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A B S T R A C T

The field of construction informatics is fragmented and lacks clarity in understanding the interconnection of
different data management strategies. This makes it challenging to address industry-specific data management
issues. Using a critical interpretive synthesis, this study reviews and integrates both present and emerging data
management approaches in construction informatics. The review is meant to be comprehensive, encompassing
technologies and concepts such as Open Schema, Information Container, Common Data Environments, Linked
Data, as well as cutting-edge Web3 technologies such as blockchain and decentralized data protocols. The
different approaches are identified and classified into five categories and mapped into a two-dimensional
framework that considers data storage and data processing modes. The systematic categorization provides a
simple, but comprehensive understanding of data management strategies in construction informatics. Moreover,
the framework allows to identify the state of the art and trends of data management approaches, providing
guidance for future research perspectives, especially in the intersection with Web3 technologies.
1. Introduction

The complexity of construction projects requires the generation,
revision and transfer of large amounts of data across different phases
and disciplines. Data lifecycle management is essential for the intensive
and continuous communication between stakeholders from the initi-
ation until decommissioning of a facility [1,2]. Despite the adoption
of digitization and data-driven processes in the construction indus-
try, cross-phase and cross-party data integration remains a challenge.
This is due to a fragmented industry structure characterized by non-
standardized collaboration among many actors with diverse skills [3].
The use of multiple models and tools in different phases of the project
generates extensive communication, resulting in large volumes of data
in heterogeneous formats [4]. Integration between these models and
tools remains difficult, resulting in information silos that limit opportu-
nities for data processing, extractability, and usability [5,6]. Therefore,
to overcome these challenges, it is essential to achieve interoperability
during data integration [7]. This requires the development of effec-
tive data integration methods between different systems, tools, and
stakeholders.

∗ Corresponding author.
E-mail address: bucher@ibi.baug.ethz.ch (D.F. Bucher).

However, the current state of construction informatics manifests it-
self as an unintegrated and confusing system. It is increasingly difficult
to understand how different data management approaches interact and
contribute to data management challenges in construction informatics.
This has been exacerbated by the adoption and adaptation of data
management approaches from other industries [8,9]. The current land-
scape includes numerous concepts and technologies, such as Building
Information Modeling (BIM), Common Data Environments (CDE), Infor-
mation Containers, and Linked Data. At the same time, the emerging
concept of Web3, including technologies such as blockchain and decen-
tralized data protocols (DDPs), increases confusion by promoting novel
approaches to data ownership, accessibility, and sharing control [10].

A comprehensive synthesis of the available data management land-
scape is missing. Existing research lacks contextualization with existing
data management approaches [11]. For example, while current re-
search explores the use of a specific Web3-based technology, such
as blockchain, to improve data management in construction projects,
there appears to be a lack of a broader integration with the data man-
agement landscape in construction informatics research [12]. There is
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a need for a comprehensive and technologically grounded synthesis of
this landscape to promote a unified understanding of data management
approaches, their underlying technological basis, and ongoing advances
in the field.

To address this research gap, our paper provides a critical inter-
retive synthesis of previous research, current trends, and emerging
evelopments in the field of data management for construction in-
ormatics. A critical interpretive synthesis is a research method that
ombines iterative literature review with interpretive analysis, allowing
he development of novel theoretical frameworks by identifying pat-
erns and integrating diverse insights, particularly suitable for complex

fields like construction informatics.
To achieve this, we first provide background on the main challenges

of data management in the construction industry (Section 2.1) and
he predominant understanding of data management in construction

informatics (Section 2.2). We then further clarify the research gap
and scope of this study (Section 2.3) and describe the research design
sed to categorize and synthesize the data management landscape
Section 3). We then explain the basic elements of our framework,

delineating two distinct dimensions: processing mode and storage mode
(Section 4). This exposition is followed by a categorization of the
prevailing methodologies within the framework, detailed in Section 5.
We also bridge different concepts (Section 6) and illustrate the potential
integration of emerging Web3 technologies within the framework (Sec-
ion 7). Finally, we discuss the key lessons learned and future research
reas (Section 8).

2. Background

2.1. Data management challenges in construction

The construction industry faces significant data management chal-
enges that affect project delivery [13,14]. Although many researchers

discuss the nature of these challenges, we simplify the challenge into
wo main issues: (1) managing data over the built asset life cycle due

to data silos and automation islands, and (2) dealing with information
loss and interoperability during data exchange.

First, data silos and islands of automation are common issues due to
he use of specialized software by different stakeholders, who control
heir specific data without sharing them with others [6,8,15]. As a

result, both research and industry are striving to formulate and develop
an ideal data management approach that leverages data-driven insights
and decision support through the use of various technologies [16]. The
result is an expanding and never-ending ecosystem of frameworks and
applications across the industry. However, with more specialized use
cases, it becomes increasingly complex and confusing to understand
which software to use and when to use it [17].

Second, the challenges of information loss and interoperability
emerge when trying to exchange data between software applications
and/or parties [18,19]. The quality of available data determines its use-
fulness, and changes across disciplines and phases are time consuming
and costly, resulting in information loss. Poorly organized information
or a lack of linkage between documents and information is estimated
to be one of the leading causes of construction delays [20]. Some
scholars search for the optimal interoperability scenario to simplify the
extraction of information from unstructured data sources and connect
related pieces of information [21], yet widespread industry acceptance
f these approaches remains limited.

2.2. Predominant data management perspectives

Several research and industry efforts have attempted to create a data
management methodology that provides unrestricted but controlled
ccess to project data. Despite a shared vocabulary with common
eference terms such as BIM, digital twins, or CDEs, we find data
 m

2 
management scholarship incorporates widely different concepts, uti-
izes diverse technological methods, and differentiates in their usage
epending on the context. None of these establishes formal definitions
nd clear scopes related to data management [22].

To further explain, we suggest that the predominant data manage-
ent approaches can be understood through four perspectives: model,
latform, knowledge graphs, and networks. Table 1 summarizes the
ey aspects described. Furthermore, it is essential to acknowledge
hat, while legacy data remain a significant consideration, it is not
he primary focus of this work. Instead, we have chosen to prioritize
orward-looking solutions that could potentially transform the way
egacy data is integrated and utilized.

2.2.1. Model perspective
The model perspective is currently the most influential in construc-

ion informatics. The use of a digital model, often known as a Building
nformation Model (BIM), is the primary method of organizing data
rom a construction project. However, there exists a great variation in
he scope and interpretation of what BIM entails, ranging from specific
se cases such as design coordination, to comprehensive life cycle
ata management [23,24]. Additionally, the digital twin concept is
ometimes used interchangeably with BIM as a model perspective [25].

However, digital twins are virtual replicas of physical assets, processes,
or systems that maintain a bidirectional linkage between them [26].
While BIM provides a static representation, digital twins are contin-
uously updated based on real-time data, such as sensor data from the
hysical asset, but also vice versa to optimize the physical product state
ased on analysis performed on the virtual model [27].

Model-based approaches for BIM utilize various technical
approaches, with the most widely recognized being the Industry Foun-
dation Classes (IFC) data format. Other technologies, including cloud
platforms, information containers, and linked data, may also be used
to generate and host digital models [28,29].

The utilization of digital models generally relies on the stakeholders
nvolved as well as the implemented technology. Technology choice
ften depends on the capabilities and resources of the respective com-
any [30], with larger companies generally having an advantage [31,

32]. Usage challenges pertain to coordination mechanisms for orga-
nizing large data sets with one or multiple models [33] and to the
eamless communication and data integration processes among differ-
nt stakeholders [34] and the lifecycle phases [35]. Additionally, there

is a tendency to centralize data management to those who control the
odels.

2.2.2. Platform perspective
Cloud platforms function as a central system for synchronizing

he management, collaboration, and interaction with data and related
pplications [36]. They integrate platformization and cloud computing
pproaches [37,38]. These approaches emerged as a consequence of

the evolution of the internet towards Web 2.0, which emphasizes in-
teractive read-write capabilities, in contrast to the primarily read-only
Web 1.0 [39]. This shift has fundamentally shaped the manner in which
platforms facilitate enhanced interactivity and user-generated content
management. In construction informatics, the most frequently cited
notion is the Common Data Environment (CDE) [40], which promotes
integration and data sharing across organizations [41,42], sometimes in
conjunction with the BIM concept [43,44]. Additionally, digital twins
are occasionally characterized as a platform for arranging data-driven
management and control of cyber–physical systems [45,46], but there
remains confusion around the concept, for example, in defining the
boundaries between a digital model, a digital shadow, and a digital
twin platform [47,48].

Different technical architectures of CDEs have emerged, some re-
sembling cloud-based models described earlier, while others are com-
lemented with information containers or linked data [28,29,49]. Ad-

ditionally, the technical implementation of digital twins can include nu-
erous components for data storage, analysis, and visualization [25].
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Table 1
Summary of the four data management (DM) perspectives showing their complexity across concepts, technologies, and usage.

DM Perspective Concept Technology Usage

Model - Building Information Modeling (BIM) uses a
digital model to combine data and
visualization.
- BIM represents a broad data management
concept but is often focused on design.

- Open-source IFC is the most common data
standard.
- Other technologies (e.g., closed-source cloud,
linked data) can also host and describe the
models.

- Dependent on individual project setup.
- Challenges include coordination across
models, data exchange, and centralization of
DM.

Platform - Common Data Environments (CDEs) and
other platforms use the cloud for data storage,
computation, and data exchange
- Digital twin (DT) platforms enable
data-driven system management and control.

- There is a heterogeneous technology
landscape, mostly using the cloud, but often
with different data storage and system
standards.
- Occasionally overlap with BIM technology
concepts (e.g., DT utilize BIM models for
real-time building analysis).

- Broad usage for data integration and
exchange over all building lifecycle phases,
- Challenges include information centralization
and lock in to third-party systems.

Knowledge
Graph

- Semantic integration makes data readable by
computers using advanced data mapping.
- Also known as Semantic Web or Web 3.0.

- Linked data enables data entities to be
semantically linked using standardized
ontologies.

- Can potentially achieve automated reasoning
and improved information discovery in DM
concepts such as BIM, digital twins, or CDEs.
- The challenge is that integration into practice
is still very early.

Network - Web3 technologies promise more control and
ownership for DM.
- The infrastructure is decentralized and trust is
shifted to technology itself rather than
intermediaries.

- Blockchain and decentralized data protocols.
- Technologies are rarely combined with each
other or with other DM approaches such as
BIM.

- Transparency and Peer-to-Peer transactions
are promising for DM.
- Challenges includes that implementation
remains mostly theoretical or prototype-based.
There also remain many socio-technical usage
questions.
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While CDEs primarily focus on the early stages of project develop-
ment, with limited application in later phases [50], digital twins are

idely used for decision support, data monitoring, and digital replica-
ion in the usage phase of built assets [51–53]. Usage challenges arise
rom information centralization and lock-in to particular solutions [54].

Participants need to transfer their data from their proprietary sys-
tems to a third-party controlled system, requiring resource-intensive
mapping procedures [55].

2.2.3. Knowledge graph perspective
The concept of knowledge graph attempts to enable a more cohe-

sive search and linking of information [56], sometimes also referred
o as the Semantic Web or Web 3.0 [57]. Although Web 2.0 has

been transformative in promoting user-generated content and extensive
platforms, it has also been criticized for lack of comprehensive data
integration and interoperability. The concept of Web 3.0 addresses
hese limitations by allowing for the creation of more connected,
emantically rich, and machine-readable data [58].

The main underlying technological concept is linked data, where
data entities are linked using standardized ontologies, enabling seam-
less integration and meaningful relationships between different data
sources [59,60]. Ongoing research focuses primarily on semantic in-
eroperability [61,62] and the implementation of ontologies [63–67].

Knowledge graphs can facilitate automated reasoning and improved
nformation discovery in a variety of data management scenarios, en-
ompassing concepts such as BIM, digital twins, or CDEs throughout the

complete built asset life cycle. However, their integration into practice
is still in the early stages. Ongoing research investigates the practi-
cal implications, challenges, and opportunities of employing Semantic
Web technologies for effective data management in the construction
industry [68].

2.2.4. Network perspective
The latest data management perspective involves the use of net-

worked technologies such as blockchain and distributed data systems,
ommonly referred to as Web3 [69]. This should not be confused

with Web 3.0, which refers to the Semantic Web as previously de-
scribed. Web3 introduces peer-to-peer (P2P), transparent and trusted
approaches to managing digital artifacts and transactional processes
with smart contracts [70,71]. Most of the work is now focused on

ore transparent and automated payments [72], as well as on supply
 s

3 
chain traceability [73,74]. But on a data level, Web3 seeks to offer a
novel method for trusted storage, processing, and management of data,
while retaining a decentralized infrastructure, meaning not controlled
by any single party. Therefore, Web3 technologies shift trust from
intermediaries to the technology.

The main two technological components are blockchain and de-
centralized data protocols (DDPs). Most of the applications explored
in construction informatics focus on blockchain [75–77]. But the two
echnologies are complementary in the sense that DDPs enable secure
nd privacy-preserving data sharing over a peer-to-peer network [78],

for example, the InterPlanetary File System (IPFS). Such data-intensive
operations on blockchains tend to be inefficient and expensive, where
DDPs can offer added value for large data sets [79–81].

The use of Web3 technologies in the built environment is cur-
rently mostly theoretical or prototypical and driven by research, but
lockchain technology has been theorized to have numerous bene-
its for digital processes in this domain [10,82]. However, significant
nowledge gaps, socio-technical issues, and legal and regulatory chal-
enges still need to be addressed in order to realize successful industry
ransfer [12,83]. Some usage challenges arise in managing private

keys with blockchain wallets, signing transactions, and orchestrating
hese processes using decentralized applications [84,85]. In addition,

it is crucial to assess compatibility and interfaces with existing data
anagement processes, such as BIM [86].

2.3. Gap and scope

In order to address the various challenges in data management (see
ection 2.1), construction informatic research addresses its approaches
rom different data management perspectives (see Section 2.2). As

shown in the previous sections, this leads to a non-integrated and
confusing ecosystem that makes it difficult to capture the overarching
context of data management. Additionally, it is difficult to categorize
nd compare new data management approaches, such as Web3, along-
ide established concepts, such as BIM, without a clear benchmark or
omparative metric.

There is a need for a comprehensive and integrated data manage-
ent framework that captures the technical denominators between
ifferent data management approaches. Therefore, the scope of this
tudy lies in synthesizing data management approaches into such a
ramework, so that researchers and practitioners will be able to under-

tand the interactions, interdependencies, and compatibility of different
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Fig. 1. The iterative and recursive process of critical interpretive synthesis (CIS) is
used in this study. More details to the specific steps can be found in Appendix.

technologies. In addition, a common foundation will help select appro-
priate data management practices and identify relevant research areas
for future exploration.

3. Research design

This study uses a method known as ‘‘critical interpretive synthesis’’
(CIS), a common approach in medical research [87]. We discovered
this method, tested it for effectiveness and found it to be very suit-
able for our purposes. Consequently, no changes to the method were
required as it proved to be an appropriate approach for our analysis.
In addition it has recently been adapted for several studies in the built
environment [88,89] and for construction automation research [90].
This method facilitates both the review of theoretical and empirical
literature as well as an iterative and interpretive engagement with it.
Whereas traditional systematic literature reviews (SLR) focus primarily
on data aggregation, CIS aims to identify patterns in the data through
induction and interpretation [91]. As a result, CIS is useful for de-
veloping a novel theoretical framework or constructing a theory that
integrates different perspectives and insights [92]. We first applied the
CIS method to a subset of relevant literature, confirming its effective-
ness in meeting our research objectives without any modifications. The
authors’ decision to use CIS rather than systematic literature reviews
facilitated a more nuanced and context-specific analysis of the research,
which is particularly relevant in the field of construction informatics,
where intricate data management approaches exist within a complex
ecosystem.

CIS is not only a process applicable to the synthesis of findings
but is applied throughout the review of the literature. It involves
an iterative method to refining the research question, searching and
selecting from the literature, and defining and applying codes and cate-
gories. Additionally, CIS assesses the quality of individual studies based
solely on their relevance, that is, their likely contribution to theory
development [93]. A distinctive feature of CIS is its critical perspective
on the literature [94], i.e., existing research traditions or theoretical
assumptions are dissected or deconstructed in order to better under-
stand the findings and place them in the broader context of the research
field. Overall, CIS follows a method of continuous refinement of the
targeted synthesis. The authors applied the process shown in Fig. 1 in
4 
Fig. 2. The two dimensions identified: storage and processing mode, to classify data
management approaches into our established framework.

a recursive and non-linear manner, involving theoretical sampling of
the literature and evaluating studies based on their relevance to theory
development, coding and categorizing emerging themes, identifying
constructs, and synthesizing arguments to develop a framework, while
critically examining the literature and refining our analysis throughout
the process. Due to space limitations, a more comprehensive description
and systematic listing of each process step is not presented here, but can
be found in Appendix.

4. Dimensions of data management in construction informatics

The thematic analysis identified two main dimensions of data man-
agement approaches in construction research: storage and processing
mode. These were used to categorize technological approaches as visu-
ally depicted in Fig. 2. The dimensions stem from our comprehensive
review and analysis of the literature, as described in Appendix, point
5. In this fifth step of our research method, we carefully reviewed the
literature to identify overarching interpretations or concepts and, in
particular, to capture recurring themes.

4.1. Storage mode

This paper identifies three main differentiations of the storage mode
in construction informatics: Local, Cloud, and Web-of-data. These indi-
cate where data are stored, how they can be accessed, and also reflect
the evolution of technology and the increasing online availability of
generated data.

4.1.1. Local
In local mode, data are stored on devices such as laptops, desktops,

and mobile devices, and can include on-site data such as measurements
and inspection reports, as well as project documentation and records.
Standardization enables different participants with varying systems and
applications to share information and collaborate effectively [95,96].
Although local storage provides fast access to data, it also poses risks
such as data loss, hardware failure, and theft.

4.1.2. Cloud
In the cloud-based mode, data is relegated to remote servers man-

aged by third-party service providers to facilitate access from any-
where, allowing for the storage of vast amounts of data. Despite these
advantages, this model can raise concerns about data security, privacy,
and ownership [44,97].

4.1.3. Web-of-data
The Web-of-data paradigm integrates heterogeneous data from mul-

tiple sources into a unified, interconnected data network. This inte-
gration facilitates advanced analytics, machine learning, and artificial
intelligence applications, enabling the extraction of insights and data-
driven decision making [98]. To ensure interoperability and maintain
data quality within this model, standardization of data formats and
protocols is critical.
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4.2. Processing mode

In the context of construction informatics, data processing involves
the use of technology and analytical methods to transform, manipulate,
and analyze data to extract insights for informed decisions to support
business operations. Data processing plays a critical role in improv-
ing project management, quality control, safety, and sustainability in
construction by providing real-time insights into project performance,
identifying areas of improvement, and predicting potential problems
before they occur. In this dimension, the authors distinguish between
file-based and data-based processing approaches.

4.2.1. File-based
File-based processing refers to the traditional approach of manag-

ing data in individual files, such as spreadsheets or documents, and
manually processing and analyzing the data. This approach is often
ime-consuming and prone to errors, as it requires manual data entry

and lacks the ability to quickly and easily analyze large datasets.

4.2.2. Data-based
Data-based processing involves the use of advanced technologies to

utomate data processing and analysis. This approach involves storing
ata in a structured format, such as a database, and using software
ools to process and analyze the data. Data-based processing can in-
lude techniques that identify patterns and insights that may not be
mmediately apparent through manual analysis.

5. Classification of existing data management approaches

The critical interpretive synthesis also identified six distinct cate-
ories of data management: closed schema, open schema, open source
rameworks, information containers, traditional software, and Web3.
hese categories can be mapped using the two dimensions of data
anagement approaches: the storage and processing modes.

In this section, we describe the first five categories, each represented
y a horizontal bar in Fig. 3. As will be described later in this paper,

Web3 is a cross-cutting category. Web3 will be introduced in a later
section to explain how the groundwork of this categorization also
allows the integrating of Web3 technologies into the same framework
(see Section 7).

5.1. Closed schema

Closed schemas, also known as closed data models, are rigid, pre-
determined, and governed by a fixed set of rules and definitions [99].
They are commonly used in the construction industry to manage data
in specialized software applications designed for project management,
scheduling, cost estimation, or BIM. Closed schemas ensure that data
is organized in a standardized and consistent way. Numerous special-
ized software applications in the construction industry have led to a
fragmented technological environment. Many of these applications use
closed schemas to consistently structure data.

The emergence of cloud-based platforms has further popularized the
use of closed schemas in construction data management. These plat-
forms provide a central location for data storage and collaboration be-
tween multiple stakeholders, increasing the utility and interoperability
of data.

Although closed schemas can offer benefits in terms of data con-
sistency and standardization within a given software application, they
an also present limitations in terms of interoperability and lock-
n [100]. They limit the ability to share data between different software
pplications, as the data may be structured in a way that is specific
o the software application in which it was created. This can result in

data silos that are difficult to integrate and analyze, limiting the overall

ffectiveness of data management. I

5 
In addition, the use of closed schemas can lead to a lock-in effect,
where users become dependent on a particular software application or
endor due to the structured nature of the data. This can limit flexibility
nd hinder innovation, as users may be unwilling to switch to new
oftware applications or vendors due to the costs and risks associated
ith migrating data from one closed schema to another.

5.1.1. Categorization within the proposed framework
Closed schemas are considered data-based because they use struc-

tured data formats that enable efficient data processing and analysis. In
addition, they are categorized as either local or cloud-based, depending
on where they are deployed. When data is stored on individual devices
r corporate servers, it is considered local. On the contrary, when
losed schemas are deployed within cloud-based platforms that provide
entralized data storage, they are classified as cloud-based. In general,
e classified closed schemas such as Revit as data-based and stored

ocally or in the cloud (see Fig. 3, blue category).

5.2. Open schema

5.2.1. IFC
Researchers have addressed the limitations of closed schemas

through efforts to develop more open and interoperable data schemas
and standards, such as the Industry Foundation Classes (IFC) or the BIM
Collaboration Format (BCF) format [101,102]. Using open schemas for
standardized data structure, information can be shared and analyzed
between software and vendors, thus improving collaboration and re-
ducing vendor lock-in. These schemas are applied in both on-premises
applications and cloud platforms. The main limitation of IFC is its
focus on the geometric representation of building elements, which may
hinder its effectiveness for project management and cost estimation
data. Although useful for depicting physical characteristics, IFC may
be less suitable for data related to scheduling or cost.

Another limitation of IFC is its ability to handle data that are
stored in proprietary formats, as different software applications and
endors often use their own proprietary data formats. This makes it
ifficult for IFC to fully capture and integrate knowledge from different
ources [103], limiting its ability to effectively manage data from
ultiple sources and resulting in a significant challenge in a highly

ragmented technology landscape.
Finally, IFC does not currently have a standardized query lan-

guage. This can make it difficult to search and analyze data across
ifferent software applications, limiting its usefulness for certain data
anagement tasks, particularly data analysis and visualization [104].

5.2.2. Linked Building Data (LBD) e.g., BOT
The evolution of data management strategies has led to the explo-

ration of alternative schema configurations, particularly those of an
open nature. This shift in focus was inspired by the concept of a more
intelligent and open internet, a vision proposed by the inventor of
the World Wide Web, Tim Berners-Lee, which he termed the Semantic
Web [57]. The Semantic Web departs from rigid schemas, enabling
flexible data interactions. Its objective is to improve data management
by semantically storing information in a format readable by machines,
thereby permitting programs to process and share content like humans.
The Resource Description Framework (RDF) and the Web Ontology
Language (OWL) have emerged as standard formats [105].

A first investigation considered a generic approach to transforming
FC using RDF [61]. The result was the ifcOWL ontology, which directly

translates the IFC data format. It generates an RDF graph from an IFC-
based dataset, allowing individual elements to be linked to separate
product or material data. In this context, it has been conceptually
illustrated that the application of Web-of-data technologies (e.g., RDF,
OWL) can offer significant benefits for BIM [60].

Carrying along the disadvantages of IFC, the direct translation of
FC into a web ontology language still has complexity that cannot be
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Fig. 3. Overview of our classification of existing data management approaches in construction informatics, grouped into five categories positioned in the two dimensions of
processing and storage.
extended and, therefore, is difficult to standardize [64,66]. Similarly, it
has previously been reported that in the early stages of ontology devel-
opment, both generic and domain-specific ontologies largely ignored
the guidelines of the World Wide Web Consortium (W3C) for ontology
implementation [106]. To address this, the Building Topology Ontology
(BOT) was created with an emphasis on simplicity and usability. This
served as the foundation for today’s Linked Building Data (LBD). LBD
aims to provide a standardized way to represent and exchange infor-
mation about buildings and their components. This information can
include physical characteristics, performance data, and other relevant
details. With LBD, it is possible to create a single, interconnected record
that can be accessed and shared by multiple stakeholders [107].

In addition, this approach initiated a paradigm shift towards the
development of smaller, modular ontologies, each addressing a specific
aspect of the building lifecycle. This results in a flexible and effec-
tive knowledge modeling methodology when these domain-specific
ontologies are integrated with others. Furthermore, this facilitates the
implementation of extensions, as adaptations are also built on the foun-
dational RDF schema. This methodology, characterized by its inher-
ent dynamism and flexibility embedded in data modeling procedures,
represents a promising alternative to centralized models [108].

5.2.3. Categorization within the proposed framework
The open schema approach is referred to as data-based because

its primary focus is on organizing data into a cohesive and inter-
pretable schema. More specifically, open schemas, including IFC and
BCF, provide a structured data model that standardizes the represen-
tation of data, thus facilitating computational processing of the data.
The storage modality can be categorized as local, as these schemas
are often deployed within software applications or systems, with no
inherent dependence on web-based data storage or access. The cloud
dimension of this approach, on the other hand, arises from its use
in document-centric, cloud-based platforms. Therefore, we see open
source approaches like IFC as data-based and stored locally or in
the cloud (see Fig. 3, purple category). Furthermore, the approach
is also consistent with the dimension Web-of-data. In particular, the
implementation of Semantic Web technologies illustrates the appli-
cation of Web-of-data principles to data modeling, emphasizing the
6 
creation of federated data structures. Therefore, we classified open
source approaches such as ifcOWL or LBD as data-based and stored in
the cloud or Web-of-data (see Fig. 3, purple category).

5.3. Open source frameworks

Open source frameworks provide a flexible and customizable ap-
proach to data management, because the basic schema structure is
not limited to proprietary or industry-standard formats. Instead, their
development approach is based on freely available source code, al-
lowing anyone to view, use, modify, and redistribute the code as
they see fit. This is intended to allow data to be exchanged between
different software applications, enabling interoperability and cross-
software working practices [109]. Speckle [110] and the openCDE API
initiative [111] are examples of this.

Speckle, in particular, provides a platform for sharing 3D design and
engineering data in real time, enabling collaboration between multiple
stakeholders [112]. The framework uses a common data schema that
can be easily customized to meet specific project needs. This architec-
ture facilitates the separation of the authoring tool, or data creation,
from data storage. Furthermore, individual data creators can be iden-
tified through hashes generated by encoding specific changes [113].
This characteristic highlights the trend that Speckle is moving towards
a Web-of-Data approach, where data can be stored locally but made
available within a network.

The openCDE API initiative provides a set of APIs that can be used
to integrate data from disparate sources and software applications into
a single centralized data management system [114]. This framework
enables seamless data exchange between different applications, making
it easier to manage and analyze data from multiple sources [115].

Both frameworks are designed to address the challenges associated
with closed schema systems, such as limited interoperability and data
lock-in. In addition, they offer a more flexible and adaptable solu-
tion for managing construction data by providing an open source,
customizable approach to data management. However, despite their
adaptability, open source frameworks are often criticized for their lack
of consistency and support mechanisms. The inherent openness of these
frameworks can make it difficult to maintain a consistent data schema
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across different implementations. Furthermore, reliance on community-
ased support rather than professional support can lead to delays
n problem resolution. In order to address these challenges, Speckle,
or example, offers optional paid support solutions similar to those
rovided by larger projects such as Ubuntu or Red Hat. Additionally,
pen-source frameworks often struggle to gain traction in the industry

due to a perception of being niche, overly complex, and suitable only
for experts [116].

5.3.1. Categorization within the proposed framework
Open source frameworks lend themselves to data-driven classifi-

cation due to their core focus on managing and structuring data.
This is illustrated by examples that leverage cloud-based infrastructure
to improve real-time collaboration and data sharing among multiple
stakeholders. Providing APIs in these frameworks to assimilate data
from disparate sources into a unified system underscores the focus
n interoperability by data centralization. This attribute places this

approach within the cloud-based storage mode of the proposed clas-
sification scheme. In addition, this approach embodies characteristics
consistent with the Web-of-data paradigm. Openness fosters an envi-
ronment conducive to integrating data across disparate applications,
thereby clustering a network of linked data. Overall, we see open source
frameworks such as openCDE API and Speckle as data-based and stored
in the cloud or a Web-of-data system (see Fig. 3, pink category).

5.4. Information containers

Information containers aim to address the problems associated with
ile sharing while using collaboration platforms, including the phe-

nomenon of ‘‘data island’’ and data loss during phase transitions, as
described in Section 2.1. Rather than solving fragmentation, complex
versioning, and data linkage problems through centralized model col-
laboration, the focus shifts to data organization through the use of
nformation containers [117]. The information container paradigm is

not limited to the storage of three-dimensional model files. Instead,
t encompasses a range of documents, schedules, and tables [118].

Consequently, the approach provides a comprehensive and organized
solution for managing different types of data.

The information container improves interoperability by allowing
ifferent building and application models to be packaged and shared

in a single container. Each elementary model is stored and maintained
separately and linked by an identifier through separate link models.
The elementary models remain in their original state and are not
specialized for practical applications, allowing them to be independent

odels for their respective domains. Linking the base models enables
he representation of cross-model relationships and the manipulation
nd querying of the entire information space. Metadata records help
nfer content and provide information about resources without having

to open all the documents involved.
One limitation is container size, which is determined by the num-

er and granularity of application models. Therefore, creating and
aintaining multiple models can be time consuming and resource

ntensive. Additionally, each model must be created and maintained
eparately, which can be significant for large and complex projects.
econd, ensuring the consistency and accuracy of the information in
he different models is a challenge. This requires strong communication
nd coordination between the different disciplines involved in the

project. Finally, semantic querying across different domains is prob-
lematic, because it must be performed using metadata. However, this
is addressed by combining the information container approach with

5.4.4).
emantic technologies (see Section

7 
5.4.1. Multi-model approach (MM)
The multimodel (MM) approach allows the integration of models

from different domains into a multimodel container (MMC) while
preserving the original data formats (standard or proprietary). At the
ame time, it can represent the dependencies between the models [19].

It involves the use of multiple models to represent different aspects
f the system under study. For example, in a building energy simu-
ation, one model can be used to represent the thermal dynamics of

the building envelope, while another model can be used to represent
the HVAC system and its control. This makes it easier to focus on
specific aspects of the system and to incorporate different types of
data. This makes it easier to validate and calibrate the models and
update them as new information becomes available. The first version
emerged from the Mefisto project [119]. Subsequently, it was continued
y buildingSMART as MMC version 2.0 and standardized as BIM LV

Container in the DIN SPEC standard 91350 [120].

5.4.2. BIM-LV
The BIM-LV container (BIM-Leistungsverzeichnisse), in its inher-

ent design, provides a digital framework that encapsulates both the
eometric and financial aspects of a construction project. With this
ntegrated approach, BIM-LV containers provide a consolidated plat-
orm that enables efficient cost management, promotes effective re-
ource planning, and fosters enhanced collaboration among stakehold-
rs throughout the project lifecycle [121].

5.4.3. COINS
The COINS (COINS Open Information Delivery Standard) data ex-

hange standard is designed to facilitate data exchange between dif-
erent stakeholders [122]. It initially addressed the superficial linking

of documents and models [123]. In contrast to the federated MM
pproach, COINS uses a geometric model as a central reference model
rom which relevant building data is extended using Semantic Web
oncepts. Specifically, it uses a common data model and vocabulary
o represent and exchange information about buildings and infrastruc-
ure projects, including physical characteristics, performance data, and
ther relevant details. It aims to support the exchange of a wide range

of data types and to enable the reuse of this data for asset management
and other purposes [124].

The approach of using COINS offers several advantages, the most
important of which is the granularity of the data that can be achieved.

he transition from a document-oriented to an object-oriented in-
ormation space improves data retrieval and analysis capabilities. In
ddition, the use of version control and semantic libraries in this
rocedures provides dynamic semantic enrichment capabilities that can
otentially span multiple lifecycle stages [122]. However, despite these

benefits, the practical application of this approach presents certain
challenges. In particular, users often find it difficult to integrate ad-
ditional data sources into the model, indicating a need for improved
usability [125]. Furthermore, the system is often centralized around a
highly aggregated model, suggesting a need for further development in
the distribution and decentralization of data within the system.

5.4.4. ICDD
The ICDD (Information Container for Linked Document Delivery)

rocedure aims to provide information in a more continuous pro-
ess [19]. As an advancement from COINS, ICDD provides a bridge

or linking methodology between previously structured files in incom-
patible data formats. It facilitates linking and storing non-RDF data
formats such as images, point clouds, and geometry [28]. Instead of
creating a dump folder, a web-based distributed construction project
ecosystem can use ICDD to link semantic construction data to non-RDF,
document-based project information.

ICDD is described in the ISO 21597 standard, which consists of two
parts. Part 1 defines the container structure and the general link con-
cept by specifying a container ontology, the corresponding data types
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and object properties, and a link set ontology with the corresponding
ata types and properties. The second part defines the ICDD folder

structure, where additional link types are defined and extended link
sets are represented.

An ICDD container can be thought of as a package used to ship a
ibrary of linked files to store a particular version or state of a complex
roject. Although it allows references to external resources, the stan-
ard focuses on the description of the files within the container and
ssumes that their maintenance is more frequent when all referenced
iles are contained in the ICDD folder. In this case, this is a more
fficient and accessible method of querying the project data stored in
he container [126].

One limitation, however, is that the use of ICDD as an exchange
nd data structure is only an intermediate step in overcoming the chal-
enges of file-based data exchange and establishing an access system

for granular data [28]. This is somewhat in contrast to a platform
pproach, where information access is already possible at a granular

data level but usually in a proprietary format. There are also differences
in the implementation effort. Compared to alternative approaches,
ICDD requires more effort, mainly due to its early stage of development.
As a result, MMC is already used in commercial software applications,
whereas ICDD is not yet widely used.

5.4.5. Categorization within the proposed framework
The information container approach encapsulates disparate sources

rom file systems, making it inherently file-based. The file remains in
ts original form, supporting different models to function independently
ithin their respective domains. Containers are typically designed for

ocal use, meaning that the user can manage and securely store the
ntire data set within their local system. Therefore, we classified in-
ormation container approaches such as MM and BIM-LV as file-based,
tored locally (see Fig. 3, orange category). However, the approach also

interfaces with cloud technology, as containers can be shared through
cloud platforms. In addition, the information container approach, espe-
cially when incorporating standards such as COINS and ICDD, exhibits
characteristics of the Web-of-data modality. This is evidenced by the
linking of different types of files, which improves interoperability and
exchange. While these connections do not fully align with Semantic
Web principles, within a networked system, information containers
can improve data accessibility and integration by emulating some
aspects of the Web-of-data classification. Overall, we see open source
approaches like COINS and ICDD as file-based and stored in the cloud
or Web-of-data (see Fig. 3, orange category).

5.5. Traditional software

In the context of construction data management, file-based comput-
ing is a common approach that uses traditional software such as PDF or
Excel to store, analyze and share information [127]. For example, PDF
documents are often used to store project drawings, specifications, and
other documents in a read-only format that preserves the integrity of
the original document. However, PDF files are not easily manipulated
or integrated with other data sources, limiting their usefulness for data
management.

Excel spreadsheets are often used to track project schedules, bud-
gets, and other project information because they provide powerful
analysis tools. However, manual data entry into spreadsheets can lead
o errors, and large and complex spreadsheets can be difficult to man-
ge. However, using these local databases to share files with traditional
oftware is a well-established and widely used approach to managing
onstruction data.

Despite its widespread use, the file-based approach to data process-
ng has limitations. For example, data can be spread across multiple
iles, making it difficult to manage and integrate with other sources.

It also lacks version control, which can lead to errors and inconsisten-
cies. As a result, alternative approaches such as database management
systems and cloud-based platforms have emerged to address these
limitations and improve the efficiency and effectiveness of construction

data management.

8 
5.5.1. Categorization within the proposed framework
The current approach is classified as file-based because it relies

on individual files to store, edit, and share data. These files exist as
independent entities and are manually edited for each operation, such
as data entry, analysis, or transfer. Furthermore, depending on where
the data is stored and how accessible it is, the approach can be classified
as local and cloud. In a local environment, these files are stored on
ocal or mobile devices, allowing quick access to the data, but with
imitations such as the risk of data loss due to hardware failure and

limited storage capacity. In the cloud, these files are stored on remote
servers managed by third parties, improving access to data from any
location. However, it also presents a number of challenges, such as
potential security risks and data privacy and ownership issues. Overall,
we see traditional software such as PDF’s and Excel as file-based and
stored locally or in the cloud (see Fig. 3, yellow category).

6. The connection between data management concepts

The structured categorization used in this study allows the mapping
f the specific technological frameworks to more general data manage-
ent concepts. As highlighted in Section 2.2, accurately characterizing

data management concepts is a significant challenge due to their mul-
tifaceted nature, continuous evolution, and varying implementation
and adaptation in the industry. This complexity is further compounded
by inconsistencies in concept usage across projects and organizations,
making it even more difficult to establish definitive correlations [128].
Therefore, a primary objective of this study was to foster a more
etailed understanding of these complex interrelationships, taking into
ccount their dynamic and varied implementations of construction
ata management. The framework proposed in this paper can help to

develop a more comprehensive understanding by highlighting the in-
erconnectedness or differences of different concepts and technologies.

e present two exemplary scenarios that demonstrate the applicability
of our proposed framework.

6.1. Example 1: Multiple technological approaches for an identical concept

The concept of Building Information Modeling (BIM) can be con-
sidered as a representative case how a data management concept can
transcend the boundaries of a single technology. Rather, it manifests
itself as a synthesis of various technological strategies, embodying the
ntersection of multiple approaches. For example, a potential strategy

to implement BIM involves a local storage paradigm that uses a com-
bination of closed and open schema data. This model synchronizes
across different internal servers by using information containers, as
shown in Intersection A in our conceptual framework (see Fig. 4).

nother feasible strategy could be to adopt a cloud-based approach (see
ntersection B in Fig. 4). This approach could be based on a closed

schema, an open schema, or even an open source framework, thus
branching into three different technological possibilities.

Despite the different technological components of these two al-
ernatives, both can be classified within the BIM data management
oncept. This illustrates the adaptable, but at the same time confusing
ature of the BIM concept, which embraces different technological
ethodologies.

6.2. Example 2: Similar technological approaches for different concepts

The concept of CDEs can be technically implemented through cloud-
ased infrastructures using information containers, open source frame-
orks, or both closed and open schema strategies (see Intersection C in

Fig. 4).
Comparing this technical implementation of a CDE with the previ-

usly discussed implementation of a cloud-based BIM (see intersection
B in Fig. 4), the framework shows how different concepts refer to
almost identical approaches in technological terms. This observation
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Fig. 4. The framework can help categorize data management concepts as a combination of the identified categories to improve the understanding of data management approaches
in construction informatics, e.g for different implementations of the BIM concept (A/B), or similar implementation of two concepts, such as BIM (B) and CDE (C).
vividly illustrates the potential overlap of data management concepts
and further explains the complexities and ambiguities that make its
understanding difficult. Without specific reference to the underlying
technology, perplexing questions arise, such as whether a BIM imple-
mentation uses a CDE or whether the CDE represents a new approach
to BIM. The use of the framework clarifies that from a data processing
and storage perspective, they perform identical functionality.

7. Integrating Web3 technologies into the classification

Web3 systems can have a transformative influence on the facets of
data storage, data access and ownership mechanism, and data manage-
ment. In particular, decentralized networks within such systems em-
body the potential to displace traditional, more centralized paradigms.
In the current scientific discourse, Web3 technologies are often sep-
arated from conventional data management strategies and lack an
integrative perspective (see Section 2.2.4), despite their intrinsic na-
ture as data management systems [129]. Consequently, discussing the
concepts of Web3 in the proposed framework can help to evaluate these
technologies in relation to existing data management approaches. For
a structured approach, we use the Web3 technology stack of the Web3
Foundation [69] as a base for the classification pictured in Fig. 5.

For the scope of this paper, while the various layers of the ar-
chitecture are important when examined in depth, we figured that
focusing primarily on Layer 1 (L1) technologies (see Figure Fig. 5)
serves the purpose of a high-level comparison with the other existing
data management approaches examined.

In essence, these L1 technologies function in a manner that pro-
mote broad access and interconnectivity of data across various nodes
within the network, in addition to providing mechanisms for data
processing. Specifically, in the context of blockchain, each block in the
chain encapsulates a unique set of data points, mostly transactions,
that are individually accessible and verifiable across the network of
nodes. Similarly, some decentralized data protocols (DDPs), especially
decentralized storage networks (DSNs), handle structured data points,
such as key value pairs that can be accessed, updated, and manipulated
individually. Therefore, all technology components included in the
Web3 technology stack as shown in Fig. 5 align within the Web-of-data
category.

The categorization of the processing modes for DDPs then again
depends on the specific technologies used. We can distinguish between
distributed file systems (DFS), such as the InterPlanetary File System
9 
Fig. 5. Web3 Technology Stack, adopted from the Web3 Foundation [69]. In this paper,
we focus primarily on the fundamental Layer 1 (L1) Web3 technologies of zero/low
trust interaction protocols (also known as blockchain) and data distribution protocols,
which are highlighted in blue.

(IPFS) [130], and decentralized storage networks (DSNs), such as Ce-
ramic [131] (see Fig. 6). The former is classified as file-based at the
storage level because it focuses on storing, retrieving, and distributing
entire files rather than individual data points. In contrast, DSNs provide
a mechanism for storing and synchronizing structured data within a
network, and are therefore data-based. Overall, DDP can be classified as
Web-of-data with both DFS as file-based technologies and DSN as data-
based technology (see Fig. 6, DSN and DFS summarized as DDPs). Since
blockchain usually stores synchronized structured transactional data
across the network, we categorize blockchain technology exclusively
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Fig. 6. Integrating the two Web3 technologies blockchain and decentralized data protocols (DDP) into the established framework of current data management approaches in
construction informatics. The isolated use of blockchain and DDP (A/C) and the interactions with existing data management approaches (B/D) is discussed in the text.
data-based as processing level in the Web-of-data storage level (see
Fig. 6, Blockchain).

Given these classifications at the storage and processing levels, we
can discuss the interactions of Web3 technologies with data manage-
ment approaches already investigated in construction, such as open
schema, OS frameworks, and information containers (see Fig. 6). In the
following, we highlight the focus of existing studies on blockchain and
DDPs in a construction informatics context.

7.1. Studies about blockchain with other data management approaches

Looking at the evolution of blockchain technology research, we see
that the initial studies took a largely isolated approach (see Fig. 6, Point
A). Before exploring the interactions with existing data management
methods, studies focused on the inherent properties of this technology,
such as transparency, immutability, and new ownership mechanism,
with the aim of building a robust and trusted system [132–134].

A case illustrating the standalone use of blockchain, untethered
from conventional data management (see Fig. 6, Point A), includes a
study of a blockchain framework for quality-related information [135]
and a method for transparent payments [83].

The overlap considerations with existing methodologies, such as
open schema [136], were only made after understanding how this
technology could complement and contribute to data management.
As an example of this, one of the major critiques of linked data,
namely the true decentralization through ownership mechanisms, can
be addressed. Blockchain technology may facilitate the implementation
of such enhancements as well as versioning challenges, which does not
depend on a central platform [84]. Interaction B in Fig. 6 summarizes
studies such as the integration of blockchain with BIM (open and
closed schema) in the context of smart cities [137], or addressing issues
related to information redundancy that could potentially arise from
such an integration [138].

7.2. Studies of DDP with other data management approaches

The second technology of interest, DDPs, has received compara-
tively less research attention than blockchain. If research investigates
10 
the use of DDPs, it is done primarily in combination with blockchain
technology [86] (see Interaction C in Fig. 6). More specifically, initial
research has explored how these novel data storage methods could
be beneficial in addressing challenges such as privacy, fine-grained
access control, and the single point of failure inherent in current storage
systems [81,139]. In fact, recent studies are increasingly considering
the integration of a DDP with blockchain technology. These studies
propose, for example, the use of IPFS for a CDE in collaborative
design [54,140].

In this context, blockchain should not be seen primarily as a storage
utility. Rather, its role is to facilitate governance and access mech-
anisms within these systems. This can be achieved, for example, by
using wallets with specific private keys for individual participants or
by integrating decentralized identities.

Furthermore, some initial contributions have been made in the
context of existing data management approaches such as open schema
together with both DDPs and blockchain [140,141] as pictured in
interaction D (see Fig. 6). However, here we find that the focus is
mainly on the use of DFS such as IPFS, while other DSNs have hardly
been explored [129], therefore, also represented by a smaller circle in
interaction D.

Additional interactions involving DDPs, the OS framework, and
the information container are not delineated in Fig. 6. This omission
is due to the fact that to the best of our knowledge, there are no
comprehensive studies investigating these specific combinations.

Using the established framework, we show that the early work
has the potential to provide improved solutions to the prevailing data
management challenges by combining them with blockchain and DDP
as an integrated Web3 approach [80], although they are often per-
ceived as disconnected from traditional construction data management
methodologies.

8. Discussion

8.1. Recent trends observable in data management

Overall, a trend in two directions is noticeable: data-based pro-
cessing levels and a Web-of-data storage level. Within our framework,
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this means that we are progressing towards the upper right quadrant.
This becomes even more evident when further evaluating the literature
reviewed for this paper, narrowed down to contributions since 2019.
The filtered set of 99 contributions was initially plotted on the basis
f their publication dates, citation counts, and interrelationships. The
esulting visualization is presented in Fig. 7(a). By isolating the 20 most
ited and interrelated contributions and thematically clustering them
nto our established framework (see Fig. 7(b)), the emerging pattern
ndeed suggests a direction of research efforts towards the upper right

quadrant.
Furthermore, we observe that these efforts rarely deal with isolated

categories. Instead, they exist within overlapped domains. This finding
strengthens our analysis that the advancement of Web3 technology
aligns with new paradigm perspectives and shows the current research
trajectory in the field. Furthermore, our identified overlap with the
Web3 construct supports the usefulness of our framework in clarifying
he current state. This will serve as a foundation for a further discussion
s we dive into the details of these aspects.

8.2. Data management trends in the context of the three challenges

Research has made significant progress in addressing the two chal-
lenges described in Section 2.1. In summary, an information-rich and
nteroperable AEC information environment requires three key ele-
ents. The environment must give controlled access to all project

nformation for any trade, facilitate scalable extraction from unstruc-
ured sources with related information linkage, and enable data-driven
nsights. However, despite the progress made, there are still obsta-
les that require additional investigation and resolutions. As shown
n Section 8.1, the framework helps identify emerging trends in data

management practices to address these ongoing challenges.

8.2.1. From file-based to data-based
Data aggregation and maintenance can be challenging when using

ile-based approaches, leading to coordination and versioning issues
when dealing with multiple trade-specific files. To address these issues,
a data-centric approach can be adopted using open-schema standards
that adhere to Semantic Web principles. For example, replacing IFC

ith ifcOWL demonstrates the potential of such an approach.

8.2.2. From local and cloud towards Web-of-data
As shown in Fig. 4 and discussed in Section 8.1, our framework

ndicates a trend in the use of Web-of-data methodologies. However,
most current research focuses on cloud storage as an improvement
from local storage, with only a limited amount exploring Web-of-data
storage mechanisms [142]. It is essential to highlight recent notable
esearch advances in this area, including the implementation of the
olid Ecosystem [143] and the federated data infrastructure [144,145].

However, our analysis also shows that many current solutions main-
ain centralized components [146], including data storage and the use

of access protocols based on cloud-based infrastructures [147,148].
Consequently, these solutions face obstacles in managing dynamic data
ownership, intricate access architectures, and sophisticated decentral-
ized sharing mechanisms. Centralized data repositories, if standardized,
can inadvertently result in the relinquishment of data sovereignty and
stablish vendor lock-in [149].

To our knowledge, only the LBDServer mentioned and its ecosystem
nvisioned propose a solution in this regard [150]. It employs linked

data to facilitate interoperability and tackles the issue of data silos
despite having federated storage. This is achieved by describing the
database of a construction project as a network of resources, both
accessible to the public and contingent on authorization [151,152]. The
OLID ecosystem can serve as an authentication mechanism to address
he shortcomings of centralized platforms [153]. For example, a WebID

method could eliminate the need for an external identity provider to
operate as a go-between [154]. As a result, all stakeholders can arrange
 p

11 
the data they generate on their individual servers, while the ecosystem
makes it possible to connect to external data.

Within our analytical framework, we expand on this illustration
to examine the possible advantages of decentralized methodologies
hat utilize Web3 technologies to improve data owners’ autonomy and
nsure data accessibility. Additionally, the framework illuminates the
ifferentiation between linked data and Web3 technologies. The former
ertains to approaches in data processing, while Web3 technologies
rioritize decentralization, authentication, and data transactions in a
rusted and permissionless setting.

8.2.3. The potential of Web3
Our analysis indicates that Web3 could be a disruptive solution

to the inherent systemic data management constraints. The general
ovement towards decentralized data management approaches also

upports the notion that Web3 technologies can be integrated with
onventional construction data management practices. The framework
dentifies opportunities to connect conventional methods and the de-
entralization capabilities provided by Web3. It accentuates the ne-
essity for additional exploration to objectively investigate the poten-
ial of such collaborations in various construction-related scenarios.
lthough incorporating Web3 concepts for improving individual use
ases and streamlining processes could prove advantageous, it does not
uffice to address systemic limitations. This paper does not compre-
ensively demonstrate this issue, its purpose is to encourage further
onsideration.

Web3 has the potential to manage an extended data lifecycle in
situations where trusted data and data provenance are necessary. One
possible approach is to use provenance mechanisms such as blockchain
timestamping to ensure this. Despite the fact that the resulting crypto-
raphic hash is data-based, the framework effectively demonstrates its
ndependence from the source files’ data management dimensions (file
r data-based, as well as storage). This also holds true for blockchain-
ased logic through smart contracts. In decentralized Web-of-data ap-
roaches, participants should be incentivized to share data via a non-
entralized mechanism, avoiding monopolies. Blockchain-based incen-
ive systems have the potential to promote stakeholder participation in
 shared data environment in the long run [155].

8.3. Next research steps

As noted in Section 8.1, we observe a trend in our framework
towards the data-based processing mode and the Web-of-data storage
mode, which is also relevant for future research by identifying potential
paths for future exploration and development. For example, a possible
next research step could be to merge approaches, such as Speckle or if-
OWL, with emerging technical data infrastructures, such as blockchain
nd decentralized data protocols. In addition, more research is needed
n the following areas.

8.3.1. Framework validation and extension
First, we need to examine the framework in more detail. We in-

troduced various data management technologies and their potential
nterrelationships. However, we did not comprehensively evaluate their
enefits or drawbacks while contextualizing the technologies with each
ther. There is the possibility that not all connections are practically
iable, which future research could demonstrate. For example, merging
inked data with Web3 technologies could yield certain advantages.

hile previous Web3 research has focused on blockchain technology,
nother critical aspect of Web3, decentralized data distribution proto-
ols, has yet to be substantially explored. Their integration with current
achine readability and inference technologies could be advantageous.

urther research is necessary to explore the integration of various tech-
ologies and verify their effectiveness in improving data management
rocesses within the construction sector.
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Fig. 7. Analysis of recent research trends in data processing and storage. (a) maps 99 post-2019 contributions by date and impact, while (b) clusters the top 20 within our
framework, hinting at a research trajectory towards integrating emerging technologies.
8.3.2. Implications of decentralized approaches to construction informatics
The growing use of technological approaches has far-reaching im-

plications that require thorough analysis. For example, there is a need
to better understand the advantages and limitations of decentralization
as it pertains to the technological landscape in the construction sector.
The implications of the novel ownership and control of individual data
sets and the potential for new service-based business models remain
unclear [145]. Furthermore, decentralization raises complex questions
about incentives to share in the context of distributed storage. A
paradigm shift may occur where intrinsic motivation through incentive
systems drives data sharing and collaboration. To achieve this goal, it is
12 
essential to grasp the ways of creating data systems that combine estab-
lished methods with modern Web3 technologies while acknowledging
their potential consequences on the wider ecosystem.

8.3.3. Addressing technical challenges
Third, it is important to acknowledge the complexity of combin-

ing different technologies. This is particularly challenging given the
constantly evolving landscape of new standards and implementations.
For example, selecting a suitable DLT and associated data protocols
can be difficult given the many options available [75]. Therefore, it
is crucial to evaluate the strengths and weaknesses of these technolo-
gies before they are implemented. Additionally, existing technologies
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such as linked data continuously improve and must be considered
when building prototypes. To address these challenges, future research
should focus on implementations of specific use cases to demonstrate
and test prototypes in a construction context.

9. Conclusion

This paper introduces a pioneering framework for data management
in construction informatics, integrating emerging Web3 technologies.
To our knowledge, there is currently no comprehensive framework for
data management practices in construction informatics. The proposed
framework can organize data management procedures and minimizes
uncertainty surrounding their understanding, including the incorpora-
tion of Web3 technologies. Furthermore, the framework enables the
recognition of current research trends that lean towards data-based and
Web-of-data approaches in alignment with the principles of Web3.

Our research is significant because it shows that Web3 has the
potential to transform data management practices, bringing improved
data authenticity, new access, and ownership models. The deploy-
ment of Web3 technologies alongside, for example, Building Informa-
tion Modeling (BIM), creates opportunities for more sophisticated and
distributed data management systems in the construction sector. In
addition, our study indicates that Web3 is compatible with existing
data structures in the construction industry. It is thus feasible to re-
place individual system components with decentralized technologies
in order to integrate, for instance, novel ownership mechanisms. This
could potentially result in enhanced data availability and more active
stakeholder involvement.

It also contributes to the academic discourse on data management
by proposing a novel integration of Web3 technologies with established
construction informatics frameworks. The conceptualization of data
flows and data governance within Web3 paradigms is extending the
boundaries of traditional data management theories.

However, our study is not without limitations. The rapidly evolving
landscape of Web3 technologies and the complexities of integrating
them with existing data management strategies present challenges
beyond the scope of this paper. To advance this field of research, future
contributions should focus on the empirical validation of the framework
through small-scale practical implementations and projects. In addition,
further research is needed to validate the framework and the proposed
developments. Another similar study could be helpful at a later stage.

Our research has practical implications that are relevant to the
construction industry, providing tangible benefits beyond academic
discourse. The implementation of Web3 technologies has the poten-
tial to greatly improve data transparency and collaboration, result-
ing in more efficient and effective project management. It is recom-
mended that practitioners integrate Web3 technologies in a gradual
manner, proceeding from the implementation of pilot projects designed
to effectively measure impact and scalability.
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Fig. A.8. Detailed overview of the iterative and recursive process of critical interpretive
synthesis (CIS) used in this study.
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Appendix

As described in the corresponding Section 3, our methodology is
based on the critical interpretative synthesis (CIS) process. In the follow-
ing, we outline the specific steps of the process that are in line with the
diagram in Fig. A.8.

1 — Research question definition: As a first step, we laid the
groundwork for exploring the target area by defining two broad re-
search questions. As mentioned above, these questions were prelimi-
nary and underwent several revisions during the development of this
paper. However, they proved useful for an initial literature review.
After several iterations, we concluded with the research question found
in Section 2.3.

2 — Literature search and theoretical sampling: In response to
the research question, we performed a literature search to identify
relevant studies. However, the selection of studies to be included
was not necessarily predetermined. Instead, a process of theoretical
sampling was used. This means that the criteria for selecting the studies
to be included in the review evolved as the authors’ understanding
developed.

As a starting point, academic search engines such as Scopus and
arXiv were used to identify articles and research papers that met
the initial requirements. Here, the scope encompassed a wide range
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of sources relevant to data management practices in construction in-
formatics. We also searched the archives of standards bodies such
as BuildingSmart to identify relevant national and international stan-
dards. In addition, we conducted a Google search to capture industry
viewpoints and non-academic articles that offer practical insights and
ndustry viewpoints.

The rationale behind this diverse selection was to gather a wide ar-
ay of perspectives and approaches to data management. By combining
cademic research with industry standards and practical experience,
ur aim was to develop a well-rounded and nuanced understanding that

accurately reflects the current state and emerging trends in construction
informatics.

3 — Evaluation of quality and determination of relevance: As
oted above, the quality of a study in the context of a CIS was not as-
essed on the basis of specific methodological features or results derived
rom sources, as is typical in traditional systematic reviews. Instead,
he assessment was based on their relevance and likely contribution to
he theoretical development of the framework. We therefore included
s many different perspectives as possible in order to develop and
valuate a comprehensive understanding of the approaches and their

interrelationships.
4 — Coding and categorization: We developed then initial codes

ased on recurring ideas or themes in the literature. Similar to Point
, this step was iterative and interpretive, meaning that the codes were
evised as more literature was reviewed and the authors’ understanding

deepened. We focused primarily on overarching approaches and tech-
nical methodologies, rather than specific technical details, processes, or
use cases.

5 — Identifying synthetic constructs: In Step 5, we aimed for
a new synthetic understanding or theory based on constructs repre-
senting overarching interpretations or concepts that emerged from the
iterative process of reviewing and coding the literature. Specifically,
we identified thematic categories, such as differences in data storage
(Section 4.1) and processing level (Section 4.2), which we subsequently
referred to as dimensions. Furthermore, we identified different techni-
al approaches (Section 5), which subsequently helped to formulate an
nitial framework integrating emerging technologies and concepts.

6 — Synthesizing lines of argument: In the final iterative step, we
develop an overarching narrative that synthesized the constructs into
a coherent framework identifying differences and connections between
the thematic clusters as presented in (Section 5). Although the narrative
is grounded in the reviewed literature, it proposes a new interpretation
for the comprehensive understanding of data management approaches
n the construction industry.

7 — Continuous critical examination of the literature: As dis-
cussed above, a distinctive feature of the CIS is its critical engagement
with existing research traditions, theoretical assumptions, and contexts.
Its consistent use within the steps allows the authors to improve their
understanding and contextualization of the research findings.

8 — Continuous reflection and refinement: As an important fea-
ure of the iterative nature of the CIS, we applied a continuous process
f reflection and refinement to the research question, sampling, cate-
ories and synthesis through several iterations. This ensured that the

emerging framework was coherent, comprehensive, and informative.
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