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Abstract

Recently, businesses and government bodies in the Architecture, Engineering, and
Construction (AEC) sector have faced a key challenge in the delivery of effective
project outcomes. Asset Information Modelling (AIM) is aimed to serve the as-
set process once the project is handed over. Considering that Blockchain is a
relatively new data management technology, that is intended to provide security
within a decentralized culture, it could be the foundation for improving asset
processes.

Currently, owners find it difficult to manage their assets throughout their lifecycle.
The fact that Asset Information Models (AIMs) are mandatory as deliverables
in Building Information Modelling (BIM) driven projects, then is a key require-
ment for the client to understand in detail those factors affecting assets operation.

Hence, the Kingdom of Saudi Arabia is the most significant market in the Mid-
dle East, the researcher investigated those factors where Blockchain and AIMs
could impact on AM lifecycle. The lack of an integrated system and the use
of new technology lead to fragmentation in the building process. There is an
urgent need, therefore, for the adoption of new technology in the construction
industry, to support building assets. With the aim of overcoming current limi-
tations in construction and AM, by using Blockchain technology, with its novel
way of managing — storing — and sharing data in various ways, it can be con-
sidered a new revolution amongst the most advanced construction applications.
Therefore, this thesis aims to assemble a Blockchain-based tool that can improve
the management of AIMs. The researcher used a hypothesis-based approach over
a systematic literature review and a workshop (descriptive statistics) to under-
stand the current challenges in Asset Management (AM) within the context of
the Kingdom of Saudi Arabia (KSA).

On this ground, a workshop was run to understand the impact factor analy-
sis affecting the operation of asset lifecycle by using Asset Information Modelling
and Blockchain technology over a mixed method (Phase 1). Results have shown,
amongst others such as poor communication, poor coordination, lack of a con-
sistent approach in building construction, inconsistent language, lack of accurate
data and data management, less value for investments, and unplanned decision-
making.

In Phase 2, with the same group of experts, a survey was conducted using de-
scriptive statistics to test the impact of project delivery on the efficiency of the
operating asset information modeling and management. Results show relatively
strong evidence of the impact of the operating AIMs in different AM lifecycle
stages including potential consequences.

Since research and systematic literature review showed evidence of a lack of
sharing, transferring, and protecting the information between stakeholders then
Blockchain was introduced aiming to assess whether and how Blockchain could
impact AIM throughout the lifecycle. On this ground, the researcher designed



and developed a Blockchain-based tool aiming to understand these interrelation-
ships (using C+4, HTML, Java, Python, and Javascript), and ensure ISO 19650
and ISO 55000 compliance.

To validate this Blockchain-based tool the research used an experiment within
the King Abdulaziz University (KAAU) in the KSA (Phase 3). A group of 5
team members was invited to test whether and how Blockchain technology could
be operated and whether changes are required during asset operations.

In the running of the workshop, hypotheses were developed (different AM stages)
in which assets’ stakeholders (owners, consultants, contractors, and suppliers)
had the opportunity to upload, visualize, review, select, and decide the best
product based on the asset information model during the tendering stage (smart
contracts) of asset’s operation.

Results show that factors affecting the operation of assets are the improvement
of trust and improved stakeholder influences; availability of handover process
products’ accurate data; provision of details provided by manufacturers; increase
in the speed of preparing holistic and integrated Asset Management Systems,
improvement of collaboration between stakeholders, and returning faster clients’
Return of Investment due to the prompt response when and as a problem oc-
curred.

Understanding the factors affecting the AM lifecycle based on the utilization
of AIMs and Blockchain will allow investors and their team members to work in
a secure and collaborative environment that helps them pre-identify certain risks
and become proactive, identify which digital asset data could add value to the
owners (decision purposes) and innovate by elaborating and improving day-to-day
business through an integrated procedure based on international standards.
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Chapter 1

Introduction

This introductory chapter provides an overview of the research topic, which inves-
tigated the integration of AIM and Blockchain technology within the AM lifecycle.
The chapter begins by highlighting the persistent challenges faced by the global
construction industry, particularly in the KSA, such as budget constraints, sched-
ule adherence, and quality standards. It underscores the lack of established pro-
curement procedures and the absence of contractual formats safeguarding clients’
rights, leading to contractors’ challenges in understanding client requirements
throughout the AM lifecycle. It further discusses the fragmented nature of the
construction industry, where disjointed operations AM and a lack of collaborative
ethos hinder the establishment of enduring relationships among asset stakehold-
ers. Moreover, this chapter also highlights the potential of Blockchain technology
to address the fundamental need for enhanced asset data management and secu-
rity within a decentralised cultural framework. It outlines the research rationale,
which includes exploring the interrelationship between AIM and Blockchain, in-
vestigating the factors affecting the operation of the asset lifecycle, and designing
a tool to create a decentralised application for stakeholders to store and man-
age AIM models. Additionally, the chapter presents the research questions, aim,
scope, and objectives, emphasising the goal of enhancing the efficiency of the AM

lifecycle.
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1.1 Background

The global construction industry, which encompasses both public and private
sectors, faces persistent challenges in AM, including budget constraints, adher-
ence schedules, and the maintenance of expected quality standards [1]. Within
the KSA, these challenges are exacerbated by a lack of established procurement
procedures throughout the project lifecycle. This inadequacy stems from clients’
inexperience in selecting appropriate procurement types and the absence of con-
tractual formats safeguarding clients’ rights [5]. Additionally, contractors often

struggle with a lack of clarity regarding client requirements [(].

Consequently, the existing procurement framework in KSA remains in its infancy,
primarily concentrating on the construction phase rather than incorporating op-
erational considerations [7]. Given KSA’s prominence as the leading construction
market in the Middle East [%], the necessity for a robust procurement system, cou-
pled with essential technical and contractual proficiencies, becomes paramount
for successfully executing projects spanning various infrastructural domains such
as buildings and roads [9]. Extensive literature highlights procurement as a sig-
nificant impediment to technological adoption within the construction sector.
Notably, Mohammed Al-Sheikh, an adviser to the crown prince, attributes sub-
stantial annual losses, estimated at USD 80 billion to 100 billion, to inefficient

procurement practices within the Saudi government [10].

Additionally, a lack of collaborative ethos hampers the establishment of enduring
relationships between suppliers and contractors [6]. Therefore, fostering a collab-
oration culture is imperative to enhance efficiency and quality across construction
processes |1 1]. Reports by Latham [12] and Egan [13] underline the centrality of
trust and collaboration between clients and contractors for project success, advo-
cating for early problem identification and resolution through closer cooperation

among stakeholders.
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While procurement inefficiencies pervade the construction industry, exceptions
exist, such as the Heathrow Airport terminal project in the UK [1]. Most stud-
ies advocate for the integration of procurement at each asset lifecycle stage to
ensure optimal outcomes. The Chartered Institute of Building’s research also
shows that improving the procurement process throughout the project lifecycle
is important for project success, with 87% of survey participants supporting this
idea, especially during the AM phase [14]. Hence, the judicious selection of pro-
curement systems emerges as a critical determinant of project efficacy, propelling

researchers to examine various procurement models in recent years.

Despite strides, the prevailing construction business model remains fragmented,
reflective of the industry’s reliance on disparate communication modes among
entities [15]. This fragmentation underscores the imperative for technological
interventions to augment communication and collaboration during procurement
processes, particularly in KSA, where projects encounter significant challenges
during the handover stage [16]. Furthermore, throughout the various phases of
the construction project lifecycle, a lack of accurate and valid project data per-
taining to building assets exists [6]. This deficiency in building data integrity
poses substantial obstacles to effective AM and decision-making processes. A
fundamental approach for enhancing these processes may lie in adopting novel
asset data management technologies designed to ensure security within a decen-

tralised cultural framework.

BIM emerges as a promising paradigm. To optimise digital building manage-
ment processes, stakeholders must enhance information exchange, adhering to
standards such as ISO-19650 [2]. While conventional data exchange formats are
limited to 2D drawings and Word documents, BIM’s dynamic involvement fa-
cilitates broader access to data [2]. As a result, securing asset data access and
visualisation is crucial for leveraging existing insights and discovering new areas,

thereby increasing asset value over time. According to ISO-19650 [2], projects
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driven by BIM are required to submit both graphical and non-graphical project

data, including the AIM, during the handover stage.

Furthermore, studies have shown that integrating AIM and BIM more closely
can highlight the added value and ROI across various AM horizons [17]. AIM,
encompassing the base and operational models, entails recording all activities
throughout the project lifecycle, particularly during the operational phase [15].
However, integrating AIM and BIM presents challenges, including skill shortages

and technological adeptness among stakeholders [19].

The research in this thesis addresses critical challenges within the Saudi con-
struction industry, specifically the issue of managing building assets due to the
absence of accurate and reliable project/asset data. This lack of quality data
hinders effective AM and decision-making, leading to inefficiencies and poten-
tial setbacks in construction projects. To overcome these obstacles, the thesis
proposes an innovative Blockchain-based tool designed to integrate with AIM,
offering a solution tailored to the unique needs and challenges of the Saudi con-
struction sector. The inefficiencies in the Saudi construction industry can be
primarily attributed to the current work practices that separate architects from

builders during the design phase.

However, this separation persists throughout the AM lifecycle. This separation
poses significant challenges for effective communication between stakeholders, re-
sulting in suboptimal project delivery [20]. Hence, there is a need to develop
procurement processes that connect clients and contractors from start to finish of
an asset’s lifecycle [8] Several factors contribute to this focus: clients frequently
face difficulties in choosing appropriate procurement methods, and there is a lack
of contract templates that effectively protect client rights [5]. As a result, con-

tractors frequently deal with understanding the client’s brief [7].
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Hence, as Raslan and Kapogiannis [%], have noted there is a requirement to
close the gap between client and contractor throughout the AM lifecycle. In ad-
dition, a comprehensive literature review has revealed that the asset lifecycle is
one of the primary obstacles hindering technology integration in the construc-
tion sector (details in Chapter 2). Despite the potential for new technologies to
enhance construction performance and facilitate client participation at the early
stages, the industry’s reluctance to embrace collaborative practices has stymied
their adoption [3], [19], and [21]. In light of the escalating demand within the
construction industry and the paucity of existing technologies, there is an urgent

need to revitalise strategies.

AIM is introduced to oversee, enhance, and incorporate different elements of
the AM strategy [22]. AIM refers to the asset models that document actions
throughout the project lifecycle and into the AM. AIM represents the as-built
model that encapsulates the asset lifecycle [23]. BIM is a strategy that serves the
construction industry by employing processes to enhance planning and design. As
a principle, BIM has the potential to empower teams to enhance their knowledge

and share relevant information effectively.

Presently, BIM is employed in developed construction industries such as in the
United Kingdom, China, Hong Kong, Norway, Denmark, and Australia. BIM,
as a process, can revolutionise the entire work environment by reducing resource
waste, costs, and materials while providing a more accurate approach to project
execution [21]. The design stage of a project is crucial. It significantly impacts
the asset’s lifecycle. This phase requires attention to enhance quality. Detecting
clashes before the construction stage is essential. This early detection also ben-
efits the AM lifecycle stage. Therefore, BIM visualisation tools, along with the
provision of real-time data, are essential for enabling comprehensive management

and collaboration at every stage of the project lifecycle, including the AM phase

[25]-
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Building on this, the adoption of Blockchain technology complements the AEC
(Architecture, Engineering, and Construction) industry’s shift from Computer-
Aided Design (CAD) to BIM. This transition aims to enable smooth data record-
ing, system updates, and improved security [20] enhancing the industry’s opera-
tional efficiency and integrity throughout the AM lifecycle. Blockchain technology
is made up of two key elements: the ledger, which acts as a comprehensive record,

and the individual units recorded on this ledger [27].

This technology functions through a network of nodes (computers connected to
the Blockchain network), with each node required to maintain a copy of all trans-
action blocks (Each node stores transactions in blocks and to ensure the accuracy
of the entire transaction history, every node must keep a copy of these blocks.)
This redundancy is crucial for verifying the entirety of transactions across the
system [28]. Each block is linked to the preceding one by a unique code, known
as a hash from the previous blocks (hence having Blockchain) to safeguard the
system. This method not only facilitates the systematic gathering of transaction
data but also ensures the integrity of this data, protecting it from altering [29].
Similarly, both BIM and Blockchain technology encounter a common obstacle:
the lack of established standards and clear guidelines for their implementation
[30]. Blockchain technology finds applications across various domains, including
financial services, government, healthcare, money, and smart contracts [31]. This
gap in standardised practices is anticipated to significantly affect the process of
recognising and meeting client demands and specifications. The absence of clear
standards complicates the application of these technologies, potentially hindering

their effectiveness in satisfying specific client requirements.

Blockchain technology has been applied across various domains, including finan-
cial services, government, healthcare, money, and smart contracts [30]. Neverthe-
less, this thesis focused on smart contracts to examine their feasibility throughout

the asset lifecycle. A smart contract can be defined as a computerised transac-
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tion protocol that executes the terms of a contract [32]. The general objective
is to satisfy common contractual conditions, such as payment terms, liens, confi-
dentiality, and enforcement [28]. This method serves as a way to decrease both
intentional and unintentional errors and reduce third-party involvement, thereby
minimising the risk to AM. In addition, its economic objectives encompass reduc-
ing fraud-related losses, costs associated with arbitration and enforcement, and

other transaction expenses [2].

Therefore, a smart contract can be viewed as an independent digital mechanism
that activates automatically once certain predetermined conditions are met, all
enabled by Blockchain technology [33]. This enables the seamless and automated
enactment of agreements when predetermined requirements are met within the
AM lifecycle. Such a setup could foster a cooperative atmosphere where clients
and contractors can interact with and manage asset data, thereby cultivating

trust through collaboration [11].

However, integrating AIM-BIM across the entire asset lifecycle presents obsta-
cles. To address these challenges, this research proposes a Blockchain-based
environment designed to meet the critical needs of clients in the efficient and
streamlined management of their assets. Therefore, in summarising the points
discussed above, five key observations are identified: Fragmentation emerges as
a central issue within the construction process, occurring at both project and
industry levels. This fragmentation in multi-activity projects with diverse con-
tractors and subcontractors leads to a lack of cohesive data exchange among
assets’ stakeholders. Indeed, the construction industry is often cited as one of
the most fragmented sectors [34]. Traditionally, asset data accumulation reaches
its peak during the construction stage but experiences a sharp decline during
the handover phase, a situation worsened by the reliance on manual paperwork
submissions [35]. This lack of structured information storage procedures results

in owners facing substantial data backup and protection hurdles. As a result,
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owners frequently face extra expenses to regain asset data in the AM phase, pay-
ing again for the detailed as-built information and data that should have been

accurately captured and transferred during the handover phase.

Technicallay, there are multiple challenges related to the transformation of as-
set data that demand attention. These include, for example, the handling of
large files like BIM and AIM models, Organizational Information Requirements
(OIR) files, etc., the absence of adequate tools for model revision management,
the need for manual intervention in data exchanges, complications arising from
software bugs and instability, and the imperative to review and modify architec-

tural elements, costing details, and construction resources resources [35].

To enhance the suggestion from previous studies, establishing precise criteria
for the standards of asset information and the methods by which it is delivered
is essential [2]. Notably, the costs linked to operations and maintenance account
for a significant portion of the overall lifecycle expenses of a building or facility
[31]. This fact highlights the integral role of effective Facility Management (FM)
in enhancing the AM lifecycle. FM supports operational efficiency and directly
contributes to informed decision-making throughout the stages of AM, ensuring

a seamless connection between daily operations and long-term asset strategy as

per AM ISO-55000 [36].

Blockchain technology could offer a paradigm shift in asset data management,
characterised by decentralisation and enhanced transparency. Unlike traditional
centralised databases, Blockchain eliminates the need for intermediaries, provid-
ing participants with direct access to the entire database and transaction his-
tory. This decentralisation fosters trust among participants, as asset data is not
controlled solely by a single entity[32] and [37]. However, Blockchain’s poten-
tial role in fostering cooperation within the KSA construction context remains

under-explored. Hence, these essential insights address the fragmentation prob-
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lems and obstacles in managing asset data within the AEC industry. They range
from pinpointing the technical difficulties faced to offering feasible solutions and
cutting-edge technologies like Blockchain that promise to address these concerns.
Notably, the emphasis is on the integration of AIM and BIM via Blockchain tech-
nology as a strategy for improving coherence and efficiency throughout the AM
lifecycle. This underscores the significant impact of refining AM practices and
fostering the development of comprehensive asset information standards. Conse-
quently, to explore these themes further in this Ph.D. research, the subsequent

section will introduce research questions centered on these critical areas.

1.2 Research Questions

Based on the discussion and insights highlighted in the preceding text, the fol-
lowing research questions are proposed to guide the exploration and analysis of

this PhD research:

1. How does Blockchain technology facilitate the integration of AIM
within the AM lifecycle, and what are its implications for AM?
This question seeks to explore the fundamental concepts of AIM and Blockchain
technology, examining the role of Blockchain in enhancing AIM’s applica-

tion and effectiveness throughout the asset lifecycle.

2. How can a Blockchain-based tool integrated with AIM be de-
signed, developed, and validated to improve the AM lifecycle?
The focus here is on the practical application of Blockchain technology
with AIM through designing, developing, and validating a tool specifically
aimed at improving the AM lifecycle. This question also considers the ex-
pected impacts and improvements from deploying such a tool in real-world

settings.

3. What added value does Blockchain technology with AIM bring

to the AM lifecycle, and how does it contribute to operational
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efficiency? This question aims to investigate the specific benefits and
enhancements that Blockchain technology introduces to the AM lifecycle,
focusing on improvements in operational efficiencies, data integrity, and

stakeholder collaboration throughout the AM lifecycle.

These questions have been designed to facilitate a comprehensive evaluation of
how Blockchain technology can play a transformative role in enhancing Additive
Manufacturing (AM) and Artificial Intelligence in Manufacturing (AIM) within
the construction industry. This aligns with our research goals to explore, exam-
ine, and drive innovation in this burgeoning field. By focusing on the facilitation
of AIM and identifying operational factors influenced by Blockchain, this research
aims to contribute significantly to the optimisation and enhancement of AM prac-
tices. The integration of Blockchain with AIM represents a pioneering approach
that could lead to groundbreaking improvements in the way assets are managed
across their lifecycle, offering insights into a future where digital and decentralised

technologies drive the construction industry forward.

1.3 Aim and Objectives

Based on the research question in section 1.4, this research aims to explore and
validate the transformative potential of Blockchain technology in enhancing AIM
and AM practices within the AM lifecycle. Specifically, it seeks to develop a
Blockchain-based tool that facilitates a decentralised approach to managing and
optimising the transactions and interactions between digital models and various
stakeholders across the asset lifecycle. This aim is driven by the objective of
adding value for all stakeholders involved, improving the AM process, and con-
tributing to the body of knowledge on integrating Blockchain technology with

AIM to address the persistent challenges in AM. Hence, the objectives are:

1. Exploration of Blockchain and AIM Synergy:to examine how Blockchain
technology enhances AIM integration within the AM lifecycle and to un-

derstand its broader implications for the field of AM.
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2. Development and Validation of an AIM-Blockchain Tool: to design,
develop, and systematically validate a Blockchain-based tool that is inte-
grated with AIM, aimed at streamlining the AM lifecycle, and to evaluate

the expected outcomes of its real-world implementation.

3. Assessment of Blockchain’s Added Value with AIM: to investigate
the additional benefits Blockchain technology brings when combined with
AIM in the AM lifecycle, mainly how it boosts operational efficiency, im-

proves data safety, and fosters stakeholder collaboration.

Hence, this research leverages the empowering potential of Blockchain technol-
ogy to revolutionise AM practices, particularly through AIM. By proposing a
Blockchain-based application, the study aims to enable asset stakeholders to ef-
ficiently upload, manage, and visualise asset data throughout the building’s life-
cycle, thereby enhancing decision-making and optimising transactions between
digital models and stakeholders. The research objectives are aligned with explor-
ing the fundamental concepts of AIM and Blockchain, investigating the added
value these technologies bring to the AM lifecycle, and designing a practical
Blockchain-based tool to improve this lifecycle. This approach not only promises
to elucidate the critical relationships between various informational requirements
within AIM but also aims to contribute to the growing body of knowledge on
digital solutions in AM. Through a holistic exploration and practical application,
the study seeks to address the nuanced challenges of the AM lifecycle, offering a

significant advancement in digital AM practices.

1.4 Structure of the Thesis

Chapter 1: Introduction to the Research Domain: this introductory chap-
ter laid the groundwork for the study by detailing the background and the existing
hurdles within the AM field. It emphasised the transition from BIM to AIM and

presented Blockchain technology as an innovative solution to these hurdles. The
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chapter outlined the research questions, aims, and objectives, thus providing a
framework for the research. It supported the integration of AIM and Blockchain
technology as a strategy to address issues concerning data precision, security,
and improving cooperative efforts among AM stakeholders. Furthermore, the
introduction provided an outline of the thesis structure, preparing readers for a
thorough exploration of literature, methodologies, results, and the confirmation

of impact factors in the subsequent chapters.

Chapter 2: Literature Review on the Evolution from BIM to AIM
and the Role of Blockchain: this chapter delves into the literature on the
transition from BIM to AIM and the critical role of Blockchain technology. It
reviews international standards like ISO-19650, explores the challenges in asset
information management, and examines the potential for Blockchain to transform
these practices. The literature review establishes the study’s theoretical base, em-
phasising the technologies employed, testing methods, and principal results from

merging AIM and Blockchain.

Chapter 3: Research Methodology: This chapter details the research method-
ology, describing how the study was designed to explore the integration of AIM
and Blockchain. It explains the selection of case studies, data collection meth-
ods, research ethics, limitations, and analytical techniques employed to assess the
impact of Blockchain-based AIM systems on AM practices. This methodology

ensures a rigorous approach to achieving the study’s aims and objectives.

Chapter 4: IT Prototype: this chapter presents an in-depth analysis of inte-
grating AIM and Blockchain technology. It discusses the design and functionality
of a Blockchain-based AIM system and its potential to enhance data security, ac-
curacy, and stakeholder cooperation in AM. The integration addresses identified

challenges, offering insights into the system’s theoretical and practical benefits.
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Chapter 5: Experiment: this chapter focuses on validating the impact factors
crucial to the success of the Blockchain-based AIM system. Through empirical
research, it assesses how the integrated system can improve operational efficiency,
reduce costs, and support better decision-making in AM. This validation under-

scores the transformative potential of combining Blockchain with AIM and BIM.

Chapter 6: The Impact of Research: this chapter provides a comprehen-
sive analysis and interpretation of the research results obtained in this research.
This chapter aims to contextualise the findings within the broader framework of
AIM, BIM, and Blockchain technology’s impact on the asset lifecycle. By ex-
amining the data concerning the research objectives and questions, the chapter
highlights the key insights regarding the facilitation of AIM through Blockchain,
the added value Blockchain technology offers to the AM lifecycle, and the ability
of a Blockchain-based tool to enhance AM practices. The discussion integrates
theoretical perspectives with practical implications, evaluating how the findings
align with existing literature and what they signify for future research and indus-
try practice. Through this exploration, the chapter provides an understanding of
the research’s contributions to the field and its relevance to stakeholders in the

AM sector.

Chapter 7: Conclusion: the conclusion summarises the key findings, emphasis-
ing the innovative contribution of integrating Blockchain technology with AIM to
the field of AM. It highlights the study’s implications for future research and the
practical application of digital technologies in enhancing operational excellence

across asset lifecycles.

1.5 Summary

This chapter has addressed the significant challenges encountered in AM within

the KSA construction sector, underlining the need for enhanced asset data man-



Chapter 1. Summary 14

agement and communication. It highlighted the lack of standardised data doc-
umentation and the dominance of informal information sharing as primary con-
cerns. The research scope was defined by presenting the problem statement,
research questions, aims, and objectives. The fragmentation in the AM lifecycle
was acknowledged as a significant obstacle to efficient data exchange and collab-
oration, recommending the integration of Blockchain technology with AIM and
BIM as an innovative solution. The necessity of implementing a Blockchain-based
environment to secure AM data, ensure transparency, and maintain integrity was
highlighted as critical for advancing toward more effective AM practices. Lastly,
a preview of the thesis structure was provided, preparing the groundwork for a
detailed examination of how a Blockchain-based tool could surmount these iden-

tified challenges.



Chapter 2

Literature Review

2.1 Introduction

This chapter presents a comprehensive overview of the background of the re-
search aim, beginning with an introduction that contextualises subsequent anal-
yses. Section 2.1 explores the chapter introduction, tracing the evolution from
BIM to AIM throughout the asset lifecycle. Following this, Section 2.2 explores
the research overview, laying the groundwork for understanding subsequent sec-
tions based on International Standard ISO-19650 [2]. This section is essential
for establishing a foundational understanding of information and process man-
agement across the asset lifecycle. Section 2.3 Blockchain technology and smart
contracts. Section 2.4 explores the discussion, offering insights into the practi-
cal application of theories and technologies discussed earlier within the context
of the KSA. The examination of Blockchain Technology in Section 2.5 provides
a summary of this innovative technology, setting the stage for its relevance to

BIM/AIM and Blockchain.

2.2 Research Overview

Chapter 2 is strategically structured to progress logically from general concepts to

specific applications and interrelations among asset lifecycle management, AIM,

15
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BIM, and Blockchain within the context of the KSA. The AEC industry, which
represents a significant segment of the global economy, is characterised by frag-
mentation in its business model, primarily due to varied communication modes
across different companies [15]. This fragmentation underscores the necessity for
integrative processes like BIM, which has demonstrated its primary benefits dur-
ing the asset’s operational phase [16]. This integration offers a more organized
approach to AM, encompassing efficient operation, maintenance, utilization, and
disposal. AIM serves as a foundational and operational model capturing all ac-
tivities across the project lifecycle, particularly during the operational phase [17].
However, integrating AIM and BIM presents challenges such as skill gaps and
a lack of technological understanding among project stakeholders [2]. Addition-
ally, the AM process itself demands improvement, particularly in capital and op-
erational expenditure identification, resource management, systems engineering,
technical standards, and maintenance delivery, aligned with ISO-19650 standards

for information exchange among stakeholders [18].

The emergence of BIM has transformed this process, enabling dynamic access
to project data, which underscores the importance of secure and properly dis-
tributed data among stakeholders [19]. Traditionally, information exchange dur-
ing the project lifecycle has relied on 2D drawings, word documents, and spread-
sheets [20] The emergence of BIM has transformed this process, enabling dynamic
access to project data, which underscores the importance of secure and properly
distributed data among stakeholders [30]. Blockchain technology, introduced in
2008 and operationalized in 2009 with the launch of Bitcoin, presents a promis-
ing solution to the challenges of secure data access and visualization, due to its

inherent security features [31].

While Blockchain technology is being applied in various sectors, its potential for
enhancing the security and accessibility of data through integration with AIM

and BIM technologies is an area of ongoing research. This is particularly relevant
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in areas like the KSA, where challenges in data and information management

remain [31] and [38].

In addition, there are notable inconsistencies in the transfer of information from
project handover to AM, highlighting the crucial role of innovative approaches
like Blockchain in refining AIM and BIM processes [22]. Moreover, the AEC in-
dustry in KSA is on the cusp of a significant transformation, with the integration
of AIM, BIM, and Blockchain technologies promising to bridge current gaps in
AM processes and lay the groundwork for a more efficient, secure, and techno-
logically sophisticated industry framework. However, it’s worth noting that the
KSA has recently announced substantial investments in digital transformation,
], signaling a

amounting to 35 billion SAR approximately 950 million USD |

strong commitment to advancing technological integration and innovation.

Additionally, Table 2.1 illustrates the definition of each feature selected related to

use in the construction sector, providing further clarity on the discussed concepts.

Table 2.1: Definition of matrix keywords.

Features Definition
Collaboration Stakeholders to act together for successful goal
Improve quality | Achieve the level of performance in each activity
Data security Prohibit unauthorised access to data
Innovation Improvement in services, products, and processes
Trust Relationship among stakeholders
Share information | Information required to fulfill the needs
Confidentiality | Owner’s privacy
Solve problems | Discover problems before they occur
Immutable Unchangeable object
Accuracy of data | Correct data to be stored
Materialise Realised outcomes
Cryptography Protect owner’s information

and integration of AIM and BIM [11], [40], [41], [42], [43], [16], [44], [45], |

A considerable volume of research has thoroughly explored the characteristics

J
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[15], [47], [48], [19], [19], [50]. While Blockchain technology’s growth and its fea-
tures, applications, and significance across various sectors, including AM, have
been well-documented (33, [51], [31], [52], [53], [28], [54], (551, [56], [27], [57], [58),
[09], [60], [38], [61]. research on leveraging Blockchain to enhance AM, especially

in the AIM context, remains limited.

In the KSA, the procurement process among stakeholders throughout the as-
set lifecycle is notably deficient [5]. This deficiency is primarily attributed to
clients’ inexperience in selecting appropriate procurement types and the absence
of contract formats that safeguard client rights. Furthermore, contractors often
lack a clear understanding of the client’s brief, exacerbating the situation [6]. Cur-
rently, the procurement system in KSA is still evolving [7], with a predominant
focus on the construction phase rather than on operational sustainability. Given
that KSA hosts the most significant construction market in the Middle East [39],
featuring mega projects across buildings, roads, and other infrastructures, there
is a critical need for an effective procurement system alongside robust technical
and contractual competencies [9]. However, the integration of technology into
construction processes faces challenges such as unclear agreements, insufficient
funding, vague policies, time constraints, a shortage of skilled personnel, organi-
sational culture, language barriers, and procurement challenges [%]. Procurement
is a principal obstacle to technological adoption within the construction sector,
as evidenced by the inefficiency highlighted by Mr. Mohammed Al-Sheikh, an
adviser to the crown prince, attributing the Saudi government’s annual wastage

of USD 80 billion to 100 billion [10].

Linking this context to AIM, BIM, and Blockchain technology, it becomes ev-
ident that these technologies could play a transformative role in addressing the
identified challenges. AIM and BIM can enhance the clarity and efficiency of
project planning and execution, offering detailed visualisation and management

tools that support better decision-making and collaboration among stakeholders.
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When integrated with Blockchain technology, these models can further secure the
procurement process, ensuring transparency, traceability, and accountability in

contractual obligations and transactions.

This integration could mitigate many of the current challenges faced in the KSA
construction industry, including those related to procurement, by fostering a more
collaborative, efficient, and trustworthy AM environment. Therefore, exploring
and adopting these technologies could be a significant step towards overcoming
the systemic inefficiencies, and could enhance the success rate of construction

projects in KSA.

2.2.1 The Pre and Post BIM Execution Plan: Navigating

the Journey to AIM

The pre-contract BIM execution plan stands as a pivotal document in the hands of
contractors, serving to outline their working methodology, as well as the capacity
and capability of their company and supply chain to fulfil client requirements [62].
This comprehensive plan encompasses a wide array of essential project details,
ranging from project information to client-specific requirements such as plan-
ning work, data segregation, coordination strategies, clash detection mechanisms,
collaboration processes, common data environment (CDE) settings, health and
safety protocols, and a detailed project implementation strategy. Additionally, it
outlines the project’s objectives, key milestones, and the strategy for delivering

the project information model.

The adoption of a unified platform fosters a collaborative work environment for
construction and design teams, centralising construction processes to mitigate
risks and minimise the need for rework [19]. By implementing a BIM execution
plan, project outcomes are significantly enhanced, streamlining decision-making

processes, and expediting project completion [11] This strategic approach not
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only ensures a higher level of precision and efficiency in project execution but
also aligns with the evolving demands of the construction industry for more inte-
grated and collaborative project management practices [30]. Following contract
signing, the post-contract BIM execution plan takes shape as a comprehensive
document crafted by the contractor [63]. This document specifies the mutually
agreed responsibilities, protocols for exchange, timelines for delivery, policies on
reuse, and strategies for project handover. Additionally, it includes a comprehen-

sive list of all activities outlined in the EIR.

Figure 2.1 visually represents the requirements of a construction project, pro-
viding a clear and structured overview of these essential components as per ISO-
19650 [64]. This ensures a mutual understanding and alignment of expectations
between the contractor and the client, facilitating a smoother project flow and

enhancing the efficiency and effectiveness of the construction process. The con-

Clients needs

Figure 2.1: Hierarchy of Information Requirements (Source: Adopted from ISO-19650
[2))-

tractual landscape in construction serves to formalise the obligations and condi-
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tions agreed upon by the involved parties. Despite the complexity inherent in
contracts [05], they are crucial in delineating roles, activities, timelines, costs,
payment terms, and default remedies [66]. Whether modifying, constructing,
renovating, repairing, or demolishing an asset, construction contracts aim for
completion within agreed standards, timeframes, and budgets. The validation
of these contracts through all parties’ signatures underscores the critical need
for comprehensive awareness of the details, conditions, and terms [67]. The dis-
tinction between non-standard and standard contract formats [68], introduces a
layer of customisation and universality, respectively, catering to specific client-
contractor needs or providing a globally recognised framework for construction
projects. The evolution of standard contracts to address potential risks and issues
signifies an industry-wide effort to minimise claims and disputes [69], guiding con-
tractors in selecting appropriate contracts and highlighting potential risks from
the outset.The existing hesitation among Saudi construction industry players to
adopt varied contract formats, even with plans for future changes, underscores

a wider issue in managing data and information throughout the asset lifecycle [3].

The importance of realistic, measurable EIR becomes apparent in this context,
emphasising the need for a structured, legally sound, and technologically inte-
grated approach to project management and execution [63]. This integrated per-
spective not only facilitates a more efficient and dispute-minimised construction
process but also paves the way for leveraging BIM and related technologies to
support the entire asset lifecycle, from planning through to operation and main-
tenance [2]. Linking these considerations to the development of AIM deliverables
as per ISO-19650 [64], it becomes clear that the structured approach to BIM
execution plans and contractual agreements is instrumental in laying the ground-

work for effective AM and lifecycle management.

ISO-19650 [64], provides a framework for managing information over the whole

lifecycle of a built asset, emphasising the importance of clear information require-
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ments, structured data, and collaborative working environments. The integration
of BIM execution plans with ISO-19650 deliverables facilitates a seamless tran-
sition into AM, ensuring that the data and information generated during the
construction phase are accurately captured, stored, and utilised throughout the
asset’s lifecycle. This approach not only supports the operational phase of the
asset but also enhances the overall AM strategy by providing a comprehensive,
accurate, and accessible digital representation of the asset. Therefore, the thor-
ough planning and execution detailed in the BIM execution plans, coupled with
the contractual clarity and adherence to ISO-19650 [2] standards, are pivotal in

realising the full potential of AIM in the context of lifecycle management.

2.2.2 BIM and ISO-19650

According to ISO-19650 standards, BIM is indicated as a transformative process
with significant benefits for the construction industry. However, its application
to projects presents stakeholders, including clients, consultants, and contractors,
with challenges such as unskilled staff and poor performance [70]. These chal-
lenges underscore the critical importance of focusing on the design stage to en-
hance work quality and identify potential conflicts before proceeding to the con-
struction phase. The design stage, therefore, emerges as a pivotal point affecting
the project’s lifecycle in numerous ways, necessitating the involvement of an ac-
curate and skilled team. Inefficiencies highlighted by the Construction Owners
Association of America reveal that over 63% of workforce time is wasted due to
factors like waiting for material deliveries and unnecessary breaks, with labor
costs constituting up to 40% of the total project budget [71]. This inefficiency
underlines the need for improved project performance measurement and man-
agement, which serves as a significant Key Performance Indicator (KPI) for all

stakeholders.

Furthermore, the shortage of skilled tradespeople, as highlighted by the Asso-
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ciated General Contractors of America, exacerbates the complexity of projects,
increasing risks to progress, safety, and outcomes [72]. This challenge directly
impacts AM by complicating the maintenance, upgrading, and efficient operation
of assets, necessitating innovative solutions to mitigate these risks and ensure the

longevity and reliability of assets throughout their lifecycle [71].

The industry’s heavy reliance on raw materials also contributes to sustainability
concerns and environmental degradation, with construction accounting for 25%-
45% of global carbon emissions. Digital technology, particularly BIM, offers a
promising pathway to success in addressing these challenges by reducing waste
and increasing productivity. However, the industry’s reputation for projects going
over budget and schedule often stems from poor planning and insufficient com-
munication among stakeholders. BIM proves instrumental in enhancing project
performance, especially during the planning stage, by streamlining processes and

improving coordination among information, people, and materials.

Despite the potential benefits, the widespread adoption of BIM faces obstacles,
including a lack of information communication competence, and technical knowl-
edge. BIM models hold the capacity to estimate the real value of projects, al-
lowing for more accurate data gathering and error reduction during the planning
stage. BIM significantly improves the construction industry’s efficiency by facil-
itating dynamic information sharing. This technology enhances the precision of
cost estimations and material quantifications, tackling a major industry hurdle:
accurate cost forecasting, especially vital when transitioning AM to support fa-

cilities management.

BIM’s utility now spans further, aiding in collaboration and clash detection (iden-
tifying clashes such as between digital objects like walls with beams, cables with
pipes, etc.), as well as coordination concerning spatial location. It also acts as

a 4D (time) and 5D (cost) modeling tool, providing valuable insights for time
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scheduling and financial planning. The role of the BIM manager is pivotal in
facilitating this change, balancing cultural and technical factors. However, BIM’s
application has traditionally been limited to preplanning, design, construction,
and management phases, with less focus on operations or maintenance processes.
Table 2.2 illustrates the outlines the different dimensions of BIM models, each
adding a layer of information or functionality to the preceding model: In the
context of the Saudi construction industry, a notable gap exists in integrating
AM within the procurement process. The adoption of AIM promises to bridge
this gap by providing stakeholders access to comprehensive project data. Fur-
thermore, the integration of Blockchain technology offers a robust solution for
securely storing data in blocks, bolstering the roles of asset and facility managers

in overseeing maintenance and operational processes [20].

However, understanding the delays in Saudi Construction Projects based on the
literature review Table 2.3 highlights the potential challenges these projects face,
indicating areas where improvements are necessary to enhance project efficiency
and timeliness. Based on the above list alongside the adoption of ISO-19650,
the Information Management International Standard for the Construction Sec-
tor within the KSA introduces a transformative approach to AIM and BIM. This
standard directly addresses prevalent challenges such as contractor expertise gaps,
poor project management skills, and ineffective planning and communication [35].
By standardising processes for information management across the asset lifecy-
cle, ISO-19650 enhances the qualifications of technical staff, improves planning,
scheduling, and cost estimation, and facilitates more effective collaboration and

data sharing through a CDE [30].

Consequently, this leads to more accurate budgeting, timely project delivery, and
the mitigation of cash flow issues, ensuring that even the lowest bidder contrac-
tors can deliver high-performance outcomes. Ultimately, the standard bolsters

the efficiency, quality, and sustainability of construction projects, providing sig-
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Table 2.2: Characterises of BIM model

BIM Model

BIM Features

2D Models

These are CAD (Computer-Aided Design) model applica-
tions that represent the project in two dimensions. They
are the most basic form of BIM, focusing primarily on
floor plans and elevations without depth or volume, and
useful for initial design layouts and planning.

3D Models

These models add a third dimension to the 2D represen-
tations, offering a digital representation of the physical
and functional characteristics of a place. This includes
design details, tools, parameters, and object orientations,
providing a comprehensive view of the project’s architec-
tural, structural, and MEP (Mechanical, Electrical, and
Plumbing) components.

4D Models

The fourth dimension introduces time to the 3D model,
transforming it into a tool for construction execution,
schedule planning, and control. This dimension al-
lows project managers to simulate construction processes
over time, optimizing workflows and identifying potential
scheduling conflicts.

5D Models

The fifth dimension incorporates cost estimation into the
model, linking materials and labor to their associated
costs directly within the BIM environment. This enables
real-time budget tracking and cost control throughout
the construction phase, facilitating more accurate finan-
cial planning and management.

6D Models

At this stage, sustainability becomes the focus. The 6D
model is used during the operation phase of the build-
ing’s life cycle, emphasizing the sustainability and envi-
ronmental impact of the building. This dimension in-
cludes information necessary for maintaining energy ef-
ficiency, resource conservation, and overall sustainability
performance metrics.

7D Models

The seventh dimension represents the entire asset life-
cycle management, focusing on operation and mainte-
nance execution. This extends the model’s utility beyond
construction to facilitate ongoing facilities management,
including maintenance scheduling, asset inventories, and
life-cycle costing. It’s a comprehensive approach that
ensures the efficient operation and management of the
building post-construction.
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Table 2.3: Summary of delays in Saudi construction projects
Authors Period| % of | Projects Causes
delay | owners
Al-Jarallah [73] 1983 70% | Ministry | e Contractors lack
of Hosing of expertise.
Al-Sultan, [71] 1989 70 % Public e Poor qualification.
projects e Poor skills.
Al-Sultan [75] 1996 | 61 % Public e Inexperienced
projects technical staff.
Al-Ghafly [70] 2004 60% Public e Poor planning.
projects e Poor projects
Bubshait and 1998 70 % Public management skills
Cunningham [77] projects e Poor scheduling.
Assaf and Al-Hejji 2006 97 % Public e Poor communication.
[78] projects | e Poor cost estimation.
Albogamy et al., [79] | 2012 60 % Both e (Cash flow problems
sectors faced clients and
Elawi et al., [30] 2016 | 150 % | Public contractors.
projects e Low performance of
Mahamid [1] 2017 70 % Private lowest bidder contractor
sectors in tendering system.
Alhajri et al., [32] 2018 60 % Public e Delay in subcontractor’s
projects work .
Alsuliman and Jawad | 2019 70 % Public e Shortage of qualified
[83] projects engineers.
Gopang et al., [81] 2020 65 % Public

projects
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nificant added value to AIM and BIM practices in KSA and fostering a culture of
excellence and innovation in the construction industry. This standard emphasizes
the importance of a structured digital information model, where BIM’s capabil-
ities become important [19]. By adhering to ISO-19650, stakeholders can ensure
that the information exchange is efficient, accurate, and effective, supporting the

entire asset lifecycle from initial planning through to operation and maintenance.

The integration of BIM and AIM within the ISO-19650 framework ensures that
all project and asset information is managed in a coherent and standardized man-
ner. This not only facilitates improved project delivery and AM but also aligns
with the principles of sustainability and efficiency. The use of Blockchain tech-
nology further enhances this integration by providing a secure and immutable
record of all transactions and data exchanges, thereby ensuring the integrity and
reliability of the asset information throughout its lifecycle. Furthermore, as per
ISO-19650 [2], it is crucial to initially define the EIR strategy. This strategy leads
to an Invitation to Tender (IT), Tender Responses (Pre-BEP), and subsequent
appointment to deliver (Post-BEP) through mobilization, collaborative produc-
tion, and ultimately, the delivery of the Project Information Model (PIM) to
conclude and transfer the project. These stages generate a comprehensive AIM
encompassing documentation, non-graphical, and graphical models, as depicted

in Figure 2.2.

This structured approach ensures that all stakeholders are aligned and working
towards the same objectives, enhancing project efficiency and success. Moreover,
the primary challenges to authentic digital transformation in construction origi-
nate from the procurement process, affecting the entire asset and project lifecycle,
as noted in [36]. The procurement process begins by compiling and defining the
Exchange Information Requirements, essential for successful procurement and
necessary for integration with smart contract requirements by converting files to

a machine-readable format from formats like xlIs, pdf, doc, and dwg. Furthermore,
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Figure 2.2: Information Project Cycle (Source: Adopted from ISO-19650).

[37] suggests a framework for the automated verification of supply chain deliver-
able documentation and data against the Asset Information Requirements (AIR),
while [35] defines information requirements as essential documented evidence for
process consistency. This information must align with the BIM Execution Plan
(BEP), not typically in a machine-readable format, yet verifiable against the Mas-
ter Information Delivery Plan (MIDP) through smart contracts. Ashworth [39],
compares the process to completing a jigsaw puzzle, emphasising the importance
of possessing all pieces and a strategy for their assembly to see the 'big picture’,
akin to understanding the interdependencies among various BIM process infor-

mation requirements (OIR, AIR, EIR, etc.).

This analogy, along with the information management elements relationship il-
lustrated in Figure 2.3 from PAS 1192-3, underscores the significance of strate-
gic information management [90]. The fundamental obstacles to genuine digital
transformation in the construction sector stem from procurement practices, im-
pacting the entire lifecycle of assets and projects, as highlighted in [91]. The
procurement process kicks off with the creation and specification of EIR, crucial

for effective procurement and necessary for merging with contracts (from now
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on will due to its digital transformation will be defined as smart contracts) by
transitioning files into a machine-readable format from traditional formats such

as xlIs, pdf, doc, and dwg.

Additionally, [70] presents a method for the automatic verification of supply
chain documentation and data against AIR, while [36] characterises information
requirements as vital documented proof for maintaining process uniformity. This
information should be consistent with the BIM Execution Plan (BEP), which is
often not in a machine-readable format but can be validated against the MIDP
using smart contracts. Ashworth [92], likens this process to solving a jigsaw puz-
zle, stressing the necessity of having all the pieces and a plan for putting them
together to visualise the big picture—an analogy that mirrors the need to grasp
the interconnectedness of various BIM process information requirements (OIR,
AIR, EIR, etc). This comparison, along with the depiction of the relationship
between information management elements highlights the critical role of strategic

information management [93].

Specifies Asset
Information
Model (AIM)

Contributes to

Generates

Figure 2.3: Information Flow (Source: Adopted from ISO-19650 [?]).

Rodriguez et al. [93], highlights that a clear EIR facilitates successful BIM adop-

tion throughout the project lifecycle, while Carbonari et al. [91] stress early
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stakeholder involvement in EIR creation for BIM standards, adhering to the prin-
ciple of “start with the end in mind”. An example of the above is the adoption
of ISO-19500 standards at KAAU highlights significant progress in enhancing
the efficiency, quality, and sustainability of managing built assets throughout the
AM lifecycle. The university’s initiative to create a smart campus stands as a
prime example of how AIM, in conjunction with Building Management Systems
(BMS), could lead to advanced management of their assets. This example empha-
sizes the use of BMS to control and monitor the built environment’s mechanical
and electrical systems, integrating it with essential services like fire detection,

access control, HVAC, and security cameras [95] and [90].

The strategic integration of BMS with the BIM framework proves especially
beneficial in managing high-voltage generators and plant rooms, providing fa-
cility managers with detailed insights into ducts, electrical setups, and piping
networks. This synergy not only aids in detailed maintenance scheduling and
safety evaluations but also improves the training process for new technicians
through a detailed information model [96]. Noted, KAAU’s approach to adopt-
ing an open, integrated, and modular platform for its smart campus vision aligns
with the ISO-19650 standards, emphasizing the importance of efficient, accurate,

and secure information management across construction projects and built assets.

By mandating BMS Figure 2.4 for each asset, KAAU aims to establish a foun-
dation for future high-level building AM, ensuring an advanced, sustainable, and
efficiently managed built environment. The example of KAAU effectively demon-
strates the potential practical integration of BIM with AIM and the added se-
curity benefits of Blockchain technology, and further be aligned with ISO-19650
standards. This strategic integration goes beyond meeting the immediate de-
mands of facility management. It establishes a benchmark for developing smart
campuses and managing complex infrastructure projects. By adopting this ap-

proach, there’s a promise of enhanced lifecycle management, improved sustain-
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Figure 2.4: BMS systems (Source: King Abdul-Aziz University [3].)

ability, and elevated overall quality of built environments. This showcases not
just a commitment to technological advancement but also to a comprehensive,
forward-thinking management of built assets. To summarize, the fusion of BIM
with AIM and the inclusion of Blockchain technology’s security measures offer
a holistic strategy for built AM. This methodology is reinforced by ISO-19650
standards, promoting the management of information in a way that is efficient,
precise, and secure. Such management is crucial for enhancing the quality, sus-
tainability, and lifecycle management of construction projects and built assets.
The next step involves comprehending the shift from BIM to AIM, which is es-

sential for realising the full potential of this integrated approach.

2.2.3 From BIM to AIM

AM can be defined as the coordinated activity of an organisation to realise value
from assets [97]. AM has been identified in various contexts, including con-

struction [98], transport [99], irrigation [100], and electricity [L01]. It involves
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translating business objectives into actions, plans, and decisions through pro-
cesses, tools, and techniques [97]. AIM in good practice aims to minimise risks,
control costs, and enhance asset performance throughout the project lifecycle.
However, implementing AM in the construction industry faces significant chal-
lenges, particularly in organisational systems and adoption, and the level of detail
in information technology. Historically, AM experts concentrated on the need for
communication and information technology to manage asset data and on inte-
grating data and AM to support decision-making about assets. Previous studies
have emphasised AM as a crucial factor in enhancing reliability, maintenance,

and the effective use of projects [102].

AM is supported by IT software, with experienced construction firms leverag-
ing current technology to facilitate business operations, reduce risks, save money,
and improve communication within the company. AM extends beyond physical
objects, encompassing the relationship between value, object, and entity. The
lack of data availability can hinder AM by affecting decision-making, planning,
and execution of asset activities as per [SO-19500 [2]. Thus, adopting new tech-
nologies like BIM and Blockchain is vital for supporting AM, provided BIM offers
accurate data [103]. BIM should deliver information covering the entire asset life-
cycle to aid in asset building, prompting the researcher to explore how BIM can
consolidate all necessary information into a single file and what specific data and

information relate to AM.

Integrating BIM with AM offers benefits, such as providing a clear view of long-
term service and operations. FEarly-stage cost reductions are possible due to
the availability of extensive information, and construction-stage defects can be
minimised. This integration benefits various stakeholders, including clients, de-
signers, contractors, operations and maintenance service providers, and software
suppliers [36]. For clients, a comprehensive AM model enhances their AM frame-

work and strategy, leading to maximum business value. Designers gain a clearer
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project understanding and the main objectives of using AM, which can reduce
design time and improve technical design by aligning with the actual asset use.
This alignment meets client needs and facilitates early stakeholder engagement
in the asset lifecycle. Contractors gain a competitive advantage by utilizing BIM
and AM, aiming to submit bids that are high in quality, timely, and cost-efficient.
Hence, the early involvement of operations and maintenance providers adds value

to the information model and improves asset data quality from the handover stage

to the AM.

The integration of operation and maintenance teams through BIM from an early
stage ensures a smooth transition at the critical handover stage [91], mitigating
responsibility risks. For software suppliers, BIM serves as a foundation for model
delivery, reducing technical issues and errors from unprofessional construction
teams [103]. The UK’s Construction 2025 [104], initiative underscores the impor-
tance of digital technology in achieving future sustainable construction industry
features, highlighting the role of digital capabilities in realising whole life cycle
cost savings of up to 33%. A successful handover requires a comprehensive AM
model with relevant information, facilitated by the early involvement of opera-
tions teams. PAS 1192-3 outlines essential standards for AM, including defining
processes and ensuring asset data relevance, structuring and documenting model
data from BIM, and understanding data from internal and external perspectives.
Several research papers explore the synergies and the impact of BIM and AIM

integration.

Table 2.4 illustrates the main concepts of various literature items in BIM/AIM,
as identified through the keyword search: When the BIM/AIM literature ma-
trix is examined with a focus on AM, it unveils a domain where collaboration
and interoperability are key themes, highlighting a movement towards integra-
tion. However, it also prompts questions about how these ideals are practically

applied, especially in the face of proprietary systems and organisational hurdles.
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The emphasis on security and trust is paramount due to the sensitive nature of
asset data. Yet, the literature suggests a gap between theoretical discussions and
their real-world application in AM practices. Additionally, while the literature
addresses innovation and problem-solving, there’s a noticeable lack of focus on
immutability and cryptography. These are essential for maintaining the integrity
and security of asset data, pointing to a significant area for further research, es-
pecially in safeguarding historical accuracy and preventing data breaches. The
literature acknowledges the importance of accurate data for strategic AM but
falls short of detailing how to maintain data quality over time. Therefore, the
matrix not only maps out the current research landscape in AIM/BIM but also
identifies substantial areas for future study, particularly those that cater to the

dynamic and complex needs of AM.

AM in facility management seeks to enhance efficacy and efficiency throughout
the project lifecycle through a systematic approach to managing, maintaining,
upgrading, and disposing of assets [70]. AIM focuses on recording all activities
from the project’s inception to the operation stage. Establishing, implement-
ing, maintaining, and operating AM requires considering the project’s purpose,
regulatory and financial constraints, and stakeholder needs and expectations. Ef-
fective AM necessitates collaboration across the organisation to share, coordinate,
and raise awareness. Linking the design and operation stages of the asset model is
crucial for controlling the operation stage of the project lifecycle. Asset informa-
tion processes involve actions that transform inputs into outputs [106] requiring
a focus on information management to ensure proper resource allocation [30].
BIM technology supports AM by storing parameters, managing maintenance and

operations, tracking the asset lifecycle, and reducing paperwork [19].

Figure 2.5 image illustrates the importance of robust information management
as the link between BIM and AIM, ensuring that asset data captured during the

AM cycle’s initial phase effectively transforms into valuable information that aids
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in the long-term management of built assets.

Manage Asset Base: This represents the initial stage where the asset base is

Manage Asset
Base

Management

Manage Capability Review

Data
l Privacy, Accessible, Protocols, and Record

. Sharing, Security information, and Integration
Production

l Accurate and Valid

Decision

Figure 2.5: Integrating AIM with BIM: Enhancing Decision-Making in AM Processes

identified and managed. In the context of BIM to AIM, this could refer to the
phase where the physical assets are modeled and their data is captured digitally
using BIM methodologies. BIM provides detailed digital representations of the
physical and functional characteristics of a facility.

Manage Capability: This step involves the management of the capability of the
assets, including their operational performance and maintenance requirements.
From a BIM perspective, this could entail utilizing the BIM data to understand
the capabilities of various assets and how they will function within the facility.
Information Management: At the core of the diagram, and highlighted in
red, is Information Management. In transitioning from BIM to AIM, this step
becomes critical. It involves managing the information generated during the
BIM process, ensuring privacy, accessibility, adherence to protocols, and accu-
rate record-keeping. This data is then shared, with security measures in place,
and integrated with other systems. This integration is essential for AIM, which
focuses on managing and utilizing building information in the operation, mainte-
nance, and asset management stages of a facility’s lifecycle.

Management Review: The final stage involves reviewing the management
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practices and the overall asset management strategy. This stage is where BIM
data, now part of AIM, is reviewed to ensure it meets the ongoing needs of asset
management.

Within the Funnel Diagram: The Data layer at the top of the funnel indicates
the collection and handling of information from BIM processes, emphasising the
need for data privacy, easy access, clear protocols, and proper documentation.
The Production layer signifies the operational use of this data, such as in day-
to-day facilities management, ensuring that information sharing, security, and

integration are handled correctly.

The Decision layer at the bottom suggests that the filtered and refined data from
BIM, now within the AIM context, should lead to decisions that are accurate
and valid, supporting the overall goals of asset management Henceforth, apply-
ing Blockchain from BIM to AIM could transform asset information management,
rendering the system more transparent, secure, and efficient. This approach holds
particular value for large-scale projects requiring dependable data access for mul-
tiple parties and where traceability and accountability are paramount. Incorpo-
rating Blockchain technology into the transition from BIM to AIM significantly
improves the management, sharing, and processing of asset data. An analysis of
the specific types of asset data detailed in the literature review, as presented in
Tables 2.5 (building detail data), 2.6 (energy data), and 2.7 (contract manage-
ment data), reveals the potential of Blockchain to bolster these data management

requirements.

For Building Detail Data (Table 2.4): Blockchain can securely store and share
critical information such as area/volume/address, design criteria, spare part de-
tails, manufacturer/vendor information, and asset locations. This includes the
storage of installation guides, expected maintenance schedules, historical mainte-
nance data, key plans, inspection reports, asset specifications, and operation and

maintenance manuals.
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This ensures that all data, from GIS coordinates to the asset’s expected life and
maintenance history, is immutable, easily accessible, and securely shared among
stakeholders. For Energy Data (Table 2.5): The types of energy data, including
the locations of control panels, electricity and water consumption records, equip-
ment lists, and locations of valves, can be managed efficiently using Blockchain.
This technology allows for the real-time tracking and transparent sharing of en-
ergy consumption data, aiding in the optimization of energy use and supporting
sustainability efforts. For contract management data (Table 2.6): Blockchain’s
application extends to contract management by securely storing copies and types
of contracts, warranty information, replacement costs, legal regulations and com-
pliance data, purchase information, life cycle costs, certifications, and perfor-
mance data. The decentralised nature of Blockchain ensures that all parties have
access to up-to-date, unalterable contract details, facilitating trust and trans-

parency in contractual obligations and compliance.

Table 2.5: Types of building detail data requirements

Type of data required References Frequency
Area/Volume/ Address 57, 65, and 66| 3

Design criteria 66-69] 4

Spare part information 69-74 8
Manufacturer/ vendor info 65-71 8

Asset location 65-71 11

[
[
[69-74]
&
Installation guide/date [67-71] 9
[65-75]
[57-76]
[
[
[
[

Expected life/Maintenance history 65-75 12
Key plans/Asset name 57-76 7
Inspection report 66-78] 8
Asset specification 57, 66,67, 68, 69, 76, and 78] | 8
Operation and maintenance manuals | [57, 68, 69, 70, 78] 5
GIS coordinates 68-72] 4

By leveraging Blockchain technology, the data required as per the tables can be
securely stored in a decentralised ledger, ensuring privacy, accessibility, and the
integrity of records through smart contracts and cryptography security. This en-

hances collaboration among stakeholders by providing a single source of truth



Chapter 2. Research Overview 39

Table 2.6: Types of energy data requirements

Type of data required Reference Frequency
Locations of the control panels [69-71] 5
Energy consumption electricity [54-58] 5
Equipment lists [55-57] 4
Locations of the valves [54-58| 5
Accessibility performance [46-59] 2
Water consumption [56-57] 2

Table 2.7: Types of Contract management data requirements

Type of data required Reference Frequency
Contract copy and type [46-57] 5

Warranty info [46-60)] 14
Replacement cost [46-59] 9

Legal regulations and compliance [46-60] 6

Purchase information [46-61] 9

Life cycle cost [54-61] 8
Certifications [54-61] 8
performance [54-60] 8

for all asset data, which is especially crucial for comprehensive and accurate
AM in BIM to AIM transition. The integration not only facilitates meticulous
maintenance planning and health safety assessments but also supports the seam-
less execution of operational and maintenance activities, thereby revolutionising
the management of built assets through improved transparency, security, and
efficiency. Therefore, the immutable ledger provided by Blockchain technology
ensures that once information is inputted into the AIM, it remains unalterable
and cannot be deleted, thereby enforcing data accuracy and validity. Blockchain’s
security features, including encryption and decentralised verification, add an ex-
tra layer of protection to asset information, rendering it resistant to tampering

and fraud.

Moreover, the implementation of smart contracts has the potential to automate

numerous AM processes, leading to increased efficiency and a reduction in er-
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rors commonly associated with manual asset data handling. Consequently, the
subsequent sections in this chapter will introduce deeper into the exploration of

Blockchain technology and smart contracts.

2.3 Blockchain technology and Smart Contracts.

The potential of Blockchain technology to enhance the quality of reporting and
significantly reduce transaction errors is noteworthy [107]. Blockchain can be con-
ceptualised as a digital sequence of blocks, creating a ledger that is not centralised
by any single individual, company, or entity—rather, it is entirely decentralised
[31]. The primary innovation of Blockchain lies in its digital contract feature, also
known as a smart contract [55]. This technology ensures data integrity because
a) the Blockchain is replicated across numerous devices; b) once data is appended
to a block, it cannot be altered; and c¢) the widespread distribution across many

devices facilitates data sharing with enhanced privacy and security.

Turk and Klinc [27], contend that Blockchain technology will impact business
and society, offering reduced reliance on central authorities and bolstering sys-
tem failure protection. It promises to securely store vital records such as legal
documents, governmental resolutions, certifications, and licenses—for example,
land registries, birth and marriage certificates, vehicle registrations, driver’s li-
censes, student loans, ballots, and educational credentials. Current literature
primarily focuses on Blockchain’s technological aspects rather than its capacity
to meet social needs. Yet, recognising a new role for Blockchain could amplify its

benefits and ensure the achievement of its objectives [30].

Despite the expansive nature of Blockchain literature, only a limited number
of sources explore its impact within the construction sector. This gap has mo-
tivated the present study, which deems the intersection of AIM and Blockchain

technology to advance the AEC industry. In detail, there are three distinct types
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of Blockchain: public, private, and consortium [108]; The public Blockchain al-
lows anyone to add and verify blocks within the Blockchain ecosystem [109]. The
private Blockchain restricts the ability to verify and add blocks to authorised
users, though it is visible to all. The consortium Blockchain represents a semi-

centralised approach where only a select group of nodes is permitted to write the

block.

Figure 2.6 elucidates the Blockchain process utilised in this research, detailing
the characteristics, foundational principles, and a critical perspective on vari-
ous levels of application. The Blockchain comprises two principal elements: a)
Non-Trusted Transaction Data (NTTD), which circulates within our database;
to manage this NTTD, we require privileged participants to manipulate files and
models under uniform permissions and privileges. b) Permissioned User Access
(PUA) includes all system participants with equivalent permissions and facilitates
a secure connection to the system database, thus enhancing database security and
efficiency during any NTTD handling within the system. Blockchain technology’s
versatility is evident in its wide-ranging applications across sectors like finance,
governance, healthcare, currency, and digital agreements [110]. In the context of
AM throughout an asset’s lifecycle, particularly during the operations and main-
tenance phase, the researcher has identified private Blockchain as an instrumental
tool. This is especially pertinent when asset deterioration necessitates the acqui-
sition of specific items by AM teams. The subsequent section will delve deeper
into the intricacies of smart contracts, highlighting how they can processed and
thereby enable owners to monitor their enterprises more transparently and make
more informed decisions [30]. Within a Blockchain system, transactions are dis-
patched to different addresses via network nodes. Once these transactions are
announced to the Blockchain network, it is incumbent upon other nodes to vali-

date them based on a consensus protocol.

To maintain high-security standards, integrating Blockchain with smart contracts
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Figure 2.6: Blockchain mechanism.

is crucial. By looking at the literature review (table 2.8) it can be seen core ben-
efits derived from the use of Blockchain technology.

The matrix reveals that authors have highlighted numerous benefits of Blockchain,
including better collaboration, quality improvements, enhanced security, innova-
tion, trust building, information sharing, confidentiality, problem-solving, un-
changeable records (immutability), accurate data, the introduction of tangible
assets (materialization), and secure encryption (cryptography). Each paper con-
tributes to a collective understanding of how Blockchain can deeply affect the
industry, showing its potential to transform and improve traditional practices
and address ongoing challenges in the construction sector. The identified ben-
efits, such as improved collaboration, higher quality, stronger security, and in-
creased trust, demonstrate Blockchain’s ability to modernise the construction
industry with smart contracts, streamline operations, and tackle long-standing

issues. Smart contracts represent the pioneering application of Blockchain data.
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They are composed of digital code and are stored within the Blockchain envi-
ronment, offering a robust and transparent mechanism for executing contractual
agreements [ 11]. The advancement in Blockchain technology and its application
through smart contracts promise to revolutionise various industries, including
construction. A smart contract can be defined as a computerised transaction
protocol that automatically executes the terms of a contract when predetermined
conditions are met [59]. This technology aims to satisfy common contractual
conditions such as payment terms, confidentiality, and enforcement, thereby min-
imising the need for trust intermediaries and reducing the likelihood of fraud,

arbitration, enforcement costs, and other transactional expenses.

On this basis, economic objectives associated with Blockchain’s incorporation
into AM include diminishing losses due to fraud, streamlining arbitration and
enforcement expenditures, and mitigating various transitional costs [112]. Smart
contracts epitomise a digital innovation that autonomously processes transactions
upon the fulfillment of contractual terms, with no human intervention required.
They are programmed in a coding language, tethered to digital currency, and
are employed to represent asset payment values [59] Smart contracts stand out
as one of the most significant aspects of Blockchain technology. They cultivate
distributed trust within a community network, signifying that asset data is de-

centralised.

As defined by Peters and Panayi [112], in the context of a conceptual cryptocur-
rency, certain verifications are critical for the digital financial system’s function-
ality. These include confirmation that the transaction initiator has the funds for
transfer, the funds were acquired through valid means, the transaction’s recipient
is universally recognised as the new possessor of the funds, and the sender is no

longer able to claim possession of these funds post-transaction.

The synergistic relationship between smart contracts and AIM presents several
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advantages for the construction sector. This includes streamlining administra-
tive processes, minimising the necessity for legal services, and realising cost and
time savings. Luo et al. [113] posit that smart contracts when integrated within a
BIM model and protected via Blockchain, result in (smart construction contracts)
which blend the traditional contractual agreement with the coded, self-executing
clauses of the contract. However, the adoption of smart contracts is not devoid
of obstacles. High initial costs for infrastructure and contract term development
are notable challenges, as articulated by Lamb [53]. Stakeholders must be aware

of the complete cost implications.

Smart contracts also clarify legal terms, which is invaluable, particularly when
construction companies have internal legal departments to ensure all legal and reg-
ulatory requirements are met. The dearth of I'T professionals skilled in Blockchain
technology remains a formidable barrier to the widespread adoption of smart con-
tracts [114]. For example, in the context of purchasing a property, a smart con-
tract might stipulate that the buyer’s payment is conditional on the seller’s action
of handing over the keys by a set date. Compliance results in a direct payment
to the seller, while non-compliance ensures the buyer’s refund. This rigidity and
transparency fortify trust among parties and diminish the potential for disputes
[31]. The construction industry, characterised by intricate project facets and var-
ied stakeholder relationships, often encounters payment disputes. In 2019, the
Saudi finance ministry’s significant allocation of USD 19 Billion to infrastructure
and transportation underscores the magnitude of such projects. This included
funding for road, port, railway, airport development, and more, with a particular
emphasis on Vision Realisation Programs [39]. Despite the budgetary allocations
for various municipal services and infrastructural developments, the resolution to
payment issues in construction largely hinges on the execution of construction
contracts, which define stakeholder behavior through obligations and liabilities.
Contract management becomes pivotal in this context, facilitating payment ver-

ification through transactions linked to smart contracts [115].



Chapter 2. Blockchain technology and Smart Contracts. 46

However, this study proposes a direct link between 'Physical Environment’ and
'Blockchain Environment’ via smart contracts to streamline payments once con-
tract clauses are satisfied but not detailed discussed since this is not part of this
research’s objectives. Yet, challenges in implementing smart contracts persist,
with information models covering a significant portion of a construction project’s
cost. McNamara and Sepasgozar [116] suggest that more research is needed to

determine how cost models, programs, and information models can be enhanced.

Although smart contracts present a beneficial solution, they come with their
own set of challenges. Once smart contracts are deployed on the Blockchain,
they become unchangeable, which could endanger user privacy and inadvertently
lock in confidential information permanently. Solidity, a programming language
inspired by JavaScript, C++, and C, is prevalent in Blockchain and is primarily

used to develop these contracts on platforms like Ethereum [117].

Smart contracts are individual programs that can operate in decentralised en-
vironments like the Ethereum Virtual Machine, where they can interact and ex-
change messages with other smart contracts [118]. The Web3.js library serves as
a management tool for smart contract interactions, offering developers the nec-
essary tool to execute contracts on the Blockchain [111]. The lifecycle of a smart

contract within a private Ethereum Blockchain node is depicted in Figure 2.7.

As noted by Lamb [53], assuming smart contracts to be more cost-effective
than conventional contracts is misleading due to the substantial infrastructure
and developmental costs involved in their establishment. The implementation of
smart contracts necessitates an understanding of the technology among end-users.
Moreover, there is a pronounced shortage of skilled personnel within the IT sec-
tor, which not only impedes the adoption of smart contracts but also potentially

strains an organisation’s budget [6]. This aspect of smart contracts serves to
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Figure 2.7: Smart contract processes

fortify trust and mitigate disputes between parties [31]. While the advantages of
smart contracts are evident, their early deployment in projects enables Blockchain
systems to collect and consolidate the necessary information for the operational
phase.

In summary, smart contracts, leveraging the features of Blockchain such as col-
laboration, quality improvement, security, and trust, hold the potential to signif-
icantly enhance contract management and optimise BIM model usage by storing
crucial data within a digital asset model. This integration facilitates the auto-
matic validation and verification of business data, essential for supporting the
operational phase of construction procurement processes. Moreover, AIM can be
refined using in-house data gathered from daily site activities, thus improving

decision-making by asset owners and ensuring optimal asset utilisation [91].

In essence, AIM and Blockchain stand out as innovative tools in the construction
industry. They enhance privacy and confidentiality for all parties involved, such
as clients, engineers, architects, consultants, and suppliers. Simultaneously, these
technologies encourage greater collaboration, enabling the industry to meet the
specific needs of clients more effectively. Furthermore, construction professionals

are poised to develop bespoke standards for Blockchain applications, tailored to
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the unique characteristics and requirements of individual projects, thereby revo-
lutionising traditional processes and addressing persistent challenges within the

sector.

2.3.1 Integrating Blockchain Technology in AIM and AM:

Impacts and Advances in the AM Lifecycle

In the construction sector, the integration of Blockchain technology with AIM
and AM is driving major advancements throughout the asset lifecycle. This com-
bination is meeting a critical demand for improved decision-making tools that
handle data from its inception, access, storage, and alteration, to its sharing—key
processes essential for the planning and design stages. Traditional industry chal-
lenges, such as the need for readily available data, efficient organisation, secure
data storage, and adaptability to climate change, are being reevaluated with
Blockchain’s capabilities in mind [35], With the industry’s acknowledgement of
the progression from data to information, then knowledge, and finally to informed
action [119] Blockchain technology emerges as a solution. It provides a secure,
immutable, and accessible database where outdated asset information, which has
long been a hindrance to effective AM, can be replaced by real-time, accurate

data streams.

This innovation is particularly relevant in dismantling the silos of disjointed IT
systems, offering a unified platform that can support decision-makers in dynam-
ically adjusting to project requirements. The discourse of this work revolves
around harnessing Blockchain within AIM and Management to empower stake-
holders, enhancing the fluidity and reliability of information throughout the AM

lifecycle.

Table 2.9 summarises the literature review between 2017-2023, which explains

what information management challenges how testing was performed, and what
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key outcomes were achieved. This method assisted the researcher in developing

testing strategies and facilitating the discussion in the dissertation’s concluding

section.
Authors | Technologies | Information How testing | Key outcomes
used management | was per-
challenge formed
Cavka et | Conceptual Information Interviews Handover of
al., [88] | framework requirements digital facility
needed to models
support model-
based  project
delivery and
asset manage-
ment
Hu et | Automatic es- | Information Case study Security of
al., [120] | tablishment of | technology, the MEP sys-
the logic chain | operation  in- tem and its
formation, subsystems
information

exchange, MEP
information

model
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Akhmet | BIM Tools Clash detection, | Interviews Lack of time
zhanova Information ex- during the
et al., change design stage
[131]
Durdyev | Fuzzy  Delphi | Safety and | Framework Hazards mitiga-
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Sadeghi | The system dy- | Information Case study Policy for BIM
et al., | namics management

[133]
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sharing.
Kang et | Blockchain Data communi- | A Case study Information
al., [138] | technology cations sharing, remove

key risks
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or fraudulent
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physical paper-based identity — man-
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[146] bility
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cost saving hyper ledger | and MSP, are
fabric needed by all
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al., [118] | based  frame- | mation tem and use a | information
work case study management
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Yang et | Semantic differ- | Information Framework BIM can alle-
al., [119] | ential transac- | redundancy viate problems
tion in BIM and related to
Blockchain time,  quality,
integration cost, and pro-
ductivity in
construction.
Ahmed | Blockchain Better commu- | Using Hyper | Extended trans-
et al., | technology nication docu- | ledger  Fabric | parency, trace-
[150] ments sharing, | (a private, Per- | ability, and au-
stage transition | missioned, and | ditability
and quality | open source
endorsement Blockchain
platform) and
Ethereum
Zhong et | Decentralised Poor payment | Smart con- | Timely and
al., [151] | Blockchain practices tract payment | transparent
security system | payment of
construction
Zhang et | Blockchain- Quality  infor- | Smart contracts | Mutual  trust
al., [152] | based  frame- | mation in construc-
work tion quality
management
Ye et al., | Blockchain Quality  trace- | Framework Decentralisation,
[153] technology ability openness, and

non-tamper
ability, as well
as efficient
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Ngowta | A Blockchain- | Tendering infor- | Smart contracts | BIM  develop-
nasuwan | based platform | mation ment
et al.,

[123]

Ye and | Blockchain Information Case study Policy for BIM

Markus[!fechnology management

McNamarpCyber-physical | Contract infor- | Literature  re- | Unique and the-

et al., | systems mation view, Interviews | oretical frame-

[116] work,

Sing Blockchain Security Iot Application | Immutability,

[155] Technology openness, trust,
protection, and
audibility.

Pradeep | Blockchain Information ex- | A case study Better quality

et technology change of data

al.,[156]

Dounas | Decentralised Lack of collabo- | Ethereum Data sharing

et al., | web ration Blockchain

[157] prototype

Table 2.9: Information management challenges from 2017-2023.

The core findings from the above table are highlighted:

1. Digital Transformation of Information Management: The research

underscores the need for digital frameworks to support model-based project

delivery and AM |

|, stressing the importance of transitioning from tradi-

tional practices to digital handover models that streamline and secure the

AM lifecycle.

2. Security and Data Exchange: There is a recurring theme on the security
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of information exchange mechanisms [120], [126], [L30], [136], demonstrating
a growing concern for the protection of sensitive data within the industry,
where Blockchain technology is seen as a potential solution to ensure the

integrity and confidentiality of data.

3. Facilitating Efficient Operations: Utilisation of system dynamics mod-
els [123], [133] and Blockchain-based smart contracts [128], [I51], [152] in-
dicates a drive toward more efficient, transparent, and reliable operational
processes in construction projects, with an emphasis on improving the trust

and communication among stakeholders.

4. Quality Information Management: The research identifies the use of
Blockchain to secure asset data quality [113], suggesting that the immutable
nature of Blockchain could be a significant factor in mitigating errors and

improving the reliability of asset documentation.

5. Blockchain’s Role in Overcoming Traditional Challenges: The lit-
erature reveals that Blockchain applications are being explored to address
traditional industry challenges such as clash detection [121], late payments
[128], and risk management [135] stating that Blockchain could reduce con-
flicts, enhance stakeholder transparency, and provide a more robust incen-

tive mechanism for safety [111].

6. Impact on Stakeholder Collaboration: Decentralised Blockchain tech-
nologies are discussed in the context of fostering better collaboration and
data-sharing practices [143], [119] suggesting that Blockchain could resolve

issues of data redundancy and facilitate a more cooperative approach to

AM.

7. Information Traceability and Transparency: Several studies empha-
sise the potential of Blockchain for improving traceability and transparency
[136], [140], [141], which are crucial for real-time tracking and verifiable

change management throughout the asset lifecycle.
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8. Enhancing Decision-Making and Policy Development: The research
points to the capability of Blockchain to support decision-making and pol-
icy development for BIM [123], [129], [I10] suggesting that Blockchain’s
attributes can underpin the strategic directions necessary for leveraging

BIM technologies.

9. Addressing Scalability and Integration: Research focusing on Blockchain-

enabled cyber-physical systems [115] and Blockchain sharing [116] high-
lights the necessity to address scalability challenges and the management of
vast quantities of paper-based, non-standardised documents. These stud-
ies advocate for a more sophisticated data-driven strategy to improve site

performance and facilitate integration across different platforms.

10. Innovation and Efficiency in Project Workflow Management: Blockchain

applications are recognised for their capacity to manage project workflows,
reduce manual paper-based operations [139], and foster innovation within
the AEC industry [140], signifying that Blockchain can potentially stream-

line processes and improve construction efficiency.

These core findings reflect an emerging consensus on the transformative potential
of Blockchain technology to address longstanding challenges within the construc-
tion industry, particularly in the realms of information management, data secu-
rity, and stakeholder collaboration. The literature indicates a positive trajectory
toward more decentralised, transparent, and efficient AM practices, supported by

Blockchain’s inherent capabilities as it is presented in Figure 2.8.

2.4 Discussion

In concluding the literature review for this Ph.D. thesis, it is apparent that the
intersection of BIM, AIM, and Blockchain technology holds considerable potential
for revolutionising the construction industry, particularly in the enhancement of

the AM lifecycle. The literature reviewed has collectively highlighted a spectrum



Chapter 2.  Discussion 59

_____________________________________________

—©‘_. = -—.j
""""""'"""?:Eu'n?&:; """"" ¢ [I_e_n_t___ {777 Storage Node - """"""""""T:Gn'ﬁoa;""""QQDH@Q!QI
e.9888 o 8,9889 )
e AR = |
=.::::::::::::::::::::F:":N:o;,;::::::::c:éa;-.:uj;ébg | :_i::::::::_:::::::::F“:":N:O;;::::::::::s;g;;j;éel__.-'
8. 8888 9“’ 29809
'F%f“ ____________ L L Ffﬁ ____________ ;

System Mechanism

Figure 2.8: Research gap and system mechanism

of technological advances and methodological applications.

However, a discernible research gap persists in the consistent and comprehen-
sive documentation of asset project data throughout an asset’s lifecycle. This
gap manifests as a bottleneck in the efficient handover of project data, where
issues such as inconsistent data storage, the volume of project data, collaborative
practices, contract management, and secure information sharing remain largely
unaddressed. The integration of Blockchain technology emerges as a potent so-
lution to these challenges, bringing to the fore its strengths in decentralisation,
security, and traceability. This integration is poised to provide a fundamental
improvement to AIM and BIM processes, ensuring more reliable management of

lifecycle data throughout the asset lifecycle.

The research endeavors to fill this gap by introducing a Blockchain-based en-
vironment, leveraging a private Azure Blockchain platform to test a system that

enhances data analysis across AM stages. This system is expected to refine model
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management, from uploads and downloads to clash detection and conflict reso-
lution, and tackle issues related to data, fragmented model exchanges, multiple
data model formats, and data security. The anticipated outcomes of this research
included strengthening decision-making processes for project owners, asset, and
maintenance teams, building stronger trust among stakeholders, and ensuring the

accuracy of data for handover processes.

Additionally, the research aimed to streamline the development of comprehen-
sive and integrated AM systems, enhance collaboration among stakeholders, and
accelerate the fulfilment of client investments. Therefore, this research proposed
a synergistic approach where the robustness of Blockchain complements and am-
plifies the information-rich capabilities of BIM and AIM, offering a significant
paradigm shift that could serve as a benchmark for future research and practices

in the AM domain.

2.5 Summary

This literature review chapter comprehensively explores the critical role of BIM
and AIM in the construction sector, elucidating their synergistic potential when
integrated with emerging technologies like Blockchain. The chapter commenced
by delineating the significance of BIM execution plans in facilitating collaborative
workflows and streamlining decision-making processes across the asset lifecycle.
Furthermore, it delved into the international standards governed by ISO-19650,
illuminating their capacity to address prevalent challenges within the Saudi con-
struction industry, such as contractor expertise gaps, ineffective planning, and

inadequate communication.

The chapter then navigated the transition from BIM to AIM, underscoring the
criticality of robust information management in transforming data captured dur-

ing the asset lifecycle and better managed. This transition is facilitated by the
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principles of AM by ISO 19500, which aim to optimise asset performance, min-
imise risks, and control costs throughout the project lifecycle Blockchain technol-
ogy emerges as a solution, with the chapter carefully dissecting its architectural
underpinnings, including its decentralised nature, immutability, and consensus
mechanisms.

The review explains the multilateral classification of Blockchains — public, pri-
vate, and consortium — while explaining the rationale for advocating the private
Blockchain model within the context of AM throughout the AM Lifecycle. More-
over, the chapter delves into the intricacies of smart contracts, illuminating their
potential to automate processes, enhance transparency, and mitigate disputes

within the construction sector.

It navigated the lifecycle of smart contracts, highlighting the role of program-
ming languages like Solidity and tools like Web3.js in their deployment and in-
teraction within the Ethereum Virtual Machine. The integrative approach of
consolidating Blockchain technology within AIM and AM was then explored, un-
derscoring its capacity to address foundational challenges within the industry,
such as data availability, organisational efficiency, secure storage, and climate

change resilience.

The chapter culminated by explaining the transformative impacts of this integra-
tion across the AM lifecycle, dismantling siloed I'T systems, and fostering a unified
platform that empowers stakeholders with real-time, accurate data streams for
dynamic decision-making. Overall, the literature review chapter presents a com-
prehensive and scholarly exploration of the synergistic convergence of BIM, AIM,
Blockchain technology, and smart contracts, illuminating their collective potential
to revolutionise the construction sector through enhanced collaboration, security,
immutability, and data integrity. Building on this foundation, Chapter 3 delves
into the research design and methodology, outlining the approaches taken to in-

vestigate these technologies’ impact on the AEC industry empirically.
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Methodology

3.1 Introduction

Previous chapters have extensively covered the literature review and related work.
The literature review discussed what has taken place in studies in terms of AIM
and Management, BIM, Blockchain, and Smart Contracts. These two chapters
have greatly contributed to the research work and methods to be used, given the
nature of the questions to be answered using the chosen theory. This chapter
details the methodology of the study based on the purpose and objectives. The
research methodology is intended to describe how this study will be conducted
using the chosen methods. Detailing the research methodology involves outlining
the specific procedures, techniques, and approaches that will be utilized to con-
duct the study. In this regard, it substantiates the logic for using the deductive
approach in the positivism philosophy. The rest of the chapter is structured as

follows: The next section explains the research design.

Section 3.3 contains the research methodology and the procedures to understand
what constitutes reality and knowledge (ontology and epistemology). Section
3.4 covers the research sample. Sections 3.5 and 3.6 cover research limitations
and ethics procedures. Finally, section 3.7 contains a summary of the chapter.

This structured approach ensures that each section of the methodology chapter

62
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is clearly defined and addresses specific aspects of the research process.

3.2 Research design

Researchers play an important role in confronting the challenges of knowledge
in any field. Research is the foundation of scientific knowledge, and the repre-
sentation of others’ work [158]. The researcher has been deeply influenced by
Kapogiannis [159], [1], [160] and [161], to plan and prepare the research at a
methodical level to attempt to achieve the aim of this work. Research can be
defined as, ‘the act of finding something you do not know and to reorient our
thinking, to make us question what we think we do not know, and to focus on
new aspects of our complex reality’ [162]. Research allows us to investigate and
discover a new concept and to improve and add knowledge to an existing idea.
Good research solves a practical problem and answers a specific question, which
will lead to explaining and creating an understanding of the concept and intent
to explore it. According to the Economic and Social Research Council, research

is “To contribute to a body of knowledge or theory’ [163].

Also, research is a ‘structured set of guidelines or activities to assist in gener-
ating valid and reliable research results’ [164]. Phenomenology research can be
defined as ‘letting things show themselves’ [165]. Therefore, solid research has a
clear definition for the methodology and strategy, with all the findings able to be
validated and tested. In addition, the methodology must have unique characteris-
tics to be truly scientific, which must investigate and define the research problem,
design an appropriate method, then gather adequate data, and demonstrate re-
search outcome and results [166]. Research processes are defined by Sekaran [167],
as a continuous, overlapping process to explain, compare, and predicate theories
and general concepts. Traditionally, there are two types of scientific research:

applied and pure.
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Figure 3.1 illustrates the typical process of carrying out scientific research. Fur-
thermore, the research aims and objectives will allow the researcher to consider a
process that includes the following aspects: planning research, analysis and data
collection, and reporting of final results. According to Walliman [1]| the appli-
cation of the correct research method and approaches will achieve actual results

and new knowledge.

Identify the
. Problem
Experiment
Literature
Research Approach Review
selection
(Deductive) \
Analysis Research methods
DATA

DATA

Interpretation of A
Collection

DATA Research
—— Design

Figure 3.1: Typical scientific research (Source: Adopted from [1])

Kapogiannis [159], stated that the most difficult part of research is the deter-
mination of assumptions to clarify and identify the research aim and objectives.
Consequently, to design and plan the research to answer research questions Table
3.1 below provides the main philosophical questions: The research methodolog-

Table 3.1: Philosophical questions to be answered (Source: Adopted from [1].)

Questions Definition
What is knowledge? Ontology
How do we understand the knowledge? Epistemology
What is the contribution to the knowledge? | Axiology
The procedures of learning knowledge Methodology

ical framework and methods are the essential components of any research that

must be explicitly explained to show the path the research will take. Although
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methodology and methods are quite often used interchangeably to mean the same
thing they are distinct from each other although are used to denote essential pro-

cedures in the research process.

According to Bryman [165], a methodology contains philosophical stances a re-
searcher wishes to follow and the methods that are used for data collection. Crotty
[169], defines the research methodological framework as, “the research design that
shapes our choice and use of particular methods and links them to the desired out-
comes What is called here for is mnot only a description of the methodology but
also an account of the rationale it provides for the choice of methods and the
particular forms in which the methods are employed”. According to Teddlie and
Tashakkori [170], research methodological framework is, “a broad approach to
scientific inquiry specifying how research questions should be asked and answered.
This includes world view considerations, general preferences for designs, sampling
logic, data collection and analytical strategies, and the criteria for assessing and

improving quality”.

Research that has no clear assumptions regarding world view or adhering to
particular methods used to collect data might not provide useful results. It is
from this understanding that this study wishes to describe the worldviews and
thereafter explain the view that will lead it as well as describe the methods that
will be used in the process of data collection and analysis. With this understand-
ing in mind, this study aims to elucidate various worldviews and subsequently
articulate the perspective that will guide its approach. Moreover, it intends to
outline the methodologies employed for both data collection and analysis. Ac-
cordingly, O'Leary [171], states 'methodologies are crucial to the research process
for the knowledge production, they show the outside world that we are not just
random people with an opinion, but we are researchers who are engaged in a rig-
orous process and that we have grappled with the responsibilities and controversies

associated with knowledge production’.
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Teddlie and Tashakkori [170], and O’Leary [171], emphasise the role of methodol-
ogy; with particular emphasis on the discussion about philosophical assumptions
followed in the study. The two philosophical assumptions that are discussed to ad-
dress issues of methodology and methods lie in ontology and epistemology views.
According to Walliman [1], being aware of these philosophical assumptions helps
to guide the researcher thoroughly about what views will be relied upon in the
course of making research results and the conclusion reached truly representative
of the research data itself. The researcher used a hypothesis-based approach that

was built up over a literature review.

3.3 Research Methodology

A research methodology is a systematic approach employed by the researcher to
organise and execute their investigations aimed at addressing specific research
questions or testing hypotheses [172]. This involves a series of steps and tech-
niques for collecting, processing, and analysing data in a precise and reliable
manner. The primary focus of this research is to employ quantitative methods
through experimental designs for effective data collection, specifically targeting
asset owners in KSA. Hence, the researcher used a hypothesis-based approach
over a literature review process.[173], [160], and [160], and a workshop (descrip-
tive statistics) to understand the current challenges in AM within the context of
the KSA. This work aims to investigate whether and how Blockchain and AIM
can be the future facilitators of the construction project lifecycle and, thus, opti-
mise the owner’s ROI. This research proposes a practical tool improvement that
would make Blockchain and AIM attractive options to be used to achieve the

research objectives. The research objectives, set in Chapter 1, were:

1. Exploration of Blockchain and AIM Synergy: to examine how Blockchain
technology enhances AIM integration within the AM lifecycle and to un-

derstand its broader implications for the field of AM.
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2. Development and Validation of an AIM-Blockchain Tool: to design,

develop, and systematically validate a Blockchain-based tool that is inte-

grated with AIM, aimed at streamlining the AM lifecycle, and to evaluate

the expected outcomes of its real-world implementation.

3. Assessment of Blockchain’s Added Value with AIM: to investigate

the additional benefits Blockchain technology brings when combined with

AIM in the AM lifecycle, mainly how it boosts operational efficiency, im-

proves data safety, and fosters stakeholder collaboration.

Table 3.2 gives a total overview of the research methodology including methods,

data collection — analysis, and interrelation with the research questions and ob-

jectives.

Table 3.2: Research Methodology AIM and Blockchain Technology in AM

the asset life cycle
by using AIM and
Blockchain technol-

ogy

Objective Activity Method Sample | Data Chapter
Analysis
1 Literature Review Literature | Multi Thematic Chapter
Review trailer Analysis 2
2 Workshop to test | For the | 5 Team | Descriptive | Chapter
the Blockchain- | beta test a | Mem- Statistics 4
based tool for asset | survey was | bers
managers shared
3 Workshop was | Multi- 37 Descriptive | Chapter
run to understand | quantitative Statistics 5
the impact factor | method
analysis  affecting | was used
the operation of

The information in Table 3.2. is provided for the following context:

e Research Topic: The research topic is clearly defined, focusing on the

integration of AIM and Blockchain technology in the asset lifecycle.
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e Research Scope: The scope is precisely delineated, targeting asset man-
agement in KSA. It considers the perspectives of clients, contractors, and
project consultants to thoroughly understand the research problem. The
emphasis on the execution, handover, and operation stages of the construc-

tion project lifecycle aligns well with the research questions and objectives.

e Review Literature: The purpose of the literature review is articulated,
aiming to elucidate the interrelationship between AIM and Blockchain in
assets. Additionally, it seeks to enhance the efficiency of the asset manage-

ment lifecycle by utilizing AIM and Blockchain.

e Formulate Research Objectives: The research objectives are specific,
encompassing the definition of key concepts, exploration of Blockchain’s
added value during the asset management stage, and the design and vali-

dation of a Blockchain-based tool.

In detail, this methodology is intended to shed light on the intricate relationship
between AIM, BIM, and Blockchain technology within the asset lifecycle, directly
aligning with Objective 1 [I71]. Moreover, the researcher to be able test thor-
oughly examine how the interplay between AIM and Blockchain has prompted
construction companies to actively participate in the evolution of construction
technology and information model management in KSA [172]. This examina-
tion is crucial for understanding Objective 2, which focuses on assessing the
technological influence on construction management practices. To this end, the
research uses as a case study a current project in the KSA, concerning a diesel
generator project that utilised a design and build procurement approach. This
setting provides a concrete example to explore the practical implications of AIM

and Blockchain in real-world asset management processes [171].

Hence, by adopting Yin’s case study design [160], the research aims to answer
critical ’how’ questions while considering the relevant contextual conditions that

are significant to the phenomenon under investigation. This methodological ap-
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proach is instrumental in achieving Objectives 1 and 2, by facilitating an
in-depth understanding of the roles and perspectives of construction experts re-
garding AIM and Blockchain activities. In addition to the above, the researcher
aims to employ a multi-method experimental design to delve into the subjective
experiences of participants, thereby gaining insights into the impact of AIM and

Blockchain on asset management within the KSA construction industry.

As a matter of fact, this aligns with Objective 3, as it involves validating the
technological impact through a practical assessment. In particular, the study
will leverage a deductive approach to explore the commonalities in reasons be-
hind construction companies’ engagement with AIM and Blockchain technologies.
This approach not only aids in meeting Objective 2 by enhancing our understand-
ing of complex technological applications in construction but also contributes to
Objective 3 through the analysis of experiment responses and the broadening of
comprehension regarding the impact of AIM and Blockchain on asset manage-
ment within the KSA construction industry. Finally, the initiative to design and
test a Blockchain-based environment for assessing the impact on the asset lifecycle
marks a direct approach to fulfilling Objective 3. This effort is complemented
by the formulation of sub-questions aimed at evaluating the influence of AIM
at various stages of the asset management lifecycle, thus providing a structured
framework to explore the potential of Blockchain and AIM as key facilitators in

optimising asset management.

3.3.1 Research Methods

Research methods mean “the techniques or procedures used to gather and analyse

data related to some research question or hypothesis” [169].

According to Walliman [1], methods are divided into two: “the methods of data

collection and methods of data analyses”. This section aims to describe straight-
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forward procedures to collect data from different sources using different methods,
followed by a description of the techniques of analysis, qualitatively. The philo-
sophical position of the research is that a positivism paradigm will be applied
to explore and uncover the reasons why construction companies apply AIM and
Blockchain KSA. The positivism approach is about using data collected for the
interpretation of the meanings of the cases investigated as opposed to mathe-
matical generalisation [174]. To undergo the positivism, approach the study will
use a case study seeking identification and explanation with the aim of a wider
understanding of why certain practices such as BIM and Blockchain are needed
[175]. The phenomenon and nature of data collection methods of participatory
observation are primarily aimed at achieving an understanding of individuals and

their life worlds [160].

According to Berg and Lune [171], “in the life-worlds, researchers focus on nat-
urally emerging languages and the meanings individuals and groups assign to ex-
perience”. In line with this contention, the study will extract information with
appropriate meaning from perception and work experience of the relationship be-
tween BIM and Blockchain in the construction industry. The positivism paradigm
is relevant for this study because it will provide a broader understanding of the
phenomenon under investigation from the perceptions, behavior, and work expe-

riences of participants [170].

3.3.1.1 Case Study Design and Beta Testing:

Integration of Blockchain Technology with AIM in the Female Driving School
Project at King Abdul-Aziz University Incorporating the specified phases into the
case study of the beta test for the Blockchain-Enabled AIM environment offers
a detailed narrative of the project’s lifecycle from inception to evaluation. This

comprehensive methodology unfolds as follows:

1. Requirements Collection: Initiating the project, this phase established
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the critical requirements for Blockchain’s effective integration with AIM.
Insights gleaned from literature reviews, client feedback, and consortium
experts contributed to a robust foundation for the subsequent development

of the provenance framework, pivotal for the beta-test set.

2. Mixed Research: This phase encompassed a thorough investigation that
leveraged both qualitative and quantitative data, drawing from case studies,
scholarly articles, and best practices within the industry. The aim was
to craft a nuanced understanding of Blockchain’s potential and real-world

application in the construction domain (linked to Chapter 2).

3. Data Consolidation: Upon gathering extensive research data, the phase
involved consolidating and analysing this information to shape AIM data
models and scenarios. This step ensured the Blockchain application was
appropriately tailored to the specific requirements and intricacies of the

construction sector (linked to Chapter 2).

4. Experimental Testing: An experimental Blockchain environment was es-
tablished using tools such as Remix Ethereum and the Azure Blockchain
network. This stage was crucial for hands-on testing and validation of the
theoretical models devised from the research phases, with the beta-test in-
volving asset management professionals assessing the system’s real-world
effectiveness. (Appendix C for details/Chapter 4). Figure 3.2 below de-
scribes the user interaction with a document management system that is
enhanced with Blockchain technology, emphasising the varying levels of ac-
cess and control across different user roles and the integration of typical
document management functions with Blockchain-specific actions. The de-

tailed system’s architecture is presented in Chapter 4.

5. Development of Smart Contracts: Leveraging Solidity, the phase in-
volved the creation of smart contracts that encapsulated the project’s prove-

nance functionalities. These smart contracts served as actionable Blockchain
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Figure 3.2: System Methodology Diagram.

components that would drive the AIM framework within the actual han-

dover stage of the construction project(Appendix C for details/Chapter 4).

6. User Interface Development: A user-friendly interface was developed
for effective interaction with smart contracts, enhancing user experience and
adoption rates. This interface allowed asset managers to efficiently visualise
AIM, upload EIRs, and confirm the Blockchain framework’s integration.
(Appendix C for details/Chapter 4).

7. Results and Evaluation: The final phase involved presenting and as-
sessing the outcomes of the AIM-Blockchain integration scenarios. This
evaluation was crucial to demonstrate the connection’s efficacy for data
storage and to showcase the feasibility of the Blockchain-AIM link using a
fully coordinated model throughout the asset lifecycle (chapter 4).

In summary, the case study’s narrative is rounded out by the integration of

a technological framework that adhered to a multi-layered approach reflec-
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tive of the OSI model. The beta test was pivotal in verifying the system’s
architecture, which was designed to cater to the complex requirements of
asset management across construction projects. The architectural com-
ponents—ranging from the User Confirmation Module to the Blockchain
Server—were meticulously developed to support the various user roles and
ensure secure data flow and document validation. Moreover, the researcher
designed and developed the Blockchain-based tool, assuring compliance
with international standards like ISO-19650 and ISO-55000. Using a combi-
nation of programming languages, the tool aimed to support technical and
security standards, providing a solid foundation for the research study’s

objectives (chapter 1).

3.3.1.2 Validation - Impact of AIM and Blockchain Technology in the

Asset Lifecycle

At the final stage, the researcher ran a workshop attended by a total of 37 inde-
pendent asset owners to validate the impact of the proposed Blockchain—based
tool to support throughout the AM lifecycle: design, construction, operations,
and maintenance. The workshop was conducted in November 2020 to explore the
integration of AIM and Blockchain technology within the asset lifecycle, focus-
ing on its potential for sustainable development in KSA. The workshop aimed
to gather insights from various stakeholders in the asset management sector, in-
cluding contraction teams and groups, to discuss the current state, challenges,
and opportunities presented by the adoption of AIM and Blockchain technologies

(objective 3, Chapter 5).

Subsequently, a survey was administered to the group of experts using descriptive
statistics to evaluate the impact of project delivery on the efficiency of operat-
ing AIM models and management. The findings provided compelling evidence of
the influence of operational AIMs across various stages of the asset management

lifecycle, along with potential results. More details about the workshop can be
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found in Appendix B and Chapters 5 and 6 in more detail. Finally, to test the
sub-questions, mean value analysis, and Chi-square hypotheses test were used to

ensure reliability. For data validity, Cronbach’s alpha test was used [177].

3.4 Sampling Procedures

For Objective 1, the research delved into the vast landscape of existing litera-
ture, exploring the realms of Blockchain Technology, BIM in construction, and
the intersection of AIM and Blockchain. Notably, the researcher honed in on the
context of the KSA due to two primary factors: firstly, the prevalent challenges
in data and information management within KSA hinder effective asset man-
agement using digital models and technologies; secondly, there exists a notable
inconsistency and transformation of information between project handover and

the facility management team during the operational stage.

For Objective 2, a select group of 5 team members from a company were in-
vited to participate in validating the Blockchain-based tool. This tool was put
to the test through a case study conducted. The objective was to assess the
operational feasibility of Blockchain technology in dynamically accommodating
changes during asset operation. To facilitate this assessment, three sub-questions
were developed, each corresponding to different stages of asset management. This
allowed stakeholders such as owners, consultants, contractors, and suppliers to
engage in activities such as uploading, visualising, reviewing, selecting, and decid-
ing on the best course of action based on the asset information model, particularly
during the tendering stage facilitated by smart contracts. The system methodol-
ogy diagram adopted for this purpose is illustrated in Figure 3.2, which shows the
systematic approach undertaken in this study, aligning closely with the objectives

outlined in Section 1.4.

For objective 3 the size of the organization was the criterion for selection used
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in the experiments (large organisations) which are located in the KSA Makkah
region. The General Authority of Statistics shows the total number of enterprises
of a large company which refers to 1034 companies (General Authority of Statis-

tics, 2022).

The researcher looked at the number of registered qualified engineers in the KSA,
then obtained data from the Saudi Council of Engineering (SCE) to determine the
proportional sample to be collected and for the research to be validated accord-
ing to SCE has 429247 registered members. The researcher needs to gather 96
responses given that the population size is 429247 qualified Engineers and IT, the
confidence level is 95%, and the error is 10 %. Therefore, the SCE has published
the flyer on its website and the researcher has sent the workshop flyer via email
and social media applications. A total of n=37 responses have been received,
with a 95% confidence level the responses (data — answers) are accurate with an
error level to be 12.7%. An experimental study has been used as part of a work-
shop to facilitate a learning point, the study intends to conduct 1 participatory

observation to validate the impact of BIM/AIM /Blockchain Technology.

3.5 Research Limitations

This research has been conducted as a case study in the construction industry of
the KSA although the findings may apply to other contexts or countries. The pri-
mary objective was to improve the operational processes of asset management and
to enhance current practices through the application of the acquired knowledge.
A significant challenge faced in the adoption of BIM and Blockchain technologies
in the construction industry is the limitation of skilled personnel. Moreover, a
principal obstacle to the implementation of Blockchain, AIM, and BIM is the

issue of cost.
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This stems from the clients’ reluctance to adopt new technologies in their busi-
nesses and projects, as the ROI for AIM and Blockchain remains unclear from the
asset owners and other stakeholders. Nonetheless, the data collection methods
and data analysis approaches have been elaborated upon, clearly explaining the

multi-method approach to be followed.

3.6 Ethics Procedures

Ethical considerations are a fundamental attribute that must be observed through-
out the research process, encompassing data collection and the dissemination of
results. This is crucial to protect the values and integrity of the participant com-

panies or individuals [1].

As this study employs data collection methods involving human participants,
utmost care must be taken to safeguard the participating companies and individ-
ual managers [178]. Before commencing data collection, the researcher will obtain
clearance from the University of Nottingham’s ethical approval committee, ensur-
ing that all appropriate measures have been taken for the data collection process
in Saudi Arabia. The researcher will first request permission from the company’s
management to conduct a workshop, followed by seeking consent from the in-
dividual participants [179]. However, the researcher acknowledges and respects
the participants’ right to excuse themselves from participating in the surveys or
workshops. The information collected from all participants will strictly adhere to
ethical guidelines and will not be disclosed for any purpose other than the stated

research objectives [179].

Similarly, the confidentiality and privacy of participants will be maintained by
treating all collected information with the utmost discretion and respect for their
dignity. Participants’ identities and names will remain undisclosed during the

participatory observation process. Where names are required, pseudonyms will
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be used to protect their anonymity [179]. Furthermore, confidentiality will be
ensured through the secure custody of all collected information, with transcribed
hard copies stored in the University of Nottingham’s secured lockers. Any digital
information will be stored on the University of Nottingham’s or the researcher’s
personal computers, protected by password-secured encryption. These measures
aim to uphold the highest ethical standards and maintain the integrity of the re-

search process while respecting the rights and privacy of all participants involved.

3.7 Summary

This chapter has described extensively the research methodology and methods.
Firstly, the different philosophical perspectives regarding social science research
were examined, followed by the choice of the philosophical position of this study.
Secondly, data collection methods were described, and the selection of a multi-
method approach of semi-structured interview and participatory observation has

been discussed about their philosophical position.

To summarise, the research process can only be guided by a well-defined re-
search focus and technique, which guarantees that the study is thorough, morally
sound, and advances the field’s understanding. Choosing a methodology for con-
ducting a study should be supported by a clear justification that considers the
goals of the study, its viability, previous findings, theoretical frameworks, and
ethical concerns about the study. Integrating AIM and Blockchain technology in
construction projects is a relevant and timely topic, and the proposed research has

the potential to contribute to theoretical and practical knowledge in this area.
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IT Prototype

4.1 Introduction

This chapter delves into the high-level architecture and operational mechanics
of a Blockchain-based AIM system, specifically tailored for the management of
assets within the construction sector. By introducing a robust, user-oriented plat-
form that facilitates the secure and efficient handling of asset data, this research
explores the intersection of cutting-edge digital ledger technology and traditional
AM methodologies. The focus of this chapter is to present a comprehensive anal-
ysis of the system architecture that underpins this innovative approach, providing
insight into the layers of interaction, security protocols, and data flow manage-
ment that ensure the integrity and reliability of asset information followed by
a beta test. The results of this chapter lead to the next stage of the research
methodology (Chapter 3) to validate the impact factor analysis on the opera-
tion of the AM lifecycle utilizing the integrated AIM and Blockchain system in
Chapter 5.

4.2 Research Method

In the realm of AIM within construction, the research method employed focused

on deploying and beta-testing a high-level architecture of a Blockchain-based sys-
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tem, complemented by an AIM interface [117], [I80]. The architectural framework
included a multi-layered approach aligned with the Open Systems Interconnection
(OSI) model, emphasising secure and structured data flow between user roles and
blockchain services [181], [182]. The system architecture was designed to support
the complex needs of AM throughout the lifecycle [183],[182], [184], [185], and

[186] This involved the development and integration of several key components:

1. A User Confirmation Module (UCM) to handle diverse user types, from
BIM/AM managers to suppliers, and manage their registration, system

login, and subsequent access privileges.

2. The AIM Blockchain System operates as a repository and verification hub

for AIM files, with approval mechanisms and re-upload services.

3. A robust Blockchain Server for the secure transfer of approved documents

to the blockchain, ensuring data immutability.

On this basis, the research methodology is linked to the Data-Information-Knowledge-
Wisdom (DIKW) hierarchy, a conceptual framework that outlines the transfor-
mation of raw data into wisdom through various stages [187]. The connection
is discussed by analysing each component of the system and identifying its role
within the DIKW hierarchy as can be seen in detail below:

Data Layer (Data): At the base of the DIKW pyramid, data consists of raw,
unprocessed facts. In this context, the blockchain system architecture captures
raw data through the AIM interface, which collects detailed information on con-
struction assets [188]. This data is unstructured and uninterpreted, serving as
the foundation for the next layers [180].

Information Layer (Information): Information is derived from processing
data to add context, relevance, and purpose. The User Confirmation Module
and the AIM Blockchain System act at this level. By managing user types and
access privileges, the system organises raw data into a structured form. The AIM
Blockchain System further processes this data, providing a repository and veri-

fication hub for AIM files [188]. This involves organising data into meaningful
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patterns like approval mechanisms and document status transforming it into in-
formation that’s accessible and useful for decision-making [30)].

Knowledge Layer (Knowledge): Knowledge involves the application of in-
formation to formulate insights, decisions, or predictions. Within the described
methodology, knowledge is represented by the integration of the Blockchain with
the system architecture, emphasising secure and structured data flow between
user roles and blockchain services. The system’s ability to verify and approve
AIM files before they are uploaded to the blockchain reflects the application of
information to ensure data integrity and reliability [188]. This ensures that only
accurate, verified information is used to make decisions or insights about con-
struction AM [189].

Wisdom Layer (Wisdom): Wisdom is the highest level of the hierarchy, rep-
resenting the ultimate use of knowledge to make sound decisions with a deep
understanding of the implications. While the described methodology primarily
focuses on the lower layers of the DIKW pyramid, the strategic implementation
of a multi-layered architecture, with an emphasis on security and structured data
flow, lays the groundwork for developing wisdom. Over time, as users interact
with the system, learn from the data, and make increasingly informed decisions
regarding construction AM, the collective wisdom of the organization is expected
to grow [138]. This wisdom enables stakeholders to not only make more effective
decisions but also to anticipate future challenges and opportunities within the
construction industry [180]. In summary, the research methodology described for
deploying a blockchain-based system for AM exemplifies the DIKW hierarchy by
systematically transforming raw data into structured information, then applying
that information to generate knowledge, and ultimately aiming towards the de-

velopment of wisdom in managing assets effectively.

Building upon this foundation, the methodology was applied to a case study at
the Female Driving School project, hosted by the University of KAAU in KSA.

This real-world application involved a beta test with five AM professionals who
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evaluated the system’s performance. Key aspects under scrutiny included AIM
visualisation, Exchange Information Requirements upload and validation, along
the seamless integration of AIM within a Blockchain framework. This evalua-
tion underscored the significance of accurate and real-time AM, bolstered by an
AIM system that encompasses comprehensive documentation, data, and graphi-
cal models, highlighting the transformative potential of Blockchain technology in
AM.

The system’s architecture encouraged collaborative efforts among stakeholders,
enabling updates and modifications in alignment with BIM standards and In-
dustry Foundation Classes (IFC) specifications. This collaborative environment
[8], supported by the blockchain’s inherent security features and decentralisa-
tion, provided robust protection against cyber threats [158], while still achieving
high system performance. This approach directly addressed the prevalent chal-
lenges within the Saudi construction sector, characterised by informal informa-
tion exchanges and a lack of structured communication. The Blockchain-enabled
AIM Environment revolutionised the management of assets by offering a well-
structured and operational information system. This system not only clarifies
specifications but also aims to enhance awareness across all stages of the asset
lifecycle. Through this innovative application, the project demonstrated the sub-
stantial benefits of Blockchain technology in AM, marking a significant step for-
ward in addressing the specific needs of the construction industry in the domain

of AM.

4.3 System Architecture

The introduction to a Blockchain-based AIM system integrates a sophisticated
system architecture, a two-tier web application, and a comprehensive integrated
system architecture diagram to illustrate the dynamic and secure management of

construction assets. This system leverages Blockchain technology to ensure data
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integrity, immutability, and security [188], making it a robust solution for the
complex needs of AM in the sector. Below it is outlined the key components of
this system:

Blockchain-Based AIM System Architecture: At the heart of this system
is a Blockchain-based architecture designed to manage and secure asset informa-
tion. This architecture utilizes the immutable nature of Blockchain technology
to ensure that all data related to construction assets is verified, transparent,
and proven. By integrating with an AIM interface, the system facilitates the
structured and secure flow of data between various stakeholders, enhancing ac-
countability and efficiency in AM processes [133].

Two-Tier Web Application: The system features a user-friendly two-tier web
application, which serves as the primary interface for users to interact with the
AIM system. The first tier, the client side, offers an intuitive user interface for
accessing, submitting, and managing AIM files and related documents. The sec-
ond tier, the server side, handles the processing, storage, and retrieval of data,
acting as a bridge between the users and the blockchain. This two-tier architec-
ture simplifies the user experience while maintaining a high level of security and
data integrity [190].

Detailed Integrated System Architecture Diagram: To provide a clear
understanding of the system’s operation and integration points, a detailed inte-
grated system architecture diagram is included. This diagram visually represents
the relationships and data flow among the system’s components, including the
user confirmation module, the AIM blockchain system, and the Blockchain server.
It illustrates how these components work together to manage user roles, verify and
approve AIM files, and securely transfer approved documents to the blockchain.
The diagram serves as a roadmap for understanding the system’s functionality

and its robust architecture.

Overall, this introduction sets the stage for a detailed exploration of a cutting-

edge solution to AIM in the construction industry. By harnessing the power of
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Blockchain technology and integrating it with a user-friendly web application, this
system offers a secure, efficient, and transparent way to manage assets throughout

their lifecycle.

4.3.1 Blockchain-based AIM system integrated Architec-

ture (High Level)

The system architecture is depicted in image 4.1. outlines a Blockchain-based
AIM system integrated with user role management and a re-upload service for
rejected files [191]. Figure 4.1 presents a diagram explaining the system’s frame-
work. It shows the system’s boundaries, user roles, and permissions. The diagram
also illustrates how users interact with the system, from logging in to registration.
It details the activation process for new users by the system manager. Users are
assigned roles with specific permissions, like uploading, viewing, or commenting
on files. There’s a process for approving files and moving them to the handover

stage. At this stage, the project manager uses blockchain to encrypt the files.

Finally, a secure download link is sent to the customer’s email. The diagram
integrates various system log-ins for different user types (like client, consultant,
contractor, and supplier) and connects these elements to describe how the system
operates. The layout is for illustrating system architecture, user interactions, and
data flow within the Blockchain—enabled AIM system. The system’s architecture
is designed to ensure a streamlined process for AIM with clear roles for different
stakeholders and an immutable record of files/models stored on the Blockchain
[144]. This supports the processes of verification, approval, and revision within
the context of AM in the construction industry, reinforcing data integrity and

traceability [191].



84

System Architecture

Chapter 4.

1935183y

oooo

uoneAndy 4oy Suniep

yasn
3HL 1S3IND3Y OL

¥iasn
3HL 3LVAILIV OL

Wby sorupufiq woshsg

TP 2an3rq

19sn 1dadoy

SENRREIEN]

uoIEWILUO) J3SN q

uso]
¥3Nnddns Ewum>w
wso]
waishs
YOLOVYINGD — aseg ereq
28e15 193(01d Auy 38015 13f01d Auy a8e1s 1af01d Auy
— Aue maip u1 3114 Auy peojdn w1314 Auy Juswiwo)
o S1uj0g uopnKax3 1104 uopnIaX3 P —
jopow/sapy  /\ 1PPO/s2Iid [oPON /a1l
ssa00y peojdn JuBWWo)
uigo
washs N s3]0y U3
INVLINSNOD [ $9|0y weaL 104 3ua11d
13po/a1id 13pon/a1id
wsoy uy 31p3 - 3y/1sanbay Auy jo jenoiddy eury
waishs S3UI0d UOIINJAXY 53Uj0d UOIINIAXI
N3
S|I9POIN 10 S|I9POIN 10
@ | — $3|14 payalay $3)14 anoaddy
wsor uoissiwiad [erosddy
YIOVNVIN WIV/WIg waishs
( WaSAS uteyd %20|8 NIV
—>

SJul0d UoIINIAX]

una FETY
iy 314 maN e peojdn
|
’ Jauleluod 9|l
19PON /311 31
(7331n13S peojdn — oy )
40d %
Jajsues) 03 Apeay 3l
ojul 3|14 Jajsuel)
» 0|g 03
panosddy J3jsues) 03 Apeay
13PON/saIl 41

Jaulejuod 9|4

JaAI3S uley) yoo|g




Chapter 4. System Architecture 85

The researcher used the OSI model as a guide [192], the following outline of the
system architecture (figure 4.1.) in terms of layers, focusing on the interaction

between user roles, Blockchain services, and data flow.
1. Application Layer:
e User Interface: Interface for BIM/AM Manager, Client, Consultant,
Contractor, and Supplier for registration and login.
e Handles file conversion to PDF for approved documents.

2. User Confirmation System: Manages user registration, activation, re-

jection, and login processes.

3. AIM Blockchain Interface: Where users interact with the file container

for approving, commenting, and uploading files.
4. Presentation Layer:
e Data Formatting: Converts files ready for transfer into Blockchain or
PDF format based on approval status.
e Encryption/Decryption: Ensures that data transferred between the
client application and blockchain is securely encrypted.

5. Session Layer:

e User Sessions: Handles the creation, management, and termination
of sessions for different user roles during their interactions with the

system.

e Transaction Management: Oversees transactions for file approvals or

rejections, ensuring consistency and reliability.
6. Transport Layer:

e Data Transfer: Manages the end-to-end data transfer processes, error

handling, and flow control for file uploads and downloads.
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7. Network Layer:

e Routing: Directs data packets through the network, determining the
optimal path for data transfer between the user applications and the

blockchain server.

e Addressing: Assigns IP addresses for identifying devices and managing

the data routing.

8. Data Link Layer:

e Frames Management: Organises data into frames for transmission,
handles frame synchronisation, and controls access to the physical

medium.

e Error Detection and Correction: Ensures that frames sent to the

blockchain are error-free using checksum and acknowledgments.

9. Physical Layer:

e Media and Signal Transmission: Deals with the actual transmission of
the data over network media, whether it’s wired or wireless, handling

the bit-level communication.

In the study, a deployment diagram is utilised, which is a form of a Unified Mod-
eling Language (UML) diagram.

This diagram is referred to as Figure 4.2 and it details the execution architecture
of the system. It covers both the tangible hardware and the intangible soft-
ware components that support the system’s operations, along with the middle
ware that establishes connections between them. The diagram explicitly illus-
trates the deployment strategy of the system across the primary and subsidiary
servers, and it clarifies how these servers communicate with each other using
HTTP (Hypertext Transfer Protocol)/HTTPS Hypertext Transfer Protocol Se-

cure) web protocols.
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Figure 4.2: Deployment Diagram.

In detail, the deployment diagram is designed through various system nodes, rep-
resenting stages or functionalities within the AM project. For instance, nodes
like “concept design” and “spatial Coordination” handle different types of files
relevant to their respective phases, from (non) graphic designs to technical calcu-
lations. The “Construction” node specifically addresses the project phase, incor-
porating a mechanism for managerial approvals. Further nodes like “Preparation
And Brief” and “Strategic Definition” are repositories for preparatory and strate-
gic documents, crucial in the early and planning stages of AM. “Technical Design”
and “Handover” correspond to later stages, where technical specifications are de-
tailed, and project handover is facilitated, with an indication of Blockchain usage
for secure file handling. “User Info” and “Transfer To PDF” nodes point to sys-

tem functionalities about user authentication and document management.

Together, these components interlock to form an intricate AM system, encap-

sulating the document and file management workflows as visualised in the de-
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ployment diagram that incorporates Blockchain technology for enhanced security
and version control, especially noted in the context of “blocks” for the handover

phase [180].

4.3.2 Web application- A two-tier architecture

For the deployment of the web application, a two-tier architecture was required
[192]. Figure 4.3, as observed, provided an overview of the components in the

deployment scenario:
1. System Application Server:

e Running on an Ubuntu execution environment.
e Uses Nginx as the web server and reverse proxy.

e Hosts a Django Server, which is a Python web framework that follows

the MVC (Model-View-Controller) architecture.
2. Data Application Server:

e Also running on an Ubuntu execution environment.
e Utilises Nginx for the web server.

e Connects to a MySQL database that stores the application’s data.

Communication between these servers was facilitated through HTTP/HTTPS
protocols, suggesting a web-based application architecture that compartmen-
talised the back end (Django Server) and the database server (MySQL). The
Django server was tasked with managing the application logic, user interactions,
and model management. In contrast, the MySQL server was devoted to data
storage and retrieval tasks [191].

The researcher designed the system’s architecture by choosing Rationalised Data
Base Management System (RDBMS) which ensured the data was stored and man-
aged in a way that was compatible with the project’s needs [186]. The chosen

two-tier architecture served as the essential framework for the Blockchain-based
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Figure 4.3: Data Model.

AIM system. Within this architecture, the System Application Server played an
important role, with the Django server at its core. This server was responsible
for the workings of the AIM system, including validating user identities, organis-
ing files, and managing the flow of transactions—all critical for integrating with
the blockchain. The Data Application Server’s MySQL database was the storage
workhorse, keeping detailed records of transactions, user profiles, and file infor-
mation. These pieces of data are the lifeblood of Blockchain operations, and the
MySQL server ensured they were kept safe and sound. Serving as the system’s
gatekeepers, the Nginx servers on both application servers managed the influx
of queries and outgoing responses. Whether it involved processing by Django
or fetching data from MySQL, Nginx ensured smooth and secure access to the

system’s resources.

The integration of the three key components—the Django server, the MySQL
database, and the Nginx servers—culminated in the development of a cohesive
and reliable system. This system transcended being merely a repository of in-
formation; it evolved into a dynamic environment underpinning the necessary

infrastructure for a robust and secure AM system, augmented by blockchain tech-
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nology. In essence, the described two-tier architecture offered vital support for

the operational requirements of the Blockchain-based AIM system.

It provided a fortified, scalable, and secure platform for hosting the web-based

application and managing the related data effectively.

4.3.3 Detailed Integrated System Architecture diagram
The Technical Details diagram, referred to as Figure 4.4, outlines a comprehen-
sive system architecture, specifying the technologies and frameworks employed in
each component.

‘ CleriLayer

e s

et gcaien ‘

Lapr ‘
WAC Structure WA Structure WAC Structure Sexsim Nanagement ettt Aufbertzon ‘ ‘
¢ + 4 + 4 +
Doament
Uy plcanlogc Tl i et o Managr el § —
Hanagenentand RsesLigeLte T
Brackls Tpng Dfanga OFM Dangoessions Djenga B ngo Permizsions | ' HESE | ) (3
} | Beokhin Loy
- ~
Comgle Cgenins ALk Hickchan st FleConersm FleTrngky
e | l
i 1 ¥
AMPrcesyr Blacichdn L
Coceal ot | | Bl e | | Vs Mo P P, il S T S Fle T S
e g et iy . Apan s b M?ﬂ — L b i SFIRFTFS
5 — e
/ ToteHmagement
Smart Conbracs l
3 +
Smart Conict

Nodeng ‘ Secriplar
GehIFaly SELITLS Encrpfon

Figure 4.4: Integrated System Architecture and Technological Framework
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Here’s an explanation of the architecture and the details of the various technolo-
gies involved:

Client Layer User Engagement: The first point of contact for users is an
interface, likely leveraging web technologies such as HTML, CSS, and JavaScript,
with potential enhancements from frameworks like React or Angular. Mobile in-
terfaces are presumably developed using Swift or Kotlin.

Web Application Layer Dynamic Interaction: At this layer, the MVC archi-

tecture is brought to life by the Django framework, offering a seamless operational
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flow:

e User Interaction: Reactive and responsive elements are crafted with Re-

actJS.

e Application Logic: Core functions are coordinated by Django, steering the

application’s operations.

e Data Interaction: Database communication is facilitated by Django’s ORM,

bypassing the need for manual SQL.

e Session Management: Django also manages user sessions, providing conti-

nuity across user requests.

e Authentication and Authorization: User identity is secured by Django

OAuth, while access is managed by Django Permissions.

e Document Lifecycle Management: A custom logic system handles the vari-

ous stages of document management.

e Blockchain Interface: Ethereum’s Web3.js library is harnessed to interact

with the blockchain for immutable record-keeping.

e Revision Tracking: Document history and revisions are tracked meticu-

lously through integration with Git.

Database Management Structured Data Storage:

A relational database, MySQL, forms the foundation for storing essential data,
ranging from user information to transaction logs, all organised within a relational
structure.

Blockchain Server Decentralised Validation:

The Blockchain server utilizes smart contracts written in Solidity for document
verification and access control, while node management software like Geth or
Parity facilitates connection to the Ethereum network.

Security and Communication Ensuring Data Integrity



Chapter 4. Implementing the Blockchain-Enabled AIM Case Study 92

The architecture emphasises security across all layers with SSL/TLS encryption,
protecting data from unauthorised access or alteration.

File Conversion and Transfer Facilitating Document Flow:

e File Conversion Service: Documents are converted to required formats using

tools like LibreOffice or Cloud Convert.

e File Transfer Service: Secure transfer protocols ensure that files are safely

moved between the web application and the blockchain server.

In essence, Figure 4.4 describes an ecosystem where each technology plays a key
role, integrating to create a secure, efficient, and user-centric environment. This
system is designed to support the robust and secure management of a Blockchain-
enabled AM platform. This architecture integrates traditional web application
structures with the innovative use of Blockchain for document management, en-
suring a secure, efficient, and user-friendly system for managing AM lifecycles
and transactions in a decentralised manner. Hence now is the stage of testing the

new Blockchain-based environment.

4.4 Implementing the Blockchain-Enabled AIM
Case Study

Background: In the city of Jeddah within the Makkah region, the KAAU has
embarked on an ambitious project to establish a Female Driving School. The
project leverages a design and build procurement method, involving key stake-
holders Modern Cities Engineering Consultant (MCEC) as the main contractor
and Cummiens Arabia (CA) as the supplier. At the handover stage, the deliv-
erables include comprehensive AIMs comprising graphical models, non-graphical
data, and supporting documentation [193]. A more detailed presentation of the

validation can be found in Appendix C.
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Challenge:

The primary challenge was to ensure the secure, transparent, and efficient man-
agement of asset information throughout the asset lifecycle. This required an
innovative solution to handle the graphical and non-graphical models and exten-
sive documentation associated with the project’s AIMs.

Solution:

The Blockchain-Enabled AIM Environment: A system architecture was designed

and implemented to address these challenges:
1. User Interface/Application Layer:

e Provided a platform for project stakeholders to interact with the sys-
tem, including facilities to create new projects, manage project forms,

and access the project action page.
2. Web Application Layer (Django/Python):
e Managed the business logic and served as the interaction layer for all

stages of the project from strategic definition to the handover stage.

e Processed and managed asset information, including graphical mod-
els, non-graphical data, and documentation, ensuring consistency and

adherence to project specifications.

3. Blockchain Interaction Layer:

e Secured the AIMs by recording the transactions and the document
states onto the blockchain, ensuring data integrity and facilitating the

audit trail.

e Handled the conversion of AIMs into blockchain records during the
final handover stage, ensuring that all deliverables were immutable

and traceable.

4. Data Storage Layer (MySQL):
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e Stored all non-graphical asset information and user data, interfacing

with the web application layer for data retrieval and updates.
5. Project Stages (0-5):

e Systematized the project into discrete stages to facilitate monitoring

and quality assurance.

e Enabled stakeholders to navigate through various project phases, from
creating a project (Stage 0) to the strategic definition upload (Stage
3) and beyond.

Outcome: Upon project completion, the Blockchain-Enabled Asset Information
Modelling Environment had successfully processed and stored all AIMs relevant
to the Female Driving School at KAAU. The system provided MCEC and CA
with a seamless, secure platform for managing and handing over the project’s
AIMs. This included graphical models, non-graphical data, and a full suite of
documentation. The blockchain layer added a novel dimension of data security
and trust, as each AIM became an immutable record upon handover. This not
only enhanced the integrity of the asset information but also provided KAAU
with the assurance of having a transparent and unalterable record of all project
assets.

Validation: A focused team of five AM experts conducted a beta test of the
Blockchain-Enabled AIM Environment, assessing the practicality and efficacy of
the system’s capabilities. The AIM, crucial for AM and operations, comprises
three integral components: documentation, non-graphical data, and graphical
models. During the beta test, the platform was evaluated for its capacity to
facilitate a real virtual environment where stakeholders, including the client’s
representative and asset manager, could interact, upload, and verify the EIR and
AIM. Details on how the prototype operates can be found in Appendix C how
the prototype operates can be found.

AIM Visualisation and EIR Upload: The virtual interface allowed for the

visualisation of AIM in a simulated operational context. Stakeholders were able
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to navigate the system with ease, uploading the EIR and viewing the integra-
tion of the AIM within the blockchain framework. The visualisation process was
not merely about graphical representation but also included the ability to cross-
reference EIR data with current updates, ensuring the AM was accurate and in
real-time. The beta test demonstrated that the EIR — encompassing detailed
specifications of a backup electric generator unit — could be matched and verified
against predefined criteria within the decentralised application (DApp) platform,
enhancing collaboration across all stages of the asset’s life cycle.

Solidity/ Java Script Implementation: Technical code written in Solid-
ity /JavaScript was used to develop the validation processes within the DApp
platform. This system was engineered to automatically compare supplier inputs
with EIR parameters, with criteria such as generator capacity, voltage, cycles,
and revolution speeds being instantly validated upon exact matches. The smart
contract underlying this process was rigorously tested to ensure accurate valida-
tions and automatic data matching between the EIR and the post-contract-award
BIM Execution Plan (BEP) before the digital handover of the asset information
model [189].

AIM Model and AM Integration: The AIM model was expanded to include
not just the primary data sets but also additional AM information. The integra-
tion allowed for the use of multiple software applications like CAD, SketchUp,
and Revit to handle diverse file formats, ensuring the concept and design were
fully dimensional and compliant with the National BIM standards and IFC spec-
ifications. This integration facilitated the collaborative approach advocated by
BIM, allowing stakeholders to insert, extract, update, or modify information sup-
porting their roles. More details can be found in the 4.1 table below:

Security and Decentralisation: In the beta test, ensuring the system’s secu-
rity was a top priority [194]. The test successfully demonstrated the blockchain’s
robust defense against typical cyber threats. Thanks to its high degree of decen-
tralisation, stakeholders gained trust in the resilience of the system. The design

carefully considered the balance between decentralisation and performance, en-
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Table 4.1: Code Snippet Interpretation Table

Section Language Description

Pragma Directive Solidity Specifies that the Solidity compiler version.

Imports Solidity Two files are imported: remiz;ests.sol** for test-
ing in the Remix IDE, and a custom contract file
‘ballot. sol".

Contract Declaration | Solidity Declares an Ethereum smart contract named
‘AIM-.

EIR Value Check Mixed A function (seems like pseudocode, not standard
Solidity) checks if form values meet certain con-
ditions related to an electric generator’s specifi-
cations.

Alert for Mismatch JavaScript | If form values do not match the expected condi-

TypeScript | tions, an alert 'E1Rnotmatch! is displayed.

EIR Creation Service | JavaScript | Calls a service ‘createEIR‘ with the form data

Call TypeScript | and handles the result asynchronously.

Error Handling JavaScript | If ‘res.isSuccess’ is ‘false’, it shows an alert

TypeScript | with ‘res.message’ and navigates to a different
route/page in the application.

suring that the system remained effective and secure without sacrificing speed or
efficiency [30].

Addressing Data Accuracy and Collaboration: The new system addressed
the participants’ challenge of informal information delivery by providing direct
access to encrypted files from anywhere, at any time. This accessibility signifi-
cantly enhanced IT utilisation among construction teams [11].

The Blockchain-Enabled AIM Environment established a formal and operational
information system that spanned from strategic definition to in-use stages. It
ensured clear specifications and boosted awareness throughout the entire asset
lifecycle.

Visualisation and Testing Compliance: The system’s virtual environment
was designed to enhance the project’s comprehension and presentation by dis-
playing documentation in diverse formats, including three-dimensional graphical
models. This advancement in visualisation significantly improved stakeholders’
ability to interpret the project’s intricacies visually. It featured specific snapshots

captured using tools such as SketchUp, CAD, and Revit, which provided both
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external and internal views of the project. These views were meticulously focused
on the geometric details of the construction, particularly emphasising the gener-
ator unit’s design and installation to ensure it met regulatory standards. This
detailed visual representation facilitated a deeper understanding of the project’s
scope and requirements, enabling more informed decisions and discussions among
team members and stakeholders.

DApp and User Identity Security: The DApp (Decentralised Application)
platform introduced an innovative method for users to interact with the system
securely, providing them with autonomy over their personal data. Leveraging
the cryptography keys provided by blockchain technology, users gained the abil-
ity to manage their digital identities confidently. This approach emphasised the
importance of understanding and mitigating the risks associated with the secu-
rity of private keys, a concern that is well-documented in contemporary research.
Through this platform, users could engage with the digital environment, assured

of their data’s integrity and the safeguarding of their privacy.

4.5 Beta Test

A group of five AM professionals convened at KAAU to engage in a beta test of
the Blockchain-Enabled (AIM) Environment. This initiative aimed to investigate
the transformative capabilities of Blockchain technology within the realm of AM.
Through diligent testing and a meticulously structured workshop, the research
team embarked on a quest to identify both the strengths and areas necessitating
enhancement in the proposed Blockchain-based AIM platform.

Core Benefits Highlighted The thematic analysis of feedback from the beta

test revealed several key advantages of the Blockchain-based system:

e Enhanced Collaboration: The platform promoted a high degree of coop-
eration among participants, facilitating smoother project coordination and
decision-making. Quality Improvement: Users noted a marked enhance-

ment in the quality of AM operations, attributable to the data integrity
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features of Blockchain.

e Increased Data Security: Blockchain’s secure ledger system offered a strong

layer of protection for sensitive asset information.

e Fostering Innovation: The incorporation of Blockchain into AIM spurred

innovation, motivating the pursuit of novel AM strategies.

e Building Trust: The inherent transparency of Blockchain greatly bolstered

trust among all involved parties.

e Efficient Information Sharing and Confidentiality: The system adeptly man-
aged the balance between seamless information exchange and the confiden-

tiality of sensitive data.

e Effective Problem-Solving: The precision and accessibility of data expedited

the resolution of issues.

e Accuracy, Materialisation, and Cryptography: The platform was commended
for its accurate data capture, secure storage solutions, and robust cryptog-

raphy.

Challenges and Areas for Improvement The beta test also shed light on several

technical hurdles and areas ripe for improvement:

e File Compatibility Issues: Participants encountered constraints regarding
the file formats that could be uploaded, leading to delays. Initially, the

system inadvertently allowed mp4 files, which was not intended.

e Knowledge Gaps: A notable demand emerged for increased awareness and
comprehension of BIM/AIM and Blockchain, especially concerning the util-

isation and advantages of the platform.

e Interoperability Concerns: The platform’s failure to support IFC files un-
derscored the necessity for enhanced interoperability to more effectively

manage asset information and models.
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Recommendations and Next Steps In response to the feedback, the following

measures were suggested to refine the Blockchain-Enabled AIM Environment:

e Comprehensive Training: Formulate targeted training modules on BIM/AIM
awareness, Blockchain technology, and the operational intricacies of the new

system to bridge identified knowledge gaps.

e System Improvements: Execute technical modifications to enhance file for-
mat compatibility, user interface intelligibility, and overall system interop-

erability.

e Reassessment and Validation: With the proposed adjustments in place, a
strategy was devised to reevaluate the system’s influence on asset man-
agers within KSA, aiming to verify the improvements and further assess

the system’s advantages.

The beta test at KAAU, despite the obstacles encountered, highlighted the consid-
erable potential of Blockchain technology to revolutionise AM. The collaborative
process of gathering and acting upon feedback has charted a definitive course for
refining the platform, to amplify its contributions to creating a more secure, effi-
cient, and cooperative AM ecosystem. Adopting an iterative method of develop-
ment, feedback collection, and reassessment ensures that the Blockchain-Enabled
AIM Environment will continually evolve to meet the fluctuating demands of
the AM sector, signifying a substantial advancement in integrating Blockchain
technology with AIM. After spending two months rectifying the identified bugs,
the researcher proceeded to validate the impact of the proposed Blockchain-Based
AIM platform, marking a significant milestone in its development journey (Chap-

ter 5).

4.6 Summary

In conclusion, this chapter has detailed the creation, implementation, and testing

of a groundbreaking Blockchain-based AIM system. By integrating Blockchain
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technology into the AIM framework, the system has significantly enhanced data
integrity, security, and traceability throughout the asset lifecycle. With a focus
on practical application in the Saudi construction industry, rigorous evaluation
by AM professionals ensured its alignment with industry needs and user expec-

tations.

The system’s architecture, designed following the OSI model, has established a
robust and secure environment capable of managing complex asset data through
a tiered structure that facilitates seamless information flow. From user registra-
tion to the final handover of immutable asset records, the architecture supports
crucial processes such as verification, approval, and revision, essential in AM. The
successful beta test within the KSA Makkah region, particularly at the Female
Driving School at the KAAU, marks a significant milestone in digital AM and

serves as a model for future construction projects.

In summary, this chapter highlights the transformative potential of integrat-
ing Blockchain into AIM, showcasing how such integration can revolutionise ef-
ficiency, transparency, and trust in operations. As we look ahead, this system
stands as a testament to the tangible benefits of technological advancements, po-
tentially reshaping the construction industry and offering a scalable model for

global adoption once the technical challenges are overcome.



Chapter 5

Experiment

5.1 Introduction

This chapter emphasizes the essential role of technological integration in enhanc-
ing AM processes. It specifically explores the combined application of AIM and
Blockchain technology to improve efficiency throughout the asset lifecycle, align-
ing with the industry’s call for better performance, quality, and time management.
Whereas Chapter 3 delineated the research methodology, Chapter 4 introduced
a Blockchain-enabled environment that integrates BIM and AIM, and Chapter
5 went into analysing and validating the various impact factors on AM lifecycle
operations using AIM and Blockchain. This validation is important, as it not
only empirically supports the theoretical framework established earlier but also

meets the third objective mentioned in Chapter 1.

This chapter offers a thorough analysis of impact factors across the different
stages of the AM lifecycle (Design and construction stage; Handover stage and
use stage) and provides recommendations, thereby supporting the effectiveness
of employing AIM and Blockchain to improve AM lifecycle operations within the
KSA. By examining these lifecycle stages and advocating for the integration of
AIM and Blockchain, the research presents a systematic approach to addressing

current inefficiencies in the AEC sector, aligning with the strategic goals of Saudi

101
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Arabia’s Vision 2030 [39].

This strategy aims at advancing AM practices by leveraging innovative technolo-
gies, thus contributing to the sector’s progress. The validation of the impact
factor analysis within this chapter furnishes valuable insights, underscoring the
transformative potential of technological integration in revolutionising AM prac-

tices within the AEC sector.

5.2 Research Design and Methodology

The researcher employed a mixed-methods strategy, grounded in a pragmatic phi-
losophy (as extensively discussed in Chapter 3) and utilised a deductive approach.
A flowchart of the research process can be found in Figure 5.1. On this basis, a
two stages approach was taken to collect qualitative and quantitative data using

various data collection techniques within a dedicated time frame (2 months):

1. Stage I aims to investigate and understand the current practice (qualita-
tive data) through a workshop by conducting interviews and surveys with
asset managers in the KSA to understand their current state-of-the-art AM

practices.

2. Stage II aimed to address Ho, H1, and H2 through expert evaluations, fo-
cusing on the effects of integrating AIM and Blockchain technology on AM

lifecycle operations in the KSA.

5.3 Data Analysis

Stage I The initial workshop 2, detailed in Appendix C, conducted among profes-
sionals in the KSA, supports and contextualises the academic research’s focus on
AM. The research revealed a surprising lack of awareness about AM paradigms
among industry practitioners, with more than 32 people of the workshop partic-

ipants indicating that they were not familiar with the AM paradigm. This gap
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Figure 5.1: Research processes

in understanding and implementation increases the importance and relevance of
the proposed framework integrating BIM, AIM, and Blockchain technology. The
workshop participants pointed out the advantages and disadvantages of their cur-
rent AM practices. Results can be found in Table 5.1. While benefits such as
stakeholder equality, flexibility for change, and procedural familiarity with con-
tractors and clients were noted, significant challenges were also highlighted. These
challenges included poor communication, difficulty in making any changes during
the asset lifecycle [20], lack of coordination, inconsistent approaches, language
[80], insufficient data management [195], low return on investments and non-
scheduled (ad hoc) decisions [195]. Each of these challenges corresponds with the
gaps identified in the literature, providing empirical support for the research’s

proposed solutions.

Specifically, adopting the integrated framework could provide a standardised lan-
guage and approach for AM, improving communication and coordination and

procedures familiar to most contractors and clients [195]. Smart contracts can
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Table 5.1: AM factors in different project management lifecycles

Impact factors of AIM in
design and build

Impact factors of
AIM in handover
stage

Impact factors of AIM in
in-use performance

Increase mutual trust, and
recognition of new project
roles, such as information
manager

Commission plans

Health and safety

Inappropriate quality assur-
ance methods and proce-
dures

Building drawings
and specifications

Reliability of equipment

Lack of transparency and | Insurance Standard of operations
accessibility of project data

for all project team electron-

ically

Not enough time for opera- | Manufacturer Cost of operations

tions training

Responsibilities of various
project team members are
unclear

Product data

Cost of maintenance

Maintenance manuals and | Quality Control | Better planning
keys are often missing documents
Ability to use the informa- | Operations and | Information at every stage

tion across the design/build
team

Maintenance man-
ual

The actual handover pro-
cess is often an afterthought
event

Equipment lists

Better use of resources

Minimise defects

Daily reports

Cost savings

Cost reduction

Time savings

Control construction pro-
cess

Following international

standards

Save time

Sustainability and Life cycle
costing

Legislation and legal re-
quirements Stakeholders in-
fluence

Management of energy con-
sumption

Easy access to project data
and information

Increase speed of preparing
AMS

Better collaboration be-
tween stakeholders and ROI
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automate various tasks, making the decision-making process more planned and
efficient. Moreover, the secure data management enabled by blockchain technol-
ogy can solve poor data management, one of the critical disadvantages noted in
the KSA research. Thus, the workshop results validate the need for the compre-
hensive AM framework proposed in the literature and demonstrate its potential

for practical, real-world application.

Stage II After stage I, the researcher used a case research approach, as has been
recommended by [172], to meet Objective 3 (Chapter 1). On this basis, work-
shop IT (in Appendix C) aimed to introduce AIM to the audience through an
example, explaining what it is, why it’s important, and how it can be used along-
side blockchain technology to support the AM lifecycle (Design and construction
stage; Hand over stage and In use stage). On this basis, the researcher developed
a platform to demonstrate how blockchain and AIM could be integrated during
the asset life cycle (detail was presented in Chapter 4). Following the demon-
stration, a survey employing statistics was conducted to evaluate the impact of
AIM and Blockchain technology on AM lifecycle operations within the KSA.
This involved analysing arithmetic mean, standard deviations, and frequencies,

as well as utilizing logistic regression modeling, to confirm the research’s findings.

To ensure reliability, Mean Value Analysis and the Chi-square Test were em-
ployed to assess the following statements regarding the impact of integrating
AIM and Blockchain technology at different stages of the AM lifecycle. The spe-
cific impact statements under investigation are: The first statement explores the
impact of applying AIM and Blockchain during the design and building stage of
the AM lifecycle. The second statement evaluates their effect on the commission-
ing, operations, and maintenance stage of the AM lifecycle. The third statement

assesses their influence on the in-use performance stage of the AM lifecycle.

For data validity, the Cronbach’s Alpha test was applied. The size of the chosen
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sample was determined based on statistics from the General Authority of Statis-
tics (2022) and the Saudi Council of Engineering (SCE), intending to obtain
a representative sample size for reliable research validation. With SCE having
429,247 registered members, the research required a minimum of 96 responses
from qualified engineers and IT professionals to achieve a 95% confidence level
with a 10% margin of error. Participants were recruited after the SCE had adver-
tised the research on its website, and the researcher had promoted the workshop
through emails and social media platforms. The demographic breakdown of the
received responses included 21.6% from owners, 40.5% from consultants, 27%

from contractors, 5.4% from suppliers, and another 5.4% from the IT sector.

Moreover, 48.6% of the participants held a bachelor’s degree or higher, indicating
that the responses were informed by both professional experience and academic
background. This diverse sample comprised construction industry project man-
agers, with distribution across various levels of experience: 35.1% had 0-5 years,
27% had 5-10 years, 10.8% had 10-15 years, and the remaining 2% possessed over
15 years of experience. Despite a significant portion of the sample having less than
5 years of experience, their perspectives were valued, particularly since “lack of

in-house expertise is one of the key barriers to BIM adoption” was recognised [93].

It was noted that 48.6% of participants had used BIM modeling software in
the past year, which aligns with the National Report’s findings that BIM usage
has seen growth in the KSA, and 21.6% had used it within the last two years.
Consequently, the influence of global BIM adoption on the KSA has been made
evident, with an increasing preference among senior and executive members to
utilise BIM not just as a paradigm shift but as a practical tool. Remarkably,
project delivery using BIM files was reported to be implemented by 40.5% of the
executives interviewed, a practice that was found at the senior level as well. Fur-
thermore, it was revealed that for 54.1% of large-scale projects, the importance

of project handover with BIM files remains critical. This sentiment was echoed
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by 24.3% of respondents who deemed it “Important,” thereby emphasising the
project handover stage’s significance to both the organisation and its clients, as
viewed within the research sample. The variable questions of the survey were
based on a Likert scale, with responses ranging from “Very Important” to “Not
Important” (where Very Important = 1, Important = 2, Slightly Important =
3, Least Important = 4, and Not Important = 5), allowing for a quantitative
assessment of each response’s importance. The sub-questions are: Impact of
Integrating AIM and Blockchain in the Design and Build Stages of AM Lifecycle.
Within the construction sector, it is standard practice to distribute tasks across
specialised subcontractors, each approved by a consultant advisor, a fact sup-
ported by references [117] and [102]. Thus, drawing from this research insights,
Table 5.1 offers a comprehensive examination of this pattern, specifically focus-
ing on the “Impact of Integrating AIM and Blockchain in the Design and Build

Stages of the AM Lifecycle.”

This research explores the impacts of integrating AIM and Blockchain technol-
ogy within the AM lifecycle, particularly focusing on the design and construction
stages. Survey data, as reflected in Table 5.2, provides a quantitative founda-
tion for understanding the perceived benefits and areas for enhancement from
the industry professionals’ perspective. Notably, the highest rated benefits, such
as the influence on stakeholders and the enhancement of trust and recognition of
new project roles, underscore the potential of these technologies to significantly
improve stakeholder engagement and project transparency [93]. Additionally, the
recognition of economic and efficiency benefits, such as cost reduction and time
savings, highlights the practical advantages perceived by the industry. However,
the research also identifies critical areas requiring focused improvement, notably
in enhancing information sharing across design and construction teams and offer-
ing targeted online training to operations team members. The moderate level of
consensus among respondents, as indicated by the standard deviations, suggests

a general agreement on these technologies’ potential impacts, albeit with room
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for further exploration and validation.

Overall, this research contributes to the burgeoning body of knowledge on digital
transformation in construction, offering empirical insights into the practical impli-
cations of adopting AIM and Blockchain technologies in enhancing AM processes

[150]. Furthermore, Figure 5.2 displays the relationship between mean value and

Table 5.2: analysis for sub-questions

NO Question Mean | STD.
Devi-
ation

1 Improve trust, and recognise new project 2.62 1.34
roles
2 Improve AM quality assurance methods and | 2.24 1.12
procedures
3 Increase the level of transparency through 2.19 1.20
accurate project data accessibility
4 Offer online training to operations team 2.16 1.40
members
5 Provide clarity to responsibilities in various 2.32 1.25
project team members
6 Assets’ manuals to be available and 2.19 1.24
accessible alongside their information
models
7 | Share assets’ information across the design/ | 2.03 1.32
construction team
8 Improving the construction to handover 2.30 1.24
process automatically
9 Minimise defects 2.35 1.32
10 Cost reduction 2.54 1.32
11 Control construction process 2.32 1.38
12 Save time 2.51 1.50
13 | Clarifying legislation and legal requirements 2.38 1.36
14 Stakeholders influence 2.68 1.43
Design and Construction stage 2.36 1.06

standard deviation. Regression analysis reveals a relationship (R? = 0.2549) be-
tween the Mean and SD. A notable result is that the ability to use information
through out the design and build stage has a mean of 2.46. This underscores

the significance of these stages in AM. Conversely, the data indicates a barrier
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in the form of inadequate time for operations training. Yet, 46% of respondents
recognise the importance of utilising information during these stages, while 40.5%
view the lack of training time as a significant challenge. These results show the
importance of efficient information management. Still, there remain challenges
to extend this efficiency beyond the design and build stages [196]. As per the
results, maintenance manuals and keys are frequently overlooked, scoring lower

in importance [22].
Mean Value vs Standard Deviation
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Figure 5.2: Mean Value VS Standard Deviation.

In addition, conducting regression analysis shows that the relationship between
Mean and SD is R? = 0.2549. Figure 5.3 illustrates a linear equation of stan-
dard deviation for the design and construction stage. The Chi-square Hypotheses
Test, conducted to assess the significance of a model evaluating the efficiency of
integrating AIM and Blockchain in the design and construction stages, yielded
a Chi-square value of 8.929 with a significance level under 0.05 (p=0.012). This
outcome significantly supports the model’s aptness in measuring the integra-
tion’s effectiveness. The incorporation of the ’design and build’” variable not only
improved the model’s quality but also illuminated the specific impacts of this
technological integration. Utilised key metrics, including Cox-Snell R2 and R2

Nagelkerke [197], quantified the variance in the efficiency of AIM and manage-
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Figure 5.3: Linear equation of Standard Deviation.

ment attributable to design and construction processes. These metrics indicated
that the integration could explain between 15.8% and 23% of the efficiency vari-
ations, showcasing a substantial impact. Additionally, the regression coefficient
for the 'design and build’” variable was found to be B = 1.098, indicating a no-
table positive effect on the efficiency variable. The Wald value of 4.590 further
confirmed the significant influence of the design and construction stages on AIM

efficiency when integrated with BIM and Blockchain [195].

These findings underscore the statistical importance of integrating AIM and
Blockchain in the initial phases of AM, highlighting measurable improvements
in model quality and efficiency. By demonstrating the contribution of design
and construction processes to the efficiency of AIM, this research adds valuable
empirical evidence to the discourse on strategic technology adoption in AM, en-
riching the existing literature. The results advocate for further investigation and
substantiation, indicating a promising area for future research in the sector. For
detailed analysis and discussion on the integration of AIM and Blockchain in
design and construction and its impact on AM efficiency, readers and the re-

searcher is directed to reference [198]. In summary, the data on factors affecting
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AM’s design and build stage by using AIM and blockchain technology reveals a
consistent theme of moderate to low satisfaction across various dimensions, with
mean scores ranging from 2.03 to 2.62 on a scale of 1 to 5. This suggests an over-
arching need for improvements in nearly all facets of the process. Particularly
concerning is the low score of 2.03 for ‘Share assets’ information across the de-
sign/construction team, which highlights a pressing need to enhance information

sharing and collaboration.

Variability in the asset data, as indicated by 1.12 < SD < 1.50 further sug-
gests that experiences and perceptions are not consistent, indicating potential
inconsistencies in process implementation or training. Building on these insights,
it’s essential to emphasise the standardisation of procedures to decrease variabil-
ity and to concentrate on phases such as information sharing. This approach is
aimed at enhancing overall efficiency and satisfaction, which in turn could pos-
itively influence the handover process. Consequently, HO—that operating AIM
and Blockchain in the design and build stage of the AM lifecycle has an im-
pact—cannot be unequivocally accepted, there is compelling evidence to suggest

a potential positive effect.

5.3.0.1 H1: Impact of AIM and Blockchain in the Commissioning,

Operations, and Maintenance Stages of the AM Life Cycle

The survey data, delineating the accessibility of critical information during the
Commissioning, Operations, and Maintenance Stages of the AM lifecycle, reveal
insights into the current state of information dissemination within this domain.
With mean values ranging from 2.03 to 2.68, the findings suggest a moderate
level of accessibility to key documents and data, pinpointing both strengths and
areas ripe for enhancement. Notably, the accessibility of products’ data emerges
as a relative strength (mean: 2.68, SD: 1.20), suggesting that stakeholders find
it relatively easier to access product-specific information. Conversely, the acces-

sibility to equipment lists and product warranties, with mean of 2.03 and 2.05
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respectively, highlights discernible gaps in the availability of essential information,
underscoring a crucial area for improvement. The overall moderate accessibility
score (mean: 2.23, SD: 0.96) for the Commissioning, Operations, and Mainte-
nance Stage further substantiates the need for targeted interventions aimed at
standardizing access to vital information. The consistency in standard devia-
tions across the responses indicates a consensus among participants, although it
also points to varying degrees of satisfaction with information accessibility. This
data not only enriches our understanding of the current landscape of information
management within AM but also signals clear directives for advancing practices
to bolster efficiency, effectiveness, and stakeholder satisfaction in the sector [(4].

In Figure 5.4, the regression analysis shows a relationship (R? = 0.311) between

Table 5.3: Analysis table for Commissioning, Operations, and Maintenance Stage

NO Question Mean | STD.
Devi-
ation

1 Access to commission plans 2.22 1.42
2 Access to building drawings and 2.19 1.29
specification
3 Access to Products’” Warranty 2.05 1.10
4 Access to manufacturer details 2.35 1.38
5 Access to products’ data 2.68 1.20
6 Access to quality control documents 2.11 1.07
7 Access to operations and maintenance 2.16 1.12
manual

8 Access to equipment lists 2.03 1.09
9 Daily reports 2.32 1.20

Hand over stage 2.23 0.96

Mean and SD. Notably, statistics revealed a mean of 2.32, while real-time man-
ufacturer data was identified as a challenge with a mean of 2.35. With 43% of
respondents noting the significance and 40.5% emphasising the importance of
commission plans, building drawings, specifications, and operation/maintenance
manuals, these factors influence AM performance. However, despite the perceived

advantages, there are still challenges to be addressed, especially concerning the
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use of data beyond the commissioning, operations, and maintenance stages. Most
significant was the equipment lists” question, with a mean score of 2.03, while ac-
cess to product data scored the lowest. These findings highlight the importance
of optimising the use of AIM and Blockchain throughout all stages. Based on the
responses from the interviewees and the following descriptive statistics analysis
Awareness of techniques used and the strengths and limitations will illustrate the

analysis for the above sub-questions in Table 5.3.

MEAN VALUE VS STANDARD DEVIATION
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Figure 5.4: Mean Value VS Standard Deviation Handover stages.

Chi-square Hypotheses Test:

The statistical analysis examining the impact of the Commissioning, Operations,
and Maintenance stage on AIM efficiency produced a significant Chi-square statis-
tic (X2 = 8.249) with a p-value of 0.003, highlighting the substantial role in the
handover stage in AIM’s effectiveness. When the handover stage was introduced
as an independent variable, it was shown to explain 21.4% and 31.1% of the
variance in AIM efficiency, as indicated by Cox-Snell R? and R2Nagelkerke, re-
spectively. This suggests that the handover stage substantially contributed to
the efficiency of AIM, a conclusion further supported by a significant coefficient
(B=2.045) for the commissioning, operations, and maintenance phase, indicating

a considerable increase in efficiency. These findings affirm the critical nature of
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thorough documentation and models in enhancing AIM, consistent with earlier
studies [30]. Despite the data demonstrating the beneficial impacts of AIM and
Blockchain on the AM lifecycle, particularly during the handover stage, it also

reveals areas for potential improvement.

Optimisation across different phases and data points could further elevate ef-
ficiency and effectiveness. Although initial analyses showed moderate to low sat-
isfaction levels with the impact of AIM and Blockchain integration, the effect of
the commissioning, operations, and maintenance stage on AM lifecycle efficiency
raises a pertinent question: Could enhancements in these stages lead to more
effective use and impact of AIM and Blockchain technologies? The statistical
findings suggest that focusing on the commissioning, operations, and mainte-
nance stages could be a key area for boosting the overall impact of AIM and
Blockchain within the AM lifecycle. This analysis not only deepens the initial
critique but also identifies the commissioning, operations, and maintenance stages
as crucial elements in optimising AIM efficiency. Thus, enhancing these stages
emerges as a promising strategy to elaborate the benefits of AIM and Blockchain

in AM.

5.3.0.2 H2: Impact of AIM and Blockchain on AM During the In-Use

Stage.

An analysis was conducted to discern the impact of AIM and Blockchain tech-
nology on AM during the In-Use Stage. Survey respondents provided feedback
that was quantitatively measured, with mean scores spanning from 1.89 to 2.32
and 1.01 < SD < 1.27 ranging from 1.01 to 1.27. This data indicated a moderate
to high consensus on the effectiveness of integrating AIM and Blockchain within
AM processes, particularly during the operational life of assets. The highest
mean score, 1.89, associated with improvements in health and safety, underscored
AIM’s critical role in bolstering safety measures through enhanced asset informa-

tion richness. Additionally, AIM and Blockchain were found to significantly boost
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equipment reliability and AM operational standards, with mean of 2.00 and 2.19
respectively, highlighting their importance in sustaining asset integrity and per-
formance. The analysis also revealed substantial cost savings in operations and
maintenance, attributed to precise AIM accessibility, suggesting a role for these
technologies in financial optimisation during the asset’s use phase. Moreover,
the capacity of AIM to facilitate strategic planning and resource management
emerged as a benefit, enhancing overall AM efficiency. Notably, the survey un-
derscored AIM’s contribution to compliance with international standards and
promotion of sustainability, pointing to its utility in supporting environmentally

conscious AM practices.

The influence of AIM on lifecycle cost reduction and energy consumption op-
timisation further highlighted its potential to improve the economic and envi-
ronmental sustainability of assets. Hence, based on the findings the integration
of AIM and Blockchain considerably enhances AM practices during the In-Use
Stage, leading to improvements in safety, reliability, cost efficiency, and sustain-
ability, thereby affirming their indispensable role in optimising the operational
lifecycle of assets. Mean Value Factor Analysis Through detailed scatter analy-
sis, a discernible relationship between the collected datasets was unveiled, with
regression analysis further elucidating this connection by indicating an R? value
of 0.290.

This value points to a moderate relationship between the mean scores and stan-
dard deviations of the various aspects assessed, signifying a certain level of pre-
dictability and correlation within the data.

Particularly noteworthy was the finding regarding health and safety, which reg-
istered the lowest mean value (1.89), as presented in Figure 5.5, highlighting
it as a critical area of concern and priority among respondents. In stark con-
trast, the challenges associated with standardising operations (mean: 2.19) and
accelerating the preparation of AMS (mean: 2.30) were identified as significant

hurdles, complicating the post-handover utilisation of information. Remarkably,
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Table 5.4: Analysis table for the in-use stage.

NO Question Mean | STD.
Devi-
ation

1 Improve Health and safety due to asset 1.89 1.26
information richness
2 Increase the degree of equipment’s 2.00 1.03
reliability due to the visualisation of them
3 Improving AM standards of operations 2.19 1.10
through AIM
4 Reducing cost of operations due to accurate 2.08 1.16
AIM accessibility
5 Reducing cost of maintenance due to 1.97 1.21
accurate AIM accessibility
6 Better planning due to accurate AIM 2.24 1.12
accessibility
7 Proving continues and updated AIM at 2.05 1.25
every stage within the project management
lifecycle
8 AIM accessibility allows asset managers to 2.22 1.06
better use of their resources
9 Reducing CAPex and OPex Costs due to 2.32 1.16
accurate asset information accessibility
10 | Improve delivery time due to accurate asset 2.08 1.19
information accessibility
11 Following international standards 2.00 1.15
12 Sustainability due to the capacity in an 2.16 1.14
AIM to visualise how environmentally
friendly each equipment/material is and
test it virtually by reducing significant risks
13 | Reducing Life cycle costing due to accurate 2.03 1.14
asset information accessibility
14 Optimising Management of energy 2.22 1.27
consumption due to virtual simulation of
AIM in a BIM model.
15 | Easy access to project data and information | 2.05 1.13
16 Improve AM process 2.19 1.10
17 | Increase speed of designing integrated AMS 2.30 1.10
18 | Improve collaboration between stakeholders 2.30 1.24
due to accurate asset information
accessibility
19 Instant access to Asset AIMs enables 2.32 1.20
shareholder(s) to review and increase the
predictability of the ROI by being more
accurate.
In use stage 2.14 1.01
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with 60% of the responses emphasising the paramount importance of health and
safety, it becomes evident that, despite the recognition of its benefits, substantial
challenges persist in effectively leveraging asset information post-handover. This
is particularly true within the In-Use Stage, where the responses underscored
health and safety as a primary concern, evidenced by its lowest mean score. On
the other end of the spectrum, aspects such as cost savings and ROI, both scor-
ing a mean of 2.32, were deemed of lesser importance by the respondents. This
distribution of priorities and perceived challenges suggests a complex landscape
where the benefits of AIM and Blockchain in enhancing AM practices, especially
regarding health and safety during the asset’s operational life, are acknowledged
but also accompanied by significant hurdles in standard operations and efficiency
gains. Thus, the analysis not only reflects the critical areas of focus for improv-
ing AM practices through AIM and Blockchain integration but also highlights
the nuanced challenges that need to be addressed to fully harness these tech-

nologies’ potential benefits. The graphical representation of the comprehensive

MEAN VALUE VS STANDARD DEVIATION
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Figure 5.5: Mean Value VS Standard Deviation In use AM stage.

mean value for the Hypothesis through the Chi-square test shows a Chi-square
statistic of 8.249, with a significance level below the threshold of 0.05, specifi-

cally at 0.004. This statistical evidence validates the model’s significance and the



Chapter 5. Data Analysis 118

accuracy of data representation. Following the introduction of the independent
variable representing the In-Use stage, the R? values, according to Cox Snell and
Nagelkerke, suggest that fluctuations during the In-Use stage contribute to 20%
to 29% of the variance in the efficiency of AIM and Blockchain. Furthermore, the
model’s regression coefficient for the In-Use stage is recorded at 1.889, indicating
a proportional increase in efficiency by a factor of 1.889 concerning the logarithm
of the dependent variable’s optimal value. The significance of the In-Use stage is
further underscored by a Wald statistic of 3.988 and a significance level below 0.05
(specifically, 0.046), highlighting its considerable influence on the efficacy of AIM
and Blockchain integration. This finding suggests the potential for stakeholders
to better protect commercial data and intellectual property rights through the

strategic application of these technologies.

The 1.01 < SD < 1.27, presents a moderate variability in the responses, indi-
cating diverse perceptions among the respondents. At its core, H2 posits that the
In-Use stage of the AM lifecycle has substantial repercussions for the efficiency of
AIM and Blockchain, noting clear advantages in areas like health and safety but
also pinpointing challenges in achieving operational standards and expediting the
preparation of AMS. Addressing these challenges through targeted improvements

could significantly enhance the effectiveness of AIM and Blockchain.

Descriptive statistical analysis, incorporating responses and awareness of tech-
niques, along with understanding their strengths and limitations, furnishes a
detailed examination of Hypothesis 2, as illustrated in Table 5.4. The statistical
review elucidates the intricate effects of employing AIM and Blockchain during
the AM ’'In Use’ phase. On one side, the enhancement of health and safety
through AIM is acknowledged as crucial by 60% of participants. On the flip side,
the elevated mean scores for operational standards and AMS preparation speed
(2.19 and 2.30, respectively) spotlight the existing obstacles that hinder the full

utilisation of AIM in AM. Statistically, the 'In Use’ stage accounts for a signif-
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icant portion of the variance in AIM’s effectiveness, underlining its importance
while also hinting at the presence of other influential factors.

Validity

To ensure the consistency of the questionnaire (Appendix B), the researcher
utilised Cronbach’s Alpha test [177], This measure determines the reliability of
the research. As per Tavakol and Dennick [199] Cronbach’s Alpha values range
between 0 and 1, with values closer to 1.0 suggesting high internal consistency.
A score of 1.0 would mean no measurement error. In contrast, a Cronbach’s al-
pha value of 0.70 or above is often deemed acceptable [200]. The findings are in
Table 5.5. align with the PAS 1192-5:2015 standards, emphasising the benefits of
new technology and AIM for stakeholders. With a sample size of 37, the Cron-
bach’s Alpha test confirmed the results’ reliability, indicating a 2.8% error. Table
5.6 provides averages across all project delivery stages. As per the table, every

stage received a degree of importance based on the Likert scale. By employing

Table 5.5: Chi test for the Model Coefficients and Model Summary

Item| Chi- df | Sig. B | Wald| Sig. | Exp(B) Cox Nagel-
square and kerke
Snell R2
R2
HO 6.376 1 0.012 | 1.098 | 4.590 | 0.032 | 2.998 0.158 0.230
H1 8.929 1 0.03 | 2.045 | 4.079 | 0.043 | 7.730 0.214 0.311
H2 8.249 1 0.004 | 1.889 | 3.988 | 0.046 | 6.613 0.200 0.290

key statistical measures such as Chi-square values, significance levels (Sig.), and
regression coefficients Exp(B), a meticulous assessment has been undertaken. No-
tably, H1 emerges as important, evidenced by its highest Chi-square value (8.929)
and substantial regression coefficient (Exp(B) = 7.73), underscoring a robust as-
sociation and considerable impact within the variables under research. Following
closely, H2 demonstrates notable significance, supported by a compelling Chi-
square value (8.249) and a substantial regression coefficient (Exp(B) = 6.613),

indicating its substantive contribution to the research framework.
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Conversely, while HO presents a moderate Chi-square value (6.376) and a rela-
tively lower regression coefficient (Exp(B) = 2.998), its significance level (Sig.
= 0.012) warrants attention, albeit to a lesser extent compared to H1 and H2.
This comprehensive analysis offers a clear hierarchy of importance among the
hypotheses, providing valuable insights for further exploration and theoretical

development within the research domain.

Table 5.6: Data Validity

Factor Cronbach’s Mean STD.
Alpha Deviation
Design and construction stage 0.963 2.36 1.06
Hand over stage 0.924 2.23 1.06
In use stage 0.982 2.14 1.06

This section of the research presents the assessment of three distinct factors rep-
resenting stages within a process or project, denoted as HO, H1, and H2. Utilizing
Cronbach’s Alpha, a measure of internal consistency, each stage is evaluated for
its reliability. The results reveal commendable levels of internal consistency across
all stages, with H2 displaying the highest reliability (Cronbach’s Alpha = 0.982),
followed by HO (Cronbach’s Alpha = 0.963) and H1 (Cronbach’s Alpha = 0.924).
Additionally, mean scores elucidate the central tendency of responses or obser-
vations for each factor, with HO, H1, and H2 exhibiting mean scores of 2.36,
2.23, and 2.14, respectively. Furthermore, the consistent standard deviation of
1.06 across all stages indicates uniform variability in the scores. These findings
underscore the robustness and reliability of the measurements, providing a solid

foundation for subsequent analyses and interpretations within the research.

5.3.1 Asset Data and AM Efficiency Through AIM and

Blockchain Technology

In the AM, the integrity, accessibility, and utility of asset data stand as critical

pillars that underpin the effective lifecycle management of assets. This section



Chapter 5. Data Analysis 121

delves into the transformative role of AIM and Blockchain technology in elevat-
ing asset data management practices as per participants’ survey responses. By
examining the compliance with “Optional” and “Conditional” data categories as
delineated in Tables 5.7, 5.8, and 5.9, it was explored how these cutting-edge
technologies can significantly bolster data integrity, operational efficiency, and
strategic foresight in AM.

Table 5.7: Extent of compliance with the building details data in the operation stage

Building details Optional Conditional
Area/ Volume 10 27
Design Criteria 11 26
Spare Part Information 12 25
Manufacturer/ Vendor Info 7 30
Asset Location 9 28
Building Use Type 6 31
Year Of Built/ Renovation 11 26
Address 10 27
Owner 12 25
Type Of HVAC System 8 29
Installation Guide 11 26
Expected Life 9 28
Maintenance History 10 27
Inspection Report 8 29
Key Plans 15 22
Asset Name 15 22
Equipment Lists 14 23
Asset Description 18 19
Identification Number 15 22
Spatial Information 15 22
Installation Date 13 25
Asset Specification 14 23
O And M Manuals 16 21
Classification 15 22
Asset Condition 15 22
Accessibility Performance 15 22
GIS Coordinates 14 23
Locations Of The Valves 15 22

In terms of energy buildings compliance, the energy data of assets are required

to be listed below in Table 5.8:
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Table 5.8: Extent of compliance with the building details data in the operation stage

Energy data Optional Conditional
Energy consumption heating 15 22
Energy consumption electricity 14 23
Energy consumption cooling 13 24
Water consumption 10 27
Locations of the control panels 8 29

In terms of the extent of compliance with the long-term planning data in the

Operation stage in Table 5.9:

Table 5.9: Extent of Compliance with the Long-term Planning Data in the Operation

Stage

Long term planning Optional Conditional
Planned maintenance costs all 10 27

types

Planned maintenance costs all 11 26
types- sub tasks

Facility general information 11 26

Type of data required 9 28

Based on the data received from the interviews, here’s how these technologies can

enhance AM, leveraging the data compliance categories mentioned:

AIM:

1. Data Structuring and Accessibility: AIM can structure and enhance the

accessibility of both (Optional) and (Conditional) data by creating a unified

model that integrates various data types—from spatial information and

energy consumption to long-term planning and maintenance history. This

can improve decision-making and operational efficiency.

Predictive Analytics: For the conditional data related to energy consump-

tion and long-term planning costs, AIM can employ predictive analytics

to forecast future consumption patterns, maintenance needs, and planning

costs. This can lead to more effective resource allocation and cost savings.
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3. Lifecycle Management: AIM supports lifecycle management of assets by
ensuring that all relevant data, such as installation date, expected life, as-
set condition, and maintenance history, are accurately recorded and easily
accessible. This facilitates proactive management and extends the lifespan

of assets.
Blockchain Technology:

1. Data Integrity and Security: Blockchain can ensure the integrity and secu-
rity of the recorded data by creating an immutable ledger of transactions.
This is particularly relevant for conditional data that require rigorous doc-
umentation and verification processes, such as inspection reports, mainte-

nance history, and asset specifications.

2. Smart Contracts for Conditional Compliance: Smart contracts can auto-
mate compliance with conditional requirements by executing predefined ac-
tions when certain conditions are met, such as scheduling maintenance or
updating energy consumption records. This reduces the administrative bur-

den and ensures compliance with operational standards.

3. Decentralised Data Management: By decentralising data management, blockchain
allows for a transparent, tamper-proof system where all stakeholders can
access up-to-date, accurate information about the building assets. This is
crucial for managing building details, energy data, and long-term planning

data efficiently and effectively.

4. Enhanced Collaboration and Trust: Blockchain facilitates improved collab-
oration and trust among various stakeholders, including owners, operators,
and maintenance teams, by providing a single source of truth for all asset-
related data. This is especially important for ensuring compliance with

both optional and conditional data requirements.

By integrating AIM and Blockchain technology, the impact of various factors on

AM can be more accurately assessed and optimised. For instance:
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e Efficiency and Sustainability: The use of predictive analytics (through AIM)
and real-time data management (enhanced by Blockchain) can significantly
impact energy efficiency and sustainability efforts, directly linking to the

compliance data for energy consumption.

e Cost Management: The ability to forecast and plan for maintenance costs,
utilizing both optional and conditional data, can have a profound impact

on the overall cost management and financial planning for assets.

e Regulatory Compliance and Risk Management: Ensuring data integrity and
security, along with automated compliance checks through smart contracts,
can mitigate risks associated with regulatory non-compliance, fraud, and

data breaches.

In essence, integrating AIM and Blockchain technology in managing the com-
pliance data outlined in Tables 5.7, 5.8, and 5.9 can enhance the effectiveness,
efficiency, and reliability of AM processes. This integration not only ensures
compliance but also optimises operational performance and strategic planning,
ultimately contributing to the long-term sustainability and resilience of build-
ing assets. In addition integrating the insights from the previous sections with
the detailed applications of Blockchain and AIM across different phases of the
AM lifecycle—Design and Build Phase, Commissioning, Operations, and Main-
tenance Stage, and In-Use Performance Stage—yields a comprehensive view of
enhancing asset data and AM efficiency. The collective examination underlines
the symbiotic relationship between technological advancements and AM prac-
tices, encapsulated in a collective table format for clarity and strategic insight
Table 5.10.

In synthesising the research’s findings, it becomes evident that the integration
of Blockchain technology represents a pivotal advancement in the management
of building operations, extending its influence beyond traditional practices. This
integration, particularly within the domain of construction management as ex-

plored by [201], unlocks significant potential for enhancing information manage-
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Table 5.10: Code Snippet Interpretation Table
AM Lifecy- | Technology Uti- | Benefits and Enhancements
cle Phase lization
Design  and | Blockchain for
Build Phase mutual trust and o e
e Improved clarity in team responsibilities
transparency. AIM . .
. . through quality assurance and operational
for integrating

RFID with mainte-
nance manuals and
keys.

training.

e Streamlined access to information, reduc-
ing defects and costs.

e Enhanced legal compliance and quality
control.

Commissioning,
Operations,

and  Mainte-
nance Stage

Blockchain for se-
curing comimission
plans, building
drawings, insurance
data, and quality
control documents.

e Immutable record keeping
smoother handover processes.

ensuring

e Time-saving in operational AM due to se-
cure management of manufacturer’s data
and daily reports.

In-use Perfor-
mance Stage

Blockchain for
health and safety
enhancements,
equipment reliabil-
ity, and adherence
to international
standards.

e Cost-effective operations and maintenance.

e Improved planning and resource utilisa-
tion.

e Enhanced sustainability efforts and lifecy-
cle costing.

e Energy management and stakeholder col-
laboration leading to ROL.
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ment through the precise control and authentication of information exchanges
at critical BIM server interfaces. Such an evolution in data handling introduces
a paradigm shift toward more efficient compliance behaviors, prioritising opera-
tional needs, and leveraging the scalability of Blockchain technology to meet the
demands of modern construction management practices. The immutable ledger
system of Blockchain, a core focus of this research, redefines the landscape of
data-sharing practices within building operations management, offering unprece-
dented levels of operational efficiency [201]. The reliability and standardisation
of data facilitated by this technology address long-standing challenges within the
sector. Yet, this advancement necessitates a high degree of precision in data
entry, reflecting the unalterable nature of Blockchain records—a factor that de-
mands careful consideration given its profound implications for AM. The research
further highlights that Blockchain’s impact transcends technical boundaries, ex-
tending to financial and educational dimensions. This underscores the necessity
for comprehensive user training and adaptation strategies, emphasising that the
successful integration of Blockchain into AM requires a multifaceted approach

that encompasses technical, financial, and human capital considerations.

Empirical evidence, notably from [202], reinforces Blockchain’s instrumental role
in optimising AM across various lifecycle stages. This technology facilitates im-
proved data management and operational efficiency and enhances collaboration
and efficiency in AM practices, as seen in contexts such as the KSA. The findings
illustrate Blockchain’s capacity to streamline construction contract management,
effectively managing information flows, payments, and supply chain logistics [202],
and to address operational priorities, including the management of construction
disputes [201]. However, the research cautions against an uncritical embrace of
Blockchain’s capabilities. The indispensable need for precision in data entry,
coupled with considerations of scalability, infrastructure, and cost [136], [203],
necessitates a balanced approach. These considerations are crucial for manag-

ing the extensive data involved in asset and building operations management,
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highlighting the complexity of deploying Blockchain technology in this domain.
In conclusion, the integration of Blockchain technology into building operations
management heralds a significant shift towards more reliable, efficient, and scal-
able AM practices. This shift, while promising, requires a comprehensive and
nuanced understanding of Blockchain’s capabilities, limitations, and implications
across technical, financial, and operational dimensions. The research advocates
for a balanced integration of Blockchain, informed by empirical evidence and
aligned with theoretical frameworks, to fully realise its potential in enhancing

AM efficiency and effectiveness.

5.3.2 Findings Discussion

The findings show that there are factors affecting the operation of AIM through-
out the AM lifecycle by integrating blockchain. During the design and build, the
research found that problems such as maintenance and key locations (m =2.68)
could be easier to identify because of the use of technologies such as RFID, where
data can be collected and saved within a chain of a block. Further, trust and a
better understanding of project team members roles can be better clarified, while
m =2.62. In addition, factors such as saving time (m =2.51), better control of
the construction/maintenance processes (m =2.32), and cost reduction (m =2.51)
are significantly impacted by the integration of blockchain and AIM in a way to
improve operations and maintenance. It is noted that ISO55000 states that these
factors are heavily affected if its standard is not applicable [204]. However, ac-
cessibility to information within a secure environment by the stakeholders could

work as a driver to influence (m =2.35) project progress.

After conducting a Chi test exercise, the researcher checks the hypothesis to
see how likely it is that the observed frequencies are true. Results show a sig-
nificant input x2 =6.36, aiming to show the relevance of the input of blockchain

and AIM throughout the design and construction life cycle. That complies with
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the idea of the BIM paradigm as per Eastman et al., [205] introduce as well as
what ISO-19650 brings in terms of the need to evolve more technologies to offer
more accurate and detailed AIMs. The impact of operating AIMs during com-
missioning, operations, and maintenance of the AM life cycle stage shows that
the (suppliers’) products’ accurate data, where =2.68, could significantly impact.
That happens because a detailed AIM, according to ISO-19650, requires a high
level of detail that will allow, during the operational stage, the asset manager
to pay more attention when and as problems arise. So, it is the first time we
have observed the integrated use of [SO-19650 and ISO55000 in complementary
work. On this basis, there is significant importance placed on whether the manu-
facturer is ready (m =2.35) to provide such detailed and accurate data and thus
daily reports (m =2.32) to provide punctual results as is required by ISO-27001
and ISO5501:2014. The Researcher to ensure the hypothesis of how likely the

observed frequencies would be assumed is true, then a Chi test exercise run.

The Chi test results x2 =8.929 show a significant input aiming to show the rele-
vance of the input of blockchain and AIM throughout the handover process that
is much higher compared to aim and design. That means there is more pressure
to provide accurate and detailed data to AIM where, over a blockchain network,
its transformation and retrieval can happen on time. This is a requirement for
digital twins and the future of digital construction [206]. Finally, the impact
of operating AIMs during in-use operations shows that the increased speed of
preparing holistic and integrated AMS with value m =2.30 alongside the benefits
of better collaboration between stakeholders with value m =2.30 could add value

to better management of assets. Both are the main drivers for the integration of

AIM and blockchain.

However, in the prime position to understand better the impact of AIM inte-
gration with blockchain technologies is the ROI it could bring to investors (m

=2.32) because of continued input and processing of accurate data at any time
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during the operation process of an asset [35]. As a result, besides the cost savings,
where m =2.32, assets’ data could be better used because of the live stream of
accurate data at any time. The Researcher to ensure the hypothesis of how likely
the observed frequencies would be assumed is true, then a Chi test exercise run.
The Chi test results show slightly higher results compared to handover 8.249,
which clearly shows that the impact is heading more toward asset operations
rather than design and construction. The last two, though, are good indica-
tors showing how the integration could add value at earlier stages; however, by
looking at Figure 5.5, it can be seen that the benefits are achieved mainly at
the operational stage. For this assumption to be confirmed, Cronbach’s alpha
test was run, where results showed that the integration of AIM and blockchain
technology works better in the operational stage (a =0.982; Table 5.6). Hence,
based on the above, the utilisation of the design and build procurement method
is highly recommended in a comprehensive project delivery, in which the over-
all responsibility is taken up by the general contractor [207]. Furthermore, the
BIM execution plan will improve project outcomes, inform decision-making, and

accelerate project delivery, as required by [62].

5.4 Summary

Chapter 5 elucidates the significant benefits derived from integrating Blockchain
and AIM within the AM lifecycle, focusing on operational efficiency improve-
ments as outlined in RQ3 (Chapter 1). This integration not only propels AM
processes forward but also ensures alignment with international standards such as
[SO-27001, ISO55001:2014 [36], and [SO-19650 [2], highlighting a comprehensive
approach to enhancing data integrity, stakeholder collaboration, and operational
efficiency. The integration of Blockchain and AIM technologies showcases pro-
found impacts during the AM lifecycle’s 'In Use’ phase. Blockchain’s immutable
ledger is pivotal for meeting ISO-27001’s demands for data security, creating a

transparent and efficient data management system critical for ISO-55001:2014 [30]
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compliance, which focuses on AM systems. Simultaneously, AIM’s capacity to
provide accessible and structured asset data supports ISO-19650’s requirements
for the organisation and digitisation of information, including BIM, enhancing

decision-making and operational efficiency.

This technological integration significantly improves safety measures and equip-
ment reliability, and streamlines compliance with ISO-27001 [208], ISO55001:2014
[30], and ISO-19650, ensuring asset integrity and performance sustainability. No-
tably, it yields cost savings in operations and maintenance, crucial for finan-
cial optimisation under ISO-55001:2014 [36]. Additionally, AIM’s facilitation of
strategic planning and resource management, coupled with its role in promoting
sustainable AM practices, aligns with ISO-19650’s efficiency and sustainability
goals. By validating Blockchain and AIM’s impact on the AM lifecycle, par-
ticularly in enhancing operational efficiency in alignment with ISO-27001, ISO-
55001:2014 [36], and ISO-19650 [2] standards, the chapter paints a future of AM
marked by advanced technology, data-centricity, collaboration, and compliance.
This future envisages setting new standards for operational efficiency, sustain-
ability, and stakeholder engagement in AM. The subsequent chapter 6 provides
a comprehensive analysis and discussion of the findings presented in Chapters 4

and 5.



Chapter 6

The Impact of Research

6.1 Introduction

Chapter 6 is a pivotal link between Chapters 2, 4, and 5, drawing upon the
research background, aim, and objectives outlined in Chapter 1, including the
research questions. This chapter discusses the opportunities and challenges asso-
ciated with integrating BIM, AIM, and Blockchain technologies within the AM
lifecycle. It synthesises the findings and discussions from the preceding chapters
to provide a comprehensive understanding of how these technologies can trans-
form the construction industry, particularly in the context of the KSA. By doing
so, this chapter contributes to the field’s knowledge and sets a direction for fu-
ture research in sustainable construction practices, aligning with the overarching
goals of enhancing efficiency, reliability, and transparency in construction project

management and AIM.

6.2 Findings and Discussions

The initial sections of this discourse, precisely Chapter 2, align with the objectives
outlined in Chapter 1, to define and explore the roles of BIM and AIM within
AM. BIM is depicted as a digital representation of the physical and functional

characteristics of an asset, serving as a reliable knowledge resource for informa-
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tion about a facility and thus supporting decisions throughout its lifecycle. AIM,
on the other hand, extends the concept of BIM by encompassing comprehensive
information relevant to the operational phase of the asset, ensuring access to de-
tailed, accurate, and up-to-date information for AM purposes. BIM and AIM are
collectively portrayed as foundational elements in the digital transformation of
AM, enhancing decision-making, efficiency, and performance monitoring through-

out the asset’s lifecycle.

The integration of Blockchain technology, as detailed in the findings from Chap-
ter 2, underscores its potential to enhance information management within the
construction industry. This integration supports model-based project delivery
and AM, with frameworks and models developed to ensure efficient handover of
digital facility models, enhance security systems, and establish BIM policies for
improved AM. The creation of a mind map titled “Enhancing Information Man-
agement with Blockchain in Construction” synthesises these findings, offering a
structured overview of Blockchain’s role in improving asset information manage-

ment processes and, by extension, the AM lifecycle.

Hence, based on the above thematic analysis, integrating Blockchain into ex-
isting construction and AM workflows presents challenges, including scalability,
interoperability with existing digital tools, and the need for industry-wide stan-
dards. The construction industry’s traditional slow adoption of new technologies
points towards innovation but also underscores the cultural and organisational
changes required to embrace Blockchain technology fully. Moreover, a cost-benefit
analysis is necessary for stakeholders to invest in Blockchain technology, with the
mind map suggesting numerous benefits but not delving into the associated costs
or whether the long-term benefits justify these expenses. Regulatory and legal
considerations also play a crucial role in the widespread adoption of Blockchain
in construction, involving complex legal and regulatory environments, especially

concerning data privacy and the legal status of smart contracts. These aspects
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are crucial but not covered in depth in the mind map.

Finally, the future research directions based on the mind map serve as a founda-
tion for identifying areas requiring further investigation, such as the development
of specific Blockchain applications for construction, the integration of IoT with
Blockchain for enhanced AM, and the exploration of Blockchain’s role in sus-
tainable construction practices. These insights directly inform the design and
development of an integrated Blockchain-based tool, as proposed in Chapter 4,

Objective 2.

This tool is envisioned to bridge the gap between the theoretical potential of
Blockchain and its practical application in construction and AM. By integrating
AIM and BIM within a Blockchain framework, the tool aims to address the iden-
tified challenges, including scalability, interoperability, and the need for industry-
wide standards, while capitalising on the benefits of enhanced data integrity,
security, and transparency. The researcher designed an Architecture to visualise
how this Blockchain-based platform could integrate BIM and AIM, followed by
a beta test exercise before its validation (Chapter 5). For the beta test, the re-
searcher contacted a local company in Jeddah, in the Kingdom of Saudi Arabia, to
test the demo. Based on the findings, the researcher derived several key insights
and learnings about the integration of Blockchain within an AIM Environment,
particularly in the context of the KSA. These insights span demographic data, ex-

perience levels, facilities management, AM importance, and the adoption of BIM.

Demographic and Experience Levels: The diversity in the professional back-
ground and experience levels of respondents [7], [9], [10], reflects a broad spectrum
of perspectives on the integration of BIM and Blockchain technologies. Albejaidi
and Nair [7], along with Albogamy et al. [5], highlight the challenges posed by
the lack of in-house expertise in BIM adoption, underscoring the need for com-

prehensive training and development programs to bridge this gap. This is critical
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for fostering a deeper understanding and effective implementation of these tech-
nologies across the construction industry.

Integration of Blockchain: The potential of Blockchain to enhance the AIM
Environment, as discussed by Hultgren and Pajala [209], and supported by Olnes
et al. [31], points towards its capacity to facilitate outsourced facilities manage-
ment services and improve the management of asset documents. However, the gap
in equipping asset managers to adhere to ISO standards [(], effectively suggests
a need for targeted educational initiatives and the development of clear guidelines
to ensure compliance and maximise the benefits of Blockchain integration.
Asset and Facilities Management: There’s a discernible emphasis on the im-
portance of facilities management over AM per se, to maintain or enhance asset
value. This aligns with the understanding that effective AM is crucial for business
valuation, as per ISO-55000:2014 standards [30], [208], [210], and [61]. Yet, a low
percentage of respondents consider AM to be important, indicating a potential
area for improvement in perception and practice within the KSA compared to
Western countries.

BIM Adoption: Recognising the necessity to invest in BIM compliance [19],
[11], [26], and [103], throughout the project lifecycle, including AM, points to a
growing awareness of its value. However, the discrepancy in the perceived value of
BIM in improving facilities management versus AM underscores the need for en-
hanced BIM expertise and digital proficiency [211], [10], [14]. This gap in current
practices necessitates focused efforts to elevate the role of BIM in asset oper-
ation and management, leveraging collaborative technologies to drive efficiency
and sustainability.

Sustainability and Decarbonisation Efforts: A minimal percentage of the
sample highlighted the importance of investing in hardware technologies, which
poses a potential challenge for the industry’s decarbonisation efforts [212], [115],
[2]. The energy consumption and material usage associated with these technolo-
gies could hinder achieving Sustainable Development Goals (SDG) targets. In

summary, the research highlights the potential advantages and existing challenges
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associated with integrating Blockchain and BIM throughout the AM lifecycle. It
emphasises the importance of raising awareness, increasing adoption, and devel-
oping expertise in BIM and digital technologies to improve facilities and AM prac-
tices, ensure compliance with international standards, and support sustainability
and decarbonisation initiatives (Chapter 2). Furthermore, the research, drawing
on ISO-55000 data, identifies that the asset data most impacted during the asset
lifecycle include the building’s, energy, and long-term planning data (Chapter 4).
Based on these insights, the study suggests that a Blockchain-based environment,
coupled with integrating Blockchain and AIM, can optimise AM. Moreover, in-
tegrating Blockchain technology into the AM lifecycle, particularly in the Design
and Build Phase, Handover Stage, and In-Use Performance Stage, significantly
enhances AM processes’ efficiency, reliability, and transparency. This integration
is further elucidated by examining the extent of compliance with building details
data and energy data in the operation stage, alongside long-term planning data

throughout the AM lifecycle:

In the Design and Build Phase, Blockchain technology fosters mutual trust
and transparency, which is crucial for recognising roles such as the information
manager. It streamlines quality assurance and operational training, clarifying
team responsibilities. As suggested by Volk et al., [19] the integration of RFID
technology with AIM further enhances the tracking and management of physical
assets, simplifying access to maintenance manuals and keys, thereby reducing de-

fects and ensuring compliance with legal standards.

In the Handover Stage, the commissioning phase, the benefits of Blockchain
in creating accurate and immutable records align with the findings of Yaga et
al. [L10], who highlight Blockchain’s architecture and consensus mechanisms as
foundational for ensuring data integrity and security. This capability is crucial
for managing commission plans, building drawings, insurance data, and quality

control documents, facilitating a smoother transition to operational AM. The em-
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phasis on detailed compliance data resonates with the principles outlined in the
National BIM Standard [11], which advocates for comprehensive documentation

to support effective AM.

In the Use Performance Stage, Blockchain’s impact on operational efficiency,
health and safety, and equipment reliability is echoed in the work of Luo et al.
[113], who explore the potential of smart contract-based Blockchain frameworks
to automate construction payments, thereby enhancing operational efficiency and
reducing costs. The focus on sustainability and life cycle costing is supported by
the ISO-55000 series [(4], [213], which sets out a framework for effective AM with
a focus on long-term value creation. The importance of detailed and accessible
data for energy efficiency and long-term planning is further underscored by the
work of Zhu et al., [10], who discusses the role of Blockchain in digital AM, em-
phasising the need for distributed permission and access control to manage energy

data effectively.

Henceforth, the compliance data (chapter 4,83) further highlights the necessity of
detailed and accessible information for effective AM. For instance, the Extent of
Compliance with the Building Details Data in the operation stage showcases the
critical nature of maintaining comprehensive records on spare parts, manufac-
turer /vendor info, asset location, and more. Similarly, the Extent of Compliance
with the Building Energy Data Details emphasises the importance of monitoring
energy consumption patterns for heating, electricity, cooling, and water, which
are essential for sustainable AM. Lastly, compliance with the Long-term Plan-
ning Data in the operation stage reflects the importance of planning for main-
tenance costs, understanding general facilities information, and maintaining up-
to-date asset data. This comprehensive approach to documenting and managing
detailed asset information supports implementing Blockchain and AIM technolo-
gies effectively, ensuring assets are managed efficiently, effectively, and sustainably

throughout their lifecycle. Hence, now is the time to validate the impact of this in-
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tegrated tool on AM. Chapter 5 (Objective 3) focuses on validating the impact of
this integrated tool on the AM lifecycle. This validation process involves assessing
the tool’s effectiveness in improving decision-making, efficiency, and performance
monitoring, as well as its role in facilitating the digital transformation of AM.
The evaluation considered the tool’s ability to overcome traditional construction
and AM challenges, such as clash detection, late payments, and risk management,
thereby enhancing stakeholder collaboration, transparency, and safety incentives.
The researcher, on this basis, used a mixed-method approach to validate the re-
sults. Based on Table 5.6 (chapter 5, 107) a mind map was created to visualise

the impact factor analysis of the integration.

Moreover, integrating Blockchain, BIM, and AIM throughout the AM lifecycle
marks a pivotal advancement in AM practices, spanning from design and con-
struction to operational use and maintenance. This study thoroughly examines
the impacts these technologies exert across different phases of the asset lifecy-
cle, underscoring both the benefits and strategic imperatives for their adoption.
Moreover, the validation phase delves into the role of Blockchain in enhancing
strategic decision-making and policy formulation within the BIM framework, eval-
uating its capacity to bolster overarching organisational objectives. This holistic
assessment seeks to underscore the practical advantages of fusing Blockchain tech-
nology with AIM and BIM, laying a solid groundwork for its embrace within the
construction sector and beyond. A critical analysis of the study’s findings reveals
the multifaceted benefits of integrating Blockchain, BIM, and AIM across various

stages of the AM lifecycle, including:

Design and Build Stage: Integrating AIM and Blockchain technology at the
Design and Build Stage heralds a paradigm shift towards increased efficiency
and collaboration in construction projects. This assertion is underpinned by the
systematic review by Menassa [214], which emphasises the evolution towards in-

telligent building representations, suggesting that Blockchain can enhance these
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models with its inherent qualities of security, transparency, and traceability [1].
The practical implications of such integration are supported by empirical evi-
dence, as indicated by using Chi-square tests [205], [199], reinforcing the claims
of improved time and cost efficiencies. This stage’s focus on streamlined main-
tenance, precise location identification, and enhanced team collaboration echoes
the findings of Hultgren and Pajala [209] and aligns with the broader objectives
of improving productivity in the construction industry as outlined by Barbosa et

al., [215].

Commissioning, Operations, and Maintenance Stage: At this stage, emphasis-
ing high-quality data and the necessity for stringent daily reporting is critical for
aligning with international standards like ISO-27001 and ISO-55001:2014 [30] and
[201]. This alignment signifies a move towards more regulated and standardised
AM practices, reflecting a broader trend towards transparency, accountability,
and sustainability in AM [15], [16]. The critical importance of data quality and
reporting at this stage is a compliance requirement and a strategic imperative for
enhancing the overall AM process, as suggested by the research on Blockchain’s

implications for information sharing in government [15].

In Use Stage: The In Use Stage is identified as having the greatest impact
from integrating AIM and Blockchain, highlighting the benefits of enhanced AMS
preparation, improved stakeholder collaboration, and increased cost-effectiveness
[30] and [22]. This stage directly influences the operational efficiency and sustain-
ability of the asset, underscoring the long-term benefits of integrating these tech-
nologies in AM. The emphasis on stakeholder collaboration and cost-effectiveness
resonates with the findings of Kapogiannis and Sherratt [ 1], who noted the im-
pact of integrated collaborative technologies on forming a collaborative culture

in construction projects.



Chapter 6. Findings and Discussions 139

Furthermore, the focus on sustainability and the role of Blockchain in supporting
decarbonisation efforts [2] and [189], aligns with the broader goals of achieving
Sustainable Development Goals (SDG) targets, highlighting the critical role of
technology in enhancing the sustainability of AM practices. Henceforth, integrat-
ing Blockchain, BIM, and AIM throughout the AM lifecycle marks a transforma-
tive approach to managing assets from design and construction to operational use
and maintenance. This synthesis of technologies facilitates a more efficient, reli-
able, and transparent management process, addressing several critical challenges
and opportunities identified in the thematic analysis. Here’s a refined connection
of these insights, emphasising the seamless integration and its implications across

the asset lifecycle:

Streamlined Maintenance and Key Location Identification: The initial
stages of design and construction benefit immensely from this technology. The
facilitation of improved maintenance scheduling and precise key location tracking
through Blockchain technology significantly enhances operational efficiency and
reduces both time and cost [21]. This efficiency is a testament to Blockchain’s
potential to streamline the construction phase, making it more cost-effective and
less time-consuming [6]. As supported by Blockchain, the ability to accurately
track and manage assets in real-time aligns with the objectives of digital twins
and intelligent building representations, furthering the AEC-FM industry’s evo-

lution towards more sophisticated AM practices [20].

Enhanced Team Collaboration: The collaborative environment fostered by
the use of AIM and Blockchain is pivotal, ensuring that all project stakeholders
have access to up-to-date, transparent, and immutable records of asset informa-
tion [30] and [22]. This level of collaboration is essential for the success of projects,
particularly in the complex scenarios of asset lifecycle management, where the co-
ordination of various stakeholders is critical [34] and [11]. The integration of these

technologies supports the creation of a unified platform for information sharing



Chapter 6. Key Implications (theoretical and practical) 140

and decision-making, facilitating a more cohesive and efficient project manage-

ment process.

Compliance and Quality Data: The emphasis on high-quality data and strin-
gent daily reporting during the Commissioning, Operations, and Maintenance
stage is crucial. It underscores the importance of adhering to international stan-
dards such as ISO-27001 and ISO-5501:2014 [17] and [19]. Blockchain is key in
ensuring data integrity and security, paramount for achieving compliance and op-
erational excellence [27]. This stage highlights Blockchain’s importance in main-

taining high data quality standards and compliance with regulatory requirements.

Significance of the ’In Use’ Stage: The 'In Use’ stage is identified as having
the greatest impact, where the strategic use of smart contracts and a BIM ex-
ecution plan significantly enhances AM System (AMS) preparation, stakeholder
collaboration, and cost-effectiveness [19]. This phase benefits from optimising
the operational phase of the asset lifecycle, showcasing the profound impact of
integrating AIM and Blockchain in enhancing the efficiency and sustainability of
AM [22]. The ability to automate and secure AM processes through Blockchain
technology ensures a more sustainable and efficient approach to managing the
built environment, aligning with the goals of sustainable development and the

efficient use of resources [113].

Thus, this integrated Blockchain-based approach aims to revolutionise the AEC
industry by addressing the implementation challenges, overcoming technology
adoption barriers, considering cost implications, and navigating regulatory land-
scapes. It paves the way for a more streamlined, collaborative, and compliant
AM lifecycle, highlighting the critical role of technology in shaping the future of

construction and AM.
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6.3 Key Implications (theoretical and practical)

The integration of BIM, AIM, and Blockchain technology within the AM lifecycle,
as explored in the referenced literature, presents both theoretical and practical
implications for addressing the research questions concerning their roles in the
construction project lifecycle and the facilitation of AIM and management.

Theoretical Implications:

1. Evolution of Building Representations: Menassa’s systematic review
[211] on the evolution from BIM to digital twins underscores the theoreti-
cal foundation for integrating BIM and AIM, highlighting the progression
towards more intelligent building representations. This evolution provides
a conceptual basis for understanding how Blockchain can further enhance

these models by adding layers of security, transparency, and traceability [4].

2. Blockchain’s Role in Construction: Hultgren and Pajala [209], along
with Barbosa et al. [215], contribute to the theoretical understanding of
Blockchain’s potential to address transparency and traceability in the con-
struction supply chain and its broader implications for improving produc-
tivity within the industry. These insights are crucial for conceptualising
how Blockchain can facilitate AIM and BIM in managing asset lifecycles

more efficiently.

3. Addressing Industry Challenges: The challenges facing the construc-
tion industry, as identified by Leeds [!]. and echoed in the Saudi Arabian
context by Albejaidi and Nair [9], Albogamy et al. [5], and Khan and Khan
[7], provide a theoretical backdrop for the necessity of integrating innovative
technologies like BIM, AIM, and Blockchain. These challenges include the
slow adoption of new technologies, scalability, interoperability, and the need
for industry-wide standards, which Blockchain technology could potentially

mitigate.
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Practical Implications:

1. Implementation in KSA: The practical application of integrating Blockchain
with BIM and AIM in Saudi Arabia, as discussed by Alofi et al. [20] and
reflected in the broader goals of Vision 2030 [10], demonstrates the poten-
tial for these technologies to revolutionise AM practices in the region. The
demographic data and experience levels [7] and the emphasis on facilities
management [9] highlight the operational considerations and the need for

in-house expertise to leverage these technologies effectively.

2. Enhancing AM Practices: The integration of Blockchain technology is
shown to facilitate outsourced facilities management services, access to up-
dated construction drawings, and better management of asset documents
[6]. This practical application underscores the benefits of Blockchain in en-
hancing the efficiency, reliability, and transparency of AM processes, align-

ing with the theoretical implications of its role in the construction industry.

3. Compliance and Standards: The gap in equipping asset managers to
adhere to ISO standards effectively [11], [211], and [120] presents a practical
challenge that integrating Blockchain, BIM, and AIM seeks to address.
By ensuring detailed and accessible information for effective AM, these
technologies support compliance with international standards and promote

sustainable construction practices [216] and [217].

4. Future Research Directions: The identified need for further investiga-
tion into specific Blockchain applications for construction [30], [22], and
[21], the integration of IoT with Blockchain for enhanced AM [13], and
Blockchain’s role in sustainable construction practices [115] and [209] sug-
gest practical pathways for future research. These directions are informed
by the theoretical understanding of Blockchain’s potential and its practical

applications in the construction industry.
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The beta—test of the Blockchain-Enabled AIM Environment done in this study
demonstrated that the integration of Blockchain can significantly enhance the in-
formation delivery cycle as prescribed by ISO-19650, which provides a framework
for managing information over the whole life cycle of a built asset using BIM.

Here’s how the AIM environment could add value:

1. Security and Immutability: Blockchain technology can ensure the secu-
rity and immutability of data throughout the asset lifecycle, which is crucial
during the delivery (pre-operation) and operational phases of a building or

infrastructure asset.

2. Enhanced Collaboration: With AIM on the Blockchain, stakeholders
have a reliable and consistent way to collaborate, as the information can be
trusted and is verifiable. It ensures that the data is not tampered with from
the time of its creation through to operation and potential repurposing or

decommissioning.

3. Improved Auditability: Using Blockchain provides an auditable trail of
all interactions with the asset’s information. This enhanced traceability is
invaluable for maintaining records throughout the various ISO-19650 stages,

from briefing to in-use phases.

4. Efficient Documentation Management: The proposed system could fa-
cilitate the management of documentation, non-graphical data, and graphi-
cal models by allowing for streamlined sharing and version control, ensuring

all parties work with the most up-to-date information.

5. Transparency in Procurement: By using Blockchain to manage the
exchange of information during the procurement phase, there is increased
transparency and reduced risk of disputes regarding the origin and integrity

of the information shared.

6. Smart Contracts: In the execution phase, smart contracts can automate

certain aspects of the BIM Execution Plan (BEP), contract awards, and
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asset information requirements, ensuring that predefined conditions are met

without manual oversight.

7. Cryptography and Consensus Algorithms: The application of cryp-
tography and consensus algorithms ensures that the integrity of the asset
information is maintained. This is especially important for the CDE, where

data is shared among various stakeholders.

8. Facilitates EIR: The AIM system could ensure that the information de-
livered meets the EIRs by validating the compliance of the data against the

set requirements using Blockchain technology.

9. Regulatory and Standards Compliance: Blockchain can assist in com-
pliance with ISO-19650 by providing a clear structure for organising infor-
mation and ensuring that all processes adhere to the standard’s require-

ments.

10. Energy Consumption and Scalability: While Blockchain has its chal-
lenges with energy consumption and scalability, these can be managed
within the AIM environment by choosing the appropriate consensus al-
gorithm and considering the overall architecture of the Blockchain solution

to be efficient and sustainable.

11. Interoperability and Integration: Blockchain can be designed to be
interoperable with existing systems and facilitate the integration of various
types of data and platforms within the AIM, thereby enhancing the ISO-

19650 information delivery cycle.

By improving these aspects, the proposed Blockchain-Enabled AIM environment
would add significant value to ISO-19650, potentially leading to better AM prac-
tices that are secure, transparent, and efficient.

In conclusion, integrating BIM, AIM, and Blockchain technologies holds signifi-
cant theoretical and practical implications for transforming AM practices. Theo-

retically, it builds on the evolution of intelligent building representations and ad-
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dresses key industry challenges. Practically, it offers a road map for implementing
these technologies in contexts like Saudi Arabia, enhancing AM practices, ensur-

ing compliance with standards, and setting directions for future research.

6.4 Contribution to knowledge

The PhD research presents a rich tapestry of academic contributions, integrating
Blockchain with AIM and thus propelling the discourse in digital AM forward.
Moreover, in the context of the ISO-19650 information delivery cycle represents a
significant advancement in the field of AM, contributing to academic knowledge

and industry practice in several key ways:

1. Innovation in Asset Lifecycle Management: The study investigates
the impact of Blockchain technology on AIM, emphasising its potential
to revolutionise asset lifecycle management, particularly in the operational
phase. This contributes to understanding how Blockchain technology can

enhance the integrity and reliability of asset data throughout its lifecycle.

2. Statistical Analysis of Operational Efficiency: Through comprehen-
sive statistical analysis, the research quantifies the benefits of integrat-
ing Blockchain with AIM, such as improved collaboration and cost effi-
ciency. This empirical evidence adds a layer of rigor to the argument for

Blockchain’s application in AM.

3. Enhanced Collaboration Framework: The study outlines a framework
for facilitating stakeholder collaboration using Blockchain’s decentralised
ledger and smart contracts, which is particularly relevant for the operational
phase of assets. This framework can serve as a blueprint for organisations

looking to improve stakeholder engagement and project delivery outcomes.

4. Strategic Recommendations for Technology Integration: The pro-
vision of strategic recommendations for integrating AIM and Blockchain

technologies contributes to the discourse on best practices in the digital
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transformation of AM. This includes advocacy for smart contracts and an

execution plan aligned with BIM, guiding future implementations.

5. Technological Synergy: By exploring the synergy between Blockchain
and AIM, the study adds to the literature on how combining these technolo-
gies can offer more than the sum of their parts, providing a comprehensive

solution for the challenges of managing complex assets.

6. Advancements in ISO-19650 Compliance: The research addresses how
Blockchain can support compliance with ISO-19650, contributing insights
into the standardisation of data processes in BIM and AM, and proposing
methodologies to align Blockchain’s capabilities with the requirements of

ISO-19650.

7. Smart Contract Security in AM : Investigating the security of smart
contracts within the AM domain adds to the body of knowledge on mit-
igating potential vulnerabilities in Blockchain applications. This includes
exploring formal verification techniques and code reviews to ensure the re-

liability of these automated agreements.

8. Environmental and Regulatory Implications: The research not only
celebrates the benefits of Blockchain but also critically examines the con-
straints and consequences of its adoption, such as scalability issues, en-
ergy consumption, and regulatory uncertainty. This comprehensive view
is essential for a balanced understanding of the technology’s potential and

limitations.

In summary, this PhD research enhances the current understanding of digital AM
by providing a detailed study of Blockchain’s role in improving AIM systems,
backed by statistical evidence and strategic frameworks. It also critically assesses
the challenges and offers practical recommendations for overcoming these, thus

offering a well-rounded contribution to the field.
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6.5 Summary

Chapter 6 delves into the innovative amalgamation of Blockchain, BIM, and AIM
within the realm of AM, illustrating the transformative impact these technologies
could have on enhancing AM practices’ efficiency, reliability, and transparency.
Focusing particularly on the Kingdom of Saudi Arabia, this chapter explores
the vast opportunities and significant challenges of technological integration in
the field of AM. By weaving together BIM, AIM, and Blockchain, a novel and
advanced methodology for AM is proposed, one that seeks to overcome current
limitations and open new avenues for improving asset performance, reliability,

and sustainability.

The insights and conclusions drawn offer valuable contributions to the body of
knowledge on AM, presenting actionable strategies for professionals and organ-
isations looking to capitalise on these cutting-edge technologies. Moreover, the
chapter highlights the importance of addressing implementation challenges, in-
cluding technology adoption barriers, cost considerations, and regulatory issues,
thereby laying out a comprehensive guide for optimising the benefits of integrating
AIM and Blockchain, particularly during the operational phase of asset lifecycle

management.



Chapter 7

Conclusion

7.1 Introduction

This work extensively describes the research background, firstly, background and
contract type in the construction industry, followed by pre- and post-BIM execu-
tion plans. Secondly, AIM and BIM have been explored. Similarly, the research
background of facility management and Blockchain technology has been explored.
This work has described the research methodological framework and methods.
Thirdly, it has examined the different philosophical perspectives regarding so-
cial science research, followed by the choice of the philosophical position of the
study. Fourthly, data collection methods have been described. Similarly, data
collection methods and data analysis have been elaborated by providing clear
approaches to be followed using the multi-method approach. The results aim to
receive asset managers’ input to ensure they feel comfortable and understand the

added value of integrating Blockchain technology and AIMs into the AM lifecycle.

The researcher has used the data—information—knowledge—wisdom approach to
developing the integrated AM environment. Following the design of the inte-
grated systems; a Blockchain-based tool was developed in which smart contracts
and AIMs were embedded. Practically, the research investigated whether and

how AIM and Blockchain technology can improve the operational processes of an
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asset and thus support the stakeholders in construction projects. Cronbach’s Al-
pha test has been used to ensure the consistency of the study sample observations
to answer the questionnaire and to ensure its validity. This was followed by a set
of descriptive statistical tests such as the arithmetic mean, standard deviation,
and frequencies and logistic model regression to validate this study. The current
study aimed to determine the interrelation between AIM and Blockchain in a

construction project.

This work aims to improve the efficiency of AIM by storing and saving data
related to construction projects. Additionally, this application improves AIM’s
functionality by storing the project’s digital data. The contribution of this study
is obvious as the resulting outcomes can be capitalised as guidelines to improve
the AMP in the construction sector. This study has found that AIM, BIM, and
Blockchain are nascent technologies. The limitation of skilled people is a challenge
faced by adopting BIM and Blockchain technologies in the construction industry.
Cost is the main challenge for Blockchain, AIM, and BIM. This is because clients

are not willing to adopt new technologies in their businesses and projects.

7.2 Research Conclusion

The present study, however, makes several noteworthy contributions to the rela-
tionship between AIM and Blockchain in a construction project, which may re-
quire careful consideration of accuracy, collaboration, innovation, solutions, secu-
rity, confidentiality, sharing, and trust. The results of this study indicate that the
main features of applying Blockchain and AIM management are nonrepudiation,
confidentiality, change tracking, recording, and data ownership. Therefore, using
accurate data will help the asset owner to improve decision-making, optimise the
use of operating assets, avoid misconceptions of culture and language between
stakeholders, and support the asset process by eliminating waste. Blockchain

could theoretically facilitate AIM and Management. This work constructs a new
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conceptual framework to manage, organise, store, and protect project informa-

tion and data.

The Blockchain-based integrated AM environment has been tested with a well-
oriented result that will add to existing knowledge in the management of the con-
struction sector. The integration of AIM and Blockchain environment leads to
better management and development of optimised transactions between the dig-
ital model and individuals. Several sectors are testing and exploring Blockchain
technology in their processes, such as health care, finance, and government. How-
ever, this work focuses on the construction industry. Blockchain will help own-
ers, consultants, contractors, and suppliers to upload and visualise the data from
anywhere at any time throughout the lifecycle of the building to support the de-

cisionmaking processes.

The project was undertaken to design a framework to create a decentralised
“To-Do” application that allows the owner, consultant, contractor, and supplier
to store and manage the AIM. This will provide technical support for effectively
implementing AIM and Blockchain technology within internet web links, using
methods and techniques based on databases and Blockchain technologies. This
research also presented an AIM model in one platform, adding value to all stake-
holders. In addition, it describes the relationship between AIR, BIM, PIM, OIR,
and EIR in the integration and visualisation of AIM. To sum up, the Blockchain-
based integrated AM environment shows the added value of utilising Blockchain

technology throughout the AM lifecycle.

In addition, the proposed Blockchain technology throughout the AM lifecycle
adds to our understanding of selecting specific data and information that will
be used to measure the financial value gain/loss of a project concerning its cost.
Moreover, it will enhance the user’s ability to determine whether a project will

yield a positive payback and have value for the business. Technically, frame-
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work features aim to improve the current management used in many ways, such
as model upload/download, lack of data, partial model exchange, data security,
multiple data model formats, and conflict resolution. From the validation point
of view, the researcher found that Blockchain can record assets and ownership,
thus integrating sensing platforms, smart contracts, and information models, en-
hancing tracking of maintenance and operation for physical assets. Tracking of
changes and ownership of data are also significant benefits of applying Blockchain
technology in the operations stage in the construction industry. The main aim of
the proposed framework is to create a shared and transparent information plat-

form.

The beta test aspect was successfully demonstrated in a framework involving
documentation, non-graphical, and graphical models within a single platform to
facilitate the owner’s needs and achieve business goals. During the beta test pro-
cess, the researcher measured an asset’s financial value gain/loss with its cost.
Moreover, it also enhances the user’s ability to determine whether an asset would
yield a positive payback and have value for the business, improving trust be-
tween stakeholders. Technically, the integrated environment features aim to im-
prove in many ways the current way of management and issues such as model
upload/download, lack of data, partial model exchange, data security, multiple
data model formats, and conflict resolution. Thus, there seems to be improve-

ment during the procurement process of the AM lifecycle.

In addition, results show that at the design and construction stage, the highest
ranked point is the ability to use the information across the design/construction
team, and the lowest ranked point is the maintenance manual and missing keys,
while at the handover stage, the highest ranked point is equipment lists and the
lowest ranked point is product data. Finally, at the operation stage, the highest-
ranked points are health and safety, and the lowest-ranked points are cost savings

and ROIL.
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The present study, however, makes several noteworthy contributions to the rela-
tionship between AIM and Blockchain in an asset that may require careful consid-
eration of accuracy, collaboration, innovation, solutions, security, confidentiality,
sharing, and trust. The results of this study indicate that the main features of
applying Blockchain and AIM management are nonrepudiation, confidentiality,
change tracking, recording, and data ownership. Therefore, using accurate data
will help the asset owner to improve decision-making, optimise the use of oper-
ating assets, avoid misconceptions of culture and language between stakeholders,
and support the asset process by eliminating waste. Blockchain could theoreti-

cally facilitate AIM and Management.

This research shows that a good 3D BIM model alongside detailed AIM, in-
cluding Non-graphical data and documentation, could improve the AM lifecycle.
However, the integration of Blockchain technology can impact the AEC sector
to work more efficiently. This research showed that the direct impact of inte-
grating AIM and Blockchain in AM is to offer a secure network that provides a
trustworthy shared environment, where innovation can play a significant role and
thus improve the delivery quality of digital and physical assets. So, Blockchain
brings into construction a decentralisation culture of sharing construction project
information over a secure integrated network. The study presented those factors

affecting the operation of AIM throughout the asset lifecycle.

Among others in design and construction are improvement of trust, more appro-
priate quality assurance methods, and procedures saving time, optimising defect
analysis, improving stakeholder’s influences; in hand over process products’ accu-
rate data manufacturer; in operation process increase speed of preparing holistic
and integrated AMS, improve collaboration between stakeholders, return faster

clients’ Return of Investments and finally save operational assets’ costs.

Therefore, the novelty of this work is understanding the factors affecting the oper-
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ation of asset information models throughout the assets’ lifecycle by integrating
Blockchain. Working in a secure cloud-based environment results in improved
management of assets over a digital environment that allows investors and asset

managers to pre-identify operational risks and utilise better assets resources.

Finally, it was noted how well ISO19650 and ISO55000 could work complemen-
tary to support better AM operations using an integrated collaborative culture.
This could be the future of AM, where an integrated collaborative culture within
a client-based environment could help them manage their assets’ lifecycle in a
more “intelligent” way. This is where Artificial Intelligence will be integrated
and tested in future research to create Intelligent AM Strategies. Based on these
features and specifications, the researcher designed and developed a Blockchain-
based environment where the AIMs are integrated and offer a collaborative envi-
ronment to asset managers to make better decisions and solve problems. This was
validated through a workshop on an experiment in the Kingdom of Saudi Ara-
bia. This allows the owner, consultant, contractor, and supplier to upload and
visualise the data anywhere at any time throughout the lifecycle of the building.
The findings also came out with a set of certain types of building data that are
recommended to be digitalised and offered to asset managers, to offer high-end

services to the owners.

The integration of AIM and Blockchain environment leads to better management
and development of optimised transactions between the digital model and indi-
viduals. This research presents an AIM model in one platform, adding value to all
stakeholders. In addition, it describes the relationship between AIR, BIM, PIM,
OIR, and EIR in the integration and visualisation of AIM. Several sectors, such
as health care, finance, and government, are testing and exploring Blockchain
technology in their processes. However, this work focuses on the construction
industry. Blockchain aims to help owners, consultants, contractors, and suppli-

ers to upload and visualise the data from anywhere at any time throughout the
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lifecycle of the building to support the decision-making processes. The project
was undertaken to design a framework to create a decentralised “To-Do” appli-
cation that allows the owner, consultant, contractor, and supplier to store and
manage the AIM. This will provide technical support for implementing AIM and
Blockchain technology effectively within internet web links, using the methods

and techniques based on the database and Blockchain technologies.

7.3 Research Contribution to Knowledge
This research contributes to the body knowledge in four aspects:

1. In the construction industry (research area): The type of this pose
work focuses only on building construction. From a process point of view,
this work contributes to the design team by allowing them to be deeply
involved in the project lifecycle. Therefore, it will improve their knowledge
to perform and introduce a high level of design quality. From a legal point
of view, construction has a complex net of contracts and other obligations,
all the stakeholders must carefully consider their conditions and targets.
Therefore, the tool of this study fits into Saudi law and regulations and
others. In addition, this research focuses on public projects in the KSA,
within the design and build of the type of project lifecycle. This research
integrates a decentralised and centralised environment in one source to im-

prove project delivery.

2. Methodology: In this regard, the logic of this work is based on the de-
ductive approach in positivist philosophy. The experiment will be across
multiple disciplines, adding to knowledge in using areas related to the con-
struction sector. Having a full package of the Mandatory Information De-
liveries (MID) in the construction processes will lead to actual estimation
cost, accurate scheduling, efficient communication, a high level of techni-

cal planning, better team skills, and soft handover and project closeout.
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Recently, 1990’s the use of coordination in the construction industry was
highly recommended; in the middle of the 2000’s, the use of integration in
the construction industry was highly incentive, the revolution of the technol-
ogy era and to meet Saudi Vision 2030 is necessary to work in a cooperation

environment between all the stakeholders.

3. Solve trending issues: This research will contribute to solving unsolved
problems facing the construction industry in many ways such as coordi-
nating the project participants, which will reduce rework and share the
information between the stakeholders to get their business done. Collab-
oration between them will also lead to information sharing being smooth.
The design of a secure-based, integrated, and innovative environment that
allows better acquisition project management lifecycle. Therefore, this re-
search impacts FM and operation stages based on AIMs. This leads to and
solves an essential aspect of making decisions within a fragmented, insecure

building process.

4. Developing a unique approach (tool): Integrating a human-centric
approach within a techno-driven environment (known as transdisciplinary
engineering) can become the new trend for the future of the Built Envi-
ronment. Recently, we have seen RICS and Cambridge University working
towards Digital Twins and its process. For that reason, accurate asset data
acquisition — storage — management (Blockchain), interoperable software,
and capable people can work in a secured environment to support AM in
a core comprehensive way. This could be a debate as the start of exploring
Digital AM more (but this is not the focus of this research). Therefore, its
novelty in providing a holistic human-centric approach allows stakeholders
to work on a trustworthy system that enables better collaboration. This is
due to the involvement of the latest information and communication tech-
nologies. Blockchain and BIM management will allow expert people to

manage their project information effectively. In addition, Blockchain can
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help to improve the stakeholders’ ability to do the right business; hence, the
developed AIM management is a tool to enhance the project’s performance.
In this scenario, this piece of work is to create a new tool aimed to manage,

organise, store, and protect project information and data in a way to be:

e Accessible at any time,
e Organise to reduce the time for searching,
e Stored in a safe place, and

e Sustainable with different climate change.

The concept of this work is deemed to validate and be well result-oriented;
therefore, it will add to existing knowledge in the construction area. This
will lead to future research in construction technology by improving the I'T

capabilities of construction experts.

7.4 Recommendations and Future Work

Based on the findings presented throughout this study, recommendations for the
KSA Construction Industry can be drawn from the framework and addressed
by implementing the framework into policy. A future study investigating the
added value of utilising Blockchain technology during the AM lifecycle would be
fascinating, as would its production and maintenance of the system. Future work
will include investigating the interrelation between AIM and BMS. The proposed
framework will be used for FM involvement in the same platform to measure how
relevant the data is to their needs and requirements. This study uses the energy
management field as a proof of concept. It contributes to future projects in data

management related to other fields.

7.5 Research Limitations

This study focuses on the Saudi Arabian construction industry and presents cer-

tain limitations that are important to acknowledge. While it serves as a case
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study with potentially broader applicability, the general usability of its findings
to other countries or contexts may be constrained. The investigation aimed to
enhance the AM lifecycle through the adoption of BIM, AIM, and Blockchain
technologies. However, a significant limitation was the scarcity of skilled person-
nel proficient in these technologies, which poses a challenge to their widespread

adoption within the industry.

Additionally, the cost associated with implementing Blockchain, AIM, and BIM
technologies represents a major obstacle. This is largely due to client hesitation
towards investing in new technologies, compounded by uncertainties regarding the
financial ROI for AIM and Blockchain. These challenges notwithstanding, the re-
search methodology employed—a multi-method approach—was meticulously de-
tailed, offering clarity on the data collection and analysis methods used. This
approach underscores the research’s commitment to a structured and directed

study, even as it navigates the above-mentioned limitations.

7.6 Concluding Comments

The current study aims to explore the interrelation between AIM and Blockchain
within the context of a construction project. This work aims to improve the ef-
ficiency of AIM by storing and saving data related to construction projects. Ad-
ditionally, this application improves AIM’s functionality by storing the project’s
digital data. The contribution of this study is obvious as the resulting outcomes
can be capitalised as guidelines to improve the AMP in the construction sec-
tor. The limitation of skilled people is a challenge faced by adopting BIM and

Blockchain technologies in the construction industry.

Cost is the main challenge for Blockchain, AIM, and BIM. This is because clients
are unwilling to adopt new technologies in their businesses and projects. However,

the ROI of AIM and Blockchain is still not clear for the benefit of clients. The
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present study, however, makes several noteworthy contributions to the relation-
ship between AIM and Blockchain in a construction project, which may require
careful consideration of accuracy, collaboration, innovation, solutions, security,

confidentiality, sharing, and trust.

The results of this study indicate that the main features of applying Blockchain
and AIM management are nonrepudiation, confidentiality, change tracking, record-
ing, and data ownership. Therefore, using accurate data will help the asset owner
to improve decision-making, optimise the use of operating assets, avoid miscon-
ceptions of culture and language between stakeholders, and support the asset
process by eliminating waste. Based on these features and specifications, the
researcher aims to design and develop integrated AIMs by testing whether and
how permissioned Blockchain could add value to construction projects in the
KSA. This allows the owner, consultant, contractor, and supplier to upload and

visualise the data anywhere at any time throughout the lifecycle of the building.
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Appendix A

List of Abbreviations

AEC
AIM
AIP
AIR
AM
BIM
BMS
CDE
CP
EIR
FM
IFC
IT
KAAU
KPI
KSA
OIM
OIR
OSI
PIM
PLC
PMO
ROI

Architecture, Engineering, and Construction
Asset Information Modelling

Asset Information Processes

Asset Information Requirements

Asset Management

Building Information Modelling
Building Management Systems
Common Data Environment
Construction Procurement

Employers Information Requirement
Facility management

Industry Foundation Classes
Information Technology

King Abdul-Aziz University

Keys Performance Indicator

Kingdom of Saudi Arabia
Organization Information Management
Organization Information Requirements
Open Systems Interconnection
Projects Information Model
Programmable Logic Controller
Program Management Office

Return on Investment
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Appendix B

Workshop questions

Full access available:
https://forms.gle/DtRPb43DosmnNiDT7

1. Your Experience?
O o5

O 510

O 1015

O 1520

(O 20 (More then 20)

Figure B.1: Question 1.

2.Please indicare (the equivalent of) your highest academic Qualification?
(O High School

O Diploma
O Bachelor

O Postgraduate

O Other...

Figure B.2: Question 2.
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3Which of the following best describes your company's principal business activity?

(O Owner

O consultant

O contractor

(O supplier IT

Figure B.3: Question 3.

4.Length of rime your organization has been using Building Information Modelling?

O o
O a2
O (23)
O G4

(O (more than 5).

Figure B.4: Question 4.

5.How would you assign most responsibility for building information handover to each of the

H\]]n\\'iﬂg parties?

Owner
consultant
contractor
supplier

IT

O OO OO0

Figure B.5: Question 5.
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6. How imporrant is the Project handover stage for vour organizacion and vour client?
& b

D Extremely Important

D Very Important

D Important

(] NotImportant

Figure B.6: Question 6.

7Which of the ﬁwllm\'ing present the most significant challenge to improve the operational

process of an asset in the KSA? Please
- . " . f 1l . 1" . v

score on a scale of 1-5, where 1 is "most significant challenge" and 5 is "least significant

challenge"

Lack of mutual

trust, and

recognition of

new project H J O O J
roles, such as

information

manager

Inappropriate

quality

assurance H J O ] J
methods and

procedures

Lack of

transparency

and accessibility

of project data H J O O O
for all project

team

electronically

Figure B.7: Question 7.
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8. How signiﬂcum are the {'['-]]L‘-\\'ing benefits to improve the operational process of an asset in
the KSA? Please rank on a scale of 1-5, where 1 is 'most significant benetit' and 5

is 'least 5igniﬁc:mr benefit

Minimize
defects

Cost reduction

Control
construction
process

Save time

Legislation and
legal
requirements

9.How important is the following project data at the operation stage?

and 5 is 'least important role'

Commission
plans

Building
drawings and
specification

Insurance

Manufacturer

products data

m [m| m | m| M

U

0O 0O O 0O

N |®| ® | | @

Figure B.8: Question 8.

Please score on a scale of 1-3, where 1 is 'most important role’

O

O 0O 0O

U

Figure B.9: Question 9.

| | e | E

O

O

o 0O 0O

U

N |m| = | m| =

O

O 0O 0O O

m [m| m | m| @

O

O 0 0O 0O
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roWhich of the fL)”n\\'ing could be affecred mostly by the l*rui]dingr operarion process?
Please rank on a scale of 1-5, where 1 is 'most affecred’ and 5 is

Neasr aftecred’

1 2 3 4 5
Health and l:l D |:| |:| |:|
safety
Reliability of
equipment l:l D D D D
Standard of
operations D D D D |:|
Cost of
operations D D D D D
Cost of
maintenance l:l l:l l:l l:l D
Better planning ] ] W ] 0]

Figure B.10: Question 10.

r.Do vou SC[ LI'IC necessary i]]{;{)l'll]ﬁLiOIl L'll\ﬂLlL LI'IC }11‘0(.‘(.‘55 Ol‘ L]'IL‘ }1I'OjL‘CL al every SL‘JgC 0{‘

operation?

|:| Yes
|:| No

Figure B.11: Question 11.

12.Is your {;1ci]iL_\' maintenance outsource or do vou pcr{m‘m this function in-house?
D Qutsourced

|:| In-house

Figure B.12: Question 12.
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13.D0 vou have easy access to all construction drawings, which are revised and updated?

O Yes
O No

Figure B.13: Question 13.

14.Have you got drawings to indicate location of your key Mechanical, Plumbing and Electrica

installations?

O Yes
O No

Figure B.14: Question 14.

15.D0 you have easy access to the project specifications?

|:| Yes
(] nNo

Figure B.15: Question 15.

16.Do vou have €asy access o the project warranty information?

|:| Yes
[] ~o

Figure B.16: Question 16.

17.D0 vou have easy access to the project service concracts?

|:| Yes
(] No

Figure B.17: Question 17.
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18.Do vou have easy access to the pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>