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ABSTRACT 

Sustainable development (SD) is a concept with multi-dimensional aspects. Through a 

pattern of resource use, SD aims to enhance both economic and social growth, while 

minimizing negative environmental impacts. Vital contributors to SD are the civil 

infrastructure systems (CIS) which have a huge impact on the spatial and temporal 

dimensions. Examining the performance sustainability of CIS requires an 

interdisciplinary approach involving engineering, environmental, economic and social 

sciences. This hard and complex process necessitates a proper assessment of the diverse 

conditions under which the CIS operates. As a result, many attempts have been made to 

develop sustainability performance assessment models for CIS. Nevertheless, all of these 

models have failed to provide a practical assessment model that has the capability to 

manage two key facts underpinning the sustainable development concept, namely, the 

interaction between the sustainability components, and the uncertainty problem that 

might  occur at any different phase of the decision making process. The latter is due to 

the lack of either information or constraints in human thinking.  

 

This thesis presents a new assessment model that would overcome the limitations of 

previous assessment models. It provides a novel sustainability assessment model that has 

the capability to consider system complexity through modelling the interaction among 

the sustainability indicators (SIs), and integrating uncertainty analysis into the overall 

approach.  

 

To achieve the above research objective, four stages were completed. In the first stage, a 

critical review of the seminal literature was undertaken in order to obtain relevant 

knowledge. This has led to identifying the limitations of existing assessment models, and 

hence providing the rationale for developing an alternative assessment model. Also, this 

stage identified three methodologies (fuzzy set theory (FST), fuzzy cognitive maps 

(FCM), and fuzzy analytic network process (FANP)) for use in developing the 

alternative assessment model. Such methodologies were selected based on their reported 

success in the effective handling of challenges associated with uncertainty and 



 

     VIII 

complexity, albeit in other applications. The element of innovation in this thesis lies in 

employing these three methodologies, together as parts of the assessment model, for 

appraising the sustainability of CIS.  

 

In the second stage, a questionnaire was developed to elicit information from industry 

professionals familiar with current practices of sustainability assessment of civil 

infrastructure projects. Using the results from the questionnaire survey, the research 

identified the important and most frequently used sustainability aspects and their related 

indicators.  

 

The third stage involved the development of a generic FCM model for SIs; this was 

completed by conducting structured interviews with another group of Australian 

sustainability experts in CIS.  Finally, the research involved the application of a real-life 

infrastructure project in Victoria, Australia. This was used to illustrate the validity of the 

proposed assessment model.  

 

The results of the case study project application showed that considering the 

interrelationship among SIs had a notable effect on the outcome of the sustainability 

assessment process. A number of proposed alternatives, for the same case study project, 

were tested using the developed model and ranked in terms of their calculated 

sustainability values. Comparing the rankings with that obtained when the 

interrelationship among indicators were ignored has further validated the need for 

considering indicators’ interaction.    

 

The developed assessment model was further validated through conducting structured 

interviews with two key stakeholders who participated in appraising the sustainability of 

the case study project. The outcome confirmed the importance of proposing a new 

assessment model which gives the user a better understanding of the interaction among 

SIs. It also demonstrated the improvement that could be gained from incorporating the 

FST in the proposed assessment model. Such incorporation gives the user the ability to 

use linguistic variables, instead of numerical values, to reflect their judgments regarding 
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the rate and weights of each and every relevant SI. Thus, providing a better systemic 

way of managing the ever-present complexity and uncertainty issues associated with the 

assessment process.   
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CHAPTER 1.  CHAPTER 1 INTRODUCTION 

1.1 Introduction 

Sustainable development (SD) is a concept with many dimensions. This thesis aims to 

explore the sustainability of civil infrastructure systems (CIS) through understanding 

their relationship with sustainable development. The objective of this research is to 

develop a comprehensive model for assessing the sustainability of a typical CIS 

during inception stage of the project. The model considers two key factors: interaction 

among sustainability indicators (SIs), and uncertainty of assessment. 

  

This chapter provides a summary of the content of this research thesis. Section 1.2 

introduces the background and motivation for the research. Section 1.3 presents the 

research problems to be investigated. Section 1.4 defines the relevant research 

questions to be answered in this thesis. Section 1.5 explains the key objective of the 

research. Section 1.6 presents an overview of the proposed research methodology. 

Section 1.7 outlines the organisation of the complete thesis. Finally, Section 1.8 

provides a summary of this chapter. 

 

1.2 Research Background 

Civil infrastructure systems (CIS) are defined as those services derived from the set of 

public works, and traditionally, they have been supported by the public sector to 

enhance private sector production and allow for household consumption (Fox, 1994). 

Based on this definition, a CIS includes services such as roads, bridges, mass 

transportation, airports, ports and waterways, water supply, and waste treatment and 

disposal (Vanegas, 2003). In the context of sustainable development principles, 

sustainable infrastructure can be defined as, ‘physical assets that provide net benefits 

to a community, its neighbours, and the environment on a long-term basis’ (Brown, 

2002). Thus, a primary objective of sustainable infrastructure is to improve the 

harmony between the built and natural environments by mitigating negative 

environmental impacts while enhancing the social and economic benefits related to 

infrastructure performance. 
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A study on sustainability requires an interdisciplinary approach covering social, 

environmental, economic, and engineering sciences (Sahely, Kennedy, & Adams, 

2005). Thus, conducting a sustainability assessment for a CIS is a difficult and 

complex process that involves consulting experts across many fields (Kupiszewska, 

1997). Owing to the multifaceted nature of sustainability, the assessment process has 

become more complex, and utilising sound scientific decision-making models has 

become increasingly important.  

 

Among sustainability assessment methods, the indicator approach is the most 

promising in terms of transparency, consistency over time, and usefulness to the 

decision-making process (OECD, 2002). In the infrastructure context, many studies 

have utilised SIs to produce sustainability assessment models aiming to quantify 

sustainability performance (for example, Dasgupta & Tam, 2005; Koo & Ariaratnam, 

2008; López & Monzón, 2010; Ugwu, Kumaraswamy, Wong, & Ng, 2006). 

 

However, the major limitations with these models is their failure to take into account 

the interaction among SIs. This would give, therefore, an unclear picture about the 

sustainability of the CIS. Furthermore, sustainability is subjective by nature, and it 

entails ambiguity and imprecision (Bell & Morse, 2003; Orr, 1992). Hence, a 

sustainability assessment of a CIS is not the exception because it involves numerous 

qualitative indicators representing the different sustainability aspects. Therefore, 

another weakness lies in the lack of considering the uncertainty of the sustainability 

assessment process. 

 

1.3 Research Problems  

Through the proposed assessment model, this research considers the three identified 

limitations relating to the assessment models of CIS sustainability performance. The 

following sections briefly highlight each of those limitations in the context of 

highlighting the need to undertake research in the relevant areas. Further details on the 

identified limitations are provided in Section 2.12. 
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1.3.1 Identifying Sustainability Indicators (SIs)  

Indicators have been considered as a primary method to transfer sustainability issues 

into quantitative or qualitative measures of economic, environmental and social 

performance (Azapagic & Perdan, 2005). Thus, indicators that are deemed to be 

related will lead to constructing a picture of systems (Bossel, 1999). Therefore, in 

conducting a performance assessment, it is essential to take into account those 

indicators relevant to the system under review. In the context of infrastructure 

provision, there is a lack of globally accepted SIs that can be utilised in defining 

project objectives at different stages of a project’s lifecycle. To further complicate the 

matter, circumstances, activities and priorities for SD differ from one country to 

another (Anagnostopoulos, Flamos, Kagiannas, & Psarras, 2004). Therefore, several 

attempts have been made in different countries to generate set classifications of 

sustainability criteria and indicators specifically related to the performance of 

infrastructure projects. (See, for example, Ugwu and Haupt, 2007; Fernandez-Sanchez 

and Rodriguez-Lopez, 2010; Shen and Zhang, 2011.)  

 

Despite all these attempts, the current literature does not provide sufficient 

information about how the experts and practitioners perceive the level of importance 

and degree of utilisation of SIs as related to CIS, especially in the Australian context. 

Therefore, identifying the key SIs related to CIS was considered the first research 

problem to be addressed in this thesis. 

 

1.3.2 Capturing interaction among SIs 

Sustainability is a complex concept, which involves interaction among environmental, 

economic, and social aspects (Park & Seaton, 1996). An understanding of the 

interactions and feedback between these aspects is essential to the analysis of 

sustainability (May, Mitchell, & Kupiszewska, 1997).  

 

In the same way, indicators utilised to conduct sustainability performance assessment 

should take into account their interaction to avoid any misinformation that might 

result from ignoring the interaction. Some researchers have explained the relationship 

among the three aspects of sustainability. For example, Dyllick and Hockerts  (2002) 

propose efficiency and effectiveness concepts in order to understand the interaction 
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among sustainability aspects. So far, one of the greatest inadequacies of sustainability 

assessment models is their failure to link SIs together, which might lead to indicators 

failing to provide accurate information (Murray, Ray, & Nelson, 2009; Wilson, 

Tyedmers, & Pelot, 2007).  

 

Recently, many studies have recommended producing a developed performance 

assessment model that shows an understanding of the relationships between indicators 

and their impact on the final decision. Matar, Georgy, and Ibrahim (2008) stated, 

“much of the future study by researchers from both fields of construction and 

environmental sciences should focus on identifying the relative weights of 

sustainability parameters and the dynamics between parameters.” Moreover, Jeon 

(2007) has argued that future research must incorporate the broader environmental, 

economic and social impacts of transportation systems by modelling the interactions 

among these sustainability dimensions. Therefore, considering these relationships 

might lead to substantial improvement in CIS sustainability assessment. This fact has 

led to recognising the importance of the second research problem in this thesis (i.e. 

how to capture interactions among SIs, as well as how to clarify the relationships 

among SIs during the assessment process).  

 

1.3.3 Handling uncertainty in decision making 

In the process of decision-making, uncertainty arises due to lack of knowledge. This 

is caused by several factors such as limited and inaccurate data, measurement error, 

limited understanding, imperfect models, subjective judgments, and ambiguities 

(Walker et al., 2003). The focus of this research is judgment uncertainty, which deals 

with the vagueness in assessing indicator rates and weights for a project’s alternatives. 

 

Because sustainability pertains to the future, good planning for strong sustainability 

should be operationalised for conditions of uncertainty (Baumgärtner & Quaas, 2009). 

This is another area lacking adequate research, because sustainability performance 

assessment has so far not taken into account the conditions of uncertainty in previous 

models. Thus, the assessment outcome might not give a correct result for decision-

makers to reach an optimal decision. Accordingly, a high degree of uncertainty makes 

a project appear risky, affecting the desire to invest, the timing of the investment, and 
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the return on investment. In this context, when there is confusion about how 

environmentally beneficial, economically feasible and socially advantageous the 

outcomes will be, then this uncertainty affects the desire to implement a sustainable 

development strategy.  

 

A number of recently-published studies have shown the importance of conducting 

research to overcome this dilemma. Koo and Ariaratnam (2008) suggested that future 

research into sustainability assessment of infrastructure projects should reduce the 

uncertainties involved in subjective judgments. In addition, Jeon (2007) stated that it 

may be worth exploring non-deterministic models to effectively reflect upon the 

uncertainties inherent in human decision-making due to a lack of information or 

constraints in human thinking. Hence, handling or minimising uncertainty in 

sustainability assessment will lead to improving the outcome of the assessment 

process. This represents the third research problem to be investigated in this thesis. 

 

1.4 Overarching Research Question 

Determining a concise research question is a significant part of a study, since the 

entire study will be based on answering that question. As indicated by Punch (2005), 

an appropriate research question organises the project, provides its direction and 

coherence, and defines the research by showing its boundaries which keep the 

researcher focused on what is needed to conduct the research. Thus, the research 

questions are the guidelines of the research project, and they need to be perfectly 

clear. In light of the literature review (detailed in Chapters 2 and 3) and the identified 

shortcomings covered in the current research, the overarching research question 

addressed by this study is: How can one objectively assess, during the inception stage, 

the sustainability for any type of civil infrastructure system (CIS) over its life cycle? 

The question should consider:  

 System Characteristics  

o What are the sustainability dimensions that need to be considered for a 

particular CIS? 

o What are the SIs for each dimension, and how relevant are they to the 

CIS under investigation? 
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 Complexity 

o How does one identify any causal relationships that might exist among 

the different SIs?  

o How does one realistically model the relationships identified among 

the different indicators, in order to capture their overall impact on the 

sustainability performance of the CIS? 

 Uncertainty  

o How does one effectively overcome the uncertainty and subjectivity 

inherent in the decision-making process, considering the lack of 

information or constraints in human thinking?  

 

1.5 Research Aim and Objectives 

To overcome the limitations of existing assessment models, the aim of this research is 

to develop and implement a model for assessing a CIS’s performance in the context of 

sustainable development during the inception stage.  

 

With the above aim in mind, the objectives identified in this PhD research are: 

(1) To identify the key sustainability aspects and their indicators for assessing 

project sustainability performance in the context of a CIS;  

(2) To determine the relationships between the sustainability aspects of the CIS 

by capturing the interactions between the relevant SIs; and 

(3) To develop a model for assessing a CIS’s sustainability performance that is 

able to consider the relationship among the indicators and manage the 

uncertainty of subjective judgments.   

 

1.6 Research Methodology Overview 

The research methodology adopted by this thesis begins with stage one where an 

extensive literature review of previous research related to sustainability performance 

assessments of CISs was undertaken. The second stage is model development. In this 

stage, a review was conducted to identify the most appropriate tools that could be 

used in developing the proposed model in order to overcome limitations of previous 

research. In the third stage, an industry-based questionnaire survey was undertaken 
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with the aim of identifying the most important sustainability aspects and their related 

indicators. In the fourth stage, interviews were conducted with experts, with the aim 

of constructing a generic Fuzzy Cognitive Map (FCM) model for SIs. In this stage, 

the FCM was used to identify and model the relationship among SIs. The fifth and 

final stage involved presenting a case study (a real-life infrastructure project) to 

illustrate the validity of the proposed assessment model. The research methodology is 

diagrammatically presented in Figure 4.1. 

 

1.7 Thesis Organisation 

This thesis consists of eight chapters. Figure 1.1 illustrates the research stages, 

organised as subsequent chapters of the thesis. This chapter, Chapter 1, introduces the 

thesis by providing a brief background, research problems, the overarching research 

question, and key research objective. A comprehensive literature review is provided 

in Chapter 2 covering all reported research efforts related to the definitions, 

performance measures, and evaluation methodologies of CIS sustainability. Chapter 3 

discusses the theoretical background of the three selected methodologies (Fuzzy set 

theory (FST), fuzzy cognitive maps (FCM), and fuzzy analytic network process 

(FANP)). All were utilised in developing the proposed assessment model. The chapter 

starts by identifying these three methodologies, why they have been selected, their 

applications in different fields, and the processes of their applications.  

 

Chapter 4 describes the research design and the approaches of data collection (namely 

questionnaire, structured interviews, and case study) used in this research to acquire 

the required data. The chapter provides a background about each data collection 

approach. Also, justification is provided in terms of their suitability and roles in this 

research project. The results and analyses of the questionnaire are presented in 

Chapter 5, which addresses the sustainability aspects and their indicators in terms of 

importance and frequency of utilisation as seen by industry professionals. 
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Figure 1.1 Layout of the thesis 

 

Chapter 6 presents the analysis and results of structured interviews conducted with 

experts, which led to developing a generic SIs FCM model. The results obtained from 

this chapter answer the research question. Chapter 7 provides the results of the case 

study findings that were obtained from applying the proposed assessment model on a 

real-life civil infrastructure project. This chapter discusses the result of two parts of 

the case study, which are the quantitative and qualitative findings. Chapter 8 

concludes the thesis by providing an overall discussion that emerges from the 
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different reported research stages’ findings. The main contributions, implications, and 

recommendations for future research are also provided in this chapter.  

 

1.8 Chapter Summary 

This chapter lays the groundwork for the remaining chapters of the thesis. It begins by 

introducing the research background and briefly describing the significance of this 

research. Next, research problems that were identified in this thesis are presented. 

Research questions that were answered in this thesis are addressed. This is followed 

by explaining the main research objective and its secondary objectives. Finally, the 

research methodology is discussed, and the thesis organisation is outlined.  
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CHAPTER 2.  CHAPTER 2 LITERATURE REVIEW  

2.1 Introduction  

The objective of this chapter is to review the current literature on sustainable CISs. 

Several research studies have been critically examined to identify those issues that 

have not been sufficiently investigated, in order to develop the foundation 

hypothetical concepts for the current research.  This chapter is divided into twelve 

sections. Section 2.2 provides the background for the sustainable development 

concept by reviewing its history and definitions. Section 2.3 describes characteristics 

of sustainability research.   Section 2.4 reviews sustainable design and construction. 

Section 2.5 discusses the applicability of the sustainability concept to CISs. Section 

2.6 provides the background to life cycle assessment (LCA) and its applicability to the 

current research. Section 2.7 reviews sustainability assessment definitions and types. 

Section 2.8 reviews SIs for CISs. Section 2.9 describes sustainability assessment 

methods developed for the building sector. Section 2.10 reviews sustainability 

research in Australian context. Section 2.11 reviews international sustainability 

assessment models and frameworks for CISs. Finally, section 2.12 summarises the 

chapter. 

 

2.2 Sustainability Definitions  

In the literature, the sustainability concept has been explained in several ways. In a 

review of the concept itself, Hodge (1997) defined the core value of sustainability as: 

“a parallel care and respect for the ecosystem and people within – not one or the 

other, not one more than the other but both together as one.” The term sustainability 

reflects persistence over time, while sustainable development incorporates the human 

action component of the sustainability concept. The concept of sustainable 

development was introduced by the International Union for Conservation of Nature 

and Natural Resources (IUCN) in 1980 (Mitcham, 1995). There are many definitions 

for the sustainable development concept, which means there is no universally 

accepted definition. However, the most frequently used definition is that produced by 

the World Commission on Environment and Development (WCED), included in the 

Bruntland Report in (1987); sustainable development was defined as “meeting the 
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needs of the present population without compromising the ability of future 

generations to meet their own needs.” 

 

Many authors (Gow, 1992; Jabareen, 2008; Khan, 2006b; Qizilbash, 2001) argue that 

the Brundtland definition of sustainable development was simple but rather vague. 

Nevertheless, some attempts have been made to explain it. For instance, Meadowcroft 

(2000) provided an explanation of Brundtland’s definition by identifying key features 

of the concept. First, it focuses on the promotion of development, or progress. Second, 

it places a priority on the ‘needs’ of the poor and those of the future generations. 

Third, it refers to environmental limits to human activity. Last, it defines sustainable 

development as a process of improvement rather than any particular activity.  

 

Thus the need for a special definition of sustainable development in the context of 

civil engineering has encouraged many researchers to produce such definitions. For 

example, Lozar (1993) defined sustainable development as “maximizing the use of 

natural resources for permanent construction and minimizing environmental 

degradation over the life cycle of the construction application.”  In addition, many 

professional organizations have proposed definitions of sustainable development. The 

American Society of Civil Engineers (2004) has proposed the following definition: 

"Sustainable Development is the challenge of meeting human needs for natural 

resources, industrial products, energy, food, transportation, shelter, and effective 

waste management while conserving and protecting environmental quality and the 

natural resource base essential for future development."  

 

In addition, there have been many recent attempts to define sustainability.  One of the 

most recent definitions is that produced by Donnelly, Beckett-Furnell, Traeger, 

Okrasinski, and Holman (2006): “Sustainability is defined as minimizing the 

consumption of the world’s resources by pursuing better environmental performance 

within product lifecycles”. Other definitions about sustainability or sustainable 

development are summarized in Table 2.1.    
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Table 2.1 Definitions of sustainable development and sustainability 

Definition  Comments Reference 

“Development that meets the needs of the 

present without comprising the ability of 

future generations to meet their own 

needs.” 

Most popular definition, but lacks clear 

direction, i.e., what is the scale of needs? 

It can be treated as a ‘paper tiger.” 
WCED 1987 

“Management practices that will not 

degrade the exploited system or any 

adjacent system.” 

Generally a system approach. There is no 

specific direction about time. 
Lubchenco et 

al., 1991 

“Development without throughput growth 

beyond environmental carrying capacity 

and which is socially sustainable.” 

Considers assimilative capacity of nature 

in a spatial scale. A time direction is 

completely missing. 

Daly, 1992  

“Maximizing the use of natural resources 

for permanent construction and 

minimizing environmental degradation 

over the life cycle of the construction 

application.” 

Addresses only the resource management 

and the environmental impact, ignoring 

other attributes such as social and 

economic influence. 

Lozar, 1993 

“Improvement in the quality of human life 

within the carrying capacity of supporting 

ecosystems.” 

Tries to integrate the social and 

ecological context in spatial scale, but 

not in temporal scale. 

Robinson, 

1993 

“Sustainability indicates that a plan, 

initiative or physical development project 

can be implemented and supported over 

time without depleting or adversely 

affecting the resources and management 

capabilities available to it.” 

Addresses only the resource management 

and the environmental impact, ignoring 

other attributes such as social and 

economic aspects. 

Dresner, 2002 

 

“Sustainability is defined as minimizing 

the consumption of the world’s resources 

by pursuing better environmental 

performance within product lifecycles.” 

Very weak definition; misguided 

sustainability. Donnelly et 

al., 2006 

 

 

A summary of the major issues for sustainable development definitions follows; first, 

generally sustainability by nature has three interrelated and simultaneous objectives: 

1) the quest for economic wealth, 2) environmental quality, and 3) social justice. A 

fourth dimension which is vital to infrastructure systems is the technical aspects of the 

system (Ashley et al., 2008b; Foxon et al., 2002; Makropoulos, Natsis, Liu, Mittas, & 

Butler, 2008; Sahely et al., 2005). The current research aims to consider this 

dimension in addition to the above listed three dimensions. In addition, the theoretical 

sustainability concept recognises the overlap between different periods of time 

because it has been emphasised in the inter/intra-relationships between different 

generations. Finally, there is no agreement between scientists about a universal 
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definition for sustainability. Consequently, different societies will, therefore, create 

their own definitions of sustainability and their own criteria for achieving it; and they 

are likely to set about the task of achieving it in their own ways. As a result, the 

current research adopts the commonly reported Brundtland’s definition.   

  

2.3 Characterisation of Sustainability Research 

2.3.1 Development Stages of Sustainability Research 

Sustainability research has gone through several stages until it has reached the present 

stage (see figure 2.1). Early research was concerned that clarifying consumption 

behaviour would lead to un-sustainability problems.  Most early stage research was 

descriptive and qualitative. In addition, there were a numbers of studies that 

categorised the effects.  The second stage of sustainability research revolved around 

finding the causes of an un-sustainable environment from industry activities, such as 

the automobile, chemical, petroleum, electric power, and cement industries.  The 

research concentrated on environmental assessment, than just on life-cycle assessment 

(LCA). However, most research involved incomplete assessments which did not cover 

all the life cycle phases. The research was limited to inventories, while impact 

assessments were ignored. The later sustainability research has involved conducting 

more data collection for specific studies. In addition, in terms of sustainability 

assessment, such research has been expanded to incorporate assessment for services, 

not just project or products and manufacturing processes, as well as the supply-chain 

in LCA.  

 

Figure 2.1 Stages of research in sustainability (Zhang et al., 1999) 

Identify 
global 

problem 

Discovering 
responsible 

causes 

More 
specific 

assessment 
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2.3.2 Sustainability Research Paths  

In sustainability research, there are two main paths: 1) action and 2) evaluation 

(assessment) path (see figure 2.2.) (Madlener, Robledo, Muys, & Freja, 2006). The 

action research path aims to enhance the sustainability of project design, planning and 

implementation, typically through produce issues, targets, strategies, tasks, and 

guidelines.  These tools can be utilized to improve sustainability practice in different 

ways.  For example, by reducing the use of natural sources for energy production and 

moving towards the use of renewable sources, sustainability targets can be met at a 

global level.  

 

The evaluation (assessment) research path aims to improve sustainability monitoring 

and evaluation practice for projects and new products, as well to ensure the 

assessment outcome meets the sustainability principles. With that goal in sight, much 

research effort has been put into developing tools and methods for both criteria and 

indicators (Madlener et al., 2006). More details about the criteria and the indicators 

are presented and discussed later in this chapter.   

 

                       Civil Infrastructure Systems 

 

Figure 2.2 Paths in sustainability research (adopted from Madlener et al., 2006) 
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2.4 Sustainable Design and Construction  

2.4.1  Sustainable Design  

The trend in designing infrastructure is rapidly moving into adapting for sustainability 

aspects. The traditional designing methods to meet just engineering performance 

criteria are quickly disappearing (Staib, 2003).  For example Singh, Tiong, and Alum 

(2003) defined sustainable design in context of infrastructure project as “systematic 

consideration of a project’s life-cycle impact on the society in order to strike a balance 

between technical-economic optimisation of structure and requirements for 

sustainable development.” 

 

Many benefits can be obtained from the implementation of sustainable design, such as 

operating cost reduction (including energy and water use), minimizing waste 

management costs, optimising recycling strategies, improving productivity and 

occupant satisfaction, and enhancing society and customer support.    

 

However, to achieve the best application of the sustainability principles the design 

phase must be followed-up during all project stages. Vanegas (2003) postulated that 

sustainable design begins with the development of the conceptual design for the 

project, then continues with the detailed design and development of the contract 

documents and, in some cases, includes bidding or negotiation activities, and the 

awarding of the construction contract. Furthermore, in support of this contention, 

Lapinski, Horman, and Riley (2006) argued that there are five keys to success in 

sustainable project delivery: the early adoption of sustainability; the evaluation of 

sustainability in regard to the business case; the alignment of sustainable features to 

the intent of the building; the early involvement of experienced individuals in 

sustainability; and the alignment of team member goals and project goals. 

 

However, according to Tietenberg (2005), there are many challenges that may prevent 

the adoption of sustainable design. While some of those barriers are technological 

factors, economic factors are the main barriers.  Skerlos, Morrow, and Michalek  

(2006) clarified that sustainable design normally requires one entity to pay its costs, 

while the benefits are widely shared.  
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2.4.2 Sustainable Construction 

A common definition of sustainable construction is: ‘the creation and responsible 

management of a healthy built environment based on prudent use of resources and 

ecological principles’ (Kibert, 1994). Another set of definitions (Loftness, Hartkopf, 

Mahdavi, & Shankavaram, 1994; Roodman & Lenssen, 1995) focused more on the 

environmental aspect of sustainability, while others, for example Wyatt (1994), 

postulated that the “sustainable construction ethos requires a 'cradle to grave’ 

appraisal of project, which involves managing the serviceability of a project during its 

life-time and eventual deconstruction”, a focus on the economic aspect of 

sustainability.  

 

The historical development of construction research has undergone several stages 

until it has reached the sustainable paradigm. The elderly paradigm included 

competitive factors in construction; traditionally these have been cost, quality and 

time. Environmental aspects were then adopted into construction. These aspects have 

often been understood in the shape of energy consumption; however, in some cases 

they have also been seen as minimising resource depletion and harmful emissions, 

and maintaining biodiversity. The final paradigm that emerged after the economic and 

social aspects was the sustainable construction paradigm (see Figure. 2.3) (Bourdeau, 

1999).  

 

 

Figure 2.3 The Concept of Sustainable Construction (adopted from Bourdeau, 1999) 

 

However, there are many challenges to accepting the sustainability concept in 

construction practices. Hayles and Kooloos (2008) identified five factors that they 
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considered as challenges: cost, information, design processes, construction processes, 

and materials and technology. 

 

In addition, Hartshorn, Maher, Crooks, Stahl, and Bond (2005) stated that the 

challenge of adopting sustainability in a construction project revolves around the 

planning and management of engineering systems. Thus, there is the need to consider 

the actual impact of the project to avoid an inaccurate determination of project scope 

and the scale influence.  

 

Other challenges to the adoption of sustainable construction within CISs are 

(Amekudzi & Meyer, 2006):   

 Long life spans (multiple political terms); 

 Limited resources (such as financial and materials resources); 

 Organizational complexity (inertia, politics, legacies/backlogs, perspective too 

small); 

 The requirement to satisfy constituency/public accountability; and 

 Making good decisions (unpredictability of human systems, too much/too little 

data). 

 

Although many studies have been undertaken into sustainable construction, several 

authors have argued that there is a need for more research. For instance, Yuan and 

Yang (2008) stated that the construction sector is at its infant stage and much more 

has to be done to make all construction work more sustainable. Moreover, several 

studies have indicated that the main effort has only focused on buildings, and has 

ignored other types of the built environment components, such as civil infrastructure. 

Koo and Ariaratnam (2008) emphasise the importance of conducting more in-depth 

research on sustainable infrastructure projects.  Such research, however, that relates to 

infrastructure in terms of the application of sustainability research in a wider context 

that by its nature is more complex. Additionally, infrastructure and its impact on the 

environment, society, and the economy in general have vast influence on the array of 

factors and people involved. Indeed this influence can be summarised into four 

potential landing points: sustainable construction, sustainable built environment, 

sustainable communities, and sustainable development (see figure 2.4).  
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Figure 2.4 Landing points for the construction industry on sustainability issues  

(Construction Research & Innovation Strategy Panel, 1999) 

 

2.5 Applicability of Sustainability Concept to CIS 

2.5.1 Introduction  

Sustainable CISs  research has been growing in the last twenty years. This section 

reviews the applicability of sustainability principles to CIS. Firstly, it provides a 

definition of a CIS and its characteristics. Secondly, it reviews the sustainable 

infrastructure development in two ways: the role of CISs in the context of sustainable 

development; and the sustainability of the CISs itself.  

 

2.5.2 CIS Description  

CISs are defined as those services derived from the set of public works, and 

traditionally, they have been supported by the public sector to enhance private sector 

production and to allow for household consumption (Fox, 1994). Based on this 

definition, a CIS includes services such as roads, bridges, mass transportation, 

airports, ports and waterways, water supply, and waste treatment and disposal 

(Vanegas, 2003).  

 

A CIS differs from other types of built environment components.  It is normally built 

to have a longer temporal and wider spatial boundary than a building structure 

(Rauch, 1998). In addition, it is recognized that infrastructure has the following 

characteristics (Clough, Duncan, Steel, Smith, & Yeabsley, 2004): 

 High initial fixed costs and low marginal costs of supply; 

 High sunk costs and the risk of stranded assets as conditions change; 
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 Multiple users of the services spanning production and final consumption; 

 Externalities not reflected in service charges that have attracted regulation; and 

 Scale and regulatory hurdles that create long lead times for installing new 

capacity.   

 

2.5.3 Sustainable Infrastructure Development 

Sustainable CISs deal with two aspects: the interactions between sustainable 

development and CISs, and the sustainability of the CIS itself.  

 

2.5.3.1 SD and CIS 

Indeed there is a clear relationship between infrastructure and all three aspects of 

sustainable development (economic, environmental, and social). The impact of 

creating infrastructure may cause growth in society, for example economic growth.   

However, it may cause damage in its neighbourhood, for example the damage to the 

ecological condition. In this context, Bossel (1999) adapted the system theory’s point 

of view to explain the major relationships between human, support, and natural 

systems. Moreover, there are subsystems for every system; infrastructure and 

economic systems have been considered as subsystems for the support system.  Each 

of these subsystems can be viewed as representing a certain type of potential that is 

vital to the development of the total system. The major relationships between the six 

subsystems are shown in Figure 2.5. 

 

Figure 2.5 The relationships between human, support, and natural systems (Bossel, 

1999) 
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A recent theoretical systems model has identified the relationships between the 

infrastructure system and other systems (Foley, Daniell, & Warner, 2003) (figure 2.6).  

It outlines the flow of resources within the system. The Foley model has led to the 

realization of the relationships between subsystems in the Bossel model. For instance, 

the relationship from the environment resource system to the infrastructure system 

represents the flow of materials and energy. In the opposite direction it might 

represent waste materials, emissions from construction, and operation of the 

infrastructure system.  

 

 

Figure 2.6 System representations (adapted from Foley et al. 2003) 

 

 

The Foley model identifies infrastructure and other human-made resources (I) as a 

key element of sustainability. Such a systems approach provides a good platform 

upon which to assess development and sustainability, where the infrastructure and 

resource flow are the principal considerations.  

 

In terms of the economic aspect of sustainable development, many authors have 

emphasised the relationship between infrastructure and economic growth. Ingram and 

Fay (2008), for example, pointed out that infrastructure is a key determinant of 

economic growth and that sustainable economic growth requires accelerated 

infrastructure investment. In addition, Mirza (2006a) stated that well-functioning 

infrastructure in a country is essential for its sustained economic growth, international 

competitiveness, public health and overall quality of life.  
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In addition to the above, Duarte (1993) postulated that there was an entrenched link 

between infrastructure and growth; where the infrastructure is located, growth 

predictably happens. Further, Parkin and Sharma (1999) emphasised the contribution 

of infrastructure to development, while Howes and Robinson (2005) contended that it 

is common for technical infrastructure to be known as an economic infrastructure 

because it directly supports economic production.  

 

Parkin and Sharma (1999) found that for every one percentage point increase in the 

infrastructure stock, there was an associated one percent increase in gross domestic 

product. Thus the infrastructure can support both growth and sustainable development 

by providing services as inputs to other productive processes, such as energy and 

transport infrastructure, and as outputs going directly into the final demand 

consumption such as potable water and sanitation (Clough et al., 2004). Infrastructure 

connects goods to the markets, workers to industry, people to services, and the poor in 

rural areas to urban growth centres. It lowers costs, enlarges markets, and facilitates 

trade (see Figure 2.7).  

 

 

Figure 2.7 Infrastructure’s contribution to development (Briceno-Garmendia, Estache, 

& Shafik, 2004) 

 

2.5.3.2 Infrastructure and its impact on the environment 

Infrastructure systems have a clear relationship with another aspect of sustainable 

development, namely environmental aspects. It is therefore important to understand 

all aspects of their relationship to environmental sustainability. According to the 

World Bank (1994), the relationship between infrastructure and the environment is 
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complex.  The impacts of infrastructure on the environmental aspects of well-being 

are similarly essential to other dimensions of sustainable development. The positive 

contribution that ‘right’ planned infrastructure can build to improve other dimensions 

of sustainability is also very (Chapman, Goldberg, Salmon, & Sinner, 2003).  

 

Importantly, infrastructure development plays a significant role in determining 

environmental sustainability since it locks into consumption patterns for decades to 

come (ESCAP, 2006). Indeed, infrastructures can be viewed as systems that make use 

of resources, such as energy, water, materials and land, and have interactions with the 

surrounding environment, which may involve waste and emissions (Ness, 2008). 

Developing any infrastructure project might have a negative or positive impact on the 

surrounding environment. The negative impact can occur in different ways, such as 

excessive recourse consumption, biodiversity loss, and increased pollution. These 

environmental impacts usually come from construction of large scaled infrastructure 

projects.  

 

The construction processes of large infrastructure projects might endanger species that 

are endemic to a construction zone. For instance, possible threats of a dam project to 

environmental degradation could include soil erosion, loss of wildlife, changes in the 

water table, etc. The construction of highways could have an impact on the 

environment; the cutting through a forest would disrupt the ecosystem and perhaps 

cause biodiversity losses, along with the obvious deforestation event (ESCAP, 2007).   

 

However, a development infrastructure project might also have a positive impact on 

the environment. The most positive impacts of infrastructure development on the 

environment concern the removal and disposal of liquid and solid wastes (Enshassi, 

2000). Therefore, if sustainability principles are being considered during the 

infrastructure development, better efficiencies would result. This might then lead to 

reductions in waste, in energy consumption, in land degradation, in biodiversity loss, 

and in pollution, while at the same time it might lead to improved utilization of, and 

minimization in the consumption of, non-renewable resources (ESCAP, 2007). Figure 

2.8 provides a simple diagram of how sustainable infrastructure, such as for water, 

wastewater, solid waste, and transportation, can contribute to green growth. 
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Figure 2.8 Sustainable infrastructure developments in relation to green growth (ESCAP, 

2007) 

 

In summary, from the above review, it can be concluded that applying sustainability 

principles has many benefits to society. These benefits are not limited to economic 

gains; they go beyond to include social, as well as environmental, benefits.  

 

2.5.3.3 Sustainability of CIS 

As the sustainability of CIS plays a critical role in achieving sustainable development 

in society, it is most valuable to discuss it within the domain of the existing literature. 

Such an approach will enable an understanding of the meaning of sustainability within 

the context of CIS itself, as well as determining the variables that lead (or do not lead) 

to sustainable CIS outcomes. Zimmerman and Sparrow (1997) have defined the 

concept of infrastructure sustainability as: 

the ability to maintain infrastructure systems at some desired level of 

performance or to change their performance at some desired rate and 

direction. Moreover, the human and natural resources required to 

sustain these systems should be considered, and system capacities 

should not be exceeded. 

 

Therefore, the sustainability of an infrastructure system depends on its ability to 

perform and to provide the service for which it is created.  From a system point of 

view, an infrastructure system might be affected from external factors that make 

changes in its performance. A natural disaster or extreme environmental event, such 



 

     25 

as an earthquake, cyclone, climate change, and flood can cause damage to the 

infrastructure system see (Table 2.2) (Freeman & Warner, 2001).  

 

Table 2.2 Selected effects of natural disasters in infrastructure 

Type of event Surface effect Infrastructure impact 

Hurricane, 

typhoon, and 

cyclone 

    Strong, gusty winds 

    Flooding (through rainfall) 

    Flooding (through storms 

     Damage to buildings, distribution, & 

high-tension lines. 

 Damage to bridges and  buildings; 

landslides. 

 Damage to bridges, roads, and  

buildings. 

Drought 

   Dryness of earth 

   Wind gusts 

   Desertification 

     Shrinkage damage to building 

foundations & under-ground 

infrastructure. 

     Wind damage to roof tops. 

     No major damages, type of 

Infrastructure needed may change.  

Flood 

   Soil erosion 

   Water-saturation and 

landslides 

   Sedimentation 

     Softening of building foundations. 

     Buried buildings; damage to other 

structures. 

     Damaged functions of hydropower 

dams, water management systems. 

Tsunami 
   Floods      Destruction or damage to buildings; 

bridges, irrigation systems; water 

pollution. 

Source: Freeman and Warner (2001)  

 

In addition, CISs might be impacted by a man-made disaster such as a terrorist attack, 

a blast, and accidental fires, which lead to the partial or complete failure of the 

infrastructure (Stewart, Netherton, & Rosowsky, 2006). Internal factors might also 

cause changes into the infrastructure system performance, such as the management 

system, the operational and maintenance system, or the infrastructure system’s 

material (Yang, Yang, & Li, 2007).  

 

As a response to maintaining the infrastructure system at the desired performance 

level, many research studies have dealt with measuring and assessing the performance 

of infrastructure systems (ASCE & UNESCO, 1998). The research outcome has been 

a set of indices to identify different attributes, such as reliability, resilience, 

vulnerability, durability, and flexibility or adaptability.     

 

One of earliest researchers, Hashimoto, Stedinger, and Loucks (1982) suggested the 

use of indices of reliability, resilience and vulnerability for classifying and evaluating 
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infrastructure system performance. Building upon Hashimoto et al.’s work, the ASCE 

and UNESCO (1998) provided a comprehensive review of such performance based 

criteria for water systems. Risk, reversibility, robustness, synergy, simplicity, 

functionality, adaptability, diversity, durability, and carrying capacity have also been 

put forward as additional engineering criteria.  

 

These indices provide sign posts to the loss of the performance of a system, or to the 

attainment of a specific limit state over the specified service life of the system (Mirza, 

2006b). Hence, sustainability is enhanced by an increase in the reliability, resilience, 

and adaptability of the scheme, and a decrease in its vulnerability (Sahely et al., 

2005). 

 

2.5.4 Summary  

In conclusion, drawn from the previous review; it is clear that it is vital to apply 

different perspectives of sustainable development to infrastructure systems. The above 

section outlined the role of the infrastructure system to achieve sustainable 

development in society. The relationship between infrastructure development and 

growth, in terms of economic aspect has been explained. In addition, the impact of 

infrastructure development on the environment, both the negative as well as the 

positive impacts, has been presented, while the applicability of the concept of 

sustainability to the CIS itself, in terms its materials, operations, and maintenance 

system to ensure sustained performance at the desired level has been outlined.  

 

2.6 Life Cycle Assessment (LCA)  

The Life-cycle assessment (LCA) is an important tool in evaluating the impacts of a 

product during the span of its life cycle (Sonnemann, Castells, Schuhmacher, & 

Hauschild, 2004). A typical LCA includes the major stages of raw material extraction, 

manufacturing, construction, use, and end-of-life scenarios for a product or process. 

The first LCA guidelines were established by the Society of Environmental 

Toxicology and Chemistry (SETAC). SETAC defined the LCA as: 
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a process to evaluate the environmental burdens associated with 

product, processes or activity by identifying and quantifying energy 

and materials used and wastes released to the environment; to assess 

the impact of those energy and materials used and released to the 

environmental; and to identify and evaluate opportunities to affect 

environmental improvements. The assessment include the entire life 

cycle of the product, process or activity, encompassing extracting and 

processing raw materials; manufacturing, transportation and 

distribution; use, re-use, maintenance; recycling and final disposal. 

 

The ISO (International Organization for Standardization) (1997) also defines an LCA 

as a systematic set of procedures for “assessing the environmental aspects and 

potential impacts, from ‘cradle to grave’. Traditional life cycle assessment is defined 

by the ISO 14040 standards as a series of four phases: goal and scope definition, 

inventory of extractions and emissions, impact assessment, and finally interpretation 

of results (see Figure 2.9). 

 

 

Figure 2.9 The phases of a life cycle assessment (ISO 14040, 1997) 

 

The next section reviews the application of the life cycle assessment in the context of 

sustainability assessment. It provides a brief summary about sustainable development 

aspects and their suitability when using LCA.       
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2.6.1 Environmental LCA 

Environmental life-cycle assessment is a (cradle-to-grave) systems approach for 

measuring environmental performance. LCA is often referred to as the most 

appropriate method for a holistic environmental assessment (Curran, 1996; Kohler & 

Moffat, 2003). There are several benefits to using environmental life cycle 

assessment, including the ability to evaluate the material and energy efficiency of a 

system, identifying pollution shifts between operations, and providing benchmarks for 

improvement (Owens, 1997; Ross, Evans, & Webber, 2002). Other benefits of the 

LCA approach involve implementing a trade-off analysis to achieve a genuine 

reduction in the overall environmental impact, rather than a simple shift of the impact. 

 

The significance of the environmental life cycle analysis for CISs has been recognized 

by many researchers. Hendrickson et al. (1998) used economic input–output LCA to 

compare two alternative materials, steel and reinforced concrete, for use as bridge 

girders. Their study found that, in the manufacturing and use phases, the steel girders 

required more inputs and resulted in higher environmental outputs than reinforced 

concrete girders. Guggemos and Horvath (2005) presented the most comprehensive 

LCA for construction processes in a comparative case study between steel and 

concrete framed buildings. The comparative LCA examined the energy use and 

environmental emissions during the construction phase, and then presented an overall 

view of the entire life cycle by examining the service life of a building. A recent study 

conducted by Junnila, Horvath, and Guggemos (2006) examined and compared the 

entire life cycle from material production, construction, use, maintenance, and end-of-

life treatment of two office buildings located in Finland, and the United States. Both 

buildings at these locations were assumed to have a fifty-year life cycle. 

 

2.6.2 Economic LCA  

The economic dimension of the life cycle assessment is known under several names: 

life cycle costing (LCC), full cost accounting (FCA), and total cost assessment (TCA) 

(Rebitzer & Seuring, 2003). Life-cycle costing (LCC) has been defined as the 

‘‘economic assessment of an item, area, system, or facility, considering all significant 

costs of ownership over its economic life, expressed in terms of equivalent dollars’’ 

(Kirk & Dell'Isola, 1995). Also, the Life cycle cost analysis (LCCA) definition has 
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been proposed by the Federal Highway Administration (FHWA) (1998): “an analysis 

technique that builds on the well-founded principles of economic analysis to evaluate 

the over-all-long term economic efficiency between competing alternative investment 

options.” 

 

LCCA is a well-established economic assessment method. The LCCA method can be 

effectively used to realize the benefits of long-term cost implications of sustainable 

development in infrastructure projects. The conventional aspect of LCCA has been 

discussed by many researchers. Woodward (1997) identified six elements of LCCA: 

(1) initial capital costs; (2) life of the infrastructure; (3) the discount rate; (4) 

operating and maintenance costs; (5) information and feedback; and (6) uncertainty 

and sensitivity analysis. Rehabilitation is usually considered as part of the future costs 

of infrastructure.  

 

However, Wirahadikusumah (1999) contends that the future behaviour of the 

infrastructure is too uncertain to predict economic and structural conditions that will 

influence future costs. The major issues with the implementation of the LCCA were 

seen as: initial cost minimization due to budgetary restrictions, short-sighted 

perspectives of long-term cost impacts, and lack of supporting data and standards for 

the area infrastructures. In addition, the life cycle cost analysis for CISs has been 

adapted often. Itoh, Nagata, Liu, and Nishikawa (2000) conducted a comparative 

study related to bridges maintenance. A comparison of the minimum maintenance for 

conventional bridges is carried out by an analysis of lifecycle cost and the global 

environmental impact.  

 

2.6.3 Social LCA  

A few studies have addressed the issue of integrating social aspects into a life cycle 

format over the past decade. Most notable are O’Brien, Doig, and Clift, (1996) and 

Dreyer, Hauschild, and Schierbeck (2006). The approach by O’Brien et al. 

supplements the ELCA by identifying social and political factors that contribute to 

environmental issues. One of the key elements of this approach included analysing the 

environmental inventory and impacts to determine the “controls over, organization of 

and actions in the life cycle” (O’Brien et al., 1996). In this way, the connection 
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between environmental impacts and social, cultural, and political structures were 

emphasized. The framework suggested by Dreyer et al. (2006), was developed to 

become a corporate decision making tool, and addressed the impacts of products and 

services on people, specifically promoting human health, human dignity, and basic 

needs fulfilment.   

 

Hutchins and Sutherland (2006) conducted a study that explained the role of the social 

dimension in life cycle engineering. The authors concluded that a social life cycle 

assessment is essential. By applying the SLCA; social impacts could be recognized 

within the different life cycle stages. Such recognition would then lead to a better 

understanding of the linkages between industry and society that would allow progress 

to be made on the path to sustainability.  

 

2.6.4 Benefits and limitations of using LCA Approach  

The importance of adapting the life cycle approach to sustainability assessment of an 

infrastructure system is clear, as the systems approach recognizes and avoids trade-

offs. By using the LCA in sustainability assessment, the whole life of the 

infrastructure system can be assessed. Therefore, the sustainability performance can 

be recognised in different system life cycles. In addition, this approach helps to avoid 

shifting the problem from one phase into a future phase, as recognition of 

intergeneration fairness (Kloepffer, 2008). Also, adapting the LCA gives a clearer 

view of what makes a project as well as what the project management needs to 

address. Thus an insightful understanding of the LCA "permits managers and 

executives to better control total corporate resources in the achievement of desired 

goals” (Kerzner, 2005).  

 

While the LCA has many benefits, and is widely used, it also has limitations. The ISO 

14040 (1997) has listed the following limitations to the LCA framework: subjective 

choices are included (e.g. system boundaries, selection of data sources and impact 

categories); models used in inventory and impact assessment are limited (e.g. linear 

instead of non-linear); local conditions may not be adequately represented by regional 

or global conditions; the accuracy of the study may be limited by restricted 

accessibility to relevant available data; and a lack of spatial and temporal dimensions 
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introduces uncertainty in the impact assessment. Other weaknesses include its 

complexity, difficulty of obtaining usable results, risk of biased use, and the amount 

of required data being too large (Chevalier, Krogh, & Tarantini, 2002). In the 

sustainability context, another challenge relates to integrating the environmental, 

economic, and social dimensions into a life cycle framework with respect to clarifying 

the boundaries between the related impacts (Hauschild, Jeswiet, & Alting, 2005; 

Klöpffer, 2003). 

 

2.7 Sustainability Assessment   

Sustainability assessment has been one research path followed in an attempt to shift 

towards sustainability practice. To understand the importance of the assessment 

research path in sustainability it is essential to provide the meaning for sustainability 

evaluation or assessment.  

 

Various definitions for sustainability assessment exist in the literature. Devuyst 

(2001) defined sustainability assessment as “a tool that can help decision-makers and 

policy-makers decide what actions they should take and should not take in an attempt 

to make society more sustainable”. Another definition written by Verheem (2002) 

addressed the aim of sustainability assessment to ensure that “plans and activities 

make an optimal contribution to sustainable development.” The most recent 

definition, produced by Pope, Annandale, and Morrison-Saunders (2004), refers to the 

“process by which implications of an initiative on sustainability are evaluated”.  

 

2.7.1 Sustainability Assessment Methodologies  

Different methodologies can be found for sustainability assessment. Typical 

economists use the monetary aggregation method, while scientists and researchers in 

other disciplines prefer to use physical indicators. However, sustainability is a 

qualitative property of a system (Bell & Morse, 2003); it cannot be easily measured or 

assessed on a simple numerical scale. Spangenberg (2005) considers ‘the restriction of 

economic thinking’ to monetary valuation of the functions of different types of capital 

as “a serious limitation for the analytical capacity of the discipline.” 
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The Organisation for Economic Co-operation and Development (OECD) (2002) has 

described three methods that can be used to help in its assessment. The first 

sustainability assessment method is based on a common unit of measurement, such as 

money or energy. The Ecological Footprint (Wackernagel & Rees, 1996) is an 

example of this assessment method, with an area being the unit into which human 

impacts are translated. The LCA (ISO 14040, 1997) is another example where 

consumption of resources per person per year is the common unit of measurement, 

and it evaluated over the life cycle of a product.  

 

The second approach to sustainability assessment is a narrative approach, which is a 

simple descriptive reporting style of assessment that developed out of the field of 

Environmental Impact Assessment and Strategic Environmental Assessment. The 

State of Environment reporting in Australia, for example the “Australia State of the 

Environment, 2006” relies heavily on a narrative approach (Beeton et al., 2006). 

 

The third sustainability assessment method is based on the use of indicators to 

measure or describe different aspects of sustainability or different aspects of a system. 

The Pressure-state-Response model (OECD, 1998) is based on the use of indicators to 

capture the causal links between human pressures on the environment, the resulting 

state of the environment, and the human response, which is believed to encapsulate 

the critical aspects of sustainability. A common alternative is based on the use of 

indicators to represent the environmental, social and economic dimensions of a 

system (UNCSD, 2001). 

 

Among the three sustainability assessment methods, the indicator approach is the 

most promising in terms of transparency, consistency over time and usefulness in the 

decision-making process, although the technical demands of the method make it 

slightly less participatory than the narrative approach (OECD, 2002). The three 

techniques are not mutually exclusive; more than one of the techniques can be, and 

are, incorporated into the analysis. For example, Lundin and Morrison (2002) 

developed a set of indicators for use in the LCA of the urban water cycle. The use of 

indicators in assessment is strongly supported in Australia as a means of addressing 

sustainability in planning, and the group Environment Australia has the published 

national guidelines, which is the “Triple Bottom Line Reporting in Australia – A 
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Guide to Reporting Against Environmental Indicators” (Environment Australia, 

2003).  The next section provides review of the SIs in the context of CISs.   

 

2.8 Sustainability Indicators  

2.8.1 Introduction  

Indicators have been considered as a primary method to transfer sustainability theory 

into practical measurement tools to measure sustainability (Bockermann, Meyer, 

Omann, & Spangenberg, 2000). This section reviews the SIs for a CIS. It starts by 

providing the background to the indicators and the criteria, and their definition, as 

well as their vital roles in any evolution system. Second, the section demonstrates the 

need for SIs in any CIS. Then, an inventory of the most frequently used SIs in CIS is 

outlined. Finally, the current indicator frameworks are addressed, along with a 

discussion of their limitations.           

 

2.8.2 Overview of Indicators and Criteria   

An indicator is usually defined as a piece of information that has a wider significance 

than its immediate meaning (Bakkes, 1994). Generally, an indicator is a named 

performance indicator if it has a linkage to a criterion, a goal or an aim, also in case of 

a combination of several indicators, the list is called an index. A set of indexes (an 

indice) represents a larger issue (Lundin, 2003).  However, the difference between the 

indicator and the criterion must be highlighted, as these terms are sometimes used 

interchangeably and wrongly. As explained by McClaren and Simonovic (1999), an 

indicator is a measure of the state of a particular system given, in the form of a 

number or set of characteristics, while a criterion is the standard against which the 

indicator is measured and compared (Danko & Lourenço, 2007). According to the 

Oxford Dictionary, a criterion is a principle or standard by which a thing is judged 

(Pearsall & Hanks, 1998). Both an indicator and a criterion can be expressed either in 

qualitative or quantitative terms and, naturally, they need to be expressed by the same 

units or type of qualifier (Danko & Lourenço, 2007; Lundin, 2003). 

 

In addition, an indicator is useful if it is of fundamental interest in decision-making; 

the main functions of an indicator are simplification, quantification, communication, 
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ordering and allowing for assessment of different features (Hassabou & El-Gafy, 

2007). Moreover, with the help of indicators, information on complex phenomena, 

like environmental impacts, can be shown in simplified and more easily 

understandable formats (Hakkinen, 2007). Furthermore, one of the important 

functions of an indicator, with reference to decision-making, is its potential to show 

the trend, i.e. the path of progress in an early phase (Bell & Morse, 1999; Gallopin, 

1997). 

 

Further, an indicator is a summary measure that provides information on the state of a 

system or changes in a system (Hakkinen, 2007). According to the OECD 

terminology, an environmental indicator is a parameter, or a value, derived from 

parameters, with points to provide information about, or describes the state of a 

phenomenon, with a significance extending beyond that directly associated with a 

parameter value (Linster, 2003). Additionally, SIs assist in the judgment of complex 

environmental, social, cultural and economic phenomenon for decision-making at all 

levels (Hakkinen, 2001). The use of indicators helps monitoring programs by 

addressing the key variables associated with the significant environmental impacts, as 

well as to improve the monitoring of the communication and reporting processes 

(Ramos, Caeiro, & de Melo, 2004).  

 

Nevertheless, the whole exercise must take into account the types, and users of these 

indicators, and the purpose of their use. Braat (1991) differentiated three kinds of user 

groups; experts, policy-makers and the public. Figure 2.10 shows the connection 

between the relative concentration of information and the different user groups. 

Experts and Scientists are mainly interested in raw information that can be analysed 

statistically. Policy makers prefer information that is related to policy objectives and 

reference values, while the public prefer a simple index of information. 
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Figure 2.10 The information pyramid (Braat, 1991) 

 

2.8.3 The need for SIs in CIS 

Thus, CISs need simplified indicators of causal connections in order to take into 

account the requirements of economic, social, technical, and environmental 

sustainable development. The indicators are also essential for the following three 

practical reasons: First, important decisions are required to be made in the early 

phases of the infrastructure project delivery process. In the context of strategic 

planning, and initial planning, design and project planning, there is insufficient data to 

enable an informed consideration of the sustainability effects, based on a deep impact 

assessment; thus simplified indicators are required.  

 

Second, the indicators are essential because of the complexity of the case. In 

extensive projects or processes, it is too difficult or time consuming to gather 

comprehensive data in order to thoroughly assesses the sustainability impact. 

Therefore, simple indicators are ideal for this purpose.  

 

Third, planners, developers and designers need SIs to objectively consider the 

sustainability aspects. On the other hand, to develop their own activities and to make 

it possible for owners and contractors to declare requirements for project parties, 

indicators that express the effectiveness and superiority of the activities, from a 

sustainability approach, are essential. However, the selection of the number of 

indicators for assessment must be kept fairly small, which means that identification of 

relevant indicators is necessary (Kuckshinrichs et al., 2006). 
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2.8.4 Sustainability Aspects 

Further, SIs are a tool that can help to produce a sustainability index used in planning 

for sustainability. An index develops a collective score from multiple criteria to 

support the sustainability assessment practice. A sustainability index is one means 

with which to integrate environmental, economic, technical and social indicators for 

both monitoring and strategic decision-making. This section discusses the four aspects 

of SIs for CIS. In addition, these indicators will be differentiated into two levels; the 

micro level, and the macro level.  

 

2.8.4.1 Economic Sustainability  

Nowadays, economic indicators continue to play an important role in decision 

making, especially as part of a larger set of indicators. Traditionally, decisions about 

the design, construction, maintenance, and improvement of infrastructure systems 

have been based on a combination of cost analysis and performance objectives.  In the 

context of CISs, many authors have recognized the need for financial and economic 

sustainability in the provision of infrastructure.  

 

At the macro level, the most frequent indicators utilized in the literature to quantify 

the economic dimension are improvement in the economy, willingness to pay, and 

affordability. Firstly, economic improvement is used to indicate the degree of 

contribution from the infrastructure system to the development of the economic status 

of a region that will be served by the proposed infrastructure project (Bobylev, 2006; 

Brent & Labuschagne, 2004; Jeon & Amekudzi, 2005; Koo & Ariaratnam, 2008; 

Shen, Wu, & Zhang, 2011) . The second is willingness to pay. According to Breidert 

(2005), the willingness to pay (WTP) is the highest price that an individual is willing 

to accept to pay for some good or service. In the context of sustainability assessment 

it is used to measure attributes covering products, the environment, and safety and 

health factors. Many researchers (Ashley et al., 2008b; Foxon et al., 2002; 

Makropoulos et al., 2008; Sohail, Cavill, & Cotton, 2005) have used this indicator in 

the economic assessment of a CIS.   

 

Other important considerations are the appropriate price of the service or goods from 

the infrastructure system, which takes into account the ability of the users and 
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consumers to pay for the services delivered, usually called affordability (Choguill, 

1996; El-Diraby, Abdulhai, & Pramod, 2005; Hill & Bowen, 1997; McIntosh & 

Fourie, 2000). At the infrastructure system level, the economic indicators include: the 

initial cost (Shen et al., 2011; Tam, Mohamed, Stewart, & Brown, 2006; Ugwu & 

Haupt, 2007; Ugwu et al., 2006); the true life cycle costs, such as operations and 

maintenance; the repair and rehabilitation costs; and the demolition and disposal costs 

(Ding, 2008; Foxon et al., 2002; Koo & Ariaratnam, 2008; Oltean-Dumbrava & 

Ashley, 2006; Shen et al., 2011) .  

  

In addition, the cost of the employment of labours has been used as an economic 

indicator (Ding, 2008; Jeon & Amekudzi, 2005; Lungu & Price, 2000; Shen, Hao, 

Tam, Yao, & Zavadskas, 2007). Also, a financial return from the infrastructure 

system has been considered (Shen et al., 2007; Shen, Wu, & Wang, 2002; Shen et al., 

2011; Tam et al., 2006). Another indicator, obtained from the risk assessment 

literature, is financial risk exposure for capital investment and other investments; it 

relates to the risk of loss to the company associated with particular kinds of 

investment (Ashley et al., 2003; Butler et al., 2003; Makropoulos et al., 2008; Oltean-

Dumbrava & Ashley, 2006; Shen et al., 2011). 

 

2.8.4.2 Environmental Sustainability 

Air, water, and noise pollution have been considered as the main environmental 

indicators at the infrastructure system level, along with waste generation. This section 

explains how those indicators perform vital work in the sustainability assessment task. 

Firstly, the air, water, and noise pollution indicators are frequently used to measure 

the impact of infrastructure in atmosphere and water bodies, as well as the health and 

behaviour of people. Those indicators relate to the sustainability assessment of CISs 

(El-Diraby et al. 2005; Oltean-Dumbrava & Ashley 2006; Ugwu & Haupt 2007).   

 

Another environmental indicator waste generation (Matar et al., 2008; Sahely et al., 

2005; San-José, Losada, Cuadrado, & Garrucho, 2007; Ugwu & Haupt, 2007) is used 

to quantify infrastructure system waste production output; that output could occur at 

any life phase of the infrastructure system, such as in the construction phase (i.e. solid 

waste is generated from construction activities). Moreover, the environmental impacts 
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of constructing and operating infrastructure systems go beyond the system site, the 

affect of which might reach a wide area (macro level).  

  

The long-term viability of the natural environment should be maintained to support 

long-term development by supplying resources and taking up emissions. This 

approach should result in the protection and efficient utilisation of environmental 

resources (Balkema, Preisig, Otterpohl, & Lambert, 2002). In the past, sustainability 

assessment studies have focused, in the main, on resource utilization, ecological 

impacts, and climate change emissions. 

 

Ecological impacts cover a range of impacts on water, land, air and biodiversity; 

resource utilization covers the use of water resources, land, energy, materials and 

chemicals (Foxon et al. 2002); while the depletion of resources is a major factor 

undermining the sustainability of a production process. A process of the sustainability 

assessment should, therefore, include a parameter that deals with the sustainability of 

resource utilization; the construction of such a parameter begins by defining a 

quantitative measure for the depletion of an individual resource (Lems, Kooi, & 

Arons, 2002). One way of doing this is to categorize each resource as either 

renewable or non-renewable (Dewulf et al., 2000).  

 

A review of the literature shows specific linkages between climate change and 

sustainable development (Swart, Robinson, & Cohen, 2003; Wilbanks, 2003; 

Winkler, Spalding-Fecher, Mwakasonda, & Davidson, 2002). Some studies have 

included climate change emission indicators as one of the environmental indicators 

for measuring the sustainability of a CIS (El-Diraby et al., 2005; Koo & Ariaratnam, 

2008; Sahely et al., 2002). However, it is quite clear that there is lack of knowledge 

about the emissions output of a CIS. According to Ness (2007), the magnitude of the 

contribution of infrastructure to climate change emission targets has been neither 

quantified nor demonstrated.   

 

2.8.4.3 Social Sustainability 

The social dimension builds upon human relations, the need for people to interact, to 

develop themselves, and to organise their society. Measuring the social aspect of a 
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CIS is typically achieved through social indicators. However, these indicators are 

much more difficult to calculate and, as such have not received much attention in the 

engineering literature. Individually, engineers may not have the expertise to deal with 

social issues, but increasingly engineers are members of multidisciplinary teams 

charged with decision making regarding civil infrastructure. Such teams thus need to 

deal with social issues appropriately. 

 

Moreover, most previous studies have been concerned about the social indicators of 

the CIS itself.  Labuschagne, Brent, and Claasen (2005) completed a study related to a 

sustainable project in the process industry. They distinguished between the social 

indicators by classifying them into the micro (internal human resources) and macro 

(external population) level. Interestingly, this concept may be applied better to the 

social sustainability assessment of CISs, because it will show the contribution of CIS 

towards social sustainability at both levels.   

 

The majority of the research into the social sustainability of CIS (Ashley et al., 2008; 

El-Diraby et al. 2005; Foxon et al. 2002; Makropoulos et al. 2008; Sahely et al. 2005; 

Tam et al. 2006; Ugwu & Haupt 2007) lists internal employment, human health, 

impact on safety, and acceptability as social indicators, all which can be used in the 

current research as micro level (CIS) indicators.      

 

In addition, a number of indicators have been used frequently to quantify the social 

aspect at the neighbourhood level. First, employment can measure how the CIS can 

enhance employment opportunities in the system area (Brent & Labuschagne, 2004). 

Second, the human health indicator can identify the impact of risks to human health, 

such as the lack of availability of clean water, the risk of infection, and the exposure 

to toxic compounds (Ugwu & Haupt 2007). Third, stakeholders’ participation 

includes individual actions, participation in decision-making and willingness to 

change behaviour  (Oltean-Dumbrava & Ashley 2006). Fourth, public awareness and 

understanding covers awareness of the implications of behaviour and consumer 

information (Makropoulos et al. 2008). The final indicator, heritage and culture 

(Bobylev, 2006; Koo & Ariaratnam 2008; Shen et al. 2007) addresses the impact of 

the proposed infrastructure project on the local culture and heritage of the project 

area, such as heritage buildings.  
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2.8.4.4 Technical Sustainability  

In analysing the sustainability of CIS, the technical dimension should be taken into 

account due to the significance of this dimension in the sustainability assessment 

process of the performance for CIS. A large proportion of the relevant engineering 

literature relates to measuring and assessing the sustainability performance of 

infrastructure systems. Oltean-Dumbrava and Ashley (2006) discussed the use of 

performance, reliability, flexibility and adaptability as criteria for the evaluation of 

sewer network infrastructure. Also, for performance criterion, sanitary waste escape 

(SWE), and sanitary waste transport in sewer (SWT) have been used as indicators.  

In addition, engineering indicators are used in the sustainability assessment of other 

CISs, namely, performance, reliability, durability, flexibility and adaptability of the 

system (Ashley et al. 2008; Foxon et al. 2002; Makropoulos et al. 2008; Matar et al. 

2008). Sahely et al. (2002, 2005) also used three other indicators: resilience, 

reliability, and vulnerability. However, it is essential to understand the role of those 

indicators in attaining the sustainability of a CIS through its performance assessment. 

A summary of their definitions is included in Table 2.3.  

 

Table 2.3 Technical CIS Indicators Description 

Indicator Definition 

Performance Performance of the system includes the quality of providing the service or 

product.  

Reliability Reliability represents the probability of a system successful state, it is a 

complementary item to risk, which represents the frequency of a system 

failure. 

Durability Long-term behaviour is affected by the variation in mechanical properties 

over the design life of the structure. This includes environmental and 

time-dependent effects and their interaction. 

Flexibility and 

adaptability 

Covers the ability to make future changes to the system to accommodate 

future needs. 

Resilience  The probability of recovery of the system from failure to some acceptable 

state within a specified time interval. 

Vulnerability Represents the severity or magnitude of a system failure. 

Source (Foxon et al., 2002; Moy, Cohon, & Revelle, 1986; Porter & Harries, 2007) 

 

2.8.4.5 Proposed SIs 

The indicators were selected based on their relevance to the civil infrastructure 

(system, project or construction); and their ability to indicate movement towards 

balanced sustainability, or far from it, that is equal to the inclusion of economic, 
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environmental, technical and social aspects. Based on previous research measuring 

sustainability, indicators were subdivided into four aspects. These aspects are: 

economic, environmental, technical and social. Each category is described, then the 

indicators are derived based on the principles for each category and the principles for 

delivering a sustainable CIS. In addition, these indicators have been differentiated in 

terms of two types of impact: the direct impact of CISs (internal system) and the 

indirect impact on the neighbourhood (external system) (see Figure 2.11).  
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Figure 2.11 Proposed SIs and their Aspects
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2.8.5 SIs Frameworks   

Several recent attempts have been made to generate set classifications of 

sustainability criteria and indicators, specifically related to the performance of CISs in 

the context of sustainable development (Foxon et al., 2002; Sahely, Kennedy, & 

Adams, 2002; Ugwu & Haupt, 2007). 

 

Foxon et al. (2002) conducted a study to develop sustainability criteria for decision 

support in the United Kingdom water industry. They advised that care was needed 

during the process of selecting sustainability criteria, as some of the generic criteria 

will be unrelated or unworkable when being applied in particular circumstances. To 

avoid such a problem, they emphasised five factors to be considered in any criteria 

selection process (i.e. comprehensiveness, applicability, tractability, transparency, and 

practicability).   

 

Sahely et al. (2002) proposed sustainability criteria for civil engineering systems. 

They provided a logical framework viewing infrastructure systems in light of the 

environmental, socio-economic, and engineering conflicting goals. Their study 

recognized the interaction between these goals.  Figure 2.12 illustrates their generic 

framework. Although Sahely et al.’s (2002) study identified the interaction, they did 

not provide a methodology that could demonstrate how this interaction would be 

measured quantitatively.      

 

 

Figure 2.12 Framework for assessing infrastructure systems (Sahely et al. 2002) 
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Ugwu and Haupt (2007) identified key performance indicators for infrastructure 

sustainability through survey instruments. Their methodology was based on the 

ranking made by different stakeholders in reference to the importance of a number of 

specified indicators, covering economy, environment, society, resource utilisation, 

health and safety, and project management/administration. The ranked data further 

served as input into a mathematical model, an essential requirement performance of a 

multi-criteria analysis, which resulted in a final index to measure the sustainability 

performance.    

 

More recently Shen et al. (2011) identified key assessment indicators for assessing the 

sustainability performance of infrastructure project sustainability. The authors have 

been conducted questionnaire survey to experts from Chinese construction industry in 

order to find out the Key SIs. The main feature of their research was incorporated FST 

in the analysis the questionnaire results to assist in identifying the key indicators. In 

their questionnaire 30 indicators under economic, social, and environmental aspects 

have been used.  The outcome identified 20 indicators as key indicators based on the 

experts’ responses.   

 

2.9 Sustainability Assessment Methods in Buildings  

Many sustainable tools and guidelines have been established to promote sustainable 

construction. However, as mentioned earlier, sustainability research has focused more 

on the buildings sector. Thus, it is essential to begin the current research by reviewing 

sustainability assessment tools that are currently used to examine sustainability 

performance for buildings, and then to assess their suitability for the CIS. The 

following section reviews four widely known sustainability assessment methods. 

These are NABERS (Australia); BREEAM (the UK); SBTool (Canada); and LEED 

(the USA).  

 

2.9.1 NABERS  

The National Australian Building Environmental Rating System (NABERS) is a 

building rating framework to measure existing buildings environmental performance. 

Aimed at being complementary to other rating systems, and not as a replacement, it is 
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meant for commercial and residential buildings. It measures energy use and 

greenhouse emissions; global warming potential and ozone depletion potential; water 

use; storm water runoff; storm water pollution; sewage outfall volume; transport; 

landscape diversity; toxic materials; waste; indoor air quality; and occupant 

satisfaction (Vale, Vale, & Fay, 2001). 

 

Within the environmental performance, it measures water, waste and energy 

consumption. However, it does not take into account the impact of the materials used 

in the construction, and hence does not deal with embodied energy. It mainly 

concentrates on the operational aspects of buildings. NABERS is used mainly as a 

method for environmental evaluation. It does not assess or claim to assess, economic 

and social criteria. Nevertheless, there are some obvious indirect economic benefits 

for the building industry as often happens with any attempt at improving 

environmental performance, such as higher rental or sale values, more social 

acceptability, and possibly reduced operational costs. Within the social performance 

context, NABERS includes the following parameters: toxic materials, and indoor air 

quality, occupational safety, etc. which affect the physical and mental health and 

comfort of the occupants (Graham, 2003).  

 

2.9.2 BREEAM 

BREEAM (Building Research Establishment Environmental Assessment Method) 

was launched in the UK in 1990 to provide an environmental assessment and labelling 

scheme for buildings. It was developed by BRE Ltd., the national building research 

organization of the UK. BREEAM is the oldest building assessment method. The 

criteria scoring system assesses the performance of the building in the following 

areas: energy efficiency, water, materials, land use, health and wellbeing, pollution, 

management, and transport (Grace, 2000). 

 

Credits are awarded in each area according to performance. A set of weighting factors 

that enables the credits to be added together to produce a single overall score. The 

building is then rated on a scale of Pass, Good, Very good or Excellent. It evaluates 

the environmental performance of a building in both the design phase as well as 

existing in the building state. BREEAM provides versions for buildings, according to 
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the building type, namely industrial, eco-home (Code for Sustainable Homes), multi-

residential, court, prisons, offices, and retail. The designer completes a form; then all 

the environmental parameters considered by the method are evaluated (PRE, 2007). 

 

2.9.3 SBTool 

The SBTool has been developed as part of the international Green Building Challenge 

(GBC) process; the challenge has been under development since 1996 as the 

International Initiative for a Sustainable Built Environment (iiSBE). Participating 

teams from more than 20 countries have been involved. The former edition of the 

SBTool was called GBTool; it was developed and completed in 1998.  The most 

recent version is the SBTool published in 2007 (Larsson, 2007).  

 

The SBTool covers a wide range of sustainable building issues within the three major 

areas: the environmental, social, and economic sectors. A distinguished feature of the 

SBTool is that it is designed as a generic framework, and requires a third party to 

adjust it to suit the unique conditions applicable to certain building types in various 

regions. Third parties are expected to adjust the default weights and benchmarks 

throughout the system. Weighting is used to generate scores from one level to the 

other. Category scores are obtained through aggregating the weighted scores of 

constituent criteria. Issue scores are obtained through aggregating the weighted scores 

of constituent categories. The overall building score is obtained through the weighted 

scores of the issues. The weighting value, from the lower level to the overall building, 

equals 100%. The analytical hierarchy process is used for weighting. The weighting 

factors are established by a third party in each region to reflect the varying importance 

of the issues in that region. If a criteria is not applicable to a region, the criterion 

weight is set to zero and all weights in the applicable category are re-distributed 

amongst other criteria that remain active (Larsson, 2007).   

 

The SBTool allows the assessment to be carried out at various phases of the life cycle 

of a building, including during pre-design, design, construction and operation. The 

results of the assessment during the operations phase may be useful for certification 

purposes.   



 

     47 

2.9.4 LEED 

LEED (Leadership in Energy and Environmental Design) is a criteria scoring system 

that has been developed by the USA Green Building Council (USGBC) for 

developing high-performance, sustainable buildings. The systems are available for 

commercial new buildings, commercial existing buildings, commercial interiors (core 

and shell), schools, retail, healthcare, neighbourhoods, and homes (USGBC, 2007). 

 

The LEED standard provides a single number that determines the building’s 

assessment or rating, based on an accumulation of points in various impact categories, 

which are then totalled to obtain a final score. The applicant building must satisfy a 

number of performance credit points to qualify for the award of certified, silver, gold, 

or platinum. Further, LEED addresses specific environmental building related impacts 

using a whole of building environmental performance approach. The major categories 

of the criteria include: sustainable site, water efficiency, energy and atmosphere, 

materials and resources, indoor air quality, and innovation and design process. Each 

category has its own number of prerequisites and credits (Kibert, 2005; USGBC, 

2005b). 
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Table 2.4 Features of the four tools used in Sustainability assessment of Buildings 

Assessment Method Framework (Building and Task Type) Measuring Limitations 

NABERS Ecological 

Building type: Commercial and 

residential buildings. 

 

Task type: Operations and 

maintenance.    

Aggregated scores are provided 

for four categories: greenhouse 

gases; water; site management; 

occupant impact with respect to 

minimum threshold score for 

each category. 

Not suited for new construction; 

no guidance for improvement 

included; inaccuracies on 

weighting methods; calculations 

are not sophisticated; focuses 

only on operation phase. 

BREEAM Ecological 

Building type: Commercial 

office (new and existing); 

residential 

(ecohomes); retail superstores; 

supermarkets; industrial units 

 

Task Type: New construction; 

major renovations; operations 

and maintenance.   

Design is tested against criteria 

walkthrough and questionnaire, 

optimises management, shows 

areas for improvement. 

The reduction of complexity 

reduces utility; Validity of 

scanning methods questioned; 

does not cover demolition 

phase. 

SBTool Ecological 

Building type: Commercial 

buildings, multi-apartment 

residential blocks, schools, all 

new and under renovation.  

 

Task type: New Construction; 

Major Renovations. 

The overall score is obtained 

through the weighted scoring of 

issues. The weighting value, 

from the lower level to the 

overall building, is a total of 

100%. The analytical hierarchy 

process is used for weighting. 

Too complex and expensive; 

much data is required; not well-

publicized;  scoring method 

subject to criticism;  lack of or 

inconsistent benchmarks; 

subjectivity affects choice of 

indicators; uncertainties exist.  

 

LEED Ecological + Economic 

Building type: Commercial 

office; residential. 

 

Task Type: New construction; 

major renovations. 

Checklist. Credits specified for 

each criterion; user selects 

criteria for scoring; prerequisites 

must be met. 

Lack of quantitative metrics; 

based on subjective decision 

making; does not measure the 

impacts of design strategies on 

environmental performance; not 

flexible; cannot be modified to 

reflect regional bias.    

 

Source: (Haapio & Viitaniemi, 2008; Kumar, 2006) 
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2.10 Sustainability Research in Australia  

Much time and effort has been expended by several universities and research 

institutions in relation to CISs sustainability and its application in Australia. Such 

sustainability research has followed two paths; the action and evaluation paths. The 

following section reviews the recent research, still on-going in Australian universities 

and research institutions.   

 

2.10.1 Action Path  

Australian Commonwealth Scientific and Industrial Research Organization (CSIRO) 

have made a major contribution to enhancing system sustainability in Australia. 

Recent research by Blackmore and Plant (2008) has identified a new way of 

enhancing the sustainability of urban water systems through applying risk and 

resilience concepts. The authors recommend including the following activities: an 

analysis of the system to determine thresholds; an assessment of the adaptive capacity 

of urban water systems; and the maintenance of adaptive capacity into a risk 

management framework to reduce the risk of the integrated urban water systems 

becoming unsustainable. Nevertheless, they admit there are a number of challenges in 

adapting this approach in the real world, including: how to incorporate aspects of 

holistic systems performance; how to accommodate dynamic, uncertain effects of 

complexity; and how to identify thresholds.   

 

Another research institution conducting sustainability research is the Cooperative 

Research Centre (CRC) for Construction Innovation. It has focused on the needs of 

the property, design, construction and facility management sectors. 

 

One research project funded by the CRC relates to the sustainability of infrastructure 

projects (Kraatz, 2009). The study seeks to develop a value mapping framework for 

major infrastructure projects for the Australian public sector (see figure 2.13). The 

authors argue that the outcome of their study will lead to better recognized and 

aligned project objectives, incorporating stated corporate objectives, values and 

outcomes, that will assist in managing medium to long term risk and reduce the 

potential for environmental and social harm (see Figure 2.13). The research 
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methodology groundwork for their study was derived from Checkland and Scholes’s 

(1990) soft system methodology. Three practice-based case studies were undertaken 

in collaboration with Brisbane City Council.  

 

 

Figure 2.13 Research objective: Mapping corporate KPIs to project outcomes (Kraatz, 

2009) 

 

According to Kraatz et al. (2008b), there are two areas needing future research: the 

first is enhancing engagement with non-contractual stakeholders over the long-term 

course of such projects; and the second is investigating the monetisation of qualitative 

indicators, without diminishing their intangible value. 

 

Another on-going research project which aims to enhance the sustainability of 

infrastructure projects is being undertaken by Yuan and Yang (Queensland University 

of Technology). Yuan and Yang (2008) are exploring the knowledge management 

(KM) role in relation to the promotion of sustainability for infrastructure.  Their goal 

is to develop a framework that expresses the appropriate levels of knowledge, identify 

issues that affect the adoption and transfer of knowledge, and provides integration 

between the key stages of the decision-making process through the development of 

infrastructure projects. They argue that KM will support the sustainability agenda 

among all those involved in large and complex infrastructure projects.  
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2.10.2 Evaluation Path  

Sustainability evaluation research has been conducted at different levels, macro 

(regional) level and/or micro (system) level. Some studies have been aimed at the 

regional level such as Mamouni (2008). She applied the index of sustainable 

functionality (ISF), created by Imberger et al. (2007) in Western Australia. The ISF 

was also applied by Cirella and Tao (2008) in a south east Queensland regional study. 

Other studies seeking to produce assessment methods at the micro level, either for a 

building (Ding, 2004), or for an infrastructure system (Lai, Lundie, & Ashbolt, 2007). 

However, few studies also examined the two levels at the same time. For instance, 

Kumar’s (2006) study examined current sustainability assessment methods at 

buildings and urban levels.     

 

In the construction industry, most researchers measuring sustainability have made 

much effort focusing on the building level. For example, Ding (2004) conducted a 

study aimed to developing a system to measure sustainable performance by public 

buildings (high schools) in New South Wales. Questionnaires were used to identify 

the main sustainability criteria, which were financial return, energy consumption, 

external benefits, and environmental impact (see Figure 2.14). In addition, the study 

retrieved building data from the project archive to quantify the identified criteria. A 

multi-criteria approach was then used to construct a sustainability index based, on 

those criteria.  

 

Figure 2.14 Sustainability criteria and index model (Ding, 2004) 
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However, Ding concluded that many areas required further examination. First, the 

trade-off principle in the project appraisal from both the public and private projects, 

needed investigations to recommend ways of identifying trade-offs those suite 

different project objectives.  Second, different combinations of variables that may be 

applied to cope with different development objectives also needed investigation. 

Third, further research needed to be undertaking applying the sustainability index to 

large-scale infrastructure projects, such as roads, dams and bridges. The nature, 

construction methods, specifications and impacts on the environment will definitely 

be different from buildings projects. Thus, this approach is particularly significant for 

infrastructure projects, which are usually large scale and more likely to cause 

environmental degradation (Ding, 2004).   

 

The research of sustainability assessment for infrastructure systems in Australia is 

mainly focused on the water industry. For example, Foley and Daniell (2004) carried 

out a study to produce a sustainability assessment process for water resource systems. 

Taylor and Fletcher (2006) used the triple bottom line (TBL) methodology to perform 

a sustainability assessment for urban stormwater projects. Another on-going research 

project by Lai et al. (2007) at the University of New South Wales includes the 

development of a sustainability assessment method. Their research aimed to produce a 

sustainability assessment method specifically for water systems in urban areas, by 

selecting between different alternatives. They adopted the concept of the trade-off 

sacrifice level in pairwise comparisons between the criteria. Health, economic, 

environmental and technical aspects were considered as the main criteria. The 

selection of alternatives for the water supply for a Sydney household has been used as 

a case study.  This approach has some advantages, such as expressing preference in 

linguistic terms. Furthermore, the sacrifice level highlights more clearly the different 

levels of the trade-off.  

 

However, this approach has a number of disadvantages. For example, during its use 

with a wider stakeholder group, it may be hard to reconcile the criteria range and the 

sacrifice level. Also, where many criteria are involved in assessment, the number of 

pairwise comparisons would increase and become cumbersome. For these reasons it is 

important to identify a method that could be employed for many criteria or sub-
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criteria, and to identify the criteria that will have the greatest impact on the assessment 

results. An attempt can then be made to reduce the number of items within the criteria.  

 

2.10.3 Summary  

In conclusion, this section has reviewed recent and on-going research that is related to 

sustainability infrastructure in Australian universities and research institutions. Such 

sustainability research has followed two paths: action and assessment. Most research 

has focused on the building level, and at the infrastructure level on water and sewer 

systems within the operational phase. The next section reviews the sustainability 

assessment research conducted in other countries as related to CIS.  

 

2.11 International Sustainability Assessment Research 

As many SIs are incomparable and inestimable, it is very challenging to assess and 

integrate, in terms of one single attribute. A key aim of the sustainability measurement 

framework is the creation of successful decisions in relation to the most sustainable 

options. Four approaches of overseas modelling framework research are discussed 

below: Dasgupta and Tam (2005), Ugwu et al. (2006) Koo and Ariaratnam (2008) and 

López and Monzón (2010).  

 

Dasgupta and Tam (2005) developed a framework using a multilayered screening 

process (Figure 2.15); the alternative surviving the multilayered screening process is 

considered the most sustainable option.  The recommended framework consists of 

four layers. The first two screening layers are mandatory screening indicators, and 

consist of regulatory and project specific indicators. The regulatory indicators 

measure the conformance of an infrastructure system to a set of laws, ordinances, 

regulations, and standards. The project specific indicators include a specific project 

development concern, such as the existence of historical or archaeological site and 

waste reduction or special treatment requirements. The second two screening layers 

are judgment indicators, consisting of environmental and technical indicators; these 

indicators are normalized so that they can be converted into a single index.  
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Figure 2.15 Multilayered operation of CIS indicators Framework (Dasgupta and Tam, 

2005) 

 

 

The multilayered framework approach is comprehensive and embraces technical 

sustainability criteria within the sustainability assessment process. Flexibility in the 

selection of project specific indicators allows the decision maker to incorporate more 

indicators, such as project costs and quality. While the screening process may 
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significantly reduce the assessment workload, it also limits the ability to conduct a 

sensitivity analysis for each layer. Once an alternative option qualifies a previous 

layer, it is impossible to reconsider it in the framework or apply any new values for 

the indicator assessment.   

 

Ugwu et al. (2006) developed a model called Sustainability Appraisal in Infrastructure 

Projects (SUSAIP) for project level infrastructure sustainability assessment. This 

model was based on the appraisal of key performance indicators (KPIs), focused at 

the specific project level. To make the KPIs quantifiable and valid, they employed the 

likert scale survey technique to translate the magnitude of sustainability relevance into 

a numerical expression. The likert scale ranges from one (the least relevant) to five 

(the most relevant). The surveys were collected from a group of stakeholders 

associated with an infrastructure development.  

  

The authors applied SUSAIP to a case study (a three km bridge project) in Hong 

Kong. Based on the assessment framework development, the eight steps of assessment 

procedure were used to select the most sustainable alternative option. The weighted 

sum model (WSM), using weighted factors surveyed from the last study, created a 

final decision. The steps are listed below: 

 

 Step one: Enter scenario background; 

 Step two: Design infrastructure scheme; 

 Step three: Prepare engineering analysis sheet; 

 Step four: Select applicable indicators for sustainability assessment; 

 Step five: Enter indicator scoring; 

 Step six: Assign weights to indicators; 

 Step seven: Compute sustainability index, which is a composite aggregate ;index 

from all key indicators; and   

 Step eight: Display results of each alternative option and a perform a simulation 

analysis (if necessary). 

 

The use of a likert scale for the indicator weighting factor survey can be appropriate 

for a particular project development. However, these weighting factors cannot be 
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general coefficients to other infrastructure projects because of the diverse project 

requirements and environments, which make a significant difference in the selection 

of the weighting factors (Koo & Ariaratnam, 2008). Improvements could be made for 

the treatment of quantitative indicators.  Many indicators can be assessed by using 

quantity survey and data references. A numerical estimation approach can 

significantly reduce the errors from human intuition and misconception that can be 

made by over-simplified scaling procedures for a quantitative indicator.  

 

Koo and Ariaratnam (2008) developed a sustainability assessment model (SAM) for 

assessing the sustainability of underground infrastructure.  The model consisted of 

four stages. The first stage identified the sustainability aspect and indictors.  The 

second stage differentiated between the qualitative and quantitative indicators in terms 

of the assessment procedure. In this stage, the analytic hierarchy process (AHP) was 

applied to assess all qualitative SIs, using a relative comparison technique for the 

indicators. The results of each relative comparison are considered as a criterion 

(Figure 2.16).  

 

In contrast, the assessment processes for the quantitative indicators involve five 

processes that are based on SI types, and the traditional objectives of the project (time 

and cost).  The assessment processes are: (1) real cost estimation; (2) pollution 

estimation; (3) energy estimation; (4) natural resource depletion impact analysis; and 

(5) time estimation. Each criterion is considered as an independent element. . In stage 

three, another decision-making method, is used to combine all six results into a single 

uniform process; the weighted sum model (WSM) is used as the method for a single 

level of decision-making. This stage involves normalizing the results from all six 

process models, to deal with the different types of values as one unit of measurement.  

The fourth and final stage of the framework is the sensitivity test of prioritisation; 

followed by acceptance of the final decision.  
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Figure 2.16 Koo’s Sustainability assessment model (Koo and Ariaratnam, 2008) 

 

 

However, in this approach, the interrelationships among the indicators have been not 

considered in the model assessment process. Thus, it is important to obtain a better 

insight into the dynamic interaction between the indicators that are useful; they 

highlight the accurate complexity of sustainable interactions; and, consequently can 

lead jointly to more efficient indicator-based reporting and better decision-making 

(Niemeijer & de Groot, 2008). Another limitation of this framework involves the 

qualitative indicators, which are mainly based on human judgement. If the decision 

maker has not enough knowledge to enable them to make the correct judgement about 

the indicators, that decision could impact negatively on the final results. Therefore, to 

develop a better evaluation framework it is important to consider the different levels 

of knowledge that the decision makers have involving an evaluation process to 

overcome the lack of experience and limited information.  

  

Interestingly, Koo and Ariaratnam (2008) had excluded from their framework a 

fundamental sustainability aspect in CIS, namely the technical aspect.  The technical 

aspect is considered as a critical dimension in terms of conducting a comprehensive 
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sustainability assessment for CISs (Ashley et al., 2008; Foxon et al., 2002; Sahely et 

al., 2005; Makropoulos et al., 2008; Oltean-Dumbrava & Ashley, 2006).  

 

More recently, López and Monzón (2010) proposed a sustainability assessment model 

for appraising the sustainability of transport infrastructure plans.  The developed the 

assessment model was built on embedded multi-criteria decision-making (MCDM) in 

Geographic Information System (GIS) as seen in Figure 2.17. In this model, the 

assessment process for the analysis of alternatives for project under evaluation is 

resulted from integrated two starting ways: top-down, and bottom-up approaches. The 

top-down approach involved the identification of strategic policy objectives 

constitutes the main guidelines to the definition of assessment criteria, while the 

bottom-up approach concerned on the definition of the different alternatives to be 

assessed is necessary for the models to forecast the impacts of the transport projects 

under consideration. 

 

GIS

 

Figure 2.17 López’s Sustainability assessment model (López and Monzón 2010) 

 

 

Although, the López and Monzón’s model has more advantages compared with other 

models, as they utilised GIS programme in the model. This is because GIS is powerful 

tool in representing spatial dimension for sustainability performance in the project 

area.      
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However, similar limitations of Koo and Ariaratnam (2008) model as explained 

above, was found in this model.  Since the relationships among SIs were not taken 

into account during the assessment process of the model, this might lead to provide 

inaccurate results of project’s sustainability performance.  Another area that has 

potential of improvement of this model; enhancing its capability to assist the DMs in 

dealing with subjectivity evaluation. Therefore, it is much worthy to incorporate 

another method such as FST to tackle imprecise and ambiguous information which is 

usually face DMs during sustainability assessment process. 

 

2.12 Summary 

Sustainability has been defined by several researchers as a universal concept.   For the 

purpose of this research, sustainability is considered to have a direct effect on the civil 

infrastructure neighbourhood and CIS itself. This chapter has provided the 

background for the sustainable development concept by reviewing its history, and 

definitions. Also, the characteristics of sustainability research have been described, 

along with a brief overview of sustainable design and construction. A discussion on 

the applicability and importance of the sustainability concept to CIS, follows the LCA 

and its applicability to the current research is considered. The SIs for CIS that are 

most frequently used have been reviewed, as well as sustainability assessment 

methods at the building level. In addition, sustainability research in the Australian 

context has been reviewed. Finally, the existing sustainability assessment frameworks 

for civil infrastructure have been examined, with their limitations being described.  

 

After a review of the literature, it is apparent that there is still a gap in sustainability 

research, which may be summed up in the following three points: 

 

2.12.1 Immaturity of sustainability research for infrastructure 

Despite the fact that several studies have been conducted into sustainable 

construction, many authors have argued that there is lack of research in the field. A 

recent study by Yuan and Yang (2008) stated that, “the construction sector is at infant 

stage and much more has to be done to make all construction work more sustainable. 

It is widely recognized that sustainability is still a vague and evolving concept.” 
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Furthermore, the authors added that, researchers often ignore specific sectors in 

construction, for instance infrastructure. Also, another study supports this point; Koo 

and Ariaratnam (2008) emphasised the importance of sustainable infrastructure 

development, as the overall research of infrastructure sustainability is still in its 

infancy stage.  

 

2.12.2 Interaction among sustainability indicators 

Any performance assessment model should take into account all the indicators 

relevant to the system (directly and/or indirectly). Many recent studies have 

recommended producing developed performance measurements that show an 

understanding of the relationships between indicators and their impact on the final 

decision.  Matar et al. (2008) stated, “Much of the future study by researchers from 

both fields of construction and environmental sciences should focus on identifying the 

relative weights of sustainability parameters and the dynamics between parameters.” 

Moreover, Jeon (2007), in relationship to the same research gap has fostered future 

research to incorporate the broader environmental, economic, and social impacts of 

transportation systems by modelling the interactions among these sustainability 

dimensions. In addition, Vierikko, Vehkamaki, Niemela, Pellikka, and Linden (2008) 

postulate that interdisciplinary research is needed to explore the interactions among 

the sustainability components. 

 

Other researchers have noted the need for further explanations of the complexity of 

infrastructure in the sustainability context. For instance, Little (2005) and Engel-Yan,  

Kennedy, Saiz, and Pressnail (2005) believe that the infrastructure system is complex 

and its performance is influenced by interaction with the greater urban region and 

other infrastructures. Therefore, careful consideration of these relationships could 

yield significant improvements in infrastructure sustainability. This fact has led to the 

recognition the importance of capturing interactions among SIs, as well as clarifying 

the relationships among the SIs. 
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2.12.3 Uncertainty problem in sustainability assessment 

Another area lacking adequate research is sustainability performance assessment; 

these methodologies are under scrutiny because of their subjective judgments, which 

are compounded by a lack of experience, incomplete information, and a lack of 

knowledge. A high degree of uncertainty makes the projects appear risky, affecting 

the desire to invest, the timing of the investment, and the return on investment (Birge 

& Rosa, 1996). In this context, the uncertainty affects the desire to implement a 

sustainable development strategy, when there is confusion about how environmentally 

beneficial, economically feasible and socially advantageous the outcomes will be.  

 

A numbers of recently published studies have shown the importance of conducting 

research to overcome this dilemma.  Koo and Ariaratnam (2008) suggested that future 

research into sustainability assessment of infrastructure project should reduce the 

uncertainties involved in the subjective judgments. In addition, Jeon (2007) stated that 

it may be worth exploring non-deterministic models (e.g. fuzzy or Bayesian decision-

making models) to effectively reflect upon the uncertainties inherent in human 

decision making due to a lack of information or constraints in human thinking.  

 

To overcome these research omissions, a model will be developed especially for CIS, 

to measure its sustainability performance. Chapter Three will demonstrate of the 

theoretical background of the theories that composed the proposed assessment model.    
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CHAPTER 3.  CHAPTER 3 THEORETICAL BACKGROUND 

3.1 Introduction 

The sustainability assessment process is complex and difficult to specify precisely 

having its various aspects (and associated indicators) interacting with each other. The 

economic, environmental, social, and technical aspects for each CIS are different in 

terms of how stakeholders perceive them. Furthermore, it is quite common for a 

project stakeholder to evaluate 2 or more project alternatives based on a number of 

criteria such as B/C ratio, life cycle costing, and community acceptance, etc. 

 

Achieving a low or high sustainability score for a CIS is not the effect of a single 

aspect, or indicator, but a set of indicators interacting with each other to produce the 

final result. As stakeholders perceive sustainability aspects differently, it is necessary 

therefore to determine the importance of the individual aspects, their interrelationships 

with one another and their effect on the overall sustainability score.  An attempt to 

achieve theses objectives, fuzzy cognitive map (FCM) is used to identify the 

interaction among sustainability indicators, fuzzy analytic network process (FANP) is 

used to calculate the aspects and indicators weights, fuzzy set theory (FST) is used to 

deal with uncertainty of decision makers judgments, and finally the normalisation has 

been done to allow for the integration of qualitative and quantitative indicators in 

order to calculate an overall sustainability index.     

 

This chapter provides the theoretical background for the three methods to be utilised 

in the proposed assessment model. For each method, the discussion is divided into 

three sections: providing the general background about the method, explaining the 

reasons behind its selection, and describing how it is conducted in the research.   

 

The chapter begins first with section 3.2, which discusses FST. Section 3.3 presents 

the FCM method. Section 3.4 discusses the FANP method. Section 3.5 explains the 

Sensitivity Analysis method. Finally, section 3.6 concludes the chapter. 
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Figure 3.1 Proposed Sustainability Assessment Model 

 

 

The above figure is presented in chapter 7 as well, in order to illustrate the application 

of different phase of the proposed model.  
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3.2  Fuzzy Set Theory (FST) 

This section includes the background to FST, fuzzy membership functions, fuzzy 

linguistic variables, arithmetic operations on fuzzy numbers, defuzzification 

procedures, and rationality of using FST, and FST role in the proposed assessment 

model.   

 

3.2.1 Background of FST  

The concept of the fuzzy set was first introduced by Zadeh in 1965. It is a way of 

managing with reason that is approximate rather than exact. This is in contrast to 

classical set theory, where binary sets have two-valued logic: true or false. FST has a 

truth value that is based on the degree concept.  

 

The FST has been extended to handle the concept of partial truth, where the truth 

value may range between totally true to totally false. Hence, FST is useful for the 

representation of imprecise knowledge of the type which is common in human 

concept formation and reasoning; fuzzy theory can represent a type of uncertainty due 

to vagueness.  

   

Since its introduction, FST has been successfully used in many applications. The first 

major application area was process control, which started in Japan in the early eighties 

of the last century; it was followed by the second wave of fuzzy logic applications in 

information systems, which started in Europe in the early 1990s.   

 

In addition, fuzzy set has been applied to the area of decision sciences in business 

intelligence and decision making in a variety of industries for different applications.   

With respect to construction management research, it has been used in many areas 

related to decision making, performance assessment, and modelling (Chan, Chan, & 

Yeung, 2009; Rokni & Fayek, 2010).   

 

The following sections discuss the theoretical background of FST that is related to the 

proposed assessment model. It starts by reviewing fuzzy membership functions, fuzzy 

numbers, arithmetic operations on fuzzy numbers, defuzzification process, the 
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rationality of using FST and, finally, illustrates the role of FST in the proposed 

Assessment Model. 

 

3.2.2 Fuzzy Memberships Functions  

Fuzzy membership function is the most important element of the fuzzy logic theory, 

as it allows the fuzzy set to evaluate uncertainty and ambiguity. Its function is to 

represent the decision makers’ subjective perceptions using the concept of a fuzzy set 

(Lee & Donnell, 2007). In a classical set (or crisp set), the objects in a set are called 

elements or members of the set. A characteristic function or membership function 

μA(x) is defined for any element (x) in the universe U having a crisp value of either 1 

or 0.   

 

For every x  U,  

 

                                         
A.for    x   0

A,for   x      1
)(xA                                   (3.1) 

 

For the classical set or crisp set, the membership function takes a value of 1 or 0. For 

fuzzy sets, the membership function can take the values in the interval [0, 1]. The 

range between 0 and 1 is referred to as the degree of membership (Bojadziev & 

Bojadziev, 1998). A fuzzy set is characterised by several membership functions, μA, 

defined as functions from the well defined universe U, into a unit interval, 0-1.  

 

                                                   μA : U → [0,1]                                                 (3.2) 

 

This membership function represents the degree of the subjective notion of a vague 

class, with an infinite set of values between 0 and 1. The task for determining the 

membership function is a very critical step in the fuzzy analysis process.  

 

Various types of fuzzy membership functions exist, including: triangles, trapezoids, 

bell-shape curves, S-shape curves, gaussian and sigmoid functions (Klir & Yuan, 

1995) (Figures 3.2 to 3.5). In fuzzy set, neighbouring membership functions overlap 

to specify that a value may belong to different sets at the same time, with different 
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degrees of membership. In order to calculate the membership degree for a particular 

fuzzy membership function, the following equations are used:   

 

1. Triangle  

The triangular curve is a function of a vector, x, and depends on three scalar 

parameters a1, a2, and a3, as given by  
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Function Example Shape 

f (x; 3, 6, 8) 

 

 

Figure 3.2 Triangle shape 

 

 

2.  Trapezoid  

The trapezoidal curve is a function of a vector, x, and depends on four scalar 

parameters a1, a2, a3, and a4, as given by 
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Function Example Shape 

f (x; 1, 5, 7, 8) 

 

 

Figure 3.3 Trapezoid shape 

 

 

3. Generalized bell   

 

The generalized bell function depends on three parameters a1, a2, and a3 as given by:  
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Function Example Shape 

f (x; 2, 4, 6) 

       

 

Figure 3.4 Generalized bell shape 

 

 

4.  Gaussian  

The symmetric Gaussian function depends on two parameters δ  and m as given 

by:  
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Function Example Shape 

f (x; 2, 5) 

 

 

Figure 3.5 Gaussian shape 

 

The triangular fuzzy membership function is used, most commonly, for representing 

imprecise data, which is usually adopted due to its simplicity and flexibility of the 

fuzzy arithmetic operations. Thus, in the proposed assessment model, triangular fuzzy 

membership is selected to represent fuzzy variables which stand for quantifying the 

qualitative SIs. The next section discusses fuzzy numbers in more details.   

 

3.2.3 Fuzzy Linguistic Variables 

A linguistic variable can be defined as a variable whose values are not numbers, but 

words or sentences in natural or artificial language. The concept of a linguistic 

variable is useful for providing the approximate characterization of phenomena that 

are too complex or ill-defined to be described in conventional quantitative terms 

(Zadeh, 1975). Therefore, the linguistic variable is considered to be very useful in 

dealing with circumstances which are described in quantitative expressions (Delgado, 

Verdegay, & Vila, 1992a). In the context of performance assessment, using the 

linguistic variable method is a comfortable way for decision makers to express their 

assessments (Malaviya & Peters, 1997).  

 

The value of a linguistic variable can be quantified and extended to arithmetical 

operations using the FST, as it can be represented by a fuzzy number (FN). The fuzzy 

numbers can be described by any membership function, as discussed in the previous 

section. In practice, the membership functions and values are assigned to its 

corresponding fuzzy number and, hence, represent the linguistic variable. For 

example, when the triangular fuzzy membership function is selected for fuzzy 

numbers, they are described by a triple of real numbers as Ã = (l, m, u), where l ≤ m ≤ 

u represent the lower, modal and upper value of the fuzzy number respectively. Five 
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basic fuzzy subsets are used: VH (Very High), H (High), M (Moderate), L (Low) and 

VL (Very Low). The fuzzy linguistic variables are described by the membership 

function (as shown in Table 3.1). 

 

Table 3.1 Fuzzy Set Sign for each Linguistic Variable 

Linguistic Variable Fuzzy Value 

Very Low (0,0,0.25) 

Low  (0,0.25,0.5) 

Moderate  (0.25,0.5,0.75) 

High  (0.5,0.75,1) 

Very High (0.75,1,1) 

 

 

As stated early, the triangular membership function is selected for use in the proposed 

assessment model; thus, the linguistic variables and their corresponding fuzzy 

numbers will be based on the triangular membership function. The next section 

demonstrates the triangular fuzzy number arithmetic operations.  

 

3.2.4 Arithmetic Operations on Fuzzy Numbers 

The arithmetic operations on fuzzy numbers are rooted in the extension principle 

developed by Zadeh (1965). It is a general method for extending crisp mathematical 

concepts to fuzzy numbers, wherein point-to-point operations, on a series of discrete 

points of fuzzy input numbers, are executed to compute the membership functions of 

the fuzzy output variables.  

 

On the basis of the extension principle, DuBois and Prade (1979) developed the 

extended arithmetic operations, namely: addition, subtraction, multiplication, and 

division to fuzzy numbers. Later on, researchers (e.g. (Chen, 1996; Chien & Tsai, 

2000; Zhang & Xing, 2010) used these operations to perform a wide range of 

assessments. The extended operations can be carried out in two ways, using either 

support values or alpha-cuts of fuzzy numbers. In the proposed model, the arithmetic 

operations, based on support values, are selected for their simplicity in calculation. 

Hence, they can make the proposed assessment model more practical and 

uncomplicated for its users. The following paragraphs succinctly portray the 

arithmetic operations on fuzzy numbers by applying the support values method.  
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Arithmetic operations Based on Support Values  

If )a,a,(aA
~

321  and )b,b,(bB
~

321 are the two input Triangle fuzzy numbers (TFNs), 

then using their support values X),(x the artithmetic operations on these two input 

TFNs to determine the output TFN, )c,c,(cC
~

321 are as follows (Kaufmann & Gupta, 

1988):  

 

ADDITION 

)ba,ba,b(a)b,b,(b)a,a,(aB
~

A
~

C
~

332211321321                            (3.7) 

where  = symbol for extended addition on fuzzy numbers.  

 

SUBTRACTION 

)ba,ba,b(a)b,b,(b )Θa,a,(aB
~

ΘA
~

C
~

332211321321                              (3.8) 

where Θ  = symbol for extended addition on fuzzy numbers.  

 

MULTIPLICATION  
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A
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C
~
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where  = symbol for extended addition on fuzzy numbers.  
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where :  = symbol for extended addition on fuzzy numbers.    

 

FUZZY AVERAGE  

The fuzzy average formula for the aggregate method is used to determine the mean of 

two or more Fuzzy numbers. The Formula is as follows (Bojadziev & Bojadziev, 

1997):   
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3.2.5 Defuzzification   

In FST, expert judgment is typically given in the form of a linguistic variable value. 

To utilize this value for rating, weighting or grading, it is converted into a numerical 

value. This operation is called defuzzification. It is a mathematical procedure for 

converting a set of fuzzy values into a single crisp value. Seven methods are available 

for defuzzification (Hellendoorn & Thomas, 1993):  

1. Max membership principle,  

2. Centroid method,  

3. Weighted average method,  

4. Mean max membership,  

5. Centre of sum,  

6. Centre of largest area, and  

7. First (or last) of maxima.  

 

With the aim of helping to choose one specific method among the seven different 

methods, Hellendoorn and Thomas (1993) identified five criteria for the selection 

process: continuity, disambiguity, plausibility, computational simplicity, and the 

weighting method. Their definitions are given below: 

 

 Continuity refers to the notion that the method should be consistent, and that 

small changes made to the input should not result in dramatic changes in the 

output.  

 Disambiguity refers to the defuzzification method, which should always result 

in a unique value. In the centre of largest area method, changes take place only 

if the largest area is no longer the largest among the subareas.  

 Plausibility refers to that the defuzzification method which is supposed to be 

in the middle of the domain, while the defuzzification value should have a 

high degree of membership. In the centroid method, a plausibility criterion is 

not present since the centroid method is concerned with the value that divides 

the area under the membership function into two equal areas.  

 Computational simplicity refers to how simple the method is. Among the 

different defuzzification methods (the max membership principle, the mean 
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max membership, and the first of maxima method), which are computationally 

simple.  

 Defuzzification is the weighting method. In both the centroid method and the 

weighted average methods, the weights are individual membership values. In 

the centre of the sums method, the weights are the areas of the respective 

membership functions. 

 

From the above methods, the centroid method (also known as the centre of gravity) is 

the more commonly used method; it is reliable, less complicated, and less time 

consuming. Therefore, it will be the method used for defuzzification in the current 

study. The centroid method calculates defuzzification via the following formula 

(Kaufmann & Gupta, 1991):   
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e                                                         (3.12) 

 

Where e= defuzzification (crisp value) of triangular fuzzy number (x1, x2, x3 ).  

 

3.2.6 Rationality of using FST  

In the proposed assessment model, FST has been adopted because it is able to manage 

the concept of possibility and linguistic expressions (i.e. experts’ judgements). Thus, 

it is suitable for addressing the uncertainty problem that is inherent with sustainability 

assessment.  

 

Within the context of performance evaluation, Klir and Yuan (1995) postulated that 

the advantages of using fuzzy evaluation include its ability to work directly with 

linguistic terms and handle problems with vague and imprecise data. Therefore, FST 

can help the decision maker to make reliable decisions from ambiguous and imprecise 

events or facts. It achieves this by representing them in linguistic terms (Boussabaine, 

2001).  
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Additionally, the FST is a perfect means by which to model uncertainty arising from 

mental phenomena, which are neither random nor stochastic. Indeed, human beings 

are heavily involved in decision making and, for that reason, a rational approach must 

take into account human subjectivity, rather than employing only objective probability 

measures (Kahraman, Ertay, & Buyukozkan, 2006). In essence, fuzzy set provides 

numerous methods that can represent the qualitative assessment of the decision maker 

as quantitative data (Mohanty, Agarwal, Choudhury, & Tiwari, 2005).  

 

Moreover, regarding the complexity issue, the fuzzy sets theory provides an 

appropriate method for analysing complex systems and decision processes, especially  

when the pattern of indeterminacy is the result of inherent variability or vagueness, 

rather than randomness (Zadeh, 1994). In the same way, Igneva-Danova (2007) 

identified one of the main advantages of FST: the complexity issue; for example, the 

logical relations among the system parameters can be approximated and generalized 

with the required accuracy by the FST.  

 

Furthermore, Zimmermann (1999) listed a number of advantages of using fuzzy sets 

theory in real world applications, as fuzzy set base models: 

 Are conceptually easy to understand, since fuzzy logic imitates human-like 

reasoning. 

 Are tolerant of imprecise data. 

 Can model most nonlinear complex functions. 

 Can be built on top of the experience of experts. 

 Are based on natural language, and thus can offer better communication 

between experts and decision makers. 

 

Therefore, fuzzy set is most useful for sustainability assessment of infrastructure 

projects that involve both the complexity issue and ill-defined parameters, with high 

level of uncertainty due to incomplete knowledge of the underlying matters. The 

dynamic interaction among the sustainability systems cannot be expressed by 

traditional mathematics, due to its inherent complexity and vagueness. Further, the 

concept of sustainability is variform and burdened with subjectivity. It is, therefore, 

more appropriate to use FST for its assessment.  
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3.2.7 FST Role in Proposed Assessment Model.  

In general, the FST will be utilised to convert any subjective judgments that are 

assigned by the experts into numerical measures. Thus, the FST is appropriate for 

handling conditions in which the data are not available or are difficult to acquire, or in 

which the assessment is made in linguistic and subjective terms. As this situation 

might occur at any step of the assessment model, the FST is proposed to be employed 

in all three parts that constitute the proposed assessment model. The role of FST, in 

each part of the model, are demonstrated and discussed in the following paragraphs.  

 

First, in practice, the sustainability evaluator usually needs to quantify both the 

quantitative and qualitative indicators, in order to estimate the overall sustainability 

performance for an infrastructure project. To achieve this outcome, fuzzy set has been 

selected as a suitable methodology to quantify the qualitative indicators. The 

indicators being assessed in a qualitative sense, fuzzy set will be utilized to convert 

the linguistic terms into numerical measures.   

 

Second, the FST will be applied to FCM which will be used in the proposed 

assessment model. The FCM will be used to calculate the values of the SIs, taking 

into account the interaction among them. The FCM theory consists of two parts: 1) the 

initial state vectors of the indicators, and 2) their weight matrix which represents the 

relationship among the indicators (more details are given in section 3.3).   

 

In the literature, fuzzy set was incorporated into the FCM applications, to different 

degrees. Thus, the FST is used, sometimes, in the FCM to represent the relationship 

between the FCM’s concepts as a fuzzy relationship. Alternatively, the FST can help 

determine the initial state vectors for the concepts as fuzzy numbers. In addition, it is 

rarely used for both the FCM components, as shown in Figure 3.6.      
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Figure 3.6 Illustration of fuzzy role in FCM 

 

 

In the proposed assessment model, FST will be applied to the FCM, as an expert can 

describe the relationship strength between each pair of indicators, using a fuzzy 

linguistic term from a determined set. Next, the initial indicator values, calculated by 

the FST, are fed into the FCM theory from the first part of the assessment model.    

 

The third part of proposed assessment model aims to give the decision makers the 

ability to assign indicator weights under the complexity and uncertainty parameters 

within the decision environment. In order to do that, the fuzzy analytic network 

process (FANP) theory has been proposed for use by decision makers during the 

assessment process. The FANP is a combination of two theories, the analytic network 

process and the FST. The FST is employed to convert the decision makers’ judgment 

for the sustainability aspects and indicators’ weights into numerical values. The 

decision makers will use linguistic terms to assign the weights. Because they may be 

uncertain about their own level of preference, due to the incomplete information or 

knowledge available within the decision environment.  

 

3.3 Fuzzy Cognitive Maps (FCM) 

This section provides an overview of the fuzzy cognitive map (FCM) method, 

including its background, mathematical basics, and construction procedure Model, as 

well as the rationale for using FCM, and a review of its applications.   
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3.3.1 Background of FCM 

The FCM is a natural extension of cognitive maps, which can be found in the fields of 

economics, sociology and political science (Axelrod, 1976; Jenkins, 1994). 

Specifically, Kosko (1986) proposed the FCM theory as an extension of Axelrod‘s 

(1976) cognitive maps, through the integrating of fuzzy sets and recurrent neural 

networks. The map is a fuzzy signed directed graph with feedback, structured as a 

collection of nodes and arcs. Each node is called a ‘concept’ and represents a variable 

in a particular system. Causal concepts are linked by oriented edges (arrows) that 

represent the existing causality between the two concepts. FCM introduces 

quantitative (fuzzy) relationships between concepts to describe the strength of the 

causal relationships (see Figure 3.7).  

 

 

Figure 3.7 A typical FCM (Kosko, 1986) 

 

 

The connecting oriented edges represent the degree of causality between the concepts. 

In other words, the values indicate how much one concept causes another. These 

causality relationships between the concepts can take ternary values (-1, 0, +1); the -1 

value indicates a strong negative impact; the 0 indicates no impact; and the +1 

corresponds to a strong positive impact. Additionally, the FCM can also be interpreted 

with the use of an edge connection matrix whose elements are the fuzzy values 

(causality values) aij. Therefore, the elements, in the i
th

 row and j
th

 column of the 

matrix, represent the connection strength of the edge, directed out of the concept Ci 

going into Cj. If the edges take on discrete values from (-1,0,1), it is called a simple 

FCM. The set of concepts C1, C2,….Cn, defining the system under study, is 

represented by the concept state vector C. (Kosko, 1986).   
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3.3.2 Mathematical Basics of FCM   

The FCM technique can be described mathematically by 4-tuples (C, W, A, f) (Kosko, 

1986), where  

 

1. C = {C1, C2,…,CN} is the set of N concepts shaping the nodes of a FCM graph.  

 

2. W: (Ci ,Cj) → wij is a function linking wij with a pair of concepts (Ci ,Cj), with 

wij equal to the weight of edge directed from Ci to Cj where wij K = [-1, 1]. 

Thus, W(N x N) = wij K
NxN 

 is the connection matrix.  

 

3. A: Ai → Ai 
(t)

 is a function that associates each concept Ci with the sequence of 

its activation levels. Such as for t N, Ai (t) L, given its activation level at 

the moment t. A(0) L
N
 is a state vector at certain iteration t.  

 

4. f is a threshold function, which includes the recurring relationship on t ≥ 0 

between A
(t + 1)

 and A
(t)

  

 

 

                             (3.13)  

 

Where Ai
(t+1)

 is the value of concept Cj at simulation step t + 1, Ai
(t)

 is the value of 

concept Cj at simulation step t, f is a threshold function.   

 

The above formula describes a functional model of FCM, which is used to perform a 

simulation of the system dynamics. The simulation consists of computing the state of 

the system, which is described by a state vector, over a number of successive 

iterations. The state vector specifies the current values of the all concepts (nodes) in a 

particular iteration. The value of a given node is calculated from the preceding 

iteration of the values of the nodes, which exert influence on the given node through a 

cause-effect relationship (nodes that are connected to the given node).  

 

The threshold function is used to reduce an unbounded weighted sum to a certain 

range, which is usually set to [0, 1] or [-1, 1]. While the normalization hinders the 
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quantitative analysis, it allows for comparisons between the nodes, which can be 

defended as active (value of 1), inactive (value of 0), or active to a certain degree 

(value between 0 and 1).   

 

Two kinds of threshold functions are used in the FCM: discrete, and continuous 

functions.  

 

1) Discrete Threshold Functions, which are used for simplifying the vector 

normalization. The two types of discrete function are the binary function and the 

trivalent function:  

 

a) The Binary Function can be expressed as: 

 

                                               
0x            if         1,

0x           if          0,
(x) f

                                

(3.14) 

 

The binary function permits the activation level of the concept to be either 0 or 1, 

which means that the binary function can only represent an increase in the concept 

(activated) or represent a stable concept (not activated).   

 

b) Trivalent Function can be expressed as: 

 

                                        
501

50500

501

.      x  if      ,         

.x.      -  if      ,         

.-    x if       ,         -

f (x)

                        

(3.15)      

 

The trivalent function is used to convert the activation level of the concept into -1, 0, 

or 1. Thus, by using this function, it can represent an increase in the concept 

(activated), a stable concept (not activated), or a decrease in the concept (negatively 

activated). However, the two types of discrete functions cannot represent the degree 

of the increase or the decrease of a concept. Thus, if knowing the degree of the 

activation level of a concept is desirable in the FCM analysis, the discrete function is 

not the correct threshold function to use in the FCM simulation. 
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2) Continuous (Sigmoid) Threshold Function, which continues the threshold 

function, is usually used when the degree value between the upper and the lower 

limits of the activation levels of the concept are required. The two types of 

continuous function are the logistic function and the hyperbolic function         

 

a) Logistic Function 

                                             
mxe

xf
1

1
)(

                                              
(3.16) 

 

The logistic function is typically used when the concept interval is [0, 1]. In this 

function, m is a constant value that indicates the function slope (degree of 

normalization) of the logistic functions. The value of m > 0, and its value, generally 

depends on the decision-makers’ preferences and the assessment complexity. 

However, when the value of m is closer to 5, it gives a better degree of normalization 

in [0, 1] (Grant & Osei-Bryson, 2005).   

 

b) Hyperbolic Function  

                                    
mxmx

mxmx

ee

ee
(mx)f (x) tanh

                                 
(3.17)  

 

The hyperbolic function is used when the concept interval is [−1, 1].Thus the 

selection of the threshold function depends on various factors, such as the description 

of the concepts, the degree of simplicity that comply with the nature of the case, and 

the level of inference required by decision-makers.   

 

According to a comparison study among FCM’s threshold functions by Tsadiras 

(2008), each type of function has different dynamic capabilities. The sigmoid function 

has been found to present appreciably better advantages than the other functions. This 

facility is due to its capability and flexibility in describing the dynamic nature of the 

modelled system more precisely. This feature has also been confirmed by Bueno and 

Salmeron (2009). Hence, the sigmoid function is adopted, in the current research, as 

the threshold function of the FCM model for the proposed sustainability assessment 

framework. In the next section, the construction procedure of the FCM Model is 

explained in detail.   
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3.3.3 Construction Procedure of FCM Model   

There are two approaches for constructing FCM models. The first approach is known 

as the expert-based approach, due to utilization of experts’ knowledge in building the 

FCM model.  Since established cognitive maps and its extension FCM, experts’ 

knowledge is the mainly data that was used to construct FCM models.     

 

The second approach, based on computational methods, uses hard data, such as 

historical and experimental data, instead of the experts’ knowledge in the process of 

developing the FCM models. This approach is relatively new, and efforts have been 

made to produce automated procedures for developing the FCM models using such an 

approach (Alizadeh & Ghazanfari, 2009; Papageorgiou, Stylios, & Groumpos, 2004; 

Petalas, Parsopoulos, & Vrahatis, 2009; Stach, Kurgan, Pedrycz, & Reformat, 2005).  

 

The automated systems have attempted to overcome some drawbacks associated with 

the expert-based approach, such as the difficulty of producing a FCM model that 

includes large numbers of concepts, or the conflict between experts’ opinions. 

However, the expert-based approach is still the most desirable way for the modellers 

to develop FCM models. The reasons lie with the unavailability of hard data, or 

inability of the data, in the case of modelling qualitative concepts. Therefore, this 

expert-based approach has been adopted, in the current research, to develop an FCM 

model for SIs, in the context of CISs. In the next section, the process of developing 

the FCM model, based on the expert-based approach, is discussed in detail.   

    

3.3.3.1 Expert-Based Approach 

The expert-based approach consists of four phases: selecting the experts, extracting 

the knowledge from the experts, aggregating the experts’ knowledge, and validating 

the final FCM model. The following section provides a more in-depth assessment of 

each phases.   

 

3.3.3.1.1 Selecting the Experts  

The FCM model, developed through the expert-based approach, as stated above, has 

as its foundation the experts’ knowledge. As a consequence, the experts must be 
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selected for their high level of knowledge, particularly in regard to their experience 

and understanding of the given system. In the FCM theory, there is no restriction on 

the number of experts who can be selected (Kosko, 1988). For example, it may be 

produced by a single expert or a group of experts. The optimal number of experts, 

however, tends to depend on the characteristics of the research itself (Salmeron & 

Lopez, 2011). In general, more experts involved in the process the more reliable is the 

FCM model (Tsadiras, 2005). From the literature review, a synopsis of the number of 

experts who have participated in developing FCM models has been developed, and is 

presented in Table 3.2. 

 

Table 3.2 Examples of numbers of experts in the literature 

Number of Experts Map Size Model Application Area Reference 

6 6 E-government Sharif et al., 2010 

6 10 
Learning Management 

Systems 
Salmeron, 2009 

6 12 Military Planning Yaman and Polat, 2009 

5 17 
Organizational Conflict 

Management 
Noori et al., 2009 

3 9 Brain Tumour Papageorgiou et al., 2006 

3 5 Control Process Stylios and Groumpos, 2000 

3 13 Slurry Rheology Banini and Bearman, 1998 

 

 

Each FCM model, listed in the table above, has been produced by groups of experts, 

ranging from 3 to 6, regardless to the type of study or the number of concepts. Thus, 

the selection of appropriate experts is an essential step towards obtaining reliable 

knowledge from an expert elicitation as input in developing a FCM model. Therefore, 

a careful screening for each expert is important, for example, through an expert 

selection criterion, with every criterion being met by every candidate expert. In the 

current research, the expert selection criteria comprised:   

 Length of total experience; 

 Types of projects previously undertaken; and  

 Length of experience sustainability assessment. 
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3.3.3.1.2 Extracting Experts’ Knowledge   

Different procedures can be used to acquire knowledge from the experts, for example, 

via questionnaires, interviews, protocol analyses, or some combination. In FCM 

theory, most research, reported in the literature, has used the interview technique as 

the knowledge acquiring instrument. The interview is usually carried out by a 

professional, who has a well defined procedure for capturing the experts’ knowledge 

(Taber, 1991).  

 

One advantage of the expert-based approach is the simplicity of its modelling process; 

it requires only a piece of paper and a pen to draw the FCM model. However, care 

should be taken during interviews sessions to avoid any incorrect information being 

noted. Therefore, the expert should understand the basic principles of the FCM 

technique, as a lack of understanding can invalid at the meaning of the direction of the 

relationships between the concepts, and the meaning of those relationships.   

 

The steps of acquiring the expert’s knowledge, used in the modelling process of the 

FCM, are:     

Step 1. Identification of key concepts (variables). 

Step 2. Identification of causal relationships among these concepts.  

      Step 3. Estimation of the strength of the causal relationships (Khan, & 

                       Quaddus, 2004; Kosko, 1986).  

 

In the first step, the expert should select the concepts that will comprise the FCM 

model. Usually, the interviewer prepares a list of concepts or variables that are 

assumed to be related to the system or subject under study. Then, the expert selects 

the concept to include in the model. In case of an individual expert, this step might be 

carried out during the interview session. When more than one expert is involved, the 

information could be obtained through the questionnaire survey. The chosen concepts 

are listed together. 

 

Step two involves the key concepts being chosen from the combined list. The key 

concepts are then assessed to identify their causal relationships. Typically this 

investigation is carried out through the interview process. Importantly, the process 
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determines the type of the relationship, and whether it is a positive or negative 

relationship, or no relationship at all. In a positive relationship, an increase or 

decrease in the cause concept causes the effect concept to move in the same direction. 

In a negative relationship, the cause concept causes the effect concept to move in the 

opposite direction. This step also involves determining the direction of these 

relationships, that is, the cause concepts and the effect concepts. Generally, this task is 

completed by examining one pair of concepts at a time. After the first two steps have 

been accomplished, the FCM graph is partially created, as its concepts, and causal 

relationships amongst them, have been identified.        

 

In the third step, an estimation of the strength of the causal relationships is identified. 

This is the most critical task facing the experts during the development of the FCM 

model. Since, the main challenge in the expert-based development is to accurately 

estimate the strength of the relationships (Stach, Kurgan, & Pedrycz, 2010), the 

experts utilise a fuzzy relationship scale to give qualitative estimates of the strengths 

associated with the edge relating concepts. Next, these estimates are converted into 

numeric values in the range –1 to 1. Alternatively, the experts themselves may be 

asked to assign these estimates numerical values. The use of linguistic expressions to 

describe the degrees of causality in the relationships allows the expert to avoid the 

difficult task of specifying the precise numerical values, before a draft model is 

established. The corresponding work can be divided into three steps (Kosko, 1986): 

1) Determining the sign of each relationship. 

2) Describing each relationship by means of linguistic terms, e.g. weak, medium, 

strong, and very strong. 

3) Mapping the linguistic terms to numerical values, e.g. weak to 0.25, medium 

to 0.5, strong to 0.75, and very strong to 1.0. 

 

3.3.3.1.3 Aggregation FCM Models   

A most powerful feature in the FCM technique is its ability to combine data from 

different sources to create a collective FCM. An augmented FCM (as shown at Figure 

3.8) is used to aggregate the individual FCM, as well as to create a combined FCM. 

For example, multiple FCM, based on experts’ knowledge, can be combined to 

generate a collective FCM (Kosko, 1988).    
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Figure 3.8 An augmented FCM (Kosko, 1988) 

 

However, constructing a collective FCM, based on the knowledge and experience of 

numerous experts is usually considered a hard step in the creation process. This is 

because experts generally have different bodies of expertise and knowledge; further, 

their judgments are likely to differ (Meyer and Booker, 2001). The variation in expert 

judgments might be found in all the steps, such as, a) does a relationship exist, or not, 

between the concepts, 2) the type of relationship, and 3) the strength of the 

relationship.    

 

To conquer this dilemma, various methodologies have been proposed, specifically for 

constructing an FCM model. For example, Bryson et al (1997) proposed the 

qualitative discriminant process to reach a consensus among the experts. Bueno and 

Salmeron (2008) adopted the Delphi methodology, with the same purpose, for the 

enterprise resource planning selection criteria. Another approach, proposed by Khan 

and Quaddus (2004), involved each expert being allowed to draw his/her individual 

FCM. The individual FCMs were then merged to create the preliminary version of the 

group FCM. A group of experts then reviewed the preliminary group FCM; where 

necessary, it was adjusted by combining similar concepts or removing redundant 

concepts.    

 

Other FCM pioneers, (Stylios & Groumpos, 2004), proposed an interesting procedure 

to overcome the variation experts’ opinions. They proposed an algorithm based on the 
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early work of Kosko (1988). However, they used credibility weights for each expert, 

as the experts were at different levels of the knowledge of the system and, 

additionally, may be multiplied by a nonnegative ‘credibility’ weight. Thus, Stylios 

and Groumpos first considered whether all the experts had full credibility value. Then, 

based on the expert’s judgments, the authors reduce the credibility of that expert in 

cases where his/her judgment was far from the judgment of the other experts. 

 

Conversely, the selection can be carried out via the aggregation procedure, which 

determines, after collating and reviewing the experts’ opinions, and after observing a 

degree of variation in their opinions, the extent to which each expert’s opinion resides 

away from the mean for the group of experts’ opinions (Bryson et al., 1997).     

 

3.3.4 FCM Analysis      

Two types of FCM model analyses are described in the FCM theory, namely, static 

and dynamic analysis. The following paragraphs explain these analyses in detail.       

 

3.3.4.1 Static analysis 

There are several advantages in conducting a static analysis. For example, the static 

analysis helps identify the concepts that play an important role in the modelled system 

(Tsadiras et al, 2003). The analysis can be performed by utilizing the matrix algebra 

tools of the graph theory. Thus, after the adjacency matrix has been generated, a 

number of its characteristics can be used to conduct the static analysis, such as 

density, in-degree, out-degree, and centrality (Özesmi & Özesmi, 2004).   

 

The first characteristic, density (D), is defined as: 

                                    1)n(n

c
D

                                                 (3.18) 

 

Where c is the number of arcs in the model and n is the number of concepts of the 

model.  
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The characteristic of density provides an indication of the complexity of the FCM 

overall model. A high density refers to the increased complexity in the model and, 

respectively, to the issue that the model represents.   

 

The in-degree characteristic is the column sum of absolute values of a variable. It 

shows the cumulative strength of the variables entering the variables. It can be 

expressed as:  

 

                                                          

N

k

kij aVid
1

)(                                            (3.19) 

 

The opposite characteristic, the out-degree od(Vi) characteristic is the row sum of 

absolute values of a variable in the adjacency matrix. It shows the cumulative 

strengths of the connections exiting the variables, where N is the total number of 

variables: 

 

                                                            

N

k

iki aVod
1

)(                                           (3.20) 

 

Lastly, the centrality (Ci) of a variable is the sum of its in-degree and out-degree. The 

centrality value shows the variable(s) most mentioned; hence, it describes the 

contribution of a variable in a FCM model, and shows how connected the concept is 

to the other concepts, and the cumulative strength of these connections. It can be 

expressed as:   

 

                                        (3.21) 

 

3.3.4.2 Dynamic analysis 

The dynamic analysis process is aimed at performing the what-if scenarios, by 

simulating the system from different initial conditions. In order to perform the 

dynamic analysis of an FCM model, an FCM inference process must be conducted. 

The process comprises the five steps.    

)id(v)od(v jiiC
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 Step 1) Definition of the initial vector A that corresponds to the element-

concepts identified by the experts’ suggestions and available knowledge. 

 Step 2) Multiply the initial vector A and the matrix W, defined by experts (see 

Equation (3.13)). 

 Step 3) The resultant vector A at time step k is updated using either Equation 

(3.16) or (3.17). 

 Step 4) The new vector A
t
 is considered as an initial vector in the next 

iteration. 

 Step 5) Steps 2–4 are repeated until A
t
 – A

t−1 
≤ e = 0.001 (where e is a residual, 

describing the minimum error difference among the subsequent concepts) or 

A
t
 = A

t−1
. Thus A_f =A

t 
(Papageorgiou, Markinos, & Gemtos, 2011).  

 

 

3.3.5 Rationality of using FCM  

Measuring the sustainability of a CIS is an intricate process, due to the complex 

nature of the CIS. Many authors have acclaimed the capability and effectiveness of 

FCM in modelling complex systems (Leon et al., 2011; Stylios & Groumpos, 2004). 

In addition, FCM can offer various advantages over other participatory research 

methods (Ozesmi & Ozesmi, 2004). First, the FCM provides an easier quantitative 

representation with which to analyse and prioritise the concepts developed. Second, 

with a FCM, the important concepts and relationships are drawn on the map by the 

interviewees themselves; thus removing the potential for researcher bias, as well as 

reducing the amount of time spent on the analysis after the interviews. Also, even if the 

initial mapping of the problem concepts is incomplete or incorrect, further additions to 

the map can be included later, and the effects of the new parameters can be quickly 

seen (Sharif & Irani, 2006).  

 

McNeese and Perusich (1998) have indicated that the reasoning characteristics of a 

FCM make it a significant decision support aid for team decision-making. Similarly, 

Dodouras and James (2007) stated that the participative and temporal nature of FCM 

could enhance communication, improve the decision-making process, and promote 

sustainable development. In addition, Chandana et al. (2007) concluded that the FCM 
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perform better than their mathematical counterparts due to their inherent structure, 

which is able to accommodate inconsistencies in the data. 

 

In the current research project, one of the main objectives is to consider the interaction 

among the SIs. FCM has the capability to attain this objective as the decision maker, 

though using the FCM method, will be able to take into account the interaction issue. 

This ability provides many advantages for using the FCM process in decision making. 

Indeed, according to Niemeijer and de Groot (2008), obtaining a good insight into the 

interaction between the indicators is useful in three ways: it highlights the true 

complexity of the sustainability interactions; it can help identify key indicators, 

thereby reducing the number of indicators necessary for sustainability reporting; and 

jointly, this can lead to more efficient indicator-based reporting and better decision-

making.   

 

3.3.6 Applications of FCM  

In this section, a number of applications for the FCM method are presented, along 

with evidence of the capability of this method to be applied, successfully, in the field 

of infrastructure systems and sustainable development.  

 

Over the last decade, FCMs have been used in many fields, and for a variety of 

problems, including engineering applications. Dissanayake and AbouRizk (2007) 

used FCM to qualitatively model and control complex construction performance 

related problems. They argued that FCM is a useful tool for answering the what-if 

questions throughout the construction planning stage. Indeed, FCM was used to 

understand the needs and desires of the local people impacted upon by a dam 

construction. In addition, the FCM assisted in determining the variables the affected 

people thought would increase their welfare during and after the dam’s construction. 

The simulations were run with their cumulative social cognitive map to determine 

which policy options would most increase the people’s welfare (Ozesmi, 2006).  

 

Sadiq et al. (2004) developed a framework for measuring the risks related to water 

quality failures, in the distribution networks, because of the ageing mains. The authors 

examined the FCM as a decision support tool to develop an integrated approach for 
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the renewal of the water mains. Two years later, Sadiq et al. (2006) proposed a model, 

using a FCM, to help gain an understanding of the vague and complex relationships 

that govern water quality in the distribution network. They divided the model into two 

levels: the modular (lower) level, and the supervisory (higher) level. At the modular 

level, seven rule-based FCMs were proposed for the various deterioration 

mechanisms, which could contribute to a water quality failure. At the supervisory 

level, the FCM employs fuzzy measures to interpret the activation signals of the 

modular FCMs to predict any water quality failures. 

 

Giordano et al. (2005) applied FCMs in developing a “water community cognitive 

map”, which was used in the negotiations between stakeholders, for conflict 

resolution relating to equity in the water distribution during drought periods in Italy. 

An earlier study, by Hjortso (2004), demonstrated the use of FCMs to increase 

stakeholder participation in forest management. While Hobbs et al. (2002) used FCM 

as a tool for defining management objectives for the Lake Erie ecosystem. Later 

Chandana et al. (2007) used FCMs to model disaster management reconstruction.   

 

In sustainability assessment, many researchers have used FCM as a tool for many 

tasks. For example, Dodouras and James (2004) utilized FCMs to examine the 

sustainability impacts of mega-sport’s events. The authors argued that sustainability is 

too complex to be understood quantitatively, although people do succeed in using 

knowledge that is imprecise rather than precise. They found that the FCM was a good 

tool to use in such a study. Further, Mendoza and Prahbu (2003) had analysed 

linkages and interactions between indicators, obtained from a multi-criteria approach 

to sustainable forest management, using cognitive mapping. 

 

 

3.4 Fuzzy Analytical Network Process (FANP)    

This section reviews the fuzzy analytic network process (FANP) by discussing: its 

roots in the analytic network process; the reasons for using FANP in the current 

research; a review of the computing process of FANP; the development procedure for 

the FANP model, the rationality of using it; and the applications of FANP in different 

fields to explain the validity of using the method.   
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3.4.1 Background of FANP  

Since the analytic hierarchy process (AHP) was proposed by Saaty (1980), it has been 

widely used to deal with the dependence, and the feedback, involved in strategic 

decision-making. One of the main advantages of this method is the relative ease with 

which it handles multiple criteria, both qualitative and quantitative. It involves the 

principle of decomposition, pairwise comparisons, priority vector generation, and 

synthesis. The ANP, or system with feedback (Saaty & Takizawa, 1986), is a 

generalization of AHP, and can be used as an effective tool in those cases where the 

interactions among the elements of a system form a network structure (Saaty, 1996). 

The ANP differs from the AHP as it does not impose strict hierarchical structures; it 

also models the decision problem using a system with a feedback approach. The 

structural difference between a hierarchy and a network is depicted in Figure 3.9.  

 

(a) (b)
 

Figure 3.9 Structural differences between a hierarchy and a network: 

(a) a hierarchy; (b) a network 

 

 

The ANP approach is capable of capturing feedback and the interdependent 

relationships among, and within, the levels of the components. Indeed the ANP 

approach uses Saaty’s (1996) 1-9 scale, which is similar to the Likert scale, to express 

the decision maker’s subjective assessment of the relative contribution of the 

components to their immediate higher level component, in the hierarchy and the 

structure pair-wise comparison matrices (Saaty & Alexander, 1981).  

 

The ANP has other advantages over the AHP, such as (Saaty, 1999):  
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 Allows for interdependency and complex relationships; 

 Has a looser and non-linear network structure; 

 Is a real world representation of the problem by making use of the clusters; 

and 

 Allows consideration of tangible and intangible criteria in decision-making. 

 

These characteristics make the ANP methodology better than the AHP, the latter not 

being capable takeoff taking into account interdependencies among the different 

criteria and sub-criteria that are planned to be used in the decision model.   

 

However, although the ANP includes major relationships, it still has some 

disadvantages, such as (Yellepeddi, 2006): 

 Identifying attributes requires extensive brainstorming sessions; 

 Acquiring data is a time intensive process; 

 Calculating requires a lot more intensity, compared to the AHP process; and 

 Ignoring the subjectivity of the comparisons.  

 

In response, some attempts were made by researchers to eliminate those 

disadvantages. In terms of the subjectivity issue, a FANP method was proposed by 

Mikhailov and Singh (2003b), which combined FST with the ANP method. They 

argued that, by combining the fuzzy set with the ANP method, the decision makers 

would be able to handle the subjectivity problem. This was seen as important as the 

fuzzy set is a well known method for managing the subjectivity issue. The next 

sections review and explain the FANP method.   

 

3.4.2 The Computing Procedure of FANP 

A number of approaches that have been used to incorporate the fuzzy set with the 

analytic network process method. For example, Mikhailov and Singh (2003b) 

proposed the fuzzy preference programming method to integrate fuzzy set with the 

network process methodology. Ramik (2007) utilised the logarithmic least squares 

method to combine the fuzzy extension of ANP with the fuzzy pair-wise comparisons, 

and a feedback between the criteria. Additionally, Kahraman et al. (2006) employed 
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Chang’s extent analysis method. Chang (1992, 1996) had proposed this method for 

the fuzzy AHP method, adding one step to consider the inner dependence between the 

criteria.  

 

In the current study, Chang’s extent analysis method (Chang, 1992, 1996; Kahraman 

et al., 2006) is used because the steps are more user friendly than are those in the other 

FANP approaches. Also, Chang’s extent analysis method has been used to apply 

FANP in different industries. As seen in Table 3.3. This knowledge enhances the 

attraction of the proposed assessment model, to be used by the decision makers in the 

industry.    

 

Table 3.3 Examples of Application of extent analysis method in the literature 

Application Area Reference 

Quality improvement Kahraman et al. 2006 

Safety performance  Dagdeviren et al. 2008 

Performance measurement systems Lin and Hsu 2008 

enterprise resource planning Razmi et al. 2009 

vendor selection Boran and Goztepe 2010 

New product design Lin and Hsu 2011 

Concrete Industry Ertay et al. 2011 

 

 

The FANP computing procedure, based on Chang’s (1992, 1996) extent analysis 

approach involves the four steps below.  

 

In these steps, Let X={x1, x2,…, xn} be an object set, and G = {g1, g2,…, gm} be a goal 

set. According to the method of Chang’s (1992) extent analysis, each object is taken 

and an extent analysis for each goal, gi, is performed, respectively. Therefore, m 

extent analysis values for each object can be obtained, with the following signs: 

 

 

                                                                        (3.22) 

 

Where all  are triangular fuzzy numbers (TFNs).  
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The steps in Chang’s extent analysis can be given as follows: 

 

Step 1: The value of fuzzy synthetic extent with respect to the ith object is defined as 
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And then compute the inverse of the vector in Equation (3.25) such that  
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Step 2: The degree of possibility of M2 = (l2, m2, u2) ≥ M2 = (l1, m1, u1) is defined as  

 

))](),(sup[min(
2112 yxMMV MM                                                                (3.27) 

and can be equivalently expressed as follows: 

 

 

)hgt( 2112 MMMMV          (3.28)   

Where d is the ordinate of the highest intersection point D between μM1 and μM2 (see 

Figure 3.10). 
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Figure 3.10 The intersection between M1 and M2 

 

To compare M1 and M2, we need both the values of V(M1  M2) and V(M2  M1). 

 

 

Step3: The degree possibility for a convex fuzzy number to be greater than k convex 

fuzzy numbers Mi (i = 1, 2… k) can be defined by 
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Assume that 

 

)(min)( kii SSVAd                                                                                          (3.30) 

 

 

For k = 1, 2, …, n; k ≠ i. Then the weight vector is given by 
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Where Ai (i =1, 2, …, n) are n elements.  

 

Step 4: Via normalization, the normalized weight vectors are 

 
T

nAdAdAdW ))(),....,(),(( 21                                                                                (3.32) 

 

Where W is a nonfuzzy number. 
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3.4.3 Developing Procedure FANP model 

In order to develop the FANP model, a number of steps need to be carried out. Those 

steps include: model construction and problem structuring, determine local weights, 

determine Inner dependence weights, and calculate global weights. These steps are 

explained in more details in the following section. 

 

Step 1. Model construction and problem structuring 

In this step, the problem is stated clearly and deconstructed into a rational network 

system. The structure can be developed by seeking the opinions of the decision 

makers through brainstorming or other appropriate methods.  

 

Generally the typical ANP model is composed of three levels, as shown in Figure 

3.11. In the first level the goal is to determine the index weight. There are criteria and 

sometimes sub-criteria related to the second level. These criteria are connected to the 

goal with a single directional arrow. The arrows in the second level represent the inner 

dependence among the criteria. Alternatives that will be measured by the criteria are 

in the third level of the model.  

 

 

Criteria

 Goal

Alternatives

A B C D

X Y Z
 

Figure 3.11 ANP model 
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Step 2. Determine Local Weights (LW) 

The second step of the FANP approach is to determine the local weight of the criteria 

by using pair-wise comparison matrices. The fuzzy scale regarding the relative 

importance of measuring the relative weights is given in Figure 3.12 and Table 3.4. 

This scale is used to establish the local weights of the criteria and sub-criteria, if they 

do exist in the model.  

 

RI

EI MI SI VSI AI

1/2 1 3/2 2 5/2 3 7/2

μRI

1

0

 

Figure 3.12 Linguistic scales for relative importance (Kahraman et al., 2006) 

 

Table 3.4 Linguistic scales for importance 

Linguistic scale for 

importance 

Triangular fuzzy 

scale 

Triangular fuzzy reciprocal 

scale 

Just equal  (1,1,1) (1,1,1) 

Equally important  (EI) (1/2,1,3/2) (2/3,1,2) 

Moderately important (MI)  (1,3/2,2) (1/2,2/3,1) 

Strongly important (SI) (3/2,2,5/2) (2/5,1/2,2/3) 

Very strongly important (VSI) (2,5/2,3) (1/3,2/5,1/2) 

Absolutely important (AI) (5/2,3,7/2) (2/7,1/3,2/5) 

 

 

In this step, the local weights of the criteria, which take part in the second level of the 

ANP model, are being calculated. Pair-wise comparison matrices are formed by the 

decision makers; they employ the scale given in Table 3.4. Thus, criterion A and 

criterion B are compared using the question, “How important is criterion A when it is 

compared with criterion B?” If the answer is “Strongly important (SI)”, the linguistic 

scale is placed in the relevant cell against the triangular fuzzy numbers (3/2,2,5/2). All 

the fuzzy assessment matrices are produced in the same way. Next, pair-wise 

comparison matrices are analysed by Chang’s extent analysis method to determine the 
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local weights (LW). This step is performed in same way to calculate the local weights 

of the sub-criteria.     

  

Step 3. Determine Inner Dependence Weights (IDW) 

The third step addresses the interdependent weights of the criteria. They are calculated 

so that the dependencies among the criteria can be considered. The inner dependence 

among the criteria is determined through analysing the impact of each criterion on 

each other criteria using the pair-wise comparisons.  

 

For example, based on the dependencies presented in the second level of Figure 3.6, 

the answer to the following question is sought, “What is the relative importance of 

criterion A when compared to criterion B on controlling Goal?” The answer may arise 

in the pair-wise comparisons, which will then form the dependence matrix of the 

criteria. In the comparison, the zeroes will be assigned to the eigenvector weights of 

criteria that are independent.    

 

Afterward, the interdependent weights of the criteria will be computed. This is 

achieved by multiplying the dependence matrix of the criteria with the local weights 

of the criteria, as follows.  

 

 

                              (3.33)      

 

Then, via normalization, the interdependent weights of the criteria are obtained, as 

follows:  

 

                                               IDW = (w1, w2, w3, w4)
 T                                                                

(3.34)
 
 

 

Step 4. Calculate global weights  

Step 4 involves the calculation of the global weights for the sub-criteria, which is 

obtained using the interdependent weights of the criteria and the local weights sub-

criteria. Thus, the local weights of each sub-criterion are multiplied with the 
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interdependent weights associated with the criteria, where it belongs. The following 

equation is used to calculate the global weights. 

 

                                                       IDWLWGW                                            (3.35) 

 

Where GW is the global weight of each sub-criterion, LW is the local weight of each 

sub-criterion, and IDW is the inner interdependent weights of the criterion.  

 

3.4.4 Rationality of using FANP 

The FANP has been found to be more than suitable to meet the purposes of the 

current research. Firstly, as Kaur and Mahanti (2008) postulated, the use of fuzzy set 

makes FANP a better choice as a methodology because it takes less performance time. 

In addition, fuzzy logic addresses the ambiguities associated with the preferences of 

the decision maker in the best possible way. Secondly, FANP can easily 

accommodate the interrelationships existing among the functional enterprises within 

the different phases of the project life. Moreover, FANP is considered an effective 

method for weakening the subjective factors from a pair-wise comparison (Bi & Wei, 

2008). Finally, as summarized by Mikhailov and Singh  (2003b), the main advantages 

of the FANP against classical ANP are:  

 

 It better models the ambiguity and imprecision associated with the pair-wise 

comparison process 

 It successfully derives priorities from both consistent and inconsistent 

judgments. 

 It is cognitively less demanding for the decision makers. 

 It is an adequate reflection of the decision-makers’ attitude toward risk and 

their degree of confidence in the subjective assessments. 

 

For these reasons, FANP is proposed as the most suitable methodology for the current 

research. Hence, it will be used for calculating the weights of the sustainability 

aspects and their indicators.   
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3.4.5 Applications of FANP 

Many FANP methods have been used by various authors in different fields. For 

example, Mikhailov and Singh (2003), who first developed the FANP, applied it to 

the development of decision support systems. Buyukozkan et al. (2004) used FANP to 

prioritise design requirements by taking into account the degree of their 

interdependence with the customer’s needs. In this approach, triangular fuzzy 

numbers were used to improve the quality of the responsiveness to the customer’s 

needs and design requirements. Wu et al. (2008) utilized FANP to evaluate medical 

organizational performance, arguing that the application of the FANP approach can 

provide a more accurate and realistic performance score. Wu et al. (2009) used the 

Fuzzy ANP to conduct an environmental assessment of hospital locations within 

Taiwan.  

 

3.5 Sensitivity Analysis 

Sensitivity analysis provides an assessment of the effect of changing the weight 

factors of the different indicators on the model results. Importantly, it is by 

performing the sensitivity analysis of the provisional decision recommendations that 

the problems of imprecision, uncertainty, and inaccurate determination are addressed 

in the MCDM models (Bouyssou, 1990). The result of the sensitivity analysis can 

either assure the decision-maker that the solution is a robust one, or indicate that 

further research may be required to include more alternatives in the analysis and/or to 

refine the problem. 

 

A number of methods are used in the literature to conduct the sensitivity analysis. In 

the current research, the researcher adopted the method used by Awasthi and Chauhan 

(2011), due it is simplicity. In this method, the priority weight is given to one indicator, 

while the other indicators equally share the remaining weight. The proportional 

adjustments for the other weight factors are calculated by following equation: 
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Where Wfadj.i is the adjusted other weight factors except sensitivity analysis weight 

factor, Wfi  is the changed weight factor for conducting the sensitivity analysis, and n 

is number of indicators.  

 

3.6 Summary  

This chapter reviewed the theoretical background of the three methods that were 

adopted, in the current study, to build a novel sustainability assessment model for 

infrastructure systems. The focus of the discussion included the FST, the FCM, and 

the FANP. The discussion present argument for why those methods are considered as 

appropriate techniques for managing the existing models’ limitations, reported in 

Chapter 2. Chapter 4 provides a review of the data collection methods that are used to 

develop and validate the proposed model.    
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CHAPTER 4.  CHAPTER 4 RESEARCH METHODOLOGY 

4.1 Introduction  

The objectives of this chapter are to: describe the research design used to comprehend 

current assessment sustainability models for CISs; propose an alternative assessment 

model; and test and collect the data required for implementing the proposed 

assessment model.   

 

The literature review, discussed in Chapter 2, suggested that further research should 

be conducted to develop a comprehensive sustainability assessment framework that 

could be specifically used for CISs.  

 

This chapter formulates the overarching research question to be addressed by the 

current research study, along with other complementary questions. Answers to those 

questions, in combination, form the foundation underpinning the process of 

developing the proposed sustainability assessment framework. The justification for 

the research questions is based upon the conclusions drawn from the existing 

literature, presented in section 2.12. 

 

The focus of the research methodology employed in the current study is an attempt to 

address the shortcomings of previous research. It includes a more comprehensive set 

of questions related to sustainability assessment, in the context of CISs. 

 

Section 4.2 presents the research questions, followed by a summary of the series of 

research activities to be undertaken (presented in section 4.3). Section 4.4 discusses 

the type of data that needs to be collected, while the three methods of data collection 

utilised here are described in detail in sections 4.5 (the questionnaire survey), 4.6 (the 

interviews), and 4.7 (case study project). The chapter summary is presented in section 

4.8.  
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4.2 Research Question 

In light of the findings from the literature review, and the identified shortcomings 

identified in Chapter 2, the overarching research question to be addressed by this 

study is: How can one objectively assess, during the inception stage, the sustainability 

for any type of civil infrastructure system (CIS) over its life cycle? The question 

should consider:  

 System Characteristics  

o What are the sustainability dimensions that need to be considered for a 

particular CIS? 

o What are the SIs for each dimension, and how relevant are they to the 

CIS under investigation? 

 Complexity 

o How does one identify any causal relationships that might exist among 

the different SIs?  

o How does one realistically model the relationships identified among 

the different indicators, in order to capture their overall impact on the 

sustainability performance of the CIS? 

 Uncertainty  

o How does one effectively overcome the uncertainty and subjectivity 

inherent in the decision-making process, considering the lack of 

information or constraints in human thinking?  

 

The methodology for the current research emerges from the literature review, and is 

structured around the above-listed research questions. Further, the research phases are 

structured as a series of activities that assist in answering the research questions and 

feed into the development of the sustainability assessment framework. The following 

section sheds light on the research methodology and the associated activities.  

 

4.3 Research Methodology  

In the current research project, the adopted research methodology commenced with 

stage 1, which involved an extensive literature review of previous research related to 

the sustainability performance assessment of CIS. The aim was to identify the 
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research gaps, as well as shortcomings, of the developed assessment frameworks and 

models. The objective, thus, became the formulation of the relevant research 

objectives.  

 

The second stage of the method was the model development. Hence, a review was 

conducted to identify the most appropriate tools to be used to overcome the 

limitations of previous research, identified in the first stage. Stage 1 identified the 

Fuzzy set theory (FST), the FCM (Fuzzy Cognitive Map), and FANP (Fuzzy Analytic 

Network Process) as the most appropriate approaches to be used (see explanation in 

Chapter 3).   

 

In the third stage, a questionnaire survey of experts was performed with the aim of 

gathering data set for the sustainability aspects and their associated indicators. The 

survey sought to identify the most important and widely used sustainability aspects 

and their related indicators to be considered in the assessment model (see Chapter 5). 

In the fourth stage, interviews were conducted with the experts, to gather data from 

which to construct a generic FCM model for SIs. The FCM is then used to generate 

the appropriate relationships among the SIs and their corresponding weights (see 

Chapter 6).  

 

The fifth stage involved a case study (a real-world infrastructure project) to illustrate 

the validity of the proposed assessment model. This stage consists of two parts, the 

quantitative and the qualitative phase. The quantitative phase involves the 

implementation of the proposed sustainability assessment model, with each step of the 

assessment model discussed. In the qualitative phase, the main objective is to validate 

the contributions of the proposed sustainability assessment model. To achieve this 

outcome, structured interviews were conducted with two experts, who had 

participated as project stakeholders in the quantitative phase. The research 

methodology is summarized in Figure 4.1 below. 
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Figure 4.1 Flow chart of research development process 
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4.4 Research Data  

The research data section presents a discussion of the types of data that need to be 

collected for the study. According to Dane (2010), three types of data can be collected 

during a research study, that is, facts, opinions and behaviours, as defined below:  

 

 Fact: a phenomenon or characteristic available to anyone who knows how to 

observe it.  

 Opinion: an expression of a respondent’s preference, feeling or behavioural 

intention.  

 Behaviour: an action completed by a respondent.  

 

In the current project, examples of facts are the experts’ profiles and project 

information; while levels of importance for SIs are examples of opinions. In this 

study, as determined by the objectives, there is no behavioural data needed. Therefore, 

the only information needing collection is fact and opinion data, as categorised in 

Table 4.1. 

 

Table 4.1 Research data types for each collocation method 

Collection 

Method 
Facts Opinions 

Questionnaire  Experts profile  

 Type of organisation 

 Infrastructure 

expertise 

 Sector of Industry  

 Opinions on feasibility of sustainable infrastructure 

systems  

 Opinions on relevance of sustainability aspects  

 Opinions on frequency of use for sustainability 

aspects  

 Opinions on level of importance for SIs 

  Opinions on frequency of use for SIs 

Interviews  Experts profile  

 Type of organisation 

 Infrastructure 

expertise 

 Sector of Industry 

 Opinions on causal relationships among the SIs 

 Opinions on the strength of the causal relationship 

Case Study  Case relevance 

 Expert profile 

 Project Information  

 Opinions on causal relationships among the SIs 

 Opinions on weights of sustainability 

aspects/indicators  

 Opinions on existing and proposed assessment 

model  
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The next sections discusses in detail the methods used for the data collection, namely: 

the questionnaire survey, the interviews, and case study.  

 

4.5 Questionnaire Survey  

The questionnaire is defined as “a general term to include all techniques of data 

collection in which each respondent is asked to respond to the same set of questions in 

a predetermined order” (De Vaus, 2002). A questionnaire is used to gather data when 

the issues which arise are likely to be confidential and sensitive, and to give 

respondents more time to consider their answers (Collis & Hussey, 2009).  

 

Naoum (1998) argued that a questionnaire can be regarded as an attitudinal research 

method. Hence, the questionnaire aims to assess, subjectively, the opinions of a 

person or a group of people with regard to a particular attribute, variable, factor or 

question. 

 

In the current research, the questionnaire (attitudinal research) was adopted to identify 

the key sustainability aspects, and their associated indicators, in terms of their level of 

importance, and the frequency of their use. Thus, the research instrument is used to 

identify the SIs that are most relevant to CIS, as seen by the CIS stakeholders. The 

data was then used to produce a short list of indicators to be used later in constructing 

the FCM model, as described in Chapter 6. According to Ozesmi and Ozesmi (2004), 

the questionnaire method is considered to be an appropriate data collection method for 

FCM model building can be obtained through four techniques:  

1. Questionnaires,  

2. Written texts,  

3. Data, e.g. historical data (showing the causal relationships), and  

4. Interviews (with people giving the data directly).  

 

In the context of FCM a large number of studies have used the questionnaire survey 

as a data collocation instrument. For example, Roberts (1973) circulated 

questionnaires to a group of experts to identify the relevant variable in a cognitive 

map for energy demand. Then, in 1976, he used a questionnaire to construct a 

cognitive map model for a transportation policy. Two decades later, Radomski and 
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Goeman (1996) developed an FCM model related to decision-making in sport-

fisheries management; here again questionnaires, sent to experts, were used to collect 

data about the important variables, as well as the relationships among the variables. A 

questionnaire was also used by Rodriguez-Repiso et al. (2007) to collect data that 

would help construct an FCM model to determine IT project success factors, as well 

as by Fekri et al. (2009) to determine the critical success factors in an FCM model for 

swift new product development.  

 

The previous success of the questionnaire survey, therefore, has directed its selection, 

in the current study. The researcher determined it to be the most appropriate, prompt, 

and easy method for collecting the data from a large number of people. In this study, a 

large number of people (team experts) were required to give their opinions so that 

relevant indicators could be identified.    

 

To prepare the draft questionnaire survey, a list of sustainability aspects, and their 

associated indicators, was derived from an extensive literature review (see Chapter 2, 

section 2.7.4). Once prepared, the draft was pilot-tested by three experts, one from 

academia, and two from the civil engineering industry. Their testing verified the 

phrasing and the interpretation of the questions and their related items. The experts 

also reported on the extent to which they believed they had enough information to 

give relevant and/or appropriate responses. The questionnaire instrument was revised 

on the basis of the experts’ feedback and the researcher’s assessment of their 

responses. The role of the experts was crucial for the success of the final 

questionnaire.    

 

4.5.1 Expert Selection  

To select the best expert to participate in the questionnaire survey, two criteria had to 

be met by each candidate, namely:  

1. Their experience in infrastructure projects, and 

2.  Their awareness of the sustainability concept for infrastructure projects. 

 

The initial list of experts was prepared from two sources: professional associations, 

and recent Australian engineering (related) conferences and workshops. Thus, a 
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number of Australian professional associations, to civil engineering, infrastructure 

and sustainability were approached to provide the names of experts suitable for the 

expert panel (see Appendix A1); they included: the Society for Sustainability and 

Environmental Engineering (SSEE), the Australian Green Infrastructure Council 

(AGIC), and Engineers Australia (EA).  

 

Additionally, the web sites for recent Australian engineering related conferences and 

workshops were reviewed. Thus, participants were identified as experts in the 

sustainability of infrastructure systems. Their contact details were obtained directly 

from the events websites, or the event organisers were requested about the 

participants’ contact details.    

   

4.5.2 Distribution of the Questionnaire  

The questionnaires typically administered via personal interview, telephone, mail, e-

mail, and online surveys (Churchill & Iacobucci, 2009). The personal interview is a 

direct, face-to-face conversation between the interviewer and the respondent or 

interviewee (Breakwell, 2004). The interviewer asks the questions (either a few or 

many) and records the respondent’s answers, either while the interview is in progress, 

or immediately afterward. The telephone interview is a cold call during which the 

researcher asks only a few questions.  

 

A mail questionnaire involves mailing the questionnaire to the designated 

participants, with an accompanying cover letter. The respondents complete the 

questionnaire at their leisure and mail their replies back to the researcher. Sending an 

e-mail survey is another alternative; it can be either: 

 An email in which the questions are embedded in the text of the e-mail itself; 

or 

 The e-mail directs the recipient to a Web site, for example, Monkey Survey, 

where the respondent completes the survey.  

 

Each option has its pros and cons; replying to an embedded e-mail survey is 

extremely quick for both the researcher and the respondent; while a Web survey looks 

sharp and very professional, as hypertext and graphics can be used, which improves 
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both the appearance and quality control of the survey.  In the present study, to achieve 

the first objective, which is identifying the relevant sustainability aspects and their 

related indicators, the mail and the Web survey approaches were chosen. Each method 

of distribution has its advantages and disadvantages. Table 4.2 shows the advantages 

and disadvantages of the mail survey and the web survey.   

 

Table 4.2 A Comparison of Web and Mail Survey 

Type of 

Survey 
Advantages Disadvantages 

Mail survey 

 Frequently used for social research 

 Low cost  

 Eliminates potential interviewer bias 

 May result in a biased sample 

 Low response rate 

 Time spent waiting; possibly   

several weeks for all the 

responses to arrive 

Web Survey 

 Very low cost 

 Fast data collection 

 Complex questioning assures better data 

 Respondents provide more detail to 

open-ended questions 

 Geographic flexibility 

 Visual and interactive 

 Ease of call-back or Follow-up 

 Survey software simplifies compilation 

and analysis of data collected 

 

 Does not reflect population as a 

whole 

 Respondent completion rates   

lower for longer surveys 

 Random respondents may reply 

if  there survey appears on a 

Web page 

 Difficult unless e-mail address 

is known 

 Needs internet access 

 High possibility of 

misunderstanding 

 

 

 

The current research questionnaire survey was distributed, towards the end of 2009, to 

the selected target experts, in Australia, from the private and public sectors. In the 

first distribution method, the questionnaire was mailed to the experts work addresses, 

together with a covering letter explaining the purpose of the study, and a prepaid 

return envelope. The non-responders had a reminder telephone call and another letter 

requesting the return of the questionnaire (see Appendix A2). 

 

The second distribution method employed the web questionnaire survey. This data 

collection method easily and inexpensively reaches more participants. The experts, for 

whom an email address was available, were requested to participate in the survey; 

they were provided with a link to a URL, where the questionnaire could be completed 

online. The non-responders were reminded twice to complete the questionnaire, once 

by telephone and once by e-mail (see Appendix A3). 
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4.5.3 Questionnaire Structure  

The questionnaire survey contained nine questions, consisting mostly of short-answer 

questions (i.e. entering numerical values, circling answers, or checking boxes). To 

speed up the completion process, most questions were worded in a closed-ended 

format. 

 

The survey questions were divided into four groups: the first group sought 

demographic information about the experts; while the second group comprised 

general inquiries about: the feasibility of applying the infrastructure sustainability 

concept; the ranking of the sustainability aspects; the sustainability aspects regularly 

considered by the experts. The third group of questions enquired into the ranking of 

the SIs in terms of their importance, from the experts’ perspectives. The fourth and 

last group of questions investigated the level of use and frequency of the SIs.   

 

The demographic questions focused on organization type, current position, type of 

civil infrastructure projects, and relevant experience. The three general inquiry 

questions related to: the feasibility of applying the sustainability concept in the 

provision of infrastructure, along with a short justification for the answer; the ranking 

of the sustainability aspects, according to how the expert perceived them as most 

relevant to the provision of sustainable CISs, with ‘1’ having the highest relevant 

aspect, to ‘4’ having the least relevant aspect; which sustainability aspects (one or 

more) the expert regularly considered in his/her infrastructure projects.  

 

The ranking of the SIs, in terms of their importance, were grouped into four 

categories: economic, technical, environmental, and social. A ranking of the 

indicators was separately conducted for each category. The experts were asked to 

assign a ranking order for the listed indicators within each category (i.e. aspect), 

according to their perceived importance. For example, under the economic indicators 

category, there were eight indicators, which were to be ranked ‘1’ for the most 

important indicator, to ‘8’ for the least important indicator. The questions related to 

the expert’s the level of use and frequency of SIs were scored on a four-point Likert 

scale from 1 to 4 (where 1 is never used, and 4 is often used) for each indicator.  
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4.6 Interviews  

The second method used for data collection in this study is interviews. The purpose of 

conducting interviews is to extract required experts’ knowledge that will be used to 

construct the FCM model for SIs in the CISs context. Since, the FCM method has the 

capability to identify causal relationships among different variables, thus, the outcome 

of this stage will provide answers to the research questions that are related to 

complexity.   In this stage of data collocation, the interviews were intended to reveal 

the perceptions of the experts with respect to causal relationships among the selected 

SIs that identified through the questionnaires survey results.     

 

The interview, defined as a direct communications technique, involves the interviewer 

face-to-face with the respondent (Zikmund, 2010). The interview method has several 

positive characteristics. The most essential characteristic is the chance it offers for 

feedback, along with the chance for follow-up questions or investigation. If an 

interviewee’s answer is short or indistinct, the researcher can ask for a clearer or more 

complete clarification (Zikmund, 2010). However, there are also disadvantages, for 

example, the interviewer might lead the respondent, either intentionally or 

unintentionally, such as frowning or nodding. A summary of the advantages and 

disadvantages of the interview method is presented in Table 4.3.  

 

 

Table 4.3 Advantages and Disadvantages of Interview Method (Miller & Brewer, 2003) 

Advantages Disadvantages  

Flexibility 

High response rate 

Check on questions 

Probes 

Clarification 

Confirmation 

Prompts 

Connecting 

Non-verbal communication 

Timing of interview 

Reliability 

Lack of comparability 

Time consuming 

Costly 

Interruptions 

Lack of anonymity  
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4.6.1 Interviews Types   

Three types of interview methods are used to gather data: structured, semi-structured 

and unstructured (Miller & Brewer, 2003), and are usually differentiated from each 

other by the degree of structure imposed on their design. 

 

Structured interviews are very similar to questionnaires in that they use a standard 

format consisting of pre-determined questions in a fixed order. Bernard (2011) 

described structured interviews in the following way; “respondents are asked to 

respond to as nearly identical a set of stimuli as possible”. Typically, the interviewer 

reads the questions exactly as they are written on the questionnaire. The choice of 

answers to the questions is often fixed (close-ended) in advance, though open-ended 

questions can also be included within a structured interview. Generally, the structured 

interview is used to collect data for quantitative analysis, with pre-prepared 

questionnaires and standardized questions (Gray, 2009). Moreover, this type of 

interview is used instead of questionnaires when the interaction between the 

researcher and the respondent is required, for example, to clarify the questions to 

avoid any misunderstandings.  

 

In contrast, unstructured interviews are based on a clear plan that the interviewer 

keeps constantly in mind; however, they are also characterized by a minimum of 

control over the respondent’s responses. Such interviews are used in situations where 

the researcher has the time to spend with each participant, possibly on a number of 

occasions. Also, unstructured interviews are used in studies that require only textual 

data, or require both textual and numerical data. The technique is used to develop 

formal guides for semi-structured interviews, or to learn what questions could be 

included in a highly structured questionnaire (Bernard, 2011).  

 

Semi-structured interviews are based on the use of an interview guide, such as a 

written list of questions and topics that need to be covered in a set order. While the 

interview guide is a set of clear instructions, the interviewer maintains the discretion 

to follow leads that arise during the interview. The semi-structured interview works 

well in studies where the researcher is interviewing high-level bureaucrats and the 

elite members of a community, that is, people who are accustomed to the efficient use 
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of their time. The method demonstrates that the researcher is fully in control of what 

he/she wants from the interview; it also leaves both the researcher and the respondent 

able to follow any new leads (Bernard, 2011). 

 

From a general perspective, the purpose of the study to be conducted, and the 

characteristics of the interview type plays a major role in selecting which interview 

type is most suited to the study. Thus, an examination of the characteristics of each 

interview type is essential for the researcher to find the best fit with their study 

purpose. The characteristics of the three interview types are listed in Table 4.4.   

 

Table 4.4 Characteristics of Structured, Semi-structured and Unstructured Interviews 

Characteristics Structured Semi-structured Unstructured 

Data capture Quick 
Slow and time-

consuming 

Slow and time-

consuming 

Data analysis 

 

Easy to analyse 

 

Slow and time-

consuming 

Quantitative parts easy 

to analyse 

Usually hard to analyse 

 

Sampling Random sampling 

Random sampling 

preferred for the longer 

interview 

Opportunity and 

snowball sampling, 

especially in 

organizations, or 

targeting ‘key 

informants’ 

Questioning process 
Interview schedule 

followed exactly 

Interviewer refers to a 

guide containing a 

mixture of open and 

closed questions 

 

Interviewer uses aide-

memoire of topics for 

discussion, and 

improvises, where 

appropriate 

Process leader 

Interviewer-led 

 

 

Sometimes 

interviewer-led, 

sometimes informant-

led 

Non-directive 

interviewing 

 

Knowledge type 

Tends to positivist 

view of knowledge 

 

Mixture of positivist 

and non-positivist 

 

Non-positivist view of 

knowledge 

 

Anonymity 

Respondents’ 

anonymity easily 

guaranteed 

Harder to ensure 

anonymity 

Researcher tends to 

know the informant 

Source: (Arksey & Knight, 1999)      

 

After considering the purpose of the study and the characteristics of the interview 

types, the structured interview method was selected for application in the current 

research. This method allowed the identification of the perceptions of the experts with 
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respect to the causal relationships among the selected SIs. It also enabled a number of 

closed questions to be pre-determined for use during the interview sessions.  

  

4.6.2 Conducting the Interviews  

All the interviews were conducted with Australian experts from Queensland-based 

organisations. These organisations included both government departments, and 

private engineering consulting companies. To facilitate the expert selection process, 

three criteria were used. Thus, the experts needed to have: 

  

1. Adequate experience in the construction industry, 

2. Adequate experience in civil infrastructure projects, and 

3. Adequate experience in sustainability assessment for civil infrastructure 

projects. 

 

The experts were chosen in the following manner. Once the organisations with 

expertise in CIS sustainability were determined, requests were sent to them seeking 

nomination of experts who were willing to participate in the study. This approach was 

taken when the researcher did not know the organisational experts or their contact 

details. Following the nomination of organisational experts, the researcher prepared a 

list for all targeted experts. Invitation letters were sent to them, via their e-mail 

address, asking for an interview to discuss the causality relationships among SIs. The 

letter contained a brief background about the project, as well as a summary of the 

result obtained from the questionnaire survey. Each invitation letter was followed-up 

by a phone call to all invited experts, whether they had responded to the initial e-mail 

or not.   

 

Interviews with the 12 experts, from ten organisations, began in early March 2010 and 

concluded at the end April 2010. Each interview, which took about one hour, at the 

interviewee’s office, was tape recorded, with notes also being taken by hand. In the 

interview, five minutes were allocated for an explanation of the study’s objective. 

Then another five minutes was spent explaining the cognitive map method, and 

clarifying the terms that were used to extract the expert answers related to the 
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causality relationship, to avoid any misunderstanding from the experts. The interview 

invitation letter is shown in Appendix B1.  

 

4.7 Case Study 

The case study formed the third stage of the research methodology. A case study is 

defined as “an empirical investigation that considers a contemporary phenomenon within 

its real-life context, when the boundaries between the phenomenon and the context are 

not clearly evident” (Yin, 2009). In the current study, the main objective of the case 

study was to further verify the research output, and to gain valuable insights into how 

the interactions among the SIs are (or are not) being considered by the project 

stakeholders, in a real-world infrastructure project This section reviews and discusses 

the case study approach, its role and type, validation and verification assessment 

model, as well as the procedure that was used to select a suitable case study.   

 

4.7.1 Case Study Roles and Types 

As explained above, the case study is used to validate the proposed assessment model 

and FCM model with real-world project data. This section highlights, from the 

literature, a case study’s role and type.     

 

There are four types of case studies, in terms of their epistemological status (Yin, 

2009): exploratory, descriptive, illustrative, and explanatory. In an exploratory case 

study the researcher explores a phenomenon which has no clear, single set of 

outcomes. A descriptive case study describes an event in its real-life context. It differs 

from an exploratory study in that it uses a reference theory or model to direct the data 

collection and case description. An illustrative case study uses a descriptive mode to 

demonstrate certain phenomena. An explanatory case study both describes the 

phenomena, and explains why or how the phenomenon being studied is happening.  

 

According to Scholz and Tietje (2002), there are three reasons to use a case study, 

namely: as method of research, teaching, or application.  Therefore, based on the 

above explanations (of type and purpose), the descriptive case study is main type used 

here, to demonstrate the application of the development of sustainability assessment 
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model. Firstly, the case study is used to validate the proposed sustainability 

assessment model in a real-life civil infrastructure project. Secondly, the case study is 

used to validate the SIs of the FCM model that was developed from the questionnaire 

survey and interview methods. 

 

Yin (2009) identified four major types of case study design: the single-case (holistic) 

designs, the single-case (embedded) designs, the multiple-case (holistic) designs, and 

the multiple-case (embedded) designs. Each type varies in terms of the number of 

case studies used, and the number analysis units used within the case study, as 

illustrated in Figure 4.2.  

 
Single-case design 

Multiple-case 

designs 

 

Holistic 

(single unit of analysis) 

Type 1 Type 3 

 

Embedded 

(multiple units of analysis) 

Type 2 Type 4 

Figure 4.2 Basic types of designs for case studies 

 

A number of factors influence the case study type selected. Thus, the researcher 

chooses the most suitable for his/her research purpose; the available data, and the time 

available. Additionally, the researcher can enhance the selection process by assessing 

the advantages and disadvantages of the case study types. Voss et al. (2002) identified 

a number of advantages and disadvantages of using multi-cases and single-case 

studies (see Table 4.5). 

 

Table 4.5 Advantages and disadvantages of multi-case and single-case research (Voss et al. 

2002) 

Number of Cases  Advantages  Disadvantages  

Multi-cases 

 Augments external 

validity 

 Helps guard against 

observer bias  

 More resources needed  

 

 Less depth per case  

Single-case   Greater depth  

 Limits on the generalisability of conclusions 

drawn 

 Biases, such as misjudging the 

representativeness of a single event and 

exaggerating easily available data  
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In multi-case studies external validity is expanded, and the bias of the observer is 

reduced. In contrast, the single case research study has greater research depth. The 

disadvantages of the multi-case study involve its need for more resources and its more 

superficial approach. Single-case studies, on the other hand, have limits on the 

generalisability of the conclusions, which implies carrying with it the risk of 

misjudging the representativeness of a single event, and exaggerating the importance 

of the available data. Implies the risks of misjudging the representativeness of a single 

event, and of exaggerating easily available data. While these risks are also present in 

multiple cases, they are lessened considerably. 

 

The single case study design was chosen for the current study, since it is used to 

validate the assessment model and demonstrate its real-world application. 

Additionally, while considering the complexity and depth of analysis required, the 

single case study is realistic, and highly appropriate.  

 

Further, the scale of the detailed information required from the case study project, and 

the stage and type of case study project, imposed limits on the number of projects that 

could be included in the study. Hence, the single case study was selected because of 

the variety and depth of evidence available, including documentation, projects 

records, and interviews. Also, for validation purposes, the project had to be in the 

planning stage or be a recently completed project, which limited the number of project 

types.     

 

Moreover, to ensure the soundness of the analysis, the embedded case study was 

selected. Two analyses were conducted in the case study project: the quantitative 

application of the proposed assessment model; and interviews with project 

stakeholders.   

 

4.7.2 Case Study Selection Criteria 

Further, to attain the case study objective and to improve the validity of the research 

outcome, a suitable case study project was selected. Thus, a case study selection 

criteria was established for the verification of the candidate case study project.   



 

120 

 

Typically, in case study research, case study selection criteria are one of key elements 

of a case study protocol. According to Yin (2009), a “case study protocol is a major 

way of increasing the reliability of case study research and is intended to guide the 

investigator in carrying out the data collection from a single–case study”  

 

Therefore, the case study selection criteria were established. To be accepted for the 

case study the project must have:  

 

1. A sustainability focus or agenda within its overall project objectives; 

2. The sustainability being driven by one or more key project stakeholders; 

3. More than one aspect of sustainability being assessed during the feasibility 

stage; and  

4. A number of short and long-term SIs being used in the planning and/or 

design stages; 

 

4.7.3 Validation and Verification  

Validity can be described as the best available approximation to the truth or falsity of 

a proposition (Cook & Campbell, 1979). In other words, it is a assurance that 

systematic errors have been avoided, accounted for, or at least minimised (Stangor, 

2010). Generally, much has been written on validation (Cook & Campbell 1979) and 

within the AEC research (Abowitz & Toole, 2010; El-Diraby & O’Connor, 2004; 

Flood & Issa, 2010; Lucko & Rojas, 2010). 

 

As the current research project seeks to develop a new model for sustainability 

assessment, the researcher needs to determine the advancements of the new method 

on a real project (Ho, 2009). This investigation helps to identify if the new method is 

better than the existing methods. Specifically, the researcher had to demonstrate its 

validation before claiming that the new method is good enough to be adopted.   

 

4.7.3.1 Validation Methods  

No broadly accepted approach or method has been agreed to by the scientific 

community for validating developed models. However, the literature review revealed 
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a number of validation methods that can be used by researchers. For example, Lucko 

and Rogas (2010) listed six validation methods that can be used in construction 

research: internal validity, external validity, face validity, content validity, criterion 

validity, and construct validity. Those methods, and their descriptions, are listed in 

Table 4.6.   

 

Table 4.6 Validation methods 

Method Description Source 

Internal 

validity 

Related to the concept of causality, and preoccupied with the 

derivability of relations within the data. 

 

Leedy and Ormrod 

2010 

External 

validity 

Related to the concept of induction, and focuses on the 

generalizability of results for prediction purposes. 

 

Leedy and Ormrod 

2010 

Face 

validity 

Subjective judgment of a non-statistical nature that seeks the 

opinion of non-researchers regarding the validity of a particular 

study. 

 

Leedy and Ormrod 

2010 

Content 

validity 

A non-statistical approach that focuses on determining if the 

content of a study fairly represents reality.  

 

Babbie 1990 

Criterion 

validity 

Defined as “the extent to which the results of an assessment 

instrument correlate with another, presumably, related measure. 

 

Babbie 1990 

Construct 

validity 

Concerned with ensuring that a research effort measures what it is 

supposed to measure, according to its stated objectives. 

Leedy and Ormrod 

2010 

 

 

In general, the suitability of the validation method selected depends on two factors; 

the availability of data on the phenomena (Kleijen, 1999), the real system and model 

purpose  (Pala et al, 1999)   .  Thus, the researcher should carefully consider those two 

factors in order to select which validation method is suitable to be conducted in 

his/her research.  

 

Therefore, in this study project, a case study is used to validate: first, the data that 

collected from the case study is used to validate FCM model that developed through 

the questionnaire survey and the interviews the experts. Although, the validation of 

FCM is complex and, even in many times, impossible. This is because of FCM is 

qualitative model that do not yield outputs directly measurable in the real world 

(Ozesmi & Ozesmi, 2004). However, as stated by Jetter (2006) “the FCM model has 

to be constantly tested against the behaviour of the real-world system it represents. 
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Any new "real-world" information must be assessed - if it does not fit the 

expectations, it should be used to challenge and improve the FCM- models”.  

 

Therefore, the comparative validity was conducted between the FCM model and the 

data from the case study; this process took place because the proposed assessment 

model used the FCM method. This comparison was performed in terms of the 

indicators and the causal relationships in the two FCM models.     

 

Second, in the case study, the face validation was used to confirm the power of the 

proposed assessment model, in general, through interviews with two experts involved 

in the case study project itself. The interview questions focused on their experience 

using a conventional sustainability assessment approach for infrastructure projects. 

The questions also sought their opinions of the proposed assessment model since they 

were involved in the data gathering required for the proposed model.  

 

4.8  Summary  

This chapter presented the research design and described the research methodology 

that will be subsequently employed. The research questions arose from the 

shortcomings identified by the literature review. The ultimate purpose of the research 

methodology was to develop and validate a comprehensive sustainability assessment 

model that addressed the four dimensions of sustainability: economic, technical, 

environmental, and social. The data collected from the industry will be employed in 

the analysis. As such, a number of data collection methods were used, namely: the 

questionnaire survey, interviews, and a case study. Each method, discussed and 

reviewed in this chapter, is assessed in terms of its suitability and roles in the current 

study.     
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CHAPTER 5.  CHAPTER 5 QUESTIONNAIRE RESULTS 

5.1 Introduction 

Following the comprehensive literature review, a list of SIs was compiled (see 

Chapter Two), based on their utilization frequency in the literature. The frequency 

criterion meant that each indicator had to have been independently reported three 

times, or more, in the literature. The initial list comprised 29 SIs, classified under four 

aspects (see later in this chapter). However, the current literature was not able to 

provide sufficient information about how the experts and practitioners perceived the 

indicators’ level of importance, or the degree to which the SIs were used, as related to 

CIS, especially in the Australian context. Therefore, a questionnaire survey was 

developed as a research instrument to gain more insights into the topic. 

 

The chapter details the questionnaire survey, the analysis of the experts’ responses, 

and the final list of SIs to identify the key sustainability aspects and their related 

indicators related to CIS. This objective was achieved through two sub objectives: 1) 

evaluating the relative importance of the SIs, based on the experts’ opinions; and 2) 

identifying the level of frequency utilization for the SIs in the Australian context.  

 

5.2 Survey Conducted  

Towards the end of 2009, the questionnaire survey was sent to selected target experts 

in Australia, including experts from the private and public sectors. The survey 

consisted of four parts: the first part addressed the experts’ demographics; the second 

part assessed, generally, their ideas about the feasibility of applying the sustainability 

concept in the provision of infrastructure. The survey also enquired into their ranking 

of the sustainability aspects, and which of those aspects were regularly considered. 

The third part determined their ranking of the SIs in terms on their importance. The 

fourth, and last, part of the survey investigated the experts’ level of utilization 

frequency for the SIs (see Appendix A1 for further information).      
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5.3 Survey Analysis  

5.3.1  Profile of Participated Experts 

The survey analysis section introduces the composition of the expert respondents and 

their organisation profiles, and outlines the overall response rate.  

 

5.3.1.1 Total Survey Response 

Target experts were selected on two criteria: their experience in infrastructure 

projects, and their awareness of the sustainability concept for infrastructure projects. 

A total of 53 (out of 121) experts fulfilled these criteria. The experts were then invited 

to participate in the research study. From the 53 invited experts, a total of 16 

responses (about 30.1%) were received in the right format (Table 5.1). This response 

rate is considered adequate for a survey focusing on the acquisition responses of 

industry practitioners (Alreck & Settle, 1994).  

 

Table 5.1 Number of experts participated in the surveys 

Sector 
Number of Experts 

Invited Completed 

Public 15 3 

Private 38 13 

Total 53 16 

 

 

5.3.1.2 Participants by sector and type of organization  

The respondents’ came from both the public and private sectors (Table 5.2 shows the 

participants by sector and type of organisation). In the organisations surveyed, the 

majority (75%, n = 12) were private consulting companies, while only 25% (n = 4) 

were from infrastructure owner organisations. The private companies consisted of 

consulting agencies (n = 11), sole trader (n = 1), and private owner (n = 1). In the 

public organisations, all four experts were from different Australian state government 

departments.  
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Table 5.2 Participants’ sector and type of organization 

Expert Sector Type of Organization 

A Private  Consulting company 

B Private  Consulting company 

C Private  Consulting company 

D Private Consulting company 

E Public  Government Department 

F Private  Consulting company 

G Private  Consulting company 

H Private  Consulting company 

J Public  Government Department 

K Private  Consulting company 

L Private  Consulting company 

I Private  Sole trader 

O Private Owner  Private Owner 

P Private  Consulting company 

X Public  Government Department 

Y Private  Consulting company 

 

 

5.3.1.3 Participants by length of work experience 

The length of work experience of the experts ranged from six years to greater than 30 

years, with the average being 15 years. As Figure 5.1 shows, 44 % (n = 7) had more 

than 15 years experience. Such experience is assumed to have given the experts a 

sound knowledge in the field, enabling them to answer the questions with clarity and 

confidence. The other experts (56.25%, n = 9) had less than 15 years experience, 

while 25% (n = 4) of experts fell within the work experience range of 6 to 10 years. In 

the 11 to 15 years range there were 31 % (n = 5).   

 

 

 

44%

31%

25%

<15 years

11 to 15 years 

6 to 10 years 

 

Figure 5.1 Participants’ Length of Experience 
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5.3.1.4 Participants by Position   

A variety of professional positions are represented by the survey's 16 respondents; 

they can be classified into two groups. The first and largest group, representing 

68.75% (n = 11), was comprised of typical positions responsible for infrastructure 

projects, namely, engineers and consultants. This large number was expected, as it is 

the profession which is typically responsible for infrastructure development. The 

remaining respondent was one project manager.  The second experts group, 

representing 31.25% (n = 6), comprised of sustainability experts, responsible for 

sustainability planning, implementation, and assessment, for different types of 

infrastructure projects. Among the sustainability experts, three were sustainability 

advisors, one a Chief Sustainability Officer from a consulting firm, one a feasibility 

studies Manager, and one the Chairman of the National Industry Association for 

Sustainable Infrastructure Projects.  

 

 

5.3.1.5 Participants by Infrastructure Expertise   

The experts had a diverse range of infrastructure project, such as a single type of 

infrastructure projects. Three participants were experts in energy and power 

infrastructure projects; another three had expertise in transportation projects; four 

participants had experience with water and wastewater infrastructure projects; and 

two experts had expertise on infrastructure projects that support the mining industry.  

 

The other expert group had expertise in more than one infrastructure type; their main 

duty focused on feasibility studies of infrastructure development. Two experts worked 

on water and transportation projects, while another two had expertise on all types of 

infrastructure projects.   
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Table 5.3 Participants by Infrastructure Expertise 

Expert Experience Position Infrastructure Expertise 

A > 15 years Engineer / Consultant Energy and power 

B 11 – 15 years Engineer / Consultant Transportation 

C 6 – 10 years Engineer / Consultant Alumina refineries, Iron Ore Process plant, 

Underground Gold mining 

D >15 years Chairman Industry 

Association 

Sustainability Assessment for all types of 

infrastructure projects  

E >15 years Project manager Water and wastewater treatment and distribution  

Projects  

F 6 – 10 years Engineer / Consultant Rail and Port developments   

G 6 – 10 years Engineer / Consultant Water and wastewater treatment and distribution   

H >15 years Engineer / Consultant Water and wastewater treatment and distribution  

& Transportation  

J 11 – 15 years Sustainability Advisor Energy and power  

K 11 – 15 years Chief Sustainability 

Officer 

Water and wastewater treatment and distribution, 

Transportation, Energy and power, and Water 

resources  

L > 15 years Principal Civil Engineer 

and Group ITS Leader 

Transportation  

I 11 – 15 years Engineer / Consultant Water and wastewater treatment and distribution   

O 6 – 10 years Sustainability Advisor Energy and power  

P 11 – 15 years Sustainability Advisor Transportation and Water resources  

X > 15 years Feasibility  Studies 

Manager 

Water and wastewater treatment and distribution 

Y > 15 years Engineer / Consultant Resources and Mining  

 

 

5.3.2 Participants’ opinions about feasibility of sustainable CIS   

The experts’ opinion was sought in relation to the feasibility of developing workable 

sustainable CISs. Hence, they were asked whether or not a sustainable infrastructure 

concept was feasible, and to provide a justification for the response. The results show 

that thirteen out of sixteen experts gave positive responses. Only three experts gave 

negative responses. From the analysis of the experts’ justification responses, three 

themes emerged and had consensus, that is, at least three experts had reached the 

same conclusion.  
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The first theme related to adopting innovative approaches; the experts argued that the 

traditional practice tends to not lead to sustainable infrastructure systems. Thus, 

adopting an innovative approach was seen as helping to create a transition to more 

sustainable infrastructure systems. For example, one expert stated that: “A sustainable 

infrastructure system is feasible, but not in the traditional sense. For example, we 

cannot keep building out of congestion by constructing new roads. This is not 

sustainable in the long term. The infrastructure needs to be made smarter through 

advanced technologies (for example, smart transport systems or ITS), and be managed 

more efficiently”.  

 

In the second theme, the experts emphasised the role of the people to achieve 

sustainability in infrastructure development. For example, leadership and access to 

expertise were identified as major constraints to reaching the sustainability objective. 

Importantly, this view created a link between both expert groups. The previous group 

saw the need for advanced and modern approaches to reach sustainable infrastructure 

development, while this group argued that the technology to make our infrastructure 

development more sustainable was already available. Thus, one expert stated that 

“technology is not holding us back, nor finance (while there are challenges there)...it's 

the mindset and leadership that are the major constraints”. Another expert 

commented: “Technology is generally available, subject to funding and access to 

expertise”.  

 

The third theme was the whole life cycle perspective. The experts believed 

sustainability was feasible when its whole life cycle costs were accounted. From one 

expert, “When the 'whole' cost cycle is taken into account, sustainable infrastructure is 

feasible”, while another stated, “Because over the long term, the net costs of 

sustainability will be lower than our current unsustainable practices”. 

 

 

5.3.3 Sustainability aspects according to their relevance to CIS  

The experts were asked to address the sustainability aspects according to their 

relevance to sustainable CISs to determine which sustainability’s aspect(s) were 

considered as most important. Thus, they were asked to rank the main sustainability 
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aspects, extracted from the literature: economic, environmental, technical, and social. 

Also, they were allowed to add other sustainability's aspects. 

 

These results were analysed with respect to four factors (sustainability aspect mean, 

mode and rank); the experts ranked their responses in order of most relevant to the 

provision of sustainable CIS. The economic’ aspect was ranked the highest, as most 

relevant to the stipulation of sustainable CIS. The environmental aspect was ranked 

second, with the technical aspect ranked third. The social aspect was ranked fourth, 

which is means it was determined to be least relevant for sustainable CIS (see Table 

5.4). 

Table 5.4 Sustainability aspects in terms of their relevance 

Sustainability Aspect  Mean Mode Rank 

Economic 2 1 1 

Environmental 2.25 3 2 

Technical 2.75 3 3 

Social 3.125 4 4 

 

 

Other aspects were considered by some experts as independent sustainability aspects: 

equity and ethics. However, those aspects could be covered by one or more of the 

formal sustainability aspects adopted in this study. For example, equity was covered 

by the affordability indicator under the economic aspect; likewise, job opportunities 

came under the social aspect.     

 

5.3.4 Sustainability aspects regularly considered   

The study sought to determine which sustainability’s aspects were regularly 

considered by the industry’s practitioners for sustainability performance assessment. 

Hence, the participants were asked to indicate the sustainability aspects (e.g. 

sustainability aspect mean, mode and rank) that they usually consider in their 

assessment of sustainability performance.  

 

The results, reported in Table 5.5, show that 15 out of the 16 experts ranked the 

economic aspect as having the highest frequency use in their assessment for CIS. The 
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environmental aspect was ranked second rank by 14 experts. The technical aspect was 

ranked third by 13 experts, while the social aspect was ranked fourth by 9 experts.  

 

Three factors (economic, environmental, and technical aspects) were similarly ranked; 

however, the social aspect was little used. This result shows that the social aspect 

continues to lag behind the other sustainability aspects.  

 

Table 5.5 Sustainability aspects in terms of their frequency of use 

Sustainability Aspect Frequency of use Rank 

Economic 15 1 

Environmental 14 2 

Technical 13 3 

Social 9 4 

 

 

5.3.5 SIs ranking according to their importance  

Based on the experts’ perceptions, the study also sought to identify the most important 

SIs that lead into economic and technical success, as well as positive environmental 

and social impacts for infrastructure projects.  

 

The proposed indicators were divided into four categories according to the 

sustainability aspect (as presented below in Table 5.6). The experts were asked to 

assign a rank order for the listed indicators within each category, according to their 

importance, as perceived by the majority of the project stakeholders. For example, the 

economic category contained eight indicators; the ranked number (1) was given to the 

most important indicator, while the number (8) was given for least important 

indicator, the collected data were analysed by descriptive statistics, to determine the 

mean for the experts’ opinions in general, and the means for the owners and 

consultants opinions, separately. The results were used to compare the different 

stakeholders’ responses.  
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Table 5.6 SIs in terms of their importance 

Sustainability 

Aspect 
Code Indicator 

All 

N=16 

Consultants 

N=12 

Owners 

N=4 

Mean Rank Mean Rank Mean Rank 

Economic 

 

E1 Capital cost 2.25 1 2.17 1 2.5 1 

E2 Life cycle costs 3.68 3 3.75 3 3.5 3 

E3 Cost  of employment 6.75 8 6.5 8 7.5 8 

E4 Financial returns 2.375 2 2.33 2 2.5 2 

E5 Financial risk exposure 3.94 4 4.0 4 3.75 4 

E6 Improvement of  regional 

economy  

6.0 6 5.92 6 6.5 7 

E7 Affordability 4.75 5 4.92 5 4.25 5 

E8 Willingness to pay 6.19 7 6.42 7 5.5 6 

Technical 

 

 

T1 Performance 1.25 1 1.33 1 1.0 1 

T2 Reliability 2.38 2 2.5 2 2.0 2 

T3 Durability 3.44 3 3.42 3 3.5 3 

T4 Flexibility & adaptability 4.19 4 4.33 4 3.75 4 

T5 Resilience to recover 5.19 6 5.08 6 5.5 6 

T6 Vulnerability  to failure  4.56 5 4.33 5 5.25 5 

Environmental 

 

En1 Air pollution 3.38 2 3.08 2 4.25 4 

En2 Water pollution 3.0 1 3.0 1 3 1 

En3 Noise pollution 3.56 3 3.17 3 4.75 6 

En4 Waste generation 4.88 5 5.0 5 4.5 5 

En5 Visual impact 6.25 8 6.33 8 6 7 

En6 Ecological impacts  4.0 4 4.08 4 3.75 2 

En7 Natural resource 

utilization 

5.5 7 5.33 6 6 8 

En8 Climate change 

emissions 

5.0 6 5.42 7 3.75 3 

Social 

S1 Direct employment 4.06 4 4.08 4 4 3 

S2 Impact on safety 1.94 1 2.0 1 1.75 1 

S3 Risks to human health 2.44 2 2.33 2 2.75 2 

S4 Stakeholder participation 3.88 3 3.67 3 4.5 4 

S5 Public awareness & 

understanding 

4.88 

 

5 5 5 4.5 4 

S6 Heritage & culture 5.06 6 5 5 5.25 5 

S7 Indirect employment 5.81 7 6 7 5.25 5 

 

 

5.3.5.1 Economic Indicators  

Eight (8) economic indicators were used in the survey. Most of indicators come from 

the literature relevant to sustainable infrastructure development, which are believed to 

measure sustainability performance in the whole infrastructure lifecycle. As explained 

in Chapter Two, the indicators were classified into two levels: micro and macro.  

 

The capital and lifecycle costs, the financial returns, the cost of employment, and the 

financial risk exposure indicators represent economic performance at the micro level, 
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while improvement in regional economy, affordability, and willingness to pay 

represent the macro level.    

 

However, in the questionnaire survey, all the indicators were tabled without any 

designation in their level. This approach was taken to avoid influencing the 

participants’ answers, and also to see which sustainability level was considered the 

most important. 

 

The opinions of the experts showed no difference in their perceptions about the 

ranking of the indicators in terms of their economic importance (see Table 5.6). The 

most important economic indicator of civil infrastructure sustainability was the 

capital cost, which was ranked first, while in second place was financial returns. This 

outcome is understandable as, in public infrastructure projects, the capital cost 

financial returns are usually the main driver indicators. In other words, when a cost-

benefit analysis is conducted, the other economic indicators have a lesser role. Thus, 

practitioners are first concerned with the capital coast and financial returns values 

when assessing economic sustainability. From the above overview, it is apparent why 

the two indicators were ranked at the top.         

 

In contrast, the cost of employment was ranked as the least important indicator. Hence, 

the cost of employment indicator has the least significant role in the sustainability 

assessment, from both the owners’ and the consultants’ points of view. This indicator, 

however, might have received a different ranking if construction contractors had been 

part of the survey, especially as the contractors are typically concerned with the cost 

of employment.   

 

The difference between the two types of stakeholders occurred with the lowest ranked 

indicators. For example, the improvement of the regional economy was ranked sixth 

by the consultants, while it was ranked seventh by the infrastructure owners. Another 

difference occurred with the ‘willingness to pay’ indicator, which was ranked seventh 

by the consultants, while it was ranked sixth by the infrastructure owners. 

Furthermore, the results showed that all economic indicators that represented the 

micro sustainability level of the infrastructure project were ranked first. The indicators 

considered to represent the macro level were ranked lowest.  
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5.3.5.2 Technical Indicators  

The six indicators were used in the technical aspect of the questionnaire survey. The 

indicators included quantitative indictors (such as reliability and durability), and 

qualitative indicators (such as system performance). There was no difference in the 

final rank of the technical indicators in terms of their importance, whether the 

aggregate rank was assigned by all the experts, or the consultants and the owners, 

separately. The top three indicators were performance (overall mean 1.25), reliability 

(overall mean 2.38), and durability (overall mean 3.44). The high ranking of 

performance and reliability were confirmed in a recent study, by Chong et al. (2009), 

conducted in the USA. The authors found that performance and reliability were 

identified as the important issues to be included in sustainability performance 

frameworks.      

 

The flexibility and adaptability indicator was ranked fourth (overall mean 4.19), while 

vulnerability to failure was ranked the second least significant indicator, and 

resilience to recover was ranked as the least important. This outcome was unexpected 

as the role of resilience, and its function toward reaching a sustainable infrastructure 

system, has been discussed widely in recent years (Fiksel, 2006; Friesz, Chung, & 

Weaver, 2010; Gotts, 2007; Wang & Blackmore, 2009).  

 

However, measuring resilience is still contentious in the scientific community. 

Moreover, there is no well established method that can be used for measuring 

resilience of an infrastructure system (Boyle et al., 2010). These shortcomings have 

been reflected in the industry, and are confirmed by the experts as being of least 

importance in quantifying the sustainability performance of CIS.   

 

5.3.5.3 Environmental Indicators  

The eight environmental indicators (at the micro level: air pollution, water pollution, 

noise pollution, waste generation, and visual impact; and at the macro level: 

ecological impacts, natural resource utilization, and climate change emissions) were 

selected to represent the environmental impact resulting from infrastructure 

construction. These impacts can occur at any stage of the infrastructure lifecycle.   
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The most important environmental indicator was water pollution (ranked first by all 

experts), followed by air pollution as ranked second, which reflected its rating as a 

major concern for Australian urban communities (Department of Environment and 

Heritage, 2004). Conversely, the visual impact was ranked as the least important 

indicator. At the macro level, ecological impacts was raked first, followed by natural 

resources utilization and climate change emissions, respectively (see Table 5.6).  

 

The priority rating of air pollution and ecological impacts appears to depend on the 

project lifecycle stage. As found in most sustainability assessment reports, the 

assessing team typically looks at the degree of the ecological impacts that might occur 

as a result of development of the proposed projects; while air pollution is usually 

considered after the event ( i.e. during the operational stage of the system). 

 

In this category of indicators, the perceptions between the two groups of participants 

differed with respect to the level of importance of each indicator. For instance, the 

climate change emissions indicator was ranked third by the owners, but seventh by the 

consultants. Perhaps the ranking related to the prominence given to climate change in 

today’s current affairs, and the concerns about climate change being strongly 

advocated by the Australian Federal and State Governments. For example, new 

legislation (Integrated Transport Act 2010) enacted by the Victorian Parliament has 

outlined a new framework for assessing transport schemes, with an emphasis on 

sustainability. As a consequence, the climate change emissions indicator is expected 

to be quantified for any new transport system scheme. This legislation is may justify 

why the owners have considered the climate change emissions indicator as being at 

the top environmental indicators.   

 

5.3.5.4 Social Indicators  

One area identified as needing more research effort in the field of sustainable 

infrastructure systems was social aspect. Indeed, it has only just recently drawn some 

attention towards its important role in achieving sustainability objectives in the 

context of infrastructure development (Edum-Fotwe & Price, 2009). Seven social 

indicators were addressed by the questionnaire. As seen in Table 5.6, the impact on 

safety indicator was ranked first by all participants, while the risk to human health 
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indicator was ranked second. This finding further reinforces earlier research (Ugwu et 

al., 2006), in which safety and health indicators were ranked top of the SIs.  

 

A little surprisingly, the stakeholder participation was ranked third most important 

indicator, despite there is no universal agreement within the scientific community on 

definitions for stakeholders’ participation and inclusion (Hurley, Ashley, & Mounce, 

2008). Indeed, this indicator is considered to be one of the most difficult indicators to 

reliably quantify. According to Hurley et al. (2008), stakeholder participation requires 

that further efforts be made on encouraging the public to participate, along with 

additional funding and education. However, there is a growing concern from industry 

practitioners about the important role of stakeholder participation, and public 

awareness and understanding to achieving sustainable development.  

 

The heritage and culture indicator, which was ranked second lowest in significance, 

may have been rated higher if Australian were more heritage conservationist, as in 

Great Britain. In Australia, there are few heritage buildings with the potential for a 

negative impact from new infrastructure development. Therefore, the locality (region 

or country) has importance in terms of the developed indicators, with each locality 

having its own sustainability priorities.             

 

5.3.6 SIs ranking according to frequency of utilization  

The main objective of identifying the 29 SIs by frequency of use is to discover the 

participants’ current utilisation level, in practice. (These indicators were used in the 

previous section.) . A four point Likert scale was used to categorise the answers, with 

1 representing “never” and 4 representing “often”. Thus, a low score shows a low 

utilisation level for the indicator, while a high score shows a high utilisation level. 

 

The data collected for the indicators were based on the number of responses from the 

two categories of the respondents (consultants and owners). From the frequency 

analysis, the aggregate response was calculated to determine the ranking of each 

indicator. The average frequency of utilization level for each indicator was calculated, 

using the following formula (Arditi & Chotibhongs, 2005):  
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Average frequency (Aver.)=  

 

Where the number of respondents who answered often is shown by A; sometimes by 

B; seldom by C and never by D.  

 

The above method is reasonably straightforward and suitable for the current study; it 

is achieved by asking the participants to indicate the level of their utilisation of the 

sustainability indicator on a fixed scale. While this section has addressed the general 

results of related to frequency of utilisation of the SIs, each sustainability indicator is 

discussed separately in the following sections (5.3.6.1 to 5.3.6.4).     

 

Table 5.7 SIs in terms of their frequency of utilisation 

     Aspect Code Indicator 

All 

N=16 

Consultants 

N=12 

Owners 

N=4 

Aver. Rank Aver. Rank Aver. Rank 

Economic 

 

E1 Capital cost 1.0 1 1.0 1 1.00 1 

E2 Life cycle costs 0.87 4 0.85 4 0.94 2 

E3 Cost  of employment 0.64 8 0.58 8 0.81 4 

E4 Financial returns 0.89 3 0.87 3 0.94 2 

E5 Financial risk exposure 0.92 2 0.89 2 1.00 1 

E6 
Improvement of  regional 

economy  

0.71 7 0.67 7 0.88 3 

E7 Affordability 0.86 5 0.83 5 0.94 2 

E8 Willingness to pay 0.75 6 0.73 6 81.25 4 

Technical 

 

 

T1 Performance 0.97 1 0.96 1 1.00 1 

T2 Reliability 0.97 1 0.96 1 1.00 1 

T3 Durability 0.91 2 0.88 2 1.00 1 

T4 Flexibility & adaptability 0.86 3 0.83 4 0.94 2 

T5 Resilience to recover 0.75 5 0.75 5 0.75 4 

T6 Vulnerability  to failure  0.84 4 0.85 3 0.81 3 

Environmental 

En1 Air pollution 0.83 3 0.81 3 0.88 3 

En2 Water pollution 0.89 1 0.85 1 0.10 1 

En3 Noise pollution 0.83 3 0.79 4 0.94 2 

En4 Waste generation 0.83 3 0.77 5 0.10 1 

En5 Visual impact 0.75 5 0.67 8 0.10 1 

En6 Ecological impacts  0.87 2 0.83 2 0.10 1 

En7 
Natural resource 

utilization 

0.79 4 0.75 6 0.94  2 

En8 Climate change emissions 0.75 5 0.71 7 0.88 3 

Social 

S1 Direct employment 0.73 5 0.73 6 0.75 3 

S2 Impact on safety 0.98 1 0.10 1 0.94 1 

S3 Risks to human health 0.94 2 0.94 2 0.94 1 

S4 Stakeholder participation 0.84 3 0.81 4 0.94 1 

S5 
Public awareness & 

understanding 

0.84 3 0.83 3 0.88 2 

S6 Heritage & culture 0.79 4 0.77 5 87.50 2 

S7 Indirect employment 0.66 6 0.63 7 75.00 3 
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5.3.6.1 Economic Indicators  

Within the economic indicators, the capital cost was the most frequently utilized 

indicator (see Table 5.7). The second most regularly used indicator was financial risk 

exposure, which was ranked first by the owners, and second by the consultants. Based 

upon the aggregated opinions' of all experts, financial returns was ranked third, with 

the life cycle costs ranked fourth. These two indicators received the same rank by the 

experts from the consultants group, while the financial returns and life cycle cost 

indicators were ranked second by the owners. Another indicator ranked second by the 

owners was affordability. However, affordability was ranked fifth by the consultants, 

while being ranked fifth according to the aggregated results of all the experts. This 

differing result is an anomaly caused by the larger number of consultants; there were 

triple the number of consultants compared to the number of owners. As a 

consequence, the overall rank tended to favour the consultants ranking. 

 

Notably, the Improvement of regional economy indicator was ranked the second 

lowest frequently utilized indicator. This result was unexpected due to the well-

recognized role of infrastructure projects in the enhancement of regional economy. A 

possible explanation for this result is that, the participants could have been more 

interested in the micro (project level) than the macro objectives of the sustainable 

infrastructure systems.  Additionally, cost of employment was ranked the lowest 

frequently used indicator according to all the groups, as well as the aggregation.   

 

5.3.6.2 Technical Indicators  

In practice, the conventional technical indicators (performance, reliability, and 

durability) were ranked among the top technical indicators in terms of their use 

frequency. Performance and reliability were ranked first, while durability was ranked 

second by the aggregated expert opinions (generally) and the expert consultants 

specifically. Additionally, the indicators were also ranked first by the owners.   

 

The flexibility and adaptability indicator for future change was found in the literature 

review to be amongst the most important indicators. However, the current study 

showed that, while this indicator has a high level of utilisation in practise, it was 

ranked third, overall, and second by the owners.  
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The vulnerability to failure indicator was ranked second lowest in frequency of use, 

while it was ranked third by the consultants, and by the owners. Resilience to recover 

was ranked the first lowest regularly used indicator, overall, and received the same 

ranking by the consultants and by the owners (Table 5.7).     

 

5.3.6.3 Environmental Indicators  

In terms of environmental indicators (see Table 5.7), water pollution was considered 

the most frequently utilized indicator among all environmental indicators; based upon 

aggregated index score of all the participants, it was ranked first. The second most 

utilized indicator was ecological impacts; its ranking can be attributed to the 

aggregated participants’ responses. Further, it was ranked first from the 

infrastructures’ owners’ perspective.  

 

According to the participants’ aggregated responses, air, noise pollution, and waste 

generation were ranked as the third environmental indicators. Natural resources was 

ranked as the second lowest frequently used indicator, while climate change emissions 

and visual impact were ranked as the lowest regularly utilized indicators.  

 

In contrast, however, the ranking of the SIs, based on their utilisation level, were 

found to differ according to the type of participant. For instance, from the owners' 

viewpoint, water pollution, waste generation, visual impact, and ecological impacts 

were the most utilised indicators, as all these indicators were ranked first. Noise 

pollution and natural resource utilisation were ranked second, while air pollution and 

climate change emissions were ranked third.    

 

Nevertheless, it appears that the ranking of the environmental indicators were more 

frequency utilised by the owners than the consultants. For example, the consultants 

ranked air pollution third, noise pollution fourth, and waste generation fifth. With 

respect to the lowest frequently utilised indicators, climate change emissions was 

ranked seventh, and visual impact was ranked eighth.     
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5.3.6.4 Social Indicators  

Social indicators were the most difficult to deal with among all the SIs, especially in 

terms of their quantification. This problem arises as most of the social indicators are 

qualitative (Ashley et al., 2008a). Thus, it was interesting to identify the utilisation 

level for these indicators in the real world.      

 

Significantly, the impact of an infrastructure project on the overall safety of its 

surroundings was ranked as the most frequently used indicator. The impact of risks to 

human health, due to CIS failure or non-existence was ranked as the second most 

regularly employed indicator.  

 

Direct and indirect employment opportunities, from implementing the CIS in the local 

labour market, were ranked as the least frequently used indicators. However, it is 

interesting to note that there is a growing concern from industry practitioners about 

the importance of the role of stakeholder participation and public awareness (ranked 

third in the survey). As a consequence, understanding the mechanism for achieving 

sustainable development in infrastructure projects was also important (Table 5.7).  

 

5.3.7 Comparison between important and utilisation level ranks.     

A comparison was made between the SIs’ importance and their utilisation level 

scores. This comparison helped to identify which indicators had the higher score; such 

data would be used in developing the new FCM model. To compare the indicator 

scores for importance and utilisation level (see Tables 5.6 and 5.7), the indicators 

ranks based on those two factors were used.  

 

Regarding the economic indicators, the analysis revealed that the most important and 

frequently utilized economic indicator was capital cost, which was ranked first by all 

the experts. On the contrary, the cost of employment was ranked as the least important 

and least frequently utilized indicator. Hence, the cost of employment indicator has the 

least significant role in the sustainability assessment. Notably, the improvement of 

regional economy indicator was ranked the second lowest frequently utilized 

indicator, and sixth in terms of its importance.   
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It can be concluded that the capital cost, affordability, and cost of employment 

indicators have an importance ranking that is similar to that of their level of 

utilization. The difference between their importance rank and utilization rank of the 

remaining indicators was marginal (in many cases it was no more than 1 unit); for 

example, financial returns was ranked second on its importance, and ranked third on 

its utilization level.  

 

As stated earlier, there are two levels of sustainability performance of infrastructure 

system: the micro and the macro levels. The analysis revealed that the top two 

indicators from the micro level were capital cost and financial returns, while the top 

indicator from the macro level was affordability. Hence, those three indicators have 

been selected to represent the economic aspect in developing the FCM model 

(Chapter 6).   

 

In the technical indicators, performance, reliability and durability were ranked as the 

top three. In contrast, the vulnerability to failure and resilience to recover were 

ranked as the least important and least frequently utilized indicators.  Moreover, the 

flexibility and adaptability of the system, for future change, was considered as one of 

the most important indicators. Hence, it is not surprising that this indicator has a high 

level of utilization in practice, being ranked third. Within, this study, the ranking 

orders for both level of importance and level of utilization were similar for each of the 

six indicators.  

 

As all technical indicators were considered to represent the micro level, only two 

indicators were selected from this category. Therefore, as the top two indicators, 

performance and reliability were chosen for the next research stage (Chapter 6).        

 

Regarding the environmental indicators, the most important and frequently utilized 

indicator is water pollution, ranked first by all respondents, while, Air pollution 

ranked second. Conversely, the second most frequently utilized indicator, as 

perceived by the participants, was ecological impacts.  

 

The difference between the importance and utilization level ranking was noticeable, 

especially among the environmental indicators at the lower end of the scale. For 
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example, the natural resource indicator was ranked seventh in terms of its 

importance, whereas it was ranked fourth in terms of its utilization level in practice. In 

terms of the top three indicators (Water pollution, Air pollution, and Noise pollution), 

there was no significant difference between their rankings. Water pollution was 

ranked first for both importance and utilization level; noise pollution was ranked third 

for both variables; and air pollution was ranked second for its importance, and third 

for its utilization level. Therefore, to select the key indicators from a whole list of 

environmental indicators, the same procedure that was used for the previous indicator 

categories has been used here (i.e. the top micro and macro levels). Thus, water 

pollution and air pollution were chosen for the micro level, while the ecological 

impacts indicator was selected to represent the macro level of the environmental 

indicators.         

 

In the social indicators, the top three important and frequently utilized indicators 

were impact on safety, risks to human health, and stakeholder participation indicators 

respectively.  Furthermore, the analysis found no difference between the importance 

and utilization ranking for the top three social indicators. Nevertheless, a difference 

was identified among the remaining indicators. For instance, the public awareness 

and understanding indicator was ranked fifth in terms of its importance for attaining 

sustainability in an infrastructure system, while it was ranked third in terms of its 

utilization level. Consequently, in the light of the ranking results, the impact on safety 

and risks to human health indicators were nominated as representing the social 

indicators at the micro level, while the stakeholder participation was selected to 

represent the macro indicators. Thus, the selected list of the SIs is shown in Table 5.8. 

 

Table 5.8 Selected SIs 

Aspect Code Indicator 

Economic 

C1 Capital cost 

C2 Financial returns 

C3 Affordability 

Technical 
C4 Performance 

C5 Reliability 

Enviromnental 

C6 Air pollution 

C7 Water pollution 

C8 Ecological impacts 

Social 

C9 Impact on safety 

C10 Risks to human health 

C11 Stakeholders participation 
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5.4 Summary  

This chapter presented the results of the data analysis from the questionnaire survey. 

The survey was undertaken to explore the perceptions of a sample of Australian 

experts (both owners and consultants) regarding the importance of the sustainability 

aspects and indicators that should be used to evaluate sustainability performance for 

infrastructure systems. The results are reported in this chapter.  

 

The survey first asked the experts about the feasibility of the sustainability concept 

application in CIS. The results demonstrate that most experts believe in the viability 

of planning, designing, and constructing CIS in a sustainable way. Next, the experts 

were asked about the importance, and the current level, of utilization of the 

sustainability aspects and their indicators; the findings were determined and 

compared. The results show that the four aspects (economic, environmental, technical, 

and social), identified from the literature, were considered as important, and are 

indeed used by the practitioners in industry.   

 

The current research aimed to develop a FCM model specifically related to SIs in the 

context of CISs. Eleven, of the original 29 indicators, were utilised in developing the 

FCM model. These indicators were ranked as the top indicators in terms of their 

importance and utilization at the micro and macro levels. Next chapter presents the 

outcomes from constructing the FCM model. 
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CHAPTER 6.  CHAPTER 6 SUSTAINABILITY INDICATORS FCM MODEL 

6.1 Introduction  

This chapter presents the FCM model and outlines the final results for constructing 

the FCM model. Due to the importance of this phase of the research, the results of 

each step of the construction model process are given, in addition to the FCM analysis 

results obtained from the static analyses. This chapter is divided into three parts: part 

one presents the experts’ (i.e. the owners’ and consultants’) demographic profiles. 

Part two illustrates the procedure and steps for constructing the FCM model; and three 

FCM models derived from 1) the consultants, 2) the owners, and 3) aggregated 

knowledge of all experts from both groups.  

 

Part three discusses the FCM analysis results obtained from the static analyses of the 

FCM models presented in the second part of this chapter. The general aim of the FCM 

analysis was to examine the characteristics of the developed FCM models. The 

analysis also investigated the differences among the three FCM models based on the 

consultants’ expert knowledge and the infrastructure owners’ knowledge. This 

analysis was used to explore how the type of infrastructure project stakeholder affects 

the FCM modelling results.      

 

6.2 Sources of Data  

In the relevant literature, both quantitative and qualitative data were utilized to 

construct a variety of FCM. The FCM based on hard data (such as historical and 

experimental data) has been considered the most reliable and accurate. However, due 

to a variety of circumstances (such as unavailability of data, and incapability of data 

in case of modelling qualitative variables) the qualitative data is considered as an 

alternative source of data (Froelich & Wakulicz-Deja, 2007). Qualitative data is 

typically acquired from experts who are familiar with the variables being studied. For 

example, if we need to construct an FCM model for medical decision support, 

physician-experts’ knowledge will be used to develop the FCM model (Papageorgiou, 

Papandrianos, Karagianni, Kyriazopoulos, & Sfyras, 2009). 
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6.2.1 Selection of Experts for Interview  

In the present thesis, the experts’ knowledge has been utilized to construct the FCM. 

To improve the quality of the data particular attention has been paid to their 

knowledge and experience. Consequently, to ensure that the correct experts have been 

selected (explained in the research methodology, Chapter 4, section 4.6.2), a set of 

criteria had to be met by the candidate expert, namely: 

 Expert’s experience in construction industry, 

 Expert’s experience in civil infrastructure projects, and 

 Expert’s experience in sustainability assessment for civil infrastructure projects. 

 

Following the identification of the key SIs for CISs (were obtained from the survey; 

the results are explained in the previous chapter), interview sessions were conducted 

with the experts. These individual interviews with the experts (mostly at their 

workplaces) sought to acquire further knowledge about the SIs. The experts were 

approached once the organisations, with expertise on CIS sustainability, were 

determined. Invitation letters were sent to the target experts through their email 

addresses. The letters contained a brief background about the research project. Also, a 

summary of the results obtained from the questionnaire survey was included. The 

summary included the key SIs and their descriptions. Then, each invitation letter was 

followed up by a phone call to all invited experts, whether they responded to the 

initial email or not. 

 

6.2.2 Experts’ Demographic Profiles 

To build the FCM model for the SI, advice was taken from the final panel of 12 

experts experienced in sustainability assessment for civil infrastructure development. 

The experts belonged to both the public and private sectors. Seven experts, with 

experience were as sustainability advisers and senior engineers, comprised the 

industry group. Their expertise was gained through their consulting companies 

offering their services to both local and international infrastructure development 

projects. The second group comprised of experts from government departments that 

had already implemented sustainability policy for their infrastructure projects. These 

sustainability advisers, feasibility study managers, project managers, and senior 
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engineers were chosen as the target experts for the government departments group. 

Five experts were interviewed from that group. In total, ten interview sessions were 

held. Where there were more than one expert from the same organisation, they were 

interviewed together. Table 6.1 presents a profile of the experts from both groups. 

 

Table 6.1 Profile of expert panellist 

FCM 

# 

Expert 

# 
Designation Qualification Affiliation 

Industry 

(years) 

Sustainability 

(years) 

FCM1 A 

Sustainability 

Evaluation 

Leader 

MSc (Env Sc) 
Consulting 

company 
20 15 

FCM2 

B Senior Engineer BSc (Civil Eng) 
Consulting 

company 
18 11 

C 
Senior Civil 

Engineer 

MEng (Civil 

Eng) 

Consulting 

company 
15 5 

FCM3 D 

Principal Civil 

Engineer and 

Group ITS 

Leader 

PhD (Civil Eng) 
Consulting 

company 
27 27 

FCM4 E 
Env. & Planning 

Manager 

BSc 

Transportation  

Planning 

Consulting 

company 
23 23 

FCM5 F Consultant 
BSc (Mech 

Eng) 

Consulting 

company 
25 10 

FCM6 G Senior Engineer 
MSc (Env. 

Manag) 

Consulting 

company 
15 8 

FCM7 

H 
Env. Manag. 

Team Leader 
PhD (Env Eng) 

Public  

owner 
15 5 

J 
Senior Env. 

Planning Officer 
BSc (Env Sc) 

Public  

owner 
5 5 

FCM8 K Project Manager BSc (Civil Eng) 
Public  

owner 
15 5 

FCM9 L 
Feasibility  

Studies Manager 
MSc (Env Eng) 

Public  

owner 
30 10 

FCM10 I 
Governance 

Manager 
MSc (Planning) 

Public  

owner 
30 9 

 

In the next section, the steps taken to construct steps the FCM model are discussed in 

detail. 

 

6.3 The Steps of Constructing FCM Model 

The procedure used to construct the FCM has great importance for its potential to 

sufficiently model a system under study. This section illustrates the adopted 

procedure, and starts by identifying the potential SIs that are used as the concepts in 

the FCM modelling process. The causal relationships among the concepts are 
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identified, with the strength of the causal relationships estimated. Finally, an 

aggregation of the individual FCMs is conducted (as explained in the previous 

section, multi experts were consulted to develop the FCM model). As a consequence, 

each expert generated a different map; thus, a aggregation step is needed to generate a 

final FCM model which is based on the collective experts’ knowledge.  

 

An expert-based method usually consists of three steps; however, when more than one 

expert participates in the modelling process, the aggregation step is added (Khan & 

Quaddus, 2004), as follows; 

Step 1. Identification of important concepts;  

Step 2. Identification of causal relationships among the concepts;  

Step 3. Estimation of the strength of the causal relationship; 

Step 4. Aggregation of FCM Maps.   

 

In the following subsections, the result that obtained from application of the above 

steps is discussed in detail.     

 

6.3.1 Identifying relevant indicators  

As explained in Chapter 5, a total of 11 SIs were identified as the key indicators that 

are considered most important and frequently used to assess the sustainability 

performance in an infrastructure project.   

 

To confirm whether the selected indicators are appropriate (or not) for use as FCM 

model concepts, each expert was asked to review and confirm that veracity of the 

shortlisted indicators, at beginning of each interview session. The experts all agreed 

that the indicators were appropriate.   

 

Therefore, the key SIs were used in the cognitive mapping exercise conducted with 

the early expert consultant group (as identified in Chapter 5). Hence, the individual 

FCM models, generated by each expert from both groups, consisted of the SIs based 

on the organisation type. These indicators were classified in four aspects:  economic, 

technical, environmental, and social (Table 6.2).    

 



 

147 

 

Table 6.2 SIs List 

Aspect Code Indicator Description (Used to measure) 

Economic 

C1 Capital cost 
The all up-front expenditure incurred in the 

procurement and delivery of the CIS. 

C2 Financial returns 

The ratio between the amount of revenue generated to 

the amount of capital invested over the CIS 

operational life, expressed as a percentage. 

C3 Affordability 
The ability of the users and consumers to pay for the 

services delivered/ provided. 

 

Technical 

C4 Performance 
The ability of the CIS to provide the planned/expected 

quality of the service or product.    

C5 Reliability 
The probability of CIS failure (likelihood of system 

failing).  

Enviromnental 

C6 Air pollution 

The extent of air pollution levels (smog, dust, odours, 

smoke, and hazardous emissions) that will result from 

building or operating CIS. 

C7 Water pollution 
The impact of CIS in water bodies (groundwater and 

surface water) relevant to its site and the surrounding. 

C8 
Ecological 

impacts 

The impacts CIS have on water, land, air and 

biodiversity. 

Social 

C9 Impact on safety 
The impact of a new or expansion of CIS, on the 

overall safety of its surroundings. 

C10 
Risks to human 

health 

The impact of risks to human health, due to CIS 

failure or non-existence. 

C11 
Stakeholders 

participation 

The degree of participation of stakeholders in the 

decision-making during CIS planning. 

 

 

6.3.2 Identification of causal relationships  

The aim of the identification of causal relationships step was to recognise the causal 

relationships between the selected SIs, based on the experts’ knowledge and 

experience they gained through working on different projects. During the interview 

sessions, a few questions were asked to elicit expert knowledge on the causal 

relationship for each indicator with all other indicators.  

 

First, each expert was asked to examine the relationship between each pair of 

indicators, and whether a relationship existed between them or not. If the answer was 

yes, the expert was asked to identify the direction of the relationship “influence” of 

the one indicator on the others. Then, they determined whether that influence was 

negative or positive. In a positive relationship, an increase or decrease in the cause 

indicator causes the effect indicator to move in the same direction. In a negative 
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relationship, the cause indicator causes the effect indicator to move in the opposite 

direction.   

 

Finally the expert was asked to estimate the strength of the influence using five 

linguistic variables: very weak, weak, moderate, strong, and very strong. These 

variables allowed the expert to express, in detail, the influence of one indicator on the 

others, and to distinguish between the different degrees of influence. The 

corresponding membership's functions for the five linguistic terms are shown in 

Figure 6.1, while the fuzzy values for the relationship strength are shown in Table 6.3.  

 

Influence

-0.25 0 0.25 0.5 0.75 1.0

μZ

-0.5-0.75-1.0

μVS μS μM μW μW μM μS μVSμVW

 

Figure 6.1 Membership functions of linguistic term influence 

 

 

Table 6.3 Fuzzy set sign for each linguistic term 

Strength of relationship  Symbol  Fuzzy Value 

Very weak VW (0,0,0.25) 

Weak  W (0,0.25,0.5) 

Moderate  M (0.25,0.5,0.75) 

Strong  S (0.5,0.75,1) 

Very strong  VS (0.75,1,1) 

 

 

Once the relationship between each pair of indicators was confirmed by the expert, 

they assigned the strength of relationship by using the linguistic terms shown in Table 

6.3. The result from each expert for the ten interview sessions is presented separately 

in Table 6.4.        
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Table 6.4 FCM results in linguistic terms 

Causal  

Relationship 

Consultants  Experts Owners Experts   

E1 E2 E3 E4 E5 E6 E1 E2 E3 E4 

C1-C2 M 0 0 0 0 -S 0 0 -M -M 

C1-C3 -M -M -M 0 -VS -M 0 0 -M -VS 

C1-C4 W M M 0 S M W VW M S 

C1-C5 W M M 0 S M W M M S 

C1-C6 -M W W 0 W -M W W -M -M 

C1-C7 -M -M -M 0 W -M -W -M -M -M 

C1-C8 -M W W 0 W -M W -M -M -M 

C1-C9 M 0 0 0 W -S -VS -M -M -M 

C1-C10 -W 0 0 0 W -W -W 0 -W -M 

C1-C11 VW M M 0 -S 0 M M 0 0 

C2-C1 M 0 0 -M 0 -S 0 0 0 0 

C2-C3 -W S S S -S -S 0 0 0 M 

C2-C4 M W W 0 VS -S 0 0 0 0 

C2-C5 M W W 0 VS -S 0 0 0 0 

C2-C6 -M -M -M 0 S W 0 0 0 0 

C2-C7 -W -W -W 0 S W 0 0 0 0 

C2-C8 -M -M -M 0 S W 0 0 0 0 

C2-C9 W W W 0 VS W 0 0 0 0 

C2-C10 W W W 0 VS M 0 0 0 0 

C2-C11 W 0 0 0 -W 0 0 0 0 0 

C3-C1 -M -M -M -M 0 -M 0 0 M 0 

C3-C2 -W S S S S -S 0 0 -S 0 

C3-C4 W -M -M -S S -W 0 0 M VS 

C3-C5 -VW -M -M -S -W -M 0 0 M VS 

C3-C6 W W W M VS -W 0 0 -M -W 

C3-C7 -W -W -W S S -W 0 0 -M -W 

C3-C8 M M M S M -W 0 0 -M -W 

C3-C9 -W -W -W -S -VS -W 0 0 -M -M 

C3-C10 -M -M 0 -M VS -S 0 0 -M -M 

C3-C11 -W -W W M -M W 0 0 0 0 

C4-C1 W M M M 0 0 S M 0 0 

C4-C2 M M M -S -VS 0 0 0 -S S 

C4-C3 W -M -M -S -S 0 0 0 0 0 

C4-C5 S S S VS 0 S 0 M S VS 

C4-C6 -M -M -M 0 0 -M 0 -S -S -S 

C4-C7 -M -M -M -S 0 -M 0 -M -S -M 

C4-C8 -M -M -M 0 -S -M -W -M -S -S 

C4-C9 -S -S -S 0 0 -W -S -M -S -M 

C4-C10 -M -M -M 0 -VS -S 0 0 -M -S 

C4-C11 M S S 0 VS S 0 0 0 0 

C5-C1 W M M S 0 0 S VW 0 0 

C5-C2 M M M -S -VS 0 0 0 -S S 

C5-C3 -VW -M -M -S W 0 0 0 0 0 

C5-C4 S S S VS -VS S 0 S S VS 

C5-C6 -S -M -M 0 -S -M 0 -S -S -S 

C5-C7 -S -M -M -M -S -M 0 -M -S -S 

C5-C8 -M -M -M 0 -S -M -W -M -S -S 

C5-C9 -S -M -M -W -S -W -S -M -S -VS 

C5-C10 -W -M -M 0 -S -S 0 0 -S -S 

C5-C11 W W W 0 -S S 0 0 0 0 

C6-C1 W M M W -W 0 -W 0 0 0 

C6-C2 -M -M -M -S -S 0 0 0 -M 0 

C6-C3 -VW -M -M -M -VS 0 0 0 0 0 

C6-C4 -M -M -M 0 0 0 0 -W 0 0 
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Table 6.4 (continued) 

Causal  

Relationship 

Consultants  Experts Owners Experts   

E1 E2 E3 E4 E5 E6 E1 E2 E3 E4 

C6-C5 -M -M -M 0 0 0 0 -W 0 0 

C6-C7 VW W W 0 0 0 0 -S W W 

C6-C8 VS S S VS S VS 0 S S S 

C6-C9 M M M 0 -S W M M S S 

C6-C10 S S S VS -S VS 0 0 S S 

C6-C11 VS S S M S M 0 S 0 S 

C7-C1 W M M S -W 0 W 0 0 0 

C7-C2 -W -W -W -S -S 0 0 0 -M 0 

C7-C3 -W -M -M -M -S 0 0 0 0 0 

C7-C4 -M -M -M -S 0 0 0 0 0 0 

C7-C5 -M -M -M -M 0 0 0 0 0 0 

C7-C6 W S S 0 0 0 0 0 0 0 

C7-C8 M S S VS S VS 0 W M S 

C7-C9 M S S W VS W -W W M S 

C7-C10 S S S VS VS VS 0 0 M S 

C7-C11 S S S -M VS M 0 W 0 S 

C8-C1 -M M M M -W 0 -M 0 0 0 

C8-C2 -M -M -M 0 -S 0 0 0 -M 0 

C8-C3 W W W S -M 0 0 0 0 0 

C8-C4 -M -M -M 0 0 0 0 -M -M 0 

C8-C5 -W -M -M 0 0 0 0 -M 0 0 

C8-C6 S S S VS S 0 0 S 0 0 

C8-C7 M M M VS S 0 0 0 0 0 

C8-C9 0 W W 0 0 0 0 S S S 

C8-C10 M S S S -M M S M M VS 

C8-C11 S M S -M S M -M M 0 S 

C9-C1 M M W S -W 0 -VS 0 S 0 

C9-C2 -W -W -W -S -VS 0 0 0 -M 0 

C9-C3 -W -M -W -S -M 0 0 0 0 0 

C9-C4 -S -S -S -S 0 0 -S 0 0 0 

C9-C5 -S -M -M -W 0 0 -S 0 0 0 

C9-C6 0 M W 0 S 0 0 0 0 0 

C9-C7 0 0 0 W 0 0 0 0 0 0 

C9-C8 0 W W 0 VW 0 -M 0 0 0 

C9-C10 VS S S VS VS M VS 0 0 VS 

C9-C11 S M M M M S M W M S 

C10-C1 M W W W -W 0 M 0 0 0 

C10-C2 -M -M -M -S -VS 0 0 0 -M 0 

C10-C3 0 0 0 -M -VS 0 0 0 0 0 

C10-C4 -M -M -M 0 -VW 0 0 0 0 0 

C10-C5 -W -M -M 0 0 0 0 0 0 0 

C10-C6 0 S S VS S 0 0 0 0 0 

C10-C7 0 -S -S VS 0 0 0 0 0 0 

C10-C8 W M M S -M 0 0 0 0 0 

C10-C9 VS S S VS VS 0 VS 0 0 VS 

C10-C11 S S S -W VW M 0 0 0 VS 

C11-C1 VW W W M S 0 M VW 0 -M 

C11-C2 W W W -S W 0 0 0 0 0 

C11-C3 W 0 0 M M M 0 0 W S 

C11-C4 M S S 0 -W S 0 0 W M 

C11-C5 0 W W 0 0 S 0 W W -M 

C11-C6 -S -M -S -M -M -S 0 -M -W -M 

C11-C7 S -M -M -M VS -S 0 -M -W -M 

C11-C8 -S -M -S -M -VS -S -M 0 -W -M 

C11-C9 -M -M -M -M M -S -M 0 -W -M 

C11-C10 -S -M -M -W -W -S 0 0 -W -S 
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6.3.3 Aggregation of FCM Models   

Commonly, the responses vary from expert to expert, as their judgments are usually 

based on their different expertise and experiences. For example, they assigned 

different linguistic terms to the strength of relationship between indicators, as seen in 

Table 6.4.   

 

With the aim of aggregating the experts responses to develop the FCM model (based 

on all the experts’ knowledge), the linguistic terms were replaced by their fuzzy 

values. This action was taken as the fuzzy numbers of each linguistic term 

mathematically specifies its meaning (Table 6.3). Next, the fuzzy average operation 

for the aggregate method (known as the “Triangular Average Formula” (Bojadziev & 

Bojadziev, 1997)) was used to determine the mean of the experts’ judgments. The 

Triangular Average Formula is calculated as: 

 

Consider n experts and Ai=(a1
(i)

, aM
(i)

, a2
(i)

) be the fuzzy numbers, i=1,…,n. Hence, the 
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Thus, after the aggregated linguistic weight was produced, one of the defuzzification 

methods was used to calculate the numerical weight for the strength of the 

relationship. The centroid method (known also as the centre of gravity) was selected 

for this calculation, due to its simplicity and its wide use in the literature. The 

following expression represents the centroid method (Kaufmann & Gupta, 1991): 
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Where e = defuzzification (crisp value) of triangular fuzzy number (a1, a2, a3 ), based 

on Eq. (6.2) a crisp value of strength of relationships.   
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As stated earlier, the aim was to develop the FCM model based on the aggregate of 

the experts’ knowledge. Additionally, because there were two different types of 

experts (consultants and owners), two further FCM models would also be developed, 

based on the consultants’ and owners’ separate data. The fuzzy values and 

aggregation results of the consultants and owners is reported in appendix B3.  

 

6.3.4 FCM Adjacency Matrixes 

As was explained in Chapter 3 section 3.3.3, the FCM adjacency matrix is the main 

outcome of the FCM theory; this is because the output of the FCM theory application 

is highly dependent on the adjacency matrix. Therefore, after the aggregated expert 

judgments have been calculated (as reported in the appendix B3, in last column (the 

defuzzified value)), the values were reviewed by the researcher. Some values were 

found to be too low and, hence, it was decided that all values less than ± 0.1 would be 

excluded, and replaced by zero. Thus, the result was used to produce the adjacency 

matrixes for both expert groups, as well as for all experts.    

 

The adjacency matrixes show the complex causal relationships with the interrelated 

SIs (Table 6.5 for the consultant experts, Table 6.6 for the owner experts, and Table 

6.7 for all experts). 

    

Table 6.5 Consultants Adjacency Matrix of SIs 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 

C1 0 -0.21 -0.5 0.42 0.42 -0.29 -0.37 -0.29 -0.25 -0.13 0.30 

C2 -0.31 0 -0.67 0.39 0.39 -0.42 -0.29 -0.42 0.32 0.36 0 

C3 -0.42 0.67 0 -0.5 -0.43 0.32 -0.42 0.42 -0.45 -0.53 -0.25 

C4 0.29 0 -0.38 0 0.66 -0.33 -0.46 -0.46 -0.42 -0.53 0.62 

C5 0.33 0.53 -0.34 0.81 0 -0.5 -0.58 -0.46 -0.5 -0.46 0.38 

C6 0.21 -0.5 -0.42 -0.25 -0.25 0 0.1 0.84 0.46 0.78 0.77 

C7 0.42 -0.42 -0.46 -0.46 -0.42 0.33 0 0.7 0.62 0.81 0.74 

C8 0.46 -0.46 0.38 -0.33 -0.25 0.78 0.62 0 0.1 0.63 0.67 

C9 0.38 -0.45 -0.42 -0.63 -0.46 0.25 0 0 0 0.88 0.58 

C10 0.25 -0.62 -0.24 -0.34 -0.25 0.53 0 0.46 0.88 0 0.55 

C11 0.31 0.29 0.25 0.46 0 -0.63 -0.66 -0.7 -0.5 -0.5 0 
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Table 6.6 Owners Adjacency Matrix of SIs 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 

C1 0 -0.25 -0.36 0.39 0.5 -0.13 -0.44 -0.44 -0.61 -0.25 0.25 

C2 0 0 0.13 0 0 0 0 0 0 0 0 

C3 0.13 -0.2 0 0.36 0.36 -0.2 -0.2 -0.2 -0.25 -0.25 0 

C4 0.31 0 0 0 0.55 -0.56 -0.44 -0.56 -0.63 -0.31 0 

C5 0.2 0 0 0.61 0 -0.56 -0.5 -0.56 -0.73 -0.38 0 

C6 -0.1 -0.13 0 -0.1 -0.1 0 -0.1 0.56 0.63 0.38 0.38 

C7 0.1 -0.13 0 0 0 0 0 0.38 0.31 0.31 0.25 

C8 -0.13 -0.13 0 -0.25 -0.13 0.2 0 0 0.56 0.67 0.44 

C9 0.42 -0.13 0 0.2 -0.2 0 0 0.13 0 0.47 0.5 

C10 0.13 -0.13 0 0 0 0 0 0 0.47 0 0.23 

C11 0.27 0 0.25 0.2 0.25 -0.31 -0.31 -0.31 -0.31 -0.25 0 

 

 

Table 6.7 All Experts Adjacency Matrix of SIs 

 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 

C1 0 -0.22 -0.44 0.4 0.45 -0.23 -0.39 -0.35 -0.39 -0.18 0.28 

C2 0 0 -0.35 0.23 0.23 -0.25 -0.18 -0.25 0.19 0.22 0 

C3 -0.2 0.33 0 -0.16 -0.11 0.12 -0.33 0.18 -0.37 -0.42 -0.15 

C4 0.3 0 -0.23 0 0.61 -0.43 -0.45 -0.5 -0.5 -0.44 0.37 

C5 0.28 0.32 -0.21 0.73 0 -0.53 -0.55 -0.5 -0.59 -0.43 0.22 

C6 0.1 -0.35 -0.25 -0.18 -0.18 0 0 0.73 0.53 0.62 0.61 

C7 0.28 -0.3 -0.28 -0.28 -0.25 0.2 0 0.57 0.49 0.61 0.54 

C8 0.23 -0.33 0.23 -0.3 -0.2 0.54 0.37 0 0.28 0.64 0.58 

C9 0.39 -0.32 -0.25 -0.3 -0.35 0.15 0 0 0 0.71 0.55 

C10 0.2 -0.42 -0.14 -0.2 -0.15 0.32 0 0.28 0.71 0 0.43 

C11 0.29 0.18 0.25 0.35 0.15 -0.5 -0.52 -0.54 -0.43 -0.4 0 

 

 

After the FCM adjacency matrixes have been constructed, their analysis has been 

conducted. FCM adjacency matrixes properties have been examined, as their initial 

values seemed differing based on the infrastructure projects stakeholders’ types. Next 

sections discuses this issue in more details. 
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6.4 FCM Analysis 

In FCM theory, there are two types of FCM model analysis, namely static and 

dynamic analysis (see Chapter 3). In this chapter, the static analysis examines the 

properties obtained from the FCM adjacency matrices, according to the type of expert. 

There are several advantages in using the static analysis. For example, the static 

analysis helps to discover concepts that play an important role in the modelled system 

(Tsadiras et al., 2003). This approach can be performed by utilizing the matrix algebra 

tools of the graph theory. Thus, after the adjacency matrix has been generated, a 

number of its characteristics are used to conduct the static analysis, such as density, 

centrality, and domain analysis (Özesmi & Özesmi, 2004).   

 

The first characteristic used to statically examine the FCM model is its density. The 

density (D) is defined as: 

                                    1)n(n

c
D

                                                            (6.3) 

 

Where c is the number of arcs (connections between concepts) in the model, and n is 

number of concepts (in this case the indicators) of the model.  

 

The characteristic of density provides an indication of the complexity of the FCM 

overall model. A high density refers to increased complexity in the model and, 

respectively, to the issue that the model represents.   

 

As can be seen in Figure 6.2, the density of the Overall FCM adjacency matrix for all 

experts is 0.85, which is extremely high, and gives an indication of the great 

complexity of the FCM model for SIs. Moreover, when the density values of the FCM 

adjacency matrices for the consultants and owners were calculated separately, it was 

found that there was a notable difference between them (i.e. the consultants’ 

adjacency matrix density is 0.86, while the owners’ adjacency matrix density is 0.64). 

Thus, the results reveal that there are differences between the perceptions of both 

expert groups in relation to the complexity the FCM model, for SIs, in the context of 

infrastructure projects.   
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Figure 6.2 Densities of FCM Matrices 

 

Another characteristic, the out-degree od(Vi),, is the row sum of absolute values of a 

variable in the adjacency matrix. It shows the cumulative strength of the connections 

exiting the variables, where N is the total number of variables: 

 

                                                            

N

k

iki aVod
1

)(                                             (6.4) 

 

The opposite characteristic of the out-degree is the in-degree. The in-degree can be 

calculated as the column sum of the absolute values of a variable. It shows the 

cumulative strength of the variables entering the variable. It can be expressed as:  
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Lastly, the centrality (Ci) of a variable is the sum of its in-degree and out-degree; the 

centrality value shows the variable(s) most mentioned. Hence, it describes the 

contribution of a variable in a FCM model, and how connected the variable is to the 

other variables, as well as the cumulative strength of these connections. It can be 

expressed as:   
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Table 6.8 is shows the FCM static analysis results obtained from the FCM adjacency 

matrices for the SIs.      

 

Table 6.8 FCM static analysis results 

Indicator Out-degree In-degree Centrality  

For all experts FCM      

C1 3.33 2.27 5.60  

C2 1.90 2.77 4.67  

C3 2.37 2.63 5.00  

C4 3.83 3.13 6.96  

C5 4.36 2.68 7.04  

C6 3.55 3.27 6.82  

C7 3.80 2.79 6.59  

C8 3.70 3.90 7.60  

C9 3.02 4.48 7.50  

C10 2.85 4.67 7.52  

C11 3.61 3.73 7.34  

For Consultants FCM   

C1 3.18 3.38 6.56  

C2 3.57 4.15 7.72  

C3 4.41 4.06 8.47  

C4 4.15 4.59 8.74  

C5 4.89 3.53 8.42  

C6 4.58 4.38 8.96  

C7 5.38 3.50 8.88  

C8 4.68 4.75 9.43  

C9 4.05 4.50 8.55  

C10 4.12 5.61 9.73  

C11 4.30 4.86 9.16  

For Owners FCM   

C1 3.62 1.79 5.41  

C2 0.13 1.10 1.23  

C3 2.15 0.74 2.89  

C4 3.36 2.11 5.47  

C5 3.54 2.09 5.63  

C6 2.48 1.96 4.44  

C7 1.48 1.99 3.47  

C8 2.51 3.14 5.65  

C9 2.05 4.50 6.55  

C10 0.96 3.27 4.23  

C11 2.46 2.05 4.51  

 

 

The discussion of the results, obtained from computing the centrality values of the 

SIs, is divided into three parts; it discusses separately the results of each adjacency 

matrix. First, the all experts’ aggregated FCM adjacency matrix is presented, followed 

by the consultants’ adjacency matrix, and then the owners’ adjacency matrix.  

 

The results for the aggregated all experts FCM adjacency matrix is discussed below 

(see Table 6.8 and Figure 6.3). The centrality analysis of the SIs reveals that 
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ecological impacts (C8) is the most central concept in the analysis. The other three 

most central indicators are the impact on safety (C9), risks to human health (C10), and 

stakeholders participation (C11).  

 

 

Figure 6.3 All experts’ centrality values of SIs 

 

 

Interestingly, the analysis shows that the top most central SIs belong to the social 

aspect of sustainability, according to the judgement of the experts. Hence, the social 

aspects require priority attention during the planning of infrastructure projects, 

especially as it has a role in enhancing sustainability performance.  

Moreover, the technical indicator, reliability (C5) has been ranked fifth in terms of its 

centrality value among the other indicators, while performance (C4) was ranked sixth 

on basis of its centrality value. Thus, the technical indicators representing the 

technical aspect have been ranked third in terms of their centrality value. 

 

The computed centrality values for the economic indicators were found to be the 

lowest when compared to the other indicators. Consequently, all the economic 

indicators were rank low, since Financial returns was ranked eleventh, affordability 

tenth, and capital cost ninth.  
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While there is no doubt that economic issues are important for any proposed 

infrastructure projects, in terms of their economic viability, the above results need 

some clarification. The main explanation of why the economic indicators had such 

low centrality values results from how the interviewee experts perceived the influence 

on, or from, the selected economic indicators into other SIs. It is those areas that are 

typically the concern and role of the interviewees’ expertise in sustainability 

assessment for infrastructure projects.   

 

This outcome is clear from the consultants’ adjacency matrix for the centrality values 

for capital cost, as its value is lower than the other indicators, even lower than 

financial returns (C2) and affordability (C3). The result also indicates that the role of 

the consultant is not usually responsible for the allocation of the fund to construct the 

infrastructure project. In a similar way, the owner experts also see these two 

indicators as having a low influence on the other indicators. In practice, these experts 

from the infrastructure owners’ organisation do not perceive the returns to be gained 

from operating public infrastructure systems, as influential on sustainability, hence, 

the low ranking given to the indicators. The next sections discuss, separately, the 

results obtained from both expert groups.   

 

The centrality values of the SIs, obtained from the analysis of the FCM adjacency 

matrix of the consultants, were high; the highest centrality was 9.73, and the lowest 

value was 6.56. Further, the results show that, among the three top indicators, two 

indicators belong to the social aspect, since the risks to human health (C10) is ranked 

first, and stakeholders participation (C11) is ranked third.  
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Figure 6.4 Consultants’ centrality values of SIs 

 

 

Moreover, as can be seen on the Table 6.10 and Figure 6.4 above, all the 

environmental indicators were ranked second on the basis of their centrality values. 

The ecological impacts (C8), air pollution (C6), and water pollution (C7) were ranked 

second, fourth, and fifth, respectively. Furthermore, the centrality values of the 

technical indicators were ranked third rank after the social and environmental 

indicators. This result was obtained because the Performance and the Reliability 

indicators were ranked sixth and ninth, respectively.    

 

In addition, the economic indicators had low centrality values, ranking them at the 

bottom of the indicators. This outcome occurred because the capital Cost (C1) was 

ranked eleventh, and the financial returns (C2) was ranked tenth, while the 

affordability (C3) indicator was ranked eighth. This result was unexpected, because 

the economic indicators tend to be considered the most important indicators among all 

the SIs (see Chapter 5). Thus, the findings highlight the order of importance of the 

indicators, which can change when the cause and effect relationship is considered in 

relation to the indicators.  
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This section provides the results for the analysis of the FCM adjacency matrix that 

was obtained from the aggregation judgments from the owner group experts. As can 

be seen in Figure 6.5, the three top SIs, in terms of their centrality values belong to 

three different sustainability aspects. Thus, the impact on safety (C9) was ranked first 

with a 6.55 centrality value, representing the social aspect, and  the ecological impacts 

(C8) was ranked second with a 5.65 centrality value, representing the environmental 

aspect, and reliability (C5) was ranked third with a 5.53 centrality value.  

 

These results illustrate that the owner experts considered the sustainability aspects as 

equally important as at least one of each aspect had an indicator amongst the top 

indicators. Additionally, the economic aspect was also important, since the capital 

cost (C1) was ranked fifth. This outcome was not the case in the FCM adjacency 

matrix for the consultant experts. As discussed above, the consultants approve the 

types of infrastructure projects for the stakeholders, and so they have a great influence 

on building the FCM model. The next paragraphs present a detailed discussion on the 

results for the SIs.  

 

 

Figure 6.5 Owners’ centrality values of SIs 
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In sustainability performance assessment, the experts from the owners’ group 

identified the technical indicators as having an essential and central role. For example, 

reliability (C5) was ranked third with a 5.63 centrality value, and performance (C4) 

was ranked fourth with a 5.63 centrality value. Thus, the technical indicators are 

confirmed as an important aspect of the sustainability assessment process. Moreover, 

the result is noteworthy, since the indicators have obtained different ranks on the basis 

of the adjacency matrix for the consultants' FCM model (as discussed above). In other 

words, these results indicate that the centrality values of the indicators differ 

according to the type of infrastructure project stakeholders.  

 

In contrast, the results show that only one social indicator, impact on safety (C9), has 

a high centrality value, being ranked first. The other social indicators have low 

centrality values, for example, stakeholders participation (C11) and risks to human 

health (C10) were ranked sixth and eighth, respectively. This result differed from 

their rankings given by the consultant experts; in that analysis, they were ranked third 

and first, respectively. The analysis confirms the variation between the owner and 

consultant experts’ perceptions with respect to the social indicators roles and the 

priorities among the other SIs.  

 

In addition, the ecological impacts indicator was the only environmental indicator 

with a high centrality value; it was ranked second amongst all sustainability. The 

ecological impacts (C8) indicator rank was the same as that found through the 

analysis of the consultants’ adjacency matrix (i.e. ranked second). Thus, it appears 

that both expert groups considered the Ecological impacts indicator as one of the most 

important indicators within the sustainability assessment of infrastructure projects.        

 

Finally, the centrality values of the economic indicators reveal that the owner experts 

identified the capital Cost (C1) indicator as one of the most important SIs; it was 

ranked fifth according to its centrality value. This result was in contrast to the 

consultant expert group, who ranked it eleventh in their FCM adjacency matrix. 

Nevertheless, these results are expected, because, in practice, the infrastructure 

owners are concerned about the capital costs needed to build the infrastructure 

project, as they supply the project funding.  
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However, no significant difference was found between the rankings of the remaining 

economic indicators from either the owners or consultants FCM adjacency matrices. 

Both groups identified financial returns (C2) and affordability (C3) as having the 

lowest centrality values among all the SIs. For example, the financial returns 

indicator was ranked eleventh rank by the owners’ and tenth by the consultants’ 

adjacency matrix. Similarly, affordability was ranked tenth by the owners, and eighth 

by the consultants. This means that their judgements showed no difference in their 

centrality values.     

 

6.5 Discussion  

The discussion section highlights important insights obtained from constructing the 

FCM models for the SIs in the context of the infrastructure projects. It also presents 

an overview of the static analysis for the FCM models.    

 

The main output of the FCM model was confirmed through the experts’ knowledge, 

being the central assumption of this research, namely, relationships exist among the 

SIs. As observed in the interview sessions, all experts had experience of relationships 

among the indicators in the sustainability evaluation process. For example, they had 

previously conducted infrastructure projects, and their experience is reflected on the 

FCM map obtained from each expert.   

 

Moreover, as explained previously, the FCM model showed remarkable causal 

relationships between the indicators; these relationship ranged from very strong 

positive relationships to very strong negative relationships. Hence, ignoring those 

relationships will, most likely, mislead the decision makers.   

 

Thus, it can be argued that the relationships among the SIs should be incorporated 

into the assessment procedure to better measure and examine a project’s sustainability 

performance, as well as to maximise the accuracy of the calculated sustainability 

performance.   

 

Moreover, during the construction of the FCM model, and based on the experts’ 

knowledge, several interesting points were observed. First, in building the FCM 
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model for the SIs, using only the opinions of one expert could mean a bias in the 

information and, therefore, should not be relied upon, as it could lead to incorrect 

results in the FCM model. The study identified that some experts had provided varied 

judgments, such as type of interaction, the degree of the influence between the 

indicators, and so on.   

 

As a consequence, the opinions of a number of experts were required for the FCM 

modelling process. Such data would then provide trend opinions as found throughout 

the separately conducted interviews with the experts, and extracted from their 

cognitive maps, the more information gathered the more agreement was found 

between the majority of the individual maps.  

 

Further, the results obtained from the static analysis of the developed FCM adjacency 

matrices allowed for the whole or the bigger picture of the sustainability issues to be 

seen. Therefore, in an infrastructure project the main indicators were verified for the 

sustainability assessment process. The study also revealed how those indicators relate 

to each other, and the weight of those relationships.  

 

As explained earlier in the FCM static results section (6.4), using the centrality values 

of the indicators led to the identification of the most central indicators. Interestingly, 

the outcome from these results, in terms of the ranking order of most important SIs 

and their aspects, was different from the order identified in the results obtained 

through the questionnaire survey reported in Chapter 5.  

 

For example, the technical indicators, which represent the technical aspect, were 

ranked third in order of their importance. Indeed, they were even top ranked on the 

basis of the owner experts’ FCM adjacency matrix, while some of the participants in 

the questionnaire survey viewed the technical aspect as something to be ignored in the 

sustainability assessment. Thus, the findings show that the interaction logic among the 

indicators can differ in terms of their order of importance.     
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6.6 Summary  

This chapter has shown how the application of FCM can be used in modelling the 

interaction among SIs in the context of CISs. The new FCM model, discussed here, 

has attempted to pave the way for our understanding of what the interaction among 

the SIs looks like in reality. This outcome was achieved by defining the causal 

relationships among the SIs, based on the experts’ opinions.  

 

The chapter has detailed the methodology used in constructing the FCM. For 

example, the results for static analysis were generated to provide more insights about 

the roles for each sustainability indicator. Importantly, the outcome from the FCM 

model has reinforced the claims raised by many researchers (e.g. Matar et al., 2008; 

Jeon, 2007), as discussed earlier in Chapter 2, that the interaction among SIs should 

be embedded in the sustainability assessment process. The procedure for how the 

relationships could be included in the assessment process is illustrated in the next 

chapter; it provides an example of the application of the proposed assessment model. 
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CHAPTER 7.  CHAPTER 7 CASE STUDY 

7.1 Introduction 

This chapter discusses, in depth, the features of a case study (the Mildura Rail 

Project). The case study serves two purposes. First, it demonstrates the use of the 

proposed sustainability assessment model in a real-world infrastructure project. 

Second, it validates, and confirms the outcome of previous research stages, reported 

in Chapters 5 and 6. The case study was conducted with support from the Victorian 

Department of Transport and AECOM consultants, Melbourne.  

 

The chapter starts with a review of the background to the case study project, and a 

discussion on the applicability of the case study. This is followed by the application of 

the proposed assessment model to the case study project, which is divided into 

subsections that follow the steps of the proposed assessment model. The subsections 

are: the preliminary phase, the assessment phase, the simulation phase, weighting 

phase, and selection phase. The preliminary phase includes identifying the decision 

makers (DMs), reviewing the proposed alternatives, and identifying the sustainability 

aspects and their indicators. The assessment phase comprises two steps: the 

hierarchically structured assessment model, and quantifying the initial sustainability 

indicator rates for each alternative.  

 

The simulation phase applies the FCM method, and consists of three steps:  

normalising the quantitative indicators, constructing the FCM adjacency matrices for 

the case study project, and the FCM simulation analysis carried out for each 

alternative. The weighting phase (by the use of the FANP method; it consists of three 

steps: determining the aspects/indicators of the local weights, determining the inner 

dependence weights, and calculating the global weights of the indicators. The 

selection phase comprises three steps: the hybridisation of the results that are obtained 

from the assessment, simulation, and weighting phases to combine the indicators’ 

activation levels, and weights; the ranking step of the alternatives is performed, based 

on the results of the previous step.  The sensitivity analysis step is conducted for each 

indicator weight factor.   
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A discussion of the findings from the case study application, with respect to the 

proposed assessment model, is also provided. The chapter also demonstrates the 

process of the sustainability assessment through the proposed model.     

 

7.2 Project background description 

The Mildura Rail project is located in the state of Victoria, Australia (Figure7.1). The 

project is a social transit based initiative; it’s the project’s objective is to provide 

public transport services to major towns that are located along the Mildura to 

Melbourne corridor. The current population of the area is expected to grow by around 

375,000 (1.2 per cent a year) between 2011 and 2031. Since, the passenger train 

services were withdrawn in 1993, this area has been identified as an area with 

significant public transport needs.  

 

Thus, there is a lack of social services and community assets in many of the towns in 

the identified corridor, including significant gaps in the public transport supply, and 

service effectiveness for the basic requirements, such as day return travel to a major 

town, while the services that are provided are not always properly programmed, 

accessible or sufficiently comfortable. For this reason, major towns, and even small 

communities, in the Mildura to Melbourne corridor would benefit from enhancement 

of the public transport facilities. Further, it would improve access to essential health 

and education services, as well as social networks. The project would help to conquer 

the transport isolation currently being experienced by the residents living in the 

corridor.   

 

The need to improve public transport in Victoria was identified in the Transport 

Integration ACT (TIA) for Victoria, released in 2010. One of the recommendations of 

the TIA, related to public transport for Victoria, was the further investigation of the 

potential for enhancement of public transport coverage in regional areas of Victoria. 

Moreover, in response to numerous requests by the local community to return the 

Mildura rail into service, a number of studies have evaluated the return service, as 

well as other alternative public transport modes in the corridor area.  
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Recently, the Department of Transport commissioned AECOM consultants to 

undertake a comprehensive feasibility study that specifically focused on public 

transport between Mildura and Melbourne. The outcome of this study, called the 

Mildura Rail Feasibility Study, was publicly released in late of 2010. A number of 

public transport alternatives were proposed, and evaluated against the sustainability 

performance indicators that represent the triple bottom line of environmental, social 

and economic aspects. The score for each indicator was assigned, irrespective of the 

quantitative or qualitative nature of the indicator. The report, however, does not 

recommend any particular alternative, it only reports the alternatives with their 

respective scores. 

 

 

Figure 7.1 Case Study Project Geographical Area (AECOM, 2010) 
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7.3 Applicability of the case study     

This project was selected as the case study, because it satisfies all the selection criteria 

listed by the researcher. In Chapter 4, those criteria were assumed to examine 

potential case studies to determine the appropriate related case study that complied 

with the purpose of the current research.  

 

Firstly, the Mildura Rail Feasibility Study project is in its early planning stage, and 

was only released to the public in November 2010. The project was identified as the 

ideal case study, because the process of sustainability assessment has just recently 

been completed (November 2010). Thus, involvement with this project is most likely 

to gain the required information from its stakeholders; the discussion among the 

project stakeholders was open until the middle of March 2011. Secondly, this project 

is considered as the first major infrastructure project to be assessed under the new 

legislation (Transport Integration Act) (State of Victoria, 2010). The legislation 

outlines a new framework for assessing transport schemes, and emphasises 

sustainability.   

 

Additionally, this project is being congruent with the new framework, while the 

components of the framework consist of economic, social, and environmental 

objectives. Therefore, this case study project meets the criteria of the present case 

study selection, especially in terms of the sustainability focus in the overall project 

objectives. Further, sustainability is driven by at least one major project stakeholder, 

namely, the project’s owner, while all sustainability aspects have been assessed 

during the feasibility stage of the project.  

 

7.4 Applying the assessment model to the case study project   

This section uses the case study project to illustrate the application of the proposed 

assessment model, as shown in Figure 7.2. The application involves the recalculation 

of the sustainability performance for the key indicators according to the proposed 14-

Steps of the assessment model. The results from this calculation are discussed below.  
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                                Figure 7.2 Proposed Sustainability Assessment Model - Part 1 
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7.5 Preliminary Phase   

In the preliminary phase of the study, three steps to be carried out: 1) identify the 

Decisions Makers (DMs), 2) generate the alternatives, and 3) identify the 

sustainability aspects and the related indicators needed for the rating alternatives. The 

application of those three steps is discussed in following sections.  

 

7.5.1 Identify the Decision makers (DMs) 

The data utilized in this case study were extracted from two independent sources. 

First, the feasibility study report, which was published on the Department of 

Transport website. This report included the project background, the proposed 

alternatives, and the assigned scores of the indicators for each alternative. The second 

source of the data was the face-to-face interviews with two representatives from the 

project stakeholders, who were directly involved in the sustainability assessment 

process: the project manager from the Department of Transport, and a Senior 

Transport Planner from the consulting company (AECOM). Table 7.1 summarises the 

role of each of the stakeholders interviewed.  

 

Table 7.1 Participated Stakeholders and their Role in the Mildura Railway project 

Position Organization Role 

Project 

Manager 

Department of 

Transport  
 Responsible for managing the Dept. relationship with 

all other project stakeholders including the consultant, 

and the local communities.   

 The public relations manager and information 

disseminator about this project.   

 

Senior 

Transport 

Planner 

Consultant 

(AECOM) 
 Managing the delivery of the technical work, coordinating 

the preparation of the Final Report.  

 Undertaking the service planning and estimation tasks 

leading to the generation the nine alternatives covered in 

the report. 

 

 

7.5.2 Generating the alternatives  

The second step of the 14-step assessment model involves proposing different 

alternatives. To generate the alternatives, the decision makers (or the assessors) are 

expected to fully understand the project’s objectives, and be aware of the needs for 
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proposing it. This is to ensure that the proposed alternatives comply with the desired 

project objectives and requirements.      

 

In the Mildura case study, the proposed alternatives were classified into three groups: 

1) rail, 2) road-based, and 3) both mode alternatives. Five of the alternatives involve 

only rail services, two combine rail and road services, and one is a pure road service 

only alternative. It is worth noting that not all the eight alternatives provide services to 

Mildura; however, all are focused on communities in the Mildura rail corridor study 

area. Additionally, each group of alternatives were generated on different bases. In the 

five rail alternatives, a number of essential factors influenced the development of 

those alternatives, namely: community feedback, strategic service planning, journey 

time, route choice; and access to Melbourne.  

 

The second group of alternatives (road based public transports) includes the existing 

coach service between Melbourne and Mildura, which was investigated in the 

feasibility study. However, the existing coach service was not proposed as it is current 

quality. Instead, in the proposed alternatives, best practice on coaches will be adopted; 

this approach also avoids the limitations of the current coach services identified by the 

community feedback.     

 

The third group, which is a mixed modes alternative was proposed as a response to 

the Transport Integration Act framework. This framework identifies integration as an 

important element when planning a transport project. In the context of the Mildura rail 

services, two forms of integration are significant: 1) the integration of the trains into 

the established train service plan; and 2) the integration of the trains, coaches and 

other public transport services plan. The proposed project alternatives are listed in 

Table 7.2.    

 

For the benefit of our analysis, it was decided to classify the eight alternatives into 

two groups: rail based, and bus-based with or without rail.  
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Table 7.2 Proposed Alternatives 

Alternative  Description  Key features 

A1(rail) 
Overnight passenger rail 

service 

A nightly overnight passenger train similar to the 

Vinelander. 

A2 (rail) 
Daytime passenger rail 

service 

A daily (daytime) passenger train with a journey time 

of around 9.5 hours. 

A3 (rail) 
Fast passenger rail service A fast passenger train with a journey time of around 

4.5 hours. 

A4 (bus) 

Additional train and 

connecting coach on 

Swan Hill corridor 

A third daily train on the Swan Hill line with a 

connecting coach Mildura – Robinvale – Swan Hill. 

A5 (rail) 

Swan Hill – 

Mildura extension 

of passenger rail 

A new railway extension from Swan Hill, via Robinvale, 

to Mildura. 

A6 (rail) 

Swan Hill – 

Mildura extension 

of passenger rail 

A new railway extension from Swan Hill, via Ouyen, 

to Mildura. 

A7 (bus) 

Melbourne – St Arnaud 

train service with 

connecting St Arnaud–

Mildura coach 

A combined train/coach service. It comprises a daily 

train from Melbourne to St Arnaud and return, and a 

daily coach from Mildura to St Arnaud and return.  

A8 (bus) 

Long Distance Coach 

Service 

Initiatives 

Comprises two daily Mildura – Ballarat corridor 

services, a daily Northern Mallee service, an additional 

overnight coach (all with upgraded vehicles), and 

additional services on the Sea Lake – Bendigo route 

 

 

7.5.3 Identify Sustainability Indicators (SIs) 

The third and last step in the preliminary phase involved selecting a set of evaluation 

indicators. The most used indicators, as determined in the literature, are reported 

earlier in Chapter 2, while the indicators, as determined by the experts from the 

industry, are reported in Chapter 5. To identify the key SIs is not an easy task, as the 

selected indicators are most likely to differ from project to project. These differences 

occur due to a range of factors, largely dependent on the sustainability objectives in 

the proposed project, as well as the spatial and environmental conditions of the 

proposed project area. Each and every SI selected was further confirmed by two 

project stakeholders. It is worth noting that the original case report contains more SIs, 

however, it was decided, in agreement with the two project stakeholders, to limit the 

number of SI used for this exercise to no more than 9.  

 

The SIs identified in the Mildura case study report were classified into three 

categories: social, environmental and economic. As this project is socially oriented, 

the majority of the SIs were classified under the social category.  
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The social indicators, as stated in the published report, were derived from the 

principles and objectives contained in the Transport Integration Act 2010, as well as 

from issues raised during the community consultation.   

 

However, the social indicators included a few technical indicators. Importantly for the 

current study, the researcher consulted the project’s participants in an endeavour to 

recategorise the indicators into four, rather than three, categories. This was achieved 

by removing the technical indicators from the social indicators, and placing them in a 

separate category.    

 

The proposed nine indicators included both quantitative and qualitative indicators. 

The qualitative indicators were the social and technical indicators, which were 

assessed in a qualitative sense (i.e. the assessors used linguistic expressions in their 

assessment).  In contrast, the quantitative indicators included the capital costs and 

benefits from the economic indicators, and Green House Gas emissions (GHG) from 

the environmental indicators. Additionally, some indicators had sub indicators. (see 

Table 7.3).  

 

Table 7.3 SIs used in the case study (AECOM, 2010) 

Aspect Indicator Sub-indicator Measurement unit 

Economic 

Capital cost (C1)  Monetary unit (A$) 

Benefits  (C2)  Monetary unit (A$) 

Affordability (C3)  Qualitatively 

Technical 

Performance (C4)  Qualitatively 

Flexibility (C5) 
Flexibility  Qualitatively 

Capacity Enhancement  Qualitatively 

Environmental 

GHG  (C6)  Net t CO2-e p.a. 

Ecological Impacts (C7) 

Impact on Flora and Fauna Qualitatively 

Impact on Native 

Vegetation 
Qualitatively 

Impact on Threatened 

Species/Communities 
Qualitatively 

Impact on Protected 

Areas 
Qualitatively 

Social 

Safety and Security  (C8)  Qualitatively 

Community 

Engagement  (C9) 

 
Qualitatively 

 

 



 

174 

 

7.6 Assessment Phase   

As shown in Figure 7.2, in the assessment phase, there were two steps: 1) the 

hierarchically structured assessment model; and 2) quantifying the SIs rates (which 

included quantifying both the qualitative and quantitative indicators. The results 

obtained from applying those steps are illustrated in the following sections.     

 

7.6.1 Hierarchically Structured Assessment Model  

The model was formed by the aspects and indicators determined in the third step (as 

shown in Figure. 7.3). The assessment model is composed of three levels. The goal of 

the first level was to determine the sustainability index for the project. Their aspects 

and indicators are included in the second and third levels, respectively. The aspects of 

the second level are connected to the goal with a single directional arrow. The 

indicators related to the aspects are in the third level of the model, and the indicators 

determined in the third step in the preliminary phase, are also in this level.  
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Figure 7.3 Hierarchy Structure model 

 

7.6.2 Quantifying the SIs 

The purpose of this step was to quantify the selected indicators in the assessment 

process. As stated earlier, both the qualitative and quantitative indicator types needed 

to be calculated differently. First, the fuzzy set methodology was utilized to 
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numerically quantify the rate of qualitative indicators. Second, in the case of the 

quantitative indicators, conventional engineering formulas were used. The next 

subsections discuss both approaches.   

 

7.6.2.1 Assign initial rates of qualitative indicators by fuzzy set  

In this step, the fuzzy set was used to convert the linguistic variables that were 

assigned, in the report, to the qualitative indicators in numerical measures. Thus, a 

number of stages were undertaken, namely: the linguistic variables definition, the 

member functions definition, the aggregation operation of triangular fuzzy number 

(TFN), and the defuzzification operation of TFN. The next paragraphs explain, in 

detail those stages.  

 

7.6.2.1.1 Linguistic Variables Definition  

The first stage entailed the utilization of the fuzzy set in the assessment process to 

define the assessment linguistic variables. These variables are typically defined by the 

experts involved in the development and implementation of the assessment model. In 

this case study, the researcher used the linguistic variables already used to rate the 

indicators in the project’s feasibility study report. The linguistic variables, in the five-

point scale, are illustrated in Table 7.4.  

Table 7.4 Linguistic Variables 

Variable Description 

Very poorly 

(VP) 

The performance of assessing the alternative against the selected indicator is very 

poor. 

Poorly (P) The performance of assessing the alternative against the selected indicator is poor. 

Moderate (M) The performance of assessing the alternative against the selected indicator is 

moderate. 

Well (W) The performance of assessing the alternative against the selected indicator is well. 

Very well (VW) The performance of assessing the alternative against the selected indicator is very 

well. 

 

7.6.2.1.2 Member Functions Definition  

The second stage determines the membership functions (MFs) for each linguistic 

variable. This stage is the most important in the development of a model utilising the 

fuzzy set. Each fuzzy linguistic variable has a membership; the TFNs were used in 

this study, due to its simplicity and similarity to human reasoning. The TFN can be 

defined as a triplet (a1 , a2 , a3), and its membership function (MF) is as follows. 
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Normally, the decision maker needs to define the MFs for each linguistic variable. 

However, here, the decision maker is simply asked to define an MF range for each 

linguistic variable; this is can be done by asking questions (e.g. what is the degree of 

membership of 1 in ‘very high?). This is considered as a straight approach that is 

normally used to extract the ranges of MFs from the decision maker (Klir & Yuan, 

1995). However, in the current case study, due to the limited time available for 

interviewing the two decision makers, the researcher suggested the classic MFs for 

each linguistic variable. Table 7.5 shows the linguistic variables and their fuzzy 

number value (as shown in Figure 7.4).  

x

VP P M W VW

0.0 0.25 0.5 0.75 1.0

μRI

1

 

Figure 7.4 TFNs for linguistic variables 

Table 7.5 Fuzzy number for each linguistic variable 

Value of Indicators Membership Function Fuzzy Value 

Very poor (VP) 
vp  (0,0,0.25) 

Poor (P) 
p  (0,0.25,0.5) 

Moderate (M) 
m  (0.25,0.5,0.75) 

Well (W) 
w  (0.5,0.75,1.0) 

Very well (VW) 
vw  (0.75,1.0,1.0) 

The linguistic rates of qualitative indicators for each alternative are shown in Tables 

7.6. , 7.7, and 7.8.   
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Table 7.6 Indicators’ Linguistic Rates of Project Alternatives (AECOM, 2010) 

 Alternative  

Indicator  A1 A2 A3 A4 A5 A6 A7 A8 

Affordability (C3)  Well Well Poor Good Well Well Well Well 

Performance (C4) Moderate Moderate Moderate-

well 

Moderate Moderate-

poor 

Moderate-

poorly 

Moderate Very 

well 

Personal safety/security(C8) Well Very well Very well Very well Very well Very well Very well Very 

well 

Community engagement (C9) Poor Poor Poor Poor Poor Poor Poor Poor 

Table 7.7 Flexibility Sub-indicators’ Linguistic Rate (AECOM, 2010) 

Indicator Sub-indicator 
Alternative 

A1 A2 A3 A4 A5 A6 A7 A8 

Flexibility 

(C3) 

  

Flexibility  

 
Very poor Very poor 

Moderate-

well 
Well 

Moderate-

poorly 

Moderate-

poor 

Moderate-

poor 
Well 

Capacity  

enhancement 
Moderate Moderate Moderate Moderate Moderate Moderate Moderate Well 

Table 7.8 Ecologic Impacts Sub-indicators’ Linguistic Rate (AECOM, 2010) 

Indicator  Sub-Indicator  Objective 
Alternative  

A3 A5 A6 

Ecologic Impacts 

(C7) 

Impact on Flora and Fauna 
Minimise impact on listed fauna and 

flora 
Meets objective well Meets objective poorly Meets objective well 

Impact on Native Vegetation Minimise impacts to native vegetation Meets objective Meets objective poorly Meets objective 

Impact on Threatened 

Species/Communities 

Minimise impacts to threatened 

species/communities 
Meets objective poorly 

Meets objective 

 
Meets objective 

Impact on Protected Areas 

Minimise impacts on areas of the 

Victorian/New South Wales 

conservation estate. 

Meets objective Meets objective 
Meets objective 

well 
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7.6.2.1.3 Aggregation operation of TFNs 

In this stage, the fuzzy average formula (known as the “Triangular Average Formula”) 

for the aggregate method, explained earlier in Section 3.2.4, is used for two purposes. 

First, it is used to determine the mean of the experts’ judgments where it is needed. 

Second, it is utilized to aggregate the TFN of the indicators in the lower level into the 

upper level. The Triangular Average Formula is as follows: 

 

Consider n experts, or n indicators and Ai=(a1
(i)

, aM
(i)

, a2
(i)

) be the fuzzy numbers, 

i=1,…,n. Hence, the triangular average means: 
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7.6.2.1.4 Defuzzification operation of TFNs 

The indicator rate, defined by the TFN, very often has to be expressed by a crisp value 

which represents the best corresponding value. In this study, once a linguistic variable 

is determined, one of the defuzzification methods (explained in Section 3.2.5) is 

utilised to calculate a numerical rate for the indicators. The centroid method (known 

also as the centre of gravity) is selected in this research due to its simplicity and as it 

is used widely in the literature. The following expression represents the centroid 

method (Kaufmann & Gupta, 1991): 
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Where e= defuzzification (crisp value) of TFN, based on equation (7.3), a crisp value 

of indicators will be calculated.   
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The final results of the qualitative indicators, in a numerical sense, for each 

alternative, are shown in Table 7.9.   

 

Table 7.9 Numerical rates for qualitative indicators of each alternative 

Indicator 
Alternatives  

A1 A2 A3 A4 A5 A6 A7 A8 

Affordability  (C3) 0.75 0.75 0.25 0.75 0.75 0.75 0.75 0.75 

Performance (C4) 0.5 0.5 0.63 0.5 0.38 0.38 0.5 1.0 

Flexibility (C5) 0.28 0.28 0.57 0.63 0.44 0.44 0.44 0.75 

Ecological impacts (C7) 1.0 1.0 0.5 1.0 0.375 0.625 1.0 1.0 

Personal safety/security (C8) 0.75 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

Community engagement (C9)  0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

 

7.6.2.2 Quantify the quantitative indicators   

In this case study, the quantitative indicators, belonging to the economic and 

environmental group of indicators, are quantified. In the economic indicators, the cost 

and benefits indicators have been quantitatively measured. Another quantitative 

indicator is the Green House Gas emissions (GHG) indicator, which is considered one 

of the environmental indicators. The following subsections discuss the quantitative 

indicators in terms of their measurement procedures, and the formula utilized. Then, 

the results for all the proposed alternatives are presented.     

 

7.6.2.2.1 Economic indicators  

This section covers the assessment of the passenger benefits and the economic 

analysis of the Mildura train service options. The evaluation was carried out using a 

standard cost benefit analysis methodology, consistent with: the Department of 

Transport’s Guidelines for Economic Evaluation of Public Transport Projects, issued 

in June 2001; the Australian Transport Council’s National Guidelines for Transport 

System Management, issued in August 2006 (ATC, 2006); and the Austroads Guide to 

Project Evaluation Part 4, issued in November 2008 (Austroads, 2008). Most 

valuations have been derived from the latter publication on advice given by the 

Department of Transport.  
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7.6.2.2.1.1 Costs 

The costs include the capital costs for the infrastructure improvements, the additional 

annual infrastructure maintenance costs, and the annual costs of operating the service 

options. The present value of costs (PVC) can be calculated using the following 

equation (Fuguitt & Wilcox, 1999): 

T

t
t

t

d

C
PVC

0 )1(
                                                        (7.4) 

  

Where Ct is the incremental costs in time t, d is the discount rate, and T is time 

horizon.  

 

7.6.2.2.1.2 Benefits 

There are four potential benefits to be obtained from the improved public transport 

services in the case study area. They fall into two groups; the user benefits and the 

non-user benefits. The two user benefits are: the benefits to the passengers 

transferring from the existing coach/train services; and the benefits to new users 

(transferring from other modes, or those making trips not made previously). The non-

user benefits are: the reduction in road crash costs and environmental externalities; 

and the residual values of the rail assets. The present value of benefits (PVB) can be 

calculated using the following equation (Fuguitt & Wilcox, 1999): 
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Where Bt is the incremental benefits in time t, d is the discount rate, and T is the time 

horizon of the analysis.  

 

The evaluation was undertaken using a 30-year evaluation period from the project’s 

opening and the discount rate of 6.5%. All the alternatives are assumed to open in 

2016. The results of the present value for both the costs and benefits for all 

alternatives are shown in Table 7.10.   
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Table 7.10 Economic analysis results (AECOM, 2010) 

Alternative Present value of costs Present value of benefits ($million) 

A1 $736m $37m 

A2 $736m $21m 

A3 $1,464m $100m 

A4 $62m $4m 

A5 $627m $54m 

A6 $738m $54m 

A7 $113m $3m 

A 8 $32m $1m 

 

7.6.2.2.2 Environmental Indicators  

As explained above, the quantitative indicator for the environmental aspect was the 

GHG indicator. To conduct the GHG emissions assessment, the direct emissions 

associated with the combustion of fuel, which occurs during the operation of each of 

the transport modes being considered, is identified. The methodology used in the 

report to calculate the GHG indicator for each alternative follows this sequence: 1) to 

determine the emission factors or energy content associated with the different types of 

transport fuel; 2) to apply the methodology for calculating the GHG emissions under 

the National Greenhouse and Energy Reporting (NGER) Act 2007; and 3) to calculate 

the GHG emissions using a spreadsheet based on data, such as the volume of the fuel 

combusted, and the kilometres travelled due to increased patronage. The GHG were 

assessed in units of tonnes of carbon dioxide equivalent (t CO2-e). They include the 

following six greenhouse gases: Carbon Dioxide, Methane, Nitrous Oxide, 

Perfluorocarbons, Hydrofluorocarbons, and Sulphur Hexafluoride. The summary of 

the results of the  GHG emissions assessment for each alternative are shown in Table 

7.11.   

Table 7.11 The results of GHG indicator for each alternative (AECOM, 2010) 

Alternative Gross emissions 

(Net t CO2) 

A 1 2668 

A2 2668 

A3 3314 

A 4 2058 

A5 1247 

A6 1348 

A 7 1415 

A 8 947 
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Figure 7.5 Proposed Sustainability Assessment Model - Part 2 
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7.7 Simulation Phase  

The simulation phase of the proposed assessment model applies the FCM 

methodology to mimic the system sustainability performance, depending on the 

relationships among the identified SIs. As explained earlier in Chapter 3, the FCM 

methodology consists of two main steps: 1) to construct the FCM model for a specific 

system; and 2) then to conduct the FCM inference process. Moreover, as the 

sustainability values of the indicators usually consist of qualitative and quantitative 

indicators, an extra step was added to normalize the quantitative indicators in order to 

use them in the FCM inference process. The application of those steps explained, in 

detailed, in the following sections.  

 

7.7.1 Normalization Quantitative Indicators 

In order to employ the SI values (calculated in the previous steps) as initial vectors, as 

required to perform the FCM inference process, the SI values must be in interval (0, 

1). Therefore, the quantitative indicators have been normalized as their values differed 

from their FCM role. The normalization process is performed using the best and worst 

values for each basic indicator. The value of the ith indicator was transformed into an 

ith normalized indicator, with the help of the predetermined best value (BZi) and worst 

value (WZi), for the ith basic indicator among the given alternatives. The ith 

normalized indicator [NCi,h (x) ] was calculated using the following equations 

(Bardossy & Duckstein, 1992): 

 

NCi (x) (when BZi > WZi ) 

 

 

 

NCi,(x) (when BZi < WZi )                                                                                                    (7.6) 
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Where NCi, (x) = normalized ith indicator and Zi, (x) = value of the ith indicator. BZi 

and WZi denote the best and worst values of the ith indicator, respectively. 

 

In terms of the ecological impacts indicator (C7), only alternatives (A3), (A5), and 

(A6) were considered as having negative ecological impacts by the decision makers 

(DMs), while the remaining five alternatives were seen as having no negative impacts 

on their ecology. Thus, for the remaining alternatives, the research assigned a score 

(one) for them. All the SIs values for each alternative are shown in Table 7.12.   

 

Table 7.12 Normalized indicators rates 

Indicator Alternative 

A1 A2 A3 A4 A5 A6 A7 A8 

C1 0.51 0.51 0.0 0.98 0.58 0.51 0.94 1.0 

C2 0.36 0.20 1.0 0.03 0.54 0.54 0.02 0.0 

C3 0.75 0.75 0.25 0.75 0.75 0.75 0.75 0.75 

C4 0.5 0.5 0.63 0.5 0.38 0.38 0.5 1.0 

C5 0.28 0.28 0.57 0.63 0.44 0.44 0.44 0.75 

C6 0.22 0.22 0.0 0.42 0.70 0.66 0.64 0.8 

C7 1.0 1.0 0.5 1.0 0.38 0.63 1.0 1.0 

C8 0.75 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

C9 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 

 

 

7.7.2 Define FCM adjacency matrix for SIs   

In this step the two DMs were consulted to develop the adjacency matrix (FCM 

matrix), based on the causality value between the SIs, as they perceived it. The DMs 

used linguistic variables (shown in Table 7.13) to assess the fuzzy causal relationships 

among the SIs.  
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Table 7.13 Fuzzy number for each linguistic variable 

Strength of relationship Membership function Fuzzy Value 

Very weak (VW) vw  (0,0,0.25) 

Weak (W) w  (0,0.25,0.5) 

Moderate (M) m  (0.25,0.5,0.75) 

Strong (S) s  (0.5,0.75,1) 

Very strong (VS) vs  (0.75,1,1) 

 

 

Each DM has constructed his FCM adjacency matrix in a separate interview session. 

Since the project’s alternatives were classified into two groups (only rail-based 

alternatives, and bus-based alternatives with rail or without), the DMs have 

constructed two FCM adjacency matrices for each group of alternatives. The FCM 

adjacency matrices are as follow:  

 

 

1) Rail-based alternatives   

 

Project Manager’s FCM adjacency matrix 
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Senior Transport Planner’s FCM adjacency matrix 
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2) Bus-based alternatives 
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Senior Transport Planner’s FCM adjacency matrix 
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Once the above matrices were obtained, the researcher combined the FCM matrices 

for each DMs in one matrix for each alternative group. The combined process was 

achieved by aggregating the fuzzy numbers of the linguistic variables of each DMs. 

when the fuzzy numbers assigned by the DMs were close to each other. In other 

words, if both fuzzy numbers were in the same direction, that is, if both values were 

positive or both negative, then the fuzzy average formula (3.11) (see Chapter 3, 

section 3.2.4) was used to aggregate them. The aggregated fuzzy influence value is 

calculated as:  

 

n

i

ij
ave

ij
w

n
w

1

)(
~1~

                                                       (7.7)  

Where 
ij

w~ the fuzzy influence value between the two indicators, and n is the number 

of the decision makers.   

 

However, when the DMs assign different linguistic variables (such as one positive and 

the other negative) to the same causal relationship between a pair of indicators, the 

researcher selected the DM judgment that was the closest to the same relationship in 

the reference FCM matrix (developed earlier in Chapter 6) to be used as the causal  

relationships knowledge-base.     
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After reviewing the DMs’ FCM matrices, the non-agreement situation was found to 

exist in only three relationships: 1) the influence of Capital Cost (C1) on Community 

Engagement (C9); 2) the influence of Performance (C4) on Capital Cost (C1); and 3) 

the influence of Community Engagement (C9) on Capital Cost (C1).  

 

To overcome any disagreement between the DMs’ judgments, the Project Manager 

Judgments were selected as they were found to be the closest to the same relationship 

in the causal relationships knowledge-base (chapter 6). Also, the Project Manager 

represented the project owner and his duties, and in the case study project, he 

interacted more with the communities in the project area, as explained in section 

7.5.1.   

 

Furthermore, as the FCM methodology requires the FCM matrix to be in crisp values, 

the crisp influence value wij was determined by defuzzifying the aggregated fuzzy 

influence value 
ij

w~ using Equation (7.3). The crisp FCM matrices for the nine 

indicators, obtained after the defuzzication of each of the augmented FCM matrix, are 

shown in the following matrices.  

 

 

3) Augmented FCM adjacency matrix for Rail-based alternatives:   
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4) Augmented FCM adjacency matrix for Bus-based alternatives 
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7.7.3 Simulate SIs through perform FCM inference  

The purpose of the FCM inference process is to identify the activation levels of the 

SIs after they reach equilibrium. This level is based on the FCM adjacency matrices 

(W), calculated in section 7.7.2, and the initial values of the SIs (state vectors), 

calculated in sections 7.6.2 and. 7.7.1. Thus, when equilibrium is reached, the set of 

concepts (indicators) forms a resonant state or “hidden pattern” (Kosko, 1986). 

Hidden patterns in an FCM process seem to correspond to the experts’ responses to 

the “what-if’’ questions about the system behaviour. The interpretation of these results 

will lead to the discovery of the change in the SIs values that may occur when the 

relationship among the indicators is taken into account.  

 

As explained in Chapter 3 section 3.3.2, the traditional formula used to conduct the 

FCM inference process is as follows:  
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Where c > 0 determines the steepness of the continuous function f. The sigmoid 

function is typically used when the concepts interval is 1,0 .   

 

However, when the researcher used the traditional FCM formula to perform the 

inference process, a lack of sensitivity to the initial values of the indicators was found. 

The final output of the simulation process always gave the same values, even when 

different initial values were used. This drawback of the FCM method was recently 

experienced and highlighted (Motlagh, Tang, Ramli, & Nakhaeinia, 2010; 

Papageorgiou, 2011).  

 

 

A number of attempts have been made to provide alternative formulae with the 

capability to conquer the identified sensitivity problem. For example, Papageorgiou 

(2011) proposed the following formula: 

 

  

                     (7.10)

 

 

 

 

Papageorgiou had not sought to solve the problem of the lack of sensitivity to the 

initial values. Instead, she had intended to solve the problem with the initial zero 

values of the concepts, which, through the threshold function, at second iteration step, 

take the value of 0.5. However, this causes a conflict with the initial values of the 

concepts that were originally 0.5. In contrast, the current experimental results showed 

that the sensitivity to the initial values had improved slightly when this formula was 

used instead of the traditional FCM formula.

  

 

Another formula, proposed by Motlagh et al. (2010) is:   
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Where i {1, . . ., n}, 0< γ <1. 

 

In this formula, Motlagh et al. sought to solve the problem of the lack of sensitivity to 

the initial values in two ways: 1) Instead of normalizing the values around a fixed 

value, e.g. sigmoid around 0.5, each concept’s weight (at cycle t+1) was squashed 

about its previous value (from cycle t), allowing for the direct impact of the initial 

values on the ultimate outputs; and 2) The process eliminated the adverse effects of 

the non-activated concepts on inference; thus a non-active concept remains the same 

or gradually becomes neutral through the inference process.  

 

However, when the difference between the initial values of the two cases was slight, 

the output from using this formula showed that they reached the same results. 

Nevertheless, a difference was found in the iteration numbers that it took to reach the 

steady state of the same results.       

 

Despite this shortcoming, and after a few attempts examining Equations 7.10-7.12, the 

output from the last formula showed an improvement in the initial sensitivity values 

compared to the traditional and Papageorgiou (2011) FCM formulas. Thus, the 

Motlagh et al. (2010) formula was found to be the best one to be adopted to perform 

the FCM inference process, in the proposed assessment model.   

 

The application of the FCM inference process, explained in Section 3.3.4.2, was 

carried out using the case study data. In the following section, those steps are 

explained for alternative (1), and the other alternatives in the same way.  
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1) 
tA

1
 was obtained  for alternative (1) from the indicator rates reported in Table 7.12. 

tA
1

= [0.51   0.36   0.75   0.5   0.28   0.22   1.0    0.75   0.25] 

2) Product of 
tA

1
 and W was calculated; W was obtained from Section 7.7.2. As 

alternative (1) belongs to the rail alternatives, )(aveW
r

 was used.  

 

tA
1

)(aveW
r

= [0.672 0.415 0.221 0.434 0.000 0.229 0.295 -0.066 0.851] 

 

3) The resultant vector 
tA

1
 at time step t+1 was updated using the transformation 

function (7.12).  

→ [0.624  0.421  0.722  0.558  0.252  0.237  0.924  0.660  0.405] = 
1

1

t
A  

The symbol ‘→’ represents the threshold value for the product of the result.  

 

4) This new vector 
1

1

tA  was considered as an initial vector in the next iteration. 

1

1

tA = [0.624  0.421  0.722  0.558  0.252  0.237  0.924  0.660  0.405]  

1

1

tA )(aveW
r

= [0.709  0.407  0.249  0.627  0.000  0.261  0.343 -0.081  0.883] 

→ [0.723  0.478  0.704  0.654  0.227  0.260  0.874  0.575  0.581] = 
2

1

tA  

 

5) Steps 2–4 were repeated until the indicator activation levels reached an equilibrium 

state. Mathematically, this was achieved by setting a stop condition of iteration as 

follows: A
t+1

 – A
t 
≤ e = 0.001 (where e is a residual, describing the minimum error 

difference among the subsequent concepts) or A
t+1

 = A
t
. For alternative (1) the 

indicators activation levels reached the equilibrium state after 34 iterations, as seen in 

Figure 7.6.  

 

The final calculated indicators’ activation levels obtained after conducting the FCM 

inference process for each alternative are presented below. Their simulation results, 

representing the equilibrium of indicators’ activation levels, are shown in Figures 7.6-

7.13.  
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Alternative (1) 

A1= [0.51   0.36   0.75   0.5   0.28   0.22   1.0    0.75   0.25] → Table 7.12 

A1-final= [0.919   0.845   0.798   0.949   0.009   0.739   0.817   0.001   0.903] 

 

 

Figure 7.6 Simulation result for Alternative (1) 

 

As seen from Figure 7.6, after the FCM simulation was carried out, Performance (C4) 

became the highest contribution to sustainability, in the long run, with a activation 

level of AL=0.949. This outcome occurred because the indicator was affected by all 

the other indicators. Hence, an increase in the sustainability value of any other 

indicator created an increase in the sustainability value of the Performance (C4) 

indicator.  

 

In contrast, Safety and Security (C8) became, relatively speaking, the least sustainable 

indicator, with AL=0.001 after the simulation; it was the least affected indicator in the 

system. Also, Flexibility (C5) became the second least sustainable indicator, with 

AL=0.009. This result was expected, since the two DMs indicated that the flexibility 

value in the rail-based alternative is normally low.    
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The results, as reported above, and shown in Figure 7.6, also demonstrate that, after 

the FCM simulation, the most influenced indicator has the highest sustainability 

value; whereas the least influenced indicator has the lowest sustainability value.  

 

 

Alternative (2) 

A2= [0.51   0.20    0.75    0.5   0.28   0.22   1.0   1.0    0.25]  

A2-final = [0.919   0.845   0.798   0.949   0.009    0.739    0.817    0.001    0.903] 

 

 

Figure 7.7 Simulation result for Alternative (2) 

  

The FCM simulation for alternative (2) obtained similar results to those for alternative 

(1). Since Performance (C4) became the most sustainable indicator, in the long run, 

with an activation level of AL=0.949, and Safety and Security (C8) became the least 

sustainable indicator, with AL=0.001.  

 

This similarity is easily explained. First, the initial values of the indicators for 

alternative (2), used to conduct the FCM simulation were quite similar to the initial 

values of the indicators for alternative (1). They only differed in indicators C2, and 

C8. Even those differences were small, as shown in the following: C2 = 0.36, and 

C8=0.75 for alternative (1); while, C2 = 0.20, and C8=1.00 for alternative (2).   
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Second, as explained earlier, the FCM method had a problem with its lack of 

sensitivity to the initial values. This problem appeared when the differences between 

the initial values of any two cases were insignificant. The output using this formula 

showed that they reached the same results, but there was a difference in the iteration 

numbers that took to reach the steady state for the same results.       

 

 

Alternative (3) 

A3= [0.0  1.0  0.25  0.63  0.57  0.0  0.5  1.0   0.25]   

A3-final = [ 0.00  0.892  0.862  0.532  0.00  0.00  0.025  0.00  0.267] 

 

 

Figure 7.8 Simulation result for Alternative (3) 

 

As can be seen from Figure 7.8 FCM, the simulation for alternative (3) reached the 

equilibrium level for all indicators after 90 iterations. Moreover, when the FCM 

transformation formula, proposed by Motlagh et al. (2010) was used, the sensitivity to 

the initial values improved, even using the same FCM adjacency matrix that was used 

to carry out the simulation for alternatives (A1) and (A2).    
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Furthermore, the result of the FCM simulation revealed that Benefits (C2) became the 

most sustainable indicator, in the long run, with AL=0.892. It was followed by 

Affordability (C3), with AL=0.862. In contrast, Capital Cost (C1), Flexibility (C5), 

GHG (C6), and Safety and Security (C8) became the least sustainable indicators, with 

AL = 0.00.   

 

 

Alternative (4)  

A4=[0.98 0.03 0.75 0.5 0.63 0.42 1.0 1.0  0.25]  

A4-final = [0.970 0.920 0.927 0.975 0.984 0.828 0.827 0.003 0.951] 

 

Figure 7.9 Simulation result for Alternative (4) 

 

As alternative (4) contains the bus service in its proposed plan, the augmented FCM 

adjacency matrix was used for Bus-based alternatives, with its indicator initial values 

used to conduct the FCM simulation. As seen from Figure 7.9, after the FCM 

simulation, Flexibility (C5) became the most sustainable indicator, with AL=0.984. 

This result is different to that obtained with the previous alternatives for the same 

indicator, as it was considered to be the least in its activation level. This outcome 

occurred because flexibility is normally considered high when transport is based on a 

bus service. For example, it is easy to add more bus line services or change the 
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pathways. Also, a remarkable result occurred for the activation level of Benefit (C2); 

it jumped from 0.03 to 0.92. 

 

In contrast, and similar to alternatives (1), (2), and (3), Safety and Security (C8) 

became the least sustainable indicator. After the simulation AL=0.003, which dropped 

from 1.0. This result confirmed that the least influenced indicator had the lowest 

sustainability value. This result was true, as, looking at the case study’s FCM 

adjacency matrices, Safety and Security (C8) was found to have no relationship with 

most indicators.   

 

 

Alternative (5)  

A5=[0.58 0.54 0.75 0.38 0.44 0.70 0.38 1.0  0.25] 

A5-final = [0.919 0.845 0.798 0.949 0.009 0.740 0.817 0.00 0.903] 

 

Figure 7.10 Simulation result for Alternative (5) 

The result of the FCM simulation for alternative (5) was found to be similar to the 

results for alternative (1).  
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Alternative (6)  

A6=[0.51 0.54 0.75 0.38 0.44 0.66 0.63 1.0  0.25] 

A6-final = [0.919 0.845 0.798 0.949 0.009 0.740 0.817 0.000 0.903]   

 

 

Figure 7.11 Simulation result for Alternative (6) 

 

The result of the FCM simulation for alternative (6) was also found to be similar to 

the results for alternative (1).  

 

 

Alternative (7)  

A7= [0.94  0.02  0.75  0.5  0.44  0.64  1.0  1.0   0.25]   

A7-final = [0.970 0.920 0.927 0.975 0.984 0.828 0.827 0.003 0.951]. 

As can be seen from above, and Figure 7.12, the result of the FCM simulation for 

alternative (7) was found to be similar to the results for alternative (4). 
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Figure 7.12 Simulation result for Alternative (7) 

 

 

Alternative (8) 

A8=[1.0 0.0 0.75 1.0 0.75  0.8  1.0 1.0   0.25]  

A8-final = [0.983 0.00 0.816 0.962 0.978 0.828 0.828 0.003 0.917]. 

 

Figure 7.13 Simulation result for Alternative (8) 
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Since alternative (8) is, in the main, a bus transport service, the augmented FCM 

adjacency matrix was used for the bus-based alternatives, with its indicator initial 

values used to perform the FCM simulation. As seen in Figure 7.13, and from the 

above result, most of the indicators had reached their equilibrium state after 27 

iterations.  

 

The simulation results revealed that the most sustainable indicator was the Capital 

Cost (C1), with an activation level (AL) =0.983. This result is quite close to its initial 

value, since it is only dropped 0.017 from 1.0. In contrast, the Benefit (C2), and Safety 

and Security (C8) indicators became the least sustainable indicators, with AL=0.00, 

and 0.003, respectively.   

 

In addition, the results show that most of the indicator activation levels were quite 

close to their initial values, with only slight difference being found between them. 

However, two exceptions occurred; the Safety and Security (C8) indicator dropped 

from 1.0 into 0.003, while the Community engagement (C9) indicator increased from 

0.25 to 0.917.  

 

A summary of all the alternative indicator values, obtained after the FCM simulation 

was conducted, is shown in Table 7.14.  

 

Table 7.14 Indicators’ Activation Levels (AL) for each alternative 

Indicator 
Alternative 

A1 A2 A3 A4 A5 A6 A7 A8 

C1 0.919 0.919 0.00 0.970 0.919 0.919 0.970 0.983 

C2 0.845 0.845 0.892 0.920 0.845 0.845 0.920 0.00 

C3 0.798 0.798 0.862 0.927 0.798 0.798 0.927 0.816 

C4 0.949 0.949 0.532 0.975 0.949 0.949 0.975 0.962 

C5 0.009 0.009 0.00 0.984 0.009 0.009 0.984 0.978 

C6 0.739 0.739 0.00 0.828 0.740 0.740 0.828 0.828 

C7 0.817 0.817 0.025 0.827 0.817 0.817 0.827 0.828 

C8 0.001 0.001 0.00 0.003 0.000 0.000 0.003 0.003 

C9 0.903 0.903 0.267 0.951 0.903 0.903 0.951 0.917 
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Step 2.  Generate the alternatives  

Step 3. Identify sustainability aspects & 

indicators

Step 4. Structure assessment model 

hierarchically 

Step12. Hybridisation of FCM & FANP 

results

Step 13. Rank the alternatives based on the 

results 

Step 5. Quantify initial SI rates for each 

alternative 
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                                Figure 7.14 Proposed Sustainability Assessment Model - Part 3 
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7.8 Weighting Phase  

The objective of the weighting phase was to calculate the weight of the identified SIs. 

This task was undertaken by combining the two methods: the fuzzy set and Analytic 

Network Process (ANP). Later, this combination is described as FANP (Fuzzy 

Analytic Network Process). It is worth noting that this phase is undertaken 

independently of the simulation phase discussed in section 7.7.   

 

The ANP model, formed by the aspects and indicators determined in the third step, is 

shown in Figure 7.15. The model is composed of three stages. In the first stage, the 

goal is to determine the indicator weights. The second and third stages involve 

determining the local weights of the aspects and their indicators, respectively. The 

aspects of the second stage are connected to the goal with a single directional arrow. 

The arrows in the second stage represent the inner-dependence among the aspects. 

The inner-dependence among the economic, technical, environmental and social 

related aspects are analysed to identify the effects of the aspects on each other. 

Indicators related to the aspects are in the third stage of the model; the indicators 

determined in Section 7.5.3 are also in this stage.   
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Figure 7.15 The Case Study ANP model 
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7.8.1 Determine local weights (LW) for the aspects and their indicators  

In this step, the local weights of the aspects and indicators were determined by using 

pairwise comparison matrices, initially assuming there is no dependency among the 

various aspects. The fuzzy scale with regard to the relative importance to measuring 

the relative weights is given in Figure 7.16 and Table 7.15. This scale is used in 

Chang’s (1992) fuzzy AHP method (Kahraman et al., 2006).  

RI

EI MI SI VSI AI

1/2 1 3/2 2 5/2 3 7/2

μRI

1

0

 

Figure 7.16 Linguistic scales for relative importance (Kahraman et al., 2006) 

 

Table 7.15 Linguistic scales for importance 

Linguistic scale for 

importance 

Triangular fuzzy 

scale 

Triangular fuzzy reciprocal 

scale 

Just equal  (1,1,1) (1,1,1) 

Equally important  (EI) (1/2,1,3/2) (2/3,1,2) 

Moderately important (MI)  (1,3/2,2) (1/2,2/3,1) 

Strongly important (SI) (3/2,2,5/2) (2/5,1/2,2/3) 

Very strongly important (VSI) (2,5/2,3) (1/3,2/5,1/2) 

Absolutely important (AI) (5/2,3,7/2) (2/7,1/3,2/5) 

 

 

In this step, the local weights of the aspects and their indicators, which take part in the 

second and thirds levels of the ANP model, and provided in Figure 7.13, are 

calculated.  Pairwise comparison matrices were formed by the case study’s 

participants employing the scale given in Table 7.15. For instance, the economic and 

technical aspects are compared using the question “In the context of this project how 

important is the economic aspect when it is compared with the technical aspect?” The 

answer to this linguistic scale, “Moderately important (MI)”, is placed in the relevant 

cell against the triangular fuzzy numbers (1, 3/2, 2). All the fuzzy assessment matrices 
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are produced in the same way. The pairwise comparison matrices were analysed by 

Chang’s extent analysis method, and the local weights were determined.     

 

The computing procedure of the FANP, explained in Section 3.4.2, is based on 

Chang’s (1992, 1996) extent analysis approach, illustrated below. This is followed by 

its application in this case study.   

 

The steps of Chang’s (1992, 1996) extent analysis approach are as follows:   

 

Let X={x1, x2,…, xn} be an object set, and G = {g1, g2,…, gm} be a goal set. According 

to Chang’s 1992 extent analysis method, each object is taken, and the extent analysis 

for each goal, gi, is performed, respectively. Therefore, the m extent analysis values 

for each object can be obtained, with the following signs: 

 

                                                                      

(7.13) 

 

Where all  are triangular fuzzy numbers (TFNs).  

 

The steps of Chang’s (1992, 1996) extent analysis can be given as follows: 

 

Step 1: The value of fuzzy synthetic extent with respect to the ith object is defined as 

 
n

i

m

j

j

gi

m

1j

j

gii MMS
1 1

1

][                   
                                                                                             

(7.14) 

To obtain 
m

j

j

giM
1

, perform the fuzzy addition operation of m extent analysis values 

for a particular matrix such that 

 

 
m

j

m

j

m

j

jjj

m

j

j

gi umlM
1 1 11

,,                                                                                 (7.15) 

 

 And to obtain n
i

n
j

j

gi

1

M1 1 , perform the fuzzy addition operation of ),...,2,1( m jM j

gi

values such that  
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,,                                                                            (7.16) 

 

And then compute the inverse of the vector in Equation (7.16) such that  

 

.
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,
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,
u
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n
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n
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i
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j

j

gi

111

1 1

1 111
][                                                       (7.17) 

 

Step 2: The degree of possibility of M2 = (l2, m2, u2) ≥ M2 = (l1, m1, u1) is defined as  

 

))](),(sup[min(
2112 yxMMV MM                                                                (7.18) 

and can be equivalently expressed as follows: 

 

 

)hgt( 2112 MMMMV               

(7.19)  

 

Where d is the ordinate of the highest intersection point D between μM1 and μM2 (see 

Figure 7.17). 
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Figure 7.17 The intersection between M1 and M2 

 

To compare M1 and M2, we need both values of V(M1  M2) and V(M2  M1). 

 

Step 3. The degree possibility for a convex fuzzy number to be greater than k convex 

fuzzy numbers Mi (i = 1, 2,…, k) can be defined by 
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k2,..., 1,i    ,MMV min                                     

MM and....and  MM and MMVM,...,M,MMV

i

k21k21

)(

)]()()[()(
            

(7.20)  

Assuming that 

 

)(min)( kii SSVAd                                                                                                                   

(7.21) 

 

For k = 1, 2, …, n; k ≠ i. Then the weight vector is given by 

 

,))(),....,(),(( 21

T

nAdAdAdW                                                                                          

(7.22) 

 

Where Ai (i =1, 2, …, n) are n elements.  

 

Step 4: Via normalization, the normalized weight vectors are 

 
T

nAdAdAdW ))(),....,(),(( 21                                                                                                       

(7.23) 

 

Where W is a nonfuzzy number. 

 

For purpose of illustration of the extent analysis approach, the local weights for the 

sustainability aspects and economic indicators were calculated (see below). Only the 

final results of the remaining indicators were calculated with same procedure.   

 

Table 7.16 LW and pairwise comparison matrix of aspects 

Aspects EA TA ENA SA LW 

Economic Aspect (EA) (1,1,1) (0.75, 0.83, 1) (1, 1.5, 2) (0.75, 1, 1.25) 0.25 

Technical Aspect  (TA) (1, 1.25, 1.5) (1,1,1) (1, 1.5, 2) (0.5,1,1.5) 0.28 

Environmental Aspect 

(ENA) 

(0.53, 0.75, 

1.33) 

(0.53, 0.75, 

1.33) 
(1,1,1) 

(0.45, 0.58, 

0.83) 
0.21 

Social Aspect (SA) (0.83, 1, 1.5) (0.5,1,1.5) 
(1.25, 1.33, 

2.25) 
(1,1,1) 0.26 

 

 

Step 1: Then, by applying formula (7.17), we have 

n

j

EARS
1

j1 1.25) 1, (0.75,2) 1.5, (1,1) 0.83, (0.75,1) 1, (1,a~  

      = 5.25)  4.33,  (3.5,  
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n

j

TARS
1

j1 1.5) 1, (0.5,2) 1.5, (1,1) 1, (1,1.5) 1.25, (1,a~  

       = )6  ,754.  (3.5,  

 

n

j

ENARS
1

j1 )83.0 ,58.0 5,4(0.)1 1, (1,)331. ,750. ,53.0()331. ,75.0 ,53.0(a~  

        = )49.4  ,08.3  ,1.52(  

 

n

j

SARS
1

j1 1) 1, ,1()252. ,331. ,25(1.)51. ,1 (0.5,)51. 1, ,83.0(a~  

        = .25)6  4.33,  ,58(3.  

 

13.09

1
  ,

16.49

1
  ,

21.99

1
5.25)  4.33,  (3.5,SEA  

    = (0.16, 0.26, 0.40), 

 

13.09

1
  ,

16.49

1
  ,

21.99

1
)6  ,754.  (3.5,STA  

    = (0.16, 0.29, 0.46),  

13.09

1
  ,

16.49

1
  ,

21.99

1
)49.4  ,08.3  ,51.2(SENA  

    = (0.11, 0.19, 0.34),  

 

13.09

1
  ,

16.49

1
  ,

21.99

1
.25)6  4.33,  ,8(3.5SSA  

    = (0.16, 0.26, 0.48).   

 

Step 2: Using formulas (7.19) and (7.20),  

)( TAEA SSV 0.89 

)( ENAEA SSV 1.0   

)( SAEA SSV 1.0 
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)( EATA SSV 1.0 

)( ENATA SSV 1.0 

)( SATA SSV  1.0  

 

)( EAENA SSV 0.72 

)( TAENA SSV 0.72 

)( SAENA SSV 0.72 

 

)( EASA SSV 1.0 

)( TASA SSV 0.91 

)( ENASA SSV 1.0   

 

Step 3: by using formula (7.21), we obtain  

),,(min)( SAENATAEA SSSSVEAd          

               = min (0.89, 1, 1) = 0.89 

),,(min)( SAENAEATA SSSSVTAd  

               = min (1, 1, 1) = 1  

),,(min)( SATAEAENA SSSSVENAd  

               = min (0.72, 0.72, 0.72) = 0.72  

),,(min)( ENATAEASA SSSSVSAd  

               = min (1, 0.91, 1) = 0.91  

 Therefore, by using formula (7.22) we obtain  

 

W
`
= (0.89, 1, 0.72, 0.91)

 T
 

 

Step 4:  Via normalization using the formula (7.23), and the weight vectors were 

obtained with respect to the decision aspects EA, TA, ENA, and SA: 

 

W = (0.25, 0.28, 0.21, 0.26) 

 



 

209 

 

Below, the application steps of the extent analysis approach to compute the economic 

indicator local weights.  

 

 

Table 7.17 LW and pairwise comparison matrix of economic Indicators 

Economic Indicators C1 C2 C3 LW 

Capital Cost (C1)  (1,1,1) (1.5, 2, 2.5) (1.5,2,2.5) 0.6 

Benefits  (C2) (0.4, 0.5, 0.67) (1,1,1) (0.5, 1, 1. 5) 0.16 

Affordability (C3)  (0.4,0.5,0.67) (0.67, 1, 2) (1,1,1) 0.24 
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1
  ,
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1
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       = (0.16, 0.25, 0.46).  
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Step 2: Using formulas (7.19) and (7.20),  

 

SC1= (0.31, 0.5 , 0.75), 

SC2= (0.15, 0.25, 0.4),  

SC3=(0.16, 0.25, 0.46). 

 )(
21 CC

SSV  1 

)(
31 CC

SSV 0.98  

)(
12 CC

SSV 0.26 

)(
32 CC

SSV  1 

 

)(
13 CC

SSV 0.38 

)(
23 CC

SSV  1 

 

Step 3: By using formula (7.21), we obtain  

 

),(min)1(
321 CCC

SSSVCd          

               = min (  1 , 0.98 ) = 0.98  

 

),(min)2(
312 CCC

SSSVCd  

               = min (0.26  ,  1 ) =  0.26 

),(min)3(
213 CCC

SSSVCd  

               = min (  0.38,  1 ) = 0.38    

Therefore, by using formula (7.22) we obtain  

W
`
= ( 0.98  ,   0.26  ,   0.38 )

 T
 

 

Step 4: Via normalization by using formula (7.23), the weight vectors were obtained 

with respect to decision indicators C1, C2, and C3: 

W = (0.6 , 0.16 ,  0.24  ) 
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In the following Tables (7.18 to 7.20) the local weights are given for the remaining 

groups of indictors, calculated by the extent analysis approach: Table 7.18 for the 

technical indicators; Table 7.19 for the environmental Indicators’ and Table 7.20 for 

the social indicators.  

 

Table 7.18 LW and pairwise comparison matrix of Technical Indicators 

Technical Indicators C4 C5 LW 

Performance (C4) (1,1,1) (1.25, 1.75, 2.25) 0.69 

Flexibility  (C5) (0.5, 0.7, 1.25) (1,1,1) 0.31 

 

Table 7.19 LW and pairwise comparison matrix of Environmental Indicators 

Environmental Indicators    C6 C7 LW 

GHG (C6) (1,1,1) (0.5, 0.7, 1.25) 0.31 

Ecological Impacts (C7) (1.25, 1.75, 2.25) (1,1,1) 0.69 

 

Table 7.20 LW and pairwise comparison matrix of Social Indicators 

Social Indicators C8 C9 LW 

Safety and Security (C8) (1,1,1) (2.5,3,3.5) 1 

Community Engagement (C9) (0.29,0.33,0.4) (1,1,1) 0 

 

 

7.8.2 Determine Inner Dependence Weights (IDW) 

In “determine inner dependence weights step”, the interdependent weights of the 

sustainability aspects were calculated, and the dependencies among the aspects were 

considered. Dependence among the aspects was determined by analysing the impact 

of each aspect on every other aspect using pairwise comparisons. Based on the 

dependencies presented in the second stage of Figure 7.13, the pairwise comparison 

matrices were formed for the aspects (Tables 7.21 to 7.24).   

 

The following question, “What is the relative importance of the ‘Economic Aspect’ 

when compared with the ‘Technical Aspect’ on controlling the ‘Environmental 

Aspect”? Pairwise comparisons were used, which lead to a value of (1/2, 2/3, 1) 

(Moderately important, MI), as denoted in Table 7.15. The resulting relative 

importance weights are presented in last column of Tables 7.21 to 7.24.  
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Table 7.21 ID matrix of the Aspects with respect to Economic Aspect 

Economic Aspect TA ENA SA 
Relative importance 

weights 

Technical Aspect  (TA) (1,1,1) (1.25, 1.75, 2.25) (1.5,2,2.5) 0.62 

Environmental Aspect 

(ENA) 
(0.45, 0.59, 0.84) (1,1,1) (0.5,0.67,1) 0.11 

Social Aspect (SA) (0.4,0.5,0.67) (1,1.5,2) (1,1,1) 0.27 

 

Table 7.22 ID matrix of the Aspects with respect to Technical Aspect 

Technical Aspect EI ENA SA 
Relative importance 

weights 

Economic Aspect  (EI) (1,1,1) (0.33,0.4,0.5) (1,1.5,2) 0.21 

Environmental Aspect 

(ENA) 
(2, 2.5, 3) (1,1,1) (0.33,0.4,0.5) 0.38 

Social Aspect (SA) (0.5,0.67,1) (2,2.5,3) (1,1,1) 0.42 

 

Table 7.23 ID matrix of the Aspects with respect to Environmental Aspect 

Environmental Aspect EA TA SA 
Relative importance 

weights 

Economic Aspect  

(EA) 
(1,1,1) (0.5,0.67,1) (0.67, 1, 2) 0.29 

Technical Aspect (TA) (1,1.5,2) (1,1,1) (0.4,0.5,0.67) 0.31 

Social Aspect (SA)  (0.5, 0.67, 

1) 
(1.5,2,2.5) (1,1,1) 0.4 

 

Table 7.24 ID matrix of the Aspects with respect to Social Aspects 

Social Aspects EI TA ENA 
Relative importance 

weights 

Economic Aspect (EI) (1,1,1) (0.5,1,1.5) (0.5,1,1.5) 0.32 

Technical Aspect (TA) (0.67,1,2) (1,1,1) (0.4,0.5,0.67) 0.27 

Environmental Aspect 

(ENA)    

(0.67,1,2) (1.5,2,2.5) (1,1,1) 0.42 

 

 

Using the computed relative importance weights, the dependence matrix of the 

aspects was formed. The interdependent weights of the aspects were computed by 

multiplying the dependence matrix of the aspects obtained, with local weights of the 

aspects provided in Table 7.16. The interdependent weights of the aspects were 

calculated by using following formula:  
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                (7.24)  

 

 

53.0

45.0

57.0

45.0

26.0

21.0

28.0

25.0

14.042.027.0

42.0138.011.0

27.031.0162.0

32.029.021.01

 

 

Then, via normalization, the interdependent weights of the aspects were finally 

determined by using the following formula:  

 

                                               IDW = (w1, w2, w3, w4)
 T                                                                

(7.25)
 
 

 

 

IDW = (0.23, 0.28, 0.23, 0.26)
 T 

 

 

7.8.3 Calculate Global Weights (GW) of indicators  

In the “calculate the global weights of the indicators” step, the global weights for the 

indicators were calculated. This was achieved by using the interdependent weights of 

the aspects and the local weight indicators (as calculated and presented above). The 

global weights for the indicators were computed by multiplying the local weight of 

the indicator with the interdependent weights associated with the aspects, where it 

belonged. The following formula was used to calculate the global weights.  

 

 

                                                       IDWLWGW                                             (7.26) 

 

Where GW is the global weight of each indicator, LW is the local weight of each 

indicator, and IDW is the interdependent weights of the aspect. The computed values 

are shown in Table 7.25.  
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Table 7.25 Computed global weights of indicators 

Aspects LW 
LW with 

IDW 
Indicators LW GW 

GW with 

IDW 

Economic Aspect 

(EA) 
0.25 0.23 

Capital Cost (C1) 0.6 0.15 0.138 

Benefits  (C2) 0.16 0.04 0.037 

Affordability (C3) 0.24 0.06 0.055 

Technical Aspect  

(TA) 
0.28 0.28 

Performance (C4) 0.69 0.193 0.193 

Flexibility  (C5) 0.31 0.087 0.087 

Environmental 

Aspect (ENA) 
0.21 

 

0.23 

 

GHG (C6) 0.31 0.065 0.071 

Ecological 

Impacts (C7) 
0.69 0.145 0.159 

Social Aspect 

(SA) 
0.26 0.26 

Safety and 

Security (C8) 
1 0.26 0.26 

Community 

Engagement (C9) 
0  0 

 

 

According to the indicators’ global weights, shown in Table 7.28, the four most 

important indicators, contributing toward sustainability performance in our case study 

project, are Safety and Security (C8), Performance (C4), Ecological Impacts (C7), and 

Capital Cost (C1).  Therefore, the results of the indicators’ global weights were used 

in the next steps with the indicators’ activation levels to calculate the hybridised 

performance of the indicators. (More details are provided in the next phase of the 

assessment model.)  
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                                Figure 7.18 Proposed Sustainability Assessment Model - Part 4 
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7.9 Selection Phase  

Selection phase is the last phase in the proposed assessment model. This phase 

comprises two steps: (a) hybridisation of the results of the indicators’ rates, activation 

levels, and global weights; and (b) the ranking of the alternatives, based on the results 

from the previous step. The results obtained from those steps are presented in the 

following sections. 

 

7.9.1 Hybridisation of Fuzzy, FCM and FANP results.  

The hybridisation of the Fuzzy, FCM and FANP results step is intended to hybridise 

the results of the indicator rates listed in Table 7.12, the activation levels in Table 

7.14, and their global weights in Table 7.25. These results were obtained from the 

assessment, simulation, and weighting phases. The following formula was used to 

calculate the hybridised performance for any indicator. 

 

GWALP                                                  (7.27) 

 

Where P is the indicator ‘s hybridised performance, AL is the indicator’s activation 

level, and  GW is the indicator’s global weights.  

 

However, in order to compare the final alternative ranks without considering the 

relations among the indicators, the following formula was used to calculate the 

indicator‘s hybridised performance. 

 

GWRP                                                  (7.28) 

 

Where P is the indicator‘s hybridised performance, R is the indicator’s rate, and GW 

is the indicator’s global weights.  

 

The results of indicators’ hybridised performance for each alternative are shown in 

Table 7.26.  
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Table 7.26 Computed hybridised performance of indicators 

Alternative Indicator R AL R*GW AL*GW 

A1 

C1 0.51 0.919 0.07 0.13 

C2 0.36 0.845 0.01 0.03 

C3 0.75 0.798 0.04 0.04 

C4 0.5 0.949 0.10 0.18 

C5 0.28 0.009 0.02 0.00 

C6 0.22 0.739 0.02 0.05 

C7 1.0 0.817 0.16 0.13 

C8 0.75 0.001 0.20 0.00 

C9 0.25 0.903 0.00 0.00 

Sum 4.62 5.98 0.62 0.57 

A2 

C1 0.51 0.919 0.07 0.13 

C2 0.20 0.845 0.01 0.03 

C3 0.75 0.798 0.04 0.04 

C4 0.5 0.949 0.10 0.18 

C5 0.28 0.009 0.02 0.00 

C6 0.22 0.739 0.02 0.05 

C7 1.0 0.817 0.16 0.13 

C8 1.0 0.001 0.26 0.00 

C9 0.25 0.903 0.00 0.00 

Sum 4.71 5.98 0.67 0.57 

A3 

C1 0.00 0.00 0.00 0.00 

C2 1.0 0.892 0.04 0.03 

C3 0.25 0.862 0.01 0.05 

C4 0.63 0.532 0.12 0.10 

C5 0.57 0.00 0.05 0.00 

C6 0.0 0.00 0.00 0.00 

C7 0.5 0.025 0.08 0.00 

C8 1.0 0.00 0.26 0.00 

C9 0.25 0.267 0.00 0.00 

Sum 4.2 2.578 0.56 0.19 

A4 

C1 0.98 0.970 0.14 0.13 

C2 0.03 0.920 0.00 0.03 

C3 0.75 0.927 0.04 0.05 

C4 0.5 0.975 0.10 0.19 

C5 0.63 0.984 0.05 0.09 

C6 0.42 0.828 0.03 0.06 

C7 1 0.827 0.16 0.13 

C8 1.0 0.003 0.26 0.00 

C9 0.25 0.951 0.00 0.00 

Sum 5.56 7.385 0.78 0.68 
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Table 7.26 (Continued) 

Alternative Indicator R AL R*GW AL*GW 

A5 

C1 0.58 0.919 0.08 0.13 

C2 0.54 0.845 0.02 0.03 

C3 0.75 0.798 0.04 0.04 

C4 0.38 0.949 0.07 0.18 

C5 0.44 0.009 0.04 0.00 

C6 0.70 0.740 0.05 0.05 

C7 0.38 0.817 0.06 0.13 

C8 1.0 0.000 0.26 0.00 

C9 0.25 0.903 0.00 0.00 

Sum 5.02 5.98 0.62 0.57 

A6 

C1 0.51 0.919 0.07 0.13 

C2 0.54 0.845 0.02 0.03 

C3 0.75 0.798 0.04 0.04 

C4 0.38 0.949 0.07 0.18 

C5 0.44 0.009 0.04 0.00 

C6 0.66 0.740 0.05 0.05 

C7 0.63 0.817 0.10 0.13 

C8 1.0 0.000 0.26 0.00 

C9 0.25 0.903 0.00 0.00 

Sum 5.16 5.98 0.65 0.57 

A7 

C1 0.94 0.970 0.13 0.13 

C2 0.02 0.920 0.00 0.03 

C3 0.75 0.927 0.04 0.05 

C4 0.5 0.975 0.10 0.19 

C5 0.44 0.984 0.04 0.09 

C6 0.64 0.828 0.05 0.06 

C7 1 0.827 0.16 0.13 

C8 1.0 0.003 0.26 0.00 

C9 0.25 0.951 0.00 0.00 

Sum 5.54 7.385 0.77 0.68 

A8 

C1 1 0.983 0.14 0.14 

C2 0 0.00 0.00 0.00 

C3 0.75 0.816 0.04 0.04 

C4 1.0 0.962 0.19 0.19 

C5 0.75 0.978 0.07 0.09 

C6 0.8 0.828 0.06 0.06 

C7 1 0.828 0.16 0.13 

C8 1.0 0.003 0.26 0.00 

C9 0.25 0.917 0.00 0.00 

Sum 6.55 6.315 0.91 0.64 

 

 

 



 

219 

 

7.9.2 Rank the Alternatives based on the Results  

In ranking the alternatives based on the results step, the aim was to provide the final 

results obtained from the assessment model to the ranking of the proposed 

alternatives. Thus, the DMs, based on the ranking of the alternatives, were able to 

select the most sustainable alternatives. In this step, the total score of SIs (as presented 

in Table 7.26) was used for each alternative, to calculate its sustainability index, 

which represents the overall sustainability score for the proposed alternatives. The 

overall sustainability score can be calculated by using the Weighted Sum Model 

(WSM) method, adopted from Fishburn (1967), as described in the following formula.    

 

                                        

N

j

jij
GWALOSI

1

   (for i =1,2,3…M)                      (7.29) 

 

Where OSI is the overall sustainability index, which represents the ranking index for 

the alternative, n is the number of indicators, AL is the indicator’s activation level, and 

GW is the indicator’s global weights.  

 

The overall ranking, with consideration of the interaction among the SIs, is shown in 

Figure 7.19. 

 

 

Figure 7.19 Ranking of alternatives with interaction among SIs 
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The results in Figure 7.19 show the alternative rankings when considering the 

activation level of the indicator as the new sustainability rate, and when taking into 

account their weights, calculated by the FANP method. Therefore, the results reveal 

that the alternatives (A4) and (A7) share first ranking, followed closely by the 

alternative (A8), which is ranked third in terms of the overall sustainability score. 

Therefore, the alternatives that are wholly or partially bus-based are ranked highest, 

since the most important indicators, based on the FANP result, obtained the highest 

value for their activation levels (as reflected on the overall sustainability scores for 

their alternatives). For example, Performance (C4), which was considered the second 

most important indicator (based on its global weight), obtained the highest values 

(P=0.19) for its hybridised performance compared with other alternatives.  

 

In contrast, the alternatives that were rail-based only were ranked lower than the bus-

based alternatives. As shown in Figure 7.16, the alternatives (A1), (A2), (A5), and 

(A6) all share the fourth ranking. These results indicate that the sustainability 

performance for those alternatives, in the long run, will be the same, even though their 

initial sustainability performance is different.  

 

Interestingly, the results also show that the lowest ranked (A3) represents the fast 

passenger train alternative. This is because most of the indicators’ hybridised 

performances attained the worst sustainability values compared with the other 

alternatives. To demonstrate, as can be seen in Table 7.26, the Capital Cost (C1), the 

Flexibility (C5), GHG (C6), The Ecological Impacts (C7), the Safety and Security 

(C8), and the Community Engagement (C9) of alternative (A3) reached the bottom of 

the scale value (i.e. 0.0), which is considered, in the proposed assessment model, the 

lowest sustainability value. 
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Figure 7.20 Ranking of alternatives without interaction among SIs 

 

 

Additionally, the purpose of assessing the impact involved considering the interaction 

among the SIs, and their weights within the assessment model on the final ranking of 

the alternatives. Figure 7.19 shows the ranking results considering both the interaction 

and the weights of the SIs. In contrast, Figure 7.20 reflects the ranking results without 

considering the interaction among the SIs.  

 

On the basis of the results, the interaction has a notable effect on the ranking results. 

For example, A8, which ranks first (see Figure 7.20) in the assessment results, 

calculated without considering the interaction, goes down to the third rank when 

considering the interaction among the indicators (Figure 7.19). Furthermore, a similar 

result occurs for alternatives A1 and A5; they are both ranked sixth when the 

interaction is ignored, and slide to fourth rank when the interaction is considered. 

  

Hence, it can be concluded when the interaction among the SIs is taken into 

consideration, there is a notable effect on the final ranking for the case study 

alternatives. This outcome occurred when the indicators’ activation level was 

considered as a new sustainability rate. The rate represented the indicator values, 

when considering the interaction among them. Thus, in the proposed assessment 

model, the activation level that resulted from FCM simulation was considered as the 

indicators’ sustainability values after a consideration of the interaction.    
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7.10 Sensitivity analysis 

Sensitivity analysis was used herein to assess the effect on the model results by 

changing the weight factors of the different indicators. This approach was taken to 

prove the robustness of the obtained result from the proposed assessment model. 

Thus, the sensitivity analysis allows the decision maker to test the robustness of 

alternative solutions (preference rankings).   Further, the sensitivity analysis was 

undertaken in nine cases; in each case there was one prioritised indicator which was 

given the priority weight, while the other indicators shared an equal weight factor. The 

proportional adjustments for the other weight factors are calculated by following 

equation (Awasthi & Chauhan, 2011): 

 

                                                                                   (7.30) 

 

Weight factor of the indicator changed its value from a minimal value of 0.1 to a 

maximal value of 0.9, by applying steps of 0.1 to carry out the sensitivity analysis.  

  

According to the results, most of the indicators’ sensitivity analysis results indicated 

that there was no notable effect on the alternatives’ overall sustainability index (OSI) 

by changing their weight factor. Although, the gap between the alternatives broadens 

in some cases, in other cases the gap decreases, with little difference on the 

alternatives’ ranking. The exceptional cases were the Benefits (C2) and Affordability 

(C3) sensitivity analysis results; the changing of their weight factors had a notable 

impact on the alternative’ ranking.  

 

Since most of the indicators’ sensitivity analysis results were found to be similar, the 

discussion, in the next subsections, focuses only on the sensitivity analysis results of 

Capital Cost (C1) (as an example of all the results). It also focuses on the two 

indicators found to have high sensitivity (Benefits (C2), and Affordability (C3)). (See 

appendix C5 for more information about the remaining indicators’ sensitivity analysis 

results.)   
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7.10.1 Capital Cost sensitivity  

The Capital Cost (C1) sensitivity analysis is illustrated in Figure 7.21, while the 

results of the impact of the changing Capital Cost (C1) weight on each of the 

alternatives’ overall sustainability index (OSI) are shown in Table 7.27. The 

sensitivity analysis result shows no remarkable effect on the alternatives’ OSI by 

changing the weight factor of the Capital Cost (C1). As indicated in Figure 7.21, only 

the gap between A3 and the other alternatives broadens at the same time as the gap 

between A8, A7 and A4 decreases (as the C1 weight factor increases). However, 

although there are effects on the alternatives’ OSI, by changing the C1 weight factor, 

there is no difference to the alternatives ranking compared to that obtained by using 

0.138 as the weight factor of C1, as found by the proposed model.   

 

 

 

 

Figure 7.21 Sensitivity analysis for the Capital Cost (C1) weight changes 
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Table 7.27 Changes in OSI by changing the Capital Cost (C1) weight 

C1 Weight Changes A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.661 0.661 0.290 0.819 0.661 0.661 0.819 0.698 

0.2 0.690 0.690 0.258 0.836 0.690 0.690 0.836 0.730 

0.3 0.719 0.719 0.226 0.852 0.719 0.719 0.852 0.761 

0.4 0.747 0.747 0.193 0.869 0.747 0.747 0.869 0.793 

0.5 0.776 0.776 0.161 0.886 0.776 0.776 0.886 0.825 

0.6 0.804 0.804 0.129 0.903 0.804 0.804 0.903 0.856 

0.7 0.833 0.833 0.097 0.920 0.833 0.833 0.920 0.888 

0.8 0.862 0.862 0.064 0.936 0.862 0.862 0.936 0.920 

0.9 0.890 0.890 0.032 0.953 0.890 0.890 0.953 0.951 

 

 

7.10.2 Benefits sensitivity  

When the Benefits (C2) sensitivity was analysed, the results showed a notable effect 

on the alternatives’ ranking by changing the weight factor of Benefits (C2). As can be 

seen in Figure 7.22 and Table 7.28, there are two critical points in the changing the 

weight factor, which lead to changes in the alternatives’ ranking. The first critical 

point was found at the weight factor 0.2; at this point, the A8 rank declined from the 

third rank to seventh rank, while A1, A2, A5, and A6 moved forward to the third rank. 

The second critical point was weight factor 0.4. When using this weight, A2 moved to 

the seventh rank, while A8 slid down to the eight ranking. However, the Benefits 

sensitivity analysis revealed that any change in the Benefits weight factors are not 

likely to change the top sustainable alternatives, that is, alternatives A4 and A7.  
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Figure 7.22 Sensitivity analysis for the Benefits (C2) weight changes 

 

 

Table 7.28 Changes in OSI by changing the Benefits (C2) weight 

C2 Weight Changes A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.662 0.662 0.279 0.819 0.662 0.662 0.819 0.710 

0.2 0.683 0.683 0.347 0.831 0.683 0.683 0.831 0.632 

0.3 0.703 0.703 0.415 0.842 0.703 0.703 0.842 0.553 

0.4 0.723 0.723 0.483 0.853 0.723 0.723 0.853 0.474 

0.5 0.743 0.743 0.551 0.864 0.743 0.743 0.864 0.395 

0.6 0.764 0.764 0.620 0.875 0.764 0.764 0.875 0.316 

0.7 0.784 0.784 0.688 0.886 0.784 0.784 0.886 0.237 

0.8 0.804 0.804 0.756 0.898 0.804 0.804 0.898 0.158 

0.9 0.825 0.825 0.824 0.909 0.825 0.825 0.909 0.079 

 

 

7.10.3 Affordability sensitivity  

The sensitivity analysis results for the Affordability indicator (C3) showed no change 

in the gap between most alternatives; A3 was the only exception. As Figure 7.23 

indicates, the gap between A3 and the other alternatives decreased as the C3 weight 

factor increased. Moreover, the result showed that there is one critical point in ranking 

of the alternatives. The weight factor 0.9, bolded in Table 7.29, was found to be the 

critical point for changing the weight factor of the Affordability indicator. As A3 
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moved forward from eighth rank to fourth rank, A1, A2, A5, and A6 declined from 

fourth rank to fifth rank. Thus, the result highlights that when Affordability has a 

greater weight factor, then A3 becomes a more feasible alternative.     

 

 

 

Figure 7.23 Sensitivity analysis for the Affordability (C3) weight changes 

 

 

Table 7.29 Changes in OSI by changing the Affordability (C3) weight 

C3 Weight Changes A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.663 0.663 0.279 0.819 0.663 0.663 0.819 0.700 

0.2 0.678 0.678 0.344 0.831 0.678 0.678 0.831 0.713 

0.3 0.693 0.693 0.409 0.843 0.693 0.693 0.843 0.726 

0.4 0.708 0.708 0.474 0.855 0.708 0.708 0.855 0.739 

0.5 0.723 0.723 0.538 0.867 0.723 0.723 0.867 0.752 

0.6 0.738 0.738 0.603 0.879 0.738 0.738 0.879 0.765 

0.7 0.753 0.753 0.668 0.891 0.753 0.753 0.891 0.777 

0.8 0.768 0.768 0.733 0.903 0.768 0.768 0.903 0.790 

0.9 0.783 0.783 0.797 0.915 0.783 0.783 0.915 0.803 
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Therefore, the above sensitivity analysis results confirm that the determination of the 

weight factors for those indicators is an important phase in the proposed assessment 

model. The choice of an unsuitable weight factor might give inaccurate results which, 

in turn, may cause the decision makers to be misled. Thus, the sensitivity analysis is 

suggested as an essential step in the proposed assessment model to confirm the 

robustness of the weight factors of the indicators.         

 

7.11 Discussion  

This chapter has demonstrated the implementation of the proposed assessment model 

using the real-life infrastructure project. The improvement degree achieved using the 

proposed assessment model for sustainability performance assessment, to overcome 

the other models’ limitations, is discussed in the light of the obtained case study 

results.  

 

Therefore, to identify the extent to which the proposed model can effectively 

overcome other models limitations, the discussion focuses on those limitations (see 

Chapter two. There are four expectations from the proposed model: 1) it will consider 

the interaction among the SIs; 2) it will manage the uncertainty that is inherent in the 

assessment process; 3) it will manage the qualitative and quantitative information; and 

4) it will be less time consuming and easy to use. These requirements are expected to 

be met to some degree. The next paragraphs present a discussion those points in more 

detail.    

 

First, the proposed model enhances the capability of the decision makers involved in 

the case study, so that they are better able to manage the complexity of the 

sustainability assessment through a consideration of the interactions among the SIs. 

This process was achieved through the use of the FCM method, which led to the 

discovery of the hidden sustainability performance. The hidden sustainability 

performance will not be realised if the interaction is ignored. This outcome answers 

the criticism that most sustainability assessment models are static in nature and, 

especially, neglect the interaction between the sustainability components. 

Furthermore, the case study results prove that a consideration of the interaction had a 
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significant impact on the sustainability performance values which were reflected on 

the projects alternatives ranking. 

   

Moreover, the proposed model was found capable of calculating the indicators’ 

weights when considering the interdependent weights among them. This finding was 

attained through using the Fuzzy ANP method. The case study application result 

showed that the indicators’ global weight changed when the interdependent weights 

were considered. So, in the light of the case study application, it can be concluded that 

the proposed model was effective in overcoming the other models’ limitations, 

namely, ignoring the interaction. The proposed model does this by taking into account 

in both the indicators’ rate and weight.   

 

Second, since the proposed assessment model uses the fuzzy set method, the DMs can 

use linguistic scales rather than precise numbers to evaluate the qualitative indicators. 

This approach makes the assessment process more convenient to use. Hence, utilising 

the fuzzy set method properties improved the DMs ability to manage the qualitative 

values, such as the aggregation of the sub-indicator values, and so on.  

 

Third, although the proposed assessment model is intended to assess qualitative data, 

which cannot be defined or measured easily, the model is also able to handle 

quantitative data. For example, the model includes a step for normalizing the 

quantitative data, which is needed to facilitate the aggregation of the qualitative and 

quantitative assessment results. It does this in order to calculate the final rank for the 

projects’ alternatives.   

 

Fourth, the proposed assessment model’s ease of use was moderate. Every expert 

understood, to some extent, the FCM process for extracting the data. Questions such 

as how important is aspect (or indicator) to another aspect (or indicator) is not too 

difficult to deal with. However, as the proposed model is based on the experts’ 

judgments, inconsistent results may arise among the experts’ opinions. This problem 

may be eliminated by using a knowledge-base within the model. In the end, the 

process still needs to extract the experts’ knowledge, so time and effort is required.    
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7.12 Model Validation 

The model validation section presents the results of the qualitative phase of the case 

study (illustrated in this chapter). The section’s main objective is to validate the 

contributions of the proposed sustainability assessment model. To achieve this 

outcome, structured interviews were conducted with the two experts who participated 

in the quantitative phase of the Mildura case study. They were selected as they had 

been recently involved in a sustainability assessment process (which was based on the 

conventional approach). As a consequence, the limitations of the conventional 

assessment approach could be investigated. Additionally, the experts had participated 

in the application test for the proposed model, and so they were fully aware of the 

advantages of the proposed model. Hence, there was no need to explain the capability 

of proposed model to them. 

 

According to Yin (2009), the researcher needs to develop his or her own analytic 

strategies in order to analyse the qualitative evidence from a case study. Thus, the 

strategy adopted to validate the proposed model is as follows. First, the experts were 

asked to express their opinions about the limitations of the conventional assessment 

method that they had used in same case study. Second, they were asked to state their 

views about the development of a new assessment model, and its potential to 

overcome the identified limitations of the conventional method. Therefore, based on 

their feedback, it was possible to determine the contributions of the proposed model to 

enhance the sustainability assessment process (and their degree of contribution).  

 

The interview discussion was classified into three groups: 

1. The experts’ views about the SIs used during the sustainability assessment process.  

2. The experts’ views about the interaction/s among the sustainability components.  

3. The experts’ opinions in terms of the sustainability assessment frameworks. 

 

The results of interviews are reported under the following three subsections, to 

correspond with the discussion areas used during the interview sessions. 
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7.12.1 Sustainability Indicators (SIs)  

As noted above, in the SIs discussion area, the experts were asked three questions. 

The objective for each question is identified below, followed by a discussion of the 

experts’ responses. 

 

Question one sought to discover the key SIs used in the Mildura project. They were 

then compared to the key indicators identified through the questionnaire results 

(reported in Chapter five). This approach was used to further validate the results 

obtained from the questionnaire. 

 

As reported in the earlier chapters, the SIs were classified into four aspects: economic, 

technical, environmental, and social. However, in the case study, the SIs were 

classified into only three of these aspects (social, economic, and environmental), as 

the technical aspect was combined, rather than placed in a separate category. Indeed, 

the technical differences were not considered significant, as a number of the indicators 

were still included in the assessment report, being combined with the social indicators 

under the social aspect. Therefore, the case study confirmed that the sustainability 

aspects used in the early chapters were appropriate for use in the proposed assessment 

model. 

 

With respect to the questionnaire, the key indicators were similar to those used in the 

case study, as determined through the questionnaire’s results, and considered in the 

FCM model. However, three types of differences were found between the case study 

and the questionnaire. First, the label of the indicator differed, even though the 

definition was similar to that reported in this study. Second, few indicators were 

combined together in a single indicator. Third, some indicators in the questionnaire 

were divided into more than one indicator in the case study. 

 

In addition, however, some indicators in the case study did not match any of the 

selected indicators. Further, on the basis of their definitions, those indicators were not 

related to sustainability assessment and, after consultation with the experts, they were 

excluded. Only indicators related to the measurement of the sustainability 

performance were used in the case study. 
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For this reason, most key indicators identified in the questionnaire’s results, and 

utilised in the FCM model, were similar to the case study key indicators. As seen in 

the following table (Table 7.30), eight indicators from the case study matched (or 

were equivalent to) indicators from the earlier selected indicators (according to their 

definitions). 

 

Table 7.30 Comparison between Key Indicators from questionnaire and case study 

Key Indicators 

based on Questionnaire 
Key indicators 

based on Case Study 

Capital Cost Capital Cost 

Financial Returns Economic Benefit 

Affordability Equity: Cost 

Performance 
Performance 

Reliability 

Flexibility 
Flexibility 

Capacity Enhancement 

Ecological Impacts Ecological Impacts 

Air Pollution N/A 

Water Pollution N/A 

N/A Greenhouse Gas Emissions (GHG) 

Impact on Safety Personal Safety/Security 

Stakeholder Participation Community Engagement 

        N/A means the indicator was not used.  

 

Importantly, three economic indicators used in the proposed model were utilised in 

the case study; for example, Capital Cost was included in both the proposed model 

and the case study. Further, as the case study was a public project, it can be 

considered in relation to its Financial Returns, which can be described as equivalent to 

an Economic Benefit in the case study.   

 

In addition, as explained above, on the basis of its definition, the Equity Cost indicator 

was similar to the Affordability indicator in the proposed model. Earlier, it had been 

classified under the social aspect; however, after consulting the experts, it was 

reclassified as an economic aspect. Although the affordability indicator was not a top 

economic indicator (from the questionnaire results), as the indicators were selected 

using micro- and macro-logic, affordability was found on top of the macroeconomic 
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indicators. This outcome confirms that the adopted logic is true, and so was followed 

in selecting the key SIs. 

 

The most important top three technical indicators, identified via the questionnaire, 

were also used in the case study. However, as the performance and reliability 

indicators were combined in the performance indicator, there were some slight 

differences. Additionally, the flexibility indicator, identified as the third top indicator, 

was also utilised in the case study, but it was divided into two indicators: the 

flexibility and capacity enhancement indicators.  

 

The results from the questionnaire also highlighted the most important environmental 

indicators, of which only the ecological impacts indicator was used in the case study. 

In the case study the experts also used the greenhouse gas emissions (GHG) indicator, 

while the air and water pollution indicators were ignored. As macro-environmental 

indicators (see Chapter 5), the ecological impacts and the GHG indicators were of 

primary concern to the experts, especially at the planning stage of the project. The 

GHG indicator was also used as it was a requirement of the project’s owner; this issue 

is discussed further in the next question’s responses.   

 

The researcher decided to use two of the three social indicators, identified by the 

questionnaire results, in the case study. This outcome rested on the determination that 

the impact on the safety indicator matched the personal safety/security indicator (in 

the case study), while the stakeholder participation indicator was similar to the 

community engagement indicator. Although, other social indicators were used in the 

case study, the experts considered these two indicators as the key social indicators. In 

addition, there was an overlap with some sustainability aspects; therefore, the 

technical indicator was separated from the social aspect, and the affordability 

indicator was moved into the economic indicators. 

 

Importantly, the case study results confirmed, to a large extent, the results obtained 

from the questionnaire. Thus, most of the key indicators used in the case study were 

similar to the indicators determined, via the questionnaire, as the key SIs. The 

following paragraph, therefore, presents a discussion of the experts’ reasons for 

selecting the SIs included in the case study. 
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The second question aimed at discovering why the specific SIs were chosen for the 

case study and, consequently, why they were considered to be the key indicators. 

 

According to the experts, two reasons supported the selection of the SIs in the case 

study. First, they were a requirement of both the project’s owner and the sustainability 

assessment legislation. This legislation (the Transport Integration Act 2010) was 

adopted by the Victorian State Government in 2010. The Act mandates particular 

issues to be considered in the sustainability assessment for any new proposed 

infrastructure project. Thus, the SIs were derived from a legal imperative.  

 

The second reason for choosing the SIs revolved around the community’s input. The 

input was obtained at the early stages of preparing the feasibility study; the 

communities along the Mildura project corridor were invited, by the consultant, to 

express their views on what issues or aspects of sustainability were important for 

them. According to the interviewed Senior Transport Planner, such input ensures that 

the selected indicators, based on the owner’s requirement, also reflect the priorities of 

the community. 

 

The third question attempted to assess how well the indicators measured the 

sustainability performance. In other words, the question sought to identify the 

challenges the experts would face and, as a consequence, clarify the contributions of 

the proposed model in overcoming those challenges.  

 

Based on the responses of the two experts, there was agreement that one of the most 

significant challenges in the evaluation process is the measurement of the qualitative 

indicators. These indicators are difficult to measure objectively, especially when some 

of the indicators do not have adequate information upon which the assessors can make 

their judgment. Further, they argued that it was hard to collect such information, as it 

required market research, which is both costly and time consuming. 

 

According to the experts, there was also a conflict between the stakeholders’ 

judgments, particularly when the indicators related to social issues. For example, each 

stakeholder had his or her own view about the proposed alternative, with some 
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stakeholders having extreme views, while others showed little interest. Thus, the 

experts posited that the ideal assessment method should have the capability to 

aggregate the differing stakeholders’ judgments, particularly when the conventional 

method was perceived to lack the ability to manage the problem.  

 

From the experts’ feedback, a transparent and new approach was needed, one that has 

the capability to quantify the qualitative indicators. Both experts agreed that the fuzzy 

set approach had the capability to handle the conventional method’s limitations, as 

used in their original report. Further, as discussed in Chapter three, the fuzzy set has a 

number of features, including the use of linguistic variables that allow the experts to 

express their judgment; while the results can be converted into numerical values. 

 

Additionally, the experts observed that using the linguistic variables of the fuzzy set 

improved the evaluation process of the qualitative indicators in two ways. Firstly, the 

process helped resolve the lack of available data (data required to assess the proposed 

alternative against the SIs); the experts used linguistic variables in a systematic way in 

the evaluation process. Secondly, the fuzzy set improves the rating of the qualitative 

indicators, thereby providing better communication with the stakeholders’ 

representatives; this approach also has the potential to solve the conflict between the 

stakeholders’ judgments. Moreover, as the linguistic terms used in the fuzzy set can 

be converted into numerical values, the impact of the evaluations is clearer when they 

are aggregated numerically. Consequently, when a stakeholder has expressed an 

extreme judgment, it is easier to encourage them to reassess their judgment and, 

possibly, modify their response.  

 

 

7.12.2 Interaction among sustainability components 

Within the context of the interaction among the sustainability components, two 

questions were posed. The following section presents a discussion about the choice of 

those questions, and the experts’ responses. 
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The first question was posed to investigate whether the interactions among the 

sustainability aspects were observed or not, by the experts, during the sustainability 

performance assessment.  

 

Both experts confirmed that the interaction was observed between the economic and 

social sustainability aspects, and the environmental and economic sustainability 

aspects. The first observed interaction was the very visible trade-offs necessary 

between the economic and social objectives. As the main objective of the Mildura 

feasibility study was a social objective, the identified investment alternatives were 

seen to require more money, and so lead to more desirable social outcomes. The 

second observed interaction (between the environmental and economic aspects) 

involved alternatives that required the construction of new transportation 

infrastructure facilities. It was assumed that the construction stage would have an 

impact on their surrounding environment.   

 

While these interactions were identified, the relationships between the sustainability 

aspects were not linear. Indeed, the experts discovered that the very high cost 

alternatives were not very much more effective than the more modest cost 

alternatives.  

The second question was posed to identify how the experts managed the conflict 

between the sustainability objectives during the sustainability assessment process. 

 

Initially, both experts confirmed that the sustainability objectives were in conflict, by 

their very nature. Hence, it was not possible to enhance (or reduce) one of the 

maximizing (or minimizing) objectives without some effect on other related 

objectives. For example, the interviewed Project Manager stated, “You cannot 

improve social amenity without imposing a cost on yourself.” 

 

At this point it is important to note that, since the final selection decision for the 

proposed alternatives had not been made when the interviews were conducted, the 

experts could only explain the approach they usually utilise when managing 

conflicting objectives. Broadly speaking, however, the alternatives were only of 

interest if they were effective; the less effective alternatives tended to be excluded. 

Indeed, if an alternative provided the same or better social amenity, for example, and 
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decreased the environmental or economic cost, then, the less expensive alternative 

was chosen.  

 

However, with regard to the capability of the conventional approach to help manage 

the conflict between the sustainability appraisal objectives, the experts reported that 

the conventional approach failed to support the investigation to gain an optimum 

alternative. Such a failure involved the conventional method’s inability to numerically 

demonstrate the influence of one sustainability objective on other related objectives. 

This was especially important, as the degree of that influence could not be calculated. 

 

It is apparent, therefore, that the conventional method of assessment is unable to 

provide the necessary data for a comprehensive appraisal. Thus, a new sustainability 

assessment model is urgently needed so that the decision makers can consider the 

interactions between the SIs, as well as the conflict between them. 

 

7.12.3 Sustainability assessment frameworks 

Five questions were asked of the experts in relation to the sustainability assessment 

frameworks. The first was: Did you use a formal sustainability assessment 

framework? The second: Was that specific to the project, or is it what you (your 

organisation) always utilize? Why or why not? The questions addressed the existing 

sustainability assessment models used in the Mildura (or earlier) projects. For clarity 

and meaningfulness, the responses to the two questions have been combined, as the 

questions are related to each other. 

 

Neither expert used a formal sustainability assessment framework. However, they had 

project specific frameworks developed at the beginning of each project, but rarely 

used the formal assessment frameworks as the infrastructure projects differed from 

project to project, objective to objective, and local condition to local condition, and so 

on. Further, they argued that it was difficult to develop a framework that was suitable 

for a range of projects.   

 

However, the experts reported using good practice triple bottom line assessment 

processes. Additionally, they also adhered to the existing legislation or governing 
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policies to ensure approval of the proposed project. Such policies provided a general 

policy framework that included objectives and decision-making principles. In the 

Mildura project, the sustainability assessment was based on the new Victorian 

Transport Integration Act, 2010. This Act outlines a new framework for assessing 

transport schemes, with an emphasis on sustainability. The Mildura project was the 

first full-scale feasibility study undertaken under the Act’s framework. All projects 

must now comply with this framework. 

 

In the third question, the experts were asked to comment on the limitations of the 

assessment framework they used. These limitations helped to confirm the limitations 

identified by the literature review. The identification of the limitations was important, 

as they were the motivation for developing the proposed new sustainability 

assessment model. Also, the responses were expected to reveal other limitations, 

which could help to improve the assessment model through future research. 

  

According to the experts, the framework had a number of limitations, which were 

observed during the assessment process. These limitations included those identified in 

the literature review chapter (namely, the inability of the assessment framework to 

assist the decision makers to manage the complexity and uncertainty that is inherent in 

the sustainability assessment process). Other limitations related to the conflict among 

stakeholders, the procedure for calculating the overall impact, and the weighing 

(rating) of the SIs. The following paragraphs provide a detailed discussion of the 

limitations. 

 

In terms of the complexity issue, the experts reported the failure of their existing 

framework to provide any support mechanism to guide the decision makers through 

the sustainability assessment process. The complexity of the process derives from the 

interactions among the social, economic, and environmental aspects (as explained in 

the previous section). Also, the complexity arises when the decision makers conduct 

trade-offs between the conflicting objectives. 

 

Both experts confirmed the existence of complexity, in terms of sustainability, in the 

assessment process. Further, they acknowledged their inability to manage the 

problem. These problems appear to arise because of the need to separately assess the 
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sustainability aspects, even though the aspects are interrelated. The existing 

assessment framework was unable to consider the interaction matter. 

 

As a consequence, the experts highlighted the need for a more robust framework for 

sustainability assessment. Such a framework would provide better data, as well as a 

clearer understanding of the impact of a decision on all aspects involved in the 

project. 

 

The uncertainty limitation was also identified as a challenge faced by the experts 

during the assessment process. Once again the conventional framework was seen as 

unable to handle the uncertainty inherent in sustainability assessments. Thus, this 

uncertainty can negatively affect the accuracy of the decision making process.  

 

From the experts’ responses, it is clear that there are two types of uncertainties. The 

first uncertainty concerns the assessment results (namely, the variation between the 

assessment impact results for a particular alternative, and its actual performance in the 

future). As the Project Manager explained:   

 

“One of the biggest weaknesses is that, unless you can get a [handle 

on] what we [are] actually [trying] to improve...how much we are 

actually doing...You will end up with [an] unclear picture about 

what...the best option should be.” 

 

The second type of uncertainty results from the indicators used in the assessment 

framework. According to the experts, these uncertainties arise when the data or 

information are completely or partially unavailable, incorrect, or unreliable. Also, the 

subjectivity inherent in the evaluation of the qualitative indicators was a source of 

uncertainty, as explained by Project Manager, 

 

“The uncertainty of capturing the data, and...the subjectivity [creates 

uncertainty] about…[whether] your sample size would large enough, if 

you have [a biased] sample with subjective data. That is [an] inherent 

weakness in my view.”  
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Both experts saw uncertainty as, sometimes, a temporary problem that can be reduced 

if more market research is conducted. However, they argued that this type of research 

is not possible in the early stage of the project, since; it would cost a lot of money, and 

is time consuming. Additionally, such market research requires expertise they do not 

have. Therefore, they recommend the development of a new assessment model that 

has the capability to assist decision makers in managing uncertainty, especially when 

it cannot be reduced.  

 

Another major limitation of the conventional framework was its inability to handle 

issues arising from the conflict among the stakeholders. This conflict was most 

notable when each stakeholder rated the sustainability aspects differently. These 

differences can arise from the stakeholder’s own perspective, or that of their 

organization. The transport planner explained this problem as follows, 

 

“The challenge is that stakeholders do not agree on the weight that 

should be placed on different aspects of sustainability. Even if the 

measures could always be assessed objectively, the relative importance 

of them may not be easily resolved.’ 

 

The framework is also limited by its inability to differentiate the impacts of the 

proposed alternative performance on the spatial dimension. This limitation was a 

major challenge that affected the outcome of the Mildura study, that is, in the final 

assessment, there was difficulty distinguishing the specific impacts on the different 

areas that were to be served by the project.  

 

Specifically, the concern related to the aggregation step for the overall impact. 

However, while the framework dealt with all the impact zones equally, this was an 

untrue assumption; for example, the impact of the project on a small community is not 

the same as the impact on a large town. As a consequence, the inaccurate aggregated 

impacts could lead to a wrong decision being made when the decision makers are 

attempting to determine the best alternative. The Transport Planner explained this 

limitation as follows,  
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“The distributional impacts were also a big challenge in this study–we 

had a situation where a solution that was highly effective for the large, 

transport-rich city at one end of the corridor would be less effective in 

the small, transport-poor townships along the corridor. The framework 

could have been strengthened if the impact on each community had 

been assessed independently, but there would still be no obvious way 

of ‘summing’ them appropriately to draw an ‘objective’ conclusion.” 

 

The above limitations highlight the urgent need for a new sustainability assessment 

model that aims to overcome these limitations. Following on from the identification of 

the need for a new model, the experts commented upon on the viability of developing 

a new assessment model; these are discussed below. 

 

In the fourth question, the experts were asked: To overcome these limitations, do you 

think it would be of benefit to develop a new assessment framework that overcomes 

these limitations? 

Both experts confirmed the importance of developing a new sustainability assessment 

model. Further, they asserted their belief that the proposed assessment model would 

conquer the limitations discussed in the previous section. Further, they reiterated the 

need for a more robust assessment model. For example, the Project manager noted 

that, 

“We need to construct [a] methodology, with more robustness, in order 

to ensure we are actually assessing the sustainability performance in 

[an] accurate way.” 

 

The Senior Transport Planner also confirmed the necessity to develop a new 

sustainability assessment model that would overcome the identified limitations, 

particularly the variation in the scale of assessment. He stated that, “An improved 

evaluation framework needs to have consensus support at a range of scales.” 

In the fifth and final question, the experts were specifically asked whether an analysis 

of the interaction among the SIs would lead to an improved sustainability assessment 

process. A discussion of the assessment framework is presented in the next 

paragraphs. 

 

The experts were firm in their belief that the inclusion of the interaction among the 

SIs would lead to an improved sustainability assessment process. For example, the 
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Project Manager indicated that the interaction required more attention during the 

assessment process.  

 

“Yes, I’d say the relationship is extremely important. The 

interpretability of these interrelationships between the SIs would be 

very important in the sense that you would always be arguing about the 

benefits derived in one area over the cost in the other. And trying to 

define the benefits of one outlay [over] the cost on the other...”  

 

Therefore, the validity of considering the interaction among the SIs during the 

assessment process has been confirmed. Significantly, both experts believe that a 

balance among the sustainability objectives cannot be reached without the interaction 

issue being taken into account. 

Thus, on the basis of the experts’ feedback, the need for an improved sustainability 

assessment processes has been established. Importantly, the technical assessors and 

the policymakers benefit from using a much more improved and transparent 

assessment model; it allows them to gain a better and more accurate understanding of 

the project’s sustainability performance. Therefore, the experts’ feedback on the 

proposed assessment model, and the quantitative results drawn from the case study 

application was used to enhance the proposed assessment model. To a large extent the 

model improved the ability of decision makers, especially when managing most of the 

limitations identified when using a conventional assessment framework.    

 

Since the FCM method was integrated in the proposed model, it has gained the 

advantages of the FCM in dealing with the complexity issue. This outcome was 

achieved through the FCM ability to capture the interaction among the indicators. 

Both decision makers systematically gave their judgments about those relations 

among the indicators that they believe existed in the case study project. Later, as seen 

in the quantitative application, the decision makers had the ability to quantify the 

sustainability performance for the project alternatives, taking into account the 

identified relations.  

 

Moreover, according to the experts’ feedback to question five, both were assured of 

the importance of considering the interaction among the SIs, in order to find out the 
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best alternative in terms of attaining the balance among the sustainability objectives. 

Therefore, the validity of the proposed assessment model of handle the complexity 

matter has been confirmed.     

 

Regarding the uncertainty limitation, the proposed assessment model, by employing 

the fuzzy set method, improved the capability of the decision makers in overcoming 

the uncertainty limitation. This was most important when dealing with the qualitative 

values that needed to be assigned. Thus, the decision makers, by using the fuzzy set 

and fuzzy ANP (in the proposed assessment model) were capable of assigning a rate, 

and giving a weight for the qualitative indicators in a more transparent way. This 

outcome validates that the proposed model has an advantage over the conventional 

method in managing the uncertainty issue.        

 

Thus, the proposed assessment model is validated as a positive and long overdue 

mechanism to overcome most of the limitations identified during the case study and 

from the literature review. 

 

 

7.13 Summary  

In this chapter, the findings, from the application of the proposed assessment model 

through a real-life infrastructure project, were reported. Since the proposed model 

involved utilising the fuzzy set, FCM, and FANP at different phases of the model for 

different objectives, the validity of using each method has was explored.      

 

First, the fuzzy set was used to facilitate the quantifying of the qualitative indicators. 

The case study outcomes showed that the fuzzy set had enhanced the capability of the 

DMs to manage the uncertainty issue usually confronted when assessing the 

qualitative indicators. This was achieved by using a linguistic evaluation, when 

needed. Then, the FCM was conducted to calculate the sustainability value of the 

project alternatives when considering the interaction between the selected indicators. 

The outcome results validated the FCM method, as it was compared against the 

results that were obtained from the conventional model. Next, the FANP was used to 

determine the weight factors of the selected indicators. The case study results 
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demonstrated the improved the ability of DMs in determining the indicators’ weight 

factors when FANP method was used. This occurred in two ways: 1) in the FANP the 

DMs used the linguistic variables when they assigned the weight of the indicators 

instead of giving exact numerical numbers, which were not easy to be solve; 2) it was 

found capable of calculating the indicator weights when considering the 

interdependent weights among the indicators; this finding was very important to 

consider, especially as the result showed that the indicators global weight had changed 

when the interdependent weights were considered.  

 

Finally, to confirm the findings from the earlier chapters, and to validate of the 

contribution made by the proposed assessment model, the survey involved two 

participants involved in the quantitative phase of the case study. Thereafter, 

interviews were conducted to investigate the limitations of the traditional model that 

they had previously used. This approach was taken to show the advantages of the 

proposed model over the traditional model, and thus confirm the contribution of this 

study. 
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CHAPTER 8.  CHAPTER 8 CONCLUSION AND FUTURE RESEARCH 

DIRECTIONS  

 

8.1 Introduction  

Sustainability assessment for civil infrastructure systems (CIS) is a complicated 

process that normally requires attaining multiple objectives through utilising various 

indicators.   It also suffers from the inherent uncertainty that exists in all phases of the 

assessment process.   Therefore, this study has concentrated on these issues as it has 

attempted to develop an alternative sustainability assessment model that provides the 

decision-makers with the capability to manage the complexity and uncertainty.    

 

This chapter presents the achievement of the study through a review of the research 

aims and objectives, the presentation of a summary and findings of the study, and 

suggestions for future work that may be undertaken.    

 

8.2 Summary of the Achievement of Aim and Objectives 

The study’s aims and objectives were determined after the limitations of the existence 

sustainability assessment of CIS were identified via carrying out a comprehensive 

review of related literature, which was reported in chapter 2.   Therefore, the main aim 

of this study was the development of new sustainability assessment model for CIS 

which could deal with complexity that resulted from the interaction among SIs, and to 

manage the uncertainty issue which is normally inherent in the assessment process.   

In order to realise the aim of the research, a number of objectives were set in the 

initial stages of the project (Chapter 4), which then became a basis for the research 

that followed.  The research has successfully achieved all of these objectives; this 

section discusses the achievement of each of them. 
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8.2.1 Achievement of Objective 1 

Objective 1 was to identify the key sustainability aspects and their indicators related 

to CIS that were considered important and most frequently utilised, on basis of the 

perspectives of Australian experts.   This was achieved through a questionnaire survey 

distributed to targeted industry experts to identify the sustainability aspects and their 

indicators related to CIS that are important and frequently utilised.  The results 

demonstrated the importance and the current level of utilization of sustainability 

aspects and their indicators, as presented in Chapter 5.  Regarding the aspects, the 

results showed that the four aspects (economic, environmental, technical, and social) 

that were extracted from the literature, are considered by the experts as important 

aspects, and those aspects are indeed used by the industry practitioners.    

 

Regarding the SIs, the industry experts, based on their perceptions and experience, 

evaluated the 29 indicators that were identified from a review of the literature.  Based 

on the results, the key indicators were revealed.  The result show that among the 

economic indicators, Capital cost was ranked first in terms of its importance and 

frequent utilisation, while Performance was at the top list of technical indicators.  

Regarding environmental indicators, Water pollution came in first for both factors, at 

the same time as Impact on safety was ranked first among social indicators.    

 

Moreover, since the second objective of this research was identification of 

relationships among the key SIs, out of 29 indicators that were used in the survey, 

eleven indicators have been selected to be utilised in developing the FCM model; 

these were identified as the top indicators in terms of their importance and utilisation 

at the micro and macro levels.  Therefore, the findings t of the first objective provided 

a platform to achieve the second objective of this research.   

 

8.2.2 Achievement of Objective 2 

Objective 2 was to identify the relationships among the eleven SIs.  This was attained 

by developing the FCM model for SIs. FCM modelling is a well-known method for 

capturing the relationship between the variables. The FCM model was developed 

through face-to-face structure interviews conducted with domain experts in order to 

extract their knowledge that led to defining causal relationships among SIs.   



 

247 

 

 

The results of the constructed FCM model revealed the relationships among SIs, as 

presented in Chapter 6.  The strengths of those identified relationships have taken 

different weights, as their range started from very weak to very strong.  All identified 

relationships are reported in Tables 6.7, 6.8, and 6.9.   

 

The experts identified relationships among the indicators as they observed them from 

their previous sustainability assessment work for infrastructure projects they have 

conducted.  Thus, the FCM model created in this chapter has paved the way to 

understanding how the relationships among SIs look in reality. Chapter 6 also 

provided results generated from static analysis, which provided more insights about 

roles for each of the SIs when the relationships among themselves were considered.    

 

Finally, results from the FCM model have reinforced the claims raised by a number of 

researchers as explained in Chapter 2. These researchers believed the relationships 

among SIs should be embedded in the sustainability assessment process. The effects 

of the sustainability assessment result from considering the relationships in the 

assessment process is demonstrated the in the next objective, which provides the 

outcome from the application of proposed assessment model. 

 

8.2.3 Achievement of Objective 3 

Objective 3 was to develop an assessment model for the evaluation of sustainability 

performance for CIS that has the capability to manage complexity and uncertainty 

issues.     

 

As a result of the literature review of decision methods (Chapter 3), three appropriate 

methods were selected for use in developing the proposed assessment model.   Thus, 

the outcome from chapter 3 indicated that fuzzy set, FCM, and FANP methods are 

most suitable. Their main advantages evolve around the ability to deal with both 

complexity and uncertainty.  A case study was then carried out to test the proposed 

assessment model on a real-life infrastructure project. Relevant case study through 

collected project information, plus opinions of key stakeholders was gathered as 

reported in Chapter 7.    
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The case study outcomes have shown that the fuzzy set has enhanced the capability of 

DMs in dealing with the uncertainty issue that normally faces the DMs when 

assessing qualitative indicators.   Then, the FCM was conducted to calculate the 

sustainability value of the project alternatives in the case of considering the 

interaction between selected indicators.    

 

To validate the FCM method, the outcomes were compared against the results 

obtained from the conventional model. The comparison showed the ranking of project 

alternatives changes when we take into account the interrelationship among the 

indicators.  Further, the results demonstrated improvement in the ability of DMs to 

determine the indicators’ weight factors when they used the FANP method. 

Considering interdependent weights among the indicators, proved a significant 

element to consider as the result shows the indicators’ global weight has changed 

when we considered interdependent weights.   

 

8.3 Contributions of the Research  

The outcome of this research through achievement of its objectives has made 

contributions to both academic knowledge and industry practice.   Those contributions 

are discussed separately in the following subsections: 

 

8.3.1 Contributions to Academic Knowledge  

There are a number of contributions to academic knowledge which have been 

produced from this research.   The contributions are as follows: 

 

 This research has enriched the literature on sustainability of infrastructure 

development by providing a comprehensive review about the important role of 

infrastructure systems in promoting the sustainable development agenda.   

Furthermore, it conducted a critical review of the previous methods and 

models of sustainability assessment for CIS, and shed light on the limitations 

reported in the literature in order to overcome them in the proposed model.    
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 This research enhanced the understanding of the literature through providing 

Australian experts’ opinions of the SIs importance rates and their utilisation 

level in the industry. No other reported study has attempted to capture these 

opinions in the Australian context.   

 

 In view of the fact that most of the past studies have not investigated the 

relationships among SIs in the context of infrastructure development, this 

research, added to the relevant literature a newly developed FCM model that 

presents the combined experts knowledge on the subject in the form of 

interactive relationships among SIs.   

 

To date, three refereed international conference papers have been published from this 

research that reported the above contributions.  

 

8.3.2 Contributions to the Industry    

This research has also made a contribution to industry practice through proposing a 

new assessment model that provides industry stakeholders with a useful tool to assist 

them to conduct sustainability performance assessments for CISs.  In fact, this 

proposed model has potential use by infrastructure stakeholders, since it overcomes 

the limitations of other existing models.  The contributions are made by the proposed 

model due to the following characteristics. 

 

 First, in this proposed model, FST is used to aggregate subjective evaluation 

of DMs.  Since most of the SIs of an infrastructure project have been 

characterised as not easily quantified, FST offers a method to overcome such 

problems.  Further, at the early stage of planning, it is normally the case that 

data are not available or it is unsuitable to carry out full-scale research to 

produce a quantitative data to conduct the assessment.  The proposed model is 

well suited for such situations, because it employs FST which enhances 

utilising experts’ knowledge in a more appropriate way.    

 

 Second, since this research has adopted FCM theory as part of the proposed 

model, which is a well-known theory of capturing the relationship among the 
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variables, the assessors can identify easily the relationship between affecting 

and affected indicators.  This characteristic provides a simple method for the 

assessor to carry out the sustainability assessment considering the relationship 

among the indicators.    

 

 And finally, as FANP has been incorporated into the proposed model, industry 

stakeholders will be able to give their perceived weightings to the indicators in 

order to represent their priorities for different sustainability objectivises.  This 

step has given flexibility to stakeholders to include their preferences for the 

importance of the indicators.  Moreover, sensitivity analyses were also used in 

the model for the indicators’ weight; thus, it will tend to increase the decision-

maker’s confidence in their decision.    

 

8.4 Future Research Directions 

There are a number of future research opportunities that can be investigated on the 

basis of this research which should lead to further improvement of the proposed 

assessment model.   Those research directions have been identified as result of the 

case study, either from the observation of the application phase, or the results of the 

interviews conducted with case study stakeholders.  Also, during the research period, 

new ideas have emerged but were not pursued further due to time constraints. Future 

studies might consider the following directions:   

 

 Although the proposed model has the capability to take into account the 

relationship among the indicators, based on the case study participants, those 

relationships are not usually linear.  Hence, non-linear relationships between 

indicators have to be considered. Thus, it would be useful to develop more 

sophisticated models that have the ability to consider non-linear relationships 

and to examine the impact on the sustainability performance values.  

   

 One of the issues that were highlighted by case study participants is the 

inadequacy of existing assessment methods to represent the sustainability 

performance on spatial dimension, since the infrastructure project usually has 
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an impact on an extended region.   For example, in the case study project, the 

decision-makers were interested in knowing the sustainability performance 

calculated by the assessment method in each area along the project corridor.  

Hence, it would be valuable in future research to improve the assessment 

model to represent the spatial dimension of sustainability performance.   

 

 Since the proposed model is based mainly on decision-makers’ judgements, 

and as observed during the case study application, disagreements among 

decision-makers often happens. Thus, future work could potentially to 

investigate incorporating a structured decision-making mechanism into the 

proposed model to improve its capability to deal with the diverse judgments of 

decision-makers. 

   

 The usability of the proposed model can be very much improved by the 

development of a Decision Support Software (DSS).  Such software can make 

the assessment processes more efficient, and enhance the decision-makers’ 

effectiveness.     
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APPENDIX A1: Invitation Letter – Questionnaire 

Invitation Letter                                                                   

 
Incorporating Complexity and Uncertainty into Appraising Sustainability of 

Civil Infrastructure Systems: Hybrid Fuzzy Modeling Approach 

 

Dear Sir/Madam 

 
I am a PhD candidate in Centre for Infrastructure Engineering and Management, Griffith 

University. Currently, I am conducting a research project that aims to develop the 

sustainability performance assessment model for civil infrastructure systems.  

 

 I would like to invite you to complete this questionnaire. This survey is designed to seek your 

opinion about Sustainability Indicators for Civil Infrastructure Systems in Australia. If you 

agree, kindly take time to assist us in completing the questionnaire. It was designed to be 

completed in 10-15 minutes using a check box format for most questions, where you have just 

to select between answers, or you can follow this link to answering the questions:    

 
  www.surveymonkey.com/s/badr 

  

I would be grateful if you could please return the completed questionnaire to me when 

completed.  

 

The information provided will be used strictly for research purposes. Your identity will be 

kept completely confidential and will not be associated with data. Please take your time to go 

through the questions as thoroughly as possible. I would deeply appreciate your assistance in 

completing the questionnaire.  

 

Should you have any queries about the research or questionnaire, please do not hesitate to 

contact me via my phone or e-mail. 

 

Thank you very much for your time and participation in the survey.  

 

Best regards 

  

Badr Alsulami  

PhD Candidate    

Centre for Infrastructure Engineering & Management  

School of Engineering  

Griffith University  

Tele       :   +61  (07) 55529057  

Fax        :   +61  (07) 55528065  

Email:       b.alsulami@griffith.edu.au 
 

 

http://www.surveymonkey.com/s/badr
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APPENDIX A2: Sample of Mail Questionnaire 

   QUESTIONNAIRE SURVEY 
 Griffith School of Engineering         Incorporating Complexity and Uncertainty into   

                                                              Appraising Sustainability of Civil Infrastructure  

                                                              Systems: Hybrid Fuzzy Modelling Approach 

Information for Respondents 

Dear Sir/Madam,  

Purpose of The Survey: The purpose of this survey, as part of a PhD study, is to develop and 

implement a framework for measuring civil infrastructure systems’ performance in the context of 

sustainable development. 

 

Questionnaire Structure: your participation will involve completing the questionnaire, which 

comprises some background questions. Another questions related to sustainability indicators (SI) 

which aimed to measure perceptions of practitioners about the importance of SI. Besides, find out 

the level of IS utilization in practice 

Potential Benefits: your participation will serve to enhance our knowledge and understanding of 

sustainable civil infrastructure systems. Therefore, your participation is valued and very much 

appreciated. 

 

Time to Complete Survey: This research survey is expected to take approximately 20-30 minutes 

to complete. Although, the stated deadline for a response is 30 June 2010; an earlier response 

would be appreciated.   

 

Confidentiality: confidentiality of the information you provide is assured. The questionnaire 

forms do not require you to identify yourself, and only grouped data will be used in the research. 

The information collected will be only used for the purpose of this study. Results will be 

aggregated and presented as summaries only.  

 

Distribution and Response Method: survey responses will be sought through either mail outs or 

online through provision of link to the collection site. If this survey has reached you by mail, could 

you please when completed it should be returned in the self addresses, post paid envelope to: Badr 

Alsulami, Griffith School of Engineering, Griffith University, Gold Coast Campus, QLD 4222.  

 

Ethics: Griffith University conducts research in accordance with the National Statement on 

Ethical Conduct in Human Research. If potential participants have any concerns or complaints 

about the ethical conduct of the research project they should contact the Manager, Research Ethics 

on (07) 37355585 or research-ethics@griffith.edu.au quoting approval GU Ref No: 

ENG/02/10/HREC.  

 

Consent of Research Participant: your consent to participate in this research will be indicated by 

completing and returning the questionnaire. Please detach this sheet/cover letter and retain it for 

your later reference. 

 

Availability of Results:  A summary of the results is expected to be available by October 2010. 

Participants wanting a copy should complete the relevant section in the questionnaire, or contact 

Badr Alsulami directly at Griffith University, by Email to: b.alsulami@griffith.edu.au, or by 

phone 0421667255.    

 

For Additional Information: Contact Badr Alsulami at Griffith by Email to; 

b.alsulami@griffith.edu.au, or by phone 0421667255.  

 

 

mailto:research-ethics@griffith.edu.au
mailto:b.alsulami@griffith.edu.au
mailto:b.alsulami@griffith.edu.au
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RESEARCH QUESTIONNAIRE 

SECTION 1: DEMOGRAPHIC INFORMATION 

Please respond to the following (Double-click the box where provided then select checked).  

 

1. What is your organization type? Please circle the appropriate answer(s):  

     a. Public Owner                                      b. Private Owner                  

    c. Consulting Agency                             d. Contracting Company   

     e. Others (please specify)……………………………………………………… 

 

2. In the context of the provision of civil infrastructure systems, which of the following best 

describes your current position?  

     a. Engineer / Consultant                       b. Project manager 

     c. Contractor                                        d. Academic Staff   

     e. Others (please specify)……………………………………………………. 

       

3. In the capacity of your current position, what type of civil infrastructure projects do you 

mostly undertake?  

     a. Water and wastewater treatment and distribution      b. Communications  

     c. Transportation                                                           d. Energy and power  

     e. Water resources                     g. Others (please specify)……………………………. 

 

4. How many years of relevant experience do you have?  

    a. 1 – 5 years           b. 6 – 10 years 

   c. 11 – 15 years       d. More than 15 years  

 

5. In your professional opinion, is the provision of sustainable infrastructure systems feasible? 

Please select either a or b and provide a short justification.  

   a. No                  b. Yes          

Because…………………………………………………………………………………. 

…………………………………………………………………………………………. 

 

6. Please rank the following sustainability aspects according to how you perceive them as most 

relevant to the provision of sustainable civil infrastructure systems?   

Sustainability Aspect Rank  

Economic  

Environmental  

Technical  

Social  

Others (please specify)………………………….  

 

7. Which of the following sustainability aspects do you regularly consider in your infrastructure 

projects?  Please choose all those apply  

   a. economic         b. environmental 

  c. technical          d. social   

  e. Others (please specify)……………………………………………………….  
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SECTION 2. INDICATORS INFORMATION 

In conducting a comprehensive sustainability assessment for a civil infrastructure system 

(CIS), the literature reports a plethora of potential indicators (listed below under separate 

headings). In practice, however, these indicators do not share the same level of importance 

and utilisation. Both are dealt with separately in Q8 and Q9.  

 

8.  Please rank the listed indicators according to their importance as perceived by the majority 

of project stakeholders, starting from (1) for the most important indicator using column no. 4 

in the following tables. (Please note no two indicators should have the same rank). 

 

1. Economic Indicators  

Code 
 

Indicator 
Description Rank (1-8) 

E1 
Capital 

(upfront )cost 

Used to measure the all up-front expenditure incurred in the 

procurement and delivery of the CIS. 

 

E2 Life cycle cost Used to measure the total cost of the CIS from inception to disposal.  

E3 
Cost of 

employment 

Used to measure the cost of human resources employed through all 

CIS life cycle. 

 

E4 
Financial 

returns 

Used to measure the ratio between the amount of revenue generated 

to the amount of capital invested over the CIS operational life - 

expressed as a percentage. 

 

E5 
Financial risk 

exposure 

Used to measure the risk of financial loss to the company associated 

with the CIS 
 

E6 

Improvement 

of regional 

economy 

Used to indicate the degree of contribution by the CIS to the 

development of the economic status of a region that will be served 

by the proposed CIS. 

 

E7 Affordability 
Used to quantify the ability of the users and consumers to pay for 

the services delivered/ provided. 
 

E8 
Willingness to 

pay 

Used to quantify willingness to pay (WTP) the highest price that an 

individual is willing to accept to pay for some good or service 

 

 

 

 

2. Technical Indicators  

Code 
 

Indicator 
Description Rank (1-6) 

T1 Performance 
Used to measure the ability of the CIS to provide the 

planned/expected quality of the service or product.    

 

T2 Reliability 
Used to quantify the probability of CIS failure (likelihood of system 

failing).  
 

T3 Durability 
Used to quantify design life of CIS (No. of years the system 

expected to operate). 

 

T4 
Flexibility & 

adaptability 

Used to measure the ability to make future changes to the system to 

accommodate future needs. 
 

T5 
Resilience to 

recover 

Used to quantify the probability of recovery of the CIS from failure 

to some acceptable state within a specified time interval. 

 

T6 
Vulnerability 

to failure 

Used to quantify a degree of loss or damage to the CIS when 

exposed to a perturbation of a given type and magnitude. 
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3. Environmental Indicators  

 

Code 
 

Indicator 
Description Rank (1-8) 

En1 Air pollution 

Used to measure the extent of air pollution levels (smog, 

dust, odors, smoke, and hazardous emissions) that will 

result from building or operating CIS. 

 

En2 Water pollution 

Used to measure the impact of CIS in water bodies 

(groundwater and surface water) relevant to its site and 

the surrounding. 

 

En3 Noise pollution 

Used to measure the noise levels within the CIS site, 

such as noise emitted from road traffic, rail traffic and air 

traffic, and from sites of industrial activity. 

 

En4 Waste generation 
Used to quantify CIS waste production output; that 

output could occur at any life phase of CIS 

 

En5 Visual impact 

Used to assess a visual change in the appearance of the 

landscape as a result of development CIS which can be 

positive (improvement) or negative (detraction).    

 

En6 Ecological impacts 
Used to quantify the impacts CIS have on water, land, air 

and biodiversity 

 

En7 
Natural resource 

utilization 

Used to measure the depletion of water, land, energy, 

and mineral resources. 
 

En8 
Climate change 

emissions 

Used to measure the emissions from CIS along all its life 

cycle those contribute to climate change.  

 

 

 

 

4. Social Indicators  

 

Code 
 

Indicator 
Description Rank (1-7) 

S1 
Direct employment 

 

Used to quantify employment opportunities from 

implementing the CIS in the local labour market. 

 

S2 Impact on safety 
Used to quantify the impact of a new or expansion of 

CIS on the overall safety of its surroundings. 

 

S3 
Risks to human 

health 

Used to identify the impact of risks to human health, due 

to CIS failure or  non-existence 
 

S4 
Stakeholders 

participation 

Used to measure the degree of participation of 

Stakeholders in the decision-making during CIS 

planning. 

 

S5 
Public awareness 

and understanding 

Used to measure the level of related knowledge of 

relevant issues in local community related to sustainable 

CIS. 

 

S6 
Heritage and 

culture 

Used to address the impact of the proposed CIS on the 

local culture and heritage of the project’s surrounding 

(e.g. heritage buildings). 

 

S7 
Indirect 

employment 

Used to measure the indirect contribution to employment 

generated by the up-and-down stream industries and 

services to CIS.    
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9. In the sustainability assessment for civil infrastructure systems, how often do you (or your 

organisation) utilise the following indicators? Could you please indicate (by ticking the appropriate 

box), for each listed indicator, the level of frequency.   

 

Aspect Code Indicator 

Frequency 

never 
seldo

m 

Some 

times 
often 

Economic 

E1 Capital (upfront) cost     

E2 Life cycle cost     

E3 Cost  of employment     

E4 Financial returns     

E5 Financial risk exposure     

E6 Improvement of  regional economy      

E7 Affordability     

E8 Willingness to pay     

Technical 

T1 Performance     

T2 Reliability     

T3 Durability     

T4 Flexibility and adaptability     

T5 Resilience to recover     

T6 Vulnerability to failure      

Environmental 

 

En1 Air pollution     

En2 Water pollution     

En3 Noise pollution     

En4 Waste generation     

En5 Visual impact     

En6 Ecological impacts      

En7 Natural resource utilization     

En8 Climate change emissions     

Social 

S1 Direct employment     

S2 Impact on safety     

S3 Risks to human health     

S4 Stakeholder participation     

S5 Public awareness & undrstanding     

S6 Heritage and culture     

S7 Indirect employment     

 

Would you like to receive the summary results of this questionnaire survey? 

 Yes, please. My email address is _______________________________ 

 No, thanks.  

 

Thank you very much for your co-operation. Your contribution will add significantly to this 

research. If you have further questions relating to this survey, please contact Badr Alsulami., 

Email:   b.alsulami@griffith.edu.au 

Tel: 0421667255    Fax: （07）55528065                     

COMMENTS                                                                        

 

_____________________________________________________________________

_____________________________________________________________________

_____________________________________________________________________

_____________________________________________________________________ 

 

mailto:b.alsulami@griffith.edu.au
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APPENDIX A3: The Web Questionnaire 
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APPENDIX B1: Invitation Letter – Interview 

Invitation Letter                                                                   

 
Incorporating Complexity and Uncertainty into Appraising Sustainability of 

Civil Infrastructure Systems: Hybrid Fuzzy Modelling Approach 

 

Dear Sir/Madam, 
Have you ever had the conundrum of conflicting sustainability outcomes? When the choice of one 

material may be a good decision in terms of one indicator but not so in relation to another? This 

becomes even more difficult when you consider indicators across the social, environmental, 

technical and economic categories. For example how does capital cost impact on system reliability 

or pollution? 

 

I am writing to request your participation into a PhD research project that is being conducted at the 

Centre for Infrastructure Engineering and Management at Griffith University. This project focuses 

on sustainability assessment of civil infrastructure systems. It will explore the complexity of 

sustainability through identifying interrelationships among sustainability indicators and their 

impact toward enhancing sustainability assessment. The end result will be a software tool to 

inform decision-making.  

 

Stage 1 of the project involved establishing a short-list of sustainability indicators. This list was 

determined via a survey of Infrastructure stakeholders who identified indicators on the basis of 

those considered important and most frequently used. Stage 2 of the project (the current stage) 

involves establishing the relationships between these indicators. The approach is to interview at 

least 10 key persons working in the sustainability field on infrastructure projects. Based on your 

experience, we want to establish for each indicator whether or not a relationship exists with each 

of the other indicators and if so, the direction (positive or negative) and strength (on a scale from 

weak to strong) of the relationship.   This interview will take about 60 minutes, and will be 

conducted by PhD student, Mr Badr Alsulami, and Project Management consultant, Mrs Shilo 

Brosnan. Stage 3 of the project involves mathematical modelling. So, output from this stage will 

be utilised to design a novel decision support system software program having capability to deal 

with uncertainty and complexity that is inherent with sustainability.  

 

Your participation is completely voluntary.  Confidentiality of the information you provide is 

assured. Only grouped data will be used in the research. The information collected will be only 

used for the purpose of this study. A copy of the findings will also be sent to all participants. I 

hope you agree to participate in this research since it will pave the way for the sustainability 

ideology to be implemented in an operational form.  

 

I thank you in advance 

 
Badr Alsulami  

PhD Candidate    

Centre for Infrastructure Engineering & Management  

School of Engineering  

Griffith University  

Tele       :   +61  (07) 55529057  

Fax        :   +61  (07) 55528065  

Email:       b.alsulami@griffith.edu.au 
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APPENDIX B2: Sample of FCM Questionnaire 

Cognitive Mapping Instructions 

Step 1: Identification of causal relationships among listed indicators 

Please specify causal links between sustainability indicators. By identify type of 

relationship whether if it is positive or negative relationship or no relationship at all.   

 

In a positive relationship, an increase or decrease in the cause indicator causes the 

effect indicator to move in the same direction.  For example, when you examine the 

relationship between capital cost and performance, if the increase (decrease) in the 

value of capital cost leads to the increase (decrease) on the value of performance, in 

this case, the relationship is positive.  

 

In a negative relationship, the cause indicator causes the effect indicator to move in 

the opposite direction.  For example, when you examine the relationship between 

Stakeholder participation and Impact on safety, if the increase (decrease) in the value of 

Stakeholder participation leads to the decrease (increase) on the value of Impact on safety, 

in this case, the relationship is negative.  

  

Step 2: Estimation of causal link strengths. 

 How strongly, do you believe the causal relationship between listed indicators?  

Strengths of causal links can be expressed by using linguistic terms, as shown in the 

following table.  

 

Very weak  Weak Moderate 
Strong Very strong 

VW W M S VS 

 

 

In the following table, the indicator that located in first row is consider cause 

indicator, while the indicators that is follow cause indicator is consider effect 

indicator.   
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Indicator 
Type of Relation Causal Link Strengths 

None* + - VW W M S VS 

1. Capital cost  

Financial returns         

Affordability         

Performance         

Reliability         

Water pollution         

Air pollution         

Ecological impacts         

Impact on safety         

Risks to human health         

Stakeholder participation         

2. Financial returns  

Capital cost          

Affordability         

Performance         

Reliability         

Water pollution         

Air pollution         

Ecological impacts         

Impact on safety         

Risks to human health         

Stakeholder participation          

3. Affordability  

Capital cost          

Financial returns         

Performance         

Reliability         

Water pollution         

Air pollution         

Ecological impacts         

Impact on safety         

Risks to human health         

Stakeholder participation          

4.Performance  

Capital cost          

Financial returns         

Affordability         

Reliability         

Water pollution         

Air pollution         

Ecological impacts         

Impact on safety         

Risks to human health         

Stakeholder participation          

5. Reliability  

Capital cost          

Financial returns         

Affordability         

Performance         
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Indicator 
Type of Relation Causal Link Strengths 

None* + - VW W M S VS 

5. Reliability  

Water pollution         

Air pollution         

Ecological impacts         

Impact on safety         

Risks to human health         

Stakeholder participation          

6. Water pollution          

Capital cost          

Financial returns         

Affordability         

Performance         

Reliability         

Air pollution         

Ecological impacts         

Impact on safety         

Risks to human health         

Stakeholder participation          

7. Air pollution         

Capital cost          

Financial returns         

Affordability         

Performance         

Reliability         

Water pollution         

Ecological impacts         

Impact on safety         

Risks to human health         

Stakeholder participation          

8. Ecological impacts          

Capital cost          

Financial returns         

Affordability         

Performance          

Reliability         

Water pollution         

Air pollution         

Impact on safety         

Risks to human health         

Stakeholder participation          

9. Impact on safety          

Capital cost         

Financial returns         

Affordability         

Performance         

Reliability         

Water pollution         

Air pollution         

Ecological impacts         

Risks to human health         

Stakeholder participation          
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Indicator 
Type of Relation Causal Link Strengths 

None* + - VW W M S VS 

10. Risks to human health          

Capital cost          

Financial returns           

Affordability         

Performance         

Reliability         

Water pollution         

Air pollution         

Ecological impacts         

Impact on safety         

Stakeholder participation          

11. Stakeholder participation          

Capital cost          

Financial returns         

Affordability             

Performance         

Reliability         

Water pollution         

Air pollution         

Ecological impacts         

Impact on safety         

Risks to human health         
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APPENDIX B3: Aggregation calculation of FCM model 

Table B1: Consultants Experts’ FCM results in numerical values 

Causal  

Relationship 

Consultants  Experts 
Aggregated value 

Defuzzified 

 value E1 E2 E3 E4 E5 E6 

C1-C2 -(0.25, 0.5, 0.75) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0, 0) -(0.5, 0.75, 1) -(0.13, 0.21, 0.29) -0.21 

C1-C3 -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) -(0.75, 1, 1) 

-(0.25, 0.5, 

0.75) 
-(0.29, 0.5, 0.67) -0.5 

C1-C4 (0, 0.25, 0.5) 
(0.25, 0.5, 

0.75) 

(0.25, 0.5, 

0.75) 
(0, 0, 0) (0.5, 0.75, 1) 

(0.25, 0.5, 

0.75) 
(0.21, 0.42, 0.63) 0.42 

C1-C5 (0, 0.25, 0.5) 
(0.25, 0.5, 

0.75) 

(0.25, 0.5, 

0.75) 
(0, 0, 0) (0.5, 0.75, 1) 

(0.25, 0.5, 

0.75) 
(0.21, 0.42, 0.63) 0.42 

C1-C6 -(0.25, 0.5, 0.75) 
-(0, 0.25, 

0.5) 

-(0, 0.25, 

0.5) 
(0, 0, 0) 

-(0, 0.25, 

0.5) 

-(0.25, 0.5, 

0.75) 
-(0.1, 0.29, 0.5) -0.29 

C1-C7 -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) 

-(0, 0.25, 

0.5) 

-(0.25, 0.5, 

0.75) 
-(0.17, 0.38, 0.54) -0.37 

C1-C8 -(0.25, 0.5, 0.75) 
-(0, 0.25, 

0.5) 

-(0, 0.25, 

0.5) 
(0, 0, 0) 

-(0, 0.25, 

0.5) 

-(0.25, 0.5, 

0.75) 
-(0.1, 0.29, 0.5) -0.29 

C1-C9 -(0.25, 0.5, 0.75) (0, 0, 0) (0, 0, 0) (0, 0, 0) 
-(0, 0.25, 

0.5) 
-(0.5, 0.75, 1) -(0.13, 0.25, 0.38) -0.25 

C1-C10 -(0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0.25, 0.5) -(0, 0.25, 0.5) -(0, 0.13, 0.25) -0.13 

C1-C11 (0, 0, 0.25) 
(0.25, 0.5, 

0.75) 

(0.25, 0.5, 

0.75) 
(0, 0, 0) 

 (0.5, 0.75, 

1) 
(0, 0, 0) (0.17, 0.29, 0.46) 0.30 

C2-C1 (0.25, 0.5, 0.75) (0, 0, 0) (0, 0, 0) 
-(0.25, 0.5, 

0.75) 
(0, 0, 0) -(0.5, 0.75, 1) -(0.1, 0.13, 0.17) -0.13 

C2-C3 -(0, 0.25, 0.5) 
-(0.5, 0.75, 

1) 

-(0.5, 0.75, 

1) 

-(0.5, 0.75, 

1) 

-(0.5, 0.75, 

1) 
-(0.5, 0.75, 1) -(0.42, 0.67, 0.92) -0.67 

C2-C4 (0.25, 0.5, 0.75) (0, 0, 0.25) (0, 0, 0.25) (0, 0, 0) (0.75, 1, 1) (0.5, 0.75, 1) (0.25, 0.38, 0.54) 0.39 

C2-C5 (0.25, 0.5, 0.75) (0, 0, 0.25) (0, 0, 0.25) (0, 0, 0) (0.75, 1, 1)  (0.5, 0.75, 1) (0.25, 0.38, 0.54) 0.39 

C2-C6 -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) 

-(0.5, 0.75, 

1) 
-(0, 0.25, 0.5) -(0.21, 0.42, 0.63) -0.42 

C2-C7 -(0, 0.25, 0.5) 
-(0, 0.25, 

0.5) 

-(0, 0.25, 

0.5) 
(0, 0, 0) (0.5, 0.75, 1) -(0, 0.25, 0.5) -(0.1, 0.29, 0.5) -0.29 

C2-C8 -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) 

-(0.5, 0.75, 

1) 
-(0, 0.25, 0.5) -(0.21, 0.42, 0.63) -0.42 
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Table B1:  (continued) 

Causal  

Relationship 

Consultants  Experts 
Aggregated value 

Defuzzified 

 value E1 E2 E3 E4 E5 E6 

C2-C9 (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0, 0) (0.75, 1, 1) (0, 0.25, 0.5) (0.13, 0.33, 0.5) 0.32 

C2-C10 (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0, 0) (0.75, 1, 1) 
(0.25, 0.5, 

0.75) 
(0.167, 0.38, 0.54) 0.36 

C2-C11 (0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) (0, 0, 0) 
-(0, 0.25, 

0.5) 
(0, 0, 0) (0, 0, 0) 0 

C3-C1 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) 

-(0.25, 0.5, 

0.75) 
-(0.21, 0.42, 0.63) -0.42 

C3-C2 (0, 0.25, 0.5) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.42, 0.67, 0.92) 0.67 

C3-C4 -(0, 0.25, 0.5) 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 

-(0.5, 0.75, 

1) 

-(0.5, 0.75, 

1) 
-(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -0.5 

C3-C5 -(0, 0, 0.25) 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 

-(0.5, 0.75, 

1) 

-(0, 0.25, 

0.5) 

-(0.25, 0.5, 

0.75) 
-(0.21, 0.42, 0.67) -0.43 

C3-C6 (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0.25, 0.5) 
(0.25, 0.5, 

0.75) 
(0.75, 1, 1) -(0, 0.25, 0.5) (0.17, 0.33, 0.46) 0.32 

C3-C7 -(0, 0.25, 0.5) 
-(0, 0.25, 

0.5) 

-(0, 0.25, 

0.5) 

-(0.5, 0.75, 

1) 

-(0.5, 0.75, 

1) 
-(0, 0.25, 0.5) -(0.17, 0.42, 0.67) -0.42 

C3-C8 (0.25, 0.5, 0.75) 
(0.25, 0.5, 

0.75) 

(0.25, 0.5, 

0.75) 
(0.5, 0.75, 1) 

(0.25, 0.5, 

0.75) 
-(0, 0.25, 0.5) (0.25, 0.42, 0.58) 0.42 

C3-C9 -(0, 0.25, 0.5) 
-(0, 0.25, 

0.5) 

-(0, 0.25, 

0.5) 

-(0.5, 0.75, 

1) 
-(0.75, 1, 1) -(0, 0.25, 0.5) -(0.21, 0.46, 0.67) -0.45 

C3-C10 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) 

-(0.25, 0.5, 

0.75) 
-(0.75, 1, 1) -(0.5, 0.75, 1) -(0.33, 0.54, 0.71) -0.53 

C3-C11 -(0, 0.25, 0.5) 
-(0, 0.25, 

0.5) 
(0, 0.25, 0.5) 

(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0.25, 0.5) -(0.1, 0.25, 0.42) -0.25 

C4-C1 (0, 0.25, 0.5) 
(0.25, 0.5, 

0.75) 

(0.25, 0.5, 

0.75) 

(0.25, 0.5, 

0.75) 
(0, 0, 0) (0, 0, 0) (0.13, 0.29, 0.46) 0.29 
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Table B1:  (continued) 

Causal  

Relationship 

Consultants  Experts 
Aggregated value 

Defuzzified 

 value E1 E2 E3 E4 E5 E6 

C4-C2 (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) 
(0.25, 0.5, 

0.75) 
-(0.5, 0.75, 1) -(0.75, 1, 1) (0, 0, 0) -(0.1, 0.042, 0.042) -0.03 

C4-C3 (0, 0.25, 0.5) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
-(0.5, 0.75, 1) -(0.5, 0.75, 1) (0, 0, 0) -(0.25, 0.38, 0.5) -0.38 

C4-C5 (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0, 0, 0) (0.5, 0.75, 1) (0.46, 0.67, 0.83) 0.66 

C4-C6 -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
(0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) -(0.17, 0.33, 0.5) -0.33 

C4-C7 -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
-(0.5, 0.75, 1) (0, 0, 0) -(0.25, 0.5, 0.75) -(0.25, 0.46, 0.67) -0.46 

C4-C8 -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
(0, 0, 0) -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) -(0.25, 0.46, 0.67) -0.46 

C4-C9 -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.5, 0.75, 1) (0, 0, 0) (0, 0, 0) -(0, 0.25, 0.5) -(0.25, 0.42, 0.58) -0.42 

C4-C10 -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
(0, 0, 0) -(0.75, 1, 1) -(0.5, 0.75, 1) -(0.33, 0.54, 0.71) -0.53 

C4-C11 (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.5, 0.75, 1) (0, 0, 0) (0.75, 1, 1) (0.5, 0.75, 1) (0.42, 0.63, 0.79) 0.62 

C5-C1 (0, 0.25, 0.5) (0.25, 0.5, 0.75) 
(0.25, 0.5, 

0.75) 
(0.5, 0.75, 1) (0, 0, 0) (0, 0, 0) (0.167, 0.33, 0.5) 0.33 

C5-C2 (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) 
(0.25, 0.5, 

0.75) 
-(0.5, 0.75, 1) -(0.75, 1, 1) (0, 0, 0) (0.33, 0.55, 0.71) 0.53 

C5-C3 -(0, 0, 0.25) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
-(0.5, 0.75, 1) -(0, 0.25, 0.5) (0, 0, 0) -(0.17, 0.33, 0.54) -0.34 

C5-C4 (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0.75, 1, 1) (0.5, 0.75, 1) (0.58, 0.83, 1) 0.81 

C5-C6 -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
(0, 0, 0) -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) 

-(0.29, 0.5, 0.71) -0.5 

C5-C7 -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
-(0.5, 0.75, 1) -(0.25, 0.5, 0.75) 

-(0.33, 0.58, 0.83) -0.58 

C5-C8 -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
(0, 0, 0) -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) 

-(0.25, 0.46, 0.67) -0.46 

C5-C9 -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
-(0, 0.25, 0.5) -(0.5, 0.75, 1) -(0, 0.25, 0.5) 

-(0.25, 0.5, 0.75) -0.5 

C5-C10 -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
(0, 0, 0) -(0.5, 0.75, 1) -(0.5, 0.75, 1) 

-(0.25, 0.46, 0.67) -0.46 
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Table B1:  (continued) 

Causal  

Relationship 

Consultants  Experts 
Aggregated value 

Defuzzified 

 value E1 E2 E3 E4 E5 E6 

C5-C11 (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0, 0) -(0.5, 0.75, 1) (0.5, 0.75, 1) (0.17, 0.38, 0.58) 0.38 

C6-C1 (0, 0.25, 0.5) (0.25, 0.5, 0.75) 
(0.25, 0.5, 

0.75) 
(0, 0.25, 0.5) -(0, 0.25, 0.5) (0, 0, 0) 

(0.1, 0.21, 0.33) 0.21 

C6-C2 -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
-(0.5, 0.75, 1) -(0.5, 0.75, 1) (0, 0, 0) 

-(0.29, 0.5, 0.71) -0.5 

C6-C3 -(0, 0, 0.25) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
-(0.75, 1, 1) (0, 0, 0) 

-(0.25, 0.42, 0.58) -0.42 

C6-C4 -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
(0, 0, 0) (0, 0, 0) (0, 0, 0) 

-(0.13, 0.25, 0.38) -0.25 

C6-C5 -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
(0, 0, 0) (0, 0, 0) (0, 0, 0) 

-(0.13, 0.25, 0.38) -0.25 

C6-C7 (0, 0, 0.25) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0.1, 0.21) 0.1 

C6-C8 (0.75, 1, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0.63, 0.88, 1) 0.84 

C6-C9 (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) 
(0.25, 0.5, 

0.75) 
(0, 0, 0) 

-(0.5, 0.75, 1) 
(0.25, 0.5, 0.75) 

(0.25, 0.46, 0.67) 0.46 

C6-C10 (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) -(0.5, 0.75, 1) (0.5, 0.75, 1) (0.54, 0.79, 1) 0.78 

C6-C11 (0.75, 1, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.75, 1, 1) (0.54, 0.79, 0.960 0.77 

C7-C1 (0, 0.25, 0.5) (0.25, 0.5, 0.75) 
(0.25, 0.5, 

0.75) 
(0.5, 0.75, 1) -(0, 0.25, 0.5) (0, 0.25, 0.5) (0.167, 0.42, 0.67) 0.42 

C7-C2 -(0, 0.25, 0.5) -(0, 0.25, 0.5) -(0, 0.25, 0.5) -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0, 0.25, 0.5) -(0.167, 0.42, 0.67) -0.42 

C7-C3 -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
-(0.5, 0.75, 1) -(0, 0.25, 0.5) -(0.21, 0.46, 0.71) -0.46 

C7-C4 -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 
-(0.5, 0.75, 1) (0, 0, 0) -(0.25, 0.5, 0.75) -(0.25, 0.46, 0.67) -0.46 

C7-C5 -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 
-(0.25, 0.5, 

0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) -(0.25, 0.5, 0.75) -(0.21, 0.42, 0.63) -0.42 

C7-C6 (0, 0.25, 0.5) (0.5, 0.75, 1) (0.5, 0.75, 1) (0, 0, 0) (0, 0, 0) (0, 0.25, 0.5) (0.17, 0.33, 0.5) 0.33 

C7-C8 (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0.5, 0.75, 1) (0.25, 0.5, 0.75) (0.46, 0.71, 0.92) 0.7 
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Table B1:  (continued) 

Causal  

Relationship 

Consultants  Experts 
Aggregated value 

Defuzzified 

 value E1 E2 E3 E4 E5 E6 

C7-C9 (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.5, 0.75, 1) (0, 0.25, 0.5) (0.75, 1, 1) (0.25, 0.5, 0.75) (0.38, 0.63, 0.83) 0.62 

C7-C10 (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0.75, 1, 1) (0.5, 0.75, 1) (0.58, 0.83, 1) 0.81 

C7-C11 (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1)  (0.25, 0.5, 0.75) (0.75, 1, 1) (0.5, 0.75, 1) (0.5, 0.75, 0.96) 0.74 

C8-C1 
 (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) 

(0.25, 0.5, 

0.75) 
(0.25, 0.5, 0.75)  (0, 0.25, 0.5)  (0.25, 0.5, 0.75) 

(0.21, 0.46, 0.71) 0.46 

C8-C2 
-(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) 

-(0.5, 0.75, 1) 
-(0.25, 0.5, 0.75) 

-(0.25, 0.46, 0.67) -0.46 

C8-C3 (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0.25, 0.5) (0.5, 0.75, 1)  (0.25, 0.5, 0.75) (0, 0.25, 0.5) (0.13, 0.38, 0.63) 0.38 

C8-C4 
-(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) 

-(0.167, 0.33, 0.5) -0.33 

C8-C5 
-(0, 0.25, 0.5) -(0.25, 0.5, 0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) (0, 0, 0) -(0, 0.25, 0.5) 

-(0.1, 0.25, 0.42) -0.25 

C8-C6 (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.54, 0.79, 1) 0.78 

C8-C7 
(0.25, 0.5, 0.75) (0.25, 0.5, 0.75) 

(0.25, 0.5, 

0.75) 
(0.75, 1, 1) 

(0.5, 0.75, 1) 
(0.25, 0.5, 0.75) 

(0.38, 0.63, 0.83) 0.62 

C8-C9 (0, 0, 0) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0.1, 0.2) 0.1 

C8-C10 (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1)  (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0.38, 0.63, 0.88) 0.63 

C8-C11 (0.5, 0.75, 1) 
(0.25, 0.5, 0.75) 

(0.5, 0.75, 1) -(0.25, 0.5, 

0.75) 

(0.5, 0.75, 1) (0.5, 0.75, 1) (0.42, 0.67, 0.92) 0.67 

C9-C1 (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0, 0.25, 0.5) (0.5, 0.75, 1) -(0, 0.25, 0. 5) (0.25, 0.5, 0.75) (0.21, 0.38, 0.54) 0.38 

C9-C2 -(0, 0.25, 0.5) -(0, 0.25, 0.5) -(0, 0.25, 0.5) -(0.5, 0.75, 1) -(0.75, 1, 1) -(0, 0.25, 0.5) -(0.21, 0.46, 0.67) -0.45 

C9-C3 
-(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0, 0.25, 0.5) 

-(0.5, 0.75, 1) -(0.25, 0.5, 

0.75) 
-(0, 0.25, 0.5) 

-(0.17, 0.42, 0.67) -0.42 

C9-C4 -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.5, 0.75, 1) (0, 0, 0) -(0.5, 0.75, 1) -(0.42, 0.63, 0.83) -0.63 

C9-C5 -(0.5, 0.75, 1) 
-(0.25, 0.5, 0.75) 

-(0.25, 0.5, 

0.75) 
-(0, 0.25, 0.5) (0, 0, 0) 

-(0.5, 0.75, 1) -(0.25, 0.46, 0.67) -0.46 

C9-C6 (0, 0, 0) (0.25, 0.5, 0.75) (0, 0.25, 0.5) (0, 0, 0) (0.5, 0.75, 1) (0, 0, 0) (0.13, 0.25, 0.38) 0.25 

C9-C7 (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) (0, 0.04, 0.08) 0.04 

C9-C8 (0, 0, 0) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0, 0) (0, 0, 0.25) (0, 0, 0) (0, 0.08, 0.21) 0.09 
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Table B1:  (continued) 

Causal  

Relationship 

Consultants  Experts 
Aggregated value 

Defuzzified 

 value E1 E2 E3 E4 E5 E6 

C9-C10 (0.75, 1, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0.75, 1, 1) (0.75, 1, 1) (0.67, 0.92, 1) 0.88 

C9-C11 (0.5, 0.75, 1) (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.33, 0.58, 0.83) 0.58 

C10-C1 (0.25, 0.5, 0.75) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0.25, 0.5) -(0, 0.25, 0.5) (0.25, 0.5, 0.75) (0.08, 0.25, 0.42) 0.25 

C10-C2 
-(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 

-(0.25, 0.5, 

0.75) 
-(0.5, 0.75, 1) -(0.75, 1, 1) -(0.25, 0.5, 0.75) -(0.38, 0.63, 0.83) -0.62 

C10-C3 (0, 0, 0) (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) -(0.75, 1, 1) (0, 0, 0) -(0.17, 0.25, 0.29) -0.24 

C10-C4 
-(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) -(0, 0, 0.25) -(0.25, 0.5, 0.75) -(0.17, 0.33, 0.54) -0.34 

C10-C5 
-(0, 0.25, 0.5) -(0.25, 0.5, 0.75) 

-(0.25, 0.5, 

0.75) 
(0, 0, 0) (0, 0, 0) -(0, 0.25, 0.5) -(0.08, 0.25, 0.42) -0.25 

C10-C6 (0, 0, 0) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0.5, 0.75, 1) (0, 0, 0) (0.38, 0.54, 0.67) 0.53 

C10-C7 (0, 0, 0) -(0.5, 0.75, 1) -(0.5, 0.75, 1) (0.75, 1, 1) (0, 0, 0) (0, 0, 0) -(0.04, 0.08, 0.17) -0.09 

C10-C8 (0, 0.25, 0.5) (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.25, 0.5, 0.75) (0, 0.25, 0.5) (0.21, 0.46, 0.71) 0.46 

C10-C9 (0.75, 1, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0.75, 1, 1) (0.75, 1, 1) (0.67, 0.92, 1) 0.88 

C10-C11 (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0, 0.25, 0.5) (0, 0, 0.25) (0.5, 0.75, 1) (0.33, 0.54, 0.79) 0.55 

C11-C1 (0, 0, 0.25) (0, 0.25, 0.5) (0, 0.25, 0.5) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0, 0, 0.25) (0.13, 0.29, 0.54) 0.31 

C11-C2 (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0.25, 0.5) -(0.5, 0.75, 1) (0, 0.25, 0.5) (0, 0.25, 0.5) (0.08, 0.33, 0.42) 0.29 

C11-C3 (0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0, 0.25, 0.5) (0.08, 0.25, 0.42) 0.25 

C11-C4 (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.5, 0.75, 1) (0, 0, 0) -(0, 0.25, 0.5) (0.25, 0.5, 0.75) (0.25, 0.46, 0.67) 0.46 

C11-C5 (0, 0, 0) (0, 0.25, 0.5) (0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0.08, 0.17) 0.08 

C11-C6 -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.5, 0.75, 1) -(0.38, 0.63, 0.88) -0.63 

C11-C7 
(0.5, 0.75, 1) -(0.25, 0.5, 0.75) 

-(0.25, 0.5, 

0.75) 
-(0.25, 0.5, 0.75) (0.75, 1, 1) (0.5, 0.75, 1) -(0.42, 0.67, 0.88) -0.66 

C11-C8 -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) -(0.75, 1, 1) -(0.5, 0.75, 1) -(0.46, 0.71, 0.92) -0.70 

C11-C9 
-(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) 

-(0.25, 0.5, 

0.75) 
-(0.25, 0.5, 0.75) (0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -0.5 

C11-C10 
-(0.5, 0.75, 1) -(0.25, 0.5, 0.75) 

-(0.25, 0.5, 

0.75) 
-(0, 0.25, 0.5) -(0, 0.25, 0.5) -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) -0.5 
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Table B2: Owners Experts’ FCM results in numerical values 

Causal  

Relationship 

Owners  Experts 
Aggregated value 

Defuzzified 

 value E1 E2 E3 E4 

C1-C2 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.13, 0.25, 0.38) -0.25 

C1-C3 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) -(0.75, 1, 1) -(0.25, 0.38, 0.44) -0.36 

C1-C4 (0, 0.25, 0.5) (0, 0, 0.25) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.19, 0.38, 0.63) 0.39 

C1-C5 (0, 0.25, 0.5) (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.25, 0.5, 0.75) 0.5 

C1-C6 (0, 0.25, 0.5) (0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.13, 0.13, 0.13) -0.13 

C1-C7 -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.19, 0.44, 0.69) -0.44 

C1-C8 -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.19, 0.44, 0.69) -0.44 

C1-C9 -(0.75, 1, 1) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.38, 0.63, 0.81) -0.61 

C1-C10 -(0, 0.25, 0.5) (0, 0, 0) -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0.1, 0.25, 0.44) -0.25 

C1-C11 (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0, 0, 0) (0, 0, 0) (0.13, 0.25, 0.38) 0.25 

C2-C3 (0, 0, 0) (0, 0, 0) (0, 0, 0) (0.25, 0.5, 0.75) (0.1, 0.13, 0.2) 0.13 

C3-C1 (0, 0, 0) (0, 0, 0) (0.25, 0.5, 0.75) (0, 0, 0) (0.1, 0.13, 0.2) 0.13 

C3-C2 (0, 0, 0) (0, 0, 0) -(0.5, 0.75, 1) (0, 0, 0) -(0.13, 0.2, 0.25) -0.2 

C3-C4 (0, 0, 0) (0, 0, 0) (0.25, 0.5, 0.75) (0.75, 1, 1) (0.25, 0.38, 0.44) 0.36 

C3-C5 (0, 0, 0) (0, 0, 0) (0.25, 0.5, 0.75) (0.75, 1, 1) (0.25, 0.38, 0.44) 0.36 

C3-C6 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) -(0, 0.25, 0.5) -(0.1, 0.2, 0.3) -0.2 

C3-C7 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) -(0, 0.25, 0.5) -(0.1, 0.2, 0.3) -0.2 

C3-C8 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) -(0, 0.25, 0.5) -(0.1, 0.2, 0.3) -0.2 

C3-C9 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.13, 0.25, 0.38) -0.25 

C3-C10 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) -(0.13, 0.25, 0.38) -0.25 

C4-C1 (0.5, 0.75, 1) (0.25, 0.5, 0.75) (0, 0, 0) (0, 0, 0) (0.2, 0.31, 0.44) 0.31 

C4-C2 (0, 0, 0) (0, 0, 0) -(0.5, 0.75, 1) (0.5, 0.75, 1) (0, 0, 0) 0 

C4-C5 (0, 0, 0) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.75, 1, 1) (0.38, 0.56, 0.69) 0.55 

C4-C6 (0, 0, 0) -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.38, 0.56, 0.75) -0.56 

C4-C7 (0, 0, 0) -(0.25, 0.5, 0.75) -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) -(0.25, 0.44, 0.63) -0.44 

C4-C8 -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.31, 0.56, 0.81) -0.56 

C4-C9 -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) -(0.38, 0.63, 0.88) -0.63 

C4-C10 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) -(0.5, 0.75, 1) -(0.2, 0.31, 0.44) -0.31 

C5-C1 (0.5, 0.75, 1) (0, 0, 0.25) (0, 0, 0) (0, 0, 0) (0.13, 0.2, 0.31) 0.2 

C5-C2 (0, 0, 0) (0, 0, 0) -(0.5, 0.75, 1) (0.5, 0.75, 1) (0, 0, 0) 0 

C5-C4 (0, 0, 0) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.75, 1, 1) (0.44, 0.63, 0.75) 0.61 
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Table B2: (continued) 

Causal  

Relationship 

Owners  Experts 
Aggregated value 

Defuzzified 

 value E1 E2 E3 E4 

C5-C6 (0, 0, 0) -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.38, 0.56, 0.75) -0.56 

C5-C7 (0, 0, 0) -(0.25, 0.5, 0.75) -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.31, 0.5, 0.69) -0.5 

C5-C8 -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.31, 0.56, 0.81) -0.56 

C5-C9 -(0.5, 0.75, 1) -(0.25, 0.5, 0.75) -(0.5, 0.75, 1) -(0.75, 1, 1) -(0.5, 0.75, 0.94) -0.73 

C5-C10 (0, 0, 0) (0, 0, 0) -(0.5, 0.75, 1) -(0.5, 0.75, 1) -(0.25, 0.38, 0.5) -0.38 

C6-C1 -(0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) (0, 0, 0) -(0, 0.1, 0.13) -0.1 

C6-C2 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) (0, 0, 0) -(0.1, 0.13, 0.2) -0.13 

C6-C4 (0, 0, 0) -(0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) -(0, 0.1, 0.13) -0.1 

C6-C5 (0, 0, 0) -(0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) -(0, 0.1, 0.13) -0.1 

C6-C7 (0, 0, 0) -(0.5, 0.75, 1) (0, 0.25, 0.5) (0, 0.25, 0.5) -(0.13, 0.1, 0) -0.1 

C6-C8 (0, 0, 0) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.38, 0.56, 0.75) 0.56 

C6-C9 (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.38, 0.63, 0.88) 0.63 

C6-C10 (0, 0, 0) (0, 0, 0) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.25, 0.38, 0.5) 0.38 

C6-C11 (0, 0, 0) (0.5, 0.75, 1) (0, 0, 0) (0.5, 0.75, 1) (0.25, 0.38, 0.5) 0.38 

C7-C1 (0, 0.25, 0.5) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0.1, 0.13) 0.1 

C7-C2 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) (0, 0, 0) -(0.1, 0.13, 0.2) -0.13 

C7-C8 (0, 0, 0) (0, 0.25, 0.5) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.2, 0.38, 0.56) 0.38 

C7-C9 -(0, 0.25, 0.5) (0, 0.25, 0.5) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.2, 0.31, 0.44) 0.31 

C7-C10 (0, 0, 0) (0, 0, 0) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.2, 0.31, 0.44) 0.31 

C7-C11 (0, 0, 0) (0, 0.25, 0.5) (0, 0, 0) (0.5, 0.75, 1) (0.13, 0.25, 0.38) 0.25 

C8-C1 -(0.25, 0.5, 0.75) (0, 0, 0) (0, 0, 0) (0, 0, 0) -(0.1, 0.13, 0.2) -0.13 

C8-C2 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) (0, 0, 0) -(0.1, 0.13, 0.2) -0.13 

C8-C4 (0, 0, 0) -(0.25, 0.5, 0.75) -(0.25, 0.5, 0.75) (0, 0, 0) -(0.13, 0.25, 0.38) -0.25 

C8-C5 (0, 0, 0) -(0.25, 0.5, 0.75) (0, 0, 0) (0, 0, 0) -(0.1, 0.13, 0.2) -0.13 

C8-C6 (0, 0, 0) (0.5, 0.75, 1) (0, 0, 0) (0, 0, 0) (0.13, 0.2, 0.25) 0.2 

C8-C9 (0, 0, 0) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.5, 0.75, 1) (0.38, 0.56, 0.75) 0.56 

C8-C10 (0.5, 0.75, 1) (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0.75, 1, 1) (0.44, 0.69, 0.88) 0.67 

C8-C11 (0.25, 0.5, 0.75) (0.25, 0.5, 0.75) (0, 0, 0) (0.5, 0.75, 1) (0.25, 0.44, 0.63) 0.44 

C9-C1 (0.75, 1, 1) (0, 0, 0) (0.5, 0.75, 1) (0, 0, 0) (0.31, 0.44, 0.5) 0.42 

C9-C2 (0, 0, 0) (0, 0, 0) -(0.25, 0.5, 0.75) (0, 0, 0) -(0.1, 0.13, 0.2) -0.13 

C9-C4 (0.5, 0.75, 1) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0.13, 0.2, 0.25) 0.2 
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Table B2: (continued) 

Causal  

Relationship 

Owners  Experts Aggregated 

value 

Defuzzified 

 value E1 E2 E3 E4 

C9-C5 -(0.5, 0.75, 1) (0, 0, 0) (0, 0, 0) (0, 0, 0) -(0.13, 0.2, 0.25 -0.2 

C9-C8 -(0.25, 0.5, 0.75) (0, 0, 0) (0, 0, 0) (0, 0, 0) -(0.1, 0.13, 0.2) -0.13 

C9-C10 (0.75, 1, 1) (0, 0, 0) (0, 0, 0) (0.75, 1, 1) (0.38, 0.5, 0.5) 0.47 

C9-C11 (0.25, 0.5, 0.75) (0, 0.25, 0.5) (0.25, 0.5, 0.75) (0.5, 0.75, 1) (0.25, 0.5, 0.75) 0.5 

C10-C1 (0.25, 0.5, 0.75) (0, 0, 0) (0, 0, 0) (0, 0, 0) (0.1, 0.13, 0.2) 0.13 

C10-C2 (0, 0, 0) (0, 0, 0) 
-(0.25, 0.5, 

0.75) 
(0, 0, 0) -(0.1, 0.13, 0.2) -0.13 

C10-C9 (0.75, 1, 1) (0, 0, 0) (0, 0, 0) (0.75, 1, 1) (0.38, 0.5, 0.5) 0.47 

C10-C11 (0, 0, 0) (0, 0, 0) (0, 0, 0) (0.75, 1, 1) (0.2, 0.25, 0.25) 0.23 

C11-C1 (0.25, 0.5, 0.75) (0, 0, 0.25) (0, 0, 0) (0.25, 0.5, 0.75) (0.13, 0.25, 0.44) 0.27 

C11-C3 (0, 0, 0) (0, 0, 0) (0, 0.25, 0.5) (0.5, 0.75, 1) (0.13, 0.25, 0.38) 0.25 

C11-C4 (0, 0, 0) (0, 0, 0) (0, 0.25, 0.5) (0.25, 0.5, 0.75) (0.1, 0.2, 0.31) 0.2 

C11-C5 (0, 0, 0) (0, 0.25, 0.5) (0, 0.25, 0.5) (0.25, 0.5, 0.75) (0.1, 0.25, 0.44) 0.25 

C11-C6 (0, 0, 0) -(0.25, 0.5, 0.75) -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0.13, 0.31, 0.5) -0.31 

C11-C7 (0, 0, 0) -(0.25, 0.5, 0.75) -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0.13, 0.31, 0.5) -0.31 

C11-C8 -(0.25, 0.5, 0.75) (0, 0, 0) -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0.13, 0.31, 0.5) -0.31 

C11-C9 -(0.25, 0.5, 0.75) (0, 0, 0) -(0, 0.25, 0.5) -(0.25, 0.5, 0.75) -(0.13, 0.31, 0.5) -0.31 

C11-C10 (0, 0, 0) (0, 0, 0) -(0, 0.25, 0.5) -(0.5, 0.75, 1) -(0.13, 0.25, 0.38) -0.25 
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APPENDIX C1: Invitation Letter – Case Study 

Invitation Letter                                                          

 
Incorporating Complexity and Uncertainty into Appraising Sustainability of Civil 

Infrastructure Systems: Hybrid Fuzzy Modelling Approach 

 
Dear Sir/Madam, 

Have you ever had the problem of conflicting sustainability outcomes? When the choice of one 

material may be a good decision in terms of one indicator but not so in relation to another? This 

becomes even more difficult when you consider indicators across the social, environmental, technical 

and economic categories. For example, how does capital cost impact on system reliability or 

pollution? 

 

I am writing to request your participation into a PhD research project that is being conducted at the 

Centre for Infrastructure Engineering and Management at Griffith University. 

 

This research project focuses on the sustainability assessment of civil infrastructure systems (CIS). It 

will explore the complexity of sustainability through identifying interrelationships among 

sustainability indicators, and their impact toward enhancing sustainability assessment. The end result 

will be a software tool to inform decision-making. 

 

Stage 1 of the research project provided a short-list of sustainability indicators that stakeholders feel 

are both important and frequently used in project sustainability assessment. 

 

Stage 2 established the relationships between any pair of the identified indicators. Those relationships 

were mapped as result of interviewing 12 key experts working in the relevant field. For each 

relationship, the experts identified the direction (positive or negative) and the strength (on a scale 

from very weak to very strong) of the relationship, see page 2. 

 

Stage 3 transformed the identified relationships into a mathematical model, which in turn, will be 

utilised to design a decision support system capable of dealing with both uncertainty and complexity 

that are inherent with sustainability assessment. 

 

Stage 4 is the final stage where one or more case studies (real-life projects) will be investigated in 

order to: 1) validate the research output; and 2) demonstrate the capability, as well as workability, of 

the developed tool. 

 

At this stage, I am inviting you to nominate a case study that you believe meets the criteria listed in 

Page 3. Once agreed, it is envisaged that the researcher will be interviewing a limited number of 

stakeholders to comment on the study output, and to share their experience in evaluating project 

sustainability, with reference to the case study. 

 

Your participation as a Project Stakeholder in Stage 4 would be highly appreciated, and is completely 

voluntary. Confidentiality of the information you provide is assured. Only grouped data will be used 

in the research. Further, the information collected will be only used for the purpose of this study. A 

copy of the findings will also be sent to all participants. 

 

Yours sincerely, 

Badr Alsulami 



 

301 

 

Case Study: Objective and Selection Criteria 

 

The main objective of the case study is to further verify my research output, and to gain valuable 

insights into how the interactions among sustainability indicators are being considered by project 

stakeholders, in a real-life infrastructure project. 

 

In light of the output from stage 1 and 2, the case study must meet the following essential criteria:  

 

5. Have a sustainability focus or agenda in its overall project objectives; 

6. The sustainability is driven by one or more key project stakeholders; 

7. More than one aspect of sustainability have been assessed during the feasibility stage; and 

8. Trade-offs between conflicting objectives and sustainability priorities were formally 

investigated. 

 

Other desirable criteria include: 

 

1. A number of short and long-term sustainability indicators were used in the planning and/or 

design stages; 

2. Environmental aspects during the construction phase were considered; and 

3. Project affordability (form the user’s perspective) was considered in the feasibility stage. 
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APPENDIX C2: Case Study FCM Questionnaire 

Cognitive Mapping Instructions 

Step 1: Identification of causal relationships among listed indicators 

Please specify causal links between sustainability indicators. By identify type of 

relationship whether if it is positive or negative relationship or no relationship at all.   

 

In a positive relationship, an increase or decrease in the cause indicator causes the 

effect indicator to move in the same direction.  For example, when you examine the 

relationship between capital cost and performance, if the increase (decrease) in the value 

of capital cost leads to the increase (decrease) on the value of performance, in this case, 

the relationship is positive.  

 

In a negative relationship, the cause indicator causes the effect indicator to move in the 

opposite direction.  For example, when you examine the relationship between 

Stakeholder participation and Impact on safety, if the increase (decrease) in the value of 

Stakeholder participation leads to the decrease (increase) on the value of Impact on safety, in 

this case, the relationship is negative.  

 

Step 2: Estimation of causal link strengths. 

 How strongly, do you believe the causal relationship between listed indicators?  

Strengths of causal links can be expressed by using linguistic terms, as shown in the 

following table.  

 

Very weak  Weak Moderate 
Strong Very strong 

VW W M S VS 

 

 

In the following table, the indicator that located in first row is consider cause indicator, 

while the indicators that is follow cause indicator is consider effect indicator.   
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Indicator 
Type of Relation Causal Link Strengths 

None* + - VW W M S VS 

1. Capital cost  

Financial returns         

Affordability         

Performance         

Flexibility & adaptability          

GHG         

Ecological impacts         

Impact on safety         

Stakeholder participation          

2. Financial returns  

Capital cost         

Affordability         

Performance         

Flexibility & adaptability          

GHG         

Ecological impacts         

Impact on safety         

Stakeholder participation          

3. Affordability  

Financial returns         

Capital cost          

Performance         

Flexibility & adaptability          

GHG         

Ecological impacts         

Impact on safety         

Stakeholder participation          

4.Performance  

Financial returns         

Affordability         

Capital cost          

Flexibility & adaptability          

GHG         

Ecological impacts         

Impact on safety         

Stakeholder participation          

5. Flexibility & adaptability  

Financial returns         

Affordability         

Performance         

Capital cost          

GHG         

Ecological impacts         

Impact on safety         

Stakeholder participation          

None* means that there is no relationship between pair indicators  
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Indicator 

Type of Relation Causal Link Strengths 

None* + - VW W M S VS 

6. GHG   

Financial returns         

Affordability         

Performance         

Flexibility & adaptability          

Capital cost            

Ecological impacts         

Impact on safety         

Stakeholder participation         

7. Ecological impacts   

Financial returns         

Affordability         

Performance         

Flexibility & adaptability          

GHG         

Capital cost          

Impact on safety         

Stakeholder participation         

8. Impact on safety   

Financial returns         

Affordability         

Performance         

Flexibility & adaptability          

GHG         

Ecological impacts         

Capital cost          

Stakeholder participation          

9. Stakeholder participation  

Financial returns         

Affordability         

Performance         

Flexibility & adaptability          

GHG         

Ecological impacts         

Impact on safety         

Capital cost          
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APPENDIX C3: MATLAB Code for FCM 

function [A_next, A_current] = fcmSolver(E, A_current, c, n, tol) 

  
% FCMSOLVER   Solves "fuzzy cognitive map" (FCM) systems. 
% 
% Produces a solution to FCM systems defined by an equation of the 
% following form: 
% 
%    Ci(t+1) = f(sum(Cj(t)*E)) 
% 
% where f(x) represents the sigmoid function: 
% 
%    f(x) = 1 / (1 + exp(-c*x)) 
% 
% which approximates a binary threshold function for c > 0. 
% 
% Supply the following input arguments when invoking fcmSolver: 
% 
%   E:  Edge matrix whose rows/columns list causal links and weights, 
%          e.g., E = [0 .5 1; .25 0 -.5; -.5 .5 0] 
%   A_current:  The input state (i.e., initial activiation) of the 

system, 
%          e.g., A-current = [.5 0 0] 
%   c:  Value of constant in denominator of sigmoid function, 
%          e.g., c = 5 
%   n:  Maximum number of iterations that the solver will perform, 
%          e.g., n = 100 
%   tol:  Scalar tolerance value that serves as loop-termination 

criteria, 
%          e.g., tol = 1e-3 
%    

  
for i = 0:n 
    % compute next values at current time step 
    A_next = 1./(1 + exp(-c*(A_current*E))); 

     
    % display formatted results 
    fprintf('A%s*E = ',num2str(i)) 
    fprintf('%6.3f ',A_current*E) 
    fprintf('  -->   A%s = ',num2str(i+1)) 
    fprintf('%6.3f ',A_next) 
    fprintf('\n') 

  
    % check for equilibrium; if detected, terminate loop 
    if all(abs(A_next - A_current) < tol) 
        break 
    end 

     
    % update values for next iteration 
    A_current = A_next; 
end 
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    APPENDIX C4: Case Study FANP Questionnaire 

Fuzzy Analytic Network Process (FANP) Questionnaire 

 
 

Please read the questions below carefully, and then give your answers using the following 

linguistic scale:   

 

 

Linguistic scale for importance Abbreviation 

Just equal  JE 

Equally important  (EI) EI 

Moderately important (MI)  MI 

Strongly important (SI) SI 

Very strongly important (VSI) VSI 

Absolutely important (AI) AI 

 

 

From your point of view, please answer the following questions: 

 

1. Relative weights of the aspect with respect to sustainability performance  

 

1.1 Comparing with Economic and Environmental, which one is more important? 

1.2 Comparing with Economic and Technical, which one is more important? 

1.3 Comparing with Economic and Social, which one is more important? 

1.4 Comparing with Environmental and Technical, which one is more important?  

1.5 Comparing with Environmental and Social, which one is more important?  

1.6 Comparing with Technical and Social, which one is more important?  

 

 

   

 AI VSI SI MI EI JE EI MI SI VSI AI  

Economic            Environmental 

Economic            Technical 

Economic            Social 

Environmental            Technical 

Environmental            Social 

Technical            Social 
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2. Relative weights of sustainability indicators with respect to their aspect   

 

Economic aspect 

 

2.1 Comparing with Capital Cost and Financial Return (Benefits), which one is more important?  

2.2 Comparing with Capital Cost and Affordability, which one is more important?  

2.3 Comparing with Financial Return (Benefits) and Affordability, which one is more 

important?  

 

   

 AI VSI SI MI EI JE EI MI SI VSI AI   

Capital Cost 
           Financial Return 

(Benefits) 

Capital Cost            Affordability 

Financial Return 

(Benefits) 
           

Affordability 

             

 

Environmental aspect 

 

2.4 Comparing with GHG and Ecological Impacts, which one is more important?  

   

 AI VSI SI MI EI JE EI MI SI VSI AI  

GHG 
           Ecological 

Impacts 

 

 

Technical aspect 

 

2.5 Comparing with Performance and Flexibility, which one is more important?   

 

   

 AI VSI SI MI EI JE EI MI SI VSI AI  

Performance            Flexibility 

 

 

Social aspect 

 

2.6 Comparing with Stakeholder Participation and Flexibility, which one is more Impact on 

Safety?    

   

 AI VSI SI MI EI JE EI MI SI VSI AI  
Stakeholder 

Participation  
           Impact on 

Safety 
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3. Inner dependence weights of sustainability aspects  

 

Economic Aspect 

3.1 What is the relative importance of the ‘Technical Aspect’ when compared with the 

‘Environmental Aspect’ on controlling the ‘Economic Aspect’?  

3.2 What is the relative importance of the ‘Technical Aspect’ when compared with the ‘Social 

Aspect’ on controlling the ‘Economic Aspect’? 

3.3 What is the relative importance of the ‘Social Aspect’ when compared with the 

‘Environmental Aspect’ on controlling the ‘Economic Aspect’? 

 
   

 AI VSI SI MI EI JE EI MI SI VSI AI  

Environmental            Technical 

Social             Technical 

Social            Environmental 

 

 
Technical Aspect 

3.4 What is the relative importance of the ‘Economic Aspect’ when compared with the 

‘Environmental Aspect’ on controlling the ‘Technical Aspect’?  

3.5 What is the relative importance of the ‘Economic Aspect’ when compared with the ‘Social 

Aspect’ on controlling the ‘Technical Aspect’? 

3.6 What is the relative importance of the ‘Social Aspect’ when compared with the 

‘Environmental Aspect’ on controlling the ‘Technical Aspect’? 

   

 AI VSI SI MI EI JE EI MI SI VSI AI  

Economic            Environmental 

Economic            Social  

Social            Environmental 

 

 
Environmental Aspect 

3.7 What is the relative importance of the ‘Economic Aspect’ when compared with the 

‘Technical Aspect’ on controlling the ‘Environmental Aspect’?   

3.8 What is the relative importance of the ‘Economic Aspect’ when compared with the ‘Social 

Aspect’ on controlling the ‘Environmental Aspect’? 

3.9 What is the relative importance of the ‘Technical Aspect’ when compared with the ‘Social 

Aspect’ on controlling the ‘Environmental Aspect’? 
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 AI VSI SI MI EI JE EI MI SI VSI AI  

Economic            Technical 

Economic            Social  

Technical            Social 

 

 

 
Social Aspects 

3.10 What is the relative importance of the ‘Economic Aspect’ when compared with the 

‘Technical Aspect’ on controlling the ‘Social Aspect’?   

3.11 What is the relative importance of the ‘Economic Aspect’ when compared with the 

‘Environmental Aspect’ on controlling the ‘Social Aspect’? 

3.12 What is the relative importance of the ‘Technical Aspect’ when compared with the 

‘Environmental Aspect’ on controlling the ‘Social Aspect’?  

 
   

 AI VSI SI MI EI JE EI MI SI VSI AI  

Economic            Technical 

Economic            Environmental 

Technical            Environmental 
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APPENDIX C5: Case Study Sensitivity analysis Resalts 

SENSITIVITY ANALYSIS: WEIGHT FACTORS CHANGES WITH DIAGRAMS 

1. Capital Cost sensitivity  
 

 

Table C1: Changes in OSI by changing the Capital Cost (C1) weight 

C1 Weight 

Changes 
A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.661 0.661 0.290 0.819 0.661 0.661 0.819 0.698 

0.2 0.690 0.690 0.258 0.836 0.690 0.690 0.836 0.730 

0.3 0.719 0.719 0.226 0.852 0.719 0.719 0.852 0.761 

0.4 0.747 0.747 0.193 0.869 0.747 0.747 0.869 0.793 

0.5 0.776 0.776 0.161 0.886 0.776 0.776 0.886 0.825 

0.6 0.804 0.804 0.129 0.903 0.804 0.804 0.903 0.856 

0.7 0.833 0.833 0.097 0.920 0.833 0.833 0.920 0.888 

0.8 0.862 0.862 0.064 0.936 0.862 0.862 0.936 0.920 

0.9 0.890 0.890 0.032 0.953 0.890 0.890 0.953 0.951 

 

 

 

 
 

Figure C1: Sensitivity analysis for the Capital Cost (C1) weight changes  
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 2. Benefits sensitivity  

 

 

Table C2: Changes in OSI by changing the Benefits (C2) weight  

C2 Weight 

Changes 
A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.662 0.662 0.279 0.819 0.662 0.662 0.819 0.710 

0.2 0.683 0.683 0.347 0.831 0.683 0.683 0.831 0.632 

0.3 0.703 0.703 0.415 0.842 0.703 0.703 0.842 0.553 

0.4 0.723 0.723 0.483 0.853 0.723 0.723 0.853 0.474 

0.5 0.743 0.743 0.551 0.864 0.743 0.743 0.864 0.395 

0.6 0.764 0.764 0.620 0.875 0.764 0.764 0.875 0.316 

0.7 0.784 0.784 0.688 0.886 0.784 0.784 0.886 0.237 

0.8 0.804 0.804 0.756 0.898 0.804 0.804 0.898 0.158 

0.9 0.825 0.825 0.824 0.909 0.825 0.825 0.909 0.079 

 

 

 

 
 

Figure C2: Sensitivity analysis for the Benefits (C2) weight changes  
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3. Affordability sensitivity  

 

 
Table C3: Changes in OSI by changing the Affordability (C3) weight  

C3 Weight 

Changes 
A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.663 0.663 0.279 0.819 0.663 0.663 0.819 0.700 

0.2 0.678 0.678 0.344 0.831 0.678 0.678 0.831 0.713 

0.3 0.693 0.693 0.409 0.843 0.693 0.693 0.843 0.726 

0.4 0.708 0.708 0.474 0.855 0.708 0.708 0.855 0.739 

0.5 0.723 0.723 0.538 0.867 0.723 0.723 0.867 0.752 

0.6 0.738 0.738 0.603 0.879 0.738 0.738 0.879 0.765 

0.7 0.753 0.753 0.668 0.891 0.753 0.753 0.891 0.777 

0.8 0.768 0.768 0.733 0.903 0.768 0.768 0.903 0.790 

0.9 0.783 0.783 0.797 0.915 0.783 0.783 0.915 0.803 

 

 

 

 
 

Figure C3: Sensitivity analysis for the Affordability (C3) weight changes  
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4. Performance sensitivity  

 

 
Table C4: Changes in OSI by changing the Performance (C4) weight  

C4 Weight 

Changes 
A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.661 0.661 0.283 0.819 0.661 0.661 0.819 0.698 

0.2 0.693 0.693 0.311 0.836 0.693 0.693 0.836 0.728 

0.3 0.725 0.725 0.339 0.853 0.725 0.725 0.853 0.757 

0.4 0.757 0.757 0.366 0.871 0.757 0.757 0.871 0.786 

0.5 0.789 0.789 0.394 0.888 0.789 0.789 0.888 0.816 

0.6 0.821 0.821 0.422 0.906 0.821 0.821 0.906 0.845 

0.7 0.853 0.853 0.449 0.923 0.853 0.853 0.923 0.874 

0.8 0.885 0.885 0.477 0.940 0.885 0.885 0.940 0.903 

0.9 0.917 0.917 0.504 0.958 0.917 0.917 0.958 0.933 

 

 

 

 
 

Figure C4: Sensitivity analysis for the Performance (C4) weight changes  
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5. Flexibility sensitivity  

 

 
Table C5: Changes in OSI by changing the Flexibility (C5) weight  

C5 Weight 

Changes 
A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.673 0.673 0.290 0.819 0.673 0.673 0.819 0.698 

0.2 0.599 0.599 0.258 0.837 0.599 0.599 0.837 0.729 

0.3 0.525 0.525 0.226 0.855 0.525 0.525 0.855 0.760 

0.4 0.451 0.451 0.193 0.874 0.451 0.451 0.874 0.791 

0.5 0.378 0.378 0.161 0.892 0.378 0.378 0.892 0.823 

0.6 0.304 0.304 0.129 0.910 0.304 0.304 0.910 0.854 

0.7 0.230 0.230 0.097 0.929 0.230 0.230 0.929 0.885 

0.8 0.156 0.156 0.064 0.947 0.156 0.156 0.947 0.916 

0.9 0.083 0.083 0.032 0.966 0.083 0.083 0.966 0.947 

 

 

 

 
  

Figure C5: Sensitivity analysis for the Flexibility (C5) weight changes  
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6. GHG sensitivity  

 

 
Table C6: Changes in OSI by changing the GHG (C6) weight  

C6 Weight 

Changes 
A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.664 0.664 0.290 0.820 0.664 0.664 0.820 0.700 

0.2 0.672 0.672 0.258 0.821 0.672 0.672 0.821 0.714 

0.3 0.680 0.680 0.226 0.822 0.681 0.681 0.822 0.729 

0.4 0.689 0.689 0.193 0.823 0.689 0.689 0.823 0.743 

0.5 0.697 0.697 0.161 0.824 0.698 0.698 0.824 0.757 

0.6 0.705 0.705 0.129 0.825 0.706 0.706 0.825 0.771 

0.7 0.714 0.714 0.097 0.825 0.715 0.715 0.825 0.785 

0.8 0.722 0.722 0.064 0.826 0.723 0.723 0.826 0.800 

0.9 0.731 0.731 0.032 0.827 0.732 0.732 0.827 0.814 

 

 

 

 
 

Figure C6: Sensitivity analysis for the GHG (C6) weight changes  

 

 

 

 

 

 

0.000

0.100

0.200

0.300

0.400

0.500

0.600

0.700

0.800

0.900

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

F
in

a
l 
R

e
su

lt
 C

h
n

a
g

e
s

Weight Indicator Changes

A1 A2 A3 A4 A5 A6 A7 A8



 

316 

 

7. Ecological Impact sensitivity  

 

 
Table C7: Changes in OSI by changing the Ecological Impact (C7) weight   

C7 Weight 

Changes 
A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.663 0.663 0.290 0.820 0.663 0.663 0.820 0.700 

0.2 0.680 0.680 0.260 0.821 0.680 0.680 0.821 0.714 

0.3 0.697 0.697 0.231 0.822 0.697 0.697 0.822 0.729 

0.4 0.714 0.714 0.201 0.823 0.714 0.714 0.823 0.743 

0.5 0.731 0.731 0.172 0.823 0.731 0.731 0.823 0.757 

0.6 0.748 0.748 0.143 0.824 0.748 0.748 0.824 0.771 

0.7 0.766 0.766 0.113 0.825 0.766 0.766 0.825 0.785 

0.8 0.783 0.783 0.084 0.826 0.783 0.783 0.826 0.800 

0.9 0.800 0.800 0.054 0.826 0.800 0.800 0.826 0.814 

 

 

 

 

 
  

Figure C7: Sensitivity analysis for the Ecological Impact (C7) weight changes  
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8. Safety and Security sensitivity  

 

 
Table C8: Changes in OSI by changing the Safety and Security (C8) weight   

C8 Weight 

Changes 
A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.673 0.673 0.290 0.831 0.673 0.673 0.831 0.710 

0.2 0.598 0.598 0.258 0.739 0.598 0.598 0.739 0.632 

0.3 0.523 0.523 0.226 0.647 0.523 0.523 0.647 0.553 

0.4 0.449 0.449 0.193 0.555 0.449 0.449 0.555 0.475 

0.5 0.374 0.374 0.161 0.463 0.374 0.374 0.463 0.396 

0.6 0.300 0.300 0.129 0.371 0.299 0.299 0.371 0.317 

0.7 0.225 0.225 0.097 0.279 0.224 0.224 0.279 0.239 

0.8 0.150 0.150 0.064 0.187 0.150 0.150 0.187 0.160 

0.9 0.076 0.076 0.032 0.095 0.075 0.075 0.095 0.082 

 

 

 

 
 

Figure C8: Sensitivity analysis for the Safety and Security (C8) weight changes  
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9. Community Engagement sensitivity  

 

 
Table C9: Changes in OSI by changing the Community Engagement (C9) weight   

C9 Weight 

Changes 
A1 A2 A3 A4 A5 A6 A7 A8 

0.1 0.661 0.661 0.287 0.819 0.661 0.661 0.819 0.699 

0.2 0.688 0.688 0.285 0.834 0.688 0.688 0.834 0.723 

0.3 0.715 0.715 0.282 0.848 0.715 0.715 0.848 0.747 

0.4 0.742 0.742 0.280 0.863 0.742 0.742 0.863 0.772 

0.5 0.769 0.769 0.278 0.878 0.769 0.769 0.878 0.796 

0.6 0.796 0.796 0.276 0.892 0.796 0.796 0.892 0.820 

0.7 0.822 0.822 0.274 0.907 0.822 0.822 0.907 0.844 

0.8 0.849 0.849 0.271 0.922 0.849 0.849 0.922 0.869 

0.9 0.876 0.876 0.269 0.936 0.876 0.876 0.936 0.893 

 

 

 

 
 

Figure C9: Sensitivity analysis for the Community Engagement (C9) weight changes  
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APPENDIX C6: Case Study Qualitative Phase Questions 

Interview Questions 
 

 

Discussion Area1: Project Background 

 What is your role in this project?    

 Please identify key project stakeholders 

 What are the sustainability objectives that were considered in the planning or design 

stages of this project?  

 Who proposed and championed those sustainability objectives?   

 Would you consider these objectives common to this type of infrastructure projects? If 

not, which ones were unique to this project?  

 What were the constraints that were considered in planning for this project in terms of 

achieving the sustainability objectives    

 

 

Discussion Area 2:  indicators used to measure/assess project sustainability  

 Which key sustainability indicators were used?  

 Why those particular indicators were used? Who selected the indicators? 

 What’s your opinion on how well they measure/assess sustainability performance? 

 

 

Discussion Area 3: interaction among sustainability components 

 In many cases, different aspects of sustainability interact, was this also the case in this 

project? If yes, which ones interacted with each other? 

 In case of having conflicting sustainability objectives, was a compromise reached? 

 

 

   Discussion Area 4: sustainability assessment frameworks 

 Did you use a formal sustainability assessment framework?  

 Was that specific to the project or it is what you (your organisation) always utilize? 

Why or why not? 

 In your opinion, what are the limitations of this assessment framework? 

 To overcome these limitations, do you think it would be having benefited to develop 

a new assessment framework that overcome these limitations? 

 Do you think considering the interaction among sustainability indicators would 

improve sustainability assessment process?  

 

 

 


