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Keywords: The Construction industry has a complex structure with multiple parties involved, which often leads to
Building Information Modelling (BIM) “adversarial relationships”, “risk avoidance”, and a “lack of trust” among the different actors. This culture is
Blockchain (BC)

further compounded by a “linear workflow” that often results in low efficiency, delays, rework and unnecessary
waste. Blockchain technology can help to mitigate these issues by creating a decentralised and transparent
system, where all the actors can have access to a shared database, it allows tracking and monitors the different
stages of the project, and even automate some processes increasing efficiency and reducing delays and rework.

This study highlights the advantages of Blockchain technology, particularly how it can provide a single
source of truth for project data while allowing multiple parties to access and share data in a secure and
transparent way, improving the workflow of BIM projects and decreasing the likelihood of errors, mistakes,
or fraudulent activities. The paper explores the integration of BIM and Blockchain across life cycle and supply
chains based on the RIBA plan of work, with the objective to streamline collaboration while improving process
efficiency and resource traceability in projects. The study proposes a roadmap performing a detailed literature
survey for Blockchain adoption in the construction industry, and validated on a real-world Bridge project.
Furthermore, this study is innovative since it examines the integration of BIM and Blockchain throughout the
entire project lifecycle by simulating the smart contract implementation based on the RIBA plan of work, thus
providing an in-depth examination of the potential benefits of this integration.

Smart contract
Construction industry
Life cycles
Digitalisation

1. Introduction information, BIM facilitates optimum collaboration and knowledge

exchange among all stakeholders across all disciplines (Krdmer and

The construction industry is known for its complex information
environment, siloed workflows, and lack of coordination between mul-
tiple stakeholders. This resulted in a blaming culture and repeated
legal disputes. With the use of Building Information Modelling (BIM),
there has been a trend toward increased coordination and integration
of data from several fields. BIM facilitates effective data management
and communication, eliminating traditional barriers and enhancing
project outcomes (Ho and Liu, 2004). Data and information come
in various formats, and are generated and maintained by different
groups of users and communities, including local organisations and
government authorities. Coordinating the sharing of this data across
different disciplines such as architecture, structural engineering etc.
for project tasks can be challenging, as it requires overcoming the
difficulties of interoperating and integrating diverse and distributed
resources (Petri et al., 2014).

The integration of BIM into the construction industry has signifi-
cantly enhanced the planning to recycling stages of a building’s life
cycle. By offering a centralised, consistent, and reliable source of
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Beseny®si, 2018). This increases the accessibility of project data for
numerous reasons, including design, data management, simulation,
and activity scheduling (Keskin et al., 2021). Digital construction,
which incorporates a variety of technologies, builds on BIM to pro-
vide even more sophisticated capabilities across the whole project life
cycle (Vinayak et al., 2018). From automation of fabrication to com-
prehensive data analysis, digital construction provides better decision-
making, especially in large, complicated infrastructure projects with
many variables (Koseoglu et al., 2019). Coordination between dif-
ferent project teams and stakeholders is one example of a variable
that digital construction may assist with. Multiple design teams and
contractors and subcontractors may be responsible for various stages
of construction on a large-scale infrastructure project. By using a dig-
ital platform that enables all project teams to access and interact
on the same set of data, construction professionals may better co-
ordinate their work and eliminate mistakes and delays caused by
misunderstanding (Nikologianni et al., 2022).
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While BIM promotes digital collaboration, information sharing, and
data management, it falls short in supporting updates or tampering with
digital records, including changing the date, time, or other metadata
operations within the BIM model. This is because, BIM software is
primarily built with the focus of managing and visualising information
related to the building design, construction and management, which
includes 3D models, 2D drawings, and non-graphical data (meta-data)
of the building elements, such as material properties, energy consump-
tion, etc. However, the main focus is not to guarantee the integrity of
the information or be able to track changes in the information over
time. Therefore, although BIM tools allow users to make changes to
project information, they may not include advanced security features or
tamper-proofing mechanisms that are required to protect the integrity
of digital records and guarantee the authenticity of the data. Addition-
ally, BIM software usually does not have a version control mechanism
to track the changes made to the project information over time. This
could make it difficult to determine who made a change, when it was
made, and what the change was if the integrity of the information needs
to be reviewed. Blockchain has the potential to complement BIM by
mitigating risks related to the lack of information traceability, thus
providing a higher authority to paper-based records, while ensuring
integrity, security of transactions, and trust (Chynoweth et al., 2007).
Information that engineers produce for projects, such as specification
documents or case studies, can be embedded into smart contracts. Indi-
vidual pieces of engineering information would become commoditised,
allowing external collaborators, such as clients, to quickly and easily
access their specific information needs. This improvement can open up
a plethora of possibilities in terms of fee structures and the potential
for engineers to gain additional rewards for their essential contribution
to projects and society (Nawari and Ravindran, 2019a).

The aim of this research is to investigate the benefits of using
Blockchain technology in BIM activities in the construction industry.
The primary objective is to enhance collaboration, process efficiency,
and resource traceability by establishing a single source of truth for
project data and enabling different stakeholders to securely access
and share data. Based on the RIBA work plan, this is achieved by
integrating BIM and Blockchain throughout the whole project life cycle
and supplier chains. This study is relevant to the construction indus-
try since it addresses issues such as errors, mistakes, and fraudulent
activities that might arise throughout the construction process. By
implementing Blockchain technology, the research intends to minimise
these challenges and enhance the entire project’s efficiency. Moreover,
the research contributes to the body of knowledge by proposing a
road map for Blockchain adoption in the construction industry and
validating it on a real-world bridge project. In addition, by simulating
the deployment of smart contracts based on the RIBA plan of work,
the study provides an in-depth evaluation of the possible advantages of
integrating BIM and Blockchain throughout the entire project lifecycle,
which is a novel and innovative aspect of the research.

Following this introduction, Section 2 provides a review of related
work. Section 3 presents the methodology utilised to undertake our re-
search followed by Section 4 that provides an extensive set of analyses
and applications for Blockchain and BIM for construction lifecycles.
Section 5 validates our work in the context of a real-trial case study
where Blockchain and BIM are utilised to deliver a multi-disciplinary
construction project and presents the results analysis and implications.
Section 6 concludes the paper and provides perspectives for future
work.

2. Methodology

Blockchain is a developing technology with applications for mul-
tiple disciplines such as cryptography, computer science, finance and
politics. As such, several industries, including the construction industry,
are increasingly developing applications and case studies to address
the ongoing digitalisation process. The paper addresses the following
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research questions: (RQ1): What is the application and level of in-
tegration of Blockchain and BIM in the construction industry? and
(RQ2): Can the integration of BIM and Blockchain offer a lifecycle
and supply chain approach to address construction industry limitations
and blockers? Given the limited availability of experts, it was deemed
difficult to gather primary sources of data through interviews, question-
naire surveys or other means. Hence, a qualitative approach based on
secondary sources of evidence was adopted. This includes publications,
case studies, reports, and white papers from a wide range of industries.
The methodology involved the following steps:

» A comprehensive literature review was performed using aca-
demic and conference papers, textbooks, technical documentation
and authoritative Internet resources to understand existing state-
of-the-art Blockchain applications in the construction industry.
A comprehensive literature search using authoritative databases
such as Science Direct, Scopus and Google Scholar was conducted.
Each article raises has helped elicit the level of awareness, ma-
turity, and capability in the implementation of Blockchain and
smart contracts in the construction industry.

The portfolio of authoritative resources was analysed to deter-
mine how Blockchain and BIM are used in various industries
based on different application requirements. Literature and pub-
lished expert comments were analysed critically to identify com-
mon issues in the construction industry.

A real construction project model integrating BIM and Blockchain
has been applied for a new bridge project to validate our research
hypothesis. The trial shows how BIM and Blockchain can support
data and document sharing between stakeholders.

The proposed model for Blockchain integration with BIM is il-
lustrated with corresponding critical insights in Fig. 1. In construc-
tion projects, managers coordinate project activities depending on the
project’s complexity and existing resources. Recently, project activities
have begun to change due to the emergence of BIM where a BIM
manager is involved in all phases of the project and can manage the
project on behalf of the Client. In the proposed structure, the Client
and the BIM manager is presented as leading user of Blockchain.

3. Related work

The research we conduct is performed primarily from the review
articles related to the adoption of Blockchain in the construction in-
dustry and its subsequent integration with BIM. The typical findings of
the analysed articles reflect technology’s contribution to the market,
its necessity and the general features of Blockchain technology for
construction projects. We validate these research findings in a real
construction project using BIM data models from Highways England
involving the construction of a new bridge.

We have adopted a mixed methods approach that combines primary
sources of evidence from a real construction project and secondary
sources of evidence as reported in research studies. We have analysed
research taking into account the existing studies, reports and best-
practice case studies. The keywords for undertaking our literature
survey were “BIM” AND “Blockchain”, “Blockchain in construction”
and “Smart contracts in construction”.

The literature survey shows that quite a few papers review Block-
chain and subsequent applications in the construction industry (Hijazi
et al.,, 2019; Turk and Klinc, 2017; Ganter and Liitzkendorf, 2019;
Figueiredo et al., 2022a) as by presenting a system that facilitates fi-
nancial transactions using smart contracts by coding the costs charged,
benefits, and cost savings of IPD projects (Elghaish et al., 2020). The so-
lution, which is built on Hyperledger Fabric, is designed and proposed
to address challenges such as data security and authorisation manage-
ment in the use of central BIM work processes (Nawari and Ravindran,
2019a,b). The other researchers used a simulated setup activity to
validate the conceptual relationships provided (Li et al., 2019b) in
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Fig. 1. Blockchain steps with BIM for construction lifecycle.

the proposed framework, which incorporates emerging information
technologies such as cybersecurity and Blockchain characteristics into
a typical university BIM curriculum (Hammi and Bouras, 2018). Addi-
tionally, one research investigates the potential cost savings of a real
estate firm adopting Blockchain (Dakhli et al., 2019) and proposes
a multidimensional structure for the implementation of DLT in the
construction industry (Anon, 2019). Moreover, an article demonstrates
the emergence of Blockchain by highlighting the adoption and progress
of construction firms utilising this technology (Graham and Hailer,
2019), examining the conceptual basis for the design of an automated
payment system, and evaluating the role of smart contracts in enabling
cash flow to be efficiently and autonomously conditioned on the status
of product flow (Hamledari and Fischer, 2020).

One study introduced several techniques and frameworks for imple-
menting smart contracts with BIM in the construction industry (Mason,
2019), and the rest of them include semantic differential transac-
tion (SDT) technique (Xue and Lu, 2020), Hyperledger fabric-based
Blockchain network (Shojaei et al., 2019), a conceptual framework for
a Blockchain-based design process (Sreckovic¢ et al., 2021), a system
for the autonomous management of building progress payments (Ham-
ledari and Fischer, 2021), a framework for decentralised architectural
design (Dounas et al., 2020), and a distributed common data environ-
ment (DCDE) architecture for BIM-based design and Interplanetary File
System (IPFS) (Tao et al., 2021).

Implementation of Blockchain technology in the construction in-
dustry has shown that it has the ability to enhance the end-to-end
design and construction process’s process efficiency (Anon, 2023a)
and data flow (Belle, 2017). Blockchain’s primary advantage is its
ability to provide an advanced solution to the problem of trust by
providing a permanent (Kuperberg and Geipel, 2021), immutable (El-
bashbishy et al., 2022), and reliable (Das et al., 2021) network that is
capable of removing intermediaries (Heiskanen, 2017) and automating
processes due to its prominent decentralisation (Kang et al., 2022),
accountability (Cheng et al., 2021), and consistency characteristics (Xu
et al.,, 2022). Researchers have also discovered that by connecting
the BIM work process with Blockchain, change tracking (Figueiredo
et al,, 2022b) and data ownership (Nanayakkara et al., 2019) may
be provided. In addition, the literature research has revealed that
Blockchain can execute and release transactions when conditions are
met (Hijazi et al., 2021; Mahmudnia et al., 2022), and encourage a
decentralised collaborative building environment (Perera et al., 2020)

increasing both the level of traceability (Li et al., 2019a) and the moni-
toring (Liu et al., 2023) and management in real-time (San et al., 2019;
Anon, 2023b). It also found that it can overcome file redundancy (Erri
Pradeep et al., 2021) challenges by creating a secure file storage
system to ensure accountability (Ni et al., 2021), transparency (Shojaei,
2019), and trust (Rodrigo et al., 2018) by providing a single source of
truth (Erri Pradeep et al., 2019).

Several shortcomings have been highlighted in the literature about
the adoption of Blockchain technology in the construction industry.
Technical challenges (El Khatib et al., 2022), lack of standards (Prewett
et al., 2020), limited scalability (Chauhan and Patel, 2022), limited im-
plementation (Gurtu and Johny, 2019), operational requirements (Cole
et al., 2019), and the complexity of the technology (Berryhill et al.,
2018) are among the primary limitations. The lack of standardisa-
tion (Lohmer and Lasch, 2020) in the use of Blockchain technology
makes it difficult to compare and evaluate the efficiency of various
implementations. Concerning the limited implementation of Blockchain
technology (Andrian et al., 2018), many organisations are still hesitant
to use it owing to a lack of knowledge of the implementation process
and procedures (Li et al., 2022; Rejeb et al., 2022), and perceived
risks (Drljevic et al., 2020).

Despite the general knowledge of the Blockchain, many companies
still have not yet been able to find ways to integrate it into the business
thoroughly. Businesses show particular interest in Blockchain, but the
actual adoption is delayed. Gartner estimates that Blockchain will gen-
erate more than 3 trillion dollars in annual commercial value by 2030
while 10% to 20% of the global economic infrastructure will operate in
Blockchain-based systems by 2030 (Panetta, 2019). Niya et al. (2018)
have argued that peer-to-peer buying and leasing smart contract-based
applications can meet the functional and legal requirements of auto-
matic purchases and lease agreements using Ethereum on Blockchain.
In this paper, we demonstrate that Blockchain can support also the
development of applications in the design and construction of BIM
workflows and contributes to the monitoring and recording of design
and construction events with a view to facilitating Blockchain-based
transactions for multi-disciplinary construction projects.

The literature survey has also reported several limitations around
the adoption of Blockchain for construction case studies. From an
environmental impact perspective, there are well-known Blockchain
systems such as Bitcoin that use enough energy to power over 1.3 mil-
lion households. Energy consumption ranges from that of a small power
plant at a capacity of 10MW up to 3-6GW which embeds a certain risk
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around environmental compliance and sustainability (Vranken, 2017;
Nawari and Ravindran, 2019a; Ramachandran and Krishnamachari,
2018). As a novel technology, regulations cannot keep up with tech-
nological advances, it is expected that establishing adequate standards
and policies will take a long time to reach its maturity, (Nawari and
Ravindran, 2019a). In terms of scalability and privacy of Blockchain
systems, all parties have the right to download the ledger which means
that everyone has the right to see the full history of documented trans-
actions, especially in a permissionless Blockchain architecture which
can incur risks related to privacy breach (Nawari and Ravindran,
2019a; Singh et al., 2020; Zou et al., 2019).

The purpose of this research is to investigate the benefits of us-
ing blockchain technology in Building Information Modelling (BIM)
activities in the construction industry. The primary objective is to
enhance collaboration, process efficiency, and resource traceability by
establishing a single source of truth for project data and enabling
different stakeholders to securely access and share data. Based on the
RIBA work plan, this is achieved by integrating BIM and blockchain
throughout the whole project life cycle and supplier chains. This study
is relevant to the construction industry since it addresses issues such as
errors, mistakes, and fraudulent activities that might arise throughout
the construction process. By implementing blockchain technology, the
research intends to minimise these challenges and enhance the entire
project’s efficiency. Moreover, the research contributes to the body of
knowledge by proposing a road map for blockchain adoption in the
construction industry and validating it on a real-world bridge project.
In addition, by simulating the deployment of smart contracts based on
the RIBA plan of work, the study provides an in-depth evaluation of the
possible advantages of integrating BIM and blockchain throughout the
entire project lifecycle, which is a novel and innovative aspect of the
research.

4. Blockchain for construction lifecycle

In this section, we explore Blockchain applications for construction
life cycles with a view to supporting BIM adoption and achieving a
higher order of digitalisation in the construction industry.

4.1. RIBA (0) strategic definition

The “definition” stage identifies a central step in the overall life
cycle process, as it is necessary to question the necessity and usability
of a construction project and therefore validates the use of Blockchain
technology. This stage is the preliminary evaluation for determining
when Blockchain is necessary for a construction project. In this case, a
project is evaluated and identified before a detailed summary is formed,
whether it is strategically appropriate to use Blockchain in a project
while considering setting up the project team.

4.2. RIBA (1) preparation

Project summary and related feasibility studies of a construction
project will be developed and completed in the preparation stage. Pre-
implementation meetings may also be required to test the accuracy
of the strategic summary. To assess whether Blockchain technology is
required for a project, a roadmap covering the roles and responsibilities
needs to be prepared for each discipline involved in the project. Fur-
thermore, the duties and responsibilities of the disciplines to manage
the information exchange are determined at this stage.

In this stage, a project risk assessment is required to identify risks
for each discipline. The development of the procurement strategy, the
project program, and in some cases, a (city) planning strategy is part
of this initial risk analysis (Sinclair, 2013).
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4.3. RIBA (2,3,4) design stage

The design stage is an information stage that includes conceptual
designs, schematic designs, detailed designs and contract documents.
This information is transferred from designers to Contractors and to
Client. Blockchain can be used in this stage as a distributed network
that can establish a reliable connection for sharing files between cus-
tomers, contractors and other stakeholders. A shared design can be
stored on a Blockchain network with an associated chain to provide
transparent and faster payments through smart contracts. During the
planning phase of the project, various design packages need to be
defined. Moreover, services are applied to smart contracts as a mean
to execute payments according to the business plan and to deliver on
the project activities in a timely manner (Penzes, 2018).

The proposed structure of the Blockchain can apply in a similar
track from the beginning to the final stage of the building process. This
structure contributes to an understanding of Blockchain and its current
state of the art technology and the use of financial and data sharing
mechanisms throughout the construction process. Blockchain and BIM
integration can also lead to significant savings, taking into account
transaction fees, paperwork, and construction permits, and removing
third parties.

Fig. 2 presents the interaction between different disciplines in the
design phase as supported by a Blockchain system identifying the
following steps:

+ Step 1: An agreement is signed with an appropriate architect who
will continue to contribute to the project.
Step 2: The Client and the Architect will send their digital infor-
mation such as digital address and hash to create a smart contract.
When the smart contract is prepared, the registration process will
be submitted to the Blockchain network.
Step 3: The Architect will get permission to access BIM/Cloud
system and contribute with the designs to the project.
Step 4: The first draft of the project will be prepared by the
Architect and will be sent to the Client. The Client will check
the draft and will give feedback regarding project requirements.
Then the Architect will produce the design based on the received
feedback. When the entire design is finished, the Architect will
save the model in a BIM format and will send the final IFC file to
the Client.
Step 5: In this step, the Architect can request payment after
making sure all drawings are completed.
Step 6: The payment will be submitted by the Client in order to
check drawings. If there is no need for another round of feedback
which means the architectural design is completed, the Client will
approve and sign it, and the process will be completed.
Step 7: The Client will send the drawing files as a PDF/ IFC to the
Blockchain network to build an immutable data history record.
The smart contract may send a notification to both parties, and
the Architect’s service price will be paid, and the transaction will
be recorded to Blockchain.

The same processes will be followed for Structural, MEP, and
other design team participants.

All these interactions are registered on the same Blockchain net-
work, so payments and project performance measurement updates can
then be started with smart contracts. This process is very similar to
those found on construction sites today. However, since there is an un-
derlying automatic and unchanging layer of Blockchain, each sequence
of tasks is recorded and tracked by the corresponding payments in the
field for approval and job completion. In this way, payments can be
processed from the project account and a transparent flow of value can
be created at the bottom of the supply chain.

At this stage, the BIM work package includes the dates, quantity
and costs of the work for Contractor and Subcontractors to use in
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the construction process as shown in Fig. 3. A BIM work package
can be created with software such as Synchro and Costx, considering
the transaction date and cost. These packages divide the construction
process into small pieces of digital use while recruitment, job tracking,
and payments can be easy to follow.

4.3.1. Smart contract

The translation between a traditional contract and a smart contract
with subsequent transformation details is presented in Fig. 4. This
shows an overview of how smart contracts operate in a Blockchain
and identifies: (i) terms and conditions specification, (ii) coding under
the determined condition in Blockchain, (iii) conditions are met and
the smart contract executes itself, (iv) outcomes are recorded in the
Blockchain and (v) authorities and users can analyse events.

In order to create a smart contract, the parties must first define
the corresponding objectives for each party and agree on the expected
outcomes. This may involve any potential value exchange, including
goods or services. Collaboration parties (disciplines) will adjust the pa-
rameters and requirements that must be met in order for a transaction
to occur.

All specifications and contract clauses are then written with com-
puter logic and coded in a programmatic way. Then the smart contract
will be sent to the Blockchain, that will be executed on its own when
specific criteria are activated. Users must use external owner accounts
to launch a smart contract to perform a transaction with a contract ac-
count. This account is authenticated with the private key of the initiator
and forwarded in the Blockchain to other nodes. Other users may use
the created public key to verify the validity of the transaction to ensure
the initiator is the entity that has activated the transaction (lansit and
Lakhani, 2019).

When a consensus is achieved from the majority, the transaction will
be added to the ledger, the smart contract will be executed, and the
results will be registered. As the Blockchain status changes overtime,
it is modified on all network nodes, and the outcomes cannot be
altered. Due to the computational resources needed to manage the
proof of business framework, any transaction that causes a change
of status in the Ethereum Blockchain requires a transaction fee. The
transaction launcher pays in Ethers which are part of Ethereum’s local
value network.

4.4. RIBA (5) construction

The use of smart contracts for the construction stage aims to manage
and monitor changes in the design and construction phases of the BIM
model, and to keep a record of all changes in the model by effectively
monitoring standard permits and legal residences (Lohry and Bodell,
2015).

The same Blockchain structure as used in the design phase can be
used for the construction phase. In this phase, the difference is that the
Contractor will make the management of the Subcontractor.

Fig. 5 shows how to record IFC data with Blockchain across dis-
ciplines in order to process work packages and work payments. A
suitable Contractor should be found/hired, and a smart contract will
be developed between the Client and the Contractor in relation to
the construction project. The Contractor will get permission to access
the BIM model after providing the necessary information. The first
work package will be sent to the Contractor and if the Contractor
completed the package within the specified time, a smart contract
will be executed. However, if the Contractor requests a payment to
the Client without completing the smart contract requirements, BIM
updates and the construction site verification are required to check the
package status, and the Client can define the package status and the
cost (can be sight from Cost Consultancy or others) for confirmation
of the requested transaction from Contractor. When the confirmation
of the work package status is received, the Client will agree with the
amount, and the Contractor service price will be released. Subsequent
transactions, the package files and the updated BIM IFC files will be
recorded into the Blockchain as illustrated in Fig. 5.



Y. Celik et al.

Design Stage

Preparing BIM WorkPackages:
i - ’ &

Dateand Time

Package 1
Package 2
Package 3

Synchro
Excell
Others

N

Computers in Industry 148 (2023) 103886

Costx
Excell
Others

[ Smart Contract ]
BlockChajn
EERREREE

Fig. 3. Preparing BIM Work Package.

Blockchain
Client Blockchain Contractor Smart Contract
Creating Smart Contract SmangcontraCt : Contract name | Tx(a)
. — From Client ID
‘// This Agreement between “Client” and "Contractor”
‘ To Contractor ID

[ 1)  General Information

e General information about a project
e Defining work packages as a task list of the project process.

2) Payment Details

e  Give information about the project details;
Date, time and cost of project

e Define type and period of payment (Monthly/Annually/Task to
task and so on)

3) Required Business Licenses, Permits, and Certificates

o Contractor represents and warrants that Contractor and

Contractor’s employ and contract p 1 will comply

with all federal, state, and local laws requiring drivers and
other licenses, business permits, and certificates required to/
\ carry out the services to be performed under this Agrecmem/’
Enter Digital details and signature
? <l

-

Approve and sign the Contract

(@)

Smart Contract application ID

Total Amount

Input Task Status

Task Price

Task Quantity

Required Documents (IFC Files,
Licenses, Certificates, Permits)

Timestamp Submission time

Signature Client(hash (Transaction name ||
From || To||Input|| Timestamp))

(b)

Fig. 4. Example of (a) traditional contract type and (b) smart contract type (Luo et al., 2019).

4.5. RIBA (6) handover and close out

At this stage, the project has been completed and a review process
can be triggered to ensure that all the disciplines that have coexisted
throughout the life of the project including a detailed analysis of the
stages of the project with related history. Disciplines and participants
can be assessed alongside the corresponding documents used in the
project. Thus, the whole process from the beginning of the project

until the handover can be under an unchangeable historical record.
In addition, based on smart contracts, the process is encoded at the
beginning of the project in accordance with codes of practice and
the possible delays can be minimised. The contractor client and other
participants will be able to use the entire process as a definitive record
with the Blockchain chain, even years after the project is completed.
During the sale or delivery of the building, a smart contract is
created between the Client and the Bidder to include in the Blockchain.
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Fig. 5. Blockchain structure between Client, Contractor and Subcontractor.

All information, including required documents, and IFC files, are shared
on the Blockchain and sent to the Bidder. Once the documents are
shared, the Bidder approves and signs the contract so that the process
is recorded in the Blockchain. The transaction is completed with the
approval and signature of the recipient, that is, a party or institution
registered in the Blockchain. Thus, the transfer process is recorded and
completed in the Blockchain as the last record until another transaction
from the operation phase arrives. In this way, all process information
that receives the project or building will be able to be accessed, creating
trust and transparency basis between the parties.

4.6. RIBA (7) in use

In this last stage of the RIBA Plan of Work, the project design
information is released to assist in the successful operation and use of
a building. Although most handover tasks are likely to be completed
in Stage 6, certain activities can be necessary for the completion of the
construction contract.

At this stage, it is thought that the use of technologies such as
IoT will provide more contributions to the construction life cycle.
The proposed structure is the same as explained in Stage 6. The only
change is in relation to the contributor and the user of the Blockchain.
For this stage, the use of Blockchain can be separated into different
categories such as insurance, energy, maintenance, and use of vehicles
and equipment.

4.6.1. Insurance scenario

Risks on construction activities and projects may be significant,
and insurance can provide considerable protection for the construction
disciplines. Some insurance types include employer‘s liability, flood,
fire, earthquake, accident, and residual value insurance. Blockchain
technology allows the use of smart contracts to automate the insurance
process and minimise contract disputes as unchangeable proof of work.
It can also make the process faster and optimise costs with third parties.

4.6.2. Maintenance scenario

Maintenance is the stage in which buildings and other features
remain in better condition and preserved at optimum efficiency. Based
on the different designs, some maintenance levels are required for prod-
uct, materials, function, and location. Common types of maintenance
are exterior painting, landscaping and gardening, window and door
repairs, plumping and roofing tile. The Blockchain can address such
maintenance aspects by decreasing intervention time and eliminating
third parties. Users who need maintenance in a house or a building
can use Blockchain as a trusty system to protect personal information.

4.6.3. Energy scenario

Blockchain can be adopted in all stages of the construction to
address risk assessment, maintenance, and energy requirements of
projects while these requirements will be categorised and listed. Re-
garding services (insurance, maintenance and energy) for the Client,
companies will be found and invited for their bids. The Client will
select the most suitable bidding at the beginning of the process. After
the digital information and data sharing phase, smart contracts will be
prepared between the Client and the company that won the tender.
When the process is completed, the required service document and
the price of the service will be sent to the Client. If the Client agrees
with the proposed service and price, the contract will be approved
and signed, and the financial transactions will be paid as specified in
the service price. The confirmation of the agreement document and
transactions will be recorded with their timestamps into the Blockchain.

4.7. Implementation of blockchain in lifecycle stages

As Blockchain technology has not yet completed its development,
organisations should adopt Blockchain technology for particular appli-
cations and only where such technology can bring tangible benefits.
RIBA Plan of Work is an accepted industrial process involving several
stages of a construction project. Tables 1 and 2 show a general process
of how to make integration with BIM and how the process develops in
relation to the steps in the RIBA Work Plan. The BIM process in the
table below has been prepared by considering the RIBA plan of work
as identified in comparative research articles and books.



Y. Celik et al.

Table 1

Preparation/theory stage of blockchain.
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RIBA

BIM

BLOCKCHAIN

(- Strategic Definition

Business case and strategic brief
including  related core project
requirements.

Establishing a Project Program for the
entire life cycle of the project.

Getting general information about Blockchain
and developing  appropriate  use-cazes
(scenarios) for the project.
Advise clients on the proposes of Blockchain
considering advantages and disadvantage.
Trying to find an answer to those questions:
o Does the project need Blockchain?
o If it is needed, which type of
Blockchain can be more suitable?
(Public, Private or Consortium)

1- Preparation

Advise BIM clients by considering
advantages and risks. Advise clients on
the designer's requirements and
integrity and scope of integrated
service, including the appointment of a
BIM model manager.

Define long-term responsibilities in
the project construction process.
Define inputs and outputs of the BIM
process and post-occupancy’s scope
evaluation.

Identify scope of BIM surveys and
investigate reports.

Identify the impact of BIM and Blockchain
integration on the project.
Define which Blockchain-based technology
will be used in the project (Ethereum,
Hyperledger. etc.)
Prepare a  Blockchain-based  system
considering project requirements.
Define general responsibilities and duties
regarding the questions:
- Who will create smart contracts
and control the Blockchain?
- Who will coordinate BIM work
packages?

Prepare the execution plan.

2-3-4-Design

Consortium pre-start meeting with the
stakeholders for the project.
Evalvation of strategic analysis
options for initial model sharing with
the design team.

Define the major design elements
(such as prefabricated components),
build parametric structures at the
concept-level for all the main
elements.

Facilitating access to BIM data for the
entire design team.

Provide data sharing and integration
for design coordination and detailed
analysis involving data links between
models.

Conduct environmental performance
and region analysis using BIM data.
Facilitating project planning
information from the main design to
client.

Assessing project tasks with 4D and/or

Monitoring and managing BIM data using
Blockchain records.

Recording and timestamping a BIM model for
sharing with the design team including all
types of project documents.

Create a smart contract with the design team
and related disciplines.

Preparing and planning BIM work-packages in
relation to the project zpecification. (See 4.3.
RIBA (2.3.4) Design Stage)

5D models.

We illustrate the Blockchain integration starting with preparation
stages, account creation stages, duties and responsibilities showing how
the process advances with various stages with the ultimate objective
inform adoption in real applications. Table 1 shows the “prepara-
tion/theory stage”, which covers the period from an idea to a design
stage, and Table 2 demonstrates the “implementation stage”, which
covers the period from construction to demolishing.

5. Evaluation

The evaluation is conducted with trial data from the Clouds-for-
Coordination (Petri et al., 2017) project. We use a real construction
project of the Highways England involving the construction of a new
bridge on A556 with data and processes provided by the project part-
ner, Costain. The purpose of this evaluation is to demonstrate the
advantages of Blockchain for a multi-disciplinary BIM project in rela-
tion to the construction of a new bridge and to demonstrate the impact
of using BIM and Blockchain for supporting a more automated and
efficient construction process.

5.1. Project trial

We included four project disciplines in the project trial as listed
below:

» Contractor - Costain

A cost consultant - Lee Wakemans Ltd.
* Design Team - Capita

* Client - Highways England

The construction project being discussed is a bridge system with
ancillaries and includes construction disciplines that are involved in the
various phases of the project.

5.2. Construction workflow with blockchain

Below we present the entire Blockchain-based coordination process
between the disciplines that are part of the project.

Step 1: A decision process is necessary to decide on whether to use
Blockchain for the project. The Client has decided to run the project in
a BIM and Blockchain framework.

Step 2: The Client sets up the Blockchain with the following details;
name, address, profile, transaction details.

Step 3: The design team creates and prepares a BIM model and work
packages with the required information taken from a BIM model.

Step 4: The work packages have been transformed into codes for the
Blockchain smart contract and synchronised with the BIM model and
software.
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Table 2

Implementation Stage of Blockchain.
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3- Construction

Exporting BIM data including offsite
manufacturing and on-site
Construction according to
Construction Programme.

Enable data sharing for disciplines
participating in the project.

Integrating and analysing a detailed
BIM model.

Enable BIM model's accessibility to
Contractor(s) and Subcontractor(s).
Review with the Contractor based on
the construction sequence (4D).

Agree timing and scope of ~Soft
Landings".

Coordinate and release of "End of
construction” BIM record model data.
Use of 4D/SD BIM data for the
purposes of project administration.

Create a smart contract with Confractor and
Subcontractors and additional disciplines that
are involved in the project.

Recording and tracking completed BIM work
packages and associated transactions.
Controlling and checking BIM updates and
transactions associated with BIM work-
packages

6- Handover
Closeout

&

Performing the necessary procedures
for the handover of the building.
Conclusion of the construction
contract and handover process.

Study of information on parametric
objects contained within the data of the
BIM model.

Creating smart contracts for handover stage
and for managing transactions.

Sending building documents to the Blockchain
as to record events and to make a immutable
data record.

7-InUse

Undertake " in-use” services according
to the " Schedule of Services".
Provide feedback and maintain a
contituous relationship with the Client
until the end of the building lifecycle.

Setting auto-payment system for regular
payment.
Creating Smart Contracts for payment
services.
Insurance: Auto-payment can be set for

regular payment.

. Maintenance: Blockchain can be uvsed for
recording the maintenance of a building
including immutable history and associated
payments without third parties.

e  Energy: Blockchain along with artificial
intelligence (AI) techniquez can identify
consumer energy behaviours and forecast
energy demand

Step 5: The Client will find the most suitable Contractor. Both the
Client and the Contractor will share their digital information such as
profile and hash.

Step 6: The smart contract will be prepared between the Client and
the Contractor. The Contract will include general information about
work, due date, cost and so on.

Step 7: The Contractor will get permission to access the BIM model
and work packages, which have been prepared in the project design
stage by the design team.

Step 8: The Contractor will start to complete the work packages.
When all workpackages are completed, the notifications will be sent to
both the Client and the Contractor.

Step 9: When the tasks and work packages are completed, the smart
contract executes itself and the BIM model with the IFC files are
recorded to the Blockchain.

Step 10: At the end of the process, the amount of money which has
been specified in the smart contract will be released. Thus, transactions
and documents will be all recorded into the Blockchain.

When the Contractor needs a Subcontractor for the work packages,
the Contractor can find a Subcontractor, and the same process will be
repeated between the Contractor and the Subcontractor from creating
the smart contract to the end of the package. This process is delivered
using a design tool such as Revit and can be managed as a part of a
multidisciplinary federated cloud. All participants of the project join
the cloud as a different cloud node where users of the cloud node
will see the BIM model based on different levels of visibility. The
construction project workflow is presented in Fig. 6.

5.3. Trial and validation

Within this subsection, we present the entire Blockchain scenario,
including disciplines and implementations which were delivered within
the project trial as shown in Fig. 7.

As stated, four disciplines are used with the below annotations:
discipline C — Contractor, discipline Q — Cost Consultant, discipline
E — Design Team, and discipline O — Client.

5.3.1. Prerequisites

We use Ethereum as a Blockchain solution to allow project partici-
pants from different disciplines to establish smart contracts and keep
changes tracked on the same ledger. We use the Remix compiler to
deliver the implementation of smart contracts. In our study, we use
data blocks to facilitate transfers by encrypting with hash data and
encrypting with a disciplinary digital signature. We have used a hash
function to encode the metadata in the current block, including the
signature and information about the process of connecting blocks in
the Blockchain. Whenever a new block is generated in the database, the
previous block’s hash value is combined with the latest block’s details,
and a new hash is created and signed with the user’s digital signature.
The following workflow demonstrates how a smart contract may be
used to synchronise the design documents of the various disciplines
participating in a building project.

» The Architect generates a URL for an IFC file that is being sent
to the design record database in the form of a document library
(hyperlink)

« Using a Blockchain API, the Architect digitally signs the contract
and generates a special cryptographic hash.

» The architect generates a new contract in the distributed ledger
for the system, and the client is assigned as a reviewer.
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Fig. 7. The bridge design model.

« If the client has signed the contract, the client may get an email
with a guide to see the contract as to decline or approve the proposal.

10

« If the client decides to proceed, it is requested to complete the

registration.
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Bridge Model - Package 8 Quantity Cost

EXTERNAL WORKS 639,735.84
8.1 — Site Preparation 2,523.30
8.1.1 — Cleaning vegetation 504.66 m? 2,523.30
8.2 — Fencing, Railing and Walls 637,212.54
8.2.1 — Walls and Screens 29.86 m 14,930.00
8.2.2 — Retaining Walls 29.86 m 22,395.00
8.3 — Piling 574,558.54
8.3.1 — Piling mats/ platforms 179.18 m? 89,590.00
8.3.2 — Piling plant 1.001IT 16,000.00
8.3.3 — Piles 104.00 Nr 188,240.00
8.3.4 — Disposal of exc. mat 1,190.02 m? 35,700.60
8.3.5 — Cutting off tops on concrete piles 1.00IT 3,120.00
8.3.6 — Pile tests 5.20 Nr 44.200.00
8.3.7 — Vibro-compacted columns 104.00 Nr 1,560.00
8.3.8 — Pile Caps 3 Nr 196,147.94
8.4 — Barriers and guardrails 25,329.00
8.4.1 — Vehicle restraint systems 8443 m 25,329.00

Fig. 8. Bridge Model External Works Work Package — 8.

« After signing the contract registration, the original smart con-
tract is recorded, and a new fully fulfilled contract is created in the
distributed ledger where the two parties enter the contract.

« The smart contract is updated to match a database URL, and the
final link to the document is generated with a unique reference

Instalments: To run the Ethereum network, users need to first register
with the network and initiate the first chain. The Blockchain network
has a set of rules for the first block, also known as the genesis block. The
Genesis.json file provides an explanation for the Ethereum network.
To fully start the Network, a client ID is created in the P2P network,
followed by the wallet that will be used to process the transactions. The
network is started and the next step is to create a smart contract to be
written and compiled.

Step 0 - Discipline O: The “Discipline O” defines who is allowed to
view and shared the data, and then defines what is shared.

Step 1 - Discipline E: The process begins with ”Discipline E” which
generates a first bridge BIM model object that syncs with the system.
Then the discipline uploads the generated ifc file “A556-CAP-7000-S06-
3D-S-1001.ifc” and shares with project collaborators.

Step 2 - Discipline O: ”Discipline O” converts the prepared work pack-
age tasks, which have been prepared by ”Discipline E” and ”Discipline
Q”, to the computer code for smart contracts. For our trial, “Bridge
Model - Package 8 (External Works)” has been selected to code for the
smart contract as demonstrated in Fig. 8.

Step 3 - Discipline C: “Discipline C” works on-site and attempts to
complete the task by updating the BIM model and verifying the process.
When the contract task “Barriers and Guardrails” and the rest of the
tasks are complete, the smart contract automatically executes itself
(“Discipline O” can check the updates and sign the contract before pay-
ment) and notifications will be circulated to related disciplines, and the
final IFC file “A556-CAP-7000-S06-3D-S-1001.ifc” will be recorded to
the Blockchain. Then, the amount specified by the payment transaction
is released. The coding associated with the work package is presented
in Fig. 9.

The validation is accomplished using four discipline users also
called “discipline nodes* that exchange project data as in the project
trial reported in Sections 5.1-5.3. Each user has been allocated a
hash of the activity and private key and a signature algorithm to sign
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Contract name | Bridge Model - Package 8

(External Works)

From (Client ID)

To (Contractor ID)

BIMPackage8

639,735.84 (Package total amount)

Input (Package tasks)

8.1. Site Preparation

8.2. Fencing, Railing and Walls
8.3. Pilling

8.4. Barriers and Guardrails

1B b b

A556-CAP-7000-S06-3D-S-100.ifc
(Project file)

Signature Client(hash (BIMPackage8 || Client||

Contractor|/Timestamp))

Fig. 9. Work package into codes for the smart contract.

the hash. Both the activity and the digital signature are accessible to
the receivers and to the record system, which can then validate the
transaction’s orientation towards the signature using both the sender’s
public key and the activity’s hash. True is returned by the validation
procedure only if the sender’s signature and operation hash are the
same, indicating that they were the ones who submitted the activity.
It is possible that the records have been tampered with or that the
signature has been forged if this algorithm returns false. A system
of charges and incentives is used to increase the likelihood that the
Blockchain network includes only valid blocks of transactions. When a
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discipline node introduces new records to the Blockchain network, the
information is disseminated to all other nodes in the network. Follow-
ing the validation of the transactions, each node starts the process of
collecting the data into a new block of transactions. As a result, the
Blockchain system keeps track of all interactions and activities among
users. The Ethereum test network is used to verify the validity of the
information as a repository for data from disciplines and activities and
smart contracts for data validation based on consensus and contract
transfers through programming code, and the SHA-256 algorithm to
retrieve data from records and activities.

5.4. Blockchain deployment

The smart contract enables the creation, storage, and retrieval of
package structs and provides a transparent and immutable method for
tracking and managing work packages on the Ethereum Blockchain.

Solidity, a language used to generate smart contracts on the
Ethereum network, is used to create a smart contract for the “BIM-
Package8” workpackage (see Appendix A.1). The contract includes a
user-defined data structure named ‘“Package” that contains the informa-
tion associated with a work package. The “Package” structure has many
elements, including “sender” and “receiver”, which are strings used to
hold the Ethereum addresses of the work package’s sender and receiver
respectively. In addition, the structure comprises a ‘“name” text field
that stores the name of the work package and an “amount” that stores
the financial value of the work package. In addition, the “projectFile”
element is a string providing the location of the project file affiliated
with the work package. The last field, “completed”, is a Boolean value
that indicates whether or not the work package has been completed.

The code has been run inside the Remix environment and is seen
to work as predicted, based on the code’s specification of intended be-
haviour. The successful execution of the code in the Remix environment
may be seen as evidence that the code is functional and prepared for
deployment on the Ethereum blockchain, this can be seen in Listing 1.

Listing 1: Example of the successful execution of the smart contract

{

"string _sender": "0x5B38Da6a701c568545dCfcBO3FcB875f56beddC4",
"string _receiver": "0xf8e81D47203A594245E36C48e151709F0C19fBe8",
"string _name": "BIMPackage8",

"uint256 _amount": "639735",

"string _projectFile": "A556-CAP—7000—S06—3D-S—1001.ifc"

}

In Listing 2, the “topic” entry is a string representing the event’s
unique identification, which is used to specify the event type. The
“event” parameter is a string that records the event’s name, “Package-
Completed” in this case. After the tasks are completed, it can be seen
that the smart contract is automatically executed and the package is
completed successfully.

The listing provided in the code may be used to indicate an event
that has been produced by a smart contract, including information
about the event’s origin, its type, and any relevant parameters. This
enables other parties to respond to and analyse the data provided by
the Blockchain network, offering a method to track and monitor the
contract’s status.

In Listing 3, the smart contract emits the event “PackageDueDate-
Executed”, which contains information about the package whose due
date has arrived. The event receives the package address and package
name as inputs, which may be used to identify the package that has
passed its due date. This event may be used to initiate various actions,
such as altering the package’s status or alerting the appropriate parties
that the package’s due date has passed.

A test environment was created to analyse interactions and trans-
actions between clients, architects, structural engineers, and MEP (Me-
chanical, Electrical, and Plumbing) engineers (MEP is considered as one
discipline). The test environment was created to simulate real-world
scenarios, and the data gathered throughout the testing process was
utilised to assess the performance and cost-effectiveness of completing
transactions in this environment.

12
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Fig. 10. Workpackage (BIMPackage8) completion cost.

During the test, a total of 81 transactions were executed amongst
the various disciplines (Fig. 10 indicates that there are 51 transactions
since some transactions happen simultaneously with others). These
exchanges were recorded, and the resulting data were evaluated to
determine the overall gas price associated with interactions. The gas
price is a measure of the cost of completing an Ethereum Blockchain
transaction, and it is commonly calculated in Wei, the smallest unit of
Ethereum.

The smart contract has a certain allowance of gas spent depending
on the number of actions performed and the gas price of the requested
codes. There is no standard fixed conversion price in the smart contract
and the process of determining any gas price depends on the sender and
the quality of the code being written. According to the test findings,
the total price of gas associated with the 81 activities was 6270082
Wei. This sum of Wei may be translated to other Ethereum units,
such as Ether, for easy comparison. In this case, it is indicated that
6270082 Wei is equal to 0.006270082 Ethereum, and the value to US
dollars using the current exchange rate is 8.89 US dollars (1 Ethereum
= 1417.13 US Dollar, 13.01.2023). For the completing cost for the
workpackage (BIMPackage8) is given with the interactions in Fig. 10

The model we propose in this section demonstrates the use of
Blockchain in construction projects and its contribution to BIM-based
multi-disciplinary collaboration. We provide a comprehensive frame-
work applicable to the construction industry that addresses the problem
of payment delays and contract disputes. We use smart contracts for the
life cycle of the construction process where tasks are created and coded
based on smart contracts in order to make the process more ‘functional’
and automated. With the smart contract and time stamp registration in
the ledger, disputes arising from the contract can be minimised as BIM
and Blockchain will strengthen the collaboration with a highly secure
interaction between Client, Contractor and Subcontractor, and provide
reliable information and sharing ecosystem of BIM data. This can
further strengthen cooperation between all stakeholders by eliminating
third parties and minimising costs.

6. Conclusion and future work

This research contributes to the ongoing effort to understand
Blockchain with its current state-of-the-art technology and its sub-
sequent use for the digitalisation of the construction industry. Two
research questions were posited to address the aim of the paper. In
response to RQ1 (What is the application and level of integration of
Blockchain and BIM in the construction industry?), an in-depth litera-
ture review was conducted that concluded that the use of Blockchain
in Construction is sparse, limited, and still in its infancy. Current
initiatives are still in the research and development stage, with a
number of limitations and blockers identified. As to RQ2 (Can the
integration of BIM and Blockchain offer a lifecycle and supply chain
approach to address construction industry limitations and blockers?),
we propose a Blockchain and BIM integration model that has the po-
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Listing 2: Example of the execution of smart contract when the workpackage completed

{
"from":
"topic":
"event":
"args": {
"0": "0xAb8483F64d9C6d1EcF9b849Ae677dD3315835¢ch2",
n 1 " : nn
"packageAddress":
"packageName": ""

}

"0xf8e81D47203A594245E36C48e151709F0C19fBe8 ",

"PackageCompleted",

"0x61056d12ef421e98b7b702b8ff2015dbad4b45ef362e58eb0b59e2fdcbfe2b39",

"0xAb8483F64d9C6d1EcF9b849Ae677dD3315835¢cb2",

Listing 3: Example of the smart contract execution on work package deadline

{
"from":
"topic":
"event":
"args": {
"0": "0x5B38Da6a701c568545dCfcBO3FcB875f56beddC4",
"1": "BIMPackage8",
"packageAddress":
"packageName": "BIMPackage8"
}
¥

"0xf8e81D47203A594245E36C48e151709F0C19fBe8 ",

"PackageDueDateExecuted",

tential to improve the construction collaboration process and eliminate
third parties to avoiding delays while ensuring that transactions are
highly secure, transparent, and traceable. We have demonstrated that
a Blockchain-based system ensures that BIM data exchanges can be se-
curely performed with approved confidentiality and trust mechanisms
can ensure fast and robust operations. The work is validated on a real
construction project with multiple participants enabling a collaborative
and secure environment by integrating Blockchain with BIM in an
exemplar case study. The proposed framework is meant to increase
trust among stakeholders at all stages of the construction process
and to provide a safer environment to minimise possible delays by
regularly monitoring payments with a smart contract while minimising
disputes that may occur with unchangeable records. This comes as a
step forward to support construction stakeholders to develop a robust
data infrastructure necessary to digitalise the construction process.

This study also aims to further advance the existing state-of-the-
art research on Blockchain by proposing a roadmap mechanism for
implementing Blockchain in the construction industry. We show how
creating work packages during the design process and making this
creation process connected with BIM can automatically improve the
process. In such a digital ecosystem, construction stakeholders can
manage their resources better and minimise recording documents and
timestamps by the use of smart contracts and Blockchain.

Overall, this study provides the following two main contributions:

« It conducts an in-depth literature survey assessing perceived bar-
riers and possible applications for adopting Blockchain for con-
struction management;

« It provides a best-practice case study informed from a real con-
struction project as a mean to demonstrate the integration of
Blokchain and BIM for multidisciplinary project collaboration;

Blockchain provides several benefits such as simplicity, flexibility,
and user-defined policies that can enable code control compatibility
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"0xb04ed2344cc68716471b1d42367e0fd3d3c911a465219fdda504ede34d5c383e",

"0x5B38Da6a701c¢568545dCfcBO3FcB875f56beddC4 ",

in BIM workflows and a more secure and automated construction
process. Thus, for the construction industry, Blockchain contributes
to accelerating the digitalisation of processes and applications greatly
improving the traceability of tasks and resources involved in a con-
struction project. In this way, the misalignment of contracts can be
minimised, and corrective actions can be implemented timely. More-
over, the accuracy of costs and timing estimates can significantly
increase the reliability of a Blockchain supported construction project.
Together with these advantages, Blockchain can also increase overall
productivity paving the way toward a more digitalised and automated
construction ecosystem. Further research involves extending the Com-
putational Urban Sustainability Platform (CUSP) developed by the
authors (Rezgui et al., 2021) to include Blockchain related services
to support stakeholders’ transactions across the project and build-
ing lifecycle, taking into account the concept of Material Passport
and recyclability. These developments will be reported in follow-on
publications.
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Appendix

A.1. Code of the smart contract used for the workpackage

pragma solidity "0.8.0;

contract WorkPackage {
// Structure to hold information about a work package
struct Package {
string sender;
string receiver;
string name;
uint amount;
string projectFile;
bool completed;

}

// Mapping to store all work packages
mapping (address => Package) packages;

// Events for package completion and due date execution

event PackageCompleted(address indexed packageAddress,
string packageName);

event PackageDueDateExecuted(address indexed packageAddress,
string packageName);

// Function to add a new work package

function addPackage(string memory _sender, string memory _receiver,
string memory _name, uint _amount, string memory _projectFile)
public {
packages[msg.sender] = Package(_sender, _receiver, _name,
_amount, _projectFile, false);

}

// Function to mark a work package as completed
function completePackage(address _packageAddress) public {

require (packages[_packageAddress].completed == false,

"Package already completed");

packages|[_packageAddress].completed = true;

emit PackageCompleted (_packageAddress, packages[_packageAddress].name);
}

// Function to execute a package when its due date is reached
function executeDueDate(address _packageAddress) public {
require (packages[_packageAddress].completed == false,
"Package already completed");
emit PackageDueDateExecuted (_packageAddress,
packages[_packageAddress].name);

14
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