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Abstract

:

Sustainability and buildability requirements in building envelope design have significantly gained more importance nowadays, yet there is a lack of an appropriate decision support system (DSS) that can help a building design team to incorporate these requirements and manage their tradeoffs at once. The main objective of this study is to build such a tool to facilitate a building design team to take into account sustainability and buildability criteria for assessment of building envelopes of high-rise residential buildings in Singapore. Literature reviews were conducted to investigate a comprehensive set of the sustainability and buildability criteria. This also included development of the tool using a Quality Functional Deployment (QFD) approach combined with fuzzy set theory. A building design team was engaged to test the tool with the aim to evaluate usefulness of the tool in managing the tradeoffs among the sustainability and buildability criteria. The results from a qualitative data analysis suggested that the tool allowed the design team to effectively find a balance between the tradeoffs among the criteria when assessing multiple building envelope design alternatives. Main contributions of using this tool are achievement of a more efficient assessment of the building envelopes and more sustainable and buildable building envelope design.
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1. Introduction


Building envelope systems, as the interface between interior space and exterior environment, generally serve the function of weather and pollution exclusion and thermal and sound insulation [1]. Their performance affects, for example, occupant comfort and productivity, energy use, strength, durability, fire resistance, and aesthetics appeal of a building [2,3]. Building envelopes have played an important role the success of private high-rise residential building projects, and this highlights the importance of assessment and selection of the building envelope materials and designs that can satisfy project requirements. The project requirements can be referred to as criteria for achieving sustainability and buildability in building envelope design. In brief, sustainability is a balance of social and economic activities and the environment [4], while buildability points to an ability to construct a building efficiently, economically and to agreed quality levels using its construction resources [5].



Each country may have different guidelines and legal responsibilities for sustainability and buildability in building design. In Singapore, sustainability and buildability regulations have been in place for several years [6,7]. However, it was found that these regulations do not cover all key project requirements [8]. Fundamentally, a design team can easily find the design solutions that meet minimum needs of the regulations if the team does not have to incorporate other key sustainability and buildability criteria that could affect their designs such as durability of materials, aesthetics, costs and so on [9]. Nevertheless, in practice, it is difficult to develop an optimal sustainable and buildable design that takes into account all key criteria without effective management of their tradeoffs [10]. This leads to a main research problem of this study, which is an absence of a decision support tool that can enable the designers in Singapore to assess building envelope designs based on all the sustainability and buildability criteria at once and to effectively manage the tradeoffs among such criteria.



This study therefore develops a new and robust decision support system (DSS) to fill this gap. The study applies a Quality Function Deployment (QFD) approach and fuzzy set theory to build the tool. This tool is known as a fuzzy QFD tool. The study begins by conducting literature reviews to identify a comprehensive set of the sustainability and buildability criteria for assessment of the building envelopes. This is followed by development of the fuzzy QFD tool embedded with a set of the identified criteria. The study then conducts a series of semi-structured interviews with 15 architects and engineers in Singapore in parallel with thorough literature reviews to acquire relevant knowledge for the tool and to fine-tune/validate the tool. The primary feedback from the interviews of these 15 architects and engineers is applied to adjust a decision-making process of the tool towards the achievement of more practical applications. This adjustment resulted in a more user-friendly tool being achieved.



A design team consisting of an architect, civil & structural (C&S) engineer, and mechanical and electrical (M&E) are then engaged to test this tool as part of a case study. The team is given a representative high-rise residential project with a task to use the tool to select a building envelope system for this project. After the exercise is completed, the study conducts semi-structured interviews to collect perspectives of the team members regarding effectiveness of using the tool for incorporating the criteria and managing their tradeoffs. The interview results from the case study are then analyzed qualitatively.




2. Sustainability and Buildablity


Sustainable development or sustainability is the fundamental principle underlying various efforts to ensure a decent quality of life for future generations. This concept aims to meet the needs of the present without compromising the ability of future generations to meet their needs. This implies that the environment and the quality of human life are as important as economic performance [1]. It was agreed that the mainstay of sustainability thinking is to strike a balance between three dimensions: environmental, social and economic impacts of the design. In the construction industry, awareness of sustainability among building professionals has increased [4]. This can be seen where the green market has been promoted to bring major improvements through developing green buildings, or where implementation of an energy rating guideline to assess environmental and energy performance of buildings has become more important. Benefits of adopting this concept in the construction industry include minimizing operating and maintenance costs, minimizing construction wastes, increasing occupant health and satisfaction, and so on [11,12].



Notwithstanding the concept of sustainability, buildability or constructability of a building also plays an important role in building design and construction. Buildability is widely accepted to be defined as the extent to which the design of a building facilitates ease of construction, subject to the overall requirements for the completed building [13]. Buildability takes into account all aspects of a building project, and enables the optimum utilization of construction resources. Several factors have been proposed over the years for achieving good buildability such as simplicity of design details, ease in material handling, ease in construction, etc. Benefits of buildability include lower costs of bidding, reduced site labor, increased cost effectiveness, and better resource utilization [14,15]. It was suggested that the design stage is critical for implementing buildability [16,17].



This study conducted extensive literature reviews to compile the comprehensive list of the sustainability and buildability criteria and this is shown in Table 1. These criteria are divided into sustainability and buildability categories. The sustainability category is also made up of three subcategories which are environmental impact, economic impact and social impact.
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Table 1. Sustainability and buildability criteria for building envelope design.
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Sustainability and buildability criteria

	
Selected references






	
Sustainability

	
Environmental impact

	
EN1: Energy consumption

	
Bryan [18], Scheuer et al. [19]




	
EN2: Resource consumption

	
Chen et al. [20], Tsai et al. [21]




	
EN3: Waste generation

	
Jaillon and Poon [22], Tsai et al. [21]




	
Economic impact

	
EC1: Initial costs

	
Chua and Chou [3], Wang et al. [23]




	
EC2: Long-term burdens

	
Das et al. [24], Lacasse et al. [25]




	
EC3: Durability

	
Bryan [18], Kneifel [26]




	
Social impact

	
SC1: Energy efficiency

	
Chua and Chou [3], Kibert [1]




	
SC2: Appearance demands

	
Kaklauskas et al. [27], Yang et al. [10]




	
SC3: Health, safety and security of occupants and society

	
Brock [28], Chew [2], Yu and Kim [29]




	
SC4: Weather protection performance

	
Bryan [18], Yang et al. [10]




	
SC5: Acoustic protection performance

	
Low et al. [15], Yang et al. [10]




	
SC6: Visual performance

	
Low et al. [30], Nielsen [31]




	
Buildability

	

	
BC1: Health and safety of workers

	
Chen et al. [20], Hinze et al. [32]




	
BC2: Community disturbance

	
Chew [2], Kibert [1]




	
BC3: Simplicity of design details

	
Bryan [18], Yang et al. [10]




	
BC4: Material handling

	
Chew [2], Gould [33]




	
BC5: Ease in construction with respect to time

	
Chen et al. [20], Low et al. [15]




	
BC6: Material deliveries from suppliers

	
Gould [33], Vrijhoef and Kisela [34]










3. Quality Functional Deployment (QFD)


QFD has been found useful in making decisions of organizations. QFD aims at satisfying customer needs and expectations, which are considered utmost importance for the organizations. Many companies have adopted a QFD approach to improve quality of their products to satisfy their customers [35,36]. This is also obvious in the building industry. As a building project is relatively unique in the sense that each building is tailor-made to meet the requirements and needs of the customers that refer to all stakeholders of a project, using a QFD approach seems to make good sense [37]. In brief, QFD links the customers’ requirements to engineering characteristics. A conventional QFD tool controls quality of the project through its House of Quality (HOQ), which contains rooms to achieve targets of the project [35,36].




4. Development of a Fuzzy QFD Tool


Granted that QFD has been considered to be one of the most effective tools in facilitating group decision-making and suggesting optimal solutions, this study therefore taps into and, at the same time, expands this capability of a conventional QFD tool to build a more advanced QFD tool. In this regard, the convention HOQ was applied and modified to build an HOQ for Sustainability and Buildabilty (HOQSB) for the assessment of the building envelopes in this study. This HOQSB as shown in Figure 1 has five major rooms which are criteria for sustainability and buildability room (CR), building envelope materials and designs room (MR), relationships between the criteria and materials and designs room (RR), fuzzy inference engine for prioritizing design alternatives room (FR), and preference list room (PR). The CR storing the identified list of the sustainability and buildability criteria assists the Decision Makers (DMs) to identify the criteria for the assessment of the building envelopes, while the MR facilitates selection of the building envelope materials and designs. The RR contains the relationships between the criteria and design alternatives. These relationships include a matrix to indicate the parameters affecting each criterion and rules to guide the DMs when making the assessment decisions. The FR stores fuzzy calculation techniques operated by a fuzzy inference engine for making the tradeoffs between the criteria and fine-tuning the design alternatives. The PR records outputs of the FR in the form of a preference list of the design alternatives ranked by a Sustainability and Buildability Index (SBI). This index is a function of importance weights of the criteria and performance satisfactions of the design alternatives with respect to the criteria. This study then modeled the tool using Microsoft Visual Studio.
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Figure 1. House of Quality for Sustainability and Buildabilty (HOQSB). 
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4.1. Fuzzy Inference Engine


In a real-world decision situation, making decisions has to process not only large amount of information but also subjective and uncertain requirements [38]. Particularly, DMs may encounter practical constraints from several criteria usually containing imprecision, subjective or vagueness inherent in the information [39]. It was suggested that the fuzzy set theory introduced by Zadeh [40] could mitigate this problem by translating subjective information, incomplete information and partially ignorant facts into the decision model. Hence, the study adopted the fuzzy set theory to build the fuzzy QFD tool, and this was embedded as part of the FR.




4.2. Fuzzy Linguistic Terms


The triangular fuzzy numbers and their fuzzy linguistic terms were used in this study as shown in the screenshot given in Figure 2 for assessment of importance weights of the sustainability criteria and performance satisfactions of the building envelope designs [39]. Specifically, the DMs determine the tradeoffs among the criteria through the use of these different fuzzy linguistic terms. Calculation examples of fuzzy operations can be found in Bayrak et al. [41] and Yang et al. [10].



Based on the HOQSB and fuzzy inference engine developed, this study formed a five-step decision making process for the DMs to provide their inputs through a user interface of the tool as follows:



Step 1: Input project relevant information, and set up the triangular fuzzy linguistic terms.



Step 2: Select the criteria for the assessment based on the CR.



Step 3: Assess the importance weights of all the criteria selected.



Step 4: Select the building envelope materials to form the design alternatives based on the MR.



Step 5: Assess the performance satisfactions of the design alternatives with respect to the selected criteria through the RR.



The FR embedded with the fuzzy inference engine then calculates the SBI and presents this through the PR.
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Figure 2. Fuzzy linguistic terms. 
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5. Case Study


This study employed a case study as a research design. This is because the case study approach meets the aim of this study, which is to investigate in-depth understanding of how the fuzzy QFD tool influences the decision-making process when the building design team assesses the building envelopes and the assessment outcomes. A case study tells a big story even if this is through the lens of a small case. This approach offers a close collaboration between researchers and participants, while enabling the participants to share their underlying perspectives [42]. Through this approach, the participants are able to express their views of reality, so much so that this allows the researcher to better understand the participants’ actions and perspectives [42,43].



A hypothetical design team was engaged in the case study to determine a conceptual design of the building envelopes for a representative private high-rise residential building project. This design team consists of three DMs; namely architect (DM1), C&S engineer (DM2) and M&E engineer (DM3). The project general information and criteria preliminarily identified by the architect were given in Table 2 and Table 3, respectively. For simplicity, the project criteria do not cover all the identified sustainability and buildability criteria. A main task of the team was to propose a building envelope system of this project to the developer by using the tool through its five-step decision making process to assess potential alternatives.
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Table 2. General project information.







Table 2. General project information.







	
Developer

	
Condominium developer






	
Project title

	
High-rise residential building B




	
Contract type

	
Design-Bid-Build




	
Project location

	
Jurong East




	
Preferred external wall material

	
Precast/concrete block/claybrick




	
Orientation/Plan configuration

	
North-South/Square




	
WWR

	
0.3




	
Height

	
90 m




	
Floor-to-floor

	
3 m




	
Area per floor

	
400 m2




	
Design and construction period

	
28 months
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Table 3. Project key criteria.







Table 3. Project key criteria.







	
Criteria category

	
Criteria name

	
Brief description






	
Environmental

	
EN1: Energy consumption

	
The building envelope material and design must minimize consumption of electricity and fuel during construction.




	
EN2: Resource consumption

	
The building envelope material and design must minimize resources used during construction such as water, chemicals, sealants, etc.




	
EN3: Waste generation

	
Waste generation especially air pollution and wastewater should be minimized to reduce the impacts on the surrounding environments.




	
Economic

	
EC1: Initial costs

	
The project budget must be minimized.




	
EC2: Long-term burdens

	
The design must minimize long-term burdens particularly repairing and replacing costs.




	
Social

	
SC1: Energy efficiency

	
Energy efficiency of the design must be maximized to achieve high energy efficiency and occupant comfort.




	
SC2: Appearance demands

	
Appearance demands of the design must be maximized and the design must be modern and represent positive image.




	
SC3: Health, safety and security of occupants

	
Health, safety and security of the occupants and society must be maximized.




	
SC4: Weather protection performance

	
The design should minimize negative influence from adverse weather during occupation phase.




	
SC6: Visual performance

	
Visual performance of the design should be maximized to achieve high occupant comfort.




	
Buildability

	
BC1: Health and safety of workers

	
The building envelope material and design must maximize workers' health and safety during construction.




	
BC4: Material handling BC5: Ease in construction with respect to time

	
The building envelope material and design must maximize ease in off-site and on-site handling methods.The building envelope material and design must maximize ease in construction within a time given.









Step 1: Considering the information given in Table 2, the team entered relevant information of the project as shown in the screenshot in Figure 3 and set up the fuzzy linguistic terms.
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Figure 3. Project information. 
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Step 2: The design team inserted the sustainability and buildability criteria as given in Table 3 as the basic requirements of the project.



Step 3: The DMs determined the tradeoffs between the selected criteria by assigning their importance weights. Figure 4 shows the screenshot for rating the importance weights of the “EN1” Energy consumption, “EN2” Waste consumption, and “EN3” Resource consumption.
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Figure 4. Assessment of the importance weights for all the criteria for the case study two. 
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Step 4: Based on the preferred external wall materials given in the Table 2, the team formed three alternatives for the assessment as shown in Figure 5. Alternative 1 consists of “BL1” Concrete block wall, “WG4” Double layer low-E glazing window, and the “SD1” Horizontal shading device. The team replaced the external wall of the Alternative 1 with “CB1” Claybrick to develop the Alternative 2. The Alternative 3 was then established. It comprises “PC1” Precast wall, “WG4” Double layer low-E glazing window, and “SD2” Horizontal shading device integrated with the precast panel.
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Figure 5. Building envelope design alternatives. 
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Step 5: The DMs rated the performance satisfactions of the three design alternatives formulated with respect to the criteria. The screenshot given in Figure 6 reflects rating of the performance satisfactions of the design alternatives with respect to the “SC4” Weather protection performance.



The screenshot of the tool given in Figure 7 provides a summary of the importance weights of the criteria, performance satisfactions of the design alternatives, and their corresponding SBI. As can be seen in this figure, the ranking from the highest to lowest SBI of the design alternatives is the Alternative “3” PC1WG4SD2, “1” BL1WG4SD1 and “2” CB1WG4SD1. Comparing between the Alternative “2” CB1WG4SD1 and “1” BL1WG4SD1, the type of the external wall is the only difference between these two alternatives. However, the Alternative “2” BL1WG4SD1 received higher performance satisfaction with respect to a number of criteria particularly the “EN1” Energy consumption and “EN2” Resource consumption. This could be because the DMs viewed that the concrete blockwall requires less energy and resource consumption during construction as compared to the clay brickwall.



Furthermore, when it comes to comparison between the Alternative “3” PC1WG4SD2 and “2” BL1WG4SD1, there are two main differences which are the type of the external wall and type of the shading device. In brief, Alternative 3 using the precast concrete wall received higher performance satisfactions than Alternative 2 incorporated with the concrete blockwall with respect to the “EN1” Energy consumption, “EN2” Resource consumption, “SC4” Weather protection, and “BC6” Community disturbance. Similarly, based on its shading device, Alternative 3 obtained higher performance satisfaction with respect to a number of criteria such as the “EN1” Energy consumption, “EN2” Resource consumption, and “EN3” Waste generation. This was because the shading device of Alternative 1 would be integrated with the precast concrete panel by a manufacturer, while that of Alternative 2 would be installed on site. These collectively contributed to a higher SBI of the design Alternative 3 PC1WG4SD2. As such, the design team adopted this design alternative as a base case for further development of the detailed designs of this project. The design team took approximately two hours and a half to complete this case study exercise.
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Figure 6. Assessment of the performance satisfaction of the design alternatives. 
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Figure 7. Summary of the design solutions. 
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6. Discussions


After the team completed the assignment, qualitative data analysis was applied to analyze the perspectives of the DMs collected through the interviews. From this analysis, the DMs presented the positive attitude that the fuzzy QFD tool provided a more structured decision making process based on both the decision making steps and fuzzy operations for assessing the building envelopes. This decision making process guided the DMs to deliberately go through each decision making step, and this increased efficiency and consistency in making the decisions. The tool also provided the DMs with more flexibility to instantly select different criteria from the provided list of the sustainability and buildability criteria to deal with specific project requirements, supporting the team to analyze the project criteria with respect to various alternatives in a limited timeframe. These as a whole significantly facilitated the DMs to discuss and sort out tradeoffs among the criteria in the forms of the importance weights and performance satisfactions. Success in management of such tradeoffs heavily lies in these discussions because the discussions gave the DMs a platform to fine-tune their perspectives including sharing and listening to each other’s opinions.



The DMs further highlighted that the fuzzy linguistic terms well captured imprecise perspectives of the designers, and these were incorporated into the assessment in a systematic manner to determine the SBI of each alternative. This made the SBI representing a level of the sustainability and buildability of the design alternatives a good indicator for selection of a more sustainable and buildable building envelope design. Nevertheless, the DMs pointed out a few suggestions for future improvement of the tool. The first comment is that the efficiency of the assessment would be further improved if additional guidelines such as guided importance weights and guided performance satisfactions could be suggested by the tool. Such guidelines possibly stored in a Knowledge Management System (KMS) would help the DMs fasten their discussions and effectively arrive at agreed decisions [44]. Another point is that the DMs perceived that the tool seems to be a bit too complicated. It seems to be hard to update the knowledge of the tool, and the assessment appears to heavily rely (but understandably) on the team facilitator. Furthermore, in some circumstances, as there could be disagreements among DMs, a more systematic discussion procedure such as a consensus scheme should be embedded into the tool to mitigate this issue [45]. Future studies may consider these suggestions when developing their decision support tools. Although a limitation of this study is that the study engaged only one case study to proof the development of the tool, the study brings out key insights that could shed some lights on various possible scenarios. As such, the next phase is to expand the research scale to cover a larger number of the building design teams including use of actual building envelope design projects.




7. Conclusions


This study builds the fuzzy QFD tool to assist the building design to manage the tradeoffs among the sustainability and buildability criteria when assessing the building envelope materials and designs in the early design stage. This tool is modeled through the integration between the fuzzy multicriteria decision making method and QFD approach. The tool is tested in the case study of the building design team to determine the building envelope system for the representative project. The results from the interviews show that the tool has the potential to effectively strike a balance between the tradeoffs among the criteria. In brief, the fuzzy QFD tool helps the designers to simultaneously consider the sustainability and buildability criteria, and effectively assign the importance weights of the criteria and performance satisfactions of the designs. At the same time, the structured decision making process improves communication and integration among the designers. This helps generate effective and consistent decisions including more sustainable and buildable designs.



The tool developed in this study not only benefits the design team to manage the tradeoffs when assessing the building envelope materials and design in the early design stage but also expands the body of academic knowledge, as the study presents the advanced approach to combine the fuzzy multicriteria decision making method with QFD approach. However, the limitation of this study is that there is only one hypothetical case study used to prove the development of the concept for the decision-making tool. Future research is therefore recommended to apply the findings of this study to develop and further improve decision support tools to deal with other related research problems. This can include further investigations of the impacts of the fuzzy QFD tool on a larger research scale.
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