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Abstract: Building information modeling (BIM) has emerged as a pervasive and ubiquitous tool in the fields of construction and engineer-
ing. With BIM’s rise, so too has there been an explosion of research interest in BIM. Nevertheless, despite the prolific output of BIM-related
publications, the cumulative theoretical and practical value of this body of research remains vague; alignment with current industry objectives
and relevance to future global challenges remain unclear. This study systematically analyzes the current body of knowledge so far produced
on BIM through a purely quantitative approach. Network analysis techniques are used to assess the status of research themes, cross-topic
research, trends in topic concentration, and influence of outlets, as well as to map how research actors collaborate in creating knowledge on
BIM. The results reveal that although 45 separate themes are closely associated with BIM literature, a further 15 relevant themes have been
neglected. Moreover, much of the research is revealed to be increasingly self-referential, lacking in cross-disciplinary insights, and weak in
theoretical rigor. This study contributes to the field generally, and to editorial boards of research journals in particular, by identifying the
intellectual deficiencies in BIM research and skewed distribution of research output across BIM related topics, as well as priorities for future
research in BIM. DOI: 10.1061/(ASCE)CO.1943-7862.0001492. © 2018 American Society of Civil Engineers.
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Introduction

Building information modeling (BIM) has enjoyed rapid growth
in uptake within the architecture, engineering, and construction
(AEC) industry (Chang et al. 2017). Due to its wide range of ben-
efits, BIM has received considerable attention from researchers
(Chen et al. 2015), resulting in a surge in the number of related
publications (Yalcinkaya and Singh 2015). This sudden increase
in BIM research presents a potential threat because it blurs the cer-
tainty on the precise status of the body of knowledge. This leads to
confusion in identifying priorities for further research, thus exac-
erbating the risk of pivotal questions being overlooked (Volk et al.
2014; Yalcinkaya and Singh 2015).

A rigorous critical review is warranted when there is a large
body of existing research on a topic; however, this has not been
adequately met in the current research field (Lu et al. 2014).
The available review studies (Kassem et al. 2014; Miettinen

and Paavola 2014) on the BIM literature have been qualitative
and based on manual reviews. These have been criticized for
lacking reproducibility and being prone to subjective judgments
(Hammersley 2001). Furthermore, as BIM research has matured
toward specialization in different BIM applications, most review
studies have focused on investigating specific, narrowed aspects
of BIM (Cheng and Lu 2015; Santos et al. 2017). Examples of this
approach are the studies by Abdirad and Dossick (2016) on BIM
education, and by Pärn et al. (2017), who targeted facility manage-
ment within the existing BIM literature. As for the recent biblio-
metric studies on the BIM literature (Santos et al. 2017; Zhao
2017), they provided a picture of the existing literature on BIM
while showing disregard for the implications that arise.

The present study is an attempt to address this gap, contributing
to the field by examining the existing intellectual core of the body
of BIM knowledge using systematic forensic techniques. Quanti-
tative methods are used to identify the scope and quality of the
existing body of BIM knowledge while also identifying deficien-
cies and omissions. A thorough appraisal of the current state of
research in the BIM field will facilitate the efforts of both industry
practitioners and researchers alike to identify where best to focus
future research efforts.

Previous Research

In recent decades, increasing attention has been directed toward
conducting research on BIM (Cao et al. 2016; Lee and Yu 2016).
Given the existence of a large amount of published BIM literature,
several review studies have been conducted. Table 1 lists available
review studies on the BIM literature, divided on the basis of their
primary goal as criticism or integration, as argued by Cooper
(1988). The criticism papers provide an insight into the perspectives
of their authors on certain BIM aspects or applications. Integrating
or mapping the contours of the literature, however, is not within the
scope of such studies (Nawari 2012; Pärn et al. 2017; Succar 2009).
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Studies belonging to the integration category summarize and
integrate findings associated with particular areas of research on
BIM, but place limited emphasis on presenting a picture of the over-
all body of BIM knowledge (Santos et al. 2017). The results reported
by Merschbrock and Munkvold (2012) were based on a manual
analysis of a limited number of 264 references. On the other hand,
the findings reported by Yalcinkaya and Singh (2015), although
based on a larger sample of 975 references, merely comprised text
analysis of the abstracts of previous studies.

Regarding recent science mapping studies (Table 1), the study
of the BIM literature by He et al. (2017) was confined to identifying
the core research themes of 126 studies devoted to managerial as-
pects of BIM; hence, their study was limited in coverage and paid
no attention to prolific outlets, investigators, or institutions active
in BIM research. Although these efforts furnish a fair snapshot
description of the literature landscape in BIM, they falter in assess-
ing the body of knowledge as a whole, i.e., the quality of the knowl-
edge being developed and the directions in which its boundaries are
being extended. Critical questions to be asked are what sources, the-
ories, and experts are drawn on when developing new knowledge,
and perhaps more importantly, what themes are attracting the great-
est attention and which ones are being neglected or overlooked.

More recently, studies by Santos et al. (2017) and Zhao (2017)
used bibliometric techniques but were also limited in several ways.
First, they excluded a wide range of available studies on BIM, such
as conference papers and books. Second, although identifying areas
in need of more attention, these were based on subjective specu-
lation. Finally, they do not answer the key question of what does
one learn from all this? Quite simply, existing bibliometric studies

on the BIM literature have failed to move from descriptions of the
data to interpretations of their meaning to diagnose and recommend
future research priorities. In particular, although industry benefits
from summative descriptions of existing knowledge sets, it also
wants to see where the research opportunities lie that will generate
further practical advantages. It wants to see what more can be done
as much as what has already been accomplished.

Research Methods

The present study draws upon social network analysis (SNA). SNA
uses analytical techniques to uncover the relations that entities
form, the structure of the relations, and how these relations and the
structure influence a phenomenon, such as knowledge (Prell 2012).
As argued by Prell (2012), SNA can handle theory-driven studies
and can equally be used for inducing theoretical insights and con-
clusions even where there is no clear hypothesis to be tested. This
approach allows for an examination of the existing literature based
solely on reported data, with the minimization of potential author
bias that can negatively affect conventional literature reviews. The
findings of this study are expected to provide a basis for develop-
ment of various hypotheses that explain the observed trends for
validation in future studies.

Science mapping analysis of citation networks is the technique
used in the present study. It has proven capabilities in picturing
systematic patterns in comprehensive bodies of literature and huge
bibliographical units (Cobo et al. 2011). Science mapping acts both
as a descriptive and a diagnostic tool for research policy purposes
(Tijssen and Raan 1994). As recommended by Börner (2010), the

Table 1. Summary of key review studies on BIM literature

Authors (years) Primary method

Number of
academic sources

covered Focus

Zhao (2017) Bibliometric analysis 614 Bibliometric analysis of journal articles on BIM
Santos et al. (2017) Bibliometric analysis 381 Bibliometric analysis of influential studies on BIM
Pärn et al. (2017) Criticism N/A Providing an insight into studies associated with BIM for facility management
Pezeshki and Ivari (2018) Integration N/A Discussing the applications of BIM for various fields (2000–2016)
He et al. (2017) Bibliometric analysis 126 Presenting a picture of knowledge maps for managerial aspects of BIM
Abdirad and Dossick (2016) Integration 59 Picturing the landscape of studies on BIM education
Abdirad (2017) Integration 97 Assessing the body of knowledge on BIM implementation
Yalcinkaya and Singh (2015) Integration 975a Identifying the patterns and trends in BIM research
Shou et al. (2015) Integration 40 BIM implementation in building and infrastructure industries
Wong and Zhou (2015) Integration 89 Insight into the green BIM literature
Chen et al. (2015) Integration 75 Proposing a conceptual framework to link BIM and building
Ilter and Ergen (2015) Integration 24 BIM for building refurbishment and maintenance
Gimenez et al. (2015) Integration 100 Critical review of literature on creating three-dimensional (3D) models

of buildings
Yalcinkaya and Singh (2014) Integration 98 Overview of available literature on BIM in facilities management
Volk et al. (2014) Integration 180 BIM implementation in existing buildings
Hassan Ibrahim (2013) Integration 71 Use of digital collaboration technologies in major construction projects
Merschbrock and
Munkvold (2012)

Integration 264 Overview of available research studies on BIM

Wang and Chong (2015) Criticism N/A Identifying and setting new trends for integration of BIM into the construction
industry

Cheng and Lu (2015) Criticism N/A Public sectors’ efforts around the globe for BIM adoption
Sun et al. (2017) Criticism N/A Factors limiting the application of BIM
Miettinen and Paavola (2014) Criticism N/A BIM implementation dimensions
Nawari (2012) Criticism N/A Current BIM standards and BIM’s impact on off-site construction
Azhar (2011) Criticism N/A Current trends, benefits, possible risks, and future challenges of BIM
Cerovsek (2011) Criticism N/A A methodological framework for improvements to BIM tools and schemata
Olatunji (2011) Criticism N/A Legal implication of BIM adoption
Gu and London (2010) Criticism N/A Facilitating BIM adoption in the construction industry
Succar (2009) Criticism N/A Providing a framework of BIM
aOnly the abstracts of papers were analyzed in this study.
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following consecutive stages were adopted: selection of tools, data
acquisition, preprocessing and analysis of data, modeling, visuali-
zation, and layout and communication of findings.

Selection of Tools

Awide range of tools for analysis of citation networks are available
(Cobo et al. 2011) for mapping and visualizing large-scale
scholarly data sets in a knowledge domain (Van Eck and Waltman
2010). These all have different capabilities and strengths, with
different tools used for different types of analysis (Cobo et al.
2011). Of these, VOSviewer, CiteSpace, and Gephi were selected.
VOSviewer offers basic functionality needed for visualizing biblio-
metric networks (Van Eck andWaltman 2010, 2014). CiteSpace is a
scientific literature mapping tool from Drexel University used for
analyzing and visualizing literature on a scientific domain (Chen
2006) that is able to detect network layouts, clusters, emerging
trends, and time-zone views. Gephi is an open-source network
graph and analysis tool able to explore hypotheses within networks
to uncover patterns, isolate structures, and facilitate reasoning
(Bastian et al. 2009).

Data Acquisition/Preprocessing

VOSviewer allows users to download bibliographic records di-
rectly from the Web of Science (WoS), PubMed, Google Scholar,
and Scopus. Of these options, Scopus was selected as the citation
database for the present study. This was due to its relatively wider
range of coverage, inclusion of conference papers, faster indexing
process, and availability of more recent publications in comparison
with other databases (Meho and Rogers 2008). Following the study
by Yalcinkaya and Singh (2015), the terms building information
modelling and spelling variant building information modeling
were used to retrieve the bibliometric data. As recommended by
Yalcinkaya and Singh (2015), the term BIM was not used as a key-
word because it applies to research topics in disciplines such as
chemistry, genetics, and economics, risking unrelated publications
being included in the data set. There was no time-frame limitation,
with the date range set as all years to present. Nevertheless, the first
group of related publications (three items) was indexed in Scopus
in 2003, and no earlier publications were returned.

As of December 14, 2016, a total of 2,444 records were iden-
tified, of which 13 items were found to be scheduled for publication
in 2017. No limit was set on the type of publication. Inclusion of all
types of publications minimizes “publication bias” (Hopewell et al.
2007; McAuley et al. 2000). This includes incorporating the gray/
grey literature, namely, publications produced (in electronic or
print format) by academic, business, industry, and governmental
institutions yet not controlled by commercial publishers (Hopewell
et al. 2007).

Network Analysis Techniques

Network analysis in the present study was performed in two con-
secutive stages. In the first stage, networks were created through
analyzing the co-occurrence of keywords and undertaking docu-
ment cocitation analysis, citation burst analysis, direct citation
analysis of outlets, and coauthorship analysis. Details are described
in Appendix S1.

In the second stage, maps were generated in order to extract
useful information from the measures of the network. These mea-
sures show “the conceptual, intellectual, or social evolution of the
research field, discovering patterns, trends, seasonality, and out-
liers.” (Cobo et al. 2011, p. 1383).

Analysis and Visualization of Findings

Wave of BIM Research

BIM has been around since 1992 (Santos et al. 2017) when the van
Nederveen and Tolman (1992) study was published in Automation
in Construction. However, the first use of the term BIM occurred in
2003, in a paper by Hoekstra (2003). Fig. 1 shows the variations in
the total number of BIM-related publications over the period from
2003 to 2017, categorized based on document type. These findings
reveal an abrupt increase in interest from 2012 onward, as also
observed by Santos et al. (2017), and consistent with a rapid growth
in BIM implementation (Akintola et al. 2017; Yalcinkaya and
Singh 2014).

Thereafter, the data gradually plateau, confirming Zhao’s (2017)
observation and highlighting the stable growth in BIM research
(He et al. 2017).

Structure of the Body of BIM Knowledge

Main Research Areas (Co-Occurrence of Keywords Analysis)
Networks of related keywords provide an accurate picture of sci-
entific knowledge production in terms of patterns, relationships,
and intellectual organization of the topics covered (van Eck and
Waltman 2014). In VOSviewer, the closeness measure for two key-
words is calculated based on the number of publications in which
both keywords occur together (van Eck and Waltman 2014). The
strength of the links between two keywords reflects the relatedness
of their corresponding research areas (Van Eck andWaltman 2010).
A co-occurrence network of keywords was created according to the
details and default values mentioned in Appendix S1. Using Gephi,
similar terms (such as construction safety and safety) were merged,
and generic terms such as survey were omitted. The resultant net-
work comprised 45 nodes and 284 links, as shown in Fig. 2, illus-
trating the main areas of research covered in the BIM literature.

The simplest and most reliable approach to uncovering what is
important in a network is measuring the centrality of nodes (Hennig
et al. 2012; Prell 2012). Centrality is measured by calculating de-
gree centrality, reflecting the number of connections (or edges) the
node has to other nodes. Irrespective of the direction and value of
all existing connections, degree centrality is calculated as demon-
strated in Eq. (1), as recommended by Prell (2012)

Di ¼
Xn
i¼1

xij ð1Þ

where Di = degree centrality value for node i; xij = sum of all
existing connections between node i and node j (binary values
being either 1 or 0); and n = total number of nodes in the network.
The results of the analyses on the network (Fig. 2) are presented in
Table 2. In light of the ranking of the main research areas, as in-
dicated in Table 2, and the relatedness of the research areas, as dem-
onstrated in Fig. 2, several key findings are identified as follows:
• Ranked values of degree centrality in any given network provide

a basis for comparing the activity and importance of nodes
(Hennig et al. 2012). Taking into consideration the ranking
of research areas, as illustrated in Table 2, and the isolation
of nodes, as reflected in Fig. 2, several research areas have
remained unexplored and isolated. Of particular interest are
areas such as standards, implementation, innovation, and pro-
curement, all with degree centrality values by far lower than
top-ranked research areas (Table 2). The lack of standards for
providing a viable naming convention for objects is still seen
as a barrier toward the wider use of BIM by the construction
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industry (Chen et al. 2017; Chong et al. 2017). Likewise, Santos
et al. (2017) referred to the gaps in the literature on BIM im-
plementation indicating that, in many countries, this is still
an unexplored area. It is still unclear what factors affect BIM
implementation in different contexts, as a concern for BIM
researchers (Lee and Yu 2016). Innovation, too, remains an

underresearched area (Çıdık et al. 2017). For the same reason,
research areas such as green building, leadership in energy and
environmental design (LEED), and energy efficiency are not of
noticeable importance in the current BIM literature. Conse-
quently, the BIM literature is still in need of more studies that
explore the best practice for integrating BIM into the green

Fig. 2. Main BIM research areas (co-occurrence network of keywords).

Fig. 1. Variations in the number of BIM publications 2003–2017.
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building concept (Zuo and Zhao 2014). Likewise, automation
has not been integrated into the main body of the BIM literature
(Fig. 2).

• Layout algorithms typically visualize networks based on force-
directed layouts, where highly-connected nodes absorb each
other and are positioned on central areas and less-connected
nodes are not absorbed into the group and are shown isolated
or on the network border (Zweig 2016). Thus, as illustrated
in Fig. 2, a geographic information system (GIS), despite its
potential applicability for the sustainable delivery of projects,
green buildings, and productivity on construction sites (Son
et al. 2012), is revealed to have little association with these
synergetic themes.

• Disregard for the integration of the various available data
sources and methodologies associated with BIM is another ser-
ious gap revealed through the map in Fig. 2. That is, the full

potential of BIM is achievable as long as various techniques,
such as GIS, point clouds, and laser scanning, are used as an
integrated package to assist the purposes of optimization
(Ellul et al. 2017). However, these techniques are not linked
in Fig. 2, indicating that, on the whole, little research has ad-
dressed their synergy, a sign of disregard for the great potential
of integrated approaches, a point argued by Park et al. (2017).

• The presence of building as an area and the lack of other
categories of construction projects highlight the fact that the
BIM literature has predominantly explored the potential of
the building industry. This accords with anecdotal evidence in
the literature that note the underutilization of BIM in civil and
infrastructure projects (Fanning et al. 2014). According to Shou
et al. (2015, p. 291), “few studies have discovered the use of
BIM in infrastructure.”

• As illustrated in Fig. 2, several methodologies such as integrated
project delivery, project management, lean construction, safety,
scheduling, procurement, and planning together form a substan-
tial body of the BIM literature. Yet, these are disassociated from
themes such as productivity, optimization, and sustainability,
which are assumed to be benefits accruing to BIM. This uncon-
firmed association invites further research.

• As shown in Fig. 2, radio-frequency identification (RFID)
stands out as a research theme isolated from the BIM literature.
This further confirms the lack of research on the interoperability
of RFID with BIM-related systems in the existing literature, as
stated by Fang et al. (2016) and Park et al. (2016).

• Research on BIM can be categorized into the organizational
level and project level (He et al. 2017). Comparing the degree
centrality values of research areas in the network, most of the
research areas ranked among the top 15 are associated with
techniques or methodologies that represent various capabilities
of BIM on projects (Table 2). As for the organization level, the
results indicate that changing the attitudes and working practices
of construction organizations in order to allow the meaningful
use of BIM has received little attention within the current BIM
literature. This insight is in line with the observations by Won
et al. (2013) and Mignone et al. (2016). Areas such as procure-
ment and implementation are represented by degree centralities
with values well below that of top-ranked areas. This can be
again attributed to inadequate research on the organizational
level, as highlighted by Zheng et al. (2017).

Patterns of Citations (Document Cocitation Analysis)
Patterns of citations among published studies provide an insight
into the structure of a scientific knowledge domain. CiteSpace
was used to form a network of document cocitations (Chen
2012; Chen et al. 2010), as described in Appendix S1. CiteSpace
is capable of creating clusters in a network to reveal a class
structure by partitioning the network into homogenous group of
nodes in an unsupervised manner (de Amorim and Hennig
2015). The cluster structures generated revealed the details of
the overall citation network with a modularity value of Q ¼
0.6744 and mean silhouette ¼ 0.431. Filtering small clusters
(default function of CiteSpace) resulted in the identification of
eight major clusters within this network, as illustrated in Table 3.
CiteSpace automatically selects labels for identified clusters using
the noun phrases extracted from titles, keywords, and abstract of
the items in each cluster. Three different text-mining algorithms are
available for labeling clusters in CiteSpace, including tf × idf,
log-likelihood ratio (LLR), and mutual information (MI). As rec-
ommended by Chen et al. (2010), the tf × idf algorithm was used,
given its superior capability in representing the most salient aspects
embedded in a cluster.

Table 2. Relative influence of BIM research areas in the literature

Research area
Degree
centrality

Relative
influence

Construction management 40 1
Design 34 2
Information technologies 27 3
Integrated project delivery 25 4
Industry foundation classes (IFC) 24 5
Collaboration 21 6
Interoperability 18 7
Visualization 18 8
Facilities management 17 9
Education 17 10
Simulation 16 11
Safety 15 12
Buildings 15 13
Computer-aided design 15 14
Project management 15 15
Sustainability 14 16
Lean construction 14 17
Modeling 13 18
Scheduling 13 19
Ontology 12 20
Virtual reality 12 21
Cloud computing 12 22
Information management 11 23
Software 11 24
Augmented reality 11 25
Parametric design 10 26
Communication 10 27
Cultural heritage 10 28
Geographic information systems (GIS) 10 29
Knowledge management 10 30
Energy efficiency 9 31
Automation 8 32
Procurement 8 33
Green building 7 34
Database 6 35
Innovation 6 36
Laser scanning 6 37
Optimization 6 38
Planning 4 39
Leadership in energy and environmental
design (LEED)

4 40

Point clouds 4 41
Productivity 4 42
Implementation 3 43
Standards 2 44
Radio-frequency identification (RFID) 1 45
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For networks, there is no reliable information regarding the
number of existing true clusters. A common solution is to run a
clustering algorithm and then analyze the generated clustering to
see how well created clusters fit the underlying structure of the data
(de Amorim and Hennig 2015). To this end, a measurement for
assessing the quality of any particular division of a network is pro-
posed, termed modularity, typically presented by Q, with scores
from 0 to 1. The modularity Q value provides a measure reflecting
the extent to which a network can be divided into independent
blocks. When a network is divided into c clusters, Q is calculated
from the symmetric c × c mixing matrix E. The elements of E
along its main diagonal eii give the fraction of connections between
the nodes in each cluster i. The other elements of E, eijði ≠ jÞ,
demonstrate the fraction for connections between nodes in two
different clusters ði; jÞ. As such, the value of Q can be calculated
according to Eq. (2). Further details have been given by Costa
et al. (2007)

Q ¼
X
i

�
eii −

�X
j
eij

�
2
�

ð2Þ

The silhouette value of a cluster, ranging from −1 to 1, reflects
the uncertainty in defining the nature of the cluster. A value of 1
demonstrates a perfect isolation of the cluster (Chen et al. 2010).
Each cluster has a silhouette value that shows which nodes lie well
within their cluster and which ones fit somewhere in between clus-
ters. The entire clustering is evaluated by combining these silhou-
ettes values, forming a mean silhouette value to provide a measure
of clustering validity (Rousseeuw 1987). Rousseeuw (1987) has
provided more details on calculating silhouette values.

With the preceding discussion in mind, a modularityQ value for
the network below 0.7 (hereQ ¼ 0.6744) shows that the network is
divided into weakly connected clusters. Mean silhouette values
around 0.5 (mean silhouette ¼ 0.431 here) show clusters with
homogenous structures (Chen et al. 2010). As such, the values sug-
gest that the network is comprised of few major clusters that are
homogenous and disconnected, based on of intracluster citations.
Drawing upon these findings, the following observations are worth
mentioning:
• The findings indicate that the body of the BIM literature is com-

posed of eight discernible clusters. The remainder could not be
decomposed into cohesive groups and hence did not meet the
criteria to form clusters. TheQ score of 0.7 (close to 1) indicates
a well-structured network where borders are clear between ele-
ments of the structure (Chen et al. 2010). With this in mind, few
studies were found to belong to these eight clusters Table 3 pro-
vides the size of clusters), compared with the total number
of studies in the network (2,444) and the 45 research areas,
as illustrated in Fig. 2. This suggests that the BIM literature

is fragmented, without intense focus areas. Notwithstanding
the existence of few clusters, the borders are found to be clear
judging from modularity value, evidencing a worrying lack of
conversation occurring between the existing areas of focus.

• The silhouette values for the eight identified clusters are illu-
strated in Table 3. A silhouette value around 0.7 (similar to
the values in Table 3) suggests that the cluster can be seen
as an isolated partition of a network with clear borders and weak
connections across the border of the cluster (Chen et al. 2010).
In fact, such values represent a homogeneous body of research
engaged predominantly in intracluster citations. This indicates
researchers’ lack of attention to findings of studies outside their
own cluster, including borrowing applicable theories. As put by
Nerur et al. (2008), such homogenous clusters are created when
authors do not cite studies outside the cluster, and as such, re-
search studies in each cluster do not draw on a wide range of
sources of knowledge. As a result, the findings suggest that the
existing citation clusters are inward-looking and consequently
do not benefit from drawing on theories and ideas from other
research domains, a point argued by Zahra (2007).

Hot Topics over Time (Citation Burst Analysis)

A citation burst provides evidence that particular keywords have
appeared frequently in published studies within a certain period
of time, providing an indication of activity on the topic that high-
lights fast-growing areas of research (Chen 2016). A citation burst
analysis was conducted according to the details in Appendix S1.
The findings, as illustrated in Fig. 3, show the time of the burst
and the year in which the burst diminished in the BIM literature.

As illustrated in Fig. 3, several terms attached to the concept of
BIM have experienced rapid growth in citation activity. This in-
cludes terms such as construction industry, construction project,
and design process. The bursts identified for these terms emanate
from seminal BIM studies that focused on the introduction of
BIM fundamentals, such as those by Succar (2009), Gu and
London (2010), Azhar (2011), and Eastman et al. (2011). This in-
crease in citations flattened as a result of the initial interest in BIM,
as a generic concept, tapering off after 2012 (He et al. 2017).

Table 3. Patterns of citations and identified citation clusters

Cluster
identifier Size

Silhouette
value

Mean
(year)a Focus of the cluster

1 40 0.837 2006 Lean construction
2 36 0.664 2009 Green building
3 35 0.477 2011 Collaboration
4 26 0.836 2008 Safety
5 24 0.790 2008 Augmented reality
6 24 0.844 2010 Visualization
7 24 0.772 2009 Project management
8 23 0.812 2007 Education
aAverage year of citations in the cluster.

Fig. 3. Top 15 terms with the strongest citation bursts in the BIM
literature (2003–2017).
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Regarding technology-based topics such as cloud computing,
advancements in technology have resulted in the development of
numerous cloud computing applications (Chong et al. 2014), lead-
ing to a shift in interest toward these new related applications. The
reduced research effort on construction education and facilities
management topics since 2012 and 2011, respectively, could be
a contributing factor in their current lack of research. This is despite
the fact that BIM education is still seen as an area in need of further
investigation (Abdirad and Dossick 2016; Badrinath et al. 2016).
Facilities management has similarly been neglected (Santos et al.
2017), yet has been identified as an area in need of research
(Shalabi and Turkan 2016).

The citation burst analysis presented in Fig. 3 also identified
new areas that have recently emerged in the BIM literature. These
include the use of BIM in civil engineering and infrastructure proj-
ects (Fanning et al. 2014), with the citations burst beginning in
2015. A burst of citations also occurs with regard to BIM across
the entire lifecycle of projects. Patacas et al. (2016) pointed out,
with the emergence and growing adoption of BIM, investigations
[are] focused on whole lifecycle approaches.

Top BIM Research Outlets (Direct Citation Analysis
of Outlets)

Direct citation analysis of outlets in any field of research offers an
indication of their prominence, with studies showing a growing in-
terest in using direct citations for bibliometric network creation

(van Eck and Waltman 2014). Identifying the key outlets of
BIM research may be of value to readers in terms of identifying
the best resources, and to authors in terms of identifying the best
outlets for publishing. Moreover, this information will be useful to
journal editors looking to consolidate their market niche, and to
libraries seeking to optimize the allocation of funds when investing
in outlets (Guidry et al. 2004). Here, a network was created based
on the direct citation analysis of outlets, with the details described
in Appendix S1 and visualized through deploying Gephi, as illus-
trated in Fig. 4.

A modified version of degree centrality, called weighted degree
in the network, takes into account the average mean of the sum of
the weights of the links on all the nodes in the network. Opsahl
et al. (2010) argued that incorporating the weight of links into cal-
culating degrees will reveal the level of involvement of nodes in a
given network. Weighted degree is the preferred measure of influ-
ence to evaluate the level of influence of nodes in controlling the
flow of information across the entire network (Opsahl et al. 2010;
Prell 2012). Weighted degree values were utilized to resize and
recolor the nodes in the network as illustrated in Fig. 4, with darker
and larger nodes indicating higher weighted degree values. Table 4
illustrates the most influential outlets in Fig. 4, namely, the top 15
outlets ranked based on their weighted degree values.

As illustrated in Fig. 4 and Table 4, the analysis indicates that
Automation in Construction (weighted degree of 193), Journal of
Construction Engineering and Management (weighted degree
169), and Journal of Information Technology in Construction

Fig. 4. Network of prominent outlets for publications on BIM.
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(weighted degree 115) are the top-ranked outlets in terms of serving
as the key reference points for BIM publications. Given the
weighted degree values, Journal of Civil Engineering and Manage-
ment (95), Journal of Computing in Civil Engineering (88), and
Journal of Management in Engineering (72) stand out as the
second tier of prominent outlets for BIM research.

Many factors affect decisions by authors in selecting a journal,
including prestige, visibility, and likelihood of timely publication.
The most important point in selecting a journal, however, concerns
the fit between the journal and the manuscript (Knight and
Steinbach 2008). Given the need to avoid rejection and the loss
of time, fit is the most basic consideration in submitting a manu-
script to a journal, according to Knight and Steinbach’s (2008)
model for journal selection. It can therefore be concluded that stud-
ies published in different outlets are in close alignment with the
aims and objectives of the outlet. This reveals several facts related
to the BIM literature.

Specifically, the nature of the top-ranked outlets in Table 4 is
indicative of the fact that published studies devoted to the techno-
logical features of BIM have been dominating the field. Moreover,
as illustrated in Fig. 4, the flow of information is from Advanced
Engineering Informatics and Archives of Computational Methods
in Engineering toward Automation in Construction. With this in
mind, support for the technical requirements of BIM in terms of
software or hardware has remained a top priority of BIM studies
(Pezeshki and Ivari 2018). However, the successful use of BIM re-
quires a change of “construction practices in a broader sense in
terms of people, process, working culture, communication, busi-
ness models, etc.” (Lu and Li 2011, p. 99). As illustrated in Fig. 4
and Table 4, outlets devoted to such aims and objectives have not
been given the top priority in the BIM literature. Given that BIM is
a sociotechnical work system, this has created a significant gap in
the BIM literature (Liu et al. 2017). To be specific, the body of the
BIM knowledge has placed technical requirements above social
needs (Zheng et al. 2017).

As illustrated in Fig. 4, proceeding publications in conferences
were included among the major outlets for the BIM literature.
This refers to Procedia Engineering, Lecture Notes in Computer
Science, and International Conference on Computing in Civil

Engineering, listed among the top 15 outlets in the BIM literature
in Table 4. Another interesting observation is the appearance
of civil engineering journals (e.g., Journal of Computing in Civil
Engineering) among the top 15 identified prominent BIM outlets
(Table 4), as also observed by Zhao (2017).

Scientific Collaboration Networks in BIM Research
(Coauthorship Analysis)

Awareness of the existing scientific collaboration networks in any
field of research will (1) facilitate access to funds, specialties, and
expertise; (2) enhance productivity; and (3) assist investigators to
reduce isolation. This ultimately benefits scientific collaboration
and boosts scholarly communications (Ding 2011). Almost every
aspect of “scientific collaboration networks can be reliably tracked
by analyzing coauthorship networks.” (Glänzel and Schubert 2005,
p. 257). Coauthorship is shorthand for scientific collaboration, with
the lack of collaboration in a scientific network seen as a symptom
of lower research productivity. In other words, ample evidence
demonstrates that publications produced through collaboration
are published in outlets with higher impact and receive more cita-
tions, a point argued at length by Glänzel and Schubert (2005).
With this in mind, the next section presents an analysis of the
coauthorship network of BIM investigators.

Investigators
The network was created as described in Appendix S1 and
visualized (Fig. 5 and Appendix S2). As illustrated in Fig. 5 and
Appendix S2, eight collaboration clusters were identified (illus-
trated in eight different shades). Each cluster shows a group of in-
vestigators connected directly through publishing papers together
or indirectly via having common coauthors.

The hyperlink-induced topic search (HITS), commonly referred
to as hubs and authorities, is an algorithm for extracting informa-
tion out of the link structure of networks to identify prominent no-
des (Khokhar 2015). The algorithm creates two different scores for
a node: a hub score and an authority score. The authority score for a
node represents a value for the amount of valuable information
being stored in the node. The hub score for a certain node, however,
gives an estimation of how many informative nodes this node is
pointing toward, and as such, a high hub score shows that the node
in question serves as a directory and a key reference source to the

Table 4. Top 15 outlets in BIM research (ranking based on weighted
degree values)

Rank Outlet

Weighted
degree
value

1 Automation in Construction 193
2 Journal of Construction Engineering and Management 169
3 Journal of Information Technology in Construction 115
4 Journal of Civil Engineering and Management 95
5 Journal of Computing in Civil Engineering 88
6 Journal of Management in Engineering 72
7 Structural Survey 71
8 Procedia Engineering 54
9 Journal of Professional Issues in Engineering Education

and Practice
52

10 Construction Innovation 49
11 Engineering, Construction and Architectural

Management
49

12 Lecture Notes in Computer Science 41
13 International Conference on Computing in Civil

Engineering
40

14 International Journal of Project Management 37
15 Construction Management and Economics 35

Fig. 5. Collaboration network of investigators in the BIM literature.
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nodes in the network. Similarly, a high authoritative score shows a
node serves as a source of information (Cherven 2015). Kleinberg
(1999) has provided further details.

HITS was deployed to rank the actors in the network (the
authors) based on their authority scores (details provided in
Appendix S2). Authority scores were used to resize the nodes
on the network, as illustrated in Fig. 5, with larger nodes indicating
higher authority scores. As a result, Fig. 5 presents a map of the
collaboration network of investigators undertaking BIM research,
the existing clusters of collaboration, an evaluation of the authority
of investigators involved in the network, and strength of the asso-
ciations between investigators.

By evaluating the links between the investigators and clusters,
as illustrated in Fig. 5, the following issues are revealed:
• Very few large clusters fill a major part of the collaboration

network. In fact, a large proportion of the BIM collaboration
network is connected in a kind of “linked research enterprise,”
a term introduced by Newman (2004). Overall, this seems to be
a promising picture becaue it shows that clusters for collabora-
tive research on BIM are formed.

• Fig. 5 shows both an intellectual isolation from the mainstream
of research and small clusters for many prominent authors
within the network. To be specific, many of those who do not
belong to the largest clusters are members of small and discon-
nected clusters that contain only a handful of investigators. This
warrants more effort to integrate the existing small clusters into
linked research enterprises, highlighting an area in need of
attention.

Institutions
Apart from the collaboration activity of individual investigators,
identifying the collaboration network of the institutions with
high interest and investment in BIM research benefits the field,
particularly in terms of providing input into research partnership

policy-making (Ding 2011). This network was created as described
in Appendix S1 and visualized (Fig. 6 and Appendix S3). The
HITS algorithm was used to create the hub scores for institutions
as tabulated in Appendix S3. As previously mentioned, the hub
score reflects the number of highly informative nodes to which
a particular node is pointing (Khokhar 2015). Hence, a high hub
score for an institution shows that it serves as a directory to other
institutions involved in research. The size of the nodes and the
shading range were adjusted to reflect the hub scores, with larger
nodes and lighter shades indicating higher hub scores, as shown in
Fig. 6. Fig. 6 illustrates the closeness of institutions in terms of
collaboration as well as their score for acting as a hub.

An interesting finding is the inclusion of the China Construction
Design International as an influential actor in the network. This
exemplifies the role of nonacademic institutions in contributing
to BIM research. Moreover, as illustrated in Fig. 6, institutions from
China, South Korea, the United States, and Hong Kong have been
successful in forging strong collaborative relationships with each
other in conducting BIM research. On the other hand, countries
such as the United Kingdom, Australia, and Canada reveal few in-
stitutional cross-linkages. This demonstrates that the lack of cross-
fertilization of ideas between research domains within BIM is not
just confined to the researchers themselves; rather, this weakness
transcends to the institutional and country level. Clearly, collabo-
rative associations ought to be fostered across the BIM research
network if the highest standards of debate and scholarship are to
be achieved.

Countries
To identify the most influential countries and to map the collabo-
ration between them, a collaboration network was created accord-
ing to the procedure described in Appendix S1. The average
weighted degree values were used to identify the most influential
countries within this network, as illustrated in Fig. 7.

Fig. 6. Collaboration network of institutions in the BIM literature.
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Nodes were resized and reshaded based on their weighted
degree values, with larger nodes and lighter shades showing higher
weighted degree values. This network reveals the following
findings:
• Table 5 tabulates the top 10 countries in the network, in light

of the weighted degree values in the network. As illustrated in
Table 5, the United States and United Kingdom stand out as the
top-ranked countries with regard to the extent of collaboration in
BIM research. The link between these two countries, however,
is not strong (Fig. 7). Hence, institutions in such pioneering
countries need to redefine policies in order to promote colla-
boration with each other as a strategy to further enhance
global collaboration and knowledge exchange in the BIM re-
search domain.

• In terms of the strength of links, the strongest links were
between the paired countries Australia–China, United States–
China, and United States–South Korea; however, compared
with the possible links in the network, very few such strong
links are formed. One consequent gap could be the absence
of cross-case and comparative studies within the existing body
of the BIM knowledge.

• Many countries included in the network had weak collaboration
links to the main streams of BIM research (central nodes). This
needs to be taken into account by these countries adjusting their

research policies because they are positioned far from the domi-
nant network of collaboration on BIM research (Fig. 7).

• Developing countries were underrepresented in the network,
and none were included among the top 10 countries (Table 5).
Many barriers to the widespread adoption of BIM emanate from
a lack of knowledge and understanding about BIM in develop-
ing countries (Liu et al. 2017). Hence, this isolation from the
main clusters of knowledge creation on BIM is very detrimental
to the BIM adoption trend in these countries.

Discussion of Findings

Analysis of the pattern of citations in the published studies revealed
15 gaps within the current body of BIM knowledge. Although
covering around 45 different BIM-related topics, the body of BIM
knowledge turned out to be, for the most part, fragmented and
adrift. To date, this relatively large corpus of literature has not bro-
ken into distinct clusters that focus on particular aspects of BIM to
ignite focused, scholarly debates. In addition, the formed clusters
have been largely inward-looking and self-referential, disregarding
the crucial role of bringing theory from related fields, a generic
problem affecting construction research on innovative methodolo-
gies, as discussed by Kale and Arditi (2010). In terms of the current
body of BIM knowledge, this finding underscores the necessity
of addressing an endemic deficiency, namely that the richness of
scholarship on a novel topic (such as BIM) is enhanced through
borrowing theories and concepts from neighboring disciplines
(Whetten et al. 2009). The current body of BIM knowledge has
to address these concerns through the following steps:
• Active investigators in the BIM field need to shift their focus to

the creation of clusters of research devoted to particular areas of
BIM rather than the creation of studies that are adrift. Such a
concentration on certain areas will assist BIM researchers in
moving from the preliminary stages of discovery and descrip-
tion in specific areas to a mature state, namely, extension and
refinement.

• Promotion and encouragement of importing theory is recom-
mended in light of the findings of the study. To enrich the
BIM field, this has to be in the form of horizontal borrowing,
as well as vertical borrowing, as termed by Whetten et al.
(2009). Horizontal borrowing entails the use of concepts and
findings that were formulated in a social context different from
researchers’ own context of interest. As an example of horizon-
tal borrowing, researchers may borrow theories from disciplines
such as information systems and management to study BIM-
related concepts within the construction sector. Vertical borrow-
ing, however, occurs within the same social context (such as
construction) with formulating concepts that are investigated
in a different level of analysis, namely, a different level of ab-
straction. This can be borrowing theories on individual concepts
to investigate organizational-level problems. Research studies
using these approaches have to incorporate the validity threat,
where a borrowed explanation might operate differently in
another context or a new level of analysis.
The present study’s findings provide evidence that studies on

BIM have paid too much attention to the technology-push school
of thought. Merschbrock and Munkvold (2012, p. 219) argued that
“the majority of studies classified as core themes seek to explore
how the functional affordance of BIM can be improved to make it a
better technology.” This dominance reflects the origins of the
field, namely, engineering disciplines, with an overall lack of
acceptance for the influential role of organizational research
(Yuventi et al. 2013). Nevertheless, BIM is a sociotechnical system

Fig. 7. Collaboration network of countries in the BIM literature.

Table 5. Top 10 countries collaborating in the BIM literature

Country
Weighted

degree value
Relative

importance

United States 129.99 1
United Kingdom 72.99 2
China 68.99 3
Australia 67.99 4
South Korea 57.99 5
Germany 36.99 6
Hong Kong 28.99 7
Israel 25 8
Canada 20.99 9
Finland 19 10
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(Liu et al. 2017), with its adoption heavily affected by a wide range
of factors stemming from the social context of projects and organ-
izations (Sackey et al. 2015). To overcome this, the following steps
are recommended:
• Investigators have to concentrate on conducting research studies

on BIM that explore the intraorganizational and interorganiza-
tional structures, behaviors, work hierarchies, and sociological
movements, collectively termed by Yuventi et al. (2013) as
“suboptimal organizational constructs.”

• Prominent outlets usually prefer technical studies on BIM,
ahead of those based on investigating suboptimal organizational
constructs. The outlets have to promote the creation of a mass of
research on these constructs with regard to BIM, via defining
special issues and attention to studies that promote the social
aspects of BIM research.
Another notable point is the lack of collaboration between

investigators, actors, and institutions involved in BIM research.
The links between most of these actors were missing or weak, with
countries only loosely connected to the main stream of BIM
research. The benefits offered by scientific collaboration are many,
diverse, and well-documented. Consequently, this problem is to be
addressed through these recommendations:
• Academic institutions and public and private research funding

agencies active in BIM research not only have to promote inter-
disciplinary, international, and interinstitutional collaboration
but also require this type of collaboration.

• A change in the expected outcomes of academic staff, institu-
tions, and funding agencies that promotes the use of scientific
communities of practice needs to be considered in funding BIM
research activities and producing publications.

Conclusions

This paper presented the results of a comprehensive science map-
ping analysis of the BIM literature from its emergence in 2003. It
provided a picture of the landscape of the body of BIM knowledge
and diagnosed problems from a holistic vantage point. The study
covered the largest corpus of literature on BIM (2,444 publications)
undertaken. Moreover, the study relied on quantitative analysis of
the literature, which involves minimal subjective judgment, thus
rendering its findings reliable and reproducible. The study stands
out from other similar published studies because it identified re-
search concerns along with opportunities. Specifically, 15 endemic
and fundamental problems were uncovered, raising questions as to
current trends within the body of BIM knowledge and the state of
BIM as a scholarly domain. Practical recommendations were also
proposed. The recommendations are believed to carry intuitive ap-
peal in providing remedial solutions to current drawbacks in the
existing body of BIM knowledge while also indicating fertile areas
for future investigations. Indeed, by identifying and highlighting
existing research networks, those active in BIM research will ben-
efit from an awareness of the key researchers, their topics, institu-
tions involved, and linkages among all these, as well as the outlets
communicating research findings.

Despite these contributions, all research studies have limita-
tions, and the present study is no exception. The analysis only
covered the literature in English, using a certain set of keywords
for searching. Furthermore, the analysis was based on the data
set retrieved from Scopus; hence, it was affected by the limitations
of Scopus in terms of coverage. Therefore, the findings may not
fully reflect the entire available corpus of BIM literature. Addition-
ally, findings presented here were based on using SNA principles
on citation networks. Using citations as the sole indicator of impact,

quality, connection, and influence of scholarly works is open to
criticism. As an example, coauthorship citations might reflect
nominal collaboration, rather than true scientific knowledge ex-
change on joint research studies. These limitations, however, create
fertile grounds that investigations can target in future research.
Further research is required to address these acknowledged limita-
tions using a variety of data sets and based on wider range of indica-
tors to evaluate connections, quality, and influence in the literature.

Data Availability Statement

Data generated by the authors or analyzed during the study and
the generated networks are available at https://figshare.com/s
/7bfb59e79487f02899b4. Information about the Journal’s data
sharing policy can be found here: http://ascelibrary.org/doi/10
.1061/%28ASCE%29CO.1943-7862.0001263.

Supplemental Data

Appendixes S1–S3 are available online in the ASCE Library
(www.ascelibrary.org).
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Cobo, M. J., A. G. López-Herrera, E. Herrera-Viedma, and F. Herrera.
2011. “Science mapping software tools: Review, analysis, and
cooperative study among tools.” J. Am. Soc. Inf. Sci. Technol.
62 (7): 1382–1402. https://doi.org/10.1002/asi.v62.7.

Cooper, H. M. 1988. “Organizing knowledge syntheses: A taxonomy of
literature reviews.” Knowl. Soc. 1 (1): 104–126. https://doi.org/10
.1007/BF03177550.

Costa, L. D. F., F. A. Rodrigues, G. Travieso, and P. R. Villas Boas. 2007.
“Characterization of complex networks: A survey of measurements.”
Adv.Phys.56 (1): 167–242.https://doi.org/10.1080/00018730601170527.

de Amorim, R. C., and C. Hennig. 2015. “Recovering the number of
clusters in data sets with noise features using feature rescaling factors.”
Supplement, Inf. Sci. 324 (SC): 126–145. https://doi.org/10.1016/j.ins
.2015.06.039.

Ding, Y. 2011. “Scientific collaboration and endorsement: Network analy-
sis of coauthorship and citation networks.” J. Informetrics 5 (1):
187–203. https://doi.org/10.1016/j.joi.2010.10.008.

Eastman, C., P. Teicholz, R. Sacks, and K. Liston. 2011. BIM handbook:
A guide to building information modeling for owners, managers,
designers, engineers, and contractors. Hoboken, NJ: Wiley.

Ellul, C., G. Boyes, C. Thomson, and D. Backes. 2017. “Towards integrat-
ing BIM and GIS—An end-to-end example from point cloud to
analysis.” In Advances in 3D geoinformation, edited by A. Abdul-
Rahman, 495–512. Cham, Switzerland: Springer.

Fang, Y., Y. K. Cho, S. Zhang, and E. Perez. 2016. “Case study of BIM and
cloud-enabled real-time RFID indoor localization for construction man-
agement applications.” J. Constr. Eng. Manage. 142 (7): 05016003.
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001125.

Fanning, B., C. M. Clevenger, M. E. Ozbek, and H. Mahmoud. 2014.
“Implementing BIM on infrastructure: Comparison of two bridge con-
struction projects.” Pract. Period Struct. Des. Constr. 20 (4): 04014044.
https://doi.org/10.1061/(ASCE)SC.1943-5576.0000239.

Gimenez, L., J.-L. Hippolyte, S. Robert, F. Suard, and K. Zreik. 2015.
“Review: Reconstruction of 3D building information models from
2D scanned plans.” J. Build. Eng. 2: 24–35. https://doi.org/10.1016/j
.jobe.2015.04.002.

Glänzel, W., and A. Schubert. 2005. “Analysing scientific networks
through co-authorship.” In Handbook of quantitative science and tech-
nology research: The use of publication and patent statistics in studies
of S&T systems, edited by H. F. Moed, W. Glänzel, and U. Schmoch,
257–276. Dordrecht, Netherlands: Springer.

Gu, N., and K. London. 2010. “Understanding and facilitating BIM adop-
tion in the AEC industry.” Autom. Constr. 19 (8): 988–999. https://doi
.org/10.1016/j.autcon.2010.09.002.

Guidry, J. A., B. N. Guidry Hollier, L. Johnson, J. R. Tanner, and
C. Veltsos. 2004. “Surveying the cites: A ranking of marketing journals
using citation analysis.”Marketing Educ. Rev. 14 (1): 45–59. https://doi
.org/10.1080/10528008.2004.11488853.

Hammersley, M. 2001. “On ‘systematic’ reviews of research literatures: A
‘narrative’ response to Evans & Benefield.” Br. Educ. Res. J. 27 (5):
543–554. https://doi.org/10.1080/01411920120095726.

Hassan Ibrahim, N. 2013. “Reviewing the evidence: Use of digital collabo-
ration technologies in major building and infrastructure projects.” J. Inf.
Technol. Constr. 18: 40–63.

He, Q., G. Wang, L. Luo, Q. Shi, J. Xie, and X. Meng. 2017. “Mapping the
managerial areas of building information modeling (BIM) using scien-
tometric analysis.” Int. J. Project Manage. 35 (4): 670–685. https://doi
.org/10.1016/j.ijproman.2016.08.001.

Hennig, M., U. Brandes, J. Pfeffer, and I. Mergel. 2012. Studying social
networks: A guide to empirical research. New York: Campus Verlag.

Hoekstra, J. 2003. “Big buzz for BIM: is the latest approach to A/E/C soft-
ware a revolutionary one or just repackaged technology at a higher
price? (Tech).” Architecture 92 (7): 79–81.

Hopewell, S., S. McDonald, M. Clarke, and M. Egger. 2007. “Grey liter-
ature in meta-analyses of randomized trials of health care interven-
tions.” Cochrane Database Syst. Rev. 2 (2): MR000010. https://doi
.org/10.1002/14651858.MR000010.pub3.

Ilter, D., and E. Ergen. 2015. “BIM for building refurbishment and main-
tenance: Current status and research directions.” Struct. Surv. 33 (3):
228–256. https://doi.org/10.1108/SS-02-2015-0008.

Kale, S., and D. Arditi. 2010. “Innovation diffusion modeling in the con-
struction industry.” J. Constr. Eng. Manage. 136 (3): 329–340. https://
doi.org/10.1061/(ASCE)CO.1943-7862.0000134.

Kassem, M., B. Succar, and N. Dawood. 2014. “Building information mod-
eling: Analyzing noteworthy publications of eight countries using a
knowledge content taxonomy.” In Building Information Modeling:
Applications and Practices, edited by R. Issa and S. Olbina. Reston,
VA: American Society of Civil Engineers.

Khokhar, D. A. 2015. Gephi cookbook: Over 90 hands-on recipes to
master the art of network analysis and visualization with Gephi.
Birmingham, UK: Packt.

Kleinberg, J. M. 1999. “Authoritative sources in a hyperlinked environ-
ment.” J. ACM (JACM) 46 (5): 604–632. https://doi.org/10.1145
/324133.324140.

Knight, L. V., and T. A. Steinbach. 2008. “Selecting an appropriate pub-
lication outlet: A comprehensive model of journal selection criteria for
researchers in a broad range of academic disciplines.” Int. J. Doctoral
Stud. 3: 59–79. https://doi.org/10.28945/51.

Lee, S., and J. Yu. 2016. “Comparative study of BIM acceptance between
Korea and the United States.” J. Constr. Eng. Manage. 142 (3):
05015016. https://doi.org/10.1061/(ASCE)CO.1943-7862.0001076.

Liu, Y., S. van Nederveen, and M. Hertogh. 2017. “Understanding effects
of BIM on collaborative design and construction: An empirical study in
China.” Int. J. Proj. Manage. 35 (4): 686–698. https://doi.org/10.1016/j
.ijproman.2016.06.007.

Lu, W. W. S., and H. Li. 2011. “Building information modeling and chang-
ing construction practices.” Autom. Constr. 20 (2): 99–100. https://doi
.org/10.1016/j.autcon.2010.09.006.

Lu, Y., Y. Li, M. Skibniewski, Z. Wu, R. Wang, and Y. Le. 2014.
“Information and communication technology applications in architec-
ture, engineering, and construction organizations: A 15-year review.”
J. Manage. Eng. 31 (1): A4014010. https://doi.org/10.1061/(ASCE)ME
.1943-5479.0000319.

McAuley, L., P. Tugwell, and D. Moher. 2000. “Does the inclusion of grey
literature influence estimates of intervention effectiveness reported in

© ASCE 04018064-12 J. Constr. Eng. Manage.

 J. Constr. Eng. Manage., 2018, 144(8): 04018064 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
on

as
h 

U
ni

ve
rs

ity
 o

n 
11

/1
5/

18
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

https://doi.org/10.1002/asi.v63.3
https://doi.org/10.1002/asi.v63.3
http://leanpub.com/howtousecitespace
http://leanpub.com/howtousecitespace
https://doi.org/10.1002/asi.v61:7
https://doi.org/10.1002/asi.v61:7
https://doi.org/10.1016/j.ijproman.2015.03.006
https://doi.org/10.1016/j.ijproman.2015.03.006
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001314
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001314
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001278
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001278
https://doi.org/10.1016/j.autcon.2014.04.010
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001337
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001337
https://doi.org/10.1002/asi.v62.7
https://doi.org/10.1007/BF03177550
https://doi.org/10.1007/BF03177550
https://doi.org/10.1080/00018730601170527
https://doi.org/10.1016/j.ins.2015.06.039
https://doi.org/10.1016/j.ins.2015.06.039
https://doi.org/10.1016/j.joi.2010.10.008
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001125
https://doi.org/10.1061/(ASCE)SC.1943-5576.0000239
https://doi.org/10.1016/j.jobe.2015.04.002
https://doi.org/10.1016/j.jobe.2015.04.002
https://doi.org/10.1016/j.autcon.2010.09.002
https://doi.org/10.1016/j.autcon.2010.09.002
https://doi.org/10.1080/10528008.2004.11488853
https://doi.org/10.1080/10528008.2004.11488853
https://doi.org/10.1080/01411920120095726
https://doi.org/10.1016/j.ijproman.2016.08.001
https://doi.org/10.1016/j.ijproman.2016.08.001
https://doi.org/10.1002/14651858.MR000010.pub3
https://doi.org/10.1002/14651858.MR000010.pub3
https://doi.org/10.1108/SS-02-2015-0008
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000134
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000134
https://doi.org/10.1145/324133.324140
https://doi.org/10.1145/324133.324140
https://doi.org/10.28945/51
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001076
https://doi.org/10.1016/j.ijproman.2016.06.007
https://doi.org/10.1016/j.ijproman.2016.06.007
https://doi.org/10.1016/j.autcon.2010.09.006
https://doi.org/10.1016/j.autcon.2010.09.006
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000319
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000319


meta-analyses?” Lancet 356 (9237): 1228–1231. https://doi.org/10
.1016/S0140-6736(00)02786-0.

Meho, L. I., and Y. Rogers. 2008. “Citation counting, citation ranking, and
h-index of human-computer interaction researchers: A comparison of
Scopus and Web of Science.” J. Am. Soc. Inf. Sci. Technol. 59 (11):
1711–1726. https://doi.org/10.1002/asi.v59:11.

Merschbrock, C., and B. E. Munkvold. 2012. “A research review on build-
ing information modeling in construction—An area ripe for IS
research.” Commun. Assoc. Info. Syst. 31 (1): 207–229.

Miettinen, R., and S. Paavola. 2014. “Beyond the BIM utopia: Approaches
to the development and implementation of building information mod-
eling.” Autom. Constr. 43: 84–91. https://doi.org/10.1016/j.autcon.2014
.03.009.

Mignone, G., M. R. Hosseini, N. Chileshe, and M. Arashpour. 2016.
“Enhancing collaboration in BIM-based construction networks through
organisational discontinuity theory: A case study of the new Royal
Adelaide Hospital.” Arch. Eng. Des. 12 (5): 333–352. https://doi.org/10
.1080/17452007.2016.1169987.

Nawari, N. O. 2012. “BIM standard in off-site construction.” J. Archit.
Eng. 18 (2): 107–113. https://doi.org/10.1061/(ASCE)AE.1943-5568
.0000056.

Nerur, S. P., A. A. Rasheed, and V. Natarajan. 2008. “The intellectual struc-
ture of the strategic management field: An author co-citation analysis.”
Strategic Manage. J. 29 (3): 319–336. https://doi.org/10.1002/(ISSN)
1097-0266.

Newman, M. E. 2004. “Coauthorship networks and patterns of scientific
collaboration.” Supplement, Proc. Natl. Acad. Sci. 101 (S1): 5200–
5205. https://doi.org/10.1073/pnas.0307545100.

Olatunji, O. A. 2011. “A preliminary review on the legal implications of
BIM and model ownership.” J. Inf. Technol. Constr. 16: 687–696.

Opsahl, T., F. Agneessens, and J. Skvoretz. 2010. “Node centrality in
weighted networks: Generalizing degree and shortest paths.” Social
Netw. 32 (3): 245–251. https://doi.org/10.1016/j.socnet.2010.03.006.

Park, C.-S., H.-J. Kim, H.-T. Park, J.-H. Goh, and A. Pedro. 2017.
“BIM-based idea bank for managing value engineering ideas.” Int. J.
Project Manage. 35 (4): 699–713. https://doi.org/10.1016/j.ijproman
.2016.09.015.

Park, J., K. Kim, and Y. K. Cho. 2016. “Framework of automated
construction-safety monitoring using cloud-enabled BIM and BLE
mobile tracking sensors.” J. Constr. Eng. Manage. 143 (2): 05016019.
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001223.

Pärn, E., D. Edwards, and M. Sing. 2017. “The building information mod-
elling trajectory in facilities management: A review.” Autom. Constr.
75: 45–55. https://doi.org/10.1016/j.autcon.2016.12.003.

Patacas, J., N. Dawood, D. Greenwood, and M. Kassem. 2016. “BIM for
facilities management: Evaluating BIM standards in asset register
creation and service life planning.” J. Inf. Technol. Constr. 20 (10):
313–331.

Pezeshki, Z., and S. A. S. Ivari. 2018. “Applications of BIM: A brief review
and future outline.” Arch. Comput. Methods Eng. 25 (2): 273–312.
https://doi.org/10.1007/s11831-016-9204-1.

Prell, C. 2012. Social network analysis: history, theory & methodology.
New Delhi, India: Sage.

Rousseeuw, P. J. 1987. “Silhouettes: A graphical aid to the interpretation
and validation of cluster analysis.” Supplement, J. Comput. Appl. Math.
20 (SC): 53–65. https://doi.org/10.1016/0377-0427(87)90125-7.

Sackey, E., M. Tuuli, and A. Dainty. 2015. “Sociotechnical systems
approach to BIM implementation in a multidisciplinary construction
context.” J. Manage. Eng. 31 (1): A4014005. https://doi.org/10.1061
/(ASCE)ME.1943-5479.0000303.

Santos, R., A. A. Costa, and A. Grilo. 2017. “Bibliometric analysis and
review of building information modelling literature published between
2005 and 2015.” Autom. Constr. 80: 118–136. https://doi.org/10.1016/j
.autcon.2017.03.005.

Shalabi, F., and Y. Turkan. 2016. “IFC BIM-based facility management
approach to optimize data collection for corrective maintenance.”
J. Perform. Constr. Facil. 31 (1): 04016081. https://doi.org/10.1061
/(ASCE)CF.1943-5509.0000941.

Shou, W., J. Wang, X. Wang, and H. Y. Chong. 2015. “A comparative
review of building information modelling implementation in building

and infrastructure industries.” Arch. Comput. Methods Eng. 22 (2):
291–308. https://doi.org/10.1007/s11831-014-9125-9.

Son, K., K. Choi, P. Woods, and Y. J. Park. 2012. “Urban sustainability
predictive model using GIS: Appraised land value versus LEED sustain-
able site credits.” J. Constr. Eng. Manage. 138 (9): 1107–1112. https://
doi.org/10.1061/(ASCE)CO.1943-7862.0000449.

Succar, B. 2009. “Building information modelling framework: A research
and delivery foundation for industry stakeholders.” Autom. Constr.
18 (3): 357–375. https://doi.org/10.1016/j.autcon.2008.10.003.

Sun, C., S. Jiang, M. J. Skibniewski, Q. Man, and L. Shen. 2017. “A liter-
ature review of the factors limiting the application of BIM in the con-
struction industry.” Technol. Econ. Dev. Economy 23 (5): 764–779.
https://doi.org/10.3846/20294913.2015.1087071.

Tijssen, R. J. W., and A. F. J. V. Raan. 1994. “Mapping changes in science
and technology.” Eval. Rev. 18 (1): 98–115. https://doi.org/10.1177
/0193841X9401800110.

van Eck, N. J., and L. Waltman. 2014. “Visualizing bibliometric networks.”
InMeasuring scholarly impact: Methods and practice, edited by Y. Ding,
R. Rousseau, and D. Wolfram, 285–320. Cham, Switzerland: Springer.

Van Eck, N. J., and L. Waltman. 2010. “Software survey: VOSviewer, a
computer program for bibliometric mapping.” Scientometrics 84 (2):
523–538. https://doi.org/10.1007/s11192-009-0146-3.

van Nederveen, G. A., and F. P. Tolman. 1992. “Modelling multiple views
on buildings.” Autom. Constr. 1 (3): 215–224. https://doi.org/10.1016
/0926-5805(92)90014-B.

Volk, R., J. Stengel, and F. Schultmann. 2014. “Building information
modeling (BIM) for existing buildings—Literature review and future
needs.” Autom. Constr. 38: 109–127. https://doi.org/10.1016/j.autcon
.2013.10.023.

Wang, X., and H.-Y. Chong. 2015. “Setting new trends of integrated build-
ing information modelling (BIM) for construction industry.” Constr.
Innov. 15 (1): 2–6. https://doi.org/10.1108/CI-10-2014-0049.

Whetten, D. A., T. Felin, and B. G. King. 2009. “The practice of
theory borrowing in organizational studies: Current issues and future
directions.” J. Manage. 35 (3): 537–563. https://doi.org/10.1177
/0149206308330556.

Won, J., G. Lee, C. Dossick, and J. Messner. 2013. “Where to focus for
successful adoption of building information modeling within organiza-
tion.” J. Constr. Eng. Manage. 139 (11): 04013014. https://doi.org/10
.1061/(ASCE)CO.1943-7862.0000731.

Wong, J. K. W., and J. Zhou 2015. “Enhancing environmental sustainability
over building life cycles through green BIM: A review.” Autom. Constr.
57: 156–165. https://doi.org/10.1016/j.autcon.2015.06.003.

Yalcinkaya, M., and V. Singh. 2014. “Building Information Modeling
(BIM) for facilities management—Literature review and future needs.”
In Proc., Product Lifecycle Management for a Global Market: 11th
IFIP WG 5.1 Int. Conf., edited by S. Fukuda, A. Bernard, B.
Gurumoorthy, and A. Bouras, 1–10. Berlin, Germany: Springer.

Yalcinkaya, M., and V. Singh. 2015. “Patterns and trends in building
information modeling (BIM) research: A latent semantic analysis.”
Autom. Constr. 59: 68–80. https://doi.org/10.1016/j.autcon.2015.07.012.

Yuventi, J., R. Levitt, and H. Robertson. 2013. “Organizational barriers
to productivity and innovation in large-scale, US-based photovoltaic
system construction projects.” J. Constr. Eng. Manage. 139 (10):
06013003. https://doi.org/10.1061/(ASCE)CO.1943-7862.0000767.

Zahra, S. A. 2007. “Contextualizing theory building in entrepreneurship
research.” J. Bus. Venturing 22 (3): 443–452. https://doi.org/10.1016/j
.jbusvent.2006.04.007.

Zhao, X. 2017. “A scientometric review of global BIM research: Analysis
and visualization.” Autom. Constr. 80: 37–47. https://doi.org/10.1016/j
.autcon.2017.04.002.

Zheng, L., W. Lu, K. Chen, K. W. Chau, and Y. Niu. 2017. “Benefit sharing
for BIM implementation: Tackling the moral hazard dilemma in inter-
firm cooperation.” Int. J. Proj. Manage. 35 (3): 393–405. https://doi.org
/10.1016/j.ijproman.2017.01.006.

Zuo, J., and Z.-Y. Zhao. 2014. “Green building research–Current status
and future agenda: A review.” Renewable Sustainable Energy Rev.
30: 271–281. https://doi.org/10.1016/j.rser.2013.10.021.

Zweig, K. A. 2016. Network analysis literacy: A practical approach to
network analysis project design. Wien, Austria: Springer.

© ASCE 04018064-13 J. Constr. Eng. Manage.

 J. Constr. Eng. Manage., 2018, 144(8): 04018064 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

M
on

as
h 

U
ni

ve
rs

ity
 o

n 
11

/1
5/

18
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.

https://doi.org/10.1016/S0140-6736(00)02786-0
https://doi.org/10.1016/S0140-6736(00)02786-0
https://doi.org/10.1002/asi.v59:11
https://doi.org/10.1016/j.autcon.2014.03.009
https://doi.org/10.1016/j.autcon.2014.03.009
https://doi.org/10.1080/17452007.2016.1169987
https://doi.org/10.1080/17452007.2016.1169987
https://doi.org/10.1061/(ASCE)AE.1943-5568.0000056
https://doi.org/10.1061/(ASCE)AE.1943-5568.0000056
https://doi.org/10.1002/(ISSN)1097-0266
https://doi.org/10.1002/(ISSN)1097-0266
https://doi.org/10.1073/pnas.0307545100
https://doi.org/10.1016/j.socnet.2010.03.006
https://doi.org/10.1016/j.ijproman.2016.09.015
https://doi.org/10.1016/j.ijproman.2016.09.015
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001223
https://doi.org/10.1016/j.autcon.2016.12.003
https://doi.org/10.1007/s11831-016-9204-1
https://doi.org/10.1016/0377-0427(87)90125-7
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000303
https://doi.org/10.1061/(ASCE)ME.1943-5479.0000303
https://doi.org/10.1016/j.autcon.2017.03.005
https://doi.org/10.1016/j.autcon.2017.03.005
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000941
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000941
https://doi.org/10.1007/s11831-014-9125-9
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000449
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000449
https://doi.org/10.1016/j.autcon.2008.10.003
https://doi.org/10.3846/20294913.2015.1087071
https://doi.org/10.1177/0193841X9401800110
https://doi.org/10.1177/0193841X9401800110
https://doi.org/10.1007/s11192-009-0146-3
https://doi.org/10.1016/0926-5805(92)90014-B
https://doi.org/10.1016/0926-5805(92)90014-B
https://doi.org/10.1016/j.autcon.2013.10.023
https://doi.org/10.1016/j.autcon.2013.10.023
https://doi.org/10.1108/CI-10-2014-0049
https://doi.org/10.1177/0149206308330556
https://doi.org/10.1177/0149206308330556
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000731
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000731
https://doi.org/10.1016/j.autcon.2015.06.003
https://doi.org/10.1016/j.autcon.2015.07.012
https://doi.org/10.1061/(ASCE)CO.1943-7862.0000767
https://doi.org/10.1016/j.jbusvent.2006.04.007
https://doi.org/10.1016/j.jbusvent.2006.04.007
https://doi.org/10.1016/j.autcon.2017.04.002
https://doi.org/10.1016/j.autcon.2017.04.002
https://doi.org/10.1016/j.ijproman.2017.01.006
https://doi.org/10.1016/j.ijproman.2017.01.006
https://doi.org/10.1016/j.rser.2013.10.021

