DIGITALISING ASSET MANAGEMENT: CONCOMITANT BENEFITS AND
PERSISTENT CHALLENGES

ABSTRACT

Purpose: Advancements in digital technologies have provided significant opportunities to
improve the Architecture, Engineering, Construction and Owner-operated (AECO) sector’s
performance through superior data management, streamlined processes and cooperative
working practices. However, whilst academic literature widely espouses these benefits during
the design and construction phases of development, research suggests that the operational
phase of a building’s lifecycle has yet to fully realise performance improvements available
through the application of digital modelling technology. This paper synthesises extant digital
modelling, asset management and emergent digital asset management literature, to report
upon the beneficial implications of digitalised asset management and identify obstacles
hampering its adoption in industry.

Approach: A componential synthesis of future work reported upon in extant literature is
organised into thematic categories that indicate potential research avenues and a trajectory for
digital asset management research and practice.

Findings: Themes identified include: i) imprecise BIM definitions; ii) isolated software
development; iii) data interoperability; iv) intellectual property (IP) and virtual property (VP)
rights; and vi) skills and training requirements. Notably, increased environmental
performance also arose as a theme requiring further research but received considerably less
academic coverage than the other obstacles identified.

Originality/ value — The work presents a comprehensive review of digital technologies
utilised within the AECO sector and as such provides utility to researchers, policy makers

and practitioners to enhance their knowledge capabilities.

KEYWORDS
Digital Built Environment, Building Information Modelling, Asset Management, Whole Life-

cycle Development, AECO Efficiencies and Environmental Sustainability.

INTRODUCTION
The Architecture, Engineering, Construction and Owner-operated (AECO) sector has
traditionally been beset with issues surrounding stakeholder communication, process

efficiencies and built asset performance during the operational phase of building occupancy
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(Arayici and Coates, 2012; Olatunji and Akanmu, 2014; Lindkvist, 2015; Parn et al, 2016).
However, the advent of digital modelling in recent years has presented significant
opportunities to improve upon these persistent issues. Increased efficiency and collaboration
realised through the implementation of the disruptive technology ‘Building Information
Modelling’ (BIM) has led to governments mandating BIM as an industry standard - the UK
Government being a prominent example (British Standard 1192, 2016; Race, 2013; Eadie et
al, 2014; Mehran, 2016). Consequently, the AECO sector has become increasingly
digitalised, engendering concomitant benefits in terms of superior efficiencies and
organisational collaboration over the whole life-cycle of development (Eadie et al, 2013;
Czmoch and Pekala, 2014; Yang et al, 2016a). The increasing sophistication of digital
technologies such as: BIM (Eastman et al, 2011; Race, 2013; Barnes and Davies, 2014;
Kensek, 2014a); BIM tag technology (Motamedi, et al, 2011; Thomson and Boehm, 2015);
environmental sensors (Kensek, 2014b); and laser scanning technology (Chan et al, 2016;
Yang et al, 2016a) indicates that a larger ‘digital built environment’ movement is underway
(c.f. Bojanova, 2014; Brooke, 2016; Scholz, 2016; Parn and Edwards, 2017).

Although the beneficial implications of digital modelling in the AECO sector are well
espoused in academic literature, the main focus has been the design and construction phase of
development. The building’s operational ‘in-use’ phase has received comparatively scant
academic attention, yet is the chief contributor to the building’s whole lifecycle cost and
performance (Bosch et al, 2014; Kessem et al, 2014; Liu and Issa, 2014; Lindkvist, 2015;
Nical and Wodynski, 2016). Consequently, asset management is now progressively gaining
considerable academic and practitioner interest particularly in terms of exploiting the
beneficial implications of BIM implementation (Arayici and Coates, 2012; Olatunji and
Akanmu, 2014; Lindkvist, 2015; Parn et al, 2016).

Parn et al, (2017) and Dubé et al, (2005) have suggested BIM is displacing traditional AECO
practices and replacing them with virtual communities of practice. This is particularly
relevant for asset management organisations who see technological development as a vehicle
for delivering increased efficiency and value (Love et al, 2014). Mohandes et al, (2014)
contend that the data management potential of BIM affords a panacea to asset management
issues inherent within the ever increasing quantity and complexity of information gathered
throughout a building’s lifecycle. BIM implementation can therefore support facility
managers by complementing strategic and tactical skills requirements needed to manage an
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amorphous range of facilities management (FM) requirements (McGregor and Then, 1999;
Atkin and Brooks, 2005; Azhar et al, 2011).

Such implementation will require the resolution of persistent issues that cumulatively have
prevented the wider adoption of digital technologies within asset management. This review
brings together extant literature on digital modelling within the AECO sector, contemporary
asset management and emergent digital asset management. A critical overview of digital
modelling presents: i) a succinct account of its beneficial implications when applied to asset
management; and ii) identifies factors currently hindering industrywide implementation of
digital asset management. In realising these aims, the objective is to garner a consensus from
commentators participating in the digitalised AECO discourse regarding both the practical
and research based requirements for increased digitalisation of the AECO sector. The
research concludes by proposing: future developments of BIM in asset management; the need
for greater inclusion of environmental sustainability issues; and the need to integrate sensor

based technologies to assist facility managers in optimising decisions for asset management.

RESEARCH APPROACH

An interpretivist research approach to reviewing extant literature was adopted that contained
elements of positivism, where the latter was founded upon the assumption that published
material has already been scientifically verified by a robust peer review process. From an
operational perspective, published materials contained within Birmingham City University’s
(BCU) Summon, BCU Open Access Repository and Research Gate databases were
comprehensively reviewed. Three lines of academic enquiry were pursued, namely: i) asset
management literature; ii) digital modelling literature; and iii) emergent digital asset
management literature. This approach led organically to a structure comprising: i) the wider
beneficial implications of a digitalised AECO sector; ii) the implications of digitalised asset
management; and iii) obstacles impeding widespread digital modelling implementation in

practice.

A qualitative componential synthesis of published literature sought to thematically group the
subject matter of papers published and ascertain the trajectory of future research into digital
asset management (see Figure 1). Thematic groupings were: BIM implementation; generative
design; BIM data implications; BIM performance analysis; BIM for asset management;
design for maintenance; and knowledge transfer and skill requirements. Where future
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research suggestions were offered, they were interpreted by the research team and clustered
into eight logical headings, namely: improvement to industry data interoperability; increased
collaborative working at the organisational level; increased collaborative working at the
individual/actor level; refinement of processes and management practices; resolution of
implementation difficulties; increased performance measurement and analysis; increased
industry skill levels; and increased environmental sustainability of development. Each
heading represents an avenue for improving the functionality, performance and accessibility
of digitalised asset management within the AECO sector. Collating and analysing the

literature in this way allows a richer understanding of which journals focus on which issues.

The three most frequently suggested research paths, in descending order were: i) increased
performance measurement and analysis; ii) improvement to industry data interoperability;
and iii) increased collaborative working at the organisational level. Whilst these issues have
overarching implications for digital modelling implementation in general, they impact
considerably upon implementation of digital modelling in asset management. Furthermore,
the apparent academic significance placed upon these research requirements, indicates efforts
to resolve them would bring immediate benefits to the AECO sector. Notably, the most
frequently suggested research path regarding ‘increased performance measurement and
analysis’ correlates with integrating technological developments such as: BIM tag technology
(Motamedi, et al, 2011; Thomson and Boehm, 2015); environmental sensors (Kensek,
2014b); laser scanning technology (Chan et al, 2016; Yang et al, 2016a); and utilisation of
wireless networks (Riaz et al, 2014). The incorporation of these technologies into BIM
enabled developments can greatly enhance the development process, particularly regarding
asset management during the operational phase.

The next three research paths suggested within the synthesis, all with equal weighting, were:
i) resolution of implementation difficulties; ii) refinement of processes and management
practices; and iii) increased environmental sustainability of development. Whilst these
implications received lower attention, they all have an important role to play in terms of
increasing the AECO sector’s performance. The relatively low significance assigned to
resolving implementation issues may be explained in terms of the three most prominent

research paths all contributing to easing implementation difficulties.



DIGITALISING THE BUILT ENVIRONMENT

Traditionally, the design, construction and occupation phases of a development have operated
in relative isolation to each other with architects producing designs, contractors delivering the
development and facility managers operating and maintaining the building (Race, 2013;
Garber, 2014; Liu and Issa, 2014; Motawa and Almarshad, 2015). Exchanging information
between members of the project management team (PMT) using paper records and outputs
from differing systems can introduce human error and data incompatibility, hindering the
efficiency of a development (Martin, 2011; Kivits and Furneaux, 2013; Motawa and
Almarshad, 2013; Patraucean et al, 2015; Thomson and Boehm, 2015; Love et al, 2016a;
Yang et al, 2016a). Diminished efficiency instigates spiralling costs and scaling back of
initial design objectives as well as more complex innovations, particularly regarding the
environmental provisions within a development (Atkin and Brooks, 2005). Whilst lines of
communication are clear, interaction between members of the PMT can foster adversarial
relations when individuals seek to mitigate their liability (Khosrowshahi and Arayici, 2012;
Jiao et al, 2013; Barnes and Davies, 2014). In addition, facility managers are rarely consulted
during the design or construction phases of a project’s development and so the opportunity to
maximise upon their tacit knowledge of data and information requirements for a building in-

use is lost.

Application of advanced digital technologies (including BIM) to the design and construction
phases of development has afforded extensive benefits. The ability to create a digital
representation of a physical asset allows all development stakeholders to exchange
knowledge, and coordinate the complex processes characteristic of development, using a
single digital resource (Eastman et al, 2008; Czmoch and Pekala, 2014; Garber, 2014).
Digital design affords numerous improvements to traditional AECO design practices in terms
of iterative design, parametrics and extensive prefabrication. Iterative design for example,
encompasses a cyclical process to facilitate constant testing, analysing and refining
throughout the design phase of a development, a process which would require substantial

time and resources if not undertaken digitally (Garber, 2014).

As digitisation has progressed at a rapid pace, conceptual designs are increasingly
amalgamated with mathematical algorithms and parametric constraints expanding the remit
of digital design into the realms of generative design (Abrishami et al, 2014; Abrishami et al,
2015). Generative design facilitates consideration of the relationships between different
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components throughout the design process, as evidenced by BIM’s ability to detect potential
clashes between components (e.g. ductwork passing through structural steel) before
commencement of construction (Garber, 2014; Abrishami et al, 2015). The use of intelligent
data, such as parametrics, requires dimensions to be assigned to generic form, and sets BIM
apart from the two-dimensionally based CAD systems from which it evolved (Barnes and
Davies, 2014; Ghaffarianhoseini et al, 2016). Consequently, BIM deals with both geometric
and increasing quantities of non-geometric information (Brilakis et al, 2010). This innovation
allows design issues traditionally encountered during the construction phase of a

development to be identified and amended before a development commences.

Race (2013) describes BIM as: incomplete in terms of its ability to amalgamate a
combination of constituent components; and infinite in terms of its almost limitless potential
for collection and inclusion of building data. Through BIM utilisation, development
stakeholders can readily access and utilise a digital representation of both the physical and
functional characteristics of an asset (Rahman et al, 2016). AECO tasks are simplified,
particularly at the design phase of development, thus optimising financial and time efficiency
gains (Eadie et al, 2013; Czmoch and Pekala, 2014; Yang et al, 2016a). Consequently, BIM
is considered to offer a potential remedy to the construction industry’s susceptibility to
economic recession, prompting the UK Government to commit to implementing BIM as a
basic standard for all national infrastructure projects by 2016 (Race, 2013; BIM Task Group,
2013; Eadie et al, 2014; Kessem, 2014; Lindkvist, 2015; Mehran, 2016). This is especially
pertinent considering that the sector has undergone a period of introspection regarding
performance and productivity levels in recent decades (Babic et al, 2010; Underwood and
Isikdag, 2011; Li et al, 2013; Love et al, 2013; Fox, 2014; Lu et al, 2015; Rogers et al, 2015).

Digital modelling facilitates greater continuity between the various systems and actors
throughout the built environment life-cycle (Bosch et al, 2014; Olatunji and Akanmu, 2014;
Lindkvist, 2015; Patraucean et al, 2015). Palpable benefits afforded by a BIM model include:
accurate costing information throughout the development (Azhar et al, 2011; Barnes and
Davies, 2014); opportunities to capitalise upon off-site prefabrication thus aiding in the
delivery of an efficient and cost effective development (Azhar et al, 2011; Eastman et al,
2008; Race, 2013); and availability of data from a development for the purposes of informing
future developments, representing a significant opportunity to improve knowledge transfer
between different AECO projects (Kensek and Noble, 2014; Goger et al, 2015; Grover and
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Froese, 2016). Furthermore, the increasing sophistication of digital modelling technologies
(c.f. Eastman et al, 2011; Race, 2013; Barnes and Davies, 2014; Kensek, 2014a) presents a
wealth of opportunities to increase the quantity and quality of information gathered regarding
a BIM enabled built environment asset. Technological developments such as: BIM tag
technology (Motamedi, et al, 2011; Thomson and Boehm, 2015); environmental sensors
(Kensek, 2014b); and laser scanning technology (Chan et al, 2016; Yang et al, 2016a) can
rapidly generate building data to inform both the construction and operation phases of
development, as well as increasing opportunities to inform future developments. Wireless
networks (c.f. Riaz et al, 2014) offer a means of utilising and integrating any information

generated from these technological advancements for use in a built asset digital model.

The innate data storage capabilities of digital modelling have also had a major impact upon
the AECO sector. Within BIM, entire planes through a design are subdivided into individual
graphic tablets and arranged in a grid format, each tablet containing all applicable
information for that specific section of the development. The larger the development the more
tablets a plane may contain, with the only real restriction being the computing power of the
system operating the virtual model (Race, 2013). This also has beneficial implications of
embedding product and asset information into a 3D model (Succar, 2009), highlighting the
development of a dual approach for both storing and exchanging information through BIM.
However, stringent quality control protocols are required which do not impede the speed and
frequency of updates when either incorporating new, or updating existing, information on
tablets (Race, 2013). Process data streams (or building information) are dynamic, allowing
for data sharing as well as constant transformations; conversely, archival repositories or

record BIM is a means of storing data in its contractual state (Kensek, 2014a).

Cloud Computing and Standards

The advent of advanced cloud technology has had significant implications for the
development of digital modelling and its potential applications in practice. Cloud computing
technology facilitates the delivery of information technology services retrieved from the
internet using web-based tools and applications vis-a-vis direct connection to a server (Race,
2013). Benefits accrued include: augmented business agility; improved capital and revenue
expenditure; business scalability and agility; faster development and deployment of software

applications; and importantly a managed but outsourced IT capability (Redmond et al, 2012;



Jardim-Goncalves and Grilo, 2010; Chen et al, 2016). There are three levels at which clouds

operate:

Infrastructure as a Service (laaS) - the base level of cloud function, which
incorporates server space, data storage, networking facilities and the capacity to
operate a number of systems such as Linux, Windows and Solaris (Race, 2013).
Platform as a Service (PaaS) - incorporates the same functionality as laaS but with the
addition of software tools which allow bespoke applications to be created within the
context of an organisation’s objectives, customisations of Gmail, Google Calendar
and Google Docs (Chen et al, 2016).

Software as a Service (SaaS) - incorporates all the functions of laaS and PaaS, but
with greater focus upon facilitating specific needs of business users (Chen et al,
2016). Accounting software, for instance, can be prohibitively expensive for many
organisations; SaaS can provide generalised accounting software for individual cloud
users (Race, 2013).

Many organisations agree that collaborative cloud options available through an integrated

BIM platform are advantageous, particularly regarding the potential to benchmark asset

performance (Du et al, 2014). Traditional rudimentary evaluation tools currently available

(including the BIM Maturity Matrix, BIM excellence (BIMe) and the Interactive Capacity

Maturity Model (ICMM)) do not facilitate the same levels of competitive analysis of BIM

performance across industry peers (c.f. Succar, 2009; Succar et al, 2012; Du et al, 2014).

BIM data and information in a multidisciplinary collaborative environment requires stringent

control and is currently governed by three overriding standards:

CI/STB (1962) — predominantly aimed at classifying and structuring information for
use in construction projects. Information is categorised by: physical environment;
elements; construction forms; materials; and finally activities and requirements.
Although antiquated, it remains a relevant standard.

Uniclass (1997) — a similar system to CI/SfB but it provides a greater range of
classifications. It is based upon the more recent (but now obsolete) ISO TR 14177.

BS 1192 (2007) — seeks to aid the production of information specifically in the

architectural sector. This standard offers guidance on the construction of a communal



pool of information and provides facilities to interact with both private and public
repositories of data (c.f. Race, 2013; Xue et al, 2015).

DIGITAL ASSET MANAGEMENT

To optimise the business and working environment, an organisation’s facilities must be
managed effectively to avoid severe business performance reductions (Atkin and Brooks,
2005). Asset management, in context to its role within the larger field of FM, supports core
business objectives of an organisation regarding the functionality of its buildings and
infrastructure (Lehtonen and Salonen, 2005; Jensen et al, 2012; Steenhuizen et al, 2014;
Nical and Wodynski, 2016). Although asset management is traditionally viewed as simply
maintenance, cleaning and general care-taking (Meng, 2014), it incorporates a variety of
interrelated multidisciplinary functions and disparate management systems, which must
operate in an integrative manner (Waheed and Fernie, 2009; Barret and Finch, 2014; Kessem
et al, 2014; Mohandes et al, 2014; llter and Ergen, 2015; Cao et al, 2016; Nical and
Wodynski, 2016). Many organisations are appreciating the benefits of an efficient and
crucially innovative asset management operation in a constant striving towards achieving
‘best value’ (Scupola, 2012, c.f. Kashiwagi and Savicky, 2003; Atkin and Brooks, 2005;
Jensen et al, 2014). A holistic approach to asset management is therefore required that
accounts for interdependent factors supporting business growth, prosperity and best value
such as financial efficiency (‘sweating’ physical assets), allowances for future changes in the
provision of space, and providing the best possible environment for the organisation’s core
business and workforce (Atkin and Brooks, 2005; Barrett and Finch, 2014). Whilst the
integration of BIM with FM and asset management is currently less established than the
design and construction aspects of development, the potential to extract and analyse
information stored in BIM to improve FM delivery is undeniable (Bosch et al, 2014; Kessem
et al, 2014; Love et al, 2014).

Deployment of digital modelling in asset management can greatly improve the quality of data
transfers between development stakeholders (Jiao et al, 2013; Lindkvist, 2015; Khaddaj and
Srour, 2016). Traditional, manual handover of data often leads to inaccuracies (or worse,
loss of data), diminishing the operational information held on a building during its lifecycle
(Lindkvist, 2015; Motawa and Almarshad, 2015; Love et al, 2016a). Studies have shown that

facility owners regularly encounter incomplete as-built data documentation, fostering



dissatisfaction, particularly where transferred operations and maintenance (O&M) data
proves wholly unsuitable for asset management (Mayo and Issa, 2016). The management of
information remains a vexatious and complicated issue within the AECO sector as significant
effort is invested into replicating resources and unintentionally supporting inefficient
workflows (Jiao et al, 2013; Kessem et al, 2014).

To address these issues, attempts have been made to utilise the inherent capabilities of digital
modelling to coordinate consistent and computable building data throughout a building’s
lifecycle (Underwood and Isikdag, 2011; Becerik-Gerber et al, 2012; Gheisari and Irizarry,
2014; Love et al, 2014). Chong et al, (2016) suggest that BIM provides a vehicle for
improving data reliability and quality while other researchers suggest that BIM
implementation in asset management provides the efficient capture of building information
(i.e. systems, spaces, finishes) in a digital format (llter and Ergen, 2015; Kessem et al, 2014)..
Asset information replication can be minimised through the storage of manufacturers’
product data within 3D parametric objects (Kessem et al, 2014). A BIM-compliant database
assists facility managers in various duties such as commissioning and closeout, energy
management, maintenance and repair, quality control and assurance as well as space
management (Becerik-Gerber et al, 2012). Efforts to create an integrated data sharing
platform utilising BIM, have resulted in the development of software applications such as
project lifecycle information modelling (PLIM) (Race, 2013). Data utilised in the
construction phase of development is often revised before completion of the construction
process. Use of a specially designed BIM for asset management application such as PLIM,
can aid in managing and storing this revised data for FM purposes (Jiao et al, 2013).
Furthermore, widespread collection of building asset data facilitated through BIM adoption
will increase performance comparison and benchmarking, ensuring continuous performance

improvement in the future (Giel and Issa, 2016).

Some estimates place 85 per cent of the total lifecycle cost of a development occurring during
the operational phase, highlighting the potential of BIM driven asset management to improve
upon built asset performance, particularly regarding cost efficiencies over the course of a
building’s lifecycle (Korpela et al, 2015). This has led some clients and building operators to
require increases in a development’s economic and environmental efficiencies (Kessem et al,
2014). Despite this compelling statistic, BIM developments have mainly focussed upon new
buildings, which make up between 1 and 2 per cent of the total building stock annually (Volk
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et al, 2013, Kessem et al, 2014; Diaz-Vilarifio et al, 2015). To date, the opportunity to

optimise life cycle cost management of built assets has largely been missed.

Environmental Sustainability

Digital modelling has significant potential to improve the AECO sector’s environmental
performance. Sustainability is defined by the Brundtland commission (1987) as:
“development that meets the needs of the present without compromising the ability of future
generations to meet their own needs.” Practitioners and clients within the AECO sector are
under increasing pressure to provide value for money throughout the development process
but in a sustainable manner (Arayici et al, 2011; Welle et al, 2011; Boyes, 2015; Goger et al,
2015; Nardelli et al, 2015; Araszkiewicz, 2016). Similarly, facility managers are increasingly
aware of the benefits of effectively executed maintenance management and efficient energy
consumption (Liu and Issa, 2014). 40 per cent of global primary energy and more than 30 per
cent of total global CO: emissions are directly linked to building lifecycles, placing the
annual emissions higher than those of either the transport or industrial sectors (Costa et al,
2013; Yung and Wang, 2014; Min et al, 2016; Mousa et al, 2016).

To achieve sustainability an organisation must manage the three aspects of social, financial
and environmental performance (Yung and Wang, 2014; Chong et al, 2016). While much
attention regarding digital asset management is focused upon efficiency, cost-savings and
collaboration, there is considerably less discussion regarding the environmental aspect of
sustainability, such as deconstruction emissions and recycling rates (Volk et al, 2013).
Nevertheless, BIM adoption may offer vital aid in meeting perennial challenges regarding
quality, efficiency, productivity and sustainable development (Arayici et al, 2011; Kivits and
Furneaux, 2013; Li et al, 2013; Rogers et al, 2015). Many practices currently employed by
the AECO sector are unnecessarily inefficient, presenting significant opportunities to
generate major savings, particularly regarding O&M activities (Liu and Issa, 2014).
Exemplars such as the Sydney Opera House illustrate that building sustainability ratings may
be improved through BIM compliant asset management (Ballesty et al, 2007; Baharum and
Pitt, 2009; Volk et al, 2013). Through the utilisation of retrospective BIM, benefits ordinarily
attributed to contemporary BIM developments (such as integrated building, maintenance and
management data storage and retrieval) can be leveraged to improve both data integrity and
productivity (Ballesty et al, 2007; Love et al, 2016b).
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OBSTACLES TO THE IMPLEMENTATION OF DIGITAL ASSET MANAGEMENT
Despite the plethora of beneficial implications attained through digitalised AECO practice, a
number of recurring issues can hinder whole-scale implementation in practice, namely: 1)
imprecise BIM compliance definitions (Barlish and Sullivan, 2012; Succar et al, 2012; Alwan
and Gledson, 2014; Smith, 2014); ii) isolated software development (Eastman et al, 2011;
Race, 2013); iii) data interoperability (Becerik-Gerber et al, 2012; llter and Ergen, 2015); iv)
intellectual property (IP) and virtual property (VP) rights (Jiao et al, 2012; Olatunji and
Akanmu, 2014); and v) increased industry skill and training requirements (Atkin and Brooks,
2005; Arayici and Coates, 2012; Garber, 2014; Abrishami et al, 2015; Rahman et al, 2016).
Notwithstanding the increasing prominence of BIM in academic literature, implementation in

industry continues to prove a challenging endeavour (refer to Figure 2).

Imprecise BIM compliance definitions

There are various levels of BIM compliance, where each new level incorporates all the
functions of the previous levels but then adds an additional layer of information (c.f. Barnes
and Davies, 2014; Kensek, 2014a). The level at which an organisation aligns its BIM
compliance directly affects the potential benefits it may expect to receive. However,
definitions used to describe BIM compliance levels are varied and often contradictory which
has prompted calls to develop a more complete, comprehensive and consistent industry-wide
set of standard definitions to improve clarity in practice (Barlish and Sullivan, 2012; Succar
et al, 2012; Alwan and Gledson, 2014; Smith, 2014). Imprecise definitions may adversely
affect wider implementation of BIM compliance; table 1 highlights the differences and
omissions in BIM compliance definitions between a selection of different commentators. 3D
BIM through to 5D BIM share universally accepted definitions, with the exception of a few
minor differences. From 6D BIM onwards, definitions diverge significantly (Yung and
Wang, 2014; Nical and Wodynski, 2016). The UK Government has committed to BIM
compliance for nationally driven developments and infrastructure, seeking to mitigate the
sector’s susceptibility to economic downturn whilst simultaneously driving the UK’s ailing
productivity levels through promotion of innovative new systems and working practices (Li
et al, 2013; Race, 2013; Kessem, 2014). Whilst this commitment may engender appreciable
benefits for practitioners, if compliance is aligned at a lower level, then benefits associated
with higher compliance levels may be missed (such as integrated asset management and

environmental sustainability through BIM).
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Isolated software development

The software development process may also adversely impact upon the widespread
implementation of digital modelling. As BIM has evolved, software applications have been
developed almost in tandem (Race, 2013). This is due to industry demand for readily
available solutions which in turn stimulates software proliferation to fulfil that need (Chen et
al, 2016). When this software is subsequently implemented, new requirements may arise
which were not initially apparent and further software applications are developed. This
recurrent process continues unabated until multiple software solutions exist to meet industry
requirements, each individually developed, funded and owned. There are numerous BIM
software applications which perform various different functions (refer to Table 2). As a
consequence, difficulties arise when attempting to combine and share the functionality of the
individual software applications across multiple software platforms causing this functionality
to become fragmented (Eastman et al, 2011). Software isolation is a prominent issue when
implementing BIM during the design and construction phases of development and
implementation of digital modelling in asset management will be similarly affected by the
same issue (Kessem et al, 2014; Xu et al, 2016). The absence of multi-functional software
solutions also has negative implications for BIM in asset management development and
implementation because the cost of acquiring multiple software packages, particularly within
the context of small to medium enterprises (SMEs), can be prohibitive (c.f. Dainty et al,
2017). A number of leading software developers purport to have developed a complete BIM
system, offering the data management requirements crucial to a BIM data repository (Chen et
al, 2016). However, to have developed such a system at this early stage of BIM development,

suggests an evolution of pre-existing CAD data management components (Race, 2013).

Data interoperability

The issues related to the software development process highlight the requirement for an
industry-wide data standard, ensuring interoperability between systems and facilitating
collaboration between development stakeholders (Linderoth, 2009; Singh et al, 2010).
However, academic discourse points toward a disconnect in interoperability related to BIM
format data across asset information systems including: computerised maintenance systems
(CMMS); energy management systems (EMS); electronic document management systems
(EDMS); and building automation systems (BAS) (Becerik-Gerber et al, 2012; llter and
Ergen, 2015). The primary objective of any data management activity is to enable increased
data interoperability, essentially allowing data generated by one party to be easily accessible
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for all participants (Jiao et al, 2013; Lindkvist, 2015; Khaddaj and Srour, 2016). In practice,
and despite the desire for sharing capabilities amongst asset management applications, many
existing systems support the individual asset management function for which they were
designed, but leave the overall interoperability with other systems in a fragmented state —
often requiring manual input to facilitate any form of exchange (Becerik-Gerber et al, 2012;
Counsell, 2012; Xu et al, 2016). Kessem et al (2014) suggests that there is a lack of an
industry-wide process for updating a designed model with as-built information. Much of the
data generated and stored in BIM over the course of a development is in a process of moving
from an active to a non-active state (Jiao et al, 2013). To address these concerns and issues,
new information standards may be required (Hooper, 2015) and further research is needed to
develop a system to integrate and automate information in a cost, time and resource efficient
manner (Brilakis et al, 2010; Akinade et al, 2015).

Intellectual property (IP) and virtual property (VP) rights

In relation to the interoperability of data, consideration of the implications of intellectual
property (IP) rights and virtual property (VP) rights is crucial. IP and VP rights recognise the
defence of rights afforded to the author or owner of an intellectual or virtual asset, as well as
the duration and scope of those rights (Olatunji and Akanmu, 2014). Asset management data
can be owned by one of a multitude of different organisations, enterprises and Government
agencies; this data requires the same treatment, respecting the IP or VP rights of the owner or
author (Jiao et al, 2013). However, property rights are an obstacle to the collaborative
environment BIM promotes, particularly at the design phase of development (Olatunji and
Akanmu, 2014). BIM in asset management can expect to encounter similar issues, for many
organisations sharing IP and VP rights can seem counterintuitive in the context of protecting
an organisation’s product and operational data, despite the benefits of collaborative working
processes. Furthermore, the question is raised as to which is the most appropriate
development stakeholder in an AECO project to be made custodian of such information and
control the data contributed by multiple disciplines simultaneously (Jiao et al, 2013; Olatunyji
and Akanmu, 2014). The contemporary trend for ‘propertisation’ of intellectual rights has
asserted the importance of this issue from a legal perspective and the legal ramifications of IP
and VP rights, within an increasingly collaborative and open AECO environment, require
significant academic and practitioner attention (Carrier, 2004; Posner, 2005; Olatunji and
Akanmu, 2015). Extant research has questioned the wisdom, in economic terms, of exclusive

ownership and rights to an intellectual artefact, asking whether exclusive ownership promotes
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creativity and innovation, or stifles it through weakened competition and democracy (Olatunji
and Akanmu, 2014). For many organisations, there are tangible benefits to controlling all

their own project data, but this can be problematic in current practice (Jiao et al, 2013).

Industry skills and training requirements

The abundance of new functions and possibilities facilitated by digital modelling has
advanced more rapidly than the required skills and understanding to fabricate the results; an
issue not confined to the AECO sector (Garber, 2014). The consequence of rapidly advancing
technological capabilities is that a fresh injection of suitably skilled professionals is required
to deal with the myriad of prerequisite skills and competencies needed to effectively operate
within interdisciplinary teams (Arayici and Coates, 2012; Abrishami et al, 2015; Rahman et
al, 2016). Furthermore, as with the embracing of all new innovations, there will be a
transitional period which demands an increased requirement for these new skills and the
associated training (Atkin and Brooks, 2005). This can often be a discouraging implication
for organisations when considering implementing digitalised systems, so the beneficial
implications of adopting such technology must be emphasised and made clear to practitioners
(Rahman et al, 2016).

CONCLUSIONS

The increasing digitalisation of the AECO sector has engendered many key benefits,
including: cooperative working practices; democratised data; built asset performance
analysis; and process management. Many of these advantages provide tangible solutions to
persistent problems plaguing the sector. However, as is often the case, the resolution of one
issue can lead to numerous further unforeseen issues. The implementation of digital
modelling in asset management is no different. Significant variations are encountered in asset
management software, particularly in terms of file formats; intended lifecycles of systems
and data; and functionality of the software. To accomplish universal industry-wide adoption
of digital asset management, major efforts will be required to bridge the considerable gaps
which at present prevent the wholesale integration of technologies such as BIM, PLIM and
CAFM.

In addition to specific digital asset management implementation difficulties, a number of
overarching issues persist. To realise the advantageous implications of digital asset

management, ongoing issues regarding data interoperability; software isolation; skills and
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training; IP and VP considerations as well as consistent digital modelling definitions must be
resolved, or more precisely considering the scale of the task, not have effort to resolve them
diminished. These problems are prominent in digital modelling literature regarding the design
phase of development, but play just as important a role in the successful implementation of

digital modelling in asset management.

Some commentators (c.f. Arayici et al, 2011; Welle et al, 2011; Costa et al, 2013; Casas et
al, 2014; Yung and Wang, 2014; Boyes, 2015; Bu et al, 2015; Gocer et al, 2015; Nardelli et
al, 2015; Araskiewicz, 2016; Ahuja et al, 2016; Mousa et al, 2016) argue that the real
potential of BIM in asset management lies in its innate potential to help in delivering superior
environmental sustainability value, as opposed to purely financial sustainability. The
operational phase of a building lifecycle consumes the majority of natural resources, so this
implication demands attention, particularly given the current introspection within the AECO
sector regarding its vast environmental footprint. The alarming statistics regarding energy
consumption of built environment assets over the course of their expected lifespans, have
engendered interest, both in academia and in practice, in increasing sustainability values
through digitalised asset management, extending the functionality of BIM right through a
building’s complete life-cycle (Motawa and Carter, 2013; Shoubi et al, 2014; Lui et al, 2015;
Guo and Wei, 2016; Yang et al, 2016b). Improvements to the design and construction phase
of development, collaborative working practices and data management applications for
instance, could stimulate similar increases to asset management efficiency and concomitant
reductions in O&M costs (Martin, 2011; Kivits and Furneaux, 2013; Motawa and Almarshad,
2013; Patraucean et al, 2015; Thomson and Boehm, 2015; Love et al, 2016a; Yang et al,
2016a).

Despite the well documented difficulties of implementing new systems and working
processes, the beneficial implications of pursuing digital modelling adoption in practice far
outweigh avoiding innate implementation issues. When considered as part of a wider digital
movement, digital modelling is having significant desirable impacts upon various other
sectors, most notably the automotive and shipbuilding sectors. Furthermore, advancements in
sensor technologies and wireless networks are steadily increasing the quantity and quality of
information generated from BIM-enabled developments, information which can be utilised in
the operational phase of a development and inform future developments. In consideration of
the plethora of desirable implications realised through the implementation of digital
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modelling, failure to realise this potential would represent a missed opportunity to impact

upon many of the persistent issues which plague the AECO sector.
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Table 1 — BIM Compliance Definition Comparison
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3D - Object model

4D - Time

5D — Cost

6D — Operation

6D - Operation and
Sustainability

6D — Sustainability

7D — Sustainability

8D — Safety
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Table 2 - BIM Software Overview

Software Function Software package

Overview

Conceptual Design

Rhino

3D modelling software not exclusively designed for architectural design.
Purportedly no upper limit on potential complexity of generated model
(Rhinoceros, 2017).

SketchUp

3D modelling software utilised by architects, designers, builders, makers
and engineers. Software is focused upon simplifying technical user
requirements in order to aid the creation of innovative 3D designs
(SketchUp, 2017).

Design and Analysis

Catia

3D modelling software developed in context to the simulated real-life
performance of the generated 3D product. Multi-purpose, utilised in
various industries (Dassault Systmems, 2017).

MicroStation

3D modelling software with advanced parametric modelling capabilities
focusing on multidisciplinary project delivery. Focused towards BIM and
the built environment as opposed to cross-industry application (Bentley,
2017).

MagiCAD

Mechanical, electrical and piping design modelling for the AECO sector.
Focused upon the integration of an extensive BIM library containing
parametric data (MagiCAD, 2017).

Revit

Software developed specifically for BIM to offer a multidisciplinary and
collaborative design environment (Autodesk, 2017a).

Trimble (formerly
Tekla)

Software offering intelligent 3D modelling specifically for the AECO
sector. Particular focus upon collaboration and efficiency (Trimble, 2017).

Ecotect

A constituent of Autodesk. 3D modelling software focused upon the design
and performance of green buildings. Discontinued due to intention to
incorporate features into Autodesk - notably no replacement to date
(Autodesk, 2014; Autodesk, 2016).

Fabrication and
Construction

Navisworks

A constituent of Autodesk. Allows architecture, engineering and
construction professionals a holistic view of multiple integrated models.
Focused on delivering greater control of project outcomes to development
stakeholders (Autodesk, 2017b).

Operation and
Maintenance

EcoDomus

A real-time 3D facilities software package offering a user friendly interface
for facility managers. A single-source database is utilised to collect all
relevant information in one location for use over a building’s entire life-
cycle (ecodomus, 2015).

ArchiFM

3D modelling software focused upon an entire life-cycle view of
development. Utilised by architects, designers, engineers and builders
within the AECO sector. Particularly focused on utilising BIM (Graphisoft,
2017).
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Figure 1 - Componential Synthesis

AECO context Future research suggestions Academic citations
i ii iii iv v Vi vii viii
A 2 1 0 1 4 3 0 0 [291,[42],[43],461,(48],(68],(73]
B 0 1 0 3 0 0 0 1 [1].[2].[4].[26]
C 3 3 1 0 0 0 1 0 [56],[58],(110],[118],[123]
D 0 0 0 1 0 3 1 6 [14],[16],[18],[24],[33],[40],[64],[94],[96],[119],[121]
E 5 2 1 3 3 5 0 1 [5].[15],[21],[52],[57],[60].[61],[66],[70],[77],[78].[84],[91]
F 0 0 0 0 1 0 0 0 [75]
G 1 3 0 0 0 1 4 0 [50],[59],[71],[74],(95),[97],[108],[113],[120]
Total
. 11 10 2 8 8 12 6 8
suggestions
AEI - 9.09% AEI - 10.00% F - 50.00% AEI - 12.50% AC - 12.50% AC-33.33% BEPAM - 16.67% AC - 12.50%

Distribution AC-27.27% AC - 20.00% MTA-50.00%  BEPAM-25.00% BEPAM-12.50%  BEPAM - 8.33% Cl-16.67% BS - 12.50%

BEPAM-9.09%  BEPAM - 20.00% BE - 12.50% CME - 12.50% BE - 8.33% F-33.33% IC-12.50%
amongst JFM - 9.09% F - 10.00% Cl-12.50% ECAM - 12.50% ECAM - 8.33% IME - 16.67% JCP - 12.5%
journal JITC - 9.09% 1ISPM - 10.00% F-12.50% F-12.50% F-16.67% LME - 16.67% PE - 25.00%

JME - 18.18% JFM - 10.00% PE - 12.50% JCEM - 12.50% IIMPB - 8.33% RCR - 12.50%
publications MTA - 9.09% JITC - 10.00% $5-12.50% IME - 12.50% JCEM - 8.33% $5-12.50%

S5 -9.09% PE - 10.00% RSER - 12.50% JFM - 8.33%

Suggested future research Digital AECO context Journal publications

i Improvement to industry data interoperability A BIM implementation

ii Increase collaborative working (organisational level) B Generative design

iii Increase collaborative working (individual/actor level) c BIM data implications

iv Refinement of processes and management practices D BIM performance analysis
\" Resolution of implementation difficulties E BIM for asset management
Vi Increase performance measurement and analysis F Design for maintenance
vii  Increase to industry skill levels G  Knowledge transfer and
viii  Increase environmental sustainability of development skill requirements

AEI Advanced Engineering Informatics Jcp Journal of Cleaner Production
Ac Automation in Construction JCEM Journal of Construction Engil ing and M it
BEPAM Built Environment Project and Asset Management JFM Journal of Facilities Management
BS Building Simulation J|TC Journal of Information Technology in Construction
BE Building and Environment JME Journal of Management in Engineering
CI Construction Innovation LME Leadership and Management in Engineering
CME Construction Management and Economics MTA Multimedia Tools and Applications
ECAM Engineering, Construction and Architectural Management PE Procedia Engineering
F Facilities RSER R ble and inable Energy
Ic Informes de la Construccién RCR Resources, Conservation and Recycling
! ”MPB International Journal of M: Projects in Busi ss Structural Survey
USPM International Journal of Strategic Property Management
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Figure 2 — Obstacles to BIM Integrated Asset Management in Practice
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i. Imprecise BIM compliance definitions - Variability in BIM compliance
definitions beyond 5D may be adversely affecting outcomes at the higher levels
of compliance. This also engenders uncertainty regarding skill requirements and
software development, in terms of unclear objectives.

ii.. Isolated software development - 3D modelling software is often developed
in isolation. This may affect both efforts to establish consistent industry wide
definitions and resolve data interoperability issues.

jii. Data interoperability - Despite efforts to simplify data and file format
variability, data interoperability issues persist in practice. Continuing data
interoperability may impact upon both software development and hamper
efficient handling of IP and VP.

iv. IP and VP rights - A digitalised AECO sector makes use of large quantities of
data owned by various stakeholders. Inappropriate handling of such data may
exacerbate interoperability issues whilst increasing skill and training
requirements.

v. Skills and training requirements - Contemporary software and workflows
create new skill requirements. Failure to meet these requirements can
fundamentally affect an organisation’s ability to capitalise on the concomitant
benefits of digitalised AECO practice.
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