5 1. Project engineer
3 Professional occupation in the | currently working for predetermined . Senior engineer
company rating . Project manager

performance

wn AW N

. Manager

. Senior manager
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Criteria Sub-criteria Description Scale of Daa Predetermined rating (1-5) description
measure value
3.2 Years in Number of years in your current Integer N/A
current occupation at company
occupation
3.3 Expertise Level of risk management expertise | 1-5 1. VERY LOW risk management expertise
self- evaluation that participant expert acknowledges | predetermined 2. LOW risk management expertise
about himself/herself rating 3. AVERAGE risk management expertise
4. HIGH risk management expertise
5. VERY HIGH risk management expertise

4.1 Average Number of hours per week working | Integer N/A
hours of work in | in risk management related tasks in
risk per week current company
4.2 Level of risk | Number of certifications you have Integer N/A

4. Risk management obtained from risk management

management training training sessions or workshops

practice
4.3 Risk Number of risk management Integer N/A
management conferences you have attended
conferences
experience
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Criteria

Sub-criteria

Description

Scale of

measure

Data

value

Predetermined rating (1-5) description

4.4 Risk
1dentification and

planning

Experience level with proper risk
identification and development of an
overall risk management plan with

risk response planning

1-5
predetermined

rating

1. NO proper risk identification, VERY POOR
development of an overall risk management plan with
risk response planning

2. NO proper risk identification, POOR development of
an overall risk management plan with risk response
planning

3. SOME risk identification, FAIR development of an
overall risk management plan with risk response
planning

4. SOME risk identification, GOOD development of an
overall risk management plan with risk response
planning

5. DETAILED risk identification, VERY GOOD
development of an overall risk management plan with
risk response planning

4.5 Risk
monitoring and

control

Experience level with keeping track
of identified risks, monitoring
residual risks and identifying new
risks, ensuring the execution of risk
plans, evaluating their effectiveness

in reducing risk

1-5
predetermined

rating

1. NOT keeping track of identified risks, VERY POOR
monitoring of residual risks and identifying new risks,
VERY POOR in ensuring the execution of risk plans,
NO evaluation on their effectiveness in reducing risk
2. NOT keeping track of identified risks, POOR
monitoring of residual risks and identifying new risks,
POOR in ensuring the execution of risk plans, NO
evaluation on their effectiveness in reducing risk

3. Keeping SOME track of identified risks, FAIR

monitoring of residual risks and identifying new risks,
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Criteria

Sub-criteria

Description

Scale of

measure

Data

value

Predetermined rating (1-5) description

FAIR in ensuring the execution of risk plans, SOME

evaluation on their effectiveness in reducing risk

4. Keeping DETAILED track of identified risks, GOOD
monitoring of residual risks and identifying new risks,
GOOD in ensuring the execution of risk plans,
DETAILED evaluation on their effectiveness in

reducing risk

5. Keeping DETAILED track of identified risks, VERY
GOOD monitoring of residual risks and identifying new
risks, VERY GOOD in ensuring the execution of risk
plans, DETAILED evaluation on their effectiveness in

reducing risk

4.6 Crisis

management

Experience level in understanding
the time phase of crisis (to be
reactive or proactive), and having
effective systems to

prevent/control/manage crisis

1-5
predetermined

rating

1. REACTIVE, VERY POOR systems to prevent crisis
2. REACTIVE, POOR systems to prevent crisis

3. REACTIVE, FAIR systems to prevent crisis

4. PROACTIVE, GOOD systems to prevent crisis

5. PROACTIVE, VERY GOOD systems to prevent

crisis

5. Project

specifics

5.1 Project size

limit

Monetary value of the largest risk
management project you have

worked on in current company

Integer

N/A
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Criteria Sub-criteria Description Scale of Daa Predetermined rating (1-5) description
measure value
5.2 Commitment | Percentage of projects finished on Integer N/A
to time deadlines | time by all projects you have been
involved in
5.3 Commitment | Percentage of projects finished on Integer N/A
to cost budget budget by all projects you have been
involved in
5.4 Safety Number of projects you have worked | Integer N/A
adherence on with zero incident rates
5.5 Geographic Number of different project locations | Integer N/A
diversity that you have worked on
experience
6.2 Willingness Experts’ attitude and willingness 1-5 1. COMPLETELY unwilling
to participate in towards participating in research predetermined 2. SOMEWHAT NOT willing
survey survey rating 3. SOMEWHAT willing
4. Willing
6. Reputation 5. COMPLETELY willing
6.4 Enthusiasm Level of enthusiasm and willingness | 1-5 1. VERY POOR enthusiasm, COMPLETELY unwilling
and willingness in performing risk management tasks | predetermined . POOR enthusiasm, SOMEWHAT NOT willing
in current company rating . AVERAGE enthusiasm, SOMEWHAT willing

wn AW

. GOOD enthusiasm, willing
. VERY GOOD enthusiasm, COMPLETELY willing
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Appendix C. Form 3: Expertise Level of the Experts in Risk Management (completed by

supervisor)

B.2. Form 3: Supervisor evaluation form (completed by supervisor)

1. Supervisor’s name:

2. Demographic information

Your age: 0 20-30

Your gender: 0O Male

4. Name of research participant to be evaluated:

03140 0 41-50 0 51-60

O Female O Other / prefer not to say

O Over 60

5. Each qualitative qualification attribute is measured using the corresponding predetermined rating scales described below. Based on

your own judgement about the participant’s expertise level, please assign a data value for each qualitative qualification attribute listed.

Scale of Data
Criteria Sub-criteria Description Predetermined rating (1-5) description
measure value
4.4 Risk Experience level with proper risk 1-5 1. NO proper risk identification, VERY POOR
identification and identification and development of an predetermined deyelqp ment of an overa}l risk management plan
4 Risk with risk response planning
- RIS planning overall risk management plan with risk rating 2. NO proper risk identification, POOR
management response planning deyelopment of an overall risk management plan
practice with risk response planning

3. SOME risk identification, FAIR development
of an overall risk management plan with risk
response planning
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Scale of Data
Criteria Sub-criteria Description Predetermined rating (1-5) description
measure value
4. SOME risk identification, GOOD
development of an overall risk management plan
with risk response planning
5. DETAILED risk identification, VERY GOOD
development of an overall risk management plan
with risk response planning
4.5 Risk monitoring | Experience level with keeping track of 1-5 1. NOT keeping track of identified risks, VERY
and control identified risks, monitoring residual risks | predetermined POOR monitoring of residual risks and
and identifying new risks, ensuring the rating identifying new risks, VERY POOR in ensuring

execution of risk plans, evaluating their

effectiveness in reducing risk

the execution of risk plans, NO evaluation on

their effectiveness in reducing risk

2. NOT keeping track of identified risks, POOR
monitoring of residual risks and identifying new
risks, POOR in ensuring the execution of risk
plans, NO evaluation on their effectiveness in
reducing risk

3. Keeping SOME track of identified risks, FAIR
monitoring of residual risks and identifying new
risks, FAIR in ensuring the execution of risk
plans, SOME evaluation on their effectiveness in
reducing risk

4. Keeping DETAILED track of identified risks,

GOOD monitoring of residual risks and
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Criteria

Sub-criteria

Description

Scale of

measure

Data

value

Predetermined rating (1-5) description

identifying new risks, GOOD in ensuring the
execution of risk plans, DETAILED evaluation

on their effectiveness in reducing risk

5. Keeping DETAILED track of identified risks,
VERY GOOD monitoring of residual risks and
identifying new risks, VERY GOOD in ensuring
the execution of risk plans, DETAILED

evaluation on their effectiveness in reducing risk

4.6 Crisis

management

Experience level in understanding the

time phase of crisis (to be reactive or

proactive), and having effective systems

to prevent/control/manage crisis

1-5
predetermined

rating

1. REACTIVE,VERY POOR systems to prevent
crisis

2. REACTIVE, POOR systems to prevent crisis
3. REACTIVE, FAIR systems to prevent crisis
4. PROACTIVE, GOOQOD systems to prevent
crisis

5. PROACTIVE, VERY GOOD systems to

prevent crisis

6. Reputation

6.1 Social

acclimation

Level of the expert’s social acclimation by

others

1-5
predetermined

rating

1. VERY LOW social acclimation
2. LOW social acclimation

3. AVERAGE social acclimation
4. HIGH social acclimation

5. VERY HIGH social acclimation

238




Criteria Sub-criteria Description Scale of Data Predetermined rating (1-5) description
measure value
6.2 Willingness to Expert’s attitude and willingness towards | 1-5 1. COMPLETELY unwilling
participate in survey | participating in research survey predetermined 2. SOMEWHAT NOT willing
rating 3. SOMEWHAT willing

4. Willing

5. COMPLETELY willing
6.3 Professional Level of credibility of expert based on 1-5 1. VERY INCONSISTENT professional
reputation consistency and reasonableness (use of predetermined decisions, VERY UNREASONABLE

engineering judgement) of previous rating professional decisions

decisions

2. INCONSISTENT professional decisions,
UNREASONABLE professional decisions

3. SOMEWHAT CONSISTENT professional
decisions, SOMEWHAT REASONABLE
professional decisions

4. CONSISTENT professional decisions,
REASONABLE professional decisions

5. VERY CONSISTENT professional decisions,
VERY REASONABLE professional decisions
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Criteria Sub-criteria Description Scale of Data Predetermined rating (1-5) description
measure value
6.4 Enthusiasm and | Level of enthusiasm and willingness in 1-5 1. VERY POOR enthusiasm, COMPLETELY
willingness performing risk management tasks in predetermined unwilling
current company rating 2. POOR enthusiasm, SOMEWHAT NOT
Willing
3. AVERAGE enthusiasm, SOMEWHAT willing
4. GOOD enthusiasm, willling
5. VERY GOOD enthusiasm, COMPLETELY
willing
6.5 Level of risk Indicates the expert’s level of 1-5 1. VERY AGGRESSIVE risk-taking
conservativeness conservativeness in risk management predetermined 2. AGGRESSIVE risk-taking
decisions rating 3. MODERATE risk-taking
4. CONSERVATIVE risk-taking
5. VERY CONSERVATIVE risk-taking
7.1 Level of Indicates the expert’s level of 1-5 1. VERY POOR interpersonal skills, NO
communication communication skills with other team predetermined eloquence, VERY POOR vertical
skills members and peers including maintaining | rating communication
7. Personal interpersonal skills with team (eloquent); 2. POOR interpersonal skills, NO eloquence,

attributes and

skills

clearly expressing their point of view; and
ability to communicate with others who
are at different levels

(technical/language/knowledge)

POOR vertical communication

3. AVERAGE interpersonal skills, SOME
eloquence, AVERAGE vertical communication
4. GOOD interpersonal skills, CLEAR

eloquence, GOOD vertical communication
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Criteria Sub-criteria Description Scale of Data Predetermined rating (1-5) description
measure value

5. VERY GOOD interpersonal skills, CLEAR
eloquence, VERY GOOD vertical
communication

7.2 Level of Indicates the expert’s level of teamwork 1-5 1. VERY INACTIVE team member, NO

teamwork skills skills within the current company, such as | predetermined contribution to team's goals

participating as an active and contributing | rating 2. INACTIVE team member, NO contribution to

member to achieve the team’s goals

team's goals

3. AVERAGE ACTIVE team member, SOME
contribution to team's goals

4. ACTIVE team member, FAIR contribution to
team's goals

5. VERY ACTIVE team member, FAIR

contribution to team's goals

7.3 Level of
leadership skills

Indicates the expert’s level of leadership
skills within the current company, such as
finding resources and training team
members; offering tools to support team
members; communicating project
objectives and progress; and willingness

to coach or mentor others

1. VERY POOR training, NO support tools to
team members, VERY POOR communication of
objectives and progress, COMPLETELY
unwilling to mentor

2. POOR training, NO support tools to team
members, POOR communication of objectives
and progress, SOMEWHAT NOT willing to

mentor
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Criteria

Sub-criteria

Description

Scale of

measure

Data

value

Predetermined rating (1-5) description

3. AVERAGE training, SOME support tools to
team members, AVERAGE communication of
objectives and progress, SOMEWHAT willing to
mentor

4. GOOD trainings, FAIR support tools to team
members, GOOD communication of objectives
and progress, willing to mentor

5. VERY GOOD training, FAIR support tools to
team members, VERY GOOD communication of
objectives and progress, COMPLETELY willing

to mentor

7.4 Level of
analytical skills

Expert's level of anticipating and
identifying problems in daily tasks while

accounting for any missing data

1-5
predetermined

rating

1. VERY POOR anticipation, VERY POOR
identification of problems

2. POOR anticipation, POOR identification of
problems

3. AVERAGE anticipation, AVERAGE
identification of problems

4. GOOD anticipation, GOOD identification of
problems

5. VERY GOQOD anticipation, VERY GOOD

identification of problem
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Scale of Data
Criteria Sub-criteria Description Predetermined rating (1-5) description
measure value
7.5 Level of ethics Expert's level of conforming to any legal 1-5 1. VERY POOR compliance to legal and
or regulatory framework enforced by predetermined regulatory framework, VERY POOR level of
company, and expert’s level of morality rating morality

2. POOR compliance to legal and regulatory
framework, POOR level of morality

3. AVERAGE compliance to legal and
regulatory framework, AVERAGE level of
morality

4. GOOD compliance to legal and regulatory
framework, GOOD level of morality

5. VERY GOOD compliance to legal and
regulatory framework, VERY GOOD level of

morality
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Appendix D. Form 4: Membership Functions of Linguistic Terms

Expert 1

Expert 2

Expert 3

Lower
bound

Lower
modal

Upper
modal

Upper
bound

Lower
bound

Lower
modal

Upper
modal

Upper
bound

Lower
bound

Lower
modal

Upper
modal

Upper
bound

Risk events

Negative risk
events
(threats)

Probability

Very low

Low

Medium

High

Very high

Impact

Very low

Low

Medium

High

Very high

Positive risk
events
(opportunities)

Probability

Very low

Low

Medium

High

Very high

Impact

Very low

Low

Medium

High

Very high

Expert 1

Expert 2

Expert 3

Lower
bound

Lower [Upper
modal |[modal

Upper
bound

Lower
bound

Lower
modal

Upper
modal

Upper
bound

Lower
bound

Lower
modal

Upper
modal

Upper
bound

Risk response actions

Effectiveness

Affordability

Very low

Low

Medium

High

Very high

Achievability

Very low

Low

Medium

High

Very high

controllability

Very low

Low

Medium

High

Very high

Expert 1

Expert 2

Expert 3

Lower
bound

Lower |Upper
modal |[modal

Upper
bound

Lower
bound

Lower
modal

Upper
modal

Upper
bound

Lower
bound

Lower
modal

Upper
modal

Upper
bound

Causal relationships

Degree of causality of soft
relationships

Very low

Low

Medium

High

Very high
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Appendix E. Forms 5 and 7: Identification and Assessment of Both Positive and Negative Risk

Events Before and After Implementing Risk Responses

Project name:

Work package name:

Percentage completion of the work package:

Please assess the probability of occurrence of the following risks/opportunities and their respective impact on the selected work package

on a scale of 1-5, where 1 = “Very Low,” 2 = “Low,” 3 = “Medium,” 4 = “High,” and 5 = “Very High.” If the risk event does not affect

the work package, please assign “N/A” (“Not applicable”). Please also determine the percentage of the work package cost that may be

affected by each risk/opportunity. Blank rows are left intentionally for participants to add additional risks.

1. Management Risks/Opportunities

Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
N Management package
0' 7 ; V V /. v / ;
Risks/Opportunities va | Y | row | medium | mign | VY ] va | VY | tow | vedium | mign | VY | na | VY | Low | Medium | mign | VY | wa |V Low mign | ' | affected
Low High Low High Low High Low Medium High
(%)
Lack of experience and
1.1 project management skills 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
of the project team
Poor coordination and
communication among
1.2 ) o ] 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
various parties involved in
the project
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No.

Management

Risks/Opportunities

Risk probability of occurrence

Risk impact on work package

cost

Opportunity probability of

occurrence

Opportunity impact on work

package cost

N/A

Medium

High

Very

High

N/A

Low

Medium

High

Very

High

N/A

Low | Medium | High

Very
High

N/A

Very

Low

Medium

High

Very
High

Cost of
work
package
affected
(%)

1.3

Inadequate project

organization structure

1.4

Poor relationship among
various parties involved in

the project

1.5

Unavailability of sufficient
professionals and

managers

1.6

Inadequate or poor project

planning and budgeting

1.7

Interdependencies with
other projects (consistency
and complementarities

with other projects)

1.8

Poor site management and
supervision by the

contractor

Poor project quality
management including
inadequate quality
planning, quality
assurance, and quality

control
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No.

Management

Risks/Opportunities

Risk probability of occurrence

Risk impact on work package

cost

Opportunity probability of

occurrence

Opportunity impact on work

package cost

N/A

Medium

High

Very

High

N/A

Low

Medium

High

Very

High

N/A

Low | Medium | High

Very
High

N/A

Very

Low

Medium

High

Very
High

Cost of
work
package
affected
(%)

Poor or incomplete

definition of project scope

Loss of productivity due to
inadequate site facilities
planning or inability to

manage labour

1.12

Poor capability of owner in

project management

Low management
competency of

subcontractors

1.14

Lack of proper training
program to new and

existing staff in the project

Poor project monitoring

and auditing

1.16

Low level motivation and
efficiency of existing

manpower

1.17

Frequent replacement of
project managers and key

personnel

1.18

Poor project cost

management and control
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No.

Management

Risks/Opportunities

Risk probability of occurrence

Risk impact on work package

cost

Opportunity probability of

occurrence

Opportunity impact on work

package cost

N/A

Medium

High

Very

High

N/A

Low

Medium

High

Very

High

N/A

Low | Medium | High

Very
High

N/A

Very

Low

Medium

High

Very
High

Cost of
work
package
affected
(%)

Inefficiency of owner’s

supervisors

1.20

Unexpected change in

owner’s staff/organization

1.21

Inadequate experience of
consultant with regard to
type of work
package/project

1.22

Low project team cohesion
(poor interpersonal
relations between project

team members)

1.23

High staff turnover in the

project

1.24

Poor time management
due to change of manager
or management strategies

of the project

1.25

Consultant lacks adequate
number of staff (inspector)
during construction phase

of the project

1.26

Inadequate project

complexity analysis
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
N Management package
0. - . - ' ’
Risks/ Opportunities Na | Y| Low Medium High N f“ N/A Very Low Medium High vfr“ N/A Very Low Medium High V?ry N/A Very Low : High N fr’ affected
Low High Low High Low High Low Medium High
(%)
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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2. Technical Risks/Opportunities

Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
N Technical package
o. . ! . ! ! ! '
Risks/Opportunities Na | Y | Low | Mediom | mign | VY ] va | VY | Low | veanm | omign | YV ) na | YV | Low | Meaum | mign | VY | onva | YV | Low | Medium | mgn | Y | affected
Low High Low High Low High Low High
(%)
Inappropriate design and
2.1 S 0 1 2 3 4 5 0 1 2 3 4 510 1 2 3 4 5 0 1 2 3 4 5
poor engineering
Unanticipated engineering
22 ) 0 1 2 3 4 5 0 1 2 3 4 510 1 2 3 4 5 0 1 2 3 4 5
and design changes
Delay in design (design
2.3 process takes longer than 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
anticipated)
Delay in issuing construction
24 ] 0 1 2 3 4 5 0 1 2 3 4 510 1 2 3 4 5 0 1 2 3 4 5
drawing due to late approval
Unclear and inadequate
2.5 details in design drawings 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
and specifications
Unpredicted technical
2.6 ) ) 0 1 2 3 4 5 0 1 2 3 4 510 1 2 3 4 5 0 1 2 3 4 5
problems in construction
Unproven engineering
techniques (the techniques
adopted are immature and
2.7 0 1 2 3 4 5 0 1 2 3 4 510 1 2 3 4 5 0 1 2 3 4 5
cannot fulfill the standards
and requirements as
expected)
Inadequate study and
2.8 0 1 2 3 4 5 0 1 2 3 4 510 1 2 3 4 5 0 1 2 3 4 5
insufficient data before
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
N Technical package
o. . ! . ! ! ! '
Risks/Opportunities Na | Y | Low | Mediom | mign | VY va | VY | Low | veanm | omign | YV ) na | YV | Low | Meaum | mign | VY | onva | YV | Low | Medium | men | 7 | affected
Low High Low High Low High Low High
(%)
design (errors in feasibility
studies)
2.9 Incomplete design 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
2.10 Complexity of design 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Problems in technology
2.11 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
transfer and implementation
Rapidly changing
2.12 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
technologies
2.13 Low constructability 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Inefficiency in decision
2.14 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
making on key design issues
Using inadequate software
2.15 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
for design
Gaps between
implementation and
specifications;
2.16 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
incompatibility between
construction drawings and
methods
Lack of proper design review
2.17 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
and checking by consultant
Lack of skilled designers in
2.18 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

the project region
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
N Technical package
o. . . . . . ! '
Risks/Opportunities Na | Y | Low | Mediom | mign | VY va | VY | Low | veanm | omign | YV ) na | YV | Low | Meaum | mign | VY | onva | YV | Low | Medium | men | 7 | affected
Low High Low High Low High Low High
(%)
Non-familiarity of the project
2.19 team with a certain 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
technology
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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3. Construction Risks/Opportunities

Risk probability of occurrence Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
cost occurrence package cost work
Construction package
No. Risks/Opportunities NA :'“’ Low | Medium | High 1::; NA :::l\: Low | Medium | High :f; NA ‘L/:: Low | Medium | High :f; NA ‘L:f Low | Medium | High ::; affected
(%)
Delays and interruptions
3.1 causing cost increase to the 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
work package/project
Poor workmanship and
3.2 | construction errors leading to 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
rework
Unreasonably tight project
33 schedule causing cost increase | 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
to the work package/project
Complexity of proposed
3.4 | construction 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
methods/techniques
Contractor’s incompetence in
3.5 executing the work 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
package/project
3.6 Change in construction 0 1 2 3 4 5 0 1 2 3 4 510 1 2 3 4 5 0 1 2 3 4 5
methods/techniques
Adoption of improper, poor, or
3.7 | unproven construction 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
methods/techniques
3.8 Conflicting interfaces of work 0 1 2 3 4 5 0 1 2 3 4 510 1 2 3 4 5 0 1 2 3 4 5

items
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
N Construction package
0. , ! ' y ,
Risks/ Opportunities Na | VY| Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High vf" affected
Low High Low High Low High Low High
(%)
Pressure to deliver project on
3.9 | accelerated schedule (pressure 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
to crash project duration)
3.10 | Strict quality requirements 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
Contractor’s lack of
3.11 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
experience in similar projects
Owner's improper intervention
312 | . ] 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
in construction phase
Delay in approving the
3.13 | contractor work by consultant 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
or owner of the project
Failure to identify construction
3.14 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
defects
Vagueness of construction
3.15 ) 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
methods/techniques
Technical mistakes during
3.16 | construction stage by 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
contractor
1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
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Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
N Construction package
0. , ere rery y ,
Risks/Opportunities Na | Y Low | veawm | mign | VY L na | Y | pow | veawm | mign | VY ) xa | YV | Low | vedawm | omign | VY | onva | Y™ | Low | Medium | High vf" affected
Low High Low High Low High Low High
(%)
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
4. Resources Related Risks/Opportunities
Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
N Resources Related package
0. , , . .
Risks/Opportunities Na | Y | tow | Medium | Hign V?ry Nva | Y™ | Low | Medium | mign | 1 N Very Low | Medium | High | Y wa Very | Low | Medium | migh | v | affected
Low High Low High Low High Low High
(%)
4.1 | Labour related
Unavailability of sufficient
4.1.1 | amount of skilled labour in 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
project region
Low labour productivity of
412 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
local workforce
Untrained and inexperienced
4.13 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
labour force
4.1.4 | Strikes and labor disputes 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

255




Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
N Resources Related package
o. ) ! ' , '
Risks/ Opportunities Na | VY| Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High vf" affected
Low High Low High Low High Low High
(%)
Higher workforce attrition
4.1.5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
rates
4.1.6 | Workforce absenteeism 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
4.2 | Material related
Unavailability or shortage of
4.2.1 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
expected material
4.2.2 | Delay in materials delivery 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Defective or non-conforming
4.2.3 | materials that do not meet the 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
standard
Material wastage and damage
due to poor construction
424 ) ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
methods, working habit, or
improper storage
Import restrictions on
4.2.5 | materials needed in 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
construction
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
N Resources Related package
0. , ! ' y '
Risks/ Opportunities Na | VY| Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High vf" affected
Low High Low High Low High Low High
(%)
Changes in material types and
4.2.6 | specifications during 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
construction
4.2.7 | Delay in material approval 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Limited capability and service
4.2.8 | quality of material suppliers 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
and logistic service
Incorrect definition of type
4.2.9 | and quantity of needed 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
materials by designer(s)
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
4.3 | Equipment related
Unavailability or shortage of
43.1 ] 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
expected equipment
4.3.2 | Equipment breakdown 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Low productivity and
433 ) ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
efficiency of equipment
Delay in equipment delivery to
434 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
the project site
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
N Resources Related package
0. ) : ' , ,
Risks/ Opportunities Na | VY| Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High vf" affected
Low High Low High Low High Low High
(%)
Quality problem of
435 ) ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
construction equipment
Improper selection of
4.3.6 | construction equipment by 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
contractor or subcontractor
Unavailability of spare parts
4.3.7 | and high maintenance cost of 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
equipment
4.3.8 | Equipment import restriction 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Type and number of needed
equipment are not compatible
439 ) ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
with work package/project
scale
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
4.4 Subcontractor related
Unavailability of qualified
44.1 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
subcontractors
Subcontractors’ failure;
442 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
default of subcontractors
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Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
N Resources Related package
0. , ! ' y '
Risks/ Opportunities Na | VY| Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High vf" affected
Low High Low High Low High Low High
(%)
Poor performance of
443 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
subcontractors
Subcontractor lack of required
4.4.4 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
technical skill
Subcontractor lack of adequate
445 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
number of staff and equipment
Delay in appointing
4.4.6 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
subcontractor
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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5. Site Conditions Risks/Opportunities

Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
N Site Conditions package
0. , ! ' , y ,
RiskS/Opportunities Na | VY | Low Medium High V?ry N/A very Low Medium High V?ry N/A very Low Medium High vfr“ N/A very Low Medium High vf" affected
Low High Low High Low High Low High
(%)
Unpredicted adverse
5.1 engineering geology 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
(subsurface conditions)
Differing and unforeseen
52 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
site conditions
Difficulties of access and
work on site due to specific
53 ) ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
geographical constraint of
region
Lack of readily available
utilities on site (e.g., water,
5.4 o ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
electricity) and supporting
infrastructure unavailability
Late construction site
5.5 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
possession
Inadequate site
5.6 | investigations (soil tests and | 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
site survey)
Improper selection of
5.7 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
project location
Security problems at project
5.8 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
site
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No.

Site Conditions

Risks/Opportunities

Risk probability of occurrence

Risk impact on work package

cost

Opportunity probability of

occurrence

Opportunity impact on work

package cost

N/A

Very

Low

Medium

High

Very

High

N/A

Very

Medium

High

Very
High

N/A

Very
Low Medium High
Low

Very

High

N/A

Very

Low

Medium

High

Very

High

Cost of
work
package
affected
(%)

5.9

Land acquisition and
compensation problem (the
cost and time for land
acquisition exceeds the

original plans)

5.10

Delays in right of way

process

5.11

Finding historical objects

during excavation process

5.12

Ineffective control and

management of traffic

5.13

Limited construction area

(on-site congestion)

5.14

Unexpected underground

utilities encounter

5.15

Ground water seepage
which can damage
underground construction

work

5.16

Poor preliminary
assessment and evaluation
of ground movement and

settlements
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Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
N Site Conditions package
o. , . - rery , '
Risks/Opportunities Na | Y | Low | Mediom | mign | VY ] va | Y | Low | veawm | mign | VY ) va | Y | Low | Meaum | omign | VY | onva | Y™ | Low | Medium | High vf" affected
Low High Low High Low High Low High
(%)
Distance from primary
5.17 | sources, materials, and 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
manufacturers
Obstruction to surrounding
5.18 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
business or others
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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6. Contractual and Legal Risks/Opportunities

Risk impact on work package Opportunity probability of Opportunity impact on work cost of
Risk probability of occurrence
cost occurrence package cost work
N Contractual and Legal package
o. . erv
Risks/Opportunities Na | Y | Low | Medium High V?ry N/A Very Low | Medium | High Vfry N/A Very Low | Medium | High Vfry N/A Very Low | Medium | High “_)'ry affected
Low High Low High Low High Low High
(%)
Contradictions and vagueness
6.1 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
in the contract documents
6.2 | Frequent change orders 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Delays in resolving
6.3 contractual disputes and 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
litigations
Change in codes and
6.4 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
regulations
Possibility of contractual
6.5 ) ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
disputes and claims
Immaturity and/or unreliability
6.6 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
of legal system
6.7 | Change in project scope 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Unclear roles and
6.8 | responsibilities of project 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
stakeholders
Intense competition at tender
6.9 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
stage
Breach of contract by owner,
6.10 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
contractor, or subcontractors
6.11 | Rigidity of contract provision 0 1 2 3 4 5 0 1 2 3 4 510 1 2 3 4 5160 1 2 3 4 5
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

cost of

cost occurrence package cost work
N Contractual and Legal package
0. ) : ' ey ,
Risks/ Opportunities N/A very Low Medium High V?ry N/A very Low Medium High V?ry N/A Very Low Medium High V?ry N/A very Low Medium High vf" affected
Low High Low High Low High Low High
(%)
Lack of integrity in the
6.12 | tendering process (unfairness 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
in tendering)
Contract strategy changes
6.13 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
from plan
Inadequate claim
6.14 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
administration
6.15 | Excessive contract variation 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Contract and specification
6.16 | ) ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
interpretation disagreement
Extent of work differs from
6.17 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
contract
6.18 | Errors or omissions in BOQ 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Intensity of contract (the ratio
6.19 | of contract value and contract | 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
period)
Inappropriate form or type of
6.20 ppiop P 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
contract
Lack of legal judgement
6.21 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
reinforcement
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

cost of

cost occurrence package cost work
N Contractual and Legal package
0. , ore rery y ,
Risks/Opportunities Na | Y Low | veawm | mign | VY L na | Y | pow | veawm | mign | VY ) xa | YV | Low | vedawm | omign | VY | onva | Y™ | Low | Medium | High vf" affected
Low High Low High Low High Low High
(%)
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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7. Economic and Financial Risks/Opportunities

Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
N Economic and Financial package
o. , ! ' Jery '
Risks/ Opportunities N/A very Low Medium High V?ry N/A very Low Medium High V?ry N/A Very Low Medium High V?ry N/A very Low Medium High vf" affected
Low High Low High Low High Low High
(%)
Unpredicted change of inflation
7.1 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
rate
Fluctuation in currency
7.2 | exchange and/or difficulty of 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
convertibility
7.3 | Escalation of material prices 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
Unpredicted change of interest
7.4 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
rate
7.5 | Delay in payments 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
7.6 | Project funding problems 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
7.7 | Change in tax regulation 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
Poor financial market or
unavailability of financial
7.8 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
instrument resulting difficulty
of financing
Economic recession or
7.9 | instability of economic 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
condition
Financial failure of the owner
7.10 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
or contractor
Change in government funding
7.11 ) 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
policy

266




Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
N Economic and Financial package
o. ) ! ' ey '
Risks/ Opportunities N/A very Low Medium High V?ry N/A very Low Medium High V?ry N/A Very Low Medium High V?ry N/A very Low Medium High vf" affected
Low High Low High Low High Low High
(%)
Lack of insurance (insufficient
7.12 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
insurance)
7.13 | Market demand change 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
Wage inflation (increase in
7.14 ) 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
labors and employee salaries)
Inaccurate assessment or
7.15 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
forecast of market demand
Enactment of a new bylaw
7.16 ) 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
leading to cost changes
7.17 | Energy price changes 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
Tight fiscal and monetary
7.18 o 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
policies
Change in banker’s policy for
7.19 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
loans
Conflict between project
7.20 1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
financiers
1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
1 2 3 4 5 1 2 3 4 0 1 2 3 4 5 0 1 2 3 4
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Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence

cost occurrence package cost work
Economic and Financial package
isks/O aee Very ) . Very Very ) . Very Very : . Very Very . . Very £f
Risks/Opportunities N/A Low | Medium | High ) N/A Low | Medium | High ° N/A Low | Medium | High ° N/A Low | Medium | High : affected
Low High Low High Low High Low High
(%)
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8. Social Risks/Opportunities

Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
package
No. | Social Risks/Opportunities . Vere . Vere Vere ! '
Na | VY | Low | Medium | High ol va | Y | Low | Mediom | High Yl na | Y™ | Low | Medium | High Yl wa | Y | Low | Medum | mign | VY | affected
Low High Low High Low High Low High
(%)
Differences in social, cultural,
8.1 o 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
and religious background
Unfavorable social
8.2 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
environment
Public opposition to the
8.3 ) o 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
project (public objections)
Societal conflict and/or public
8.4 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
unrest
Insecurity and crime (theft,
8.5 | vandalism, and/or fraudulent 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
practices)
Land acquisition and
compensation problems (the
8.6 | cost and time for land 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
acquisition exceeds the
original plans)
Poor public relations with
8.7 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
local contacts
Social grievances (local
8.8 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
communities pose objections)
8.9 | Substance abuse 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
ackage
No. | Social Risks/Opportunities . Vere . Vere Vere ! ' P &
Na | VY | Low | Medium | High ol va | Y | Low | Mediom | High Yl na | Y™ | Low | Medium | High Yl wa | Y | Low | Medum | mign | VY | affected
Low High Low High Low High Low High
(%)
Unexpected aboriginal claims
8.10 | or protests leading to cost 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
increase
Disturbances to public
8.11 o 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
activities
8.12 | Loss of public trust/goodwill 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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9. Political Risks/Opportunities

Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
package
No. | Political Risks/Opportunities
Very Very Very Very Very Very Very Very
N/A Low Medium High i N/A Low Medium High i N/A Low Medium High . N/A Low Medium High . affected
Low High Low High Low High Low High
(%)
Changes in government laws,
9.1 | regulations, or policies affecting 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
the project
Outbreak of hostilities (wars,
9.2 | revolution, civil disorder/riots, 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
terrorism)
Political instability of the
9.3 | government (unfavorable political | 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
environment)
Delay or refusal of project
9.4 | approval and permit by 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
government departments
Corrupt local government
9.5 | officials demand bribes or unjust 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
rewards
High level of bureaucracy of the
9.6 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
authority
Poor relations with related
9.7 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
government departments
Government’s improper
9.8 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
intervention during construction
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
package
No. | Political Risks/Opportunities ) ] ] ] ] '
Na | Y Low | Mediom | mign | VY ] va | Y | pow | Meanm | omign | VY ) va | YV | row | Meawm | mign | VY | na | Y™ | Low | Medium | High vfry affected
Low High Low High Low High Low High
(%)
Poor international relations;
9.9 0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
instability of international relation
Government restrictions on
foreign companies (mandatory
9.10 0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
technology transfer, differential
taxation of foreign firms, etc.)
Multinational sanctions
9.11 0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
(embargos)
Change of government
9.12 0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
(government discontinuity)
Out-of-date labor, tax, insurance,
9.13 0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
trade, and/or environmental laws
9.14 | Lack of support from government | 0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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10. Environmental Risks/Opportunities

Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
N Environmental package
o. . ! . ! ! ! :
Risks/Opportunities Na | Y | Low | Mediom | mign | VY ] va | VY | Low | veanm | mign | YV va | YV | Low | veaum | mign | VY | v | YV | Low | Medium | mign | Y | affected
Low High Low High Low High Low High
(%)
Adverse weather conditions
10.1 | (continuous rainfall, snow, 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
temperature, wind)
Force majeure (natural and
man-made disasters that are
beyond the firm’s control,
10.2 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
such as floods, thunder and
lightning, landslide,
earthquake, hurricane, etc.)
Adverse environmental
103 | . ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
impacts of the project
Pollution associated with
construction activities (dust,
10.4 ) ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
harmful gases, noise, solid
and liquid wastes, etc.)
Strict environmental
10.5 ) ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
regulations and requirements
Changes in environmental
10.6 o 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
permitting
Poor preliminary assessment
10.7 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

and evaluation of
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Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
N Environmental package
0. . ! . ! ! ! '
Risks/Opportunities Na | Y | Low | Mediom | mign | VY va | VY | Low | veanm | mign | YV va | YV | Low | veaum | mign | VY | v | YV | Low | Medium | mign | Y | affected
Low High Low High Low High Low High
(%)
environmental impacts of the
project
Poor environmental
10.8 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
regulations and control
Prosecution due to unlawful
10.9 ) ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
disposal of construction waste
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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11. Health and Safety Risks/Opportunities

Risk impact on work package Opportunity probability of Opportunity impact on work Cost of
Risk probability of occurrence
cost occurrence package cost work
Health and Safety
package
No. | Risks/Opportunities Vers . Vere Vere ' !
N/A L:" Low Medium High ;:; N/A L::: Low Medium High :T;; N/A L:: Low Medium High :T;; N/A L:: Low Medium High ::; affected
(%)
Accidents occurring during
11.1 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
construction
Inadequate safety measures or
11.2 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
unsafe operations
Poor construction safety
11.3 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
management
Damage to persons or property
or materials due to poor health
11.4 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
and safety management of the
project
Changed labour safety laws or
11.5 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
regulations
11.6 | Lack of safety insurance 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Ineffective protection of
surrounding environment (e.g.,
11.7 ) o 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
adjacent buildings and
facilities)
Failure to comply with HS&E
11.8 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
standards or security plan
Accidents caused by or to
11.9 | resident communities or third 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
parties

275




Risk probability of occurrence

Risk impact on work package

Opportunity probability of

Opportunity impact on work

Cost of

cost occurrence package cost work
Health and Safety
package
No. | Risks/Opportunities vers . Vere Vere ' !
N/A e Low Medium High Vfr”‘ N/A ery Low Medium High V?ry N/A ery Low Medium High V?ry N/A very Low Medium High vf" affected
Low High Low High Low High Low High
(%)
11.10 | Epidemic illness 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Poor safety and environmental
11.11 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
regulations
Strict health and safety
11.12 ) 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
regulations
Poor performance of
11.13 | contractor in health and safety 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
of work
Public concerns related to
11.14 | health and safety of the project | 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
due to poor communication
Poor planning of contractor for
11.15 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
emergency measures
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
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Appendix F. Form 6: Identifying Risk Response Actions and Assessing their Effectiveness

Project name:
Work package name:
Percentage completion of the work package:

Please identify and evaluate the effectiveness of several risk response actions for each identified risk event on a scale of 1-5, where 1 =
“Very Low,” 2 = "Low,” 3 = “Medium,” 4 = “High,” and 5 = “Very High.” Blank rows are left intentionally for participants to add
additional risk response actions.

Effectiveness of risk response actions

. . Name of | Response Risk response .
Risk Risk risk strategy actions/measures to be Implementation Achievability of risk Affordability of risk Controllability of related
category | ID. cost (CAD) response action response action risk event
event D lmplemented very Low | Medium | High Vf:ry Very Low | Medium | High erry Very Low | Medium | High Vjcry
Low High Low High Low High
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Appendix G. Form 8: Determining Causal Relationships and their Degree of Causality among

Project Components

Project name:

Work package name:

Percentage completion of the work package:

Since the table must be formed based on identified risk events, please refer to the Excel format of this form. Keep only identified risk
events and add risk response actions. Then, evaluate the degree of causality between each pair of horizontal and vertical cell on a scale
of 1-5, where 1 = “Very Low,” 2 = “Low,” 3 = “Medium,” 4 = “High,” and 5 = “Very high.” Please list the all risk events and risk
response actions that have occurred and indicate their causal relationship. The following table shows the assessment form for causality
degree among management risks.

Management Risk Events

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
1.15
1.16
1.17
1.18
1.19
1.20
1.21
1.22
1.23
1.24

1.25

1.26

1.1

Lack of experience and project management skills of the project

team
Poor coordination and communication among various parties
12 involved in the project
1.3 Inadequate project organization structure
1.4 Poor relationship among various parties involved in the project
1.5 Unavailability of sufficient professionals and managers
1.6 Inadequate or poor project planning and budgeting
Interdependencies with other projects (consistency and
L7 complementarities with other projects)
1.8 Poor site management and supervision by the contractor
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Poor project quality management including inadequate quality

o planning, quality assurance, and quality control
1.10 | Poor or incomplete definition of project scope

Loss of productivity due to inadequate site facilities planning or
i inability to manage labor
1.12 | Poor capability of owner in project management
1.13 | Low management competency of subcontractors

Lack of proper training program to new and existing staff in the
14 project
1.15 | Poor project monitoring and auditing
1.16 | Low level motivation and efficiency of existing manpower
1.17 | Frequent replacement of project managers and key personnel
1.18 | Poor project cost management and control
1.19 | Inefficiency of owner’s supervisors
1.20 | Unexpected change in owner’s staff/organization

Inadequate experience of consultant with regard to type of work
t2l package/project

Low project team cohesion (poor interpersonal relations between
122 project team members)
1.23 | High staff turnover in the project

Poor time management due to change of manager or management
124 strategies of the project

Consultant lacks adequate number of staff (inspector) during
12 construction phase of the project
1.26 | Inadequate project complexity analysis
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Technical Risk Events — | ot n (e e o 22|22 X2 2| |x 2
N L L N N R I T oS o T I o R oS T I N T I SN IS I oV T I SN I IS
2.1 Inappropriate design and poor engineering
2.2 Unanticipated engineering and design changes
2.3 Delay in design (design process takes longer than anticipated)
24 Delay in issuing construction drawing due to late approval
Unclear and inadequate details in design drawings and
23 specifications
2.6 Unpredicted technical problems in construction
Unproven engineering techniques (the techniques adopted are
2.7 immature and cannot fulfill the standards and requirements as
expected)
Inadequate study and insufficient data before design (errors in
28 feasibility studies)
2.9 Incomplete design
2.10 Complexity of design
2.11 Problems in technology transfer and implementation
2.12 Rapidly changing technologies
2.13 Low constructability
2.14 Inefficiency in decision making on key design issues
2.15 Using inadequate software for design
516 Gaps between implementation and specifications;
incompatibility between construction drawings and methods
2.17 Lack of proper design review and checking by consultant
2.18 Lack of skilled designers in the project region
2.19 Non-familiarity of the project team with a certain technology

280




281



Construction Risk Events 22T 22 |% 22 E i E E E E E

3.1 Delays and interruptions causing cost increase to the work package/project
32 Poor workmanship and construction errors leading to rework

Unreasonably tight project schedule causing cost increase to the work
33 package/project
34 Complexity of proposed construction methods/techniques
35 Contractor’s incompetence in executing the work package/project
3.6 Change in construction methods/techniques
3.7 Adoption of improper, poor, or unproven construction methods/techniques
3.8 Conlflicting interfaces of work items

Pressure to deliver project on accelerated schedule (pressure to crash project
3.9 duration)
3.10  |Strict quality requirements
3.11 |Contractor’s lack of experience in similar projects
3.12  |Owner's improper intervention in construction phase
3.13  |Delay in approving the contractor work by consultant or owner of the project
3.14  |Failure to identify construction defects
3.15 |Vagueness of construction methods/techniques
3.16  |Technical mistakes during construction stage by contractor
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Resources

Related Risks

4.1

4.1.1

4.1.2

4.13

4.1.4

4.1.5

4.1.6

4.2

4.2.1

422

423

424

4.2.5

4.2.6

4.2.7
4.2.8

429

4.3

4.3.1

432

433

434

435

4.3.6

4.3.7

4.3.8

439

4.4

4.4.1

442

443

444

445

4.4.6

4.1

Labour related

Unavailability
of sufficient
amount of
skilled labour
in project

region

Low labour
productivity of

local workforce

Untrained and
inexperienced

labour force

Strikes and

labor disputes

Higher
workforce

attrition rates

Workforce

absenteeism

4.2

Material

related

4.2.1

Unavailability
or shortage of
expected

material
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422

Delay in
materials

delivery

423

Defective or
non-
conforming
materials that
do not meet the

standard

424

Material
wastage and
damage due to
poor
construction
methods,
working habit,
or improper

storage

425

Import
restrictions on
materials
needed in

construction

4.2.6

Changes in
material types
and
specifications
during

construction
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4.2.7

Delay in
material

approval

4.2.8

Limited
capability and
service quality
of material
suppliers and

logistic service

429

Incorrect
definition of
type and
quantity of
needed
materials by

designer(s)

4.3

Equipment

related

43.1

Unavailability
or shortage of
expected

Equipment

432

Equipment

breakdown

433

Low
productivity
and efficiency

of equipment
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434

Delay in
equipment
delivery to the

project site

435

Quality
problem of
construction

equipment

4.3.6

Improper
selection of
construction
equipment by
contractor or

subcontractor

4.3.7

Unavailability
of spare parts
and high
maintenance
cost of

equipment

4338

Equipment
import

restriction

439

Type and
number of
needed
equipment are
not compatible

with work
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package/project

scale

4.4

Subcontractor

related

4.4.1

Unavailability
of qualified

subcontractors

442

Subcontractors’
failure; default
of

subcontractors

443

Poor
performance of

subcontractors

444

Subcontractor
lack of required

technical skill

445

Subcontractor
lack of
adequate
number of staff

and equipment

4.4.6

Delay in
appointing

subcontractor
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Site Conditions Risks

5.1
5.2

53

5.4

5.5

5.6

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.1 Unpredicted adverse engineering geology (subsurface conditions)
52 Differing and unforeseen site conditions

Difficulties of access and work on site due to specific geographical
>3 constraint of region

Lack of readily available utilities on site (e.g., water, electricity) and
>4 supporting infrastructure unavailability
5.5 Late construction site possession
5.6 Inadequate site investigations (soil tests and site survey)
5.7 Improper selection of project location
5.8 Security problems at project site

Land acquisition and compensation problem (the cost and time for
> land acquisition exceeds the original plans)
5.10 | Delays in right of way process
5.11 | Finding historical objects during excavation process
5.12 | Ineffective control and management of traffic
5.13  |Limited construction area (on-site congestion)
5.14  |Unexpected underground utilities encounter

Ground water seepage which can damage underground construction
5.15 work

Poor preliminary assessment and evaluation of ground movement and
>10 settlements
5.17 |Distance from primary sources, materials, and manufacturers
5.18 |Obstruction to surrounding business or others
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Contractual and Legal Risks

6.1

6.2

6.3
6.4

6.5

6.6

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.1 Contradictions and vagueness in the contract documents
6.2 Frequent change orders
6.3 Delays in resolving contractual disputes and litigations
6.4 Change in codes and regulations
6.5 Possibility of contractual disputes and claims
6.6 Immaturity and/or unreliability of legal system
6.7 Change in project scope
6.8 Unclear roles and responsibilities of project stakeholders
6.9 Intense competition at tender stage
6.10 Breach of contract by owner, contractor, or subcontractors
6.11 Rigidity of contract provision

Lack of integrity in the tendering process (unfairness in
612 tendering)
6.13 Contract strategy changes from plan
6.14 Inadequate claim administration
6.15 Excessive contract variation
6.16 Contract and specification interpretation disagreement
6.17 Extent of work differs from contract
6.18 Errors or omissions in BOQ

Intensity of contract (the ratio of contract value and contract
619 period)
6.20 Inappropriate form or type of contract
6.21 Lack of legal judgement reinforcement
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Economic and Financial Risks = | [ [T | e |~ e o 2 (2|2 (2 (222 (2|22 |8
O L L I T L i e A I S I S I o Y S I S I o Y S S S L o
7.1 Unpredicted change of inflation rate
7.2 Fluctuation in currency exchange and/or difficulty of convertibility
7.3 Escalation of material prices
7.4 Unpredicted change of interest rate
7.5 Delay in payments
7.6 Project funding problems
7.7 Change in tax regulation
Poor financial market or unavailability of financial instrument resulting
78 difficulty of financing
7.9 Economic recession or instability of economic condition
7.10 |Financial failure of the owner or contractor
7.11 |Change in government funding policy
7.12  |Lack of insurance (insufficient insurance)
7.13  |Market demand change
7.14  |Wage inflation (increase in labors and employee salaries)
7.15  |Inaccurate assessment or forecast of market demand
7.16  |Enactment of a new bylaw leading to cost changes
7.17  |Energy price changes
7.18 |Tight fiscal and monetary policies
7.19  |Change in banker’s policy for loans
7.20 |Conflict between project financiers
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Social Risks

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10

8.11

8.12

8.1 Differences in social, cultural and religious background

8.2 Unfavorable social environment

8.3 Public opposition to the project (public objections)

8.4 Societal conflict and/or public unrest

8.5 Insecurity and crime (theft, vandalism and fraudulent practices)
Land acquisition and compensation problems; the cost and time for land

80 acquisition exceeds the original plans

8.7 Poor public relations with local contacts

8.8 Social grievances; local communities pose objections

8.9 Substance abuse

8.10 | Unexpected aboriginal claims or protests leading to cost increase

8.11 Disturbances to public activities

8.12 Loss of public trust/goodwill
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Political Risks

9.1

9.2

9.3

9.4

9.5

9.6

9.7

9.8

9.9

9.10

9.11

9.12

9.13

9.14

9.1 Changes in government laws, regulations, and policies affecting the project

9.2 Outbreak of hostilities (wars, revolution, civil disorder/riots, and terrorism)

9.3 Political instability of the government (unfavorable political environment)

9.4 Delay or refusal of project approval and permit by government departments

9.5 Corrupt local government officials demand bribes or unjust rewards

9.6 High level of bureaucracy of the authority

9.7 Poor relations with related government departments

9.8 Government’s improper intervention during construction

9.9 Poor international relations; instability of international relation
Government restrictions on foreign companies (mandatory technology transfer, differential taxation of foreign

210 firms, etc.)

9.11 |Multinational sanctions (embargos)

9.12  |Change of government (government discontinuity)

9.13  |Out-of-date labor, tax, insurance, trade, and environmental laws

9.14  |Lack of support from government
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Environmental Risks

10.1

10.2

10.3

10.4

10.5

10.6

10.7

10.8

10.9

10.1 Adverse weather conditions (continuous rainfall, snow, temperature, wind)
Force majeure (natural and man-made disasters that are beyond the firm’s control, such as
102 floods, thunder and lightning, landslide, earthquake, hurricane, etc.)
10.3 Adverse environmental impacts of the project
Pollution associated with construction activities (dust, harmful gases, noise, solid and liquid
104 wastes, etc.)
10.5 Strict environmental regulations and requirements
10.6 Changes in environmental permitting
10.7 Poor preliminary assessment and evaluation of environmental impacts of the project
10.8 Poor environmental regulations and control
10.9 Prosecution due to unlawful disposal of construction waste
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Health and Safety Risks T A T I S I T I I B g E S E E E

11.1 Accidents occurring during construction
11.2 Inadequate safety measures or unsafe operations
11.3 Poor construction safety management

Damage to persons or property or materials due to poor health and safety management
A of the project
11.5 Changed labour safety laws or regulations
11.6 Lack of safety insurance

Ineffective protection of surrounding environment (e.g., adjacent buildings and
7 facilities)
11.8 Failure to comply with HS&E standards or security plan
11.9 Accidents caused by or to resident communities or third parties
11.10  |Epidemic illness
11.11  |Poor safety and environmental regulations
11.12  |Strict health and safety regulations
11.13  |Poor performance of contractor in health and safety of work
11.14  |Public concerns related to health and safety of the project due to poor communication

11.15

Poor planning of contractor for emergency measures

294




Appendix H. Form 9: Work Package Contingency Reserve Status and

Project name:
Work package name:

Percentage completion of the work package:

Cost Performance Assessment

1. Work package contingency reserve status

No. Description Unit Value
. Total work package estimated cost at tender Canadian dollars
stage (CAD)
. Total contingency allocated for the work Canadian dollars
package at tender stage (CAD)
13 Estimated work package contingency to be Canadian dollars
expended (to the specified completion stage) (CAD)
14 Actual work package contingency expended (to | Canadian dollars
the specified completion stage) (CAD)
2. Work package cost performance measures
No. Performance Measures Unit Value
)1 Actual total work package cost Canadian dollars
(to the specified completion stage) (CAD)
55 Total work package estimated cost Canadian dollars
(to the specified completion stage) (CAD)
53 Actual work package indirect cost Canadian dollars
(to the specified completion stage) (CAD)
54 Actual work package direct cost Canadian dollars
(to the specified completion stage) (CAD)
5 s Cost of approved changes to work package Canadian dollars
(to the specified completion stage) (CAD)
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Total value of variations in work package

Canadian dollars

2.6
cost (to the specified completion stage) (CAD)
Construction cost of rectifying all work )
Canadian dollars
2.7 package defects
. . (CAD)
(to the specified completion stage)
5 g Quantity of completed work in work package QTY (Number /

(to the specified completion stage)

real number)
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