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Abstract—The introduction of building information manage-
ment (BIM) to enable the management and delivery of megapro-
jects has illuminated the importance of system integration (SI)
to coordinate and bring together complex interdependent tech-
nical and organizational systems. SI can inform and address the
emerging interdependencies with BIM processes and technologies
in megaprojects. Thus, in this article, we extend the theorizing of SI
and BIM for the management of megaprojects in the infrastructure
sector. This process involves 1) conceptualizing the complemen-
tarity and compatibility of SI and BIM in the management of
megaprojects, and 2) offering an integrative framework and model
of SI and BIM. Finally, we discuss and highlight this twofold
contribution and offer insights into future research.

Index Terms—Building information management (BIM),
complexity, infrastructure, management of megaprojects, system
integration (SI).

I. INTRODUCTION

DURING the last decade, there has been a marked increase
in the scale and pace of change in infrastructure megapro-

jects [1]. While previously megaprojects were discrete and con-
strained, they have become open, complex, and highly uncertain
[2], [3], [4]. Megaprojects are temporary models for the delivery
of physical infrastructure used to create value for the society
and economy but they themselves require large investments [1].
Megaprojects are typically associated with high complexity and
uncertainty inherent in the numerous independent networks that
lack visibility [1]. Management of infrastructure megaprojects
requires new governance models based on systems engineering
and integration principles [5] across the entire lifecycle of the
system [6]. Thus, in recent years, management of complex
megaprojects with system integration (SI) [3], [7] and separately
with building information management (BIM) [8], [9] has gained
importance to tackle the issues of complexity and uncertainty
[3], [10].

SI and BIM are dominated by theoretical conceptualizations
that are not only complementary but also overlap. SI offers
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logical and behavioral instantiations of information manage-
ment underpinned with a strong theoretical basis of systems
thinking and approaches [7], while BIM offers cyber-physical
management of information with the use of digital technologies
and processes that require development of theoretical underpin-
nings with systems approaches [8]. Despite their complementar-
ity and compatibility, these different perspectives evolved and
were implemented separately in literature and practice. As a
result, this theoretical article aims to study SI and BIM together
and proposes an integrative framework and the corresponding
model. It is further argued that SI and BIM are complementary
and compatible and reinforce each other if implemented in an
integrated way.

There is an emerging discourse on the use of SI and BIM in
megaprojects [10], [11], [12], [13], [14] that has not resulted
yet in a strong theoretical basis for future research. This work
offers two contributions. The first contribution is the conceptu-
alization of SI and BIM complementarity and compatibility for
the management of megaprojects. The second contribution is
the combination of BIM and SI into one theoretical integrative
framework. Taking on board previous literature and our practical
experiences, this framework presents a first effort in theorizing
about SI’s and BIM’s compatibility and complementarity. The
framework makes explicit the areas of complementarity and
offers the theoretical and practical basis for future research. It
strengthens the existing theories on BIM that were predomi-
nantly, and yet indirectly, seeking a systems approach, inherent
in SI methodology. We expect that this framework could consti-
tute an important contribution to the literature on SI and BIM that
will allow scholars to explore and build upon it as a foundation
for future research.

II. SI AND BIM CONCEPTUALIZATIONS

SI and BIM evolved as two separate streams in the literature:
SI to deal with and manage emergent complexities and ambigui-
ties in megaprojects in the infrastructure sector [3], [7], [15] and
BIM as an important agenda to transform the design, construc-
tion, and operation industry with the use of digital information
modeling processes and technologies [8], [9]. Both streams offer
valuable methodologies for the management of megaprojects. It
is important to note that BIM was used predominantly in the
building industry, while SI was adopted widely in the complex
infrastructure sector.
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A. SI Conceptualizations

The notion of SI arose in the mid-20th century through work
on systems engineering. Systems engineering emerged from
the need to deliver complex projects in the USA military and
aerospace industries [16].

Over the last two decades or so, due to the growing number
of infrastructure megaprojects across the globe, considerable
attention has been devoted to SI as a means for managing
megaprojects [3], [17]. Infrastructure megaprojects deliver com-
plex product systems [9], [13], which are considered “complex
adaptive systems” [18], and often exhibit unpredictable emer-
gent system behaviors [18]. Infrastructure megaprojects are of
significant scale, with long durations, and require integration
across organizational boundaries [20]. Thus, they are challenged
with the integration and management of highly complex and nu-
merous interdependencies [21]. Lack of integration in megapro-
jects produces inadequate information that can lead to higher
risks associated with the unpredictability of system behavior
[22].

In recent years, a new stream of research on SI for the manage-
ment of megaprojects in the infrastructure sector has emerged
[3], [22]. Whyte and Davies [3] suggest SI as the process of
making constituent parts of systems work together, which aligns
with the systems engineering definition provided by the SEBoK
[7].

SI can guide the system development following bottom-up
and top-down approaches. The bottom-up approach is guided by
systems engineering, it coordinates and manages requirements
at a subsystem level across the specialist teams, rather than at a
system level (i.e., system decomposition). For example, systems,
and their functions, behaviors, and structure can be considered
bottom-up if some components of the system of interest were
inherited and their function cannot be changed regardless of
the wider system development. A bottom-up approach to SI
typically combines performance models and the use of specific
tools such as the design structure matrix [23]. On the one hand,
a top-down approach imposes compliance with standards at the
interfaces between the product and work breakdown structures.
On the other hand, model-based systems engineering (MBSE)
[24], [25] for instance, provides an approach for top-down
consideration of systems [22]. MBSE is the formalized ap-
plication of modeling to support system requirements, design
[24], analysis, verification, and validation activities beginning
in the conceptual design phase and continuing throughout de-
velopment and later lifecycle phases [27]. Building informa-
tion modeling processes are aligned with MBSE in terms of
ontologies and modeling processes [28]. Both processes start by
defining ontologies (essentially a representation of the system
components at a macro-level) thereby creating a common un-
derstanding of definitions and how the system will be designed
and built to support requirements, design, analysis, verification,
and validation activities throughout the lifecycle of the system of
interest.

As deliverables of infrastructure megaprojects are becoming
increasingly cyber-physical and incorporate virtual and physical
models of the system, digital information is becoming a project

deliverable in itself; a valuable digital asset, changing the supply
chain interactions and relationships with owners, operators, and
end users [10].

There is an opportunity to advance the understanding of how
SI is enacted through the use of new digital forms of megaproject
organizing [3]. The SI literature has called for an advanced
understanding of how new emerging processes with digital tools
and techniques can aid SI in terms of visualization, integration,
analysis, verification, and validation of highly interdependent
entities for the management of the infrastructure megaprojects
throughout the lifecycle of the system of interest [3], [10], [22].

B. BIM Conceptualizations

Since the seminal work of Eastman [29], building information
models were proposed to the design and construction industry
as a totally new way of information management. These mod-
els were distinguished from the traditional two-dimensional-
based computer-aided design (CAD) processes in terms of the
functional and geospatial arrangement of digitally and three-
dimensionally designed components with the use of digital tech-
nologies and collaborative processes [8]. BIM implementation
aims to tackle the persistent issues of waste, slow deliveries, high
costs, and lack of safety in construction practices associated
with the high levels of fragmentation of the industry and the
fragmented ways of project delivery with the lowest bid as a
procurement rule [30], [31].

In the building sector, BIM (taken comprehensively) is con-
sidered a novel technology, despite its use in design for several
years. It comprises concepts and methods as well as a set of tech-
nologies and processes constituting a methodology. Ultimately,
BIM offers a totally new way of information management
throughout the lifecycle of a building project and the subsequent
system.

There are variations in definitions and terms across individu-
als, organizations, and countries. BIM as an abbreviation is often
used to refer to three related concepts. BIM has been referred
to as building information modeling [8], building information
model [32], and BIM [33]. All three terms are used interchange-
ably as they are interrelated and complementary.

BIM, essentially, incorporates organizational and technical
aspects of information management used to enable interorga-
nizational value creation with digital models and is a socio-
technical construct. Despite the existing emphasis on the techni-
cal aspects of BIM, the social and organizational aspects of BIM
processes have proved to be critical but remained a challenge for
integration [9], [33], [34].

Interorganizational collaboration with BIM provides value to
clients and their businesses but also proves to be challenging
from a realization and wide implementation point of view.
Specifically, these challenges are related to established project
processes, inferior integration across teams and systems, as
well conservative attitudes and mindsets [32], competency man-
agement [35], education [36], leadership and management of
megaprojects associated challenges, such as contracts, gover-
nance, workflows, and colocation.
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Although digital technologies are changing project delivery
from paper-based documentation towards digital information
[9], there has been limited evidence of “true” information in-
tegration across projects, organizational boundaries, systems,
and throughout the lifecycle of built assets [35]. Empirical
evidence has further justified the need for systems engineering
management to enable integration with BIM [10], [11] and to
address the inherent issues of fragmentation of megaprojects and
industry [36].

III. SI AND BIM COMPLEMENTARITY AND COMPATIBILITY

FRAMEWORK

A. Motivation

The introduction of digital tools and processes for the manage-
ment of megaprojects, specifically the digitalization of formerly
manual processes, records, and products, has led to a profound
shift in the way megaproject actors handle data and manage
information throughout the lifecycle of a system of interest [39].
In response to this change, we have seen an increase in the use of
SI for the management of requirements throughout the system
of interest lifecycle (e.g., infrastructure, IT, telecoms) and BIM
processes for the management of information (e.g., buildings,
infrastructure, utilities). Although SI and BIM are both used to
manage information throughout the product lifecycle, they have
been implemented separately and are two separate streams of
literature with little cross-fertilization and discussion of their
compatibility and complementarity.

However, SI and BIM are theoretically and practically com-
plementary and compatible for implementation in megaprojects
because the built assets (represented digitally with the use of
building information models) include a vast array of systems and
subsystems (represented in system architectures). In megapro-
jects, the two processes run in parallel with each other, yet
there is no evidence in literature and practice that SI and BIM
have been implemented in tandem. Currently, we do not find
sufficient evidence of their formalized alignment in literature
or practice. This situation demands nuanced attention because
SI’s focus on integrating information throughout the lifecy-
cle of a system of interest has many theoretical and practical
overlaps with BIM in terms of information management. SI
and BIM are complementary and compatible as the underly-
ing foundation of information architecture. We identified three
overlaps.

1) The domain of SI, specifically systems architectures,
which are the logical and functional architectures, drive
the allocation of physical subsystems and geospatial ar-
rangements in the domain of BIM.

2) SI and BIM are both driven by requirements defined at
system-of-systems, systems, and subsystems levels with
different degrees of information granularity in SI, while
BIM embodies the development of a system architecture
and disciplinary models by delivering subsystems and
components (architectural, engineering, MEP, etc.).

3) SI and BIM provide integration of complex systems from
the lowest subsystem and components to the highest ide-
alized output of the system.

We identified a need for a theoretical framework that combines
SI and BIM to provide insights into interactions in the manage-
ment of megaprojects. It should provide the basis for scholars to
research the changing relationships, roles, and processes in the
management of megaprojects with evolving digitalization in the
context of the infrastructure sector. In Section III-B, we present
the micro-foundations of the proposed integrative framework of
SI and BIM.

B. Microfoundations of the Framework

In the previous sections, we established that SI and BIM have
evolved in isolation, while both are complementary and share
parallels in conceptualizations, methodologies, and practices.
To develop a framework, we present microfoundations based on
our analysis of the existing literature and practical experiences
in megaprojects. Table I presents a set of micro-foundations that
make up the SI and BIM methodologies for the management of
megaprojects.

Our analysis of microfoundations, presented in Table I, illus-
trates compatibilities in terms of overlaps and parallels between
SI and BIM.

Level of analysis: SI focuses on definitions and developments
of the system of interest while BIM focuses on the definition
and development of the subsystems and its constituent com-
ponents with digital processes and technologies. SI and BIM,
both address adjacent levels of granularity of the system design.
Architectural forms are defined as system architecture rather
than a discipline of an architectural design.

Strategic objective(s): SI and BIM have complementary
strategic objectives defined at their respective levels of analysis
of the system and subsystem levels. While SI informs a system-
level integration into a system-of-systems, BIM as a process is
applied to the development of subsystems and its components in
a form of the disciplinary information models that are developed
by the disciplinary roles. The strategic objectives of SI guide
the strategic objectives of BIM processes for a system-level
integration.

Actors: The actors and their roles are well-defined in literature
and practice. Considering that the roles in megaprojects have
evolved in the recent years, the roles of actors and their tasks
reflect the continuum that requires a certain level of adaptation
and specialization. The actors and their roles are complementary
in megaprojects. System integrators manage SI processes and
BIM managers manage BIM processes.

Activities: Management activities refer to the nature of the
tasks carried out in each discipline. Ultimately, they contribute
to the management of the megaproject. SI and BIM are imple-
mented side by side at different levels of detail and abstraction,
while they manage information at different levels. They are both
based on an architectural model with a strong emphasis on the
embodiment of requirements and the subsequent verification and
validation (V&V) of megaproject outcomes as a result of the
satisfaction of those requirements.

Artifacts: There is a divergence in the nature of artifacts pro-
duced by SI and BIM. SI artifacts are a combination of visual rep-
resentations (e.g., architecture and interface models) and textual
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TABLE I
SI AND BIM FRAMEWORK MICROFOUNDATIONS

representations [e.g., requirements databases, concepts of opera-
tions (CONOPS)]. BIM artifacts are mostly digital information
models that represent geospatial design. This convergence is
explained by the nature of the abstraction they aim to develop.
SI abstractions are typically at a strategic level. They include
the system description (or System of Systems [5] Description)
and the concepts that underpin the system development (e.g., the
concept of operations, concept of maintenance). These descrip-
tions and concepts are precisely and richly described in textual
form, whereas the BIM-level abstractions of detailed geospatial
and physical designs are precisely and appropriately described in
a diagrammatic form of blueprints derived from the coordinated
information models.

Tools: SI and BIM tools are different in their presentations,
but conceptually complementary, as both deal with information
using ontologies. “An ontology is a specification of a concep-
tualization” [40]. Ontology defines a specification of a repre-
sentational vocabulary including classes, functions, and their
relationships within a specific domain of discourse [40]. Whilst
information representation is different, SI and BIM reflect ab-
stracted layers of the system of interest. SI tools typically focus
on the development of logical architectures or representations
of the system, which may or may not be aligned with the phys-
ical or contractual breakdown structure. SI tools may include
requirements management, system architecture, or interface
management tools. BIM tools typically focus on the physical
and geospatial architecture of the subsystems and represent it as
a constructed information model. BIM tools may include GIS
tools or design packages for engineering design. The scope of
work depends on the technical specification and often on the
project management approach, organizational capabilities, and
team competencies. Tools vary from megaproject to megapro-
ject, depending on the team and project needs. Examples of tools
have been included in Table I for demonstration purposes, and
do not aim to offer an exhaustive list nor prioritise specific tools.

C. Conceptualization of the Framework

The compatibility of SI and BIM is demonstrated by the com-
plementarity of its microfoundations as well as underpinnings
that overlap theoretically and practically. Table II depicts rele-
vant theoretical underpinnings. In the rest of the present section
we present the SI and BIM complementarity and compatibility
framework through theoretical underpinning that compose the
framework (see Table II).

Theory: Starting from theoretical underpinnings, SI uses sys-
tems theory as the foundation for understanding technical, ar-
chitectural, and organizational systems [3], [7]. Systems theory
shapes the language used by SI specialists for communication
and collaboration. On the other hand, we find no substantial
evidence of a theory in the BIM literature. BIM language is
shaped largely by industry dynamics, a firm’s culture, and prac-
tices rather than theoretical and academic development. BIM
can benefit from a systems language that might model and direct
the approaches for the use of BIM for subsystem design that is
currently present neither in literature nor in practice.
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TABLE II
SI AND BIM COMPLEMENTARITY AND COMPATIBILITY FRAMEWORK

SI is using decomposition as a process of breaking down
outcome-based or strategic requirements and allocating them
down to the lowest desired levels of system(s). BIM, however,
follows the opposite sequence, by building up a federation of
disciplinary information models that incorporate an array of
components making up subsystems. Thus, SI adopts a top-down
approach whereas BIM adopts a bottom-up.

The V-model is a graphical representation of a systems devel-
opment lifecycle, which has been used in systems engineering to
assist in a structured and logical development of the megaproject
steps with the corresponding deliverables [7]. The V-model
indicates that the system is defined before the system require-
ments are developed, see Fig. 1. Cascading down the V-model
from the system to the subsystem and components levels, the
discrete system elements gain increasing amounts of design-led
validation evidence and levels of detail as the process follows
the V-model. Information granularity also varies depending on
the level and megaproject phase. We have adapted the V-model
to overlay the systems engineering steps (numbered in boxes)
with the BIM steps (in grey highlight).

While the V-model is a basis for SI, BIM processes are present
in steps 5–11. Thus, BIM provides subsystem and component
design (i.e., System levels, Table II) following the system archi-
tecture, as defined and led by SI in the front end of megaprojects.
Building information models are delivered during the design
phases and updated during the construction processes if they
are not used for manufacturing (e.g., modular construction). As
clients increasingly require the building information models as
a deliverable for the use for facility management and operation,
BIM, as a process, delivers asset information models that are
as-built and as-required project information models. Therefore,
the update and use of models for facilitation and operation
management continues until step 14.

Approach and View of systems: Leveraging both top-down
and bottom-up approaches concurrently ensures more accurate
traceability of requirements between system and component
levels, as well as direct and robust linking of the subsystems
and components to the overall system architecture. Following
this conceptualization, both methodologies allow megaproject
participants to manage risks on an individual and collective
basis. SI does this through a clear, concise, and robust defi-
nition of requirements and constraints, whilst BIM processes
follow the requirements in order to design subsystems and
components. Despite this alignment, requirements management
is being treated as a separate process from BIM.

SI allows traceability of changes and design decisions. Ev-
ery decision of the megaproject actor affects the requirements
and must be validated with appropriate evidence to ensure
the satisfaction of the requirements. Failure to satisfy the sys-
tem requirements or early identification of a potential non-
compliance to a requirement identifies a risk to the system
and forces risk assessments, which can then be documented
against the requirement. Risk assessments and the associated
evidence are captured against the requirements in the V&V
forms (often matrices known as a VVM), depending on the orga-
nization practices. Essentially, organizations capture evidence
of compliance with a requirement. This process is considered
a weakness of BIM processes, since the BIM technologies
have not evolved to allow traceability, unless specific appli-
cations are developed in-house. A top-down approach of SI
dictates a detailed system definition, which cascades down to
the subsystem and component level. BIM then allows subsys-
tem and component design with the use of digital information
models.
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Fig. 1. Integrative V-Model of SI and BIM.

Emergent properties: A system behavior is an emergent
property from a SI perspective, whereas in BIM the emergent
behavior can only be identified at a subsystem level. SI’s strength
is a holistic systems approach while, as we concluded, BIM’s
strength is within the subsystem design and delivery. SI can com-
prehensively aid the integration processes necessary for BIM
implementation in megaprojects with system and subsystem
views.

Interfaces: Interface is a central concept in SI. Interfaces
are the bridges between disparate entities that are necessary
for integration and innovation by specialized teams. Interfaces
allow the organization and integration of subsystems and their
components into a system [41]. In SI, interfaces can be anything
and between anything [7], as SI models are abstractions of an
“observer’s view” of the system [41]. For example, interfaces
can depict the interactions of different contracts, standards,
design elements, functions, capabilities, or even combinations of
these, such as design elements delivered by different contracts
and influenced by a range of standards. Contrary to SI, BIM
interfaces are tightly controlled and focused on the interactions
of structural and geospatial components; they are typically im-
plemented to standards [e.g., the Industry Foundation Classes
(IFC) [42]] to facilitate interoperability [43] of the information
across BIM technologies and coordination between specialized
teams.

End-users: An important element in SI is the end-user. SI
seeks to ensure that the human component of a system enhances
the system’s effectiveness through human-centered design and
the identification of relevant requirements in the system design.
This is not a priority consideration for BIM designing, and so
it is seen by us as a weakness that can be improved through the
use of related SI tools (e.g., the functional block diagrams).

Requirements management and Design: SI is a matter of
front-end management of projects and generates critical infor-
mation for the entire project and system lifecycle, whereas BIM
implements and delivers the required information models. In
SI, design is implicit, as SI engineers work with abstractions
of physical components before commencing engineering de-
signs, hence the importance of requirements identification and
management. On the other hand, BIM is founded on explicit
designs that result in as-modelled and as-built information. Thus,
SI enables better design with the use of BIM, while BIM supports
SI’s management of the requirements throughout the lifecycle
of the project.

Governance: Governance, as shown in Table II, encompasses
Coordination, Capabilities, Governing body, Value process, and
Core activities. BIM is usually led by one organization and its use
depends on the firm’s capabilities with the client organization’s
capabilities being critical. An implicit consideration in the pre-
vious statement is that an organization employs competent staff
for BIM use. While systems integrators are key actors in SI,
BIM managers are key actors in BIM processes. For this reason,
in megaprojects, the governing body is the Systems Integrator,
while the BIM manager sits at a lower level of governance
within the design organization following the Systems Integra-
tor’s lead. A System Integrator holds a very important role as it
can break silos inherent in projects that can be translated into
BIM processes. Interestingly, the role of system integrators was
introduced in construction literature and practice already in 1998
[44]. Recently, the literature has continued discussing the role of
architects and general contractors as system integrators in rela-
tion to digitalization and BIM specifically [15]. However, system
integrators in SI and BIM processes are understood differently.
System integrators’ roles in BIM projects are typically identified
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in general contracts to ensure BIM deliverables are delivered as
required. While their role is evolving, system integrators in the
SI field often take the role of “project steward” that is providing
the “guiding mind” and “steadying hand” across all aspects and
disciplines to ensure cohesion and the associated outturn benefits
in terms of value creation processes.

D. SI and BIM Complementarity: A Case Study

To illustrate how SI and BIM are complementary in the
management of megaprojects, the Crossrail case is presented.
Crossrail is one of the most complex underground railways that
opened in London in 2022 [45]. It is highly complex from a
technical and organizational perspective. Its complexity emerges
from the scale of the megaproject, unanticipated interactions
[46], as well as the diversity of interdependencies of activities
and disciplines [47]. Although Crossrail has implemented both
SI and BIM, the literature has documented their implementation
separately.

Crossrail has started with BIM implementation. SI was not
taken into consideration initially. Considering the risks associ-
ated with increased complexity, Crossrail established the first
BS1192:2007 compliant common data environment (CDE), a
centralized shared repository for managing, sharing, and dis-
seminating design information between disciplinary teams [48].
In Crossrail, CDE supported the production of an integrated
design along with the coordination processes that enabled the
supply chain to coordinate their designs. Crossrail met the
U.K. government’s BIM Level 2 targets [49] for collaborative
working, the use of building information models in coordination,
and sharing standardized file formats through CDE. However,
the implementation of BIM in Crossrail was challenged by
organizational behaviors more than technical ones [50]. For
this reason, Crossrail chose to encourage rather than mandate
the use of BIM. BIM implementation across the project was
documented as sporadic and limited [48]. A lack of clear pro-
tocols to govern the use and ownership of building information
models hindered the ability to build trust and foster collaboration
between disciplinary teams [48]. A lack of a BIM execution
plan that outlines roles, responsibilities, authorities, ownership,
and alignment with the requirements led to poor clarity of BIM
deliverables from the contractors.

To address the behavioral and organizational challenges,
Crossrail decided to adopt a lifecycle approach to information
management, while extending the use of BIM into construction
processes, which further illuminated difficulties for BIM im-
plementation. Most of the construction contracts were already
awarded and partly executed, making the implementation of
changes difficult to justify. Crossrail sought to apply a light-
touch approach to construction management with BIM because
contractors had full responsibility for their own detailed design
and construction works [48]. Subsequently, this resulted in a var-
ied application of BIM practices by the contractors throughout
the procurement, fabrication, and construction phases.

One of the serious implications of the inconsistent approach
among contractors was the challenge of integrating multiple
complex signaling systems (communications-based train control

Fig. 2. Critical stage where Crossrail could have prevented signaling integra-
tion issues.

and European rail traffic management system), which signifi-
cantly delayed the opening of Crossrail [3]. This event initiated
a discussion about the relationship between BIM and integration
[51]. The early challenges associated with the use of digitally
created information with BIM processes have illuminated a
need for stronger integration between teams. At the end of the
megaproject lifecycle, Crossrail adopted an SI approach [52].
For Crossrail successful, though delayed, the SI approach meant
delivering a railway that is safe, operable, maintainable, and
performs to the required levels of capability [53].

In the case of Crossrail, timing was important. It was only
in the later stages of the delivery that it became apparent that
the project was poorly equipped to address an uncertain and
changeable lifecycle. Interface points had to be redefined to
address the introduction of cyber-technological systems and
interdependent interactions that were not adequately understood
until then [52]. Typically, interdependencies transverse and in-
terfaces evolve throughout the project lifecycle, from design to
handover. This progressive and dynamic behavior of interfaces
requires a lifecycle approach, like the one depicted in Fig. 1, in
order to monitor, trace, anticipate, control, and treat undesirable
developments.

Our empirical observation of Crossrail’s disintegrated signal-
ing system supports our argument that SI’s role is to guide and
enable BIM processes for early detection [43] and resolution of
subsystem misalignments and system deviations. Fig. 2 (snippet
of Fig. 1) depicts the critical stage where an early adoption of
SI and subsequent synthesis of SI and BIM results could have
helped SI and BIM specialists (i.e., Actors, Table I) to anticipate
and prevent the later integration issues of the signaling systems.
SI should be client led, commencing at the inception (i.e., Stage
1, Concept, Fig. 1) of a project and then continuing throughout
the project lifecycle (i.e., Stages 2-14, Fig. 1). Despite its late
adoption, SI has proved critical in providing clarity and focus
on the key steps to getting the railway into passenger service in
2022 [53]. The SI team also provided the environment for the
training and signaling contacts to collaborate and resolve issues
together.

SI is used to manage information and interdependencies
across the product lifecycle. It requires an integrated orga-
nization structure that addresses multiple interfaces between
systems needed for BIM implementation for value realiza-
tion [53]. The lack of uniform and integrated approaches to
delivering megaprojects, as evidenced in the Crossrail case,
is likely to cause major delays. Numerous examples exist in
Crossrail where parties from both sides of an interface met
their contractual requirements and everything was compliant to
specification, only to find that the interface did not work in prac-
tice to deliver a fully functional or reliable end-to-end system
[53].
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Despite that the existing literature does not make an explicit
reference to a combination of SI and BIM in Crossrail, our
overriding observation and practical experience on Crossrail has
demonstrated that, eventually, this combination contributed to
the project’s stability and cohesion. The usage of integrated and
collaborative processes enabled by web services and compli-
ant with emerging IFC standards [54]—a standardized, digital
description of the built asset industry—is a testament to that.

SI and BIM’s simultaneous integration at a system level from
the start was necessary and could have supported risk man-
agement and reduction of defects. Defects found early means
they are dealt with at the system level and by finding defects
early, the resolutions can be put in place before significant man-
ufacturing or advanced development has been undertaken. This
approach outweighs waiting for “finished” individual systems
before testing them together [48], unlike what happened with
the unsuccessful integration of the four signaling systems of
Crossrail. A key enabler in achieving this goal is using SI to
guide BIM processes throughout the megaproject lifecycle to
develop a culture of shared responsibility, collaboration, and
accountability between the teams while ensuring subsystems and
components are compliant with requirements. SI is compatible
with BIM because it allows integration at not just technical but
also organizational levels, seeking out opportunities for early
analysis of the system functioning and operating. As digital
information has become a megaproject deliverable [10], [47],
BIM processes have changed supply chain interactions and
relationships with owners, operators, and end-users. SI plays an
important role in guiding the integration of those deliverables.

The Crossrail case demonstrated clearly that SI and BIM are
not only compatible and complementary for the management of
megaprojects, but also reinforce value creation throughout the
lifecycle of system of interest development and delivery.

IV. DISCUSSION AND CONCLUSION

The contribution of this work to the existing literature is
twofold. First, we proposed that SI and BIM methodologies rein-
force each other and can serve the management of megaprojects
effectively if implemented concurrently. While conceptualizing
SI and BIM complementarity and compatibility, we articulated
microfoundations of SI and BIM that can reinforce each other.
We identified that what may be a weakness for the one could be
a strength for the other one. We argued that SI and BIM should
be implemented concurrently to strengthen the management of
information, quality, and efficiency, and not just as a “nice to have
approach.” SI complements BIM in terms of systems theory,
interfaces, systems language, and requirements management of
information throughout the lifecycle of the system of interest. We
considered the microfoundations of both methodologies in terms
of their theoretical and practical complementarity by illustrating
the case study of Crossrail.

Second, by conceptualizing their complementarity and com-
patibility, we combined the two methodologies into one frame-
work and model. We extended the existing literature [3], [9]
towards a more granular and nuanced view of SI and BIM. Our

analysis indicates that although SI and BIM have evolved sep-
arately, their theoretical underpinnings and microfoundations
have compatible and complementary relationships that can aid
the management of megaproject complexities. Our framework
tackles integration from an information management perspec-
tive. It focuses on the integrated management of megaprojects,
rather than on supply chain integration. We believe our study
is one of the first to conceptualize the complementarity and
compatibility of SI and BIM in the infrastructure sector.

The proposed framework (see Table II) and the accompanying
integrative model (see Fig. 1) combine the SI and BIM method-
ologies for the management of megaprojects. SI guides and
enables BIM processes, it tackles the system level, whereas BIM
tackles subsystems and components. Our unified framework is a
theoretical foundation for future research on the management of
megaprojects to tackle emerging complexities. It is worth noting
that the proposed framework is not intended to replace existing
approaches to megaproject management. Rather, the ultimate
aim is to better align and integrate existing practices, which so
far have been evolving separately.

Considering that this article is only the first step towards inte-
grating the two methodologies, the proposed framework needs
further theoretical and empirical development and consolida-
tion. Furthermore, there is a need to advance our understanding
of how SI enables, guides, and reinforces BIM processes to
deliver digital information for the management of infrastruc-
ture assets. Although we have presented key microfoundations,
granularity and refinement could be done at a deeper level, by
specifically indicating the potential interdependencies of those
microfoundations at organizational and technical levels. This
article has not made any attempt to discuss the project man-
agement aspects, instead, emphasis was placed on the technical
and technological aspects of SI and BIM. Future research could
investigate the implications of SI and BIM on the organizations
participating in megaprojects.

Our theory-building approach was based on an analytical
approach to the literature review supported by our own indus-
try experience in infrastructure megaprojects. Therefore, this
work requires further empirical investigation and validation.
For example, there are ongoing megaprojects that implement
SI and BIM such as U.K.’s high-speed railway (HS2) [55],
but not necessarily in an integrated manner. Thus, we call for
studies that are longitudinal and empirical in nature to investigate
the theory-practice alignment, strengths, and weaknesses of the
proposed framework within the existing case of HS2. There are
a number of questions to be posed. For example: How were
SI and BIM implemented in megaprojects? What interactions
between the microfoundations of SI and BIM have produced
success and contributed to failure? We further believe that a
joint SI and BIM implementation is context dependent, with
culture (of country and sector), local standards and laws, local
economic conditions, technology trust and development, and
other individual approaches influencing their implementation.
These should be also studied. A list of limitations and benefits
specifically about BIM can be found in [56]. Other relevant
works include [57] and [58].
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