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Abstract

:

Blockchain technology has emerged as a promising solution to enhance supply chain transparency and sustainability in the construction industry. However, the widespread adoption of blockchain faces several barriers that need to be identified and understood. The construction industry faces significant challenges regarding supply chain transparency and sustainability. Current practices lack visibility, leading to difficulties in tracing material origins, tracking movement, and ensuring compliance. To fill this gap, this study employed a three-phase approach. In the first phase, a comprehensive literature review identified 37 potential barriers. Subsequently, expert discussions were held to refine the list, ultimately selecting 15 barriers of utmost importance. In the second phase, data were collected from 17 experts representing academia and industry. Finally, in the last phase, the collected data were analyzed using the Pythagorean fuzzy analytical hierarchical process (AHP) methodology. The findings revealed that the “transparency range” category was the most critical barrier, closely followed by “inadequate access to institutional finance”. Surprisingly, the study identified the “security environment” as the most significant barrier. These results offer construction companies, policymakers, and other industry stakeholders a comprehensive understanding of blockchain adoption’s challenges. With this knowledge, stakeholders can design effective strategies and policies to address these barriers. Moreover, the research highlights the importance of considering uncertainty in decision making when assessing technology adoption, making the findings applicable beyond the construction industry.
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1. Introduction


The construction industry is one of the most critical and dynamic sectors in the global economy. It contributes significantly to the growth of nations, providing infrastructure, shelter, and employment opportunities [1,2]. Despite its importance, the industry is characterized by challenges that often hinder its growth and sustainability [3]. These challenges include inefficiencies, delays, cost overruns, poor quality, and safety concerns [4]. One of the underlying factors contributing to these challenges is the fragmentation and complexity of the construction supply chain [5,6].



The construction supply chain is a complex network of stakeholders involved in the design, procurement, fabrication, transportation, and installation of building components. It comprises suppliers, manufacturers, contractors, sub-contractors, designers, architects, engineers, regulators, and end users [7,8]. Multiple layers of information flow, financial transactions, and coordination efforts characterize the interactions among these stakeholders. The lack of transparency, trust, and coordination in the construction supply chain often leads to delays, cost overruns, quality issues, and disputes [9].



Blockchain technology has been proposed as a potential solution to address some of the construction supply chain’s challenges. Blockchain is a decentralized, distributed ledger that allows secure and transparent record keeping and transactions without intermediaries [10]. It operates on a peer-to-peer network where each participant maintains a copy of the blockchain, ensuring data consistency and eliminating reliance on a central authority. The technology employs advanced cryptographic techniques to secure data integrity, making it highly resistant to tampering and fraud. Blockchain offers several advantages in the construction supply chain context [11]. Firstly, it provides an immutable and transparent record of every transaction, enabling stakeholders to trace the origin of materials, track their movement, and verify their authenticity. This enhances supply chain transparency and reduces the risk of counterfeit materials and fraudulent activities. Secondly, blockchain facilitates the integration of smart contracts, automating payment disbursement, quality assurance, and compliance monitoring. By eliminating manual intervention, smart contracts enhance efficiency, reduce administrative burdens, and meet contractual obligations [12].



Moreover, blockchain technology enhances trust and collaboration between stakeholders by eliminating the need for intermediaries, promoting data integrity, and enabling real-time visibility in the supply chain. However, challenges such as scalability, data privacy, and industry-wide collaboration must be addressed for the widespread adoption of blockchain in the construction industry. Overcoming these obstacles will unlock the full potential of blockchain technology to revolutionize the construction supply chain, promoting transparency, sustainability, and efficiency in the sector [13].



The motivation for using blockchain as the building block to design methods for supply chain transparency and sustainability in the construction industry stems from its ability to provide an immutable and transparent ledger, enhance data integrity and traceability, enable secure and efficient data sharing, automate processes through smart contracts, ensure auditability and compliance, empower stakeholders, and eliminate the need for intermediaries, ultimately fostering trust, efficiency, and collaboration in the construction supply chain [14]. Blockchain can enable the construction supply chain to have a single source of truth, reducing the need for trust between stakeholders; it can also provide real-time visibility and accountability, enabling factor decision making and problem solving [15]. However, the adoption of blockchain technology in the construction industry is still in its early stages, with many challenges yet to be addressed.



One of the critical challenges of blockchain adoption in the construction supply chain is the lack of a robust methodology to evaluate the suitability and effectiveness of blockchain solutions [16]. Blockchain technology is not a one-size-fits-all solution, and its implementation must be tailored to the specific needs and requirements of the construction supply chain. There is a lack of consensus on the most appropriate methodology for the construction supply chain, highlighting the need for a comparative analysis of blockchain evaluation methods to determine their suitability and effectiveness [17]. Blockchain technology can track materials and equipment movement, manage contracts and payments, increase transparency, and reduce costs [18]. Blockchain technology can also enhance supply chain sustainability by providing access to product information for sustainability verification [19]. Blockchain-enabled transparency promotes collaboration among participants and makes sustainable supply chains more efficient. Although blockchain technology has proven to be an effective way to improve sustainable supply chain management, there is still a need for further research in this area [3]. There may be a lack of understanding of the key factors or barriers in blockchain applications. Supply chain strategies and practices must be developed considering barriers to blockchain implementation and relationships between them and blockchain technology to improve sustainable supply chain transparency (SSCT) [20]. Additionally, firms cannot afford to pay attention to all barriers because of the high investment costs associated with blockchain applications. Thus, a simple and effective approach should be used to develop investment strategies based on these barriers. Blockchain technology has been evaluated for its key components but not for its barriers, especially for improved SSCT in construction [21].



The adoption of blockchain technology in the construction supply chain has the potential to revolutionize the way information is stored, shared, and accessed by stakeholders in the industry. However, despite the potential benefits, several challenges must be addressed before the technology can be widely adopted. These challenges include data security, interoperability, regulatory compliance, and stakeholder engagement. To fill this gap, this research seeks to identify and analyze the challenges hindering blockchain technology adoption in the construction supply chain. Specifically, the research uses a Pythagorean FAHP method to address blockchain adoption challenges. The present article addresses the research question regarding the most important barriers that hamper the adoption of blockchain within construction supply chain management. This article reviews the relevant literature on barriers to SSCT, identifying them through a literature review. We also describe the research methodology and the Pythagorean FAHP technique. Lastly, we collect data, analyze the results, and draw conclusions.




2. Literature Review


This section examines supply chain transparency, sustainability, and blockchain technology.



2.1. Blockchain in the Construction Industry


Blockchain technology has been the focus of significant research interest in recent years, with many studies investigating its potential application in various industries, including construction. Applying blockchain technology to the construction industry is scalability, as the increasing volume of transactions can lead to slower speeds and higher costs. Integrating blockchain with existing systems and achieving consensus among multiple stakeholders is complex [7,22]. The industry’s complex and dynamic supply chains also pose challenges in ensuring security, privacy, transparency, and accountability. Despite these challenges, ongoing research aims to address these issues and find suitable solutions for effective blockchain integration in the construction supply chain [23]. This literature review considers past studies on blockchain research in the construction industry and identifies potential avenues for future research. Supply chain management is one key area of research in applying blockchain technology in the construction industry. Blockchain is proposed to improve transparency and trust in the construction supply chain, enabling greater accountability and reducing the risk of fraud and corruption [24]. For example, a study by Elghaish et al. [25] proposed using blockchain for tracking and verifying construction materials, which could help reduce waste and improve sustainability in the industry [26]. Saha et al. [27] extend the similarity classifier using the Archimedean–Dombi aggregation operator to develop an accurate classification algorithm. The proposed classifiers outperform existing operators regarding classification accuracy, as demonstrated on a real-world Parkinson’s disease dataset. Blockchain technology is chosen over traditional distributed systems for its unique features such as trust, transparency, and immutability. By leveraging a decentralized network of nodes, blockchain ensures a transparent and auditable record of transactions, making it ideal for applications requiring high levels of trust, such as financial transactions and supply chain management. Its immutability guarantees data integrity, reducing the risk of fraud or unauthorized modifications. Therefore, blockchain provides a robust and secure solution that enhances the reliability and integrity of distributed systems.



Another area of research is using blockchain for project management in the construction industry. Blockchain technology could provide a secure and transparent platform for project management, enabling stakeholders to track project progress and exchange data in real time. For example, a study by Xu et al. [28] proposed a blockchain-based platform for managing construction contracts, which could improve the efficiency and transparency of the contract management process [29]. In addition to supply chain and project management, blockchain has also been investigated for its potential application in building information modeling (BIM). Blockchain could create a secure and transparent platform for sharing BIM data among stakeholders, facilitating collaboration and reducing errors and conflicts [19]. For example, a study by Apichart Boonpheng et al. [30] proposed a blockchain-based platform for BIM data sharing, which could improve the efficiency and accuracy of the BIM process. Blockchain integration in the supply chain network improves trust relationships and network dynamics. Deploying a blockchain trust framework in the agricultural supply chain increases network scale (115.89%), connectivity (60.31%), and optimized topology performance. The blockchain trust mechanism enhances the supply chain network’s topology by influencing trust relationships between nodes, positively impacting overall network structure and performance [31]. Using blockchain in the proposed schemes introduces overheads, including system setup and infrastructure development, increased data storage requirements due to distributed ledger replication, potential computational inefficiencies with specific consensus algorithms, reliance on network connectivity for synchronization, and potential costs associated with maintenance and operation. These considerations should be carefully evaluated to ensure the feasibility and efficiency of implementing blockchain technology in the context of supply chain transparency and sustainability in the construction industry.



However, despite the potential benefits of blockchain technology in the construction industry, some challenges need to be addressed. These challenges include the technical complexity of blockchain, the need for interoperability and standardization, and concerns about data privacy and security [32]. Moreover, there is a need for further research on the economic feasibility and scalability of blockchain solutions in the construction industry [33]. Blockchain technology has significant potential for improving supply chain management, project management, and BIM in the construction industry. However, further research is needed to address the challenges associated with blockchain implementation and investigate blockchain solutions’ economic feasibility in the construction industry. The findings of past studies suggest that blockchain technology can positively impact the construction industry, but more research is needed to realize its potential fully.




2.2. Establishing a Transparent and Sustainable Construction Supply Chain


Supply chain sustainability involves economic, environmental, and social factors when raw materials are purchased, transformed into products, and delivered to the market. The transparency of a supply chain refers to the degree of information disclosure and visibility along the supply chain [9]. A traceable supply chain involves identifying all links and accurately collecting data from them. Tracking a product’s flow through the supply chain is essential to manage supply chains efficiently. Information is communicated internally and externally according to the level of detail expected or required [34]. Centobelli et al. [35] provide a comprehensive literature review on the application of blockchain technology in circular supply chains, emphasizing the growing significance of circular economy principles in sustainable supply chain management. They discuss the potential benefits of blockchain, including its ability to foster trust, traceability, and transparency in circular supply chains. By leveraging a blockchain’s decentralized and immutable ledger, stakeholders can track and trace products, materials, and components throughout their lifecycle, enabling a clear understanding of origin and sustainability [11]. The automation capabilities of blockchain through smart contracts can streamline processes and transactions, while decentralized marketplaces can facilitate resource sharing, waste reduction, and value creation.



There are several connections between supply chain transparency and sustainability. First, transparency can improve supply chain sustainability. Firms can create trust and meet stakeholders’ sustainability requirements more easily with transparency [36]. Further, firms must be held accountable for their actions and undergo public scrutiny to achieve sustainability. Legal requirements require firms to disclose sustainability information and accept external supervision. Third, supply chain transparency can significantly improve suppliers’ sustainability. Apple and Nike published their supplier lists to improve sustainability and transparency in their supply chains [37].



Changes in regulations, institutions, capabilities, and information availability have complicated sustainable and transparent global supply chains. The necessary information is about the organization’s identity, suppliers’ sustainability, and buyer practices [38]. Campaigns such as “name and shame” by Greenpeace, Oxfam, and the Rainforest Alliance are good examples of how organizations press companies to commit to ethical sourcing or supplier norms and behaviors [39]. Gayialis and colleagues delve into the technologies employed to execute traceability within the wine industry, such as RFID, barcoding, and blockchain. The authors comprehensively analyze the strengths and weaknesses of each technological approach while highlighting the complexities and challenges of implementing traceability systems in the diverse and intricate wine industry [40].



Agricultural producers and retailers are subject to significant SSCT pressure due to the commoditization and undifferentiated nature of agricultural products. In many cases, they come from distant sources, are transported long distances, and are gathered from multiple sources. A supply chain approach to SSCT in agriculture faces long-term barriers [3]. A transparent and sustainable agricultural supply chain could make food safer and more nutritious. Firms are also less likely to commit fraud because of increased regulations and certification requirements [41]. The traceability capabilities enabled by BCT have proved valuable to companies such as Walmart for food products such as wheat and soybeans. If tainted products are found, they can provide proactive safety checks [42]. Few studies have investigated SSCT, which encompasses product, participant, and range transparency. Sustainable organizations must disclose their sustainability policies, traceability, commitments, activities, and effectiveness. It is, therefore, possible that the benefits of SSCT are not as clear as they could be, and companies may choose how to disclose this information based on its perceived value. For example, there are certain conditions under which suppliers can benefit from transparency. Suppliers should acquire information non-transparently when there is a large variance between production and estimated costs [43]. Despite significant progress in conceptualizing and addressing problems in this area, it is still unknown how firms value or implement SSCT, particularly in construction supply chains. Implementation in its actual form has many defects, from gathering data and disseminating them to potential negative consequences. To achieve market success, transparent supply chains must be organized and arranged. As the construction material supply chain faces many sustainability challenges, these commitments will open up a comprehensive research agenda [44].




2.3. Blockchain Technology for Supply Chain Transparency and Sustainability


Supply chains can become transparent and sustainable in several ways, but there is no consensus on the most effective methods. New technologies offer potentially powerful methods or tools that could be applied to supply chains to improve transparency. Big data analytics and the cloud are among these disruptive technologies, with their transformative potential being widely recognized. These technologies have revolutionized how organizations manage and utilize data, enabling them to extract valuable insights, make data-driven decisions, and improve operational efficiency. Combining big data analytics and cloud computing offers scalable and cost-effective solutions for storing, processing, and analyzing vast amounts of data. By leveraging the power of these technologies, businesses can unlock hidden patterns, trends, and correlations in their data, leading to improved innovation, personalized customer experiences, and optimized business processes. Furthermore, blockchain technology also holds potential in waste reduction efforts. Utilizing chain permits can facilitate improved tracking and management of waste materials throughout their lifecycle. By implementing smart contracts, blockchain can enhance sustainable supply chain traceability (SSCT), enabling more efficient monitoring and control of waste disposal and recycling processes. This transparent and auditable system can help identify inefficiencies, promote responsible waste management practices, and foster stakeholder collaboration, leading to a more sustainable and circular economy [45]. Global supply chains are becoming increasingly complex and risky, making blockchain technology increasingly relevant for firms.



In addition to providing visibility for SSCT, BT can meet stakeholders’ needs [18]. As it enables the sharing of accurate data among many participants, blockchain technology is considered by most studies to be the most effective tool for improving supply chain transparency and sustainability. Owing to the enhanced inventory visibility that blockchain permits, it could also reduce waste. A smart contract could be used to enhance SSCT. Using smart contracts, blockchain technology was first used to track fish through the supply chain from fishers to distributors [46]. A case study of the dairy industry illustrates the importance of traceability in ensuring supply chain sustainability and transparency, as well as blockchain technology’s potential benefits in enabling such traceability [47].



Blockchain technology can facilitate a highly transparent and sustainable global construction material supply chain. Blockchain technology is being used by several construction supply chains to improve transparency and sustainability. A blockchain-enabled supply chain traceability program has been implemented by Starbucks, for example [44]. Among the company’s efforts to support farmers in land regions, Starbucks has built a mobile app to provide insight into the origin and roasting of coffee. Traceability was achieved through Tony’s Chocolatier’s collaboration with Accenture in February 2018. Using blockchain technology, Gaiachain developed a traceability system for the Indian construction materials supply chain in collaboration with Nitidae that can reduce fraud, decrease transaction costs, and increase profit margins [48]. Consequently, blockchain technology can enhance SSCT positively [28].



Several proposals have been made to solve construction problems with blockchain-based systems. Blockchain-based drought risk management frameworks, for instance, can be used to reduce drought-related deaths during construction. Developed on the Ethereum public blockchain, this framework enables the traceability of construction materials [49]. A two-factor blockchain system can make the construction material supply chain more transparent and traceable. In the enriched documents, some photos and videos provide sufficient evidence to track the entire process [3]. Some scholars, however, have taken the opposite view. However, only a few benefits of blockchain technologies are directly related to improving construction material supply chain transparency. The effectiveness of blockchain technology in promoting sustainability in the construction material supply chain has been questioned. Intermediaries and supply chain members lack sufficient, consistent, reliable information, resulting in several challenges.



Moreover, they lack trust in each other. In addition, as part of its blockchain system architecture, SSCT faces significant financing challenges. For supply chains to be transparent and sustainable, some of these challenges must be addressed through supply chain structures [50]. The construction industry, particularly the Indian construction materials industry, has not researched blockchain technology to ensure transparency and sustainability in supply chains. Despite the success of blockchain technology in improving supply chain transparency for construction material producers in developed countries and some multinational corporations in India, it remains an emerging technology that has not yet become sustainable [51]. Lack of industrialization, weak supply chains, lack of management skills, and low visibility in supply chains pose numerous challenges for Indian construction material producers [52]. Moreover, numerous problems are associated with sustainable supply chains, such as fraud, corruption, deforestation, and insufficient information flow. More research is required to enable SCCT with blockchain technology in India’s construction material supply chain. Several barriers and sub-barriers impede the flow of construction materials in India [53].




2.4. Methods for Evaluating Barriers


Designing sustainable technology and goods can often lead to competing objectives, making it challenging. Multi-criteria decision making (MCDM) has emerged as a vital approach to navigating these trade-offs. These methods are well suited for tackling complex dilemmas that involve multiple viewpoints and opposing assessments [49]. However, the data used to assess alternatives can be uncertain due to the data’s inherent nature, measurement inaccuracies, or the complexity of survey queries. To address these issues, fuzzy set theory (FST) can be a powerful tool for resolving these problems and modeling success [54]. In 1965, Zadeh unveiled the idea of fuzzy sets—a group of objects, each with its unique association level. Fuzzy set theory (FST) was deployed to tackle difficulties caused by incomplete, uncertain, or imperfect information [55]. Through the years, various types of fuzzy sets emerged, such as type-2, intuitionistic, interval-valued intuitionistic, Pythagorean, neutrosophic, and hesitant fuzzy sets. Pythagorean fuzzy sets were proposed to manage ambiguity and vagueness, which merge the features of Pythagorean and neutrosophic fuzzy sets [56]. These sets are recognized by their membership, non-membership, and hesitation degree [57]. Pythagorean fuzzy sets allow decision makers to handle ambiguity and vagueness and have been utilized in multiple multi-criteria decision-making scenarios [58].




2.5. Research Gap


Extant studies focusing on adopting blockchain in the management of construction supply chains using Pythagorean FAHP methods have given scant attention to the impact of external factors on the effectiveness of blockchain implementation. Whereas Pythagorean FAHP methods remain helpful for comparing and analyzing the different factors that affect blockchain adoption, there may be additional factors beyond those measured in these studies that could affect the feasibility of blockchain implementation. For example, regulatory policies that require certain levels of data privacy or security may impact the ability of construction supply chain stakeholders to share data via blockchain. Specifically, an investigation into the influence of regulatory frameworks and industry standards on the adoption of blockchain in construction supply chains would prove significant. Similarly, industry standards for data exchange and documentation may also impact the adoption of blockchain, as stakeholders may need to modify their existing processes to align with these standards. Investigating the influence of external factors on blockchain adoption in construction supply chains could provide a complete picture of the challenges stakeholders face in implementing this technology. It could also help to identify potential barriers to adoption and inform the development of strategies to address these barriers. This is the gap that this study seeks to bridge.





3. Hierarchy of Barriers to Blockchain Integration into SSCT


Using blockchain technology in conjunction with SSCT has several attributes and competition factors and is associated with performance improvements. The TOE framework identifies three dimensions (technological, organizational, and environmental) to comprehensively capture the factors that directly impact firms’ adoption of new technologies [59]. The technological dimension focuses on the characteristics and perceived value of the technology itself, while the organizational dimension examines internal factors such as resources, capabilities, and employee readiness for change. The environmental dimension considers external factors such as industry characteristics, market dynamics, and regulatory influences. By analyzing these three dimensions, the framework provides a comprehensive understanding of the complex interplay of factors that influence technology adoption within firms. In several studies, disruptive technologies have been examined and compared using TOE lenses, but none have addressed their sustainability. The triple-bottom-line approach typically considers economic, environmental, and social sustainability (including organizational and technical aspects) [60].



This research delved into examining transparency in blockchain technology through the lens of specific SSCT factors. Figure 1 presents a proposed diagram of flow that aims to analyze and describe the three key factors: transparency of the product, openness of participants, and degree of transparency. Tripoli and Schmidhuber identified these factors in their 2018 study. The diagram illustrates a hierarchical framework of first-and second-level barriers that influence these main factors. One can refer to Section 3.1, Section 3.2 and Section 3.3 of the relevant literature to better understand the first-level barriers. These sections likely provide a comprehensive explanation of the obstacles and challenges that impact transparency, openness, and the degree of transparency in the study context.



Additionally, Section 3.4 of the literature review offers a technical breakdown of blockchain technology. This breakdown is provided to help readers understand the underlying technology that could potentially be used to enhance transparency and sustainability within supply chains. By incorporating blockchain technology, managers may aim to overcome some of the challenges associated with transparency and sustainability in their supply chains. However, despite the potential benefits, managers may encounter technical obstacles when evaluating the feasibility and value of integrating blockchain technology. These obstacles might include implementation, interoperability, scalability, data privacy, or even aligning blockchain solutions with existing IT infrastructure.



3.1. Transparency of Products


Traditionally, prices, convenience, and taste are the factors that influence customer purchases. Products and services with transparency disclose comprehensive information about the ingredients, development, and origin of the products and services [61]. Blockchain’s traceability capabilities allow us to understand a product’s background and components better. Product transparency can be enabled on three levels: component, process, and sustainable tracking [23].



Customers feel more confident about product quality, legitimacy, and ethical integrity when tracking component information. Customers are more likely to purchase products with these characteristics [62]. The lack of component status information also adversely affects supply chain operations. The delivery of just-in-time products depends on the availability of product components. Supply chain participants are generally uncertain about product component information, resulting in an inability to sustain the chain.



Blockchain technology can improve supply chain tracking [63]. Production processes and transportation routes can be traced and recorded using blockchain technology. Supply chains are becoming increasingly responsible for tracking and monitoring production processes. There are concerns regarding product liability and quality control. The production of construction materials requires tracking competitive and sustainable processes [24]. Increasing production and logistics processes to track vulnerabilities and potentially affected products leads to better procurement and planning. Regulators may also implement policies based on information about production processes and risks, such as taxes, embargoes, incentives, and subsidies. As a result of scandalous production processes, supply chain transparency is increasingly demanded, sustainability issues are more widely discussed, and corporate social responsibility practices are becoming more prevalent [23]. Using blockchain technology, tracking and recording product sustainability information is possible. Sources, processes, and manufacturing methods regarding sustainable supply chain information transparency are described. A comprehensive guide for construction materials is then available. Tracking environmental sustainability information drives green consumption. Customers gain confidence in purchasing sustainable products as they become more knowledgeable about a product’s life cycle. Participants can build trust by gathering and using information on sustainability [64].




3.2. Transparency among Participants


Blockchain technology facilitates continuous access and disclosure of product, process, and capital flow information between participants in a supply chain. Customers and other stakeholders need to be considered, as well as upstream suppliers, in SSCT. Due to globalization and stakeholder pressure, transparency and accountability are essential in successful supply chains. However, second- and third-tier players also face sustainability questions. It may be difficult to track upstream suppliers’ environmental and social impact on the supply chain [65]. Greenpeace has accused a prominent high street clothing retailer of allowing manufacturers to dump hazardous chemicals into China’s largest river. Supply chains that are sustainable and transparent are often integrated by focal organizations to avoid damage to their reputations. These benefits include saving time and money, improving the environment, and expanding competitive advantage.



Participants’ situations, sustainability conditions, and operations are among the barriers to transparency [66]. Blockchain technology can measure the visibility and disclosure of information about participant operations. Transparency and disclosure are recorded using blockchain technology, allowing participants’ sustainability conditions to be tracked [4]. By utilizing blockchain technology, the visibility and openness of participants to share information are gauged. A transparent agricultural supply chain necessitates the availability of current information for key players, including farmers, licensed buying companies (LBCs), transporters, manufacturers, and consumers [67].




3.3. Transparency Range


Information transparency can be improved using blockchain technology in supply chains. It is possible to improve efficiency and reduce waste by utilizing accurate and large-scale information. Among the sub-barriers are the scope of operation, level of participation of partners, environmental information, and social information [68]. The operational scope when incorporating blockchain technology in the supply chain gauges the openness and disclosure of operational information. A lack of insight into the practices and circumstances of each supply chain partner, such as untimely events, deceitful conduct, and hazardous factory conditions, can harm both parties [69].



Partners’ participation in blockchain applications measures their degree and scope of involvement. Every transaction in a supply chain involves several suppliers. Blockchain technology makes environmental information on the supply chain visible based on given or pre-determined requirements. Waste in the supply chain, pollution, and energy consumption are examples of environmental information [70]. A supply chain using blockchain technology can measure social information, visibility, and disclosure. Supply chain participants can discuss child labor, human rights, and labor policies [17].




3.4. Aspects of Technology


SSCT benefits from blockchain technology due to its main functions and technical advantages. The sub-barriers to blockchain technology adoption are discussed in this study. Smart contracts, which are algorithms run by software, represent real-world scenarios. A smart contract allows participants to conduct automated transactions without the involvement of a third party. The code is automated, tested, and distributed through a decentralized blockchain network. Blockchain technology applications are generally described as complex (or easy to use). Blockchain technology is a crucial factor affecting the adoption of SSCT regardless of how it is implemented in the supply chain [71]. Blockchain technology can be complex due to its mining processes and hashing algorithms. The technical barriers to integrating blockchain technology into legacy supply chain systems and other platforms are compatibility barriers. Incompatibility and expensive procedures can lead to supply chain disruption. In blockchain technology, security and safety refer to storing and processing data and information. Supply chain participants must ensure the security of sensitive commercial information when sharing it [72]. Shared knowledge can be protected using security measures. As blockchain data are distributed across multiple nodes, transaction sequences are immutable. Blockchain transactions cannot be altered or removed from all parties involved without agreement. The secure data attributes of blockchain technology bolster trust and confidence between supply chain participants and their customers [73].





4. Research Methodology


Operations research is a field that delves into complex decision-making scenarios, and the multi-criteria decision making (MCDM) method is one of its branches. MCDM presents several complexities and problems that researchers and practitioners need to address. The nature of decision-making scenarios in operations research often involves multiple criteria, conflicting objectives, and subjective judgments [74]. Handling these challenges requires careful consideration of trade-offs, determining criteria weights, and selecting appropriate MCDM methods that suit specific problem domains. Researchers and practitioners in the field must continue exploring and refining MCDM techniques to address these problems and enhance the effectiveness of decision-making processes in complex scenarios [75]. This approach utilizes a combination of techniques to analyze situations from multiple angles, making it ideal for situations where evaluations are incompatible and multiple factors are at play. By isolating the criteria, sub-criteria, and options associated with a given goal, the MCDM method enables decision makers to make more informed choices. By assessing the significance of each factor and option, it ranks them accordingly. Recently, the application of MCDM methods has expanded to the realm of blockchain technology, allowing for more transparent, consistent, and efficient decision making. The methodology proposed in this research is highlighted in Figure 2.



Numerous MCDM approaches have been created and successfully employed to tackle complex decision-making dilemmas across various management and engineering fields. AHP is sensitive to the input data, and the results can be unreliable if the input is biased or incomplete. The Pythagorean fuzzy analytic hierarchy process (PFAHP) is widely recognized as one of the most used MCDM methods. This approach is favored by decision makers for its user-friendly and appropriate computational procedures. The PFAHP method assumes that the criteria and alternatives are independent, which may not always be the case in real-world decision-making problems. The fuzzy AH methods used in PFAHP can be computationally expensive, especially for large and complex procedures. PFAHP was selected as the research methodology for evaluating the barriers and sub-barriers to blockchain adoption. This decision was made in light of the specific research objectives and benefits of the PFAHP method. The PFAHP method was evaluated against other MCDM models and was found to be superior and easily understandable [76,77,78]. The following section discusses the different steps in the PFAHP method.



4.1. Identification of Barriers


After conducting a literature review, a list of 37 barriers to adopting blockchain in sustainable supply chain management in the construction industry in India was compiled [79]. To finalize this list, expert interviews were conducted with a group of experts in the field, including 3 consultants in supply chain management, 4 business managers, and 2 scholars, all with relevant experience or knowledge in the field [80]. They were asked to provide feedback on the validity of the barriers to adopting blockchain in sustainable supply chain management in the Indian construction industry and if any important barriers were missing [81]. It was noted that some of the barriers were too closely related, and it was suggested that a new barrier be added specifically related to environmental information, secure environments, and conditions for participation in sustainability in India. As a result, the final list of barriers consisted of 15 elements, as listed in Table 1. The table highlights various barriers and sub-barriers within the context of transparency. Under the transparency of products aspect, the barriers include tracking product components, process tracking, and monitoring sustainability. Transparency between participants encompasses barriers such as participant operations, information availability, and conditions for sustainability participation. The transparency range aspect involves barriers to partner participation, operational scope, and availability of social and environmental information [82]. Lastly, the aspects of the technology category include barriers such as interoperability, reliability assurance, a secure environment, cryptocurrency smart contracts, and complications. These barriers provide insights into the challenges and complexities of achieving transparency in supply chains.




4.2. Data Collection


The data collection for this study primarily relied on expert interviews [22]. The experts were selected from the construction industry based on their management position in development companies and experience in supply chain management [99]. A total of 17 experts were interviewed, all highly experienced professionals in the construction field [100], and were sought out for interviews to assess the PFAHP technique and assign weights. However, the outcome of the interviews cannot be generalized due to the sample limitations, but it helps as an example to present how PFAHP can be used for this type of research question in various countries.



A 9-point Likert scale questionnaire based on the conventional AHP survey format was used to gather expert feedback collected through email communication (see the questionnaire sample in Appendix A). All the respondents in the study were key decision makers in their respective organizations who could make decisions about adopting blockchain technology (BT) within their operations. They all had experience in supply chain management and were either currently using or planning to use BT in the construction industry, ensuring they were well versed in the subject matter. This made them the perfect participants for the study as they deeply understood the challenges and opportunities blockchain technology brings to the construction industry [101]. Figure 2 presents a detailed breakdown of the respondents’ demographic data, expressed in percentages. It encompasses a wide range of information, such as job titles, including consultants, professors, and other professionals and the number of years of experience, from 21 to over 30 years. In addition, the figure provides insight into the participants’ educational backgrounds, with 41.17% holding a BSc, 17.64% an MSc, and another 41.17% having obtained a PhD. Furthermore, the chart also sheds light on the companies the respondents worked for, offering a more comprehensive picture of their professional backgrounds.




4.3. Data Analysis


In 1980, T.L. Saaty introduced the analytic hierarchy process (AHP) technique to evaluate complex and multi-faceted situations. This widely used method facilitates decision making in various scenarios, from everyday dilemmas to elaborate planning and resource distribution [102]. Pythagorean fuzzy sets represent uncertain and vague information through membership and non-membership degrees, allowing for more comprehensive decision analysis. Pythagorean fuzzy AHP utilizes pairwise comparisons with Pythagorean fuzzy numbers to determine priority weights and employs mathematical operations such as fuzzy positive and negative ideal solutions, Pythagorean distance measure, and ranking of alternatives. This methodology enables decision makers to handle complex problems involving uncertainty and vagueness, facilitating informed and robust decision-making processes. The AHP involves assigning weights or rankings to components on a Likert scale and calculating a pairwise comparison score that reflects the significance of the first component relative to the second.



Nevertheless, human judgment can be flawed and indistinct, leading to the application of fuzzy sets instead of exact numbers to eliminate subjectivity [57]. Yuan et al. [103] conducted a comparative analysis of Pythagorean fuzzy AHP analysis, including their various steps. Their stepwise approach can be useful for other problems in the supply chain context. The first step of the fuzzy AHP analysis refers to a decision hierarchy for the problem that was constructed. The ultimate objective was established on the first level, the main obstacles were recognized on the second level, and the sub-obstacles were determined on the third level (as illustrated in Figure 3) by employing Pythagorean fuzzy linguistic variables to construct a matrix for comparing barriers and sub-barriers. Table 2 summarizes the evaluation scale utilized by the participants. Participants in the study evaluated impact levels using linguistic variables comprised of triplet values and score indices [76]. Each linguistic variable is assigned a triplet (l,m,n) that quantifies the impact, and a score index (SI) is assigned to indicate its relative importance. This evaluation scale serves as a reference for participants to compare and assess the impact levels of various factors or criteria in a structured and systematic manner during decision making.



4.3.1. A Set Described as Pythagorean Fuzzy Set (PFS)


Pythagorean fuzzy set (PFS) is defined as follows: a PFS P ̃ is an object, where X is a fixed set.


    P ≅     x ,   μ   p   ( x ) ,   ν   p   ( x )   ; x ∈ X      



(1)







In Equation (1), the function μp(x) maps elements of a set X to the interval [0, 1] to represent the membership and non-membership degree of an element x within the set P. It is also stated that this holds for every element x in X.


  0 ≤   μ   A   ( x   )   2   +   ν   A   ( x   )   2   ≤ 1  



(2)







The hesitancy degree condition is stated as follows.


    π   A   ( x ) =  1 −   μ   p   ( x   )   2   −   ν   p   ( x   )   2     



(3)







The operation on 2 Pythagorean fuzzy numbers (PFNs), N = 〈μ1, ν1〉, M = 〈μ2, ν2〉, and a scalar λ greater than 0 is defined as follows:


  N ⊕ M =      μ   1   +   μ   2   −   μ   1     μ   2   ,   ν   1     ν   2       



(4)






  N ⊗ M =     μ   1     μ   2   ,    ν   1   +   ν   2   −   ν   1     ν   2       



(5)






  λ N =    1 −     1 −   μ   2       λ   ,   ν   λ       



(6)






    N   λ   =     μ   λ    1 −     1 −   ν   2       λ       



(7)








4.3.2. Procedures to Be Followed in the Pythagorean Fuzzy Analytical Hierarchy Process (AHP)


The first step involves creating a matrix of pairwise comparisons based on the input of experts using linguistic terms.


  X =       x   i k       m   ×   n    



(8)







The second step entails calculating the differences matrix D = (dik)m × n by employing the lower and upper values of the ‘membership’ and ‘non-membership’ functions through Equations (9) and (10).


    d   i k L   =   μ   i k L   2   −   v   i k U   2    



(9)






    d   i k U   =   μ   i k U   2   −   ν   i k L   2    



(10)







The third stage involves determining the multiplicative interval matrix S = (sik)m × n using Equations (11) and (12).


    S   i k L   =    1000     d   L       



(11)






    S   i k U   =    1000     d   U       



(12)







The fourth step is to compute the determinacy value ‘τ = (τik)m × n’ for the xik using Equation (13).


    τ   i k   = 1 −     μ   i k U   2   −   μ   i k L   2     −     ν   i k U   2   −   ν   i k L   2      



(13)







In the fifth step of the process, take the matrix of weights and give it a sense of proportion by normalizing it. This is achieved by using Equation (14) to compute T = (tik)m × n, which is accomplished by multiplying the determinacy values of ‘τ = (τik)m × n’ with the matrix ‘S = (sik)m × n’.


    t   i k   =       S   i k L   +   S   i k U     2       τ   i k    



(14)







In the last step, the prioritized weights ‘wi’ are calculated by normalizing the weight matrix T = (tik)m × n using Equation (15) [99].


    w   i   =     ∑  k = 1   m          t   i k       ∑  i = 1   m          ∑  k = 1   m          t   i k      



(15)







Global weights are calculated by multiplying the sub-barrier’s normalized local weights with the parent criterion’s weights. After these global weights have been calculated, it is possible to rank the sub-barriers and examine each barrier’s priority based on the final order. To address relatively complex problems, a novel and comprehensive pairwise weighting evaluation technique was developed in the MCDM hierarchy. Furthermore, this approach enables decision makers to evaluate the consistency of their judgments.






5. Results


This section includes is an in-depth look at the complex process of comparing barriers and sub-barriers. The team of experts meticulously evaluated each barrier and sub-barrier using the LVs outlined in Table 2. This evaluation was then transformed into a comparison matrix, assigning numerical values that allowed us to determine the decision matrix’s consistency ratio (CR). This step is crucial as it ensures the accuracy of results by verifying consistency. The results of the consistency evaluation of each decision matrix revealed that all values were within an acceptable range and below 0.10, as seen in Table 3, assessing the relative importance or priority of each barrier concerning the other barriers in the system. The process involves a pairwise comparison of each barrier against every other barrier, using a scale to indicate the strength of preference or priority between the two barriers being compared. Finally normalized, each fuzzy weight and the final result of the barriers are presented in Table 4.



To determine the significant weights for sub-barriers, we followed a similar procedure to that used in the pairwise overall comparisons calculation. The results of this process can be found in Table A4 (Appendix B). To calculate the global weights of the sub-barriers, we multiplied the weight values of each sub-barrier by the corresponding barrier weight, as illustrated in Table 5.



The team of experts deemed the barrier SB13 (a security environment) the most crucial. Following closely behind, in descending order of importance, were the SB3 (monitoring the sustainability of products), SB1 (keeping track of product components), SB4 (operation of participants), and SB8 (operation scopes) sub-barriers. The weight assigned to barrier B2 (transparency among participants) was 0.333, while the weight assigned to barrier B3 (transparency range) was 0.236. As shown in Table A4 the PFAHP was scaled to make a fair comparison. The comparison results, including weights and ranks normalized and prioritized, can be found in Table A5 (Appendix B). Based on the outcomes of the PFAHP method, Table 5 presents the final ranking of the barriers, with B4 being identified as the most critical.




6. Discussion


This paper makes a valuable contribution to the existing body of knowledge by presenting how a new multiple-criteria decision-making analysis can be used for blockchain adoption in the supply chain context. The method was used recently for sustainable technology promotion [104]. The paper also presents a set of barriers to blockchain adoption in the selected region and shows how the relationships between these barriers can be examined using the PFAHP method. The PFAHP method is a powerful tool that provides a novel approach to analyzing barriers and allows for a more comprehensive understanding of the complex relationships between the barriers to blockchain adoption based on the sample. The findings from the study are consistent with those of other studies on the barriers to the implementation of blockchain technology (BT) for sustainable supply chain management (SSCM) in the construction industry, which highlights the importance of addressing these barriers for BT to be effectively implemented for SSCT in the construction industry. These barriers include difficulties in tracking product components (B1), processes for products (B2), and the sustainability of products (B3), as well as challenges in keeping track of supply chain environmental information (B10), interoperability (B11), security (B13), and the use of cryptocurrency smart contracts (B14).



Additionally, the study also highlights other obstacles that may contribute to the barriers outlined in Figure 3, such as the operation of participants (B4), information about the situation (B5), conditions for participation in sustainability (B6), participation degree of partners (B7), operational scope (B8), social information of a supply chain (B9), assurance of reliability (B12), and complications (B15). Various studies have discussed these factors, and their importance has been widely recognized. In recent years, increasing attention has been given to tracking and managing environmental information in supply chains. This has led to the development of various technologies and strategies to address these challenges, including the use of blockchain, smart contracts, and other digital tools. In this context, several papers have discussed the role of various factors, including tracking product components (B1), processes for products (B2), and the sustainability of products (B3), as well as challenges related to keeping track of supply chain environmental information (B10), interoperability (B11), security (B13), and the use of cryptocurrency smart contracts (B14).



One common theme in these papers is the importance of tracking product components (B1) and processes for products (B2) to manage supply chain environmental information effectively. By monitoring the materials and processes used to create products, it is possible to identify potential environmental risks and take steps to mitigate them. For example, companies may use life cycle assessments to evaluate the environmental impact of their products throughout their entire lifecycle, from production to disposal [105]. Similarly, the sustainability of products (B3) is another key factor identified in these papers. Promoting sustainable practices throughout the supply chain can reduce the environmental impact of products and improve their overall sustainability. For example, companies may use sustainable sourcing practices to ensure their materials are obtained from environmentally responsible sources.



However, several challenges must be addressed to manage supply chain environmental information effectively. For example, keeping track of this information (B10) can be difficult due to the complex nature of modern supply chains, which often involve multiple suppliers and partners [106]. Similarly, interoperability (B11) can be challenging, as organizations may use different systems and standards for tracking and managing environmental information. Security (B13) is another key factor to consider when managing supply chain environmental information. With the increasing use of digital technologies, there is a risk that sensitive information may be compromised or stolen, which could have serious consequences for companies and the environment [107]. Companies may use secure systems and protocols to protect their data to address this challenge.



Finally, cryptocurrency and smart contracts (B14) have also been discussed as potential solutions to some of these challenges. Smart contracts can be used to automate certain supply chain processes, such as tracking and verifying environmental information, which could improve efficiency and reduce the risk of errors. However, cryptocurrency and blockchain technologies also raise new security and privacy concerns that must be carefully considered [95]. While several factors and challenges must be addressed when managing supply chain environmental information, many promising strategies and technologies can help organizations achieve their sustainability goals. Companies can create more sustainable and environmentally responsible supply chains by effectively tracking product components, processes, and sustainability and by addressing challenges related to information management, interoperability, security, and smart contracts.



The study’s identification of additional obstacles that may contribute to the barriers to supply chain sustainability, such as the operation of participants, information about the situation, conditions for participation in sustainability, participation degree of partners, operational scope, social information of a supply chain, assurance of reliability, and complications, further adds to the understanding of the complex nature of supply chain sustainability. Overall, the study’s findings align with the existing literature on the challenges associated with achieving sustainability in supply chains. However, identifying additional barriers emphasizes the need for a comprehensive and holistic approach to addressing these challenges. By acknowledging the various obstacles that can contribute to the sustainability of supply chains, researchers and practitioners can develop more effective strategies to promote sustainable practices and improve supply chain sustainability performance.



The priority for addressing these barriers may vary depending on the specific needs and challenges of a given organization or project. However, addressing tracking, interoperability, and security issues is particularly important for implementing BT for SSCT in the construction industry. It is also important to note that addressing these barriers will likely require a holistic approach that involves collaboration and coordination across various stakeholders in the construction industry [69]. Moreover, blockchain technology is a way to build trust by creating transparent and reliable supply chains. An emerging economy needs a constructed supply chain to establish trust. Blockchain technology’s immutability ensures that information cannot be modified without permission from authorized participants, thereby preventing forgery, alteration, and sharing of information [107]. This technology can also provide effective law enforcement in poor regions with few resources.



Additionally, the security of blockchains ensures accurate and reliable sustainability information, which may otherwise be difficult or unavailable [108]. Blockchain applications are essential in building material supply chains to maintain privacy and security [54]. The ability of blockchain to provide traceability and tracking, which are effective outcomes of transparency, is essential in an emerging economy and supply chains for construction materials, where information can easily be copied and falsified. Using blockchain technology, construction materials are guaranteed to be authentic and of high quality [65].



The results of this study reveal key insights into the obstacles hindering the implementation of blockchain technology in construction supply chain management. This knowledge can aid stakeholders in tackling these barriers, leading to a smoother adoption of blockchain. The study also sheds light on the construction industry’s difficulties in embracing blockchain and underscores the need for tailored solutions. The innovative application of PFAHP analyses further expands the limited knowledge base on blockchain adoption in construction. Furthermore, these findings are important as they can be used to guide the development of strategies to overcome these barriers. For example, efforts to improve education and training on blockchain technology for industry professionals and to develop standards and frameworks to promote interoperability among different blockchain platforms could help overcome some of the barriers identified in this study. Additionally, addressing regulatory issues and concerns about data privacy and security can help facilitate the adoption of blockchain technology in the construction industry.



The results of this study are similar to previous studies on barriers to blockchain adoption in other industries as it identifies the lack of understanding and technical expertise as major barriers. However, the study also found that a lack of standardization and interoperability among different blockchain platforms, regulatory issues, and data privacy and security concerns were identified as significant barriers to the construction industry. This highlights the unique challenges the construction industry faces in adopting blockchain technology and the importance of addressing these barriers to facilitate the successful implementation of blockchain technology in construction supply chain management. Regarding the gap in the current research, this study notes that while previous studies have explored the potential of blockchain technology in the construction industry, few have investigated the challenges negating its adoption. Therefore, this study addresses this literature gap by identifying and analyzing the challenges hindering blockchain technology adoption in the construction supply chain. To close this gap, this study employs the FAHP method to evaluate the importance of various factors that affect the adoption of blockchain technology.



In terms of new contributions, this study offers several key insights. Firstly, it identifies and analyzes the challenges of blockchain adoption in the construction supply chain, which can inform future research and help stakeholders in the industry make informed decisions about adopting blockchain technology. Secondly, the results obtained using Pythagorean FAHP methods can help researchers and practitioners choose the most appropriate method for their research or practical application. Finally, this study contributes to the growing body of literature on the application of blockchain technology in the construction industry, which has the potential to transform the sector by improving transparency, efficiency, and collaboration. For a comprehensive analysis of the barriers in blockchain data sharing and query, it is crucial to delve into several unique systems, such as BlockShare, VQL, and VChain+. Ghosh et al. [109] investigate the application of blockchain technology in enabling communication and collaboration between public and private blockchains within closed consortiums. Their work explores the potential of blockchain to enhance interoperability and facilitate efficient data exchange within these consortiums. Peng et al. [110] concentrate on VFChain, a blockchain-based solution designed to ensure the verifiability and auditability of federated learning processes. VFChain aims to enhance the trustworthiness and accountability of federated learning models by leveraging the immutability and transparency of blockchain systems. In contrast, Ruan et al. [111] focus on implementing a blockchain-based system that addresses the need for fine-grained, secure, and efficient data provenance tracking. Their research highlights the potential of blockchain technology to establish a robust and tamper-resistant framework for recording and verifying the origin and history of data, ensuring its integrity and trustworthiness.



These systems offer unique perspectives and innovative solutions, addressing key challenges such as privacy preservation, efficient query services, and optimization of blockchain boolean range queries. Through a meticulous examination, the paper explores each system’s technical intricacies, strengths, and limitations, providing valuable insights into their potential applications within the construction industry. By delving into the details, the paper uncovers opportunities for customization and adaptation, shedding light on how these systems can effectively overcome the specific barriers faced by the construction sector. This comprehensive analysis fuels a deeper understanding of the benefits and practical considerations, paving the way for enhanced supply chain transparency and sustainability in construction through blockchain technology [31].



Managerial Implications


The research highlights the significance of addressing supply chain and technology factors when implementing blockchain technology. Being a disruptive technology, it presents a challenge in instantly boosting supply chain sustainability and transparency through blockchain. Nevertheless, supply chain managers are beginning to acknowledge the potential of blockchain to enhance supply chain efficiency and sustainability through transparent measures and technical capabilities such as smart contracts and security. The study suggests that a comprehensive approach, considering both the supply chain and technology, is essential for successfully deploying blockchain technology. Although it may be challenging to improve supply chain sustainability and transparency immediately, the study emphasizes that supply chain managers appreciate the transformative impact that blockchain can have, with its capacity for increased efficiency and sustainability through transparency measures and technological capabilities such as smart contracts and security.



In this study, hierarchical barriers were ranked based on an existing approach. A strategic approach such as this can significantly facilitate the evaluation of such obstacles and the impact of blockchain technology on SSCTs in emerging economies. Using blockchain technology by construction material supply chain managers in India and elsewhere makes it possible to evaluate and understand blockchain technology’s role in SSCT. Blockchain technology and SSCT provide a valuable framework for enabling the development of these factors over time. To prioritize scarce resources and investments, managers can use the ranking to focus on a few critical barriers. In addition, this information can be used to justify and select blockchain systems.





7. Conclusions


This study examined how the obstacles to adopting blockchain technology can be analyzed using a trending approach, PFAHP analysis, in construction supply chain management. The paper’s novelty lies in replicating the analysis methods in the construction field, focusing on a region that may be affected by local factors. This study delves into the intricate relationships between various elements hindering blockchain implementation in the construction sector. Using statistical and MCDM techniques and methodologies, it aimed to bridge the gap in the existing literature by identifying and ranking the barriers to blockchain adoption in construction supply chain management. Using advanced MCDM techniques and the novel Pythagorean fuzzy AHP method, the study identified 15 barriers grouped into four main categories. Security emerged as the most significant barrier (SB13), with a weight of 0.236 being top-ranked, while transparency among participants was given lower priority (B2) with a weight of 0.333. This study provides deeper insights into the barriers to blockchain adoption in the construction industry, offering guidance to stakeholders in overcoming them and facilitating the successful implementation of blockchain technology in construction supply chain management. This study’s novel use of Pythagorean fuzzy AHP analysis sets it apart from previous research and adds to the limited literature on blockchain adoption in the construction industry.



Despite its potential, it is crucial to recognize the study’s limitations. The sample size is limited and may not accurately reflect the construction industry as a whole. Additionally, the findings are based on self-reported information, which could be biased. Further exploration is needed to broaden the scope and include a more diverse group of participants from various regions and segments of the industry. In-depth case studies examining the practical application of blockchain in construction supply chain management could provide insightful information on this technology’s real-world challenges and benefits. It is also necessary to explore the role of government and other important players in promoting blockchain adoption within the industry. Lastly, it would be interesting to compare the results of this study with those from other sectors to determine if the barriers are unique to the construction industry or common across industries. Future research directions and potential works on blockchain data sharing and queries for supply chain transparency and sustainability in the construction industry include addressing privacy and data protection challenges, improving scalability and performance, promoting interoperability and standardization, enhancing energy efficiency, considering governance and legal aspects, managing trust and reputation, focusing on user experience and adoption, and exploring economic and incentive models. These research areas aim to overcome barriers and foster the effective implementation of blockchain technology in construction supply chains, facilitating transparent and sustainable practices.
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Appendix A


Sample of questionnaire



Section 1: Demographic data of the experts: (a) years of experience, (b) education degree of experts, and (c) specialization of experts.



Name:



Gender:



Education degree:



Years of experience:



Specialization:



Organization name:



Section 2: Barriers and sub-barriers.



The list of the identified 4 barriers and 15 sub-barriers are provided in this section to validate based on the experience and understanding of the survey participants. Please record your feedback against the given nine-point Likert scale (absolutely higher impact, very high impact, high impact, slightly more impact, equal impact, slightly low impact, low impact, very low impact, absolutely low impact) by marking the appropriate box.
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Table A1. List of barriers.






Table A1. List of barriers.





	
Barriers

	
Code

	
Sub-Barriers

	
Code






	
Transparency of products

	
B1

	
Keeping track of product components

	
SB1




	
Process tracking for products

	
SB2




	
Monitoring the sustainability of products

	
SB3




	
Transparency among participants

	
B2

	
Operation of participants

	
SB4




	
Information about the situation

	
SB5




	
Conditions for participation in sustainability

	
SB6




	
Transparency Range

	
B3

	
Participation degree of the partner

	
SB7




	
Operational scope

	
SB8




	
A supply chain’s social information

	
SB9




	
A supply chain’s environmental information

	
SB10




	
Aspects of Technology

	
B4

	
Interoperability

	
SB11




	
Assurance of reliability

	
SB12




	
A secure environment

	
SB13




	
Cryptocurrency smart contracts

	
SB14




	
Complications

	
SB15









For example, if you consider the barrier “transparency of products” is a positively significant impact barrier for supply chain transparency and sustainability in the construction industry, then mark absolutely higher or absolutely low impact based on your knowledge and understanding. Follow the same assessment approach for all the other barriers and sub-barriers.
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Table A2. List of barriers.






Table A2. List of barriers.












	
	B1
	B2
	B3
	B4





	B1
	
	
	
	



	B2
	
	
	
	



	B3
	
	
	
	



	B4
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Table A3. List of sub-barriers.






Table A3. List of sub-barriers.























	
	SB1
	SB2
	SB3
	SB4
	SB5
	SB6
	SB7
	SB8
	SB9
	SB10
	SB11
	SB12
	SB13
	SB14
	SB15





	SB1
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB2
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB3
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB4
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB5
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB6
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB7
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB8
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB9
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB10
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB11
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB12
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB13
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB14
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	SB15
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Table A4. A pairwise comparison matrix based on PF weights and normalized sub-barrier weights.






Table A4. A pairwise comparison matrix based on PF weights and normalized sub-barrier weights.

























	
	SB1
	SB2
	SB3
	SB4
	SB5
	SB6
	SB7
	SB8
	SB9
	SB10
	SB11
	SB12
	SB13
	SB14
	SB15
	SF-Weights
	Weights





	SB1
	0.330
	0.292
	0.286
	
	
	
	
	
	
	
	
	
	
	
	
	0.303
	0.265



	SB2
	0.332
	0.293
	0.301
	
	
	
	
	
	
	
	
	
	
	
	
	0.309
	0.290



	SB3
	0.339
	0.298
	0.306
	
	
	
	
	
	
	
	
	
	
	
	
	0.315
	0.235



	SB4
	
	
	
	0.294
	0.272
	0.264
	
	
	
	
	
	
	
	
	
	0.277
	0.317



	SB5
	
	
	
	0.369
	0.338
	0.336
	
	
	
	
	
	
	
	
	
	0.348
	0.292



	SB6
	
	
	
	0.271
	0.245
	0.247
	
	
	
	
	
	
	
	
	
	0.255
	0.293



	SB7
	
	
	
	
	
	
	0.284
	0.265
	0.256
	0.266
	
	
	
	
	
	0.268
	0.298



	SB8
	
	
	
	
	
	
	0.325
	0.290
	0.294
	0.289
	
	
	
	
	
	0.299
	0.266



	SB9
	
	
	
	
	
	
	0.259
	0.235
	0.238
	0.232
	
	
	
	
	
	0.241
	0.289



	SB10
	
	
	
	
	
	
	0.359
	0.317
	0.354
	0.318
	
	
	
	
	
	0.337
	0.232



	SB11
	
	
	
	
	
	
	
	
	
	
	0.286
	0.268
	0.396
	0.325
	0.319
	0.319
	0.318



	SB12
	
	
	
	
	
	
	
	
	
	
	0.297
	0.299
	0.361
	0.259
	0.389
	0.321
	0.259



	SB13
	
	
	
	
	
	
	
	
	
	
	0.221
	0.221
	0.243
	0.217
	0.291
	0.238
	0.217



	SB14
	
	
	
	
	
	
	
	
	
	
	0.328
	0.331
	0.420
	0.378
	0.444
	0.380
	0.286



	SB15
	
	
	
	
	
	
	
	
	
	
	0.371
	0.369
	0.433
	0.344
	0.469
	0.397
	0.297










[image: Table] 





Table A5. Barrier weights ranks normalized and prioritized.






Table A5. Barrier weights ranks normalized and prioritized.





	
Normalized Values

	
Weight

	
Rank






	
B1

	
0.284

	
0.265

	
0.256

	
0.266

	
0.265

	
3




	
B2

	
0.325

	
0.290

	
0.294

	
0.289

	
0.290

	
2




	
B3

	
0.259

	
0.235

	
0.238

	
0.232

	
0.317

	
4




	
B4

	
0.359

	
0.317

	
0.354

	
0.318

	
0.235

	
1
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Figure 1. Hierarchy of barriers to blockchain integration into SSCT. 
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Figure 2. Research framework. 
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Figure 3. Demographic data of the experts: (a) years of experience, (b) education degree of experts, and (c) specialization of experts. 
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Table 1. The final list of barriers.
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Barriers

	
Sub-Barriers

	
Code

	
References






	
Transparency of products

	
Keeping track of product components

	
SB1

	
[3,33,45,63,83,84,85,86]




	
Process tracking for products

	
SB2




	
Monitoring the sustainability of products

	
SB3




	
Transparency among participants

	
Operation of participants

	
SB4

	
[11,19,24,87,88,89,90,91,92,93]




	
Information about the situation

	
SB5




	
Conditions for participation in sustainability

	
SB6




	
Transparency Range

	
Participation degree of the partner

	
SB7

	
[3,45,51,71,73,81,85,94,95]




	
Operational scope

	
SB8




	
A supply chain’s social information

	
SB9




	
A supply chain’s environmental information

	
SB10




	
Aspects of Technology

	
Interoperability

	
SB11

	
[9,37,42,44,69,93,95,96,97,98]




	
Assurance of reliability

	
SB12




	
A secure environment

	
SB13




	
Cryptocurrency smart contracts

	
SB14




	
Complications

	
SB15
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Table 2. A pairwise comparison matrix with linguistic variables [76].
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	S.No
	Linguistic variables
	(l,m,n)
	Score Index (SI)





	1
	Absolutely higher impact
	{0.9,0.1,0.0}
	9



	2
	Very high impact
	{0.8,0.2,0.1}
	7



	3
	High impact
	{0.7,0.3,0.2}
	5



	4
	Slightly more impact
	{0.6,0.4,0.3}
	3



	5
	Equal impact
	{0.5,0.4,0.4}
	1



	6
	Slightly low impact
	{0.4,0.6,0.3}
	1/3



	7
	Low impact
	{0.3,0.7,0.2}
	1/5



	8
	Very low impact
	{0.2,0.8,0.1}
	1/7



	9
	Absolutely low impact
	{0.1,0.9,0.0}
	1/9
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Table 3. Comparing barriers pairwise.
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B1

	
B2

	
B3

	
B4






	
B1

	
0.050

	
0.056

	
0.053

	
0.039

	
0.052

	
0.052

	
0.050

	
0.050

	
0.053

	
0.053

	
0.017

	
0.085




	
B2

	
0.071

	
0.049

	
0.055

	
0.066

	
0.037

	
0.049

	
0.033

	
0.050

	
0.065

	
0.046

	
0.036

	
0.089




	
B3

	
0.053

	
0.052

	
0.059

	
0.050

	
0.056

	
0.055

	
0.052

	
0.052

	
0.052

	
0.056

	
0.075

	
0.035




	
B4

	
0.061

	
0.076

	
0.089

	
0.052

	
0.052

	
0.053

	
0.053

	
0.050

	
0.032

	
0.033

	
0.017

	
0.017
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Table 4. Normalized final weights of barriers and Pythagorean fuzzy weights.






Table 4. Normalized final weights of barriers and Pythagorean fuzzy weights.





	
Barriers Code

	
Pythagorean Fuzzy Weight

	
Normalized Weight






	
B1

	
0.381

	
0.311

	
0.361

	
0.261




	
B2

	
0.435

	
0.369

	
0.445

	
0.333




	
B3

	
0.302

	
0.289

	
0.313

	
0.236




	
B4

	
0.353

	
0.308

	
0.343

	
0.285
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Table 5. Sub-barrier and barrier weights.






Table 5. Sub-barrier and barrier weights.





	
Barriers

	
Weight

	
Sub-Barriers

	
Local Weight

	
Global Weight

	
Rank






	
B1

	
0.261

	
SB1

	
0.325

	
0.089

	
3




	
SB2

	
0.386

	
0.058

	
8




	
SB3

	
0.406

	
0.092

	
2




	
B2

	
0.333

	
SB4

	
0.323

	
0.078

	
4




	
SB5

	
0.349

	
0.019

	
14




	
SB6

	
0.279

	
0.056

	
9




	
B3

	
0.236

	
SB7

	
0.289

	
0.061

	
7




	
SB8

	
0.279

	
0.076

	
5




	
SB9

	
0.294

	
0.050

	
11




	
SB10

	
0.290

	
0.016

	
15




	
B4

	
0.285

	
SB11

	
0.358

	
0.023

	
13




	
SB12

	
0.328

	
0.026

	
12




	
SB13

	
0.399

	
0.097

	
1




	
SB14

	
0.413

	
0.071

	
6




	
SB15

	
0.384

	
0.053

	
10
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