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Applications of Distributed Ledger Technology (DLT) and Blockchain-enabled 1 

Smart Contracts in Construction 2 

Abstract 3 

The contribution of distributed ledger technology (DLT) (e.g. blockchain) and smart contracts to the digitalisation 4 

and digital transformation of the construction sector is nascent but rapidly gaining traction. ‘Systematic reviews’ 5 

of DLT and smart contract applications that are specific to the construction sector are missing. This paper 6 

performs an extensive systematic review of 153 DLT and smart contract papers specific to the design, 7 

construction, and operation of built assets. The protocols and processes of a systematic review were adopted to 8 

ensure full transparency, accountability, reproducibility, and updateability of the results. 9 

Through thematic analysis, we identify eight distinct themes of applications for DLT and smart contracts in 10 

construction: information management, payments, procurement, supply chain management, regulations and 11 

compliance, construction management and delivery, dispute resolution, and technological systems. Each theme 12 

identified was analysed to understand current capabilities, applications, and future developments. A cross-13 

themes discussion revealed that DLT and smart contracts are ‘supplementary’ technologies that are used in 14 

combination with other technologies (e.g. BIM, IoT, cloud computing) as part of ‘technological systems’ that 15 

need to co-evolve in order to enable the themes’ applications identified. Research into DLT and smart contracts 16 

in construction is rapidly moving from theoretical insights and frameworks into developing proofs-of-concept 17 

studies (27 studies) and testing them in case studies (20 studies).  The next stage of research involving wider 18 

academic communities and industry-wide engagement is expected to begin uncovering the anticipated benefits 19 

of DLT and smart contracts through investments into technological systems and testing in real-world pilot 20 

studies.  21 

The discussion of the themes identified from technology, policy, process, and society perspectives exposed the 22 

need for an extended socio-technical approach to the solution in order to deliver the necessary change and 23 

impact from the adoption of DLT and smart contracts at speed and scale. The results of this systematic review 24 

provide a noteworthy reference point for academics, practitioners and policy makers interested in the future 25 

development of DLT and smart contract applications in construction.  26 

Keywords: blockchain; Building Information Modelling (BIM); construction sector; distributed ledger technology 27 

(DLT); smart contracts; systematic review; thematic analysis.  28 

1 Introduction  29 

Fragmentation and inadequate collaboration are major causes of underperformance and failure within the 30 

construction sector [1]. Attempts to make the sector work to one approach, namely Building Information 31 

Modelling (BIM), have been a significant challenge [1]. Digitalisation and digital transformation within the 32 

construction sector is now supported by several technological systems including BIM, geographic information 33 

systems (GIS), the Internet of Things (IoT), artificial intelligence (AI) and machine learning (ML), augmented 34 

reality (AR), virtual reality (VR), robotics, 5G communications, mobile and cloud technologies, and recently, 35 

distributed ledger technologies (DLT) such as blockchain, and smart contracts.  The Integration of DLT with other 36 

tools such as BIM, AI and IoT can radically change the modus operandi within the sector through the creation of 37 

new applications and processes and contribute to the systemic change required [2]. While the applications of 38 

such technologies in construction are just emerging, the time lag that comes with the emergence of new 39 

technologies and widespread adoption could leave the space for the coevolution of a new ecosystem for the 40 

sector. This is important for DLT and smart contracts as their application often entails being part of wider 41 
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technological systems (e.g. BIM, IoT, etc.) with technological ingredients at different maturity levels and 1 

acceptance rates within the industry.  2 

The aim of this paper is to provide a systematic approach to understanding the outlook of DLT and smart 3 

contracts in the construction sector and to examine whether these are the technological systems with the power 4 

to promote and achieve lasting change across the sector. This outcome is achieved from a deep qualitative 5 

analysis of the body of literature in the field of DLT and smart contracts in the construction sector, hence 6 

providing clarity to researchers on the most comprehensive state-of-the-art. To achieve this, the study addresses 7 

three research questions (RQ): 8 

RQ 1:  What is the current state-of-the-art of research and development of applications for DLT and smart 9 

contracts in the design, construction, and operation of built assets?  10 

RQ 2:  What are the specific applications of DLT and smart contracts in the construction sector, and has the 11 

research moved from proposing the conceptual/insights level into development and testing in a relevant 12 

environment?   13 

RQ3:  How can the applications of DLT and smart contracts in construction be analysed through the lens of a 14 

socio-technical perspective? 15 

It is important to highlight that these research questions are formulated in such a way that focus is on 16 

construction-specific applications and not the wider built environment as explained in Section 2. Based on the 17 

evidence provided in the systematic review, this paper represents the first extensive review of construction-18 

specific applications for DLT and smart contracts. Indeed, the only available systematic review was published by 19 

the authors in early 2019 [3] and contained 11 construction-specific literature sources. This paper brings an 20 

additional 142 sources available up to and including June 2021. We categorise the proposed applications of DLT 21 

for the construction sector from within the literature and discuss them in the context of the challenges of the 22 

sector. This categorisation provides a taxonomy of research across several areas of interest for the sector 23 

allowing readers to locate that which is of interest to them and contextualise that within their niche.  24 

The remainder of the paper is organised as follows: Section 2 clarifies the key terms and concepts to delineate 25 

the scope of the paper and emphasise its focus on ‘construction’. Section 3 explains the methodology adopted. 26 

Section 4 presents the findings of the research through bibliographic data and characterisation of the research. 27 

Section 5 discusses the eight DLT and smart contract application themes identified in the systematic review and 28 

developed using thematic analysis. In Section 6, a discussion of the findings is made. At this point, evaluation of 29 

DLT and smart contracts as socio-technical systems is made by employing the DLT Four-Dimensional Model 30 

developed alongside the previous systematic review in 2019 [3] considering four dimensions of technology, 31 

process, policy and society. Sections 6 also discusses gaps in the literature, the limitations of this study in terms 32 

of threats to validity, and its utility and recommendations. Section 7 concludes the paper and indicates next 33 

steps in the research.  34 

2 Terms and concepts 35 

This section defines the key terms and concepts used throughout the paper and demarcates the scope. While it 36 

is not designed to go into detail of the systems’ and concepts’ many characteristics, benefits and barriers, it is 37 

designed to provide context to readers without prior knowledge of DLT, smart contracts and the associated 38 

components. For such level of detail, see Hunhevicz and Hall [4] who put the technical aspect of DLT into context 39 

in the construction sector; or Perera et al. [5] who provide a detailed overview of the technology, architecture, 40 

salient features, drivers, barriers and risks of DLT. These technologies and methodologies form part of the 41 

solutions and applications discussed in Section 5. 42 
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Construction sector  1 

This study focuses on the construction sector which is a part of the built environment. The construction sector 2 

includes the architecture, engineering, construction, and operation (AECO) industries. The built environment in 3 

its entirety, made up of buildings, their special environment and the people who inhabit that environment, is 4 

not the focus of this review due to its broad scale. Therefore, this study excludes real estate, land administration, 5 

energy, public administration, smart homes, smart cities, transport, government services, and non-construction 6 

specific supply chain research.  7 

Building Information Modelling (BIM)  8 

Succar [6] defines BIM as “a set of interacting policies, processes and technologies generating a methodology to 9 

manage the essential building design and project data in digital format throughout the building's life-cycle”.  10 

Despite BIM being professed as a methodology for managing information by some of the most cited definitions, 11 

a prevalent view of BIM as a software artefact has existed [7]. In the body of the DLT literature reviewed, studies 12 

do not clearly state whether they use the term ‘BIM’ to refer to a specific application of BIM software to perform 13 

a model use (e.g. ‘model authoring’, ‘4D Planning’, etc.) or to the processes of managing information (e.g. 14 

according to the ISO 19650 standard [8]) across the lifecycle of a project. In this paper, we refer to BIM as a 15 

methodology for managing information. We identify its prevalence across each of the themes identified in DLT 16 

papers (Sections 5.1 to 5.8), therefore, we do not provide BIM with an individual theme. Where a reviewed 17 

paper refers to a specific model use (e.g. model authoring), the application proposed in the paper is considered 18 

under the DLT theme of information management (Section 5.1).  19 

Distributed ledger technology (DLT)…or blockchain? 20 

Blockchain is the most prominent type of DLT and while many use the terms blockchain and DLT synonymously, 21 

blockchain should be considered a subset of DLT rather than a comparator. DLT is a system for value transactions 22 

running on a peer-to-peer (P2P) network that is distributed and does not require a central authority to 23 

intermediate those transactions [4]. Blockchain began as the underpinning technology for the first widely 24 

successful cryptocurrency Bitcoin, established in 2008 [9], and is the driver for proliferation of DLT in different 25 

forms across all industries and sectors. In simple terms, a blockchain is a linear, chained ledger of transactions 26 

and has proved to be a secure, hack-resistant technology for processing digital transactions. In the Bitcoin 27 

blockchain, transactions are grouped together in blocks, which are then validated by the P2P network using the 28 

Proof-of-Work (PoW) consensus mechanism, a highly energy intensive process that uses computational 29 

mathematics to validate transactions whilst at the same time deterring malicious actors. Newly validated blocks 30 

are appended to the chain of blocks already on the ledger, hence the term block-chain. Proof-of-Stake and Proof-31 

of-authority are alternative consensus mechanisms and others are in development. For details on an alternative 32 

DLT such as the directed acyclic graph, see, for example, and [10].  33 

For general discussion throughout this paper, the term DLT is preferred as we do not advocate for one structure 34 

of DLT over another. Where research has referred specifically to blockchain, the term blockchain is used.  35 

Tokenisation  36 

Cryptocurrencies or crypto-assets such as bitcoin are a construct of value representation in DLT. They are also 37 

referred to as tokens, which gives birth to the term tokenisation. Applications that consider tokenisation utilise 38 

the value of incentives in social applications that both encourage their use and deter malicious actors [2,4]. 39 

Tokens are owned by participants in the network and are held in a secure, digital wallet that can be converted 40 

into fiat currency via cryptocurrency exchanges.  41 

Smart contracts  42 

This paper separates the concepts of smart contracts and intelligent contracts into different categories where 43 

smart contracts are technological constructs that enable creation of applications to support, for example, the 44 
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construction sector beyond transaction processing and recording financial transactions such as that of Bitcoin. 1 

Intelligent contracts are an application of those smart contracts that aim to closely align with traditional 2 

contracts. Intelligent contracts are discussed in more detail in section 5.6.  3 

Smart contracts are If/Then pieces of computer code; however, they differ to any programme that successfully 4 

uses the If/Then concept for automation by running on a distributed ledger providing them with the same 5 

properties as the ledger such as immutability, security and censorship resistance [11]. Smart contracts remove 6 

the need for third parties (e.g. banks that often charge transaction fees); programmes running on a third party 7 

server are restricted to the functions of that server whereas smart contracts are restricted only by the capability 8 

of the coder of the smart contract and the integrated technologies on which they rely (e.g. IoT; processing speed 9 

of the DLT network); and because smart contracts are enabled based on agreement across a distributed network, 10 

they warrant more trust than any centralised third-party alternative. An alternative term for smart contracts is 11 

chaincode that is typically associated with the Hyperledger blockchains developed by the Linux Foundation.  12 

Decentralised autonomous organisations (DAOs) 13 

An extension to smart contracts is decentralised autonomous organisations (DAOs). DAOs are a collection of 14 

smart contracts that represent a fully autonomous organisation that operates without human interaction [4]. 15 

The power distribution in a DAO is determined by merit based on the number of tokens a participant owns and 16 

the level of trust they have gained in the network [12]. They enable disintermediation [13], reduce running costs 17 

and the transfer of risk [14].  18 

Oracles  19 

There are two types of smart contracts, deterministic and non-deterministic. Deterministic smart contracts 20 

require only the data that exist within the DLT environment in which it operates. Non-deterministic smart 21 

contracts require external data to execute. The source of these external data is referred to as an “oracle”. In a 22 

disintermediated system, an oracle can represent a third party that provides data about an event external to the 23 

DLT system [15]. But this is not a third party in the way an insurance broker is, it is likely to be a hardware device 24 

(e.g. an IoT-enabled radiofrequency identification (RFID) tag) or a software oracle (e.g. information retrieved 25 

from a website such as weather data).  26 

Applications versus “use cases” 27 

The term ‘use case’ is used freely and frequently in research, often in a vague context or without full application 28 

of the concept. According to Cockburn, a use case is a way of capturing “a contract between the stakeholders of 29 

a system about its behavior” [16]. It considers how a system behaves under different conditions as it responds 30 

to different requests from stakeholders and forms part of the requirements engineering process for developing 31 

new systems. Following Cockburn’s definition, the majority of the papers reviewed for this study incorrectly use 32 

the term ‘use case’ where there is discussion of possible application of DLT, sometimes supported by potential 33 

benefits of such application into current practices. Therefore, for the remainder of this paper, the application of 34 

DLT referred to as “use cases” in literature will be referred to as potential applications.  35 

3 Methodology 36 

This section sets out how the study was conducted. 37 

3.1 Systematic review 38 

The approach of a systematic literature review was chosen for this study to understand the current level of 39 

research of a particular field, namely, DLT and smart contracts, and to guide development of research questions 40 

to further the body of knowledge. Systematic reviews allow a researcher to identify gaps in the research used 41 

to direct further investigation; offer background to support framework development in the case of new research; 42 

and support or challenge theoretical hypotheses  [17]. The methodology of a systematic review is such that all 43 
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existing studies are located within the parameters set by the researcher who then follows a selection process to 1 

evaluate, analyse and synthesise the body of research to draw conclusions about what is or is not known about 2 

the subject [17]. 3 

All of the relevant literature concerning DLT and smart contract applications in the construction sector were 4 

collected over a period of three years through initial searches followed by scheduled alerts from Scopus and 5 

Google Scholar plus addition of relevant papers that were identified through notifications from ResearchGate 6 

on similar subject areas. Google Scholar and Scopus were chosen as two of the largest academic databases for 7 

scientific research.  Alternatives such as Web of Science do not hold as many publication collections and searches 8 

proved Scopus and Google Scholar to be more comprehensive with all articles that appeared in a Web of Science 9 

search duplicated in Scopus. To provide the most holistic view of the research being conducted in the field, the 10 

literature included all identified journal publications, conference papers, industry reports and other grey 11 

literature available on the theme of DLT and smart contracts in construction over the three years. Summaries of 12 

the work and classification of the literature based on type of publication have been provided to allow researchers 13 

to easily refer to papers which are relevant to their niche within the subject area. The steps taken to conduct 14 

the systematic review can be seen in Figure 1. 15 

 16 
Figure 1: Steps taken to perform systematic literature review 17 

This systematic review was partly motivated by an early review published in February 2019 [3], which included 18 

only 11 construction-specific literature sources and had broadened out the scope of the review to include other 19 

built environment aspects (e.g. smart energy, smart cities and the sharing economy, smart government, smart 20 

homes, intelligent transport, BIM and construction management, and business models and organisational 21 

structures). The current paper will show that the body of research has substantially progressed since February 22 

2019 by considering the extent of change in research into DLT and smart contracts specific to construction since 23 

the initial review. This paper does not consider the wider aspects of the built environment.   24 

The search string for Scopus is listed in Table 1. The keywords chosen for the search were identified by 25 

considering the key aspects of the built environment that link to and/or have implications for the construction 26 

sector. This acknowledges that the components that make up the built environment are part of the construction 27 

project lifecycle (i.e. concept, design, construction, operation, reuse/demolition) including, for example, 28 

commercial/residential/industrial buildings, infrastructure, parks. The search string for Google Scholar was much 29 

simpler, “blockchain” AND “BIM” OR “construction”, given the broad scope of the database. While applications 30 

of DLT in the built environment exclusive of the construction sector are not the focus of this review (see Section 31 

2 for definitions), the search terms related to the built environment were kept to cast as wide a net as possible 32 

to collect as many construction-specific papers as possible, particularly where concepts may overlap (e.g. BIM—33 

construction specific, and smart buildings—built environment-specific). The inclusion and exclusion criteria, as 34 

Scopus; Google 
Scholar; 

ResearchGate 

Language; title; 
abstract 

Country; year; 
publication type; 

study type 

Thematic Analysis 

Final themes 
defined and 

reviewed 

Initial topics 
identified 

Bibliometric 
analysis 

performed 

Inclusion/ 
exclusion 

criteria 
applied 

Literature 
Search 



Li, J. and Kassem, M. (2021) Applications of distributed ledger technology (DLT) and Blockchain-enabled smart 

contracts in construction, Automation in Construction (IF 7.7, top 5%); Vol 132, December 2021, 103955, 

https://doi.org/10.1016/j.autcon.2021.103955  

7 

seen in Table 2, were applied within the search strings and each paper was then subjected to these criteria based 1 

on title and abstract respectively to determine whether it was in scope or not. Up to and including June 2021 a 2 

total of 153 papers specific to the construction sector were identified and reviewed. 3 

Where it was apparent that a literature source had been extended into a journal paper or another type of 4 

publication, or there was significant duplication of research by the same authors, the literature source was 5 

omitted from the review to prevent double counting. For example, content from the conference papers from Li 6 

et al. [18,19] were developed and included in a later journal paper [3]. The paper with the most comprehensive 7 

information was included in the review, all others were excluded. A total of 16 papers were excluded using this 8 

exclusion criteria.   9 

Table 1: Search string for Scopus 10 
TITLE-ABS-KEY ((blockchain OR DLT OR “distributed ledger”) AND ("business model*" OR "building information model*" OR "built 

environment" OR "smart contract*" OR "smart cit*" OR "smart building*" OR procurement OR construction OR "construction manage*" 

OR "project manage*" OR "project lifecycle" OR "project life-cycle" OR "project lifecycle" OR design OR planning OR operations OR 

"smart service*" OR "smart environment" OR architecture OR engineering OR "smart government" OR infrastructure OR "energy 

management" OR energy OR "smart grid" OR "traffic management" OR traffic OR sustainability OR "sharing economy" OR sensor* OR 

urbani?ation OR "urban planning" OR "community management" OR "project bank account")) AND ( LIMIT-TO ( SRCTYPE,"p" ) OR 

LIMIT-TO ( SRCTYPE,"j" ) ) AND ( LIMIT-TO ( DOCTYPE,"cp" ) OR LIMIT-TO ( DOCTYPE,"ar" ) ) AND ( LIMIT-TO ( SUBJAREA,"ENGI" 

) OR LIMIT-TO ( SUBJAREA,"DECI" ) OR LIMIT-TO ( SUBJAREA,"ENER" ) OR LIMIT-TO ( SUBJAREA,"PHYS" ) OR LIMIT-TO ( 

SUBJAREA,"MATE" ) ) AND ( LIMIT-TO ( LANGUAGE,"English" ) ) 

Table 2: inclusion and exclusion criteria for the literature search 11 
Inclusion criteria Exclusion criteria 

− Journal papers. 

− Conference papers. 

− Industry reports. 

− Grey literature (e.g. theses, technical reports, working papers). 

− All available dates. 

− Literature covering the construction sector as defined by the AECO industries: 

architecture, engineering, construction, and operation of built assets. 

− English language literature. 

− Literature that reports on the potential applications of DLT including blockchain 

and smart contracts for the construction sector. 

− Non-English language literature. 

− Studies that are out of scope (e.g. non-

construction/non-built environment 

literature). 

− Duplicate materials where sources appear 

in more than one database, 

− Duplicate papers that reported on research 

that had been previously published (e.g. 

where a conference paper had been 

extend into a journal article) 

There were two aspects to the data extraction criteria.  First, the bibliometric data presented in Section 4.1 was 12 

extracted to classify when, from where, and in what format the research is emerging.  Second, data regarding 13 

the application of DLT and smart contracts across the construction project lifecycle were extracted. This included 14 

identifying where papers were offering insights to proposed applications and/or demonstration of such 15 

proposed applications. An evaluation of the papers was made with regards contribution of content, but they 16 

were not excluded based on quality.  However, those papers that offered no contribution to the study or were 17 

incomprehensible (e.g. a result of poor readability, disorganisation of ideas) were excluded. This study did not 18 

rank papers on their quality or the quality of the outlet given the still relatively limited body of research and the 19 

need to capture papers across the whole research and development spectrum. 20 

3.2 Thematic analysis 21 

Once the data had been extracted from the body of literature, thematic analysis of the 153 papers was adopted 22 

to produce meaningful themes of DLT and smart contract applications for construction. A three-stage process 23 

was followed as in Williams and Moser [20]. In stage one—open coding—broad, initial themes were identified 24 

to interpret the data and consider concepts presented in the literature. These initial themes were coded without 25 

any preconceived ideas of what the final themes might be to allow the body of literature to speak for itself rather 26 

than to fit literature sources into predefined themes. In stage two—axial coding—the initial concepts were 27 



Li, J. and Kassem, M. (2021) Applications of distributed ledger technology (DLT) and Blockchain-enabled smart 

contracts in construction, Automation in Construction (IF 7.7, top 5%); Vol 132, December 2021, 103955, 

https://doi.org/10.1016/j.autcon.2021.103955  

8 

refined, aligned, and categorised into similar themes. Throughout this stage, the constant comparator method 1 

was applied to ensure all relevant data were extracted from the literature based on the emerging themes. 2 

Finally, in stage three—selective coding—categories from stage two were further refined and consolidated into 3 

meaningful expressions. The execution of this process on the 153 papers helped to identify eight themes for DLT 4 

and smart contract applications in construction. Selection of the final themes was made based on the prevalence 5 

of papers around a certain application or concept and objective interpretation of how any proposed application 6 

contributed to a specific area of construction sector practices. These themes are described and analysed in 7 

Section 5. 8 

Figure 2 demonstrates the process of coding and the resultant DLT application themes in construction and their 9 

technology enablers. The technology enablers represent the different technological systems required to realise 10 

new value propositions for applications based on DLT and smart contracts. These technology enablers are 11 

discussed alongside the application themes in Section 5 where they are applicable. Recurrent comparison 12 

between the stages of thematic analysis allowed the literature to be reconsidered throughout this process, 13 

revising the analysis of previously reviewed papers when certain concepts and themes emerged. Given the 14 

definition of BIM in Section 2, the dotted line in the Selective Coding column represents the BIM methodology 15 

and its presence across all application themes.   16 

Figure 3 highlights the changes from the themes in the systematic review in 2019 to the themes in the current 17 

review in 2021. The change in scope from the built environment to construction-specific resulted in the exclusion 18 

of categories not in line with what we term the construction sector as defined in Section 2. It should be noted 19 

that while business models and organisational structures appear in this updated review, for example, in the form 20 

of decentralised autonomous organisations (DAOs), the literature reviewed in the 2019 study [3] did not discuss 21 

these concepts in construction-specific terms, therefore, the sources in the 2019 review have not been included 22 

in this 2021 review.  23 
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 1 
Figure 2: Three-step coding from thematic analysis of DLT applications 2 
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 1 
Figure 3: Comparison between themes from February 2019 systematic review to June 2021 systematic review 2 

4 Findings 3 

This section presents the general bibliographic data and the characterisation of studies by research method, 4 

research type and conceptualisation of DLT and smart contracts adopted in the identified studies.  5 

4.1 General bibliographic data 6 

The distribution of papers based on type of publication, year of publication and country of lead author can be 7 

seen in Figure 4 and Figure 5.  8 

         9 

Figure 4: (a) Number of publications by type; (b) Number of publications by year 10 

It can be seen in Figure 4(a) that there are approximately 14% more conference/workshop papers than journal 11 

articles. This demonstrates the increasing popularity of the subject area and the number of peer-reviewed 12 

research articles in comparison with 2019 levels where the 11 construction-specific papers consisted of six 13 

conference papers, three journal articles, one industry report and one book section. With regards year of 14 

publication (Figure 4(b)), there has been a significant increase in the number of publications since 2018 15 

demonstrating the increased interest in DLT and smart contract applications in construction. Thirty-five 16 

countries contributed to the body of literature, as shown in Figure 5. The United Kingdom ranks as the top 17 
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publishing country with 28 papers. China ranks second with 24 papers, followed by the United States with 19 1 

papers and Australia with 18 apers.  2 

 3 
Figure 5: Number of publications by country of lead author 4 

4.2 Characterisation of studies by research method, type and DLT/blockchain 5 

conceptualisation  6 
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not form a major part of the paper, it is not listed as a literature review study in this paper.  16 
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literature in the field with regards nearing application in the real world and are growing in number. Only one 1 

paper demonstrates real-world application [21]. This is in agreement with Kuperberg and Geipel ([22], p. 1) who 2 

evaluated 31 studies on DLT in the construction sector concluding that “almost all publications describe concepts 3 

and challenges, but do not create architectures, designs or product-level implementations”. Figure 6 4 

demonstrates the interest in exploring the potential of the technology but so far there is a significant lack of 5 

application to the real world.  6 

 7 
Figure 6: Research methods employed throughout the body of literature reviewed 8 

Forty-two papers had some form of significant literature review – both traditional and systematic. However, 9 

none was as comprehensive as this paper and specific to the construction sector. For example, Perera et al., [5] 10 
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 1 

Figure 7: Distribution of DLT conceptualised within the reviewed literature 2 

5 Eight themes for DLT and smart contracts applications in construction 3 
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project [47] and managing modifications to an information model including who did what, when [48] will create 34 
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transparency [48,49]. A prototype for information exchange is designed and tested by Erri Pradeep et al. [50].  1 

The prototype addresses issues of data privacy, corruption, integrity and longevity through facilitating data 2 

exchange and recording by blockchain and smart contracts. Simulations demonstrate the reduction and 3 

management of disputes during and post construction. Blockchain is proposed to solve the problem of data 4 

integrity for collaborative computer-aided design (CAD) environments [51]. To solve the problem of data quality 5 

in construction projects, Hunhevicz et al. [52] simulate blockchain-based incentivisation of complete data sets 6 

based on technical information (for use in subsequent phases) and commercial information (for smart contracts 7 

to establish from whom and when to request/reward data drops). Data sets are defined based on completeness, 8 

correctness and structure. Sheng et al. [53] propose a framework for a consortium blockchain-based quality 9 

information management system that records product state, organisation state and process state of projects. 10 

Using smart contracts to update the information model with site data to reflect the project's progress can lead 11 

to automated compensation events resulting in streamlined contract administration and better project 12 

governance [49] and facilitates linking of physical and digital worlds [54]. The data can be used as an audit trail 13 

for provenance and accountability [44]. Nguyen et al. [55] highlight blockchain’s ability to facilitate security, 14 

liability, transferability and live data collection in BIM projects. San et al. [48] suggest storing all project 15 

documentation on the ledger to create an electronic document management system where blockchain provides 16 

a "trustworthy infrastructure for information management during all building lifecycle stages" [56]. Das et al.’s 17 

[57] unified, decentralised document management system utilises a blockchain ledger for tracing workflows and 18 

document versioning where smart contracts facilitate document approvals and document indexing. In a later 19 

study, two complementary frameworks are considered by Das et al. [58]; a blockchain-based framework to 20 

approve updates to BIM information models, and a data encryption framework to increase security of BIM data 21 

exchange.  The framework ensures consensus of project parties before updates can take effect whilst deterring 22 

unauthorised actors via cryptographic signatures. Koo et al.’s [59] framework is designed to enhance quality 23 

assurance in construction projects across three aspects of information relating to materials, personnel and 24 

documents where information is held in a trigonal lattice structure allowing users to quickly locate information 25 

that spans across the different aspects without having to search across all aspects individually. Singh and Ashuri’s 26 

[60] framework captures dataflow and design development on blockchain.  27 

In Zhong et al. [61], a consortium blockchain structure is adopted and supported by smart contracts for 28 

compliance code checking to improve construction quality management and better facilitate information 29 

sharing and enhanced mutual trust. Integration of blockchain and open BIM (Industry  Foundation Classes (IFC)) 30 

secures information in Xue and Lu [62] whilst also addressing the problem of information redundancy. This is 31 

done by removing randomisation of global unique identifiers (GUIDs) in the current way of working to ensure 32 

consistency in file exchange between parties. The concept considers capturing changes to BIM files rather than 33 

the entire BIM files to reduce the size of file exchange. To secure data exchange and ensure confidentiality, 34 

Cheng et al. [63] demonstrate the use of public key encryption between two parties providing user 35 

authentication. Bukunova and Bukunov [64] evaluate the effectiveness of blockchain as a solution to secure data 36 

in BIM projects with multiple parties through decentralisation and secure data storage. 37 

Götz et al. [65] consider how blockchain can support integration of digital twins into the construction sector with 38 

findings showing that necessary prerequisites include a user-friendly system, accessibility and robust user and 39 

implementation manuals.  Their proposed framework integrates the physical asset with IoT, digital twins and 40 

blockchain across three pillars of functionality, interoperability and "integrability" enablers. Lee et al. [66] 41 

propose a framework integrating digital twin with blockchain to address the data sharing and communication in 42 

construction.  The digital twin represents the as-built information model, which is updated in real-time and has 43 

the ability to be transformed into a compliance statement. The limitation of data storage on a blockchain is 44 

addressed by storing only the compliance statement that facilitates collaboration. The framework encompasses 45 

six elements: sensor data acquisition, as-built update, compliance checking, block generation, data encryption 46 
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and data sharing. A simulated case study is used to demonstrate the framework where prefabricated bricks are 1 

assembled on site and the digital twin confirms compliance with placement and type of brick via GPS and RFID.  2 

Other metrics (e.g. compliance with building codes) are not measured but can be added to future test scenarios.    3 

5.1.2 Digital record and circular economy 4 

The digital record and the circular economy are two applications that could benefit from the addition of DLT and 5 

smart contracts. The digital record was proposed by the Hackitt Report [67] and while the UK Government is yet 6 

to provide a formal definition, Watson et al. proposed that it “provides traceability through a secure, immutable 7 

and auditable electronic record of all required information, actions and decisions taken to assess and achieve 8 

compliance of a built asset with relevant standards and regulations at a point in time.” [68]. 9 

This concept can be transferred to a number of different uses. First, a digital passport that records material 10 

lifecycle and asset certification information [69], or more specifically, a product passport holding information 11 

about materials that give them value for recovery and reuse [11]. Termed material passport by Nguyen et al. 12 

[55], it would hold details on past, current and future performance with the record linked to the digital asset to 13 

provide up-to-date information. This would provide sustainability through materials transparency from 14 

provenance including: whole lifecycle cost, carbon emission estimates, and raw material verification [49]. Ganter 15 

and Lützkendorf [46] propose building passports, and consider how data can be managed across the lifecycle of 16 

a built asset with regards data generation and storage, longevity of the data, traceability of the data and the 17 

ability to track responsible parties to clarify compliance and address legal issues, and potential new business 18 

models.  19 

The circular economy aims to achieve a better use of resources from design through construction to operation 20 

and demolition. It focuses on waste reduction through material reuse, whether through elimination of chemicals 21 

which might prevent reuse, material recycling, or any activity that replaces the concept of end-of-life [70] It is 22 

becoming a hot topic in construction which is closely related to meeting UN global sustainability goals. Circular 23 

economy is discussed by Nguyen et al. [55] for tracking of materials, components, and products for reuse at end-24 

of-life. Liu et al. [71] proposed a framework that supports reuse of materials based on material provenance to 25 

support sustainability. Circular economy enabled by blockchain can be invaluable for provenance when data is 26 

stored about its source, characteristics, manufacturing, shipping, installation and maintenance through its 27 

lifecycle that leads to possible re-use at a later stage [49]. Kinnaird and Geipel’s [11] “Blockchain of Circular BIM 28 

Things” takes blockchain as the technology to link and secure IoT, BIM and circular economy that benefits all 29 

stages of the asset lifecycle facilitating two-way communication from the built asset to the digital information 30 

models. This would allow for real-time facilities management and up-to-date relevant information about 31 

components’ recyclability once they are no longer needed for their initial purpose. Circular BIM discussed by the 32 

MEED Mashreq Construction Partnership [33] proposes identifying recycling, repurposing and reuse at the 33 

production stage with the blockchain collecting data about a component’s state during its lifetime to enhance 34 

efficiency, performance and sustainability. Copeland and Bilec [72] propose a framework to integrate geospatial 35 

mapping, BIM and blockchain for the concept of buildings as material banks (BAMB) that stores RFID data on a 36 

blockchain with regards location of materials throughout the asset’s lifecycle to allow the circular economy. 37 

Akbarieh et al. [73] develop a framework to revalorise building materials at end-of-life based on the concept of 38 

BAMB.  Blockchain secures the information of tracked materials; smart contracts update ownership of materials, 39 

end-of-life responsibilities and material claims whilst also offering a system of accountability pushing contractors 40 

and suppliers to consider end-of-life responsibilities during the design phase.  The material bank connects with 41 

the information model as the best representation of complete material information of a built asset. Fiore et al, 42 

[74] discuss the role of blockchain and smart contracts in material passports around BAMB, as well as their role 43 

in advancing BIM through reliable data gathering and sharing across the lifecycle of a built asset. Shojaei et al. 44 

[75] demonstrate the feasibility of Hyperledger Fabric, and smart contracts to facilitate circular economy 45 

principles through use of a synthetic case study around the production, installation, use and salvage of a heating, 46 
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ventilation and air conditioning (HVAC) unit. The case study conceptualises three participants, nine types of 1 

transactions, and three assets.  The information recorded about the HVAC unit includes source and performance 2 

with the ability to record additional information as required. The only construction-specific paper found on non-3 

fungible tokens (NFTs) is by Dounas et al. [76], which looks at infrastructure for the circular economy starting 4 

with architectural design.  The NFTs represent components in a building organised through topological graphs. 5 

5.1.3 Intellectual property (IP) 6 

Intellectual property (IP) “refers to creations of the mind, such as inventions; literary and artistic works; designs; 7 

and symbols, names and images used in commerce” [77].  8 

DLT and smart contracts can add a layer of visibility and transparency to IP [32,39] through offering an immutable 9 

record of ownership of assets [4]. The main application for assigning IP rights is tokenisation where digital tokens 10 

are assigned to tangible assets, which could be, for example, a physical building or a version of an information 11 

model. Smart contracts can then be used to track model authoring and grant access rights to models [34] that 12 

are associated with those aspects defined as IP above. This would allow calculation of IP rights to collaborating 13 

parties [35] and use blockchain for the protection or licensing of IP rights [78]. In this way, IP ownership and 14 

rights are made more explicit and transparent [3]. Using cryptocurrency as a digital representation of ownership, 15 

for example, an air handling unit (AHU), a mechanical, electrical and plumbing (MEP) engineer, would be the 16 

designer and owner of the AHU. At the point of transfer from the MEP engineer to the onsite contractor, the 17 

digital representation of ownership of the unit is transferred to the contractor’s digital wallet as well as the 18 

contractor taking ownership of the physical AHU proving they now have ownership responsibility of the AHU 19 

[11]. 20 

5.1.4 Traceability systems 21 

Traceability concerns “the ability to record all required information relating to that which is under consideration, 22 

throughout its entire lifecycle, by means of recorded identifications” [68].  23 

A framework incorporating DLT is introduced by Wilson et al. [15] that proposes information exchange within in 24 

a traceability system between supply chain participants that are not motivated to share information but may be 25 

willing to do so under incentive. Yang et al. [23] demonstrate two case studies to increase traceability and 26 

transparency in construction processes. The two cases are simulated on different DLT platforms: case 1 is design 27 

of external cladding for a large-scale apartment building facilitated by Hyperledger Fabric, a private blockchain; 28 

case 2 considers procurement of a distillation tower from overseas for an international mega project facilitated 29 

on Ethereum, a public blockchain, to avoid complexity. The research considers procurement, transportation and 30 

payment of the equipment via smart contracts. Zhang et al. [79] integrate a hybrid public-consortium blockchain 31 

and smart contracts into a framework to increase quality traceability of precast components in construction. 32 

The framework incorporates the following measures: “hybrid architecture, hybrid consensus, dual storage 33 

mode, off-chain storage, extended backup database, and separate chaining of classified data” [79]. The National 34 

Product Database (NPD) proposed by Li et al. [14] is multipurpose – to allow facilities managers to ensure 35 

compliance with regulations, to provide push notifications to facilities managers when regulations change, and 36 

to provide a traceable system of information for products and components in built assets. The type of 37 

information held by the proposed entity includes: product name, classification, manufacturer, date brought to 38 

market, date removed from market, unique identifier, compliance certifications (standard, testing body, testing 39 

date, certificate number) and product characteristics. 40 

5.2 Payments 41 

This theme is concerned with payment of activities undertaken as part of a contractual agreement between two 42 

or more parties.  43 
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Security of payments is a central concern for the sector where cash flow is affected by late or delayed payments 1 

and non-payments resulting negative impacts on projects [5,34,80–87]. This often causes contractual disputes, 2 

insolvency and delays [82,88] and leads to adversarial relationships between the parties [89].  3 

Smart contracts are central to the discussion on automating payments and changing payment practices.  4 

Cardeira [81] was one of the early proposers of employing smart contracts to solve construction sector 5 

payments, which came shortly after the establishment of Ethereum, the first DLT that enabled decentralised 6 

applications via smart contracts. Scholars proposed the use of smart contracts to speed up payments and reduce 7 

transaction fees [90] or to reduce the amount of administration required [49]. Smart contract-automated 8 

payments are discussed generally in many papers (e.g. [3,91]) with others extending the concept. Wang et al. 9 

[92] add procurement to automated payments while Luo et al. [89] add that payments by smart contracts 10 

support formalisation of construction contracts. Abrishami and Elghaish [80] offer a framework to link payments 11 

to 4D BIM and 5D BIM, which triggers payments upon milestones being achieved. Ye and König’s [93] framework 12 

automates billing based on 5D BIM data and integration of blockchain with a CDE to ensure an immutable track 13 

record of project activity but negates the need to store masses of data on the blockchain directly. In addition, 14 

they use information models for quantity take-off (QTO) and to produce bill of quantities (BoQ), which are linked 15 

to smart contracts for payment. In a subsequent paper, Ye et al. [94] demonstrate a conceptualised billing model 16 

made up of an information model, BoQ and QTO processed by a smart contract to automate contract, invoice 17 

and billing management. Several studies by Hamledari and Fischer [95–97] focus on the exploration of 18 

Ethereum-based smart contracts to automate payments by disintermediating the payment supply chain. Reality 19 

capture technologies integrate with the smart contracts to attest to payments for two onsite construction 20 

projects. The proposed model does not require payment applications from the contractors, it is triggered by the 21 

reality capture technology and shows 95% accuracy for reality capture and 100% accuracy for payment 22 

processing. The authors consider the integration of crypto assets based on blockchain to facilitate supply chain 23 

payments in place of fiat currencies based on higher granularities of cash and product flows. Simulated 24 

experiments conducted on real-world project data validated the thesis presented. Finally, they conducted 25 

comparative analysis on the ability of blockchain and smart contracts to increase visibility of the construction 26 

supply chain with regards payments. The study measured different levels of granularity for information retrieval 27 

and found blockchain and smart contracts to increase information completeness and information accuracy, 28 

whilst a third metric, information latency saw no increase.  It was shown that conventional systems have 45% 29 

less accuracy than blockchain and smart contract systems. The papers demonstrate that scalability of the 30 

Ethereum blockchain is not a barrier for construction projects. Ahmadisheykhsarmast and Sonmez [87] simulate 31 

a smart contract-based progress payment process using real construction project data, validated by interviews 32 

with eight participants. And Ahmadisheykhsarmast et al. [98] simulate automated retention payments where 33 

the smart contract is coded with payment conditions and embedded with contract funds. Data are captured via 34 

a Microsoft Project plug-in and payment is made based on those data.  35 

To address the challenge of payment structures through the main contractor, Mason [99] discusses the use of 36 

smart contracts to facilitate direct contracts and payments to the supply chain. However, this does not negate 37 

the requirement for main contractors to manage performance. Along this line of thought, smart contracts can 38 

be coded to make immediate payments for contractors as soon as work is complete [11] and interim payments 39 

can be triggered by big data or IoT devices that verify completion of work [100]. Different systems (DLT, IoT, 40 

smart contracts, BIM technologies) are integrated to create one ecosystem that can provide security of payment 41 

[82]. Data from oracles [37] or proof-of-work [49] allow smart contracts to monitor project performance and 42 

facilitate payments as and when tasks are completed, termed the inch-stone approach by Mason [99]. These 43 

approaches improve cash flow [55] allowing contractors and suppliers the ability to plan activities knowing they 44 

have the ability to fund them.  Das et al. [101] propose a blockchain-based framework to execute and record 45 

semi-automatic interim payments with a high degree of immutability.  The framework 1) facilitates selectively 46 

transparent sharing of payment related information at the project level; 2) automates conditions of interim 47 
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payments via smart contracts; and 3) facilitates data confidentiality between contracting parties through 1 

cryptographic key management system. 2 

In the context of supply chain management, automating payments in direct connection with delivery of goods 3 

and services, provided by proof with IoT sensors, can create a more reliable supply chain [49,84,102]. This can 4 

be extended to include tracking of construction phase activities [103] and for payments in integrated project 5 

delivery (IPD) projects [104].  6 

Additional use of smart contracts in payments include funding management (e.g. crowdfunding, 7 

cryptocurrencies, transparency of spending budgets as a result of immutable recording) [48], and facilitation of 8 

cross-border transactions for international construction projects reducing risk of currency fluctuations [90]. 9 

5.3 Procurement 10 

Procurement is a central facet of construction as it is the point at which any and all contracts are created for a 11 

construction project.  12 

The applications discussed to improve procurement practices tend to be built around the use of smart contracts 13 

to automate activities. Maciel [105] offers computational legal contracts integrated with smart contracts to 14 

affect procurement. Kinnaird and Geipel [11] propose that digital contracts, hashed, signed and timestamped 15 

on a blockchain will reduce the need to, for example, wait for confirmations via email. Barima’s [90] propositions 16 

include automated triggering of the tender process based on monitored or estimated stock levels and 17 

automated payment upon procurement objectives being met. An extended application is suggested by Li et al. 18 

[14] of automated procurement to manage maintenance and repairs of built assets through integration of a 19 

DAO, e-Marketplace, computer-aided facilities management (CAFM) system, a National Product Database (NPD) 20 

to ensure compliance with regulations, and a Construction Certification Organisation (COO) to ensure 21 

competence of those completing the work. Wang et al. [92] discuss automated equipment leasing at the 22 

operation phase. The framework by Pattini et al. [106] addresses transparency in procurement where smart 23 

contracts facilitate the tender phase through sharing of tender documentation based on the client's evaluation 24 

criteria. O’Reilly and Mathews [107] consider new methods of procurement to incentivise better than net-zero-25 

energy buildings. Perera et al. [108] discuss the ability of e-procurement integrated with blockchain to mitigate 26 

human error, reduce disputes, save costs, and provide an efficient and effective process.  McMeel and Sims 27 

[109] offer smart contracts as a way to simplify, streamline and clarify the management of procurement 28 

processes. Gunasekara et al. [110] conducted a survey on the ability of blockchain and smart contracts to 29 

facilitate e-procurement for facilities management where they support communication, data exchange, 30 

approvals, speed up processes, and clarify roles.  A framework is offered that demonstrates how application of 31 

blockchain and smart contracts can affect procurement at the pre-tendering, tendering and post award phases.   32 

5.4 Supply Chain Management (SCM) 33 

Supply chain management (SCM) in construction concerns the relationships between suppliers and contractors 34 

for good, services and resources that help to ensure a project is delivered on time and to budget.  35 

Several authors purport DLT and smart contracts to increase traceability and transparency of supply chain 36 

activities [43,48,111]. DLT-based construction supply chains are discussed in terms of efficient tracking of 37 

provenance and movement of products through the supply chain using sensors resulting in automated 38 

payments upon reaching the construction site [43]. Smart contracts used in supply chain management (SCM) 39 

and material tracing allow direct purchasing between the source and end user and sequential and proportionate 40 

payments [49]. Blockchain is integrated into the Swedish construction supply chain to simplify and integrate 41 

economic, information and material flows to speed up processes and combat delivery failures, delays, withheld 42 

payments, imprecise data retrievals and data transfers [112]. A simulation by Wang et al. [113] demonstrated 43 
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significant cost reductions in the order and delivery of precast components as a result of automation and 1 

improved information sharing facilitated by smart contracts. Taking a more holistic view, Hijazi et al. (2019) 2 

propose the integration of blockchain with BIM to solve the issues of trust in construction supply chains along 3 

with linking supply chain data to information models for use throughout the asset lifecycle, improving the 4 

facilities management function of a building. Consideration is given by Shahrayini et al. [114] as to how 5 

blockchain can integrate with BIM to enhance project management and how it can integrate with IoT to enhance 6 

efficiency of sustainable supply chain management. Norta et al., [115] propose a decentralised platform for 7 

supply chain and project management to enhance information flows and cost and time reductions for better 8 

quality services. Other tasks that can be impacted by DLT and smart contracts include: logging of shipping 9 

documentation including approvals on blockchain, increased security of certifications, fraud detection, 10 

provenance tracking [35,116], material production data (e.g. extraction, processing) [117], and reputation 11 

scores about participants [43]. From a sustainability perspective, Rodrigo et al., [118] discuss blockchain-based 12 

embodied carbon estimating in construction supply chains. Maciel [105] adds that live tracking via IoT devices 13 

can support the circular economy. With regards security of construction supply chains, Shemov et al.’s [29] 14 

framework focuses on the prevention of possible attacks during supply chain activities and Xiong et al.’s [119] 15 

framework secures private keys for construction supply chain participants. Researching trust, Qian and 16 

Papadonikolaki [120] find that integration of blockchain into construction supply chains can improve system-17 

based and cognitive-based trust through increased transparency, decentralisation and applications. Smart 18 

contracts, through their self-enforcing nature, will reduce the need for trust as uncertainty is reduced.  19 

Three scenarios to improve information management in construction supply chains are discussed by Pishdad-20 

Bozorgi et al. [121]: a blockchain-based information sharing platform to create a decentralised environment for 21 

P2P transactions and removal of third parties; transparency of blockchain encourages participants to behave 22 

honestly combatting counterfeiting, fraudulence, and sub-standard materials; and mitigation of the Bullwhip 23 

Effect—a downstream demand shock—where increased sharing though blockchain reduces the need for 24 

stakeholders to conduct their own material forecasts as a result of decreased information asymmetry.  25 

Greenwald [122] reports on a real-world application by Intelliwave Technologies – SiteSense – that tracks and 26 

records activity on equipment, workforce and materials through the integration of blockchain with RFID, global 27 

positioning systems (GPS), barcodes, drones and augmented reality.  28 

Tezel et al. [123] present three cases for blockchain in construction sector applications, namely, project bank 29 

accounts, reverse-auction tendering, and asset tokenisation. They find viability in each of the cases through 30 

engagement with academics and industry practitioners and through prototyping and validation activities.  31 

Several opportunities (e.g. reduced disputes, streamlined transactions, transparency) and challenges (e.g. 32 

regulatory and judiciary challenges, need for more use cases, need to align standard and bespoke contracts) are 33 

offered. Nanayakkara et al. [124] identify the key issues prevalent in construction supply chains and offer 34 

potential areas where blockchain can provide solutions to payment issues based on a questionnaire and forum 35 

discussions with industry practitioners and academics.  These areas include addressing issues with partial 36 

payments, delays, non-payment, cost of finance, long payment cycle, retention, and security of payment.  37 

5.5 Regulations and compliance  38 

This section concerns the compliance with regulations, orders, warrants, specifications, rules, standards, terms, 39 

conditions or requests.  40 

Shojaei [49] discusses the automation of compliance and evaluation of compliance while Tagliabue et al., [103] 41 

integrate compliance verification with a BIM information model connected to blockchain. Interview participants 42 

in Li and Kassem [125] suggest using BIM and DLT to bolster compliance with regulations giving the effect of 43 

someone looking over your shoulder. In Li et al. [14], compliance is built into their suggested ecosystem through 44 

establishment of a National Product Database (NPD) that holds information about building products and 45 
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components including standards and regulations with which they must comply. The system utilises push-pull 1 

notifications that ensure facilities managers are always aware of changes to standards and integrates with 2 

maintenance schedules. Nawari and Ravindran [40] discuss potential applications of blockchain integration with 3 

BIM to increase collaboration, make data ownership more transparent, and adopt cybersecurity and automated 4 

code compliance checking. They offer a conceptual framework to reduce the time taken to issue permits 5 

following disaster by using blockchain and smart contracts to speed up administrative processes. Nawari [126] 6 

uses Hyperledger Fabric (HLF) for a BIM workflow demonstrated through employing an automated code 7 

compliance checking system. Model data and building code rules are stored on the network, and chaincode (the 8 

term used by HLF for smart contracts) is used as the model checker service and building permit issuer.  9 

5.6 Contract management and delivery  10 

This theme relates to the contracted supply of goods and services for the delivery of a built asset. It has been 11 

separated into contract management across all phases of delivery (design, physical construction and operation) 12 

as well as business models that support delivery.  13 

5.6.1 Contract management 14 

Construction contracts are complex; many activities are administrative, repetitive and add no financial value to 15 

clients. DLT and smart contracts can assist in the delivery of tasks to reduce time, money and effort spent on 16 

these non-value adding activities [127]. Penzes [35] highlights some of these administrative duties to include 17 

submissions, recording interactions, approvals, quality control, document control, performance updates, and 18 

compliance and risk management (e.g. automated logging of hours worked during design or hours spent onsite 19 

by workers are required for payments but the act of logging the hours does not create value for the project). In 20 

addition to reducing administration, automation through smart contracts can reduce human error [34]. 21 

At any stage of contract delivery, tracking of who did, what, when on a distributed ledger can be very powerful 22 

[125] such as recording and managing modifications to an information model [48] adding a layer of transparency 23 

and accountability to projects. Smart contracts can be used in land transfer and ownership [34], to measure 24 

contract performance [125] or to support quality acceptance in construction projects [128] where logging of 25 

transactions between stakeholders is automated for internal administrative purposes [4] as well as globally to 26 

the project team. The introduction of DLT, blockchain and smart contracts allows for better balancing of risk and 27 

contract delivery [129] through controlling contract governance and, where possible, automation of manual 28 

processes [49].  Li et al. [130] developed an Intelligent platform based on inclusive technologies incorporating 29 

cyber-physical systems, IoT, BIM and blockchain for smart product-service systems innovation in prefabricated 30 

housing construction. Data from a real-world project were used to demonstrate the effectiveness of the 31 

platform that offers the following services: project management, information model management, production 32 

management, transportation management, on-site assembly management, and knowledge management. This 33 

platform delivers several benefits: sustainability enhancement as a result of integration of the platform with the 34 

prefabricated housing construction supply chain that supports information sharing throughout the lifecycle; lean 35 

construction through blockchain utilisation that supports traceability of prefabricated components, and uses 36 

smart contracts for classification authority and security assurance; with real-time feedback and access to data, 37 

costs can be visualised across the project to support decision making and identify delays, labour shortages and 38 

incorrect installations.  Li et al. [131] integrate blockchain into a BIM project with big data and artificial 39 

intelligence to guarantee completeness and accuracy of data. Testing of the proposed integration is done based 40 

on data from the construction of a university in Guangdong Province in China and demonstrates the ability to 41 

forecast material prices, perform cost analyses, define accountability of contractual terms, provide reliable 42 

evidence of activity for stakeholders and coordinate the project schedule.   43 

In section 2, the distinction between smart contracts and intelligent contracts was made where smart contracts 44 

are a facilitator that works in tandem with DLT to support the myriad applications for the construction sector. 45 
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Intelligent contracts are one of those applications whose main aim is to digitalise and administer a traditional 1 

construction contract. While only a small number of scholars refer to intelligent contracts specifically, for 2 

example, Mason [100] and McNamara and Sepasgozar [132], a significant number of scholars discuss the 3 

potential for DLT and smart contracts to either replace or deliver elements of a traditional contract. McNamara 4 

and Sepasgozar [132–134] provide the most comprehensive research to the application of intelligent contracts, 5 

which they term the iContract, that will sit at the centre of the construction process [135]. Due to their intuitive 6 

and sophisticated nature, the functionality of the iContract includes: real-time response to changing situations 7 

(e.g. on construction sites); optimised contract formulation and negotiation; contract administration and 8 

efficiency; improved communication, collaboration and trust; supply chain efficiency; real-time scenario 9 

analysis; performance analysis and forecasting; increased traceability and accountability; stability of the 10 

payment process; and reduced disputes. This view is supported by Maciel who sees intelligent contracts “as a 11 

logical extension to BIM whereby the contractual performance itself becomes automated” [105] and Mason 12 

[100] who describes them as contracts that seek to manage themselves. iContracts could also drive procurement 13 

efficiency through digitalisation of the process and aid in disintermediation seen through a highly fragmented 14 

supply chain. iContracts can facilitate direct payments throughout the supply chain and move toward ‘inch-15 

stone’ payments and away from ‘milestone’ payments as proposed by Mason [99]. However, they struggle with 16 

the flexibility and judgement that traditional contracts allow, which suggests semi-automation that allows for 17 

human input is a suitable option in today’s environment. Mason [100] claims the minimum for intelligent 18 

contracts to be realised is: so-called ‘BIM Level 3’, blockchain-based cryptocurrencies, IoT/big data, appropriate 19 

payment mechanisms and liability arrangements. Morvai [136] proposes a new contractual structure for projects 20 

based on integrated project delivery—Block-Build—that purports to: decentralise responsibility, reduce costs, 21 

reduce waste, enable early knowledge of firm costs, increase quality, and reduce administrative burden. 22 

Introduction of a reputation-based system coupled with tokenisation to reward intrinsic value to project 23 

participants [2] provides another avenue for improving contract management. A reputation-based system could 24 

be perceived as a carrot or a stick, depending on the reputation of the subject. There is potential that such a 25 

system could devolve into something resembling TripAdvisor that is uncontrolled and therefore provides 26 

competitors the opportunity to behave maliciously rather than truthfully. But, if implemented properly, 27 

reputation could be effective in driving the sector toward increased efficiency, productivity and quality. Ahmad 28 

and El-Sayegh [137] discuss how blockchain can help increase productivity in construction with a specific focus 29 

on the United Arab Emirates. 30 

A token economy is introduced by McMeel and Sims [109] for trading of construction waste based on financial 31 

incentives to manage and reuse construction waste. It does this by giving a value to waste that current has none 32 

in today’s environment and trading on TTTcoin to allow manufacturers to repurpose waste.  Pellegrini et al. [138] 33 

use blockchain and smart contracts to increase the amount of data stored about the materials in a built asset 34 

across its lifecycle to reduce construction waste by supporting circular economy principles and designing in reuse 35 

and recycle strategies in BIM projects from the outset. 36 

5.6.2 Design 37 

Many applications related to the design phase of construction projects focus on the exchange of information 38 

between participants. Srećković et al. [139] discuss the use of smart contracts to facilitate design approvals 39 

between the architect and the structural engineer based on analysis and process modelling of a BIM workflow. 40 

Di Giuda et al. [140] present a framework incorporating BIM, DLT and payments for the design phase of 41 

construction projects where DLT offers a guarantee that data is reliable and decentralises the CDE. Upon 42 

validation and verification at the review process of work complete, payments are released provided obligations 43 

have been met. Lemeš and Lemeš [141] and Singh and Ashuri [60] propose the use of blockchain to create hashes 44 

of model changes and storing them on the ledger offering data integrity and traceability. Liu et al. [71] apply 45 

BIM and blockchain to sustainable design and smart contract-enabled BIM processes to address BIM 46 
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implementation risks, IP and cybersecurity, individual levels of responsibility, and a new form of contract 1 

regarding BIM responsibilities, limitations and liabilities. The authors extend concept to a smart city context 2 

[142].  Lokshina et al. [143] consider the integration of BIM, IoT and blockchain technologies in the system design 3 

of a smart building and as complementary developments that can work together enabling secure storage and 4 

management of data and information related to the building operation and improving IoT services. Pattini et al. 5 

[106] propose smart contracts to facilitate payments during design in line with the contract schedule and 6 

integrated with information models. 7 

Specific to architectural design, Dounas and Lombardi [37] simulate designing an apartment layout where 8 

blockchain is used to obtain consensus from participants through a decentralised application (DApp) where 9 

voting rights are based on tokens and reputation. They further this concept in a later paper proposing to 10 

automate architectural design using shape grammars and DAOs to promote collaboration, decision-making and 11 

distribution [31] which is validated in [144]; and design optimisation facilitated by smart contracts and 12 

distributed storage on an InterPlanetary File System [38]. Consensus is via a stake mechanism that assigns tokens 13 

to participants based on expertise and reputation, which provides the process with transparency and resilience. 14 

All proofs-of-concept utilise Ethereum as the DLT. Finally, the idea of a decentralised BIM or dBIM that 15 

conceptualises a decentralised design team uses incentivisation each time a team member creates a file and 16 

subsequently edits the file, built on top of a shared infrastructure for CDEs [145]. Interoperability between digital 17 

tools and the ability to scale the system is demonstrated in [146]. 18 

5.6.3 Physical construction 19 

During the physical construction of built assets,  applications could utilise smart contracts to automate or semi-20 

automate activities such as administration of the installation of products during construction resulting in 21 

automated payment [147]; the installation of microchips during production that are tracked on a blockchain and 22 

linked directly to the information model allowing physical products to be linked with their digital counterpart 23 

saving time from underproduction and waste from overproduction [11]; and the logging of transactions for the 24 

installation of a series of offsite-manufactured building components where the recorded data can later be used 25 

for communication or automatic payments [148]. Li et al. [149] developed a Two-layer Adaptive Blockchain-26 

based Supervision (TABS) model for supervision of off-site modular housing production (OMHP) to address 27 

problems the COVID-19 pandemic highlighted with regards travel restrictions. The prototype built on 28 

Hyperledger Fabric demonstrated the ability to maintain privacy of business data via sidechains whilst still 29 

sharing transaction data relevant to the project. From an environmental perspective, Woo et al. [150] propose 30 

the transformation of carbon credit documentation into smart contracts for semi-automated credit acquisition 31 

that supports constructors in meeting environmental obligations. 32 

BIM, DLT and smart contract integration is discussed as having the power to reduce the incidence of onsite 33 

variations [125] through the monitoring of workflows and controlling development of the supply chain using 34 

pre-coded smart contracts to execute based on milestones/deadline deliveries [106]. IoT devices such as 35 

radiofrequency identification (RFID) for real-time monitoring can provide better site management practices and 36 

an increase in efficiency [49]. In a similar way, such devices can also facilitate automated access to site [35]. 37 

To make sites safer, a framework for blockchain-based verification of adequate scaffolding is proposed to 38 

eliminate the need for onsite inspections [151]. The framework incorporates image recognition technology (IRT) 39 

and blockchain secures the data. Park et al. [152] propose a framework for integrating IRT with image matching, 40 

IoT sensors and blockchain to secure and verify data in the automation of quality control events, activities and 41 

tasks current undertaken by humans. Calvetti et al. [153] devised a framework incorporating blockchain and 42 

smart contracts that addresses the General Data Protection Regulation (GDPR) with regards workforce 43 

performance monitoring onsite.  Kochovski and Stankovski [21] present the results of a Horizon 2020 project 44 

that brought together IoT, AI, smart contracts and blockchain to a physical construction site converting it from 45 

a traditional to a smart site – DECENTER is a fog computing and brokerage platform. This allows the site to 46 
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maintain quality of service, increase health and safety on site, and secure data.  Response times were 1 

significantly improved with regards anomaly detection; it was shown costs can be reduced; improved access to 2 

AI models and methods was demonstrated; and increased privacy in an industrial setting was achieved through 3 

the implementation of smart contracts. This is the only study that appears to demonstrate real-world application 4 

of blockchain and smart contracts. Blumberg [154] presents a framework to support installation of off-site 5 

manufactured components with approvals facilitated by smart contracts. In addition, insights are offered on the 6 

adoption of innovative technologies and the role of blockchains and financial services in the built environment.   7 

5.6.4 Operation 8 

At the operation phase of the asset lifecycle, facilities management including maintenance and repairs take 9 

place. As previously highlighted, application of BIM at the operation phase is uncommon. DLT and smart 10 

contracts can help make it more widespread. Smart contracts, linked to information models, can be coded to 11 

schedule routine or reactive maintenance and repairs [14,78,155], to facilitate automated part replacement 12 

purchasing [33], to monitor and manage building performance [156], and to update the blockchain ledger and 13 

information models [106]. Zuberi [157] offered a simplified proof-of-concept on issue management in facilities 14 

management.  The facility is represented by a BIM element reference library, which is linked to issues raised by 15 

users.  Smart contracts facilitate the resolution of issues based on predefined roles and conditions.  16 

The linking of data to different phases of the lifecycle results in provenance data to increase transparency and 17 

traceability in operations and maintenance [92]. Data quality and security is achieved as a result of integrating 18 

blockchain into the building management system of a smart museum to control access to a building, allow 19 

information updates and block unauthorised access to information regarding building operations [158]. 20 

Blockchain secures the data layer for an IoT-equipped university campus where its peer-to-peer nature 21 

guarantees security of the IoT network [159]. Automated access throughout a building is also discussed by Bindra 22 

et al. [160] based on pre-defined access rights and monitored by sensors and actuators. In O’Reilly and Mathews 23 

[107], IoT sensors connected to a BIM-based building to monitor energy performance and enable sale of excess 24 

energy produced to achieve better than net zero energy buildings (NZEB). Real-time data collection and response 25 

in CognitiveBIM ensure the safety and comfort of occupants in Tagliabue et al. [103]. Raslan et al. [161] explore 26 

the concept of integrating asset information models, BIM and a private blockchain to support visualisation and 27 

decision-making for stakeholders in a project. 28 

5.6.5 Business models 29 

DLT-based business models are discussed in terms of decentralised applications (DApps) and decentralised 30 

autonomous organisations (DAO). The two are very similar but the main difference is the autonomous element 31 

of a DAO that does not require human interaction. A DAO can be a DApp but a DApp is not always a DAO. The 32 

key feature of a DApp is that there are no intermediaries removing any possible censorship outside of the rules 33 

in the code [4]. Srećković and Windsperger [13] believe that DAOs can support BIM workflows through increased 34 

transparency, faster planning and simplified communications through the addition of real-time insights at the 35 

planning phase. An example of a DApp offered by Dounas and Lombardi [37], triggers a payment when a digital 36 

CAD asset is used in a decentralised architectural office, or a decentralised marketplace that provides objective 37 

data on prospective employees and contractors without providing personal data [11]. An example of a DAO is 38 

offered by Ye et al. [34] and Li et al. [14] in the context of automated facilities management that aims to reduce 39 

costs, improve health and safety, monitor building performance, provide reactive and scheduled maintenance 40 

etc. However, in reality, the proposed DAOs are sufficiently different from DApps as they allow for the 41 

interaction of humans where technology is not sufficiently advanced to replace an individual, for example, to 42 

verify if a work package has been completed ‘satisfactorily’. Once artificial intelligence is sufficiently developed 43 

to adequately replicate reasoning and learning elements of human intelligence, such systems could be 44 

considered truly autonomous. Blockchain is proposed for IPD governance and organisational structures by 45 
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Hunhevicz et al. [162] to digitise processes and for incentive mechanisms. This supports migration to an 1 

automated and transparent system for IPD processes.  2 

5.7 Disputes and dispute resolution 3 

Disputes relate to disagreements between contracting parties.  Dispute resolution refers to how that dispute is 4 

resolved. 5 

The concept of a digital record, although not so called, is discussed as being able to reduce the number of 6 

disputes raised through immutable data [49,90]. Such record keeping can also support auditing [90]. 7 

Implementation of smart contracts can support a reduction in disputes through clearer contract terms 8 

[125,163]. In the context of India, Jagannathan and Prasad [83] do not propose to change the current process 9 

of dispute resolution, however, they implement smart contracts to solve cash flow problems for contractors 10 

where 75% of the payment claim is made upon submission of the dispute with the remaining 25% being paid 11 

based on the outcome of the dispute. Upon resolution of the dispute, if the claimant is successful, they will 12 

receive the remaining payment due to them. If the claimant is not successful, they will be required to return any 13 

of the 75% already paid based on the outcome of the dispute. De La Peña and Papadonikolaki [45] contextualise 14 

a blockchain-secured IoT system as a tool to identify the point of failure in damaged materials arriving on site. 15 

The point of damage can be traced back through the chain of data allowing specific allocation of responsibility 16 

and liability. The example provided indicated a point in the supply chain where humidity levels were above the 17 

allowable limit which caused the damage.  18 

5.8 Technological systems 19 

This theme concerns the new and existing technological systems in the construction sector and impact 20 

introduction of DLT and smart contracts will have on these systems.  21 

DLT offers a layer or security to technology integration through connected systems [69], particularly with regards 22 

IoT [34]. Heiskanen [30] believes combining DLT with IoT will create better construction and built environments. 23 

IoT sensors are attached to a prototype building and connected to smart contracts to collect data about its 24 

condition in Tagliabue et al. [103]. This paper demonstrates how a wider project, in this case, a cognitive building 25 

that responds to occupants, integrates elements of blockchain and smart contracts to support the wider solution 26 

where these technologies are not the main part of the solution. Aleksandrova et al. [47] look at blockchain as 27 

part of a wider digital ecosystem built around BIM believing that BIM is the root of bringing all additional 28 

technologies together to reduce fragmentation, integrate project participants and reduce project costs.  29 

Cardeira [164] discusses blockchain and smart contracts’ ability to support interoperability of software and 30 

states that smart contracts could use BIM as an oracle to automate contractual agreements. They propose to 31 

use BIM data in XML format to achieve interoperability with blockchain and smart contract technologies to 32 

deliver a technological system that provides benefits of lower administration costs, transparency, accuracy, 33 

speed and real-time data. Lemeš and Lemeš [141] demonstrate how data is secured on blockchain in a BIM 34 

environment. Kinnaird and Geipel [11] state that blockchain adds security, liability, transferability, and live data 35 

to BIM discussing different aspects of BIM that can be improved by blockchain integration.  36 

6 Discussion 37 

The need for the construction industry to keep pace with new technologies and processes that can address its 38 

key challenges is more important now than ever before. The research questions that underpin this study 39 

concern: the identification of the state-of-the-art of research and development of applications for DLT and smart 40 

contracts in the design, construction, and operation of built assets (RQ1); classification and analysis of emerging 41 

applications of DLT and smart contracts in the construction sector and understanding of their distribution across 42 
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the research and development readiness spectrum (RQ2); and analysis of identified applications through the lens 1 

of a socio-technical perspective (RQ3).  2 

The descriptive analysis of the systematic review results and the evaluation of eight application themes 3 

identified through thematic analysis answer RQ1 and RQ2. The eight distinct application themes identified (e.g. 4 

information management, payments, procurement, supply chain management, regulations and compliance, 5 

construction management and delivery, dispute resolution, and technological systems) provide the first 6 

taxonomy/classification of DLT and smart contracts applications in construction at this granularity level. This 7 

provides evidence that the applications and benefits of DLT and smart contracts can cover the entire lifecycle of 8 

built assets. The application themes of information management and contract management and delivery have 9 

received the most attention to date. However, these themes are broad and therefore this is not unexpected.  In 10 

addition, the shift of focus on BIM toward a methodology for managing information in the ISO 19650 standard 11 

[8] and our approach to BIM in this paper (i.e. inherent across all themes as opposed to warranting an individual 12 

theme) has contributed to this classification. The level of intersectionality of DLT and smart contracts across 13 

application themes is clear from the body of literature. While applications can be specific to one individual 14 

theme, for example, automated payments via smart contracts, in reality it has strong links to other applications 15 

such as electronic procurement, contract management, supply chain logistics and so on. The research shows 16 

that, in combination with several new and existing technological systems (e.g. IoT, BIM technologies, AI), this 17 

intersectionality is possible through smart contracts coded to transition across and through applications to 18 

ensure a joined-up ecosystem for delivering construction projects from cradle to cradle.  19 

Six years on from the first paper published in 2015, not only has the number of DLT and smart contract 20 

construction-specific studies significantly increased but research has also started to develop proofs-of-concept 21 

and test them in simulated environments. Twenty-seven proof-of-concept studies and 20 case studies identified 22 

by this systematic review from a body of 153 sources (up from just 11 sources in February 2019) show that such 23 

studies are rapidly emerging. This is promising as this is an indication of the growing interest in and the potential 24 

for DLT and smart contracts in construction. It also suggests the next stage of research is expected to start 25 

uncovering the actual benefits of DLT and smart contracts through investments into technological systems and 26 

testing in real-world pilot studies. This is further supported by a consensus among researchers that DLT and 27 

smart contracts can have positive effects on construction sector practices in the coming years. Maciel [76] lists 28 

the benefits of BIM and DLT integration as: increased transparency and trust, and reduced corruption, 29 

inefficiencies and contractual disputes. Dounas et al. [106] attribute the benefits of DLT to collaboration as a 30 

result of enhanced trust that is achieved from trusted data entry, reliable data flows, explicitly assigning 31 

responsibilities and transparent tool interoperability. Mason [15] proposes that smart contracts could disrupt 32 

construction where myriad smart contracts allow inch-stone progress, a move away from the milestone 33 

structure in place today. Xue and Lu [82] are of the opinion that integration of BIM and blockchain is inevitable 34 

and time should not be spent on if but how that integration should be operationalised. However, until real-world 35 

applications prove the anticipated benefits, claims that DLT and smart contracts can advance the construction 36 

sector are hyperbole; particularly where claims are based on perpetuation of the same concepts through 37 

different mediums without checking back to the source [53]. The optimistic picture provided by current 38 

attention could lead to disappointment over what the technology can actually do in practice [32].  39 

The importance of this taxonomy/classification of application themes for DLT and smart contracts in 40 

construction stems from the fact that it connects to themes that are familiar to domain researchers within the 41 

construction management and construction informatics literature. It extends over the whole lifecycle of built 42 

assets which is an indication of the breadth of DLT and smart contracts applications in the construction sector. 43 

Taken together, the findings (i.e. breadth of applications identified, the emergence of proofs-of-concept and 44 

their testing in case studies, early consensus around the potential benefits, intersectionality of the themes 45 

identified, and the complementarity of DLT and smart contracts with existing technological systems in 46 

construction) provide the premise that this research field will grow significantly over the coming years. In this 47 
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growing field, the proposed classification/taxonomy of application themes for DLT and smart contracts in 1 

construction together with the proposed mapping of existing studies according to their type (i.e. insight, 2 

literature review, framework, proof-of-concept, case study, etc.) provide a targeted access to information about 3 

each of the application themes identified and a starting point of departure to expand research in this domain.  4 

6.1 Socio-technical evaluation 5 

This section addresses the third research question by analysing the identified DLT and smart contracts studies 6 

through the lens of a socio-technical perspective. To this end, a socio-technical model named ‘DLT Four-7 

Dimensional Model’, published in [3], is used. The DLT Four-Dimensional Model is part of an extended socio-8 

technical framework for implementation of DLT in construction [8]. It encompasses four dimensions: technology, 9 

process, policy and society. Technology includes implementation of DLT and smart contracts across software, 10 

hardware, networks and other infrastructure required for its function; process concerns the practicalities of how 11 

the sector’s organisations and individuals within it will embrace and use DLT and smart contracts; policy 12 

encompasses regulations, laws, policies, standards and compliance within the environment in which DLT and 13 

smart contracts will operate; society focuses on the impact of the technologies and their integration with the 14 

real world that represents the social system where benefits will be realised. The socio-technical framework takes 15 

the view that technological systems are not used in a vacuum and, to ensure success of a new system, the whole 16 

ecosystem needs to adapt to ensure the benefits can be realised. 17 

From the technology perspective, there are several challenges to the adoption of the identified DLT and 18 

blockchain applications. First, designing a built asset with typical life of 50+ years with today’s technology could 19 

result in information technology (IT) redundancies even before completion of the asset [156]. Attention should 20 

be given to these interactions between the service life of a built asset and the planned obsolescence of 21 

technological systems. For example, elements of technological systems such as modular control panels can be 22 

replaced as technology evolves but upgrading sensors in cavity walls may not be practical. Second, before DLT 23 

and BIM can be integrated, consideration needs to be given to the level of support and regulation required by 24 

adopters during the digital transition and to the efficient execution of smart contracts due to the unpredictable 25 

nature of construction contracts [32]. This challenge is linked to technology, process and policy dimensions 26 

demonstrating the need to consider the technological systems in relation to all four dimensions. Third, at this 27 

early stage in smart contracts, coding them to deliver elements of construction contracts (whether to automate 28 

activities or to be legally binding constructs) requires rigorous testing to ensure they are right first time upon 29 

deployment. With the complexity of construction contracts, it is inevitable that there will be some cases that do 30 

not achieve right first time, but every effort should be taken to minimise those incidences. Consider, for example, 31 

The DAO™ that in 2016 saw approximately $50 million of its crowdsourced $150 million redirected to a hackers 32 

account who had identified flaws in the smart contract code [165]. Such losses are not affordable in the 33 

construction sector with its financial fragility and tight profit margins but, more importantly, the reputational 34 

loss to DLT and smart contracts could cause their adoption failure. The security considerations for smart 35 

contracts to ensure safeguarding against risks, threats and vulnerabilities in the code include confidentiality, 36 

integrity, non-repudiation and authentication and authorisation [166]. Brydon Wang suggests smart contracts 37 

for construction will require lawyers that have a comprehensive understanding of construction sector challenges 38 

as well as an intimate knowledge of “the singular operative approach allowed by the final form of the code” 39 

[91]. The current restriction to binary logic (e.g. yes/no) is a limitation but with future technological 40 

advancements trinary logic (e.g. yes/no/maybe) could be seen [91]. The pace of technological advancement 41 

generally poses a challenge of creating smart contracts for longevity that rely on external sources outside of an 42 

immutable DLT environment [100]. This technology challenge also spans process due to the potential impact 43 

errors in coding could have on operation of the organisation, and policy in terms of the regulatory environment 44 

required to support financial transactions. The current instantiations of blockchain technologies are not 45 

designed to manage large volumes of data [66] such as that required in management of BIM data [58]. Hybrid 46 
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solutions of off- and on-chain storage and private and public ledgers could be investigated to address this 1 

limitation. While private blockchains offer solutions to some aspects of construction projects (e.g. confidentiality 2 

of data; scalability and throughput given the smaller network of participants in contrast to a public network), 3 

they are also open to malicious actors given the smaller network and, therefore, increased risk of gaining control 4 

over it leading to security risks. Blockchain cannot yet satisfy the three requirements for the ‘perfect system’ of 5 

security, privacy and decentralisation [66]. While DLT provides a level of security to the IoT data during 6 

processing and transmission, there is the potential for the device(s) to be tampered with and, therefore, provide 7 

erroneous data leading to ill-informed decisions [35]. This is referred to as ‘The Oracle Problem’ [15]. 8 

The pros of smart contracts include their ability to add a level of certainty to the delivery of construction 9 

contracts through cutting “across gamesmanship by contracting parties to ensure that obligations are met” [91]. 10 

They remove ambiguity and execute based on conditions pre-agreed by the parties without deviation [55]. They 11 

are persistent which means once executed they are very difficult to change or revoke unless majority agreement 12 

from the network is obtained [91]. This is good only where there are no mistakes in the code as a result of human 13 

error; robust testing and verification are required to mitigate this [69]. Mason’s [167] in-depth view of smart 14 

contracts are considered alongside the features of smart contracts and some possible challenges the sector faces 15 

such as addressing waste and inefficiencies, offering transparent and auditable transactions, and resulting in 16 

time, cost and resource savings. Contract drafting and better planning and delivery with the addition of machine 17 

learning could substantially improve construction sector practices. These pros are relevant alongside Mason’s 18 

[167] point that although collaboration has been the focus of increasing productivity, it alone has proved 19 

insufficient to effect real change.  Smart contracts and other technologies could be the missing piece of the 20 

productivity puzzle. 21 

The cons on the other hand, highlight a point of contention with regards smart contracts as to whether they do 22 

or do not represent legally binding contracts. A smart contract does not purport to be a legally binding contract; 23 

however, its name causes such confusion. In November 2019, a Legal Statement on cryptoassets and smart 24 

contracts was released by the United Kingdom (UK) Jurisdiction Taskforce which dictates that a cryptoasset be 25 

treated as property.  With regards smart contracts, the statement states: “There is a contract in English law 26 

when two or more parties have reached an agreement, intend to create a legal relationship by doing so, and 27 

have each given something of benefit. A smart contract is capable of satisfying those requirements just as well 28 

as a more traditional or natural language contract, and a smart contract is therefore capable of having 29 

contractual force. Whether the requirements are in fact met in any given case will depend on the parties’ words 30 

and conduct, just as it does with any other contract” ([168], p. 8).  So, where a smart contract exists, for example, 31 

to perform an action, it does not necessarily mean (or claim) to be a legally binding contract.  However, if the 32 

requirements of a legally binding contract in English law (or any other jurisdiction in which the smart contract is 33 

enacted) are met by a smart contract it can, therefore, claim to be as such. 34 

From a process perspective, the main challenge is that many organisations within the construction sector are 35 

likely to ignore or resist the implementation of DLT and smart contract technologies due to disruption to current 36 

processes, the cost of implementation, and the potential unbalanced benefit distribution. User acceptance is 37 

cited as a critical success factor in technology adoption decisions [169]. Although some parallels can be drawn 38 

with BIM in relation to the barriers to adoption, the challenges that DLT and smart contracts will face are likely 39 

to be more accentuated. DLT and smart contracts are a type of process innovation that relies on closely-coupled 40 

technological advances and updates to the regulatory environment, a change which is known to be difficult and 41 

slower to achieve. Due to this level of effort required to change the socio-political system, incremental changes 42 

to current systems become a more palatable solution, hence, limiting the expected level of disruption from their 43 

adoption. Indeed, integrating DLT and smart contracts with current systems may be an acceptable option but it 44 

will take much longer to achieve the level of disruption the sector needs. While many organisations are at the 45 

beginning of their digitalisation journey, limitations of their technological abilities come into question [170]. 46 
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Those organisations that are in a position to be innovators or early adopters must embrace interoperability 1 

within [proprietary] DLT networks [171] to reduce the risk of failure. Another important factor for organisational 2 

adoption is the relative advantage and tangibility of benefits of DLT and smart contracts. Cost and time savings 3 

are tangible and often what attract adopters to make the decision to adopt or reject a technology. However, 4 

measuring benefits is generally not simple because like-for-like comparisons are often not possible in 5 

construction projects. For some DLT and smart contract applications such as those involving automation of 6 

transactions, reliable estimation of such benefits can be expected. Health and safety and environmental benefits 7 

can be measured, for example, from recording fewer incidents onsite, or lower carbon emissions in comparison 8 

to previous, similar projects. But without like-for-like comparisons, benefits will be measured on ‘projected’ 9 

outputs compared with ‘assumed’ counterfactual situations except in cases where there are officially-sanctioned 10 

industry benchmarks. This area of benefits measurement and management linked to DLT and smart contracts is 11 

expected to attract attention. Consideration of how to address the cost of implementation of DLT and smart 12 

contracts as a barrier to their adoption should be made in future research. 13 

With regards policy, regulation of these new technologies, supported by standards and guidance is required. 14 

There are several areas that need to be addressed: First, data privacy is a challenge, particularly with the 15 

implementation of public DLT networks [5] and while it is less of an issue in private networks, part of the ethos 16 

of DLT at its inception with Bitcoin was transparency to all participants. Second, GDPR, which is also a technology 17 

challenge, raises the issue of how personally identifiable data should be treated (e.g. right to be forgotten) that 18 

goes against DLT’s immutability. Off-chain storage of data is a possible solution to this where privacy can be 19 

managed more easily but this then raises issues of security of data [172]. The use of a private, but distributed, 20 

InterPlanetary File System could offer a solution to privacy and security of data [38,172]. Third, admissibility of 21 

DLT data as evidence and liability for errors in smart contracts and its coding are all challenges that are likely to 22 

require a body of case law to be established. Fourth, embracing new payment structures and including them in 23 

procurement objectives can result in significant positive changes for project participants. However, reform of 24 

current payment and procurement practices is essential before this can be realised. A gradual process of 25 

adoption, which is the reality of most technological systems, will allow for steady technological and institutional 26 

change [173] that could see more success in a change resistant sector, where transformation success is 27 

challenged by the industry structure (e.g. several layers, number of organisations involved) that would need to 28 

be part of the change. Clients need to commit to the release of funds upfront to enable them to be embedded 29 

into smart contracts [82], this encompasses both the process and the policy dimensions in terms of how revised 30 

payment structures will affect businesses. In addition, for such applications to maximise the potential benefits, 31 

extensive market-wide adoption of the system is required [174]. As the proposed benefits are experienced by a 32 

critical mass of adopters, the level of disruption caused will be seen as a positive step. To achieve this, Choudary 33 

[175] said, “To gain mainstream adoption, a platform has to be ‘reliable’. It should move beyond being an 34 

intriguing innovation to becoming a mechanism for reliably solving a pain point and/or delivering benefit”. 35 

Finally, cryptocurrencies, tokens or crypto-assets should be “underpinned by a well-defined regulatory 36 

framework” [176] setting out the terms under which they can be used. In cases where DLT and cryptocurrencies 37 

are hailed as a way to facilitate cheaper cross-border transactions [4], consideration should be given to how 38 

different countries around the world classify them and what they consider to be legal or illegal activity 39 

surrounding them [177]. Currently, they are not suitable to be used in construction sector applications.  40 

From the society dimension, there are two points for consideration. First, end users of DLT-based applications 41 

will not explicitly be aware that they are using them; it is likely they will be imposed on them through changes 42 

to processes (e.g. how the work they do is recorded) or as a requirement by the employer (e.g. software 43 

platform/mobile application as a condition for appointment of contractor/suppliers). This is not suggesting a 44 

mandate for use of DLT on construction projects; however, as DLT will derive most value from participation of 45 

all project parties [173], its likely enforcement from the employing party will be required until its value is proven 46 

and its use becomes business-as-usual for all participants. Second, the success of these new technological 47 
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systems will be dependent on their societal impact on individuals, organisations and the sector. A sector’s 1 

resistance to change is closely correlated to trust whether that be trust in the entity (e.g. person or organisation) 2 

advocating a system or trust in the new system itself [178]. While DLT is a technology, its disruption takes place 3 

at an institutional level where the two “interact and mutually influence each other” [179]. Acceptance at a 4 

societal level will be an important factor in the adoption of DLT and smart contracts, especially those that deal 5 

with financial and legal aspects that are usually perceived as very risky.  6 

At the intersection between the four dimensions, there are important aspects related to integration of DLT and 7 

smart contracts, and the co-evolution of technological systems they are part of. As DLT and smart contracts have 8 

been identified as ‘supplementary’ technologies that need to work alongside other technologies to enable most 9 

of the themes and application identified, it is important to investigate how they would integrate with the current 10 

landscape of processes, standards and technologies adopted within the construction sector, or whether they 11 

would exert an innovation-led change of currently available processes and regulations within the sector. 12 

Understanding if and how the technological systems will coevolve to enable the applications of DLT and smart 13 

contracts in construction will be a main area of investigation for both industry and academia.  14 

These discussion points clearly lead to conclude that technological systems alone are not enough to unlock the 15 

expected change and its positive impact. A socio-technical systems approach must be assumed when considering 16 

the adoption and implementation of DLT and smart contracts to address the political, legal and societal enablers.   17 

6.2 Gaps in the literature  18 

Through systematic review, bibliometric analysis and content and thematic analysis, we have provided a 19 

comprehensive review of the body of literature available on DLT and smart contracts in the construction sector. 20 

The eight categories discussed in Section 5 highlight the extent and the focus of the research in this field.  21 

However, there are gaps in the research that require attention in future studies from the academic and 22 

practitioner communities.  23 

Research on DLT and smart contract integration with other technological systems such as digital twin is lacking 24 

with only a few studies focusing on this [65,66]. The digital twin concept is gaining in popularity across all facets 25 

of the sector [180]; considering this concept when investigating DLT and smart contracts is likely to unlock new 26 

capabilities within the construction sector. A complementary component of smart contracts is the notion of non-27 

fungible tokens (NFTs). NFTs are representations of unique assets of value in Ethereum. They are gaining 28 

popularity in the art and music worlds [181,182] proving that value can be deemed and traded using this secure 29 

digital asset. They can represent purely digital assets or link to physical assets in the real world. While little is 30 

known about this concept, Dounas et al. [76] have begun the conversation of their potential in the circular 31 

economy and more could be focused on ownership and intellectual property as the discussion broadens. As 32 

alluded to in discussion of the process dimension above, identification and demonstration of benefits to be 33 

realised by adoption of DLT and smart contracts is required.  While studies are beginning to do this through 34 

simulations, focus needs to start demonstrating this on live construction projects. Finally, there is a distinct lack 35 

of research that looks at how DLT and smart contracts can support full integration across the construction 36 

project lifecycle.  Research on possible applications incorporating DLT and smart contracts typically looks at 37 

individual applications; only a few studies have considered their role in the entire ecosystem (e.g. [103]). If the 38 

sector is to achieve the goal of a fully joined-up sector, this warrants more attention going forward.  39 

6.3 Limitations of the study 40 

When developing constructs such as the proposed classification of applications of DLT and smart contracts in 41 

construction, there are threats to the validity of both the construct developed and the instruments used to 42 

develop the construct. Construct validity refers to how well operationalisations in research reflect the 43 

theoretical constructs they are supposed to reflect, or the degree to which a result from a study is likely to be 44 
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true and free from bias [183]. The instrument validity has a significant impact on both the internal and external 1 

validity of the constructs. As presented in the Methodology (Section 3), the instruments used in this research 2 

were a systematic review and thematic analysis and were employed respectively to identify the studies on DLT 3 

and smart contracts in construction and to develop a taxonomy of their applications. These two methods, when 4 

properly executed to address carefully designed research questions such as those expressed in the Introduction 5 

Section, can significantly improve the validity of the construct. Their careful execution as described by the steps 6 

in Section 3.1  (e.g. selection criteria, inclusion/exclusion criteria, data extraction criteria) ensured internal 7 

validity of the process, that is removal of biases as far as is possible in selecting papers and interpreting the data 8 

[184]. However, generally these methods are not without limitations. For example, the search criteria for this 9 

study were broad and could have resulted in omission of some studies through the screening process given the 10 

substantial number of articles highlighted through periodic alerts. However, the inclusion of sources from 11 

Google Scholar, Scopus and ResearchGate as well as monitoring social media for new sources and the 12 

implementation of this process over three years means that there is a high degree of confidence that no 13 

noteworthy studies were missed. Biases were also addressed in the subsequent scrutiny of the identified papers 14 

which consisted of a structured data extraction and analysis process which is replicable and provided meaningful 15 

results for the intended audience. To further address potential bias, the two researchers undertook analysis and 16 

interpretation independently and in duplicate, coming together to reach consensus on the final developed 17 

classification and their interpretation. External validity refers to generalisability of the results. The aim of the 18 

research was to identify specificity in the research undertaken on DLT and smart contracts in construction (i.e. 19 

what are the main areas of focus? What are the methods of enquiry employed by the research community?) but 20 

also to make generalisations of what that means for the sector going forward. Given this scope and the rigorous 21 

research instruments used to identify and analyse most of the available studies on the topic, the results can be 22 

deemed generalisable of the current state-of-the-art of research on DLT and smart contracts in construction. 23 

One risk to generalisation that remains is linked to the currency of results in future given the linkage between 24 

identified applications and technological development. However, researchers in future will be able to replicate 25 

the research through the provided protocols in this paper.  26 

6.4 Implications and recommendations  27 

The utility of these themes is such that they are familiar to domain researchers within the construction 28 

management and informatics literature. This study can add a layer of detail and analysis to researchers’ focus 29 

and accelerate their own research based on the existing body of literature. It can also be used to organise the 30 

knowledge on this emerging subject over time and it would facilitate the conversation on specific themes 31 

between specialties from both academia and industry. For example, the DLT and smart contracts themes 32 

identified may become the basis for searching information and knowledge on the subject or even indexing 33 

support for related scientific databases. 34 

The strengths of this study include the first taxonomy/classification of themes for the applications of DLT and 35 

smart contracts in construction, which shows where they can provide benefits across the lifecycle of built assets. 36 

Another strength of this study is the identification of the need for a socio-technical approach for realising the 37 

benefits from the identified themes. Some of the main recommendations that stem from this include:                     38 

• Consideration need to be given to the longevity and planned obsolescence of technology given the lifecycle 39 

of built assets and the need for combining digital innovation technologies (BIM, IoT, DLT) to enable the 40 

themes identified. 41 

• Regulatory frameworks are required in the short and medium term to allow DLT and smart contract 42 

applications to thrive in the sector. Any solutions developed prior to regulatory frameworks being 43 

established should be developed with adaptability in mind so they can respond quickly as they are released. 44 
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• User acceptance is key to successful adoption of DLT and smart contracts applications. Consideration must 1 

be given to the social aspect of these new technological systems to ensure resistance to change is 2 

minimised.  3 

• Democratisation of benefits is required to make clear which parties will realise which benefits and, indeed, 4 

highlight any potential drawbacks that parties may see in the short term to mitigate further adoption 5 

resistance risks.   6 

• Further proofs-of-concept are needed for applications that are lacking, and partnership with industry would 7 

demonstrate tangible results to show how the new technological systems can benefit the sector and discuss 8 

the challenges of doing so in today’s environment. Consideration should be given to the impacts this will 9 

have on the sector as it is today and provide suggestions as to where and how the sector needs to change 10 

to enable adoption of such systems.  11 

• Direct focus toward the gaps identified in this review, namely: how DLT and smart contracts could play a 12 

part in Digital Twins; the role of NFTs; integration of DLT and smart contracts across the entire project 13 

lifecycle rather than focusing on the phase at which the application is intended; how supply chain 14 

management external to construction will impact the construction sector; and what challenges does IoT 15 

have that could impact on how and when DLT and smart contracts can be implemented successfully into 16 

construction.  17 

7 Conclusion 18 

This study aimed to analyse the current state-of-the-art of research and development of applications for DLT 19 

and smart contracts in the construction sector. To the best knowledge of the authors, this is the most 20 

comprehensive systematic review of DLT and smart contract construction-specific studies. The aim of this study 21 

was achieved by adopting both a systematic review and thematic analysis to analyse the body of literature (153 22 

sources) published on the subject. Eight distinct themes for construction-specific applications of DLT and smart 23 

contracts were identified. These included: information management, payments, procurement, supply chain 24 

management, regulations and compliance, contract management and delivery, dispute resolution, and 25 

technological systems. The analysis of identified themes revealed that DLT and smart contracts, when forming 26 

part of wider technological systems (e.g. BIM, IoT, cloud computing), can help in overcoming many of the 27 

challenges of the construction sector and provide a myriad of benefits across the identified themes. The review 28 

also identified that research has started to develop and test proofs-of-concept studies (27 studies) into case 29 

studies (20 studies). Review of the literature over a three-year period demonstrates that these new 30 

technological systems are receiving rapid and widespread attention in the construction sector without signs that 31 

this is slowing. These findings suggest the next stage of the research by the academic and practitioner 32 

communities is expected to start uncovering the anticipated benefits of DLT and smart contracts through 33 

investments into technological systems and testing in real-world pilot studies.    34 

The results also reinforced the view that the enabling technological systems alone, including DLT and smart 35 

contracts, are not enough to unlock the change and positive impact. A socio-technical systems approach must 36 

be assumed when considering the adoption and implementation of DLT and smart contract to address the 37 

political, legal and societal enablers alongside the technology. Through evaluation of these systems from a socio-38 

technical perspective, it has identified several challenges faced by these new systems that require attention 39 

before they can be accepted and integrated into construction sector practices such as the security and privacy 40 

aspects of smart contracts, acceptance of DLT and smart contracts by individuals and organisations, and the 41 

robust regulatory environment required to allow these new systems to thrive. 42 

The research and findings of this study provide a springboard from which to move forward in the field of DLT 43 

and smart contracts for construction. The comprehensive extraction and consolidation of data from the wealth 44 
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of research available allows industry and academic investigators to use the findings as a directory of resources 1 

to support their research and development activities in this fast-growing field.  2 
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Appendix A: Summary of reviewed literature 1 

Reference Publication Type  Research method(s) Paper content DLT Conceptualised 

Abrishami and Elghaish, 2019 [80] Conference Lit. review; framework Smart contract-automated payments. Hyperledger Fabric 

Ahmad and El-Sayegh, 2021 [137] Book section Insight Discusses how blockchain can help increase productivity in construction with a specific focus on the UAE.  N/A 

Ahmadisheykhsarmast and Sonmez, 2018 [84] Conference Insight  Smart contract-automated payments. N/A 

Ahmadisheykhsarmast and Sonmez, 2020 [87] Journal PoC simulation; case study Smart contract-based progress payments. Ethereum 

Ahmadisheykhsarmast et al., 2020 [98] Book section PoC simulation; case study Smart contract-based retention payments. Ethereum 

Akbarieh et al., 2020 [73] Conference Framework  A framework to revalorise building materials at end of life based on building as a material bank (BAMB).  Blockchain 

Aleksandrova et al., 2019 [47] Conference Insight; framework Recording exchanges of a BIM project. Blockchain 

Badi et al., 2020 [88] Journal Questionnaire Analysis of smart contracts for construction applications using TOE framework. N/A 

Baek et al., 2020 [151] Conference Framework Blockchain-based verification for adequacy of scaffolding onsite. Hyperledger Fabric 

Barima, 2017 [90] Book section Insight Procurement; payments. N/A 

Belle, 2017 [78]  Conference Insight  General applications. N/A 

Bindra et al., 2019 [160] Conference Framework Automated building access. Blockchain 

Blumberg, 2019 [148] Conference Framework Installation of components manufactured off-site. Hyperledger Fabric 

Blumberg, 2021 [154] Book section Framework Installation of off-site manufactured components with approvals facilitated by smart contracts.  Hyperledger Fabric 

Brydon Wang, 2018 [91] Journal Insight; case study Automated payments via smart contracts. N/A 

Bukunova and Bukunov, 2019 [64] Conference Insight Blockchain to secure data in decentralised, multi-party BIM projects N/A 

Calvetti et al, 2020 [153] Journal Framework A framework addressing GDPR with regards workforce performance monitoring onsite.   Blockchain  

Cardeira, 2015 [81] Conference Insight  Embedding funds into smart contracts. N/A 

Cardeira, 2017 [164] Conference Insight  Data transfer (BIM file exported as XML to be read by smart contracts). N/A 

Cerić, 2019 [28] Conference Framework Minimisation of information asymmetry. Blockchain 

Cheng et al., 2020 [63] Conference PoC simulation Confidential data exchange using public key encryption and user authentication between two parties. Ethereum  

Chong and Diamantopoulos, 2020 [82] Journal Lit. review; case study; 

questionnaire 

Security of payment by embedding funds into smart contracts. Hyperledger Fabric 

Cooper, 2018 [69] Industry report Workshops  General applications. N/A 

Copeland and Bilec, 2020 [72] Journal Framework Integration of geospatial mapping, BIM and blockchain to facilitate the concept of buildings as material banks 

(BAMB) for circular economy. 

N/A 

Dakhli et al., 2019 [127] Journal Insight; case study Cost reduction achieved by elimination of intermediaries. Blockchain 

Darabseh and Martins, 2020 [24] Journal Lit. review General applications. N/A 

Das et al., 2020 [101] Journal Framework; PoC simulation Semi-automatic interim payments. Public blockchain 

Das et al., 2021 [57] Conference Framework Unified, decentralised document management system. Blockchain 

Das et al. 2021 [58] Journal Lit. review; framework Critical evaluation of data encryption and blockchain to facilitate security in collaborative BIM platforms. Blockchain 

De La Peña and Papadonikolaki, 2019 [45] Conference Interviews  Enhanced trust using IoT and blockchain to secure data and mitigate information asymmetry. N/A 

Di Giuda et al., 2020 [32] Book section Insight  Blockchain and smart contracts to aid BIM processes and contract execution throughout the building lifecycle. N/A 

Di Giuda et al., 2020 [140] conference Framework  BIM, DLT and automated payments for the design phase of construction projects. Blockchain 

Dounas and Lombardi, 2018 [37] Conference PoC simulation Integration of CAD/BIM and blockchain at design phase. DAOstack, Ethereum 

Dounas and Lombardi, 2019 [31] Conference Framework Decentralised architectural design with tokens as voting rights for reputation and stake. DAOstack, Ethereum 

Dounas et al., 2019 [38] Conference PoC prototype Consensus mechanism for collaboration in BIM design optimisation. Ethereum 
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Dounas et al., 2020 [145] Conference  Framework; PoC simulation Decentralised BIM architecture. Ethereum 

Dounas et al., 2020 [146] Journal PoC prototype Incentivising architectural design with BIM and Ethereum to allow for interoperability between digital tools. Ethereum 

Dounas et al. 2021 [76] Conference PoC prototype Non-fungible tokens for facilitate the circular economy starting with architectural design. Ethereum 

Elghaish et al., 2020 [104] Journal PoC simulation Payments: automated payments for integrated project delivery (IPD). Hyperledger Fabric 

Erri Pradeep et al., 2019 [39] Conference Lit. review; insight Blockchain to improve BIM workflows. N/A 

Erri Pradeep et al., 2021 [50] Journal Prototype Data privacy, corruption, integrity and longevity issues are addressed by blockchain and tested by simulation. Ethereum 

Faraji, 2019 [129] Conference Questionnaire (Delphi) Contract administration and risk balancing using smart contracts and blockchain. Ethereum 

Fiore et al., 2020 [74] Book section Insight  The role of blockchain and smart contracts in material passports, and advancing BIM through reliable data.  N/A 

Fitriawijaya et al., 2019 [43] Conference PoC simulation Smart contracts integrated with BIM data to track goods through the supply chain. Ethereum 

Ganter and Lützkendorf, 2019 [46] Conference Insight  Storage of an information model on the blockchain to avoid data loss. N/A 

Götz et al, 2020 [65] Journal Lit. review; survey; 

framework 

Three pillars of functionality, interoperability and "integrability" as enablers of digital twins in construction 

based on blockchain.  

N/A 

Graham, 2019 [170] Grey literature Insight  Insights into blockchain's potential for construction. N/A 

Greenwald, 2020 [122] Journal Insight  Several examples of real-world start-ups for blockchain in construction. N/A 

Gunasekara et al. 2021 [110] Journal Framework; survey The ability of blockchain and smart contracts to facilitate e-procurement for facilities management. Blockchain  

Hamledari and Fischer, 2020 [95] Journal Case study Automating payments by disintermediating the payment supply chain using and smart contracts. Ethereum 

Hamledari and Fischer, 2021 [96] Journal Simulations based on real-

world data 

Integration of crypto assets to facilitate supply chain payments based on blockchain. Ethereum 

Hamledari and Fischer, 2021 [97] Technical report Simulations based on real-

world data 

Comparative analysis on the ability of blockchain and smart contracts to increase visibility of the construction 

supply chain with regards payments. 

Ethereum 

Hargaden et al., 2019 [116] Conference Insight  General applications. N/A 

Harty, 2019 [156] Book Insight  General applications. N/A 

Heiskanen, 2017 [30] Journal Insight  General applications. N/A 

Hijazi et al., 2019 [155]  Conference Lit. review; insight General applications. N/A 

Hijazi et al., 2019 [36] Conference Lit. review; framework Proposed architecture to integrate BIM and blockchain. Blockchain 

Hultgren and Pajala, 2018 [111] Master’s thesis Lit. review; case study; 

interviews 

Supply chain transparency and material traceability. N/A 

Hunhevicz and Hall, 2020 [4] Journal Framework Decision framework to match DLT design options with desired use case characteristics. N/A 

Hunhevicz et al., 2020 [162] Conference Insight Blockchain for IPD governance and organisational structures for digitising processes and incentive 

mechanisms. 

Blockchain 

Jagannathan and Prasad, 2018 [83] Conference Framework Smart contract-based payment structure to speed up payments in disputes. N/A 

Khan et al., 2021 [26] Journal Lit. review Literature review on the benefits of blockchain for supply chain management.  

Kifokeris and Koch, 2019 [102] Conference Lit. review; insight Analysed digital business models for Swedish construction supply chain firms. N/A 

Kifokeris and Koch, 2020 [112] Journal Lit. review; interviews; 

framework 

Proposed a digital business model for the Swedish construction supply chain. Blockchain 

Kinnaird and Geipel, 2018 [11] Industry report Insight; workshops  General applications across construction and the built environment. Blockchain 

Kochovski and Stankovski, 2021 [21] Journal  Real-world application Results of a Horizon 2020 project converting a traditional construction site to a smart site - DECENTER, a fog 

computing and brokerage platform. 

Blockchain 

Koo et al., 2019 [59] Conference Framework; case study Enhance accuracy, effectiveness, transparency and risk allocation of quality assurance. Blockchain 

Kuperberg and Geipel, 2021 [22] Conference Lit. review Evaluation of literature on DLT in the construction sector.  N/A 

Lamb, 2018 [171] Industry report Insight  Benefits, barriers and maturity of smart contracts. N/A 
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Lanko et al., 2018 [117] Conference Insight; case study RFID tags to trace concrete through the supply chain from extraction to construction site. N/A 

Lee et al. 2021 [66] Journal Framework, case study An integrated framework for digital twin and blockchain demonstrated by a pre-fabricated installation project. Microsoft’s Azure 

Lemeš and Lemeš, 2020 [141] Conference Insight  Advantages and disadvantages of distributed CAD environments. N/A 

Lemeš, 2020 [51] Book section Insight Exploration of how blockchain can be used in distributed CAD environments. N/A 

Li and Kassem, 2019 [174] Conference Framework Implementation roadmap for blockchain in construction. N/A 

Li and Kassem, 2019 [125] Conference Interviews General applications. N/A 

Li et al., 2019 [3] Journal Lit. review; framework Socio-technical framework incorporating technical, social, process and policy dimensions. N/A 

Li et al., 2019 [147] Conference Framework Automation: smart contracts to automate installation tasks during the construction phase. Blockchain 

Li et al., 2020 [14] Conference Framework Automated maintenance and repairs integrating BIM, IoT, DAO. Blockchain 

Li et al., 2021 [130] Journal Simulation  Intelligent platform based on cyber-physical systems, IoT, BIM and blockchain for smart product-service 

systems innovation in prefabricated housing construction.  

Blockchain 

Li et al., 2021 [131] Journal Simulation  Integration of blockchain, BIM, big data and artificial intelligence to guarantee completeness/accuracy of data. Blockchain 

Li et al., 2021 [149] Journal Framework; prototype Two-layer Adaptive Blockchain-based Supervision (TABS) model for supervision of off-site modular housing 

production (OMHP) to address problems that the pandemic highlighted with regards travel restrictions.  

Hyperledger Fabric 

Liu et al, 2021 [142] Journal Lit. review Several applications discussed across BIM, blockchain, sustainable design, operations. N/A 

Liu et al., 2019 [71] Journal Framework Framework that supports reuse of materials based on provenance to support sustainability. Blockchain 

Lokshina et al., 2019 [143] Workshop Framework Integration BIM, IoT and blockchain in the system design of a smart building. Blockchain 

Lombardi et al, 2020 [144] Conference Simulation  Validation of collective decision making by voting for architectural design facilitated by a DAO.  Ethereum 

Luo et al, 2019 [89] Conference Framework Payments: smart contract-triggered interim payments on a permissioned blockchain. Blockchain 

Maciel, 2020 [105] Book section Insight General applications and considerations of DLT. N/A 

Mason and Escott, 2018 [163] Conference Questionnaire Stakeholder perceptions of smart contracts for construction. N/A 

Mason, 2017 [100]  Journal Lit. review; insight  Intelligent contracts as an extension to BIM to semi-automate contractual performance. N/A 

Mason, 2019 [99] Journal Insight; case study Considers if smart contracts complement BIM or negate its need. N/A 

Mason, 2021 [167] Book Insight In-depth review of smart contracts and the contracting process for construction. N/A 

Mathews et al., 2017 [2] Conference Insight  The extent to which blockchain can affect trust in construction. N/A 

McMeel and Sims, 2021 [109] Industry report Workshops  A token economy for trading construction waste, smart contracts for payments and materials procurement. N/A 

McNamara, 2020 [133] Book section Insight  Impacts of intelligent contracts on construction. N/A 

McNamara and Sepasgozar, 2018 [135] Conference Interviews  Assessment of potential for intelligent contracts based on industry perceptions of BIM and traditional 

contracts. 

N/A 

McNamara and Sepasgozar, 2020 [132] Journal Lit. review; interviews; 

framework 

Framework to assess readiness of construction for intelligent contracts. N/A 

McNamara and Sepasgozar, 2021 [134] Journal Lit. review; framework Review of 46 papers; a tri-dimensional iContract model is presented: systems and processes; organisational 

behaviour; and environmental factors. 

N/A 

MEED Mashreq Construction Partnership, 2019 

[33] 

Industry report Insight  General applications. N/A 

Morvai, 2018 [136] Grey Literature  Insight  Decentralised project delivery system. N/A 

Nanayakkara et al., 2019 [86] Conference Lit. review General applications. N/A 

Nanayakkara et al., 2019 [85] Conference Workshops  Ranks blockchain and smart contract characteristics. N/A 

Nanayakkara et al. 2021 [124] Journal Questionnaire Highlights key construction supply chain issues; offers potential blockchain solutions to payment issues. N/A 

Nawari and Ravindran, 2019 [40] Journal Lit. review; framework Speeding up the building permit process in post-disaster events. Hyperledger Fabric 

Nawari, 2021 [126] Conference Framework Expansion of existing BIM workflows by incorporating DLT. Hyperledger Fabric 
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Nguyen et al., 2019 [55] Industry report Insight  General applications across cities, energy, property, transport, water. N/A 

Norta et al, 2020 [115] Grey literature Framework Decentralised platform for supply chain and project management. N/A 

O’Reilly and Mathews, 2019 [107] Conference PoC simulation Incentivisation to design better than net zero energy buildings with BIM and digital twin. Custom blockchain 

Oliveira Junior et al, 2020 [42] Conference Framework  Information validation system incorporating IoT, BIM and smart contracts to increase the confidence of 

information flows in projects. 

Blockchain 

Park et al., 2020 [152] Conference Framework Automation of quality control events, tasks, activities using image recognition technology, image matching, IoT 

sensors and blockchain to secure and verify the data. 

Hyperledger Fabric 

Pattini et al., 2020 [106] Conference  Framework Optimisation and assurance of transparent information flow through phases of a BIM project. Blockchain 

Pellegrini et al, 2020 [138] Journal  Case study Increases the amount of data stored across the lifecycle of a materials in built asset to reduce construction 

waste by supporting circular economy principles and designing in reuse/recycle strategies in BIM projects. 

N/A 

Penzes, 2018 [35] Industry report Insight  General applications plus real-world examples. Blockchain 

Perera et al, 2020 [5] Journal Lit. review  Extensive review of DLT; general applications – construction and non-construction. 
 

Perera et al, 2021 [108] Grey literature Insight  Discusses e-procurement to mitigate human error, disputes, save costs, efficient and effective process. N/A 

Pishad-Bozorgi et al, 2020 [121] Journal Insight; questionnaire; 

interviews 

Three scenarios for blockchain in information management. Blockchain  

Qian and Papadonikolaki, 2020 [120] Journal Interviews Effects of blockchain and smart contracts on different levels of trust. N/A 

Raslan et al., 2020 [161] Conference Framework Integration of asset information models, BIM and blockchain Blockchain 

Rodrigo et al., 2020 [118] Journal Lit. review; interviews Blockchain-based embodied carbon estimating in construction supply chains. N/A 

San et al, 2019 [48] Conference Lit. review; framework General applications and implications of private blockchains in construction. Blockchain 

Shahrayini et al. 2021 [114] Conference Framework Frameworks considering how blockchain can integrate with IoT & BIM to enhance efficiency in supply chains. N/A 

Shemov et al., 2020 [29] Journal Lit. review; framework A framework to prevent malicious attacks during supply chain activities. Hyperledger Fabric 

Sheng et al., 2020 [128] Conference Framework; case study Semi-automating the business logic of quality management. Hyperledger Fabric 

Sheng et al., 2020 [53] Journal Framework; case study Quality information management system to record project’s product state, organisation state, process state. Hyperledger Fabric 

Shojaei et al., 2019 [49] Journal Framework; case study Blockchain-based information system to enhance environmental sustainability practices. Hyperledger Fabric 

Shojaei et al., 2020 [54] Conference Framework Transaction recording as BIM project progresses; smart contracts link physical asset and information model. Hyperledger Fabric 

Shojaei et al., 2021 [75] Journal Case study;  Facilitation of circular economy principles on production, installation, use and salvage of a HVAC unit.  Hyperledger Fabric 

Shojaei, 2019 [49] Conference Insight  General applications. N/A 

Singh and Ashuri, 2019 [60] Conference Framework Validated BIM data to resolve disputes in design development. Blockchain 

Siountri et al., 2020 [158] Journal Framework Secure storage and access to data integrating BIM, IoT, blockchain for a smart museum. Blockchain 

Srećković and Windsperger, 2019 [13] Conference Framework Transformation of the value chain through DAOs as new organisational models. Blockchain 

Srećković et al., 2020 [139] Workshop Framework Smart contract-based design approvals based on analysis and process modelling of a BIM workflow at design. Blockchain 

     

Suliyanti and Sari, 2021 [41] Journal Simulation  Demonstration of how information exchange can be secured on a blockchain for a BIM project.   Hyperledger Fabric 

Tagliabue et al, 2019 [103] Conference Framework Optimisation of in-use phase of CognitiveBIM asset based on user-behaviour. N/A 

Tezel et al., 2020 [123] Journal Lit. review; focus groups, 

workshop, prototype 

Three applications are modelled, prototyped and validated with industry and academia, namely, project bank 

accounts, reverse-auction tendering and asset tokenisation. 

Ethereum 

Turk and Klinc, 2017 [56] Journal Insight  Four scenarios for integrating blockchain into BIM. Blockchain 

Villegas-Ch et al., 2020 [159] Journal Framework Blockchain-based secure data layer in P2P, IoT-networked university campus operations. Private blockchain 

Wang et al., 2017 [92] Journal Insight  Notarisation-, transaction-, provenance-related applications. N/A 

Wang et al., 2020 [113] Journal Framework; PoC simulation  Real-time information management to increase supply chain efficiency. Hyperledger Fabric 

Wilson et al., 2020 [15] Workshop Framework Proposal of a product-level traceability system offering open research avenues. N/A 



Li, J. and Kassem, M. (2021) Applications of distributed ledger technology (DLT) and Blockchain-enabled smart contracts in construction, Automation in Construction (IF 7.7, 

top 5%); Vol 132, December 2021, 103955, https://doi.org/10.1016/j.autcon.2021.103955  

37 

Reference Publication Type  Research method(s) Paper content DLT Conceptualised 

Woo et al., 2020 [150] Conference Framework Transformation of carbon credit documentation into smart contracts for semi-automated credit acquisition that 

supports constructors in meeting environmental obligations.  

Hyperledger Fabric 

Xiong et al., 2019 [119] Journal Framework; PoC simulation Protection of private keys from attack in construction supply chains. Blockchain 

Xu et al., 2021 [25] Journal Lit. review Systematic review of smart contracts for procurement in various industries. N/A 

Xue and Lu, 2020 [62] Journal Framework; case study Minimising information redundancy through logging changes rather than entire models, running a basic 

blockchain on a website. 

Blockchain  

Yang et al., 2020 [23] Journal Lit. review; case study Process, benefits, challenges of adopting private and public blockchains in construction. Hyperledger Fabric; 

Ethereum 

Ye and König, 2021 [93] Conference Framework  Automated billing in 5D BIM projects based on quantity take-off and bill of quantities. Blockchain 

Ye et al., 2020 [94] Conference PoC simulation BIM Contract Container (BCC) - as a basis for automatic payment transactions. Blockchain 

Ye et al., 2018 [34] Conference Insight  Exploration of interrelations between BIM, IoT and blockchain. N/A 

Zhang et al., 2020 [79] Journal Framework Hybrid architecture with dual storage to improve quality traceability in prefab. Buildings. Hybrid blockchain 

Zheng et al., 2019 [44] Journal Framework Authenticated, traceable and secure historical BIM data. Public and private 

blockchain 

Zhong et al., 2020 [61] Journal Framework; PoC simulation Improved information sharing and enhanced trust to assure quality management. Hyperledger Fabric 

Zuberi. 2021 [157] Diploma thesis PoC prototype Smart contract-led facilities management to resolve issues and recurrent maintenance. Ethereum 

1 

 2 
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