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Introduction 

Background 
The construction industry has been regarded by many as a technologically low-driven 
industry with many inefficiencies in its operations (Gallaher et al., 2004). To meet the 
demands of the 21st century, the construction industry is currently undergoing 
digitalization, which is causing a vortex of disruptions. The reason is that industry 
workflows change and these, in turn, require new approaches to information 
management, communication, and knowledge in order to deliver new and acceptable 
projects. This has led to a mismatch between graduates’ competencies and their 
emerging roles in an industry striving towards the adoption of web 4.0 technologies.  
To address this, it is important for construction educators to devise novel and innovative 
ways to enhance teaching and increase the motivation to study among the new 
generation of construction students. Building Information Modelling (BIM) is the central 
phenomenon in this digitalization vortex. BIM refers to an integrated digital repository 
of parametric and non-parametric representation of all information relating to a 
construction asset’s lifecycle that allows communication, collaboration, planning, 
simulations, and other activities to take place in a single, virtual environment. While BIM 
poses new challenges, it also offers opportunities for meeting some immediate and  
long-term industry needs of the 21st century through BIM for construction education.  

BIM for construction education refers to all teaching and learning approaches engaged 
in promoting the acquisition of BIM skills and/or leveraging BIM for construction 
education (Olowa et al., 2020). BIM for construction education is carried out among 
academics and researchers in two basic forms. The first is through the instrumentalism 
perspective (Feenberg, 2006; Heidegger, 1977) where graduates are taught to 
understand and apply BIM skills for immediate industry needs. The second is through the 
substantivism perspective where BIM becomes the medium in which teaching and 
learning activities are performed - here BIM becomes an education pipeline or the 
vehicle that conveys teaching and learning. 

Conversely, researchers and practitioners have agreed that introducing technologies 
like BIM into didactics improves learning and raises the motivation of students to learn 
(Barham et al., 2011; LóPez-Zaldívar et al., 2017; Wu & Kaushik, 2015). This has piqued 
the attention of educational authorities, academics, and researchers for BIM for 
construction education activities in the last decade. Generally, the evolution of BIM 
education has been categorised into 3 progressive stages:   
1. BIM-aware, where graduates are made aware of the uses and exigencies of BIM 

relating to its implications for both digital and cultural transformation of the 
construction industry.   

2. BIM-focused, involves graduates’ abilities to use and manipulate BIM software in 
performing specific tasks such as modelling, clash detection, simulation etc.  

3. BIM-enabled, where education takes place in a BIM-mediated virtual environment 
and BIM acts as a platform for learning (Underwood et al., 2013).  

While the BIM-curriculum integration is generally in its embryonic stage (Underwood 
& Ayoade, 2015), evidence suggests that both BIM-aware and BIM-focused education 
have gained significant acceptance, with research to produce BIM-integrated curriculum 
gaining traction. 
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Problem statement 
While BIM has become the gold standard in the present-day construction industry 
(Eastman et al., 2011), which requires graduates to demonstrate BIM skills and 
knowledge upon entry into the industry (and the backbone upon which many innovative 
technologies run in the industry), BIM for construction education on the other hand has 
experienced slow uptake and development in the academia leading to sub-optimal 
education in Architectural, Engineering, Architectural and Facilities Management 
(AEC/FM) disciplines. As a result of this lag, it has become difficult to appropriately align 
students’ professional duties with the digitalization of the construction industry to 
improve not only their industry skill-fit and productivity but also their decision-making 
ability (Du et al., 2017; Hwang & Safa, 2017; Tranquillo et al., 2018).  

The construction industry is moving away from fragmented and adversarial traditional 
construction methods towards digitally integrative and collaborative ways of working, 
whereas the pedagogical methods in construction education are still very much siloed 
based on disciplinarity and the knowledge created are fragmented. Students of different 
disciplines need to be taught on how to work collaboratively and they must also be 
provided a way to see how all the different construction concepts and knowledge 
garnered fit together in a complete sense to foster better understanding and proper 
knowledge application. BIM for construction education can address these challenges. 

Hands-on learning has been the historical modus operandi for construction education 
(Glick et al., 2012). Many activities on construction sites, such as mounting and dismantling 
of cranes require on the job training, which sometimes leads to injuries and fatalities (Li 
et al., 2012). Moreover, the decreasing number of experiential construction laboratories 
in higher education institutions (Glick et al., 2012), inadequate construction sites to visit, 
time and logistics problems associated with site visits including safety issues have all 
created the challenge of developing instructional material that can equally generate 
practical understanding of spatial relations and its associated understanding of 
construction system components in a safer environment for both educators and 
students.  

Despite the availability of rich-embedded real project data in BIM and the consensus 
about the pedagogical impact on students learning outcomes of introducing BIM 
pedagogy into construction education, there is still a lot of confusion about BIM for 
construction education. These issues concern what to teach, how to teach, where to 
teach and the evaluation mechanism to appraise the outcome and consequences of what 
is taught. This makes the opportunity offered by BIM to be under leveraged for 
construction education. 

Aim and scope of the research 
The ability of BIM to hold real industry data and to extract data therefrom provides an 
opportunity for problem/project-based teaching and active learning in an immersive BIM 
environment. Leveraging on this BIM characteristics is important for enhancing 
construction education. Hence, the aim of this research is to understand how BIM could 
be used to facilitate construction education. To achieve this aim, the following overall 
research question was formulated: Overall research question: How can BIM be leveraged 
for construction education? To adequately address the Substantial and complex issues 
raised in the overall research question, this was subsequently broken down into the 
following smaller research questions: 
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Research question 1: What are the existing cases of BIM for construction education? 
Research question 2: How can BIM be used to teach engineering concepts? 
Research question 3: What is the impact of BIM-enabled pedagogy on students’ 

performance? 
Research question 4: How can BIM-enabled learning be facilitated? 
A pragmatic approach was used to explore the diverse themes imbued in these 

research questions by applying mixed methods to identify “what works” at every point 
of the research.  

The scope of this study is limited to the observations and experiences of BIM for 
construction education in a participatory action research within a construction 
investment course and construction industry experts’ opinions from three European 
countries: Estonia, Finland, and Italy. 

 Research significance and contribution  
This doctoral research demonstrates the possibility and effectiveness of BIM-enabled 
learning in promoting safe, active and collaborative learning among construction 
students. The results of this research will update and add to the body of knowledge on 
construction education generally and BIM for construction education specifically by 
providing a typology and conceptual framework of BIM for construction education. 
Furthermore, the result will provide characteristics for an innovative platform that can 
promote competency-based BIM-enabled learning in an immersive environment. These 
characteristics will be useful for educational software developers in their future software 
deployments. 

The BIM-enabled learning object and activities that will emanate because of this 
dissertation will be useful for educators in promoting safe-active learning in a  
BIM-enabled learning environment that will be helpful in achieving the six knowledge 
domains of Bloom’s taxonomy. Describing and demonstrating BIM-enabled learning 
activities will help other academic researchers and practitioners in designing and 
implementing BIM for construction education. The result from this study will provide a 
systematic way for planning and implementing BIM for construction education 
interventions. This will contribute to the ongoing efforts in matching the graduates’ 
competencies with their expected industry roles and further ensure motivation among 
industry professionals for continuous professional development.  

Outline of the dissertation 
This doctoral dissertation consists of four chapters based on six (6) paper publications. 
The introduction provides an overview of BIM for construction education. It outlines the 
purpose of the research, the research questions, scope, and justification for the study. 
Chapter 1 gives an overview of the research subject from the perspective of the extant 
literature; Chapter 2 discusses the methodological approaches. Chapter 3 presents the 
findings; Chapter 4 gives the conclusions and recommendations. 
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Abbreviations 
BIM Building Information Modelling 
AEC/FM Architectural, Engineering, Construction and Facility Management 
AIT Advanced Information Technology 
AST Adaptive Structuration Theory 
STM Strussian Theory Model 
GT Grounded Theory 
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Terms 
Building 
Information 
Modelling 

An integrated digital repository of parametric and non-parametric 
representation of all information relating to a construction asset’s 
lifecycle that allows communication, collaboration, planning, 
simulations, and other activities to take place in a single, virtual 
environment 

BIM-enabled 
learning 

All teaching and learning that are carried out with the aid of BIM 
models 

BIM-enabled 
learning 
environment 

A spatial-temporal medium where BIM-enabled learning can take 
place 

BIM for 
construction 
education 

All teaching and learning approaches engaged in promoting the 
acquisition of BIM skills and/or leveraging BIM for construction 
education 

Adaptive 
Structuration 
Theory  

The framework that models the relationship between advanced 
information technologies, social structures, and human interaction 

Advanced 
Information 
Technology 

Technologies that use sophisticated information management to 
enable multiparty participation in organization activities 

Grounded 
Theory 

A method of developing a well-integrated set of concepts that 
provide a thorough theoretical explanation of social phenomena 
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1 Literature review 
Digitalization is revolutionizing construction education, which is not only expressed 
through innovations in modes of teaching and learning but also through reproducing 
industry practice for improving construction education (Olowa et al., 2020). In the sections 
that follow, a review of BIM as the major driver of this digitalization is presented by 
considering its origin, impact on the industry, usefulness in education, and opportunity 
for improving construction education. 

1.1 BIM and digitalization in AEC/FM industry 
In many countries, the construction business is regarded as one of the most difficult 
(Haron et al., 2011). Even though it has been around longer than other industries, such 
as automotive and manufacturing, it still has a lot of difficulties to address in its 
traditional ways of doing things (ibid). After recognizing the drawbacks of sticking to the 
traditional approach (which include a 20% reduction in production compared to other 
industries and about 30% waste in processes and delivery methods (Gallaher et al., 2004; 
Haron et al., 2011)), the industry has begun to embrace smart and advanced digital 
technologies, such as 3-D scanning and printing, robotics, artificial intelligence (AI), internet 
of things (IoT), laser scanning and point cloud image capturing, photogrammetry, GIS, 
Sensors etc., (Forsythe et al., 2013). Yet, BIM has been used in different instances as the 
backbone or frame on which many of these smart and advanced technologies are 
effectively deployed in the construction industry (e.g., Osello et al., 2013). 

BIM's initial impact was mostly felt on the design side, where it allowed architects to 
conceive and design a project in exciting new ways (Sweeney, 2018). Custom parametric 
objects make it feasible to model complicated geometries that were previously 
impossible or impractical to model (Eastman et al., 2008). Other significant members of 
the construction sector have also come to recognize the benefits of BIM. Contractors, for 
example, increasingly use BIM to estimate, schedule, and execute project construction 
more effectively (Sweeney, 2018). 

The benefits of digitalization through BIM are enormous in construction industry 
practice and are well documented (Codinhoto et al., 2022; Gaur et al., 2021; Mahmoud 
et al., 2022; Omayer et al., 2022; Santos et al., 2022; Vigneshwar et al., 2022). These 
benefits are available throughout the lifecycle of a building. One of the primary benefits 
of BIM, according to several studies, is that it is a technology that facilitates  
cross-discipline collaboration (Boeykens, Stefan; De Somer, Pauline; Klein, Ralf; Saey, 
2013; Bozoglu, 2016a; Mathews, 2013b; Matthews et al., 2018; Wu & Issa, 2014; S. Zhang 
et al., 2017). For example, collaboration and cooperation are fostered among project 
participants where BIM is used at the initiation and design phase (Bozoglu, 2016b), 
especially in projects requiring efficient communication in off-shoring or outsourcing 
with architectural and engineering designs (Ku & Mahabaleshwarkar, 2011), including 
execution and operation phases of construction programmes (Karji et al., 2017; Shi et al., 
2016).  

BIM can increase communication between businesses in the building industry and can 
help with information management and project lifecycle management. Architects, cost 
estimators, engineers, builders, and property owners can all use BIM to manage a project 
from start to finish in a timely manner. BIM will continue to demonstrate its worth in the 
management of buildings through building design, bidding, construction, and operation 
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phases (Zhang et al., 2016). At operations phase, Love et al. (2014) argue that at least 
nine benefits are accruable to facility owners. 

However, to sustain and expand these benefits, AEC/FM graduates need to be trained 
not just in BIM applications by including BIM curricula in their study programmes but also 
by devising alternative and improved pedagogical teaching methods of delivering them 
in ways that would motivate students’ active participation and continuous learning. 
Some of the ways by which these are done are discussed in the next section. 

1.2 BIM and construction education 
Many researchers have canvassed for introducing BIM into education at different levels 
(e.g., Eastman et al. (2008) and Underwood et al. (2013)). According to Wong et al. 
(2011), incorporating BIM into higher education would not only meet the growing 
demand for BIM-capable workers, but it would also provide students with new 
opportunities in their professional careers, such as the ability to cope with new 
occupational issues with high level of efficiency. By focusing on curriculum content and 
teaching methodologies (Zhang et al., 2016), academics and education researchers have 
since realized that it is critical to respond to the construction industry trend and use 
technology such as BIM to accomplish numerous goals across AEC/FM curricula. These 
goals can be grouped into three areas: 

1. Teaching students and professionals how to use BIM as a tool 
2. Using BIM independently or in serious games to teach construction and 

engineering concepts that hitherto had been difficult to teach 
3. Using BIM for active learning such as in problem and project-based learning 

including the development of learners’ soft skills.  
The important characteristics of BIM that make it particularly relevant in/for 

education have been identified by several authors, such as Eastman et al., (2008) and 
Underwood et al., (2013). Eastman et al., (2008) argue that a building's principal role is 
to provide climate-controlled space. An interior space’s shape, volume, surfaces, and 
characteristics are all important aspects of a structure, which previous computer-aided 
design systems struggled to express explicitly. They further argue that the ability to 
automatically update digital parametric models makes BIM a powerful productivity tool 
with additional ability for “interaction, collaboration and communication among 
students through digital medium exchanged dialogue”. For Wong et al., (2011), BIM is 
more than just a representation of a building’s geometry when it comes to AEC/FM 
education. The sorts of materials, construction specifications, and scheduling of building 
parts for assembly can all be displayed and intelligently interpreted using BIM views 
especially in construction management courses. Because of this, Wong and his 
colleagues further state that BIM allows individuals from varied backgrounds to 
collaborate on a single BIM model of a building. While students learn to represent 
designs in BIM, they will also learn about BIM’s other capabilities like new ways to 
illustrate construction details and methods, develop an understanding of the 
construction assembly of various building elements, opportunities for improved 
communication, and mentally creating a vision for the eventual paradigm shift from 2-D 
documents to full 3-D digitally based construction documents (ibid).  

Forsythe et al., (2013) advocated for BIM inclusion in AEC/FM education by explicating 
the shortfalls in the traditional forms of teaching and learning among academia and how 
introducing BIM into AEC/FM curricula could come to the rescue. They argued that in the 
past, didactic ‘chalk and talk’ training has dominated AEC/FM training delivery and 
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evaluation, which has not always resulted in acceptable knowledge transfer and learning 
results. They claim that many traditional techniques used to teach AEC/FM programs 
include isolated, static, and individual learning, which students sometimes find boring or 
irrelevant to their desired job prospects. As a result, these traditional methods tend to 
elicit low student motivation and thus limited learning potential because they do not 
expose students to the complex dynamics of real-world projects or the need to make 
decisions involving potentially conflicting variables, even though this is exactly what they 
will encounter once they begin working in industry (ibid). Again, Forsythe et al., (2013) 
argue that traditional mode of teaching AEC/FM students does not cater enough for 
students that are “visual-spatial” learners. They assert that this learning style is eight 
times faster for most learners compared to auditory-sequential learning style. They 
suggest that students who are visual-spatial learners think in terms of visualization, 
images, and spatial awareness; they can process concepts, apply inductive reasoning, 
and generate ideas by combining existing facts all at the same time. They concluded that 
an advantage of this learning style is that learning is permanent once the student is able 
to fit the information into the context of what they already know. 

Finally, (Underwood & Ayoade, 2015) in expressing their perspective on BIM in higher 
education in UK to BIM Academic Forum (BAF) members succinctly state that: 

“BIM models can be rigorously analyzed, and simulations can be 
performed… the visual nature of the information in BIM models provides 
a more universal medium for understanding that is more quickly 
absorbed than words alone… and offers engagement and exploration of 
teamwork, collaboration, and continuity across multiple construction 
stages” 

Having explicated the reasons and perceived attendant benefits of BIM in AEC/FM 
education has been clearly laid down by academia and BIM researchers, the next section 
presents how academics are incorporating BIM into AEC/FM curricula to overcome:  
the shortage of BIM experts’ requirement of the construction industry; the perceived 
mismatch between industry requirement and construction graduates; and perceived 
shortcomings of traditional teaching and learning methods. 

1.3 BIM education 
In recent decades, there has been a boom of interests in BIM education from academics 
and researchers, with authors stressing various aspects of educational abilities, skills, 
attitudes, and knowledge domains (see Brioso, Murguia, and Urbina 2017; Fridrich and 
Kubečka 2014; Koutamanis, Heuer, and Könings 2017; Macdonald and Granroth 2013; 
Nawari 2013; Shanbari, Blinn, and Issa 2016a). Owing to contextual opportunities, 
challenges and priorities which differ from person to person and institution to institution, 
different BIM education strategies have been identified and documented (see Abdirad & 
Dossick, 2016; Denzer & Hedges, 2008; Olowa et al., 2020; Sacks & Barak, 2010).  

BIM-aware education 
Usually, BIM educational programs begin by raising BIM awareness both in the industry 
and in academia (Underwood et al., 2013). This awareness could simply be through 
words of mouth from person to person or group of persons with little distinction often 
made between CAD and BIM. This level of BIM for construction education is characterized 
by some sorts of confusion as people do not yet have a full understanding of what BIM 
really is. Some researchers have largely ascribed this confusion to the non-governmental 
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pronouncement of BIM guidelines or deliverables in those countries’ construction 
industry or education curricula (Maina, 2018).  

BIM awareness could also be through workshop discussions and/or publications.  
In other cases, BIM forums are organized either formally by institutions or informally by 
BIM enthusiasts for the same purpose. While this stage of BIM education is still common 
in emerging economies like Nigeria, it is safe to say that it has been substantially 
addressed in developed economies. One other characteristic of emerging economies 
that is at this stage includes the publishing of papers or organizing workshops around 
issues like challenges, barriers, and benefits of BIM adoption. Examples of this include 
Amuda-Yusuf et al., 2017; Babatunde & Ekundayo, 2019; Maina, 2018; Sawhney & 
Singhal, 2013; Yan & Damian, 2008. 

BIM-focused education 
Following BIM awareness phase is the BIM focused phase where some level of awareness 
is already achieved in the system usually at a national level. At this stage, the attention 
is on how to develop BIM competencies among students and/or industrial trainees, 
especially in the use of specific industry BIM software products (such as Vico office, 
BEXEL, Revit, ArchiCAD, Navisworks, Rhino3D, Aconex, Green Building Studio and others) 
for modeling, viewing, simulating, estimating, scheduling, and data sharing etc.,  
(Olowa et al., 2022). Several academics and researchers have also reported on  
BIM-focused education as a variant of BIM for construction education (see Bozoglu, 
2016; Palomera-Arias & Liu, 2016b; Shanbari et al., 2016; Wang et al., 2014; Wu & Luo, 
2016; Zhang et al., 2017). Evidence suggests that both BIM-aware and BIM-focused 
education have been generally recognized and initiatives to develop curricula to 
incorporate BIM have become widespread (Olowa et al., 2021). However, both  
BIM-aware and BIM-focused are both taught using the instrumentalist traditional 
teaching methods and no thought is given to how parametric BIM could be used as a 
vehicle for teaching and learning in construction education through a substantivism 
viewpoint.  

Beyond the BIM focused stage is the BIM enabled education where efforts are made 
by both academic practitioners  and researchers to explore the use of BIM as a medium 
for educational practices and purposes as advocated by Underwood and his colleagues 
(2013). Hence, the focus of this research is on this aspect of BIM for construction 
education, which was at its primal phase as at that time, this study was designed in over 
four years ago; and this is discussed further in the next section. 

BIM-enabled education 
In line with earlier arguments about how important it is to cater for learners of all kinds 
in AEC/FM education, Barfield et al. (1995) state that learners can be classified as 
auditory, visual, tactile, or kinesthetic based on their learning preferences. Auditory, 
visual, and kinesthetic learners learn through hearing, seeing, and doing respectively 
(Roark, 1998). Teaching AEC/FM classes while considering students’ various learning 
styles is a difficult task (Barham et al., 2011). Barham et al. observed that traditional 
lecturing is prevalent in delivering AEC/FM courses with occasional visits to construction 
sites sometimes used to complement the lecturing approach. This teaching style provides 
an auditory and visual learning environment. However, it is not always possible to include 
site visits in the course schedule due to factors such as the lack of construction sites that 
match the class’s demands, class scheduling conflicts, and safety concerns (Haque, 2007). 
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The typical lecture teaching method can often fall short of serving as an effective 
instrument for communicating knowledge to learners (Barham et al., 2011).  

Since the launch of “Cyclone” in 1976, using computers to simulate building jobs has 
been the subject of numerous research articles AbouRizk & Shi (1994). Researchers now 
have more resources to run more accurate simulations because of the advances in 
technology. Modelling a full construction project, on the other hand, is far more difficult 
than simulating one or two components of it separately. Construction projects include 
an excessive number of activities and unpredictable variables, such as weather 
conditions that can radically alter any project outcome. Furthermore, one task can 
influence and be influenced by the others. The intricacy of construction projects is one 
of the key reasons why proper simulation is so challenging. As a result, numerous 
researchers have turned their attention to simpler simulation for instructional purposes 
(Nikolic et al., 2011). 

BIM makes it easier to create knowledge libraries and learning settings that are 
favorable to learning. For data management, BIM is a wonderful tool. Through the 3D 
spatial model of the construction object, it enables easy and quick access to information 
contained in a single centralized database or in multiple databases kept at separate 
places. Auditory, visual, and kinesthetic learning environments occur because of BIM 
qualities such as simple access to information, visualization, and simulation capabilities. 
Access to the repository at any time and in real time via a 3D model creates a learning 
environment that is free of time and space constraints, allowing students to learn at their 
own speed (Barham et al., 2011). 

BIM-enabled education can and does exist in different forms, a development that 
keeps unfolding in recent years. There are massive questions relating to what degree to 
depend on contextual factors, such as the need for approval from higher authorities, 
time coordination difficulty, previous BIM knowledge requirement, level of investment 
required in hardware and software, need for industry mentors and its availability,  
the number of faculty members needed and its availability, suitability of the model  
for teaching construction concepts, requirement for BIM mandate, requirement for 
change in curriculum, extent to which self-learning is involved, suitability for imparting  
a wide array of BIM concepts and ideas, promotion of interdisciplinary learning / 
communication / collaboration, time limitations and promotion of communication skills 
in students (Olowa et al., 2020). For example, Wei & Wang (2018) reported BIM-enhanced 
safety training within a BIM-enabled environment for occupational awareness 
improvement. Hu (2019) transformed a traditional Building Materials and Construction 
Methods course using a BIM-enabled pedagogical approach and teaching platform to 
help students understand fundamental concepts. Witt & Kähkönen (2019) assert that by 
enabling the use of real construction project data and simulating more realistic, 
multidisciplinary workflows in the educational environment, BIM-enabled education 
offers opportunities to enhance construction education didactics to better align 
graduate’s competences with emerging and future needs, particularly those arising from 
the digitalization of the construction industry. However, in contrast to BIM-focused 
learning, the number of documented cases of BIM-enabled education is relatively scarce, 
suggesting that this stage of BIM education is still emerging. 

From the foregoing, BIM-enabled learning very much supports the problem, case, and 
project based learning and its evolution is also a precursor to an inter-generational shift 
from the traditional mode of teaching delivery, which was prevalent before the advent 
of new generations of digital natives that are alleged to have very short attention spans. 
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Gallagher (1997) argues that these forms of learning emphasize students’ learning 
through active inquiry in groups and integrating their conceptual knowledge with their 
procedural skills. By so doing it promotes intrinsic motivations and hence encourages 
questioning and association with and reflection on previously acquired knowledge – an 
approach referred to as learning how to learn through real-life problems by Boud & 
Feletti (1999). 

BIM-enabled virtual learning environment 
COVID-19 has significantly underscored the soaring demand for distributed collaborative, 
self-paced and adaptive learning among learners. Ku et al., (2011) have long identified 
these challenges and experimented on what they referred to as a BIM interactive Model 
(BiM). They described BiM as a platform that combines a virtual environment with BIM 
for learning purposes and proposed a theoretical web-based virtual world for engaging 
construction stakeholders in real-time social interaction using a game environment 
called the second life. The authors contended that integrating 2D and intelligent 3D BIM 
models would supplement construction education to overcome the limitation of 
location-based learning and make it accessible to anyone on the internet. Although the 
authors suggested that this environment could be adapted for learning, it had no ability 
to record or monitor students’ performance, which is an important feature for any 
learning management system. Other limitations include: the absence of AEC/FM avatars 
and object libraries; requirement for high level of programming skill to create one; and 
the non-interoperability with BIM models. Therefore, the focus was mainly on 
experimenting with the possibility of integrating BIM with the game environment to 
promote learning with the aid of the internet. 

Acknowledging the general consensus among previous developers and authors on the 
ability of  virtual learning environments (VLE) to promote off-site training and education, 
Shen et al., (2012) used the 3D-UNITY game engine to create a web-based training 
environment for HVAC rehabilitation and improvement using the BIM model. In contrast 
to Ku et al., (2011) and the second life platform, the authors argued that game engines 
have been sufficiently developed for BIM interoperability, thereby making game creation 
cheaper and easier with little to no need of programming skill. With their research,  
Shen and his colleagues were able to demonstrate how BIM could be leveraged for 
teaching at topical level. In all, these studies show that BIM-based serious games can 
either be used by a single user or multiple users and made interactive by the addition of 
JavaScript. The level and complexity of the interaction for sustained interest to learn also 
depends on the level of complexity introduced through the JavaScript and other 
programming languages. In addition, the reports suggest that BIM-based games would 
need to be updated outside the game environment using BIM authoring tools before new 
lessons could be learned, thereby making the gaming less intuitive compared to when 
there is full and unrestricted access to the raw BIM model. This characteristic may not 
necessarily be a bad thing as some studies have suggested an inverse correlation 
between the length of training and training effectiveness in game simulations (Garris  
et al., 2002).  

Accordingly, it is argued that the ultimate idea of most serious games is to encourage 
synchronous and/or asynchronous distributed learning (Ku et al., 2011; Shen et al., 
2012). These arguments make the integration of game environment and learning 
management systems (LMS) necessary for effective progress monitoring and 
management of teaching and learning, especially when learning is designed to take place 
asynchronously.  This system is particularly important where formative or summative 
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assessment is required, and students or trainees need to be graded for certification. 
Identifying the characteristics of a robust BIM-enabled virtual learning environment 
could coalesce both VLE/LMS and BIM within a dynamic environment capable of 
fostering project-based learning with either guided or self-assessment and evaluation 
possibilities.  
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2 Research methodology 
Research methodology is described as the procedure followed in achieving the aim and 
objective(s) of research (Ogolo, 1996). This research adopted a mixed method approach 
(i.e., both qualitative and quantitative methods of data collection and analysis were 
used) to answer the research questions. The main research question was: How can BIM 
be leveraged for construction education? A combination of primary and secondary 
sources of data were also employed in providing an answer to the question. The next 
sections of this chapter discuss the research philosophy, research design and processes 
adopted in the study. 

2.1 Research philosophy 
Digitalization is about application of technology for enterprise improvement. Building 
Information Modelling (BIM) is generally referred to as a technology or technological 
process among academics and industry practitioners (Azhar, 2011; Bosch-Sijtsema & 
Gluch, 2021; Gao et al., 2015; Kensek, 2012; Wang & Chien, 2014; Zhang et al., 2021; 
Zhou & Gao, 2017). The philosophy of technology plays a significant role in the 
formulation of the research design and in its execution. The philosophy considers 
technology from two vantage positions, namely power of control (i.e., instrumentalism 
or substantivism) and value boundedness (i.e., whether technology is value laden or 
value neutral). The philosophy of instrumentalism considers technology simply as a 
technique with a definite purpose and outcome. This notion of technology as a simple 
technique has been criticized by many technology philosophers. For example, Heidegger 
argues that technology is not value neutral but has intrinsic potential waiting to be 
revealed by those that interact with it (Heidegger, 1977). This was referred to as  
under-determination and contingent character of technology by Feenberg (2012), 
meaning that the usefulness of any technology cannot be said to be absolute due to many 
possible contextual factors. So, the way a technology is used is dependent on the agent 
using it and the agent is morally responsible for its outcome. As such, the view of 
philosophy of substantivism is that technology is not a neutral instrument but has a 
deterministic influence on how humans are related to things or one another and that it 
has a way of influencing our society and culture. This study is premised on the notion 
that BIM is designed for specific industry domain uses but it also accepts that it could be 
exploited for other “beneficial” uses in academia to promote active and life-long learning 
in construction education. Given the foregoing, the specific philosophical and sociological 
paradigms of ontology, epistemology, and axiology underpinning this research are 
explicated below.  

According to Saunders et al. (2007), research philosophy articulates the assumptions 
about the way in which a researcher views the world. The philosophical paradigm 
determines the origin, nature, and development of knowledge that facilitates the 
selection of acceptable procedures for conducting a research inquiry (Bazeley, 2013). 
Since this research aims to find and proffer practical and useful ways to leverage BIM for 
construction education in AEC/FM disciplines, it is considered suitable to approach the 
study from a pragmatic perspective of “what works” in order to find effective answers to 
the research questions (Deering et al., 2020; Kelly and Cordeiro, 2020; Bilau, 2018). 
Pragmatists often use both qualitative and quantitative methodologies to study distinct 
aspects of a research subject, combining positivist and constructivist concepts in the 
same research effort. The main principles of pragmatism imbued in this study relate to 
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change and determinism (Corbin & Strauss, 1990). With change, phenomena and reality 
are not thought of as static but as constantly evolving, interpreted, and renegotiated in 
reaction to new and unpredictable situations. An important component of this research 
is to incorporate change into the construction education approach through a process and 
this suits well within pragmatism. Pragmatism rejects both absolute-determinism and 
non-determinism because actors are believed to have the ability to control their fate by 
their choices including responses to conditions surrounding them (Corbin & Strauss, 
1990). Consequently, it is accepted that, for some of the research objectives, the 
researcher's background plays a significant role in the study. Similarly, the study results 
are largely determined by the lived experiences, backgrounds, and values of the research 
participants, such as the literature authors and expert interviewees from whom data 
were collected (Bazeley, 2013; Bilau, 2018).  

Ontology is concerned with how individuals experience reality, its nature, and its 
assumptions including the study of being (Crotty, 2020; Easterby-Smith, 2008). Ontology 
is linked to realism and idealism as the two ends of a continuum in ontological notions 
that try to explain how things ‘actually are’ and how things ‘truly work’. Therefore, based 
on the nature of inquiry in this dissertation, the ontological assumption implies that the 
nature of reality concerning the usefulness of BIM for construction education is external 
to the researcher by exploring how BIM for construction education is done and how it 
can work within a selected context. 

Epistemology is concerned with the development of knowledge and the nature of  
that knowledge; as a study of knowledge, it helps in the quest of determining and 
knowing what reality is. Hence, epistemology deals with what constitutes acceptable 
knowledge in a certain field (Saunders et al., 2009). According to Eriksson & Kovalainen 
(2011) this knowledge could either be objective (positivism/post-positivism), subjective 
(constructivism) or both – like in the case of pragmatism, which offers a different 
interpretive framework from both objective and subjective knowledge and focuses on 
the research problem and its consequences (Corbin & Strauss, 1990). The development 
of knowledge and its nature in this research revolves around the objective and 
measurable reality of positivism using structured questionnaires, the contextualized 
causal understanding of realism via semi-structured interviews, and the subjective 
plurality of interpretivism through grounded theory. 

Axiology is concerned with what kinds of things are of value and why they are (Houkes, 
2009). Questions relating to what morally matters in exploiting BIM phenomenon 
through BIM for construction education are viewed under axiology. A researcher’s 
personal values, beliefs and experiences play important roles in shaping the narrative of 
research and this may either be acknowledged to influence the research giving rise to 
(value-laden) interpretivist research or the researcher may attempt to be unbiased 
regarding values – positivist, value-neutral research (Houkes, 2009). Mixed method 
research presupposes a combination of qualitative and quantitative research in its 
implementation. Qualitative research is inherently value-laden because of its subjectivity. 
This study adopts a mixed method approach by recognizing the value-boundedness in 
the qualitative aspects of the study and making efforts to preserve the integrity of the 
findings by being consciously reflecting on possible interference of personal values in the 
research results.  

Based on the aim of this research, knowledge could be acquired from both within  
and outside the current social phenomena – thus suggesting critical realist ontology  
and symbolic interactionism epistemology. The critical realist stance holds that while 



23 

technology exists independent of its users, users socially construct technology through 
their use of it. This implies that technological practices should always be addressed with 
a critical agenda that asks if there are better ways to use the technology (Çıdık et al., 
2017). Similarly, symbolic interactionism holds that “human beings act toward things on 
the basis of the meanings that the things have for them… the meaning of such things is 
derived from, or arises out of, the social interaction that one has with one’s fellows… 
these meanings are handled in, and modified through, an interpretative process used by 
the person in dealing with the things he encounters” (Bumer, 1986). The pragmatic 
viewpoint allows knowledge to emerge without being bound by a particular interpretation 
of reality. It recognizes that research takes place in a variety of historical, social, and 
political contexts, and it allows for the use of various data gathering and analytic 
methodologies for knowledge production (Creswell., 2013). 

2.2 Research design 
This study employed a cross-sectional exploratory research design (Hair et al., 2020). 
Some of the key characteristics considered in selecting this type of research design 
include: 

1) It allows the study to be phased and each phase concluded within a reasonable
period with data for each phase collected at a single point in time.

2) It does not involve manipulating variables since the study is predominantly a
qualitative study.

3) The ability to consider many attributes at the same time in a study.
4) The ability to explore and derive understanding about the prevailing

characteristics in a particular population at a particular time  (Levin, 2006).
The detailed research process is discussed in the next section. 

Research process 

Figure 1: Research process and outcome 
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Figure 1 diagrammatically represents the research process. The complexity of the 
research aim requires decomposing the overall research question into four specific 
research questions such that the synthesis of their answers will result in providing 
effective response to the overall research question. As such, the research started by 
identifying the state of the art of general BIM education in AEC/FM disciplines and 
making sense of the different publicly available documented BIM educational practices. 
This was done by using a systematic literature review upon which the conceptual 
framework for understanding BIM education implementation strategies was derived,  
as later shown and discussed in Figure 3 under section 3.3. The systematic literature 
review and the developed conceptual framework for BIM for construction education 
inspired the action research that was followed. A survey of expert opinions was then 
carried out to identify and validate the characteristics of a BIM-enabled learning 
environment to facilitate more convenient delivery of BIM for construction education 
initiatives in the future. A summary description of these processes is given in the next 
section with detailed description in respective publications. 

Systematic literature review 
The systematic literature review was carried out in two stages to address research 
questions one and two. The aim of the preliminary review was to get a better 
understanding of existing BIM education examples, their characteristics, the obstacles 
they experience in implementation, and any clear trends to ensure that the doctoral 
research effort may be focused (Olowa et al., 2019). The second aim was to understand 
and make sense of the diverse BIM for construction education practices. 

The literature search was carried out in September 2018 and updated in February 
2019. Keyword searches were conducted in six databases that were chosen for their 
extensive coverage of peer-reviewed journal articles and conference proceedings namely 
EBSCOhost Web, Science Direct, ASCE Library, Emerald Insight, Scopus, and Web of 
Science. The algorithms of the database search engines listed the articles returned from 
database searches in order of relevance, with the articles most aligned with the search 
string and filters appearing at the top of the list and those increasingly less aligned with 
the search terms appearing further down the list. The articles were evaluated based on 
their titles and, if necessary, their abstracts, to determine their relevance to this 
investigation. The articles (as pdf files) were downloaded using the Mendeley online 
plugin in conjunction with the Google Chrome browser for further analysis. Using 
Mendeley reference management software, the files were combined to detect and 
delete duplicates. This yielded a total of 305 relevant BIM for construction education 
articles (Olowa et al., 2020). Findings were drawn from the paper leading to conceptual 
framework for understanding BIM for construction education approaches and gap 
analysis on which the action research described in the next section could be carried out 
to further address research question two and provide insight into research question 
three. 

Action research 
The action research was used to further illuminate research question two and provide 
answer to question three. The action research followed the five-phase process 
recommended by Susman & Evered (2016), as represented in Figure 2. These cyclic 
process phases include diagnosing, planning, action taking, evaluating, and specifying 
learning. Action research has been argued to offer a systematic procedure to address 
teaching improvements in their educational setting (Creswell 2012). Action research 
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methodologies have been used successfully in BIM education studies where it was 
necessary to simultaneously carry on intervention implementation while interacting with 
staff and students to evaluate what works, what does not, and to trial changes. (e.g., 
Comiskey et al., 2017; Pärn & Edwards, 2017; Puolitaival & Forsythe, 2016; Williams 
et al., 2004).  

The action research was carried out in two successive cycles among student 
participants of a construction investment course in 2019 and 2020. The action research 
resulted in a BIM for construction education learning object and activity design at a 
topical level and a framework of engineering evaluation which was used to evaluate the 
BIM for construction education intervention (Figure 4). The experiences of the action 
research prepared the ground and assisted in the design of a case study to respond to 
the fourth research question, as described in the next section. 

Case study 
Case study approach was adopted to answer research question four by exploring how 
BIM-enabled learning could be facilitated. According to Baxter & Jack (2008) “case study 
methodology provides tools for researchers to study complex phenomena within their 
contexts… using a variety of data sources”. This guarantees that the topic is not examined 
through a single lens but rather through a multitude of lenses, allowing for the discovery 
and understanding of numerous aspects of the events (ibid). One of the benefits of this 
approach is the close collaboration between the researcher and the participant, as well 
as the ability for participants to share their own stories (Crabtree & Miller, 1999). 
Participants can convey their perceptions of reality through these stories, which allows 
the researcher to better comprehend the participants' activities (Robottom & Hart, 
1993). According to Yin (2003), a case study research approach is suitable when: (a) the 
study is concerned with “how” and “why” questions; (b) it is impossible to control the 
behaviour of the participants in the study; (c) the contextual conditions are relevant 
to the study; or (d) it is difficult to clearly delineate the boundaries between the 
phenomenon and context. 

Adaptive structuration theory (AST) is used to understand and evaluate the interaction 
between advanced information technologies (AITs), social structures, and human 
interaction (DeSanctis & Poole, 1994; Gopal et al., 1992).  According to (DeSanctis & 
Poole, 1994), AIT is described as information technology that supports and establishes 
organizational procedures relating to task performance, coordination among people, and 
interpersonal exchanges. The intention to define a BIM-enabled learning was borne from 

Figure 2: The action research process applied 
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the challenges experienced during the participatory action research, where cordination 
of the learning activity was considered chaotic. In this research, AST offered the 
opportunity to identify the characteristics for a platform that can promote similar 
experiences in a less challenging way (Theophilus Olowa et al., 2022). 

Applying AST concepts, an exploratory case study of the characteristics for a platform 
capable of enhancing BIM for construction education was conducted. The inquiry 
considered the case of educators and trainers in three EU countries of Italy, Finland and 
Estonia in AEC/FM disciplines that were either in private or public institutions. Data were 
collected via both semi-structured interview and online questionnaire. Before the 
interview began, some BIM for construction education cases were analysed through desk 
study and faculty reflections to identify a priori some themes relating to the 
phenomenon and these guided in the development of the interview and questionnaire 
designs. 31 participants took part in the interview that lasted between 45 and 60 minutes 
after their consents were sought and received. The interviewees were purposively 
selected because of the technicality of the subject under study. The interviews were 
audio recorded, transcribed and analysed using thematic analysis with the aid of NVivo 
(QSR International Pty Ltd, 2020). Afterwards, the questionnaires were distributed during 
an online workshop among some 30 BIM experts (both from industry and academia) with 
10 questionnaires completed and used for the validation of the results from the analysed 
interviews.  

The result identified 33 characteristics of a platform that would support BIM for 
construction education in an immersive environment with real industry data (Olowa et al., 
2022). 
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3 Findings 
This chapter presents major findings of the research. The study sets out to explore how 
BIM could be leveraged for construction education. Findings included in this chapter 
relate to the challenges confronting BIM for construction education, typology of BIM for 
construction education, BIM for construction education conceptual framework, BIM for 
construction education evaluation framework, Bloom’s taxonomy and BIM for 
construction education, and the characteristics of a BIM-enabled learning environment. 

3.1 Challenges of BIM for construction education 
This section identifies several issues associated with BIM for construction education 
practices that constitute some form of challenges and barriers in one way or another. 
Improper attention and management of these issues could render ineffective or totally 
defeat the intentions and/or learning outcomes for which the interventions were initiated. 

Challenges and barriers were identified from a systematic review of the literature, 
experience and reflections from the action research, and expert interviews carried out in 
three countries in Europe.  

Differing skill levels among learners, time and workload 
Findings show that it is difficult (if not impossible) for all learners to be at the same skill 
level, especially with BIM technology and its workflow management. Learners in a 
particular group or class do have different exposures to construction industry activities 
and workflows in terms of hand on experiences, construction backgrounds or even 
professional practice. Having different skill levels among learners should not be viewed 
as anything bad as it could create a more interesting and engaging learning experience 
for those involved if properly managed. This is also a typical phenomenon in the broader 
construction industry, whence professionals of different discipline and varying degree of 
skills must communicate, collaborate, and negotiate in delivering construction projects.  

When preparing BIM for construction education group activities, the educator must 
identify learners of different skills, exposure, discipline, and experience and make sure 
to balance the group composition with all of these in mind. Conversely, the level of 
learning activities must be based on the time available for such activities in the 
curriculum. Adequate consideration must also be given to the learners’ workload in other 
courses to avoid excessive workload for them. 

Technical support Interoperability problems 
The research also found that achieving a seamless handshake between BIM software 
developed by different vendors was problematic. As such, extra time is expended on 
software selection in teaching practice to avoid chaos and time wastage during the actual 
class activity. The software architecture of BIM software from different vendors does not 
align in most cases making it difficult to open BIM files in non-native application. This is 
understandable from the business perspective of the vendors because they would rather 
want their suite of software to be patronized and increase their bottom line therefrom. 
Unfortunately, this does not promote interoperability and makes integration difficult. 

A great effort is already going into interoperability of BIM software through initiatives 
like those championed by buildingSMART international to create OpenBIM that aims to 
guarantee seamless handshake among industry BIM software. This will likely benefit all 
stakeholders and the management of assets’ lifecycles. Industry Foundation Class (IFC) is 
the foundation on which OpenBIM runs and it has recently been updated with two 
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specific features (i.e., design transfer and reference views) in IFC4. With IFC4 it is 
becoming more possible to carry out data transfer and exchanges in a completely 
vendor-neutral manner with reduced glitches in data integrity. Construction Building 
Information Exchange (COBie), common BIM requirement (coBIM) etc., are similar 
initiatives geared toward the same goal of ensuring interoperability. These initiatives give 
hope that BIM exercises in the classroom and training centers will get easier in the future. 

What to teach and learning content 
A major constraint to BIM for construction education among academics and trainers is 
the confusion of knowing how to go about competency-based BIM for construction 
education. This was found to be a challenge in situations where already designed 
curriculums to which academics could tailor their trainings were nonexistent or unclear. 
Curriculum design requires additional skills from academics and not all academics have 
such a skill, which sometimes results in their unwillingness to change. These skills include 
setting objectives and designing contents to achieve such objectives, including means of 
objectively conducting formative and summative assessment and evaluation in line with 
acceptable standard knowledge domains by supervising authorities etc. 

As a result of the versatility of BIM and the difficulty of teaching everything that is 
BIM-based, there is no consensus among academics on what is considered best to teach 
and how to teach it.  

Complexity of example projects 
BIM-enabled learning requires BIM models that are suitable for class activities with 
reasonable level of detail that is commensurate with the learning objective. While it is 
good to train students with real project data, in most cases, the structure of the data is 
not organized for classroom exercise. To make the industry data useful for class activities, 
the instructor needs to spend some time in cleaning up and re-arranging the data. Thus, 
it requires serious effort on the part of the instructor during the design of the learning 
activities. This effort could be reduced if the model is designed for the purpose of 
education from the beginning by commissioning a designer or group of designers. A cost 
benefit analysis can determine the appropriateness of commissioning designers for 
educational BIM models. The cost may not be justifiable if the BIM-enabled learning is at 
a topical level. But might be advisable for a programme wide course. 

Associated with this problem is the issue of not infringing on the intellectual property 
rights of the originators of the example projects. This issue is limited where designers are 
commissioned to design BIM examples – this is also prone to oversimplification of reality. 
As such, in planning for the learning activity, a balance must be sought on the best source 
for the example projects. 

While BIM-enabled learning was generally accepted by the students and regarded as 
engaging and instructive, it was also observed that some students were not favorably 
disposed to it. This could be due to a couple of reasons. Firstly, not all students learn at 
the same pace. And since the activities in the class exercises are time bound, it is 
understandable that learners not able to meet up with the deliverables are likely to be 
disenchanted because of the fear of having low scores in their formative/summative 
assessment – since most students are motivated to learn because of assessment. Secondly, 
despite the widespread and general social acceptance of technology, it cannot be 
completely ruled out that some students might also be technophobic for whatever reason. 

Again, the fact that the course in which the exercise was trialed is one of the few 
courses whose language of instruction is in English at the university, a few local and 
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international exchange students (who might not understand the language of instruction 
in other courses) sometimes prefer to register for the course. Some of these students 
were also non-construction specialty students. Taking a construction investment course 
at such a level without prior construction background knowledge requires extra effort, 
which could be frustrating if the time is not available.  

Skill levels among educators 
This research has found that the level of BIM skill among educators should be 
commensurate to what is being taught as it is difficult for ‘something to come out of 
nothing’. In the case of the BIM exercise conducted in this research, part of the aim was 
to demonstrate how BIM model at different BIM workflow stages is progressively 
elaborated to reflect industry practice. With the cashflow exercise, the important skill 
required was the ability to extract data from BIM model and manipulate it using excel 
spreadsheet before updating the BIM model data. Therefore, for different objectives, 
more diverse skills may be required. 

The level of teamwork and collaboration required among educators from different 
courses or disciplines to execute the BIM-enabled learning could also be a challenge if 
not properly managed, especially in integrated capstone courses. 

Accreditation and curriculum constraints issues 
It takes a lot of conviction on the part of an educator to pursue a curriculum that has not 
been expressly sanctioned by accreditation and academic governing bodies. This is apart 
from the difficulty of finding a suitable space for BIM-enabled learning in curriculums 
that are usually already deemed tight and sometimes overloaded. Moreover, extra effort 
is required on the part of the educators because when topics/courses are not allowed 
for in a curriculum, the paraphernalia or resources required to conveniently implement 
them are usually non-existent or in short supply. The study found the need for 
accreditors to embrace the paradigm shift in the design, implementation, and general 
ways of working in the construction sector that must be reflected also in the classroom. 
Educators cannot keep training analog graduates for a digital industry. 

BIM-enabled learning is technology intensive especially at an inter-institutional level 
where different disciplines in AEC/FM are to collaborate. This type of collaboration will 
also require investment in technologies for delivering blended learning in an effective 
manner for institutions that lack them. Further details regarding the identification of 
challenges and how some of these could be resolved can be found in publications I-VI.  

3.2 Typology of BIM for construction education 
In this research, ten distinct approaches to BIM for construction education were 
identified (Table 1). The different strategies engaged by academic practitioners and 
education researchers to engender BIM for construction education within AEC/FM 
curricula were typified in a framework. This was important to understand the different 
approaches to BIM for construction education that were currently in practice in order to 
overcome the challenges of “what, where and how to teach”. The naming convention 
was based on four attributes, namely level(s) of curriculum activity, discipline(s) involved, 
scope or reach of the learning activity, and the number of institutions involved. The ten 
approaches are listed below: 

1) Undergraduate single discipline (Topic) – in a single institution
2) Undergraduate single discipline (Course) – in a single institution
3) Undergraduate Multidisciplinary (Course) – in a single institution
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4) Undergraduate Multidisciplinary (Course) – in multiple institutions
5) Postgraduate single discipline (Course) – in a single institution
6) Postgraduate multidisciplinary (Course) – in a single institution
7) Mixed Level Single Discipline (Course) – in a single institution
8) Mixed Level Multidisciplinary (Course) – in single institutions
9) Mixed Level Multidisciplinary (Course) – in multiple institutions
10) Mixed-MULTIPLE Levels Multidisciplinary (Course) – in a single institution

Table 1: Typology of BIM for construction education approaches with examples 

Level Discipline Scope Institutions 
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X X X X Sharag-Eldin & Nawari (2010) 

X X X X Kim (2014); Palomera-Arias 
(2015); Zhang, Xie, & Li (2017) 

X X X X 

Pikas et al. (2013); Brioso et al. 
(2017); Wang & Leite (2014); 
Dougherty & Parfitt (2013); 
Mathews (2013); Sands et al., 
(2018); Shenton et al. (2014); 
Livingston (2008); Barham et al. 
(2011); Palomera-Arias & Liu 
(2016); Shanbari et al., (2016); Yi 
& Yun (2018) 

X X X X 
Comiskey et al., (2017); Solnosky 
& Parfitt (2015); Wong et al., 
(2011) 

X X X X 

Bozoglu (2016); Zhang, Wu, & Li 
(2018); Pikas et al. (2013); 
Monson & Dossick (2014); Jin et 
al. (2018); Nawari et al., (2014) 

X X X X Comiskey et al. (2017) 

X X X X Hijazi, Donaubauer, & Kolbe 
(2018) 

X X X X 
Wang & Leite, (2014); Suwal & 
Singh (2018); Sampaio, (2015); 
Pikas et al. (2013); Nassar (2012) 

X X X X 
Bozoglu (2016); Charlesraj et al., 
(2015); Pikas et al., 2013; 
Shanbari et al., 2016 

X X X X Wu & Hyatt (2016);  Lewis et al. 
(2015); Hu (2019) 

X X X X Chiuini et al., (2013); Rassati et 
al., (2010); Leite (2016) 

X X X X Becerik-Gerber et al., (2012); 
Zhao et al., (2015) 



31 

The typology in Table 1, presents a clearer path to the available methods and 
strategies for implementing BIM for construction education initiatives at any individual 
level. It was, however, important to also understand how all this is connected in the 
global digitalization drive of the construction industry and the educational context. This 
understanding was explored through the development of the conceptual framework in 
the next section. 

3.3 BIM for construction education conceptual framework 
The conceptual framework in Figure 3 gives a broad explanation of the strategies 
available to academics for BIM-enabled education and the resulting consequences from 
a global perspective on the digitalization of the construction industry.  

The research uncovers substantial rethinking and re-organization in the operational 
and delivery mode of the construction industry’s workflows and management processes 
due to the ongoing digitalization and globalization. This re-organization also demands 
new industry roles that hitherto were not part of the construction industry’s culture. 
The new roles require new skills, knowledge, and attitudes, which are all dictated by the 
form and nature of digitalization and the requirement for global culture in sustainable 
education. The urgency of providing competent graduates to fulfil these roles also 
demands a restructuring of the construction education with the infusion of BIM as the 
backbone on which some other prominently important smart and digital technologies 
of the digitalization processes can ride. As the demand for BIM competent graduates 
required to fill new roles are met (the short-term needs), new and innovative 
opportunities are simultaneously presented to academics in AEC/FM disciplines to 
leverage BIM for their teaching practices by experimenting with alternative didactic 
methodologies in meeting both the short-term and the long-term needs). Because there 
is no single “truth” in the way academics perceive the usefulness of BIM technology in 
the classroom, exploring its benefit led to the emergence of several approaches and 
implementation strategies among academics. Examples of these approaches include 

Figure 3: Conceptual framework of BIM for construction education 



32 

integrating curricula within and across courses/disciplines and using real project data for 
closer connection of the education and industry environments – for enhanced teaching 
and learning in the form of BIM-enabled education. While these approaches are intended 
to meet the industry needs, the choice of approach is guided by the prevailing context. 
Whatever approach is adopted, it results in a specific consequence, which in turn impacts 
the construction industry. The different specific approaches with their description are 
available in publication II. 

3.4 Evaluation framework 
Evaluation was found to be an important aspect of intervention endeavors, which was 
observed as not explicitly practiced and reported among the extant literature in this 
research. The purpose of evaluation is to know what works and what needs 
improvement, without which academics would be conducting their practices in an 
inefficient manner. During the development of the learning activity that preceded the 
action research intervention in this research, it was observed that no standard evaluation 
technique had been documented that was useful to evaluate the proposed study. 

Consequently, a desk study and a literature review study were carried out to establish 
an acceptable and rigorous framework to be applied as shown in Figure 4. 

 The development of this framework guided in deciding on the appropriate evaluation 
principle by giving prior thoughts and consciously deciding on whether evaluation was 
considered as a subjective or objective activity; whether it was possible to carry out 
both formative and summative evaluations; type of suitable evaluation analysis; and 
the involvement of external stakeholders or evaluators in the evaluation exercise. 
The framework also guided the three stages of pre-implementation, implementation and 

Figure 4: Framework for construction engineering evaluation 



33 

post-implementation plans and the selection of suitable evaluation tools for each of the 
three stages of the intervention. 

In the first iteration of the intervention and before the development of the framework, 
evaluation was only conducted at the post-implementation stage. However, in the 
second iteration, evaluation was possible during both the pre- and post-implementation 
stages only as there was no opportunity for “implementation” stage evaluation in the 
type of intervention conducted in this research. Using both the questionnaire survey to 
students and the faculty reflection, the impact of the learning activity (cashflow exercise) 
is reported in section 3.5. 

3.5 Cashflow exercise impact findings 
This section presents the result of the questionnaire survey distributed to student 
participants during the cashflow learning activities. Table 2 shows the descriptive 
statistical analysis of the five questions asked after the exercise was completed. 
The questions were designed in a Likert scale format where 5 = Absolute Yes, 4 = Qualified 
Yes, 3 = Neutral, 2 = Qualified No and 1 = Absolute No.

Table 2: Implementation survey results of students’ satisfaction in cycle 1 

Question Mean Std. Deviation 
Was the purpose of the exercise clear? 4.50 0.548 
Did you find the exercise interesting? 4.33 .2.11 
Was it helpful to link the exercise to 'real' project data? 4.33 0.816 
Was it helpful to link the exercise to the BIM workflow? 3.50 1.378 
Did the exercise complement previous course materials or lessons? 4.33 0.816 

The results showed that majority of the student participants responded positively to 
the questions asked. They indicated that the purpose of the exercise was clear and 
engaging; the link to real project data and BIM workflow was helpful; and that it 
complemented their previous learning experiences. However, the response to whether 
“it was helpful to link the exercise to the BIM workflow” received a relatively lower 
positive response compared to the rest of the questions asked.  

The results of the implementation survey for the second cycle are shown in Table 3. 
Students’ opinions on the learning activity were sought twice in the cycle 2. The result of 
the first round of the questionnaire distributed is reflected under “pre-implementation” 
column while that of the second round is under the “post-implementation” column. 

The results indicate that very few students acknowledged ever being taught any BIM 
related topics and that they have a limited understanding of what it entails. Despite this 
deficiency there was an observable jump in three important indicators that the exercise 
was well received by the students. The first was the question “Do you understand how 
cash flow and cash flow calculations relate to construction projects?” The second was 
the question “Do you understand how cash flow relates to a BIM workflow?” Lastly, 
the question “Do you understand how different companies involved in a construction 
project can collaborate in order to optimize the project cash flow?” The mean responses 
jumped from 2.94, 1.69, 2.28 at the pre-implementation stage to 3.92, 3.33, 4.14 at the 
post-implementation stage. Section 3.6 explains how this relates to the Bloom’s 
taxonomy of cognitive knowledge domains. 
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Table 3: Implementation survey results in cycle 2 

Questions 
Pre-
implementation 

Post-
implementation 

Mean Std. 
deviation 

Mean Std. 
deviation 

Have you been taught about Building 
Information Modelling (BIM) in any 
previous courses? 

2.83 2.007 NA NA 

If yes, how would you rate your 
current understanding of BIM? 1.64 1.391 NA NA 

Do you enjoy working in 
groups/teams? 4.56 0.856 4.59 1.004 

Do you find it useful for your own 
understanding to discuss 
problems/calculations/solutions with 
your peers? 

4.56 1.149 4.82 0.728 

Do you understand how cash flow 
and cash flow calculations relate to 
construction projects? 

2.94 1.097 3.92 0.493 

Do you understand how cash flow 
relates to a BIM workflow? 1.69 0.910 3.33 0.924 

Do you understand how different 
companies involved in a construction 
project can collaborate in order to 
optimize the project cash flow? 

2.28 1.239 4.14 0.660 

How important are cash flows to 
companies involved in construction 
projects? 

NA NA 4.56 0.482 

Would you be interested if a similar 
BIM workflow is used to explain other 
subjects (concepts) apart from cash 
flow? 

NA NA 4.06 0.906 

Was the purpose of the exercise 
clear? NA NA 4.28 1.074 

Did you find the exercise interesting? NA NA 4.83 0.707 
Did the exercise complement 
previous course materials or lessons? NA NA 4.94 0.243 

Did the exercise improve your overall 
knowledge of cash flow? NA NA 4.56 0.856 

Was it helpful to link the exercise to 
'real' project data? NA NA 5.00 0.000 

* NA=Not applicable.
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3.6 Bloom’s taxonomy and BIM for construction education 
Bloom’s revised taxonomy of educational objectives was applied in the research because 
it is a popular tool for setting teaching goals and designing relevant learning outcomes. 
It is also very useful in assessing the cognitive domain (knowledge) level attainable from 
a learning activity. The lower order skills in the taxonomy include remember, understand, 
and apply while the higher order skills include analyze, evaluate, and create. A robust 
learning activity is the one that can take learners through the behavioral outcome rungs 
from knowledge all the way to create.  

Figure 5 shows how the BIM-based learning activities offered learners to move 
through all the stages of the lower order skills to the higher order skills. In other cases, a 
combination of several learning activities may be required to achieve behavioral change 
that would accommodate all the six levels of Bloom’s taxonomy – that is also acceptable 
in teaching practice. However, with the BIM-enabled learning activity, these behavioral 
outcomes were attained within a period of 3 – 4 contact hours which could be considered 
as an effective and productive time for knowledge transfer. 

3.7 Characteristics of a BIM-enabled learning environment 
A purpose-built BIM-enabled Learning Environment would facilitate improved and more 
efficient BIM-enabled learning activities and experiences. Presently, based on the 
experiences from the action research and case studies (publication V), learning in a 
BIM-enabled environment can only be conducted using non-integrated and independent 
proprietary software applications like Revit, Navisworks, Excel, MS teams, Google sheets, 
Moodle, Tekla structures etc. Because of this, seamlessly exchanging data and managing 
data versions were difficult to achieve. Hence, a platform that would provide a single 
environment for hosting learning objects, learning management, collaboration, 
communication, learning reflections (e-portfolios), and assessment would be instrumental 
in enhancing BIM-enabled education. 

Figure 5: Learning activities and outcomes for the BIM-enabled intervention 
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In exploring the ideal characteristics of such a platform (also referred to as 
“BIM-enabled learning environment”), 33 functional requirements were identified as 
shown in Figure 6. These were grouped into three functional domains: virtual learning 
function, collaboration function and BIM function. 

Function type Function 

 
 
 
 

Student feedback. 

Questionnaire creation, completing, submission 
Assessment / grading functions - grade entering for individuals / 

groups, grade book. 
Data security/password protection 

Video playback 

Gamification 

Registration of users (learners/instructors) 

Integration of platform with external systems/business 

Hosting of different courses 

File upload, storage, download, sharing, editing. 

Individual learners' storage for learning materials 

Instructor access and monitoring of groups and group work. 

Recording of lessons/ group sessions 

Linking with other courses 
Document collaborative viewing and editing. 

Spreadsheet collaborative viewing and editing. 

Group formation. 

Collaboration in groups. 

Collaboration between groups. 

Live interactions between users 

Simulation of project development process (BIM workflow, in 
stakeholder groups) 

Common Data Environment for project data. 

Version management 
XR: AR/ VR/ MR functions 

BIM model data extraction. 
BIM model collaborative viewing and editing. 

BIM model checking. 

BIM model editing. 

BIM model creating. 

BIM model repository. 

BIM model viewing. 

BIM object creation and editing 

BIM model sharing. 

Figure 6: Characteristics of BIM-enabled learning 

Virtual 
learning 
function 

Collaboration 
function 

BIM 
function 
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4 Conclusions and recommendations 

4.1 Conclusion 
Digitalization is influencing the pedagogical methodologies in construction education. 
Building Information Modelling (BIM) is at the center of this change, and it offers 
opportunities for teaching and learning improvements. 

This doctoral research aimed to explore how BIM could be leveraged to enhance 
construction education through qualitative research. The research adopted a pragmatic 
approach to this exploration by approaching the study from different viewpoints and 
adopting methods that are most suited for each area of study. As such, a mixed method 
research involving systematic literature reviews, action research and case study were 
employed in this exploratory study. 

As theoretical and practical contributions, the research identified, demonstrated, and 
evaluated how Building Information Modelling could be used to facilitate construction 
education. The research also identified several challenges militating against BIM for 
construction education among academics in higher institutions and was able to address 
some of the identified BIM for construction education challenges by developing a 
typology of BIM for construction education approaches to provide academics and 
researchers an informed list of available approaches for executing BIM for construction 
education. This will assist academics to determine what to teach and how to teach it. 
The study also observed that the lack of documented clear guidance on evaluating BIM 
for construction education could also reduce the effectiveness of BIM for construction 
education intervention. Therefore, a BIM for construction education evaluation framework 
was developed. This framework is useful in providing guidance for evaluating academic 
interventions in the AEC/FM disciplines. This could also be extended to other similar 
educational initiatives in other disciplines. 

Furthermore, the study also demonstrates how a BIM for construction education 
intervention at a topical level could be achieved and used to promote both lower and 
higher order skills of Bloom’s cognitive knowledge domain. The learning object and 
activities were used to actively engage the students in near real industry collaborative 
experience in a BIM-enabled learning and immersive environment. At the end, most 
students were positively disposed toward the initiative.  The value of this type of BIM for 
construction education approach is confirmed by the responses from student participants’ 
surveys and facilitators’ comments at the end of each cycle. The topical level of the 
intervention has the advantage of not requiring a significant change in the existing 
curriculum, but it does require a significant amount of time to provide the learning activity 
contextual knowledge. 

Additionally, a list of characteristics for an ideal BIM-enabled learning environment 
was identified and validated in this research. The concept of advanced information 
technology in Adaptive Structuration Theory (AST) assisted in interpreting and 
understanding these characteristics. The 33 characteristics identified and validated were 
grouped into three domains of virtual learning functions, BIM functions and collaborative 
functions. These functions are necessary in a BIM-enabled learning environment. 
In interpreting and understanding the characteristics for a BIM-enabled learning 
environment, AST also provides an opportunity to evaluate the social impact of their use 
in different organizations. 
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4.2 Limitations 
The barriers identified in this research for BIM for construction education include those 
from the literature database used in this study, the key words used and from the BIM for 
construction education initiative presented in the action research cycles. Using a different 
database or keyword might produce an additional list of challenges facing BIM for 
construction education just as conducting BIM for construction education initiative 
under a different context. 

The learning activities reported in this study took place in only two iterations within 
the same context while the facilitators were also directly involved in the evaluation 
design and implementation. Thus, the reported positive disposition of the student 
participants in this study could be biased due to the involvement of the facilitators in 
data collection albeit anonymously. This could have resulted in giving a false positive 
report. 

The list of characteristics for an immersive BIM-enabled learning environment was 
generated based on a limited number of experts from three European countries. This 
might not be robust enough, considering the different possible contexts and approaches 
available for BIM for construction education. 

4.3 Recommendation for further research 
Based on the above conclusions and observed limitations, further research should be 
carried out using a different set of keywords to identify any other challenges that might 
not have been identified in this study. Likewise, the BIM for construction education 
typology developed in this research should also be expanded upon by the same means. 

Research should probe into how the BIM-enabled learning activities could be carried 
out in other social and organizational contexts by varying the subjects, student level, type 
of institution etc. Where possible, evaluations of BIM for construction education in these 
contexts should also engage independent evaluators to avoid possible bias in evaluation 
and thus provide a true objective reflection of the intervention outcome. A longitudinal 
study that considers how BIM for construction education impacts student learning and 
motivation for lifelong learning is also recommended. 

Additionally, future research should attempt to explore or investigate additional 
characteristics for a versatile and robust immersive BIM-enabled learning environment. 
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Abstract 

Facilitating BIM-enabled learning in construction education 
To meet the demands of the 21st century, the construction industry is currently 
undergoing digitalisation which is causing a vortex of disruptions as industry workflows 
change and these, in turn, require new approaches to information management, 
communication, and knowledge in order to deliver new and acceptable projects. This has 
led to a mismatch between graduates’ competencies and their emerging roles in an 
industry striving towards the adoption of web 4.0 technologies. To address this, it is 
important for construction educators to devise novel and innovative ways to enhance 
teaching and increase the motivation to study among the new generation of construction 
students. 

Building Information Modelling (BIM) – the digital representation of all information 
relating to a constructed asset throughout its life – is a central phenomenon in this 
revolution and, while BIM is pivotal to the disruption of the construction industry, 
it also offers opportunities for enhancing education both in the classroom and for 
continuous professional development in practice. Since BIM incorporates real industry 
data that are conveniently structured around 3D parametric models of buildings and 
other constructed assets, it can be leveraged to enable problem- and project-based 
teaching and active learning within immersive, digital, model-based learning 
environments. Despite the educational possibilities inherent in BIM, neither robust 
frameworks for educators and trainers to understand the strategies available for 
exploiting BIM for construction education nor sufficient teaching and learning resources 
are yet in place.  

The purpose of this research was to understand how BIM can be used to facilitate 
construction education. The overall research question was formulated as: How can BIM 
be leveraged for construction education? This was decomposed into four, specific 
research questions, each of which highlighted particular themes of the inquiry while also 
shaping succeeding research questions: 
- Research question 1: What are the existing cases of BIM for construction education?
- Research question 2: How can BIM be used to teach engineering concepts?
- Research question 3: What is the impact of BIM-enabled pedagogy on students’ 

performance?
- Research question 4: How can BIM-enabled learning be facilitated?

      With the focus of this research on action to reform construction education in
response to contextual changes, pragmatism was adopted as the research paradigm. 
The philosophical and methodological approaches were thus selected on the basis that 
they were most appropriate to the particular research problem being investigated, 
leading to mixed methods research. For research question 1 (What are the existing cases 
of BIM for construction education?), a systematic literature review of existing cases of 
BIM for construction education in universities was carried out. The cases were identified 
and described, then qualitatively analysed using the Straussian Theory Model of 
Grounded Theory in order to understand and classify the different approaches to BIM for 
construction education and to derive a conceptual framework relating the different 
approaches to the construction industry and educational contexts. 

Research question 2 (How can BIM be used to teach engineering concepts?) was 
explored on the basis of document analysis and reflection culminating in a comparative 
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description of the current and the proposed approaches to teaching project risk 
management. In addition, academic articles and educational (non-research) guidance 
literature were reviewed to identify existing evaluation models and to determine specific 
evaluation methods for application to BIM-enabled education initiatives. These were 
subsequently applied in the evaluation of a BIM-enabled cash flow exercise carried out 
to simulate integrated practice and implemented using a participatory action research 
methodology in relation to research question 3 (What is the impact of BIM-enabled 
pedagogy on students’ performance?).   

A mixed methods design was adopted for research question 4 (How can BIM-enabled 
learning be facilitated?) using a desk study, interviews, and a questionnaire survey to 
identify, validate and understand the characteristics of a proposed BIM-enabled learning 
environment. An Adaptive Structuration Theory (AST) perspective was applied to 
interpret the results and as a framework for future investigations of the use and 
performance of BIM-enabled learning environments within organisations. 

Altogether, and in terms of the overall research question (How can BIM be leveraged 
for construction education?), this research revealed inadequacies in the current mode of 
delivering construction education and demonstrated how BIM can be leveraged to 
overcome them and improve learning. In addition, the characteristics of an innovative 
platform that promotes BIM-enabled learning in an immersive environment have been 
derived and explained. In doing so, it has made theoretical and practical contributions 
regarding the implementation and evaluation of BIM for construction education 
initiatives.  

In terms of its theoretical contribution, the study has compiled, updated, and added 
to the body of knowledge on construction education by providing a typology and 
conceptual framework of BIM for construction education. For construction education 
researchers, the proposed learning activities and learning environment offer models 
upon which further interventions may be designed, developed, implemented and 
evaluated. For construction education practice, the BIM-enabled learning objects and 
activities developed in this study provide useful guidance for educators seeking to 
promote active learning in BIM-enabled learning environments. In addition,  
the evaluation framework developed in this research will be useful in planning  
and implementing performance evaluation of BIM-enabled learning interventions.  
The characteristics of the proposed BIM-enabled learning environment offer guidance 
and insights to educational software developers for building immersive learning 
environments. Ultimately, the research contributes to the ongoing efforts to align 
graduates’ competencies with their future industry roles.  

However, the study was only able to trial the BIM-enabled learning initiatives at 
topical level and with a particular level of students in a single university – this is a 
limitation. Similarly, the opinions expressed in this research with respect to the 
effectiveness of the BIM-enabled learning exercises carried out are informed solely by 
two iterations of an action research cycle. The characteristics of the proposed immersive 
BIM-enabled learning environment identified and validated in this study are based on 
data gathered from a relatively small number of people (31 interviewees) from only 3 
European countries. 

Future research should be geared toward wider experimentation with BIM-enabled 
initiatives covering more diverse topics. This experimentation should also be expanded 
beyond topic level to whole courses and multiple levels of studies. The research on the 
characteristics of a BIM-enabled learning platform should be expanded to include more 
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participants from more countries, both in Europe and in other continents in order to 
generate a more comprehensive, robust and reliable set of needs for a globally relevant 
BIM-enabled education platform.  

 
Keywords: Building information modelling (BIM); BIM-enabled learning; BIM education; 
AEC/FM; construction management; Grounded Theory; construction education; 
Adaptive Structuration Theory (AST). 
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Lühikokkuvõte 

BIM’i kasutamine ehitusinseneride koolituses 
Vastamaks 21. sajandi nõuetele toimub ehituse valdkonnas digitaliseerimisprotsess, 
millega kaasnevad töövoogude muutused, mis omakorda eeldavad uutmoodi lähenemist 
nii projektlahendustele, teabehaldusele kui osapooltevahelisele kommunikatsioonile. 
See on tekitanud web 4.0 tehnoloogial põhinevate rakenduste poole pürgival ehitusalal 
ebakõla ülikooli lõpetajate teadmiste ja nende tulevaste rollide vahel. Probleemi 
lahendamiseks on oluline, et haridusasutused kaasaksid ja motiveeriksid uue põlvkonna 
üliõpilasi innovatiivsel viisil. 

Ehitusinfomudel (BIM) – ehitiste koguinfot hõlmav elukaarekeskse teabe digitaalne 
väljund, on digirevolutsiooni keskne fenomen ja kuigi BIM põhjustab ehituses teatud 
häireid, pakub see ühtlasi võimalusi muuta haridus kaasahaaravaks nii üliõpilastele kui 
ka elukeskses õppes osalevatele spetsialistidele. Kuna BIM kaasab 3D mudelitena 
hoonete ja rajatiste struktureeritud tegelikke andmeid, sobib see nii probleem- ja 
projektipõhiseks õpetamiseks kui ka aktiivseks õppimiseks süüvides digitaalsesse, 
modelleerimisel põhinevasse õppekeskkonda. Kuigi BIM küll juba siseneb õppeprotsessi, 
pole siiani välja töötatud arvestatavaid juhiseid õpetajatele ja koolitajatele selle 
kasutamiseks ehitusinseneride hariduses ega loodud piisavalt vajalikke õpperessursse. 

Käesoleva uurimuse eesmärk oli leida lahendus, kuidas saaks BIM-i kasutada 
ehituinsenride hariduses. Põhiküsimus oli: Milliseid eeliseid annab ehitusinseneride 
haridusele BIM? Probleemi püstitus jaguneb neljaks alamteemaks, millest igaüks 
keskendub kindlale uurimisküsimusele: 

1. Milline on BIM-i kasutamise senine praktika ehitusinseneride hariduses? 
2. Kuidas saaks BIM-i kasutada inseneriteaduste õpetamisel? 
3. Milline on BIM-i kaasamise mõju üliõpilaste õpingutulemustele? 
4. Kuidas hõlbustada BIM-keskset õpet? 

Kuna uuring keskendub ehitusinseneride hariduse reformimisele vastavalt 
toimuvatele muutustele ehitussektoris, on pragmatism uuringu paradigma. Filosoofilised 
ja metodoloogilised lähenemised valiti selliselt, et need oleksid sobivaimad konkreetse 
probleemi lahendamiseks, seega kasutati kombineeritud uurimismeetodid. 

Vastamaks esimesele uuringuküsimusele (milline on BIM-i kasutamise senine praktika 
ehitusinseneride hariduses?) viidi läbi süstemaatiline kirjanduse ülevaade BIM-i 
juhtumiuuringutest ülikoolides. Juhtumid identifitseeriti ja kirjeldati ning selleks, et 
mõista ja liigitada erinevaid lähenemisi, tehti kvalitatiivne analüüs Straussian Theory 
Model of Grounded Theory meetodil. Erinevate lähenemiste alusel tuletati selle põhjal 
kontseptuaalne raamistik BIM- kesksele ehitusele ja -ehitusharidusele. 

Teine uuringuküsimus (kuidas saaks BIM-i kasutada inseneriteaduste õpetamisel?) 
hõlmas dokumentide analüüsi, mille järeldused kulmineerusid riskijuhtimise  
õpetamise praeguste ja soovitatud lähenemiste võrdleva kirjeldusena. Olemasolevate 
hindamismudelite ja BIM-põhiste haridusalgatuste spetsiifiliste hindamismeetodite 
selgitamiseks anti ülevaade nii teadusartiklitest kui ka haridusala (mitteakadeemilistest) 
juhendmaterjalidest. Tulemusi rakendati BIM-i toel lahendatavate rahavoogude 
ülesannete hindamiseks, mille käigus toimus integreeritud tegevuse simuleerimine ja 
seose loomine kolmanda uuringuküsimusega (milline on BIM-I kaasamise mõju 
üliõpilaste tulemustele?) osalusuuringute meetodil. 
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Neljanda uuringuküsimuse (kuidas hõlbustada BIM-keskset õpet?) lahendamisel 
kasutati kombineeritud meetodit. Selgitamaks, kinnistamaks ja mõistmaks BIM-keskse 
õppekeskkonna omadusi viidi läbi auditoorselt, rakendades intervjuusid ja küsitlusi. 
Tulemuste interpreteerimiseks  ja tulevaste uurimissuundade leidmiseks organisatsioonis, 
kasutati AST (Adaptive Structuration Theory) meetodit. 

Kokkuvõttes ja põhiuurimusküsimuse seisukohast (milliseid eeliseid annab 
ehitusinseneride haridusele BIM?) kaardistati puudujäägid praeguses ehitusinseneride 
hariduses ja demonstreeriti, kuidas BIM-põhine õpe võimaldab nendest üle saada ning 
tõsta õpetamise kvaliteeti. Lisaks on kirjeldatud innovatiivse BIM-keskse õpetamise 
platvormi omadusi. Sellega anti teoreetiline ja praktiline panus süvendatud BIM-põhise 
õppe rakendamiseks ehitusinseneride hariduses. 

Teoreetilises vaates koostati ja ajakohastati ehitusinseneride BIM-põhise õppe 
raamistik koos vajalike juhistega. Ehitusinseneride hariduse valdkonna teadlastele on 
välja on pakutud õppeprotsesside ja -keskkonna mudelid, mille põhjal saab otsustada, 
kuidas tulevasi muudatusi kavandada, arendada, rakendada ja hinnata. Praktilises 
rakenduses annavad BIM-kesksed õppeobjektid ja -tegevused kasulikke juhiseid 
aktiivõppe korraldamiseks BIM õpikeskkonnas. Lisaks on käesolevas uurimustöös loodud 
hindamisjuhised uute ülesannete kavandamiseks, rakendamiseks ja hindamiseks. Välja 
töötatud BIM õpikeskkonna indikaatorid annavad suunised ka ehituse valdkonna 
tarkvaraarendajatele. Lõppkokkuvõttes panustab uurimus jätkuvatesse jõupingutustesse 
viia lõpetajate teadmised vastavusse nende tulevaste töökohtade vajadustega. 

Siiski oli uuringul ka teatud piirangud – BIM õpikeskkonda katsetati piiratud teemade 
osas ja ühe ülikooli tudengite peal. Sarnaselt kujundati uuringus põhinevad arvamused 
BIM-keskkonna õppeülesannete efektiivsuse kohta kahe õppetsükli alusel. Süvendatud 
BIM-keskse õpikeskkonna omadused valideeriti suhteliselt väikese andmekogumi baasil 
(31 intervjueeritavat kolmest Euroopa riigist). 

Tulevane uurimistöö peaks keskenduma ulatuslikumale eksperimenteerimisele ja 
katma rohkem erinevaid teemasid. Katsetusi tuleks laiendada käesoleva uurimustöö 
teemast väljapoole ja need peaksid hõlmama terveid kursusi ja erinevaid õppetasemeid. 
Kõikehõlmava, kindla, usaldusväärse ja rahvusvahelise BIM-keskse õpiplatvormi loomiseks 
tuleks kaasata rohkem osalejaid erinevatest riikidest nii Euroopast kui ka mujalt. 

Võtmesõnad: Ehitisinformatsiooni modelleerimine (BIM); BIM-keskne õpe; BIM-põhine 
haridus; kinnisvarakorraldus; ehituskorraldus; põhjendatud teooria (Grounded Theory); 
ehitusharidus; Adaptiivne Struktuuriteooria (AST - Adaptive Structuration Theory)  
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���������	�
�����
����������������������������������������������� �� !"�"#$�%!&$�'(%"'")"'*(+�,'%�'%�!(�$-.!(%'*(�*/�!..0*!1#�23.$�4�5#$0$�"#$�%")6$("%�/0*&�$!1#�6'%1'.7'($�'(8*78$6�!0$�)%)!773�0$.0$%$("!"'8$�*/�*(73�*($�7$8$79�:)"�5#'1#�&!3�:$�6';$0$("�"*�$!1#�*"#$0+�<$0$9�"#$0$�'%�!�7*"�*/�8$0"'1!7�!(6�#*0'=*("!7�'("$>0!"'*(�'(�"#$�1*&.*%'"'*(�*/�"#$�%")6$("�>0*).�!(6�"#'%�!77*5%�/*0�%'&)7!"'(>�6';$0$("'!7�?(*57@$6>$�7$8$7%�5'"#'(�!(�*0>!('%!"'*(�!(6�"#$�6'8$0%'"3�*/�/*@1)%�!0$!%�5#'7$�$(1*)0!>'(>�1*77!:*0!"'*(�!(6�7$!0('(>+�A0!1"'1'(>�"#'%�!..0*!1#�0$B)'0$%�1*(%'6$0!:7$�"'&$�1**0@6'(!"'*(�!&*(>�7$8$7%�!(6�6$.!0"&$("%9�!11$%%�"*�"0!'('(>�%*C5!0$�!(6�*"#$0�"$1#('1!7�0$%*)01$%�!(6�%*&$�7$8$7�*/�%*C5!0$�%?'77�5#'1#�1*)76�:$�1*&.$(%!"$6�/*0�:3�$(>!>@'(>�'(6)%"03�*0�%*C5!0$�&$("*0%�D%$$�E#!*�$"�!7+9�FGHIJ+�KL�MNOPQOONRS�TSU�NSVWXYXWVTVNRS�RZ�XWOQ[VOKL\L�]YWS�̂RUNS_.̀$(�1*6'(>�%'>('a$%�"#$�a0%"�7$8$7�*/�6!"!�!(!73%'%+�b1@1*06'(>�"*�c*0:'(�!(6�d"0!)%%�DHeeGJ9�6)0'(>�*.$(�1*6@'(>9�6!"!�!0$�5$'>#$6�!>!'(%"�*($�!(*"#$0�/*0�"#$�.)0.*%$�*/�'6$("'/3'(>�5#!"�"#$3�#!8$�*0�6*�(*"�#!8$�'(�1*&&*(�:!%$6�*(�$8$("%f!1"'*(%f'("$0!1"'*(%�%)00*)(6'(>�"#$&+�c!"$>*0'$%�!(6�%):1!"$>*0'$%�!0$�/*0&$6�5#$(�1*&&*(�1*(1$."%�$&$0>$�"#!"�#!8$�:$$(�7!:$77$6�!�.0'*0'+�̀.$(�1*6'(>�5!%�1!00'$6�*)"�/*0�!77�"#$�1!%$%�"#0*)>#�0$!6'(>�"#$�"$-"%�7'($�:3�7'($�!(6�)%'(>�gh'8*�A7)%�D8+HFJ�"*�.!0%$�'(/*0&!"'*(�/*0�1!"$>*0'%!"'*(�'("*�"#$&$%�!(6�%):@"#$&$%�!C$0�#'>#7'>#"'(>�!(6�$-"0!1"'(>�0$7$8!("�'(6'1!"*0%�!(6�'(1'6$("%�!%�1*6$%+�i)0"#$0�'(1'6$("%�!(6�'(6'1!"*0%�"#!"�>$($0!773�0$7!"$�"*�"#$�B)$%"'*(�*/�"#'%�%")63�0$%)7"$6�'(�!�"*"!7�*/�jFe@*.$(�1*6$%�"#!"�5$0$�%):%$B)$("73�.!0%$6�'("*�I4@*.$(�1*6$�1!"$>*0'$%�%)1#�!%k�1!)%$%�*/�l/cm9�!6@8!("!>$%9�6'%!68!("!>$%9�"#$�$(8'0*(&$("�'(�5#'1#�"$!1#@'(>�!(6�7$!0('(>�"**?�.7!1$9�"$!1#'(>�&$"#*6%�$&.7*3$69�%"!>$�*/�lno�$6)1!"'*(9�6$7'8$039�7$!0('(>�/*1'9�()&:$0�*/�%$&$%"$0%�/*0�5#'1#�"#$�7$!0('(>�7!%"$6p�()&:$0�*/�'(%"'@")"'*(%�1*&:'($6�'(�"#$�1!%$%9�$;$1"%9�7'&'"!"'*(%9�1#!7@7$(>$%9�$"1+�KLqL�rsNT[�̂RUNS_b-'!7�1*6'(>�'(8*78$%�'6$("'/3'(>�0$7!"'*(%#'.%�!&*(>�"#$�.0*.$0"'$%�!(6�6'&$(%'*(%�*/�"#$�'6$("'a$6�1!"$>*@0'$%�5#'7$�0$7!"'(>�"#$&�"*�"#$�1*0$�.#$(*&$(*(�)(6$0�%")63+�,$�I4@*.$(�1*6'(>�1!"$>*0'$%�5$0$�0$!00!(>$6�"*�!7'>(�5'"#�"#$�>'8$(�1!"$>*0'$%�%#*5(�'(�"#$�b-'!7�c*6@'(>�A!0!6'>&�*/�i'>)0$�H9�'+$+�"#$�1!)%!7�1*(6'"'*(%9�1*0$�1!"$>*03�*0�.#$(*&$(*(9�1*("$-"9�'("$08$('(>�1*(6'"'*(%9�%"0!"$>'$%�!(6�1*(%$B)$(1$%+�,$%$�!0$�$-.!(6$6�).*(�'(�")0(�:$7*5+tuvuwu�xyz{y|�}~�����~�{,$�1!)%!7�1*(6'"'*(%�'(17)6$k�7$8$0!>'(>�lno�"$1#(*7*>3�"*�$6)1!"$�%")6$("%�*(�6$%'>('(>9�:)'76'(>�!(6�*.$0!"'(>�!�($"@=$0*�$($0>3�.0*"*"3.$�:)'76'(>�1)7&'(!"'(>�'(�1!.@%"*($�$-.$0'$(1$�'(�%*&$�1!%$%p�)(6$0%"!(6'(>�1*(%"0)1@"'*(�'(/*0&!"'*(�&!(!>$&$("�!(6�%"*0!>$�.7!"/*0&%p�.$01$'8$6�0$B)'0$&$("�:3�>0!6)!"$%�"*�*.$0!"$�'(�!�"$1#@

(*7*>'1!773�60'8$(�5*076�*/�5*0?p�!:'7'"3�*/�($5�$&.7*3$$%�"*�)%$�lno�"$1#(*7*>'$%�!(6�)%'(>��!��lno�.7!"/*0&�!%��!��1*(6)'"�/*0�"#$�'("$>0!"'*(�*/�1*&.7$&$("!03�'((*8!"'*(%�$+>+�7!%$0�%1!(('(>9�.#*"*>0!&&$"039�:)'76'(>�'(%.$1"'*(f%)08$'77!(1$�!(6�.*'("�17*)6�1*&.)"'(>�)%'(>�)(&!(($6�60*($%+�,$�1!)%!7�1*(6'"'*(%�5$0$�)(6$0%"**69�'(�!�>$(@$0!7�%$(%$9�"*�:$�$7$&$("%�*/�"#$�6'>'"!7'%!"'*(�*/�"#$�1*(@%"0)1"'*(�'(6)%"03+tuvuvu�x~�������~���~�l/cm�5!%�1*(%'6$0$6�"*�:$�"#$�1*0$�.#$(*&$(*(�/*0�"#'%�%")63�>'8$(�'"%�1$("0!7'"3�"*�"#$�5#*7$�.0*1$%%+�n(�*06$0�"*�)(6$0%"!(6�5#3�1*(%"0)1"'*(�$6)1!"*0%�$(>!>$�'(�l/cm9�8!03'(>�'(6'1!"*0%�$&$0>$6�"#!"�5$0$�>0*).$6�)(6$0�"#'%�"#$&$+�i0*&�"#$�b-'!7�c*6'(>�A!0!6'>&�DbcAJ9�"#'%�.#$(*&$(*(�'%�&*"'8!"$6�:3�"#$�1!)%!7�1*(6'"'*(%�(*"$6�!:*8$+�i!1)7"'$%��%.$1'a1�0$%.*(%$%�"!?$�"#$�/*0&�*/�6'/@/$0$("�%"0!"$>'$%�*0�!..0*!1#$%�"*�"#$�'&.7$&$("!"'*(�*/�l/cm�!(6�"#$%$�!0$�'(�)$(1$6�:3�:*"#�1*("$-"�!(6�'(@"$08$('(>�1*(6'"'*(%+�,$�%"0!"$>3�*0�!..0*!1#�!6*."$6�0$%)7"%�'(�%.$1'a1�*)".)"%�*0�1*(%$B)$(1$%+tuvutu�x~�����,$�1*("$-")!7�!(6�'("$08$('(>�1*(6'"'*(%�>*8$0('(>�"#$�%$7$1"'*(�*/�%.$1'a1�%"0!"$>'$%�5$0$�1*(%'6$0$6�'(�"$0&%�*/�/!1"*0%�!"�"#$�&!10*9�&$%*�!(6�&'10*�%1!7$%+�o!10*�1*(@6'"'*(%�0$/$0�"*�'("$0(!"'*(!79�(!"'*(!7�!(6�1*&&)('"3�$8$("%�"#!"�6'0$1"73�!;$1"�!�%")63�*0�'(%"'")"'*(�"*�5#'1#�"#$�%")63�'%�!�7'!"$6+�o$%*�1*(6'"'*(%�0$7!"$�"*�'(%"'")@"'*(!7�/!1"*0%�!(6�"#$�&'10*�7$8$7�0$/$0%�"*�%):@*0>!('%!@"'*(!7�!(6�%):@'(%"'")"'*(!7�/!1"*0%+�i*77*5'(>�"#$�%)>>$%@"'*(%�*/�c*0:'(�!(6�d"0!)%%�DHeeGJ9�:*"#�&!10*�!(6�&$%*�/!1"*0%�5$0$�0$>!06$6�!%�1*("$-")!7�1*(6'"'*(%�5#$0$!%�&'10*�7$8$7�/!1"*0%�5$0$�1*(%'6$0$6�"*�:$�'("$08$('(>�1*(@6'"'*(%+�c*("$-")!7�1*(6'"'*(%�'6$("'a$6�'(17)6$6k���k�m0!�'%�!�%):"7$�/!1"*0�!(6�!77�"#$�!..0*!1#$%�!0$�'(�)$(1$6�:3�'"�!%�!77�"#$�1!%$%�!0$�'(�*($�5!3�*0�!(*"#$0�0$%.*(%'8$�"*�"#$�He4��7!)(1#�*/�"#$�lno�"$1#(*7*>3+��**?'(>�:!1?�"*�"#$�7!)(1#�*/�"#$�a0%"�%$"%�*/�1*&&$0@1'!773�!8!'7!:7$�lno�%*C5!0$�'(�He4��Dm!%"&!(�$"�!7+9�FGHHp��)'0?9�FGHeJ9�!(6�!7%*�>'8'(>�1*(%'6$0!"'*(�"*�"$1#(*7*>3�%#$7/�7'/$�*/�!:*)"�I�3$!0%9�"#$�"'&$�/0!&$�>'8$(�/*0�"#$�'&.7$&$("!"'*(�*/�?$3�lno�>)'6$7'($%�'(����Db6!&)���,*0.$9�FGH�J�!(6�>7*:!7�$;*0"�:3�.):7'1�%$1"*0�*(�lno�!6*."'*(9�l/cm�*(73�:$>!(�'(�FGG��FGHG�!(6�#!%�%'(1$�"#$(�>!"#$0$6�&*&$(")&+��������������������������� ��¡��¢k�g!"'*(!7�*0�'(%"'")@"'*(!7�&!(6!"$�'%�*($�*/�"#$�'6$("'a$6�/!1"*0%�0$%.*(%':7$�/*0�"5*�"#'(>%�'(�"#$�6$8$7*.&$("�*/�l/cm+�i'0%"�'(�)$(1$�5!%�#*5�/!%"�"#'%�&*"'8!"$6�"#$�/!1)7"3�'(�%"!0"'(>�!7:$'"�/!%"$0�"#!(�"#$3�.0*:!:73�5*)76�#!8$�%"!0"$6+�d$1*(6739�'%�"#$�:0$!6"#�*/�$(>!>$&$("+�,'%�'(�)$(1$�'%�.0*(*)(1$6�*5'(>�"*�"#$�!:'7'"3�*/�"#$�6$.!0"&$("�"*�'(8*78$�&*0$�"#!(�*($�6'%1'.7'($�'(�&*%"�1!%$%+�£�¡����¤�¡¢ ��¡k�,$�%)0>$�'(�'(6)%"03�6$&!(6�/*0�>0!6)!"$%�5#*�!0$�?(*57$6>$!:7$�!(6�5$77@>0*)(6$6�'(�lno�"$1#(*7*>3�!(6�.0*1$%%$%�D¥$('=9�FGH4J�#!%�'(@



��� ������	
����
���
�������
����������������������
������������������������������������
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	����������2�����,��������������������c7��
�����xeq-�������������2������������������c5�heb̂_]t]hq�������������������������������
��������������������������������-������������������
���������������������������-��������-�����������������������������
������-
����������������������
�����������������������������
�
�;���
�
�:J����+�-
��:���8��
2��������������K���������Y� �������������������=�����������������J��������������
�
�;Y/�88[�
�
�:Y/��8[�������������


 �������2����	n41�;ZK�� �����
���
������
����������=��������,���
,���<�������J��������������
�
�;Y/�88[�
�
�:Y0�11[����������


���2����������n41�1uK�� ����=����������
�����������������������������
���
��2����J��������������
�
�;Y/�88[�
�
�:Y/�Z/[����������


�������������n41�10K�+���������������������������������
����

�����
�
�;���
�
�:Y� �
����
���=�������������J��������������
�
�;Y/�01[�
�
�:Y/�:�[�������������


�����������	n41�:uK�}������	������
�-���������������������������	���-����
�
��	������������������

�������������������

���	�����������
�������,���
�������	�
�
�:�����������

����������������
�
�;-������������������ ���������������������������������������������������
-����������������Y� +�����������������[� �������
�������������������������������
���������[� �������
.��
��
������������[� 3�������������������+����

���������������������������J;�Z12����
���K����
���

�������������������
��������=���������-�������2�
�����+�����������������	��:�Z12����
��������������,�-����-����������	�������������-
����������������

��������������������
��������������������
����-������������������Z12����
���-������������

�����������������������/1��������-��������������������������
�������������������2���-
��
���������������������
������������������<��������=���
���������������������������� ����
���������������������<��������������J����������
������������	����K���������

��������������������������
J��������	-������
����������	����K���������
��������������
�������J���������������.��
:1;;K�����������.�����������=�
�������-���-

� ������������



���������	
����
���

������
������
�����������������
������
��
�����������
����������
�����
���������������������
����
	��������	������������������������
�������������������	�������
���� 
���������������� �����
���
����
������������
	�
��!�����������
������	
����������	�������������	�����
��
������
����
�������
������	��������������������������������
��
�	����� �� ���������


��
������
��
�����������
�� �
		���"����
������
�� ���
���
�������������
����
�������������������������#$%�������
������
������
�����
��&
����'($)*+�������
�	��
������� ��������������
�����������
��
������������ ��������
���
���������������
��� ���
��
��
 �������
��� ��������
�����	����������������������	 ��
����������������� 
�
��
�����
���� �������	���'�
����
��($)(,-��
������
�($)#+�.�������������	�����
���
�����	�
����
�
�����/������������
0������� ���
�� �
�����������������
������� 
�
�
�������0��
��"�������
������ ���
�� �
���������������������
�
��
 � ��
�
��
�����������������	��
�����������������0������
�� ��� �����������
�������������������
����
����0�� �� ���
������
��	�������
���
����
��
�������
���� ����
���� �
�����������������&��������
����
�� �	����������������
��������'($)1+������
���
���
�������
�
����	�
�	�������
�����
�
�������������
������
���
���� �������������
��
 � ��
����
�� ������
�����������2�������
�������� 
�
������������
����
������
��������������
������
������������
��
���� �����
�����
�
��
������������������� ���������� ����
��������������
��
��������0
����
�
��������
�������������"�������������������
���� �������������
���	����
����'��($)1+�"���
����� ���
���0�� �
��
� ���������	������������������	�������������
����������
�������/��������� 
��������� ���
���0'�������"
���#+������������ ���

��
� �	����
����������	�
�����	�
���	� ���
�'���3�����
��
�� �
�������
����+�
�	�����	
����
����
�������
�����	 ��
�������'&�������
�����+���	� ���
���
���������
����
����
�����	���������0��	����������
�����	���
���
�����������
�������2��
����
�������
�������	
����	�
����
���	� ���
��
����
�����������������������������
��4�������
�����
������"�������
�����
�����
�����

������
�����
���������
��

�
����������������
�������	�����������
�	���� 
������������� ������� ���
�
����������������� �������	�����	
���� �����
��
���
������� 	�����

���������� ���
������ ��������������������	����
�
�������������������� 
�������0��
��
�
���������� ���
�������
	
������
�����
��������������
��	����
��
��!������������
�� ���
������
0��
�����������
0�����������������
���� �
�
���
��
	���������
���� ��
����������
�������� ���
��4��
������������
�����	
����
������	������������
��������
��������������
�����
������
������	������ ���
	�	�������������
�������	������(��#�����#������
��	
� ���
��4�
��(��
�����
�����%����
������� ����
��	
� ���
��4��
�
��
������
������
��
����������������
���� ��
��!�����
��� ��
���� ����
�������3
���
��������')115+����		�����
 ���
��4�����������0�')1*6+ ���
��4����#76�������
�
���
��'($$$+
��8�������
������')116+��
���
�����	����� ���
��4���������
�������"�����  ������
� ���
��4����%��������	�����4��
��
�����
���'�������
��($$5+�����������	��
������ ���
��4���
�������������0�9�������
��'($)(+
���������
��������������
����  
�������	�����)�����������
��5	�	�������
�� ���
����������������
�������� ����
���
���	�����
�����

�����

������
�� ���
����� ����������������
����
��������������	��� ��������������'�
�������
��
�������
�+

�
��������� ���
�������:;�3�)1�������������"��
�������������
��� ���������6 ���
�����
	
��	�	��#	�	�������
�� ���
������
������
�����
������������ �������		���
�����������0�')1*6+��������
���
�� �������
�������
���������0���
��� 
��
0������� ���
����)����
�����	�	����
����
�������
���
������������
��������
�����"��6�3���	�����
����� ������� "�0�
&�������������������
��
���������������������
���������� �����
���/�����
��"�0�
��� �� ��'��� "��	�������������3��0��
+�
������&���������
� ��
����
�������/�����������
	��� �� �������� �����
���� ��
���� '���+ �� ���������� &�.<" '���	�� ������
����
� .���
��� ���������
��
������= �.�+�������)116
��($$$'�
�����
��&
����($)*+������������������
�����������������
������
��������
���������������
��������� 
���������������
��
����������������
��
�
���
��� ������
����	�����	����� ���������������
��
����������"�0�



���
�������0�.������0<����
��>
������0��
�
 ��"�����
�������
������
������
� �	�����?�
� ��
��'($)#+��
������
��	
���
��������
���
�
�	������� ��
	����0��
���/�����
�������	
��	���
���� ����������"���
�
���	 ������	��������������2���
����
2
��������
��������	�����������������
������
��'���+�������	
����������		
��

�
����
����'���+�������	
������
��������

�����

�������������������������
��
������


���
���������	���	
�'���	
���� 
�������� +��������
���
������������������������
���	��������
�����"������������������������� �/�
����'����������������������
��������������
����+���	��������
�����	

���������	
����
�
���������
�
�������	����
�������
��


����
����������������

���������
������
���� 
����������;����
������������
��

�����

������������
	���
��������������������

������
����������(�
�����	���������
�
�����������������
�������
�	
�����
������
������������������������
��
��
��	����������	��&����
�
�������
��
� �����
����
������������������� ��
�����

�������	��
������
����������������	�
���� �����
����
�
����������������
���� �������	����'������($)6,��9�
����
��($)*,�
���
��($)1+��
�
����
��'($($+���
����	����
�����������
��� ��
������
���
���� 
�
����	�����
��/�
���
����������������������������2����
���
������
���� 
��
�����
���� �"��
���������������	
�����	����
��
�
����	��������������7������	���������� 
���
�
����
�����'"�0�
����� ��+��������
����
�����
��
������������
	���':��3����+
����������(������
� ���
���0'�&"�
	�+�"������� ����������
���� �������	���
������������
��������
��
�������.����� ������
��������������
��������
���������	����������������������������������
������
���
������������������
���� '������0�9�������
��($)(+������
��������
��������������.���������
�������
�����
�����������
������
���� ������������������������������
�������

��
�������������� �
���������
������
���� �������	��������
��������
���


��������
��
�
��
��������
�
���&���

�
����	 ��������
���	���������� ������� �����
 ���������
�������� �����������
���� 
���������
�������
��
�����'�������
��������������������
���	
���������������
���
�����
��
�������
����
�����


��������+�@ABCDEFGAB������� �����	
����������� '���+�
��� �����
������
� ��
����������
���� ������� �������������
���
��������	
�
 �	���'.�����+
�
������
����� ���.����� ����������������H����
���� �������� 
�
��������� �
� 
���
�� ����	�

IJKLMJNKIOJNPQORMJNPOSTOJUKMRTKIOJVNJNWLVLJK X



�����������	
���

�
��������������������
�
�������
��������
����
�

�
��������
��
���
����
��������
�����

����������������������
����� ����������������
����������������������������
���
�������
��
����������
������������������
������������������������������
�
��������������
������������������������
���
��������
��� ���������	����
�
���������
���������
������������
��������
���������
����
��������
�����
����
��������!�
������������"��
#���$����
����
��������������
������������������
�
������������������
�
��������������
������
���������
���������
�� �
���������

���������"$�������
��
����
�����������
�
��������
��
���
�����������
���
���
����������������
��
����
��
���
��
������
�����	����
��
�����������
�������
���
������������������
�������
��
������
����

�
����
�
�����������������
�����
�
�����
������
������
��
���������
�����
�����������
��

�������
������������
������������
����������������
���������������������"$�
�

� $"�#�������
����
�������
�
���
��������
�����
��������
%��
�
�����
������������
��������
������������
�����
�����������

�
��������
��������
����
�������
��������	����������
�����������������
���
��������
���&�
����������������
���������
���'�
����������������������
������
��(�����������������(������������
���

�������������
�����
��

��������
�����
�
�
����
�������
�����������������
�������

��������
�����������������
�����
�����������
����������
��������&����
����
���

�
���
�������
�
��������������
�����������
�
��������
������
�����������
�
�)�����
�����������
��*����������+
�
�
���
��
���
���������
���	�
������
��������
�
������
��������
����������
�
�	���������������
�&�
���
��
����+

����,
��
����
����������
���������������
����������������������������
�	�

�����������
�������������������
�����������
������
��
�������������������
������
����������
�������
���
��
�����
��������������������������

������
��	�
�
�������������������
�����
�
�
��	����
�������
��
�����������
�����������������
����������	�
���
��������
����������
�����
�
���
�����������������������������������
�����
�����������������
��

�
�
������
����
�
����&�
�����������������������������
�����
�
�
��)����	���������
��
��	�����������
��	��
��
��	���������������
�
�������
�
������
���(����������
���������
�������
���
���������
������������
���*����������
������#������������
	�
�������	�
���������
����
��
���
��������
������&�
�����������
�
�����������
�����
�
�����&�
�������
�����������
�������
�
���
�����������	������
������������
�������������������
�����
��������-./012/345/67658596:�������
�������
����
���������������������
����
��)�*�;39<.9=�

� �������
 ��� ��������� �� �
� ����������� >����
��$��
����������?
�
���"��������
��)�$:$?�"�*�������)�����������!@A@A�B�$$AB�C @AD�AEEFFD*	�
���������
��$�����
���
�
"���������
��
�������������$�����$��
�
�������"�
����"
�������
�G�
����
�
����H���
�	I�
>��,�	������������
)�$"C*�������)�����������!JFKELM�$NN�B�@ABK�B�>��$NNC @�"�O$�PN*���I������
��
��G�
����
���$������
��"���������
�����H��
�
���"�����
�
��
� �
�)I$"H *�������)�����������!MBFA@@�$NN�B�@A@A�B�I$�$NNC @�"�O$�PN*	���������������
�

$������QN�����������
�$������� G�
����
�$�������"���
��
�������������������

�����
���
��������������
��������������������
����������

�
��������
��
����������
����
���	����
�"���
��
����������
����������
�������������

�
������������
�
�������
�������
����
���
��R5S545905/ ���H
%,I	I

P�BFFL� �����������������
��(�
�����
�����
�
%��
���P"�����$��������B@A)@*!DEL(DKJ�T��������U�
���!VV�����
���������V��
VBA�BAMBVW@K I"$W@FAEDD�FDMLW@KBFFLW@FB@AWD @W@KDELW@F� 
�XO	"
�"�I	>��:�@ABD���
��
��
�������
�������
��!��������
�������������������������������������������
�����������PN���������$��$���N�����BDF)L*!@FA(DAA� 
���!VVBA�A�L�DEV) I"$*$��BFLD�JJLB�AAAABML� ��
�����
O	����HH �@ABL�G�����
������������
�������������
�������������������
���"�����"
���
��$��T��������U�@BDJ(@BL@T��������@ABF#��KUY
����!VV�����
���������V��
V���VBA�BAMBVFEKAEKLLBDMBM�@MJ� �����Z��
����%����
��
>	�������"��������"	>������� �������"	N��%��
����P>�@ABM��������N?����

���
��
�����

�����������
�����������N���������
����
��
�
����
����
�����!�"$H�@ABMF�O���"���$���H�������T��������U�T�������,����U!� �$? ������Y��BF@(@AB��
��!VVVG����V������
��V?��������VBALD���������I 	I&�
��C?	?�����+�@AAA� ���������
���������������������
���
���������������
���
�
���$�H?�LK)@*!DE(M@������
:	H�%��
[���
�	C
������
 	 ���
#�@A@A�?��
��
��������
����
��������
����������������$�����

��
��
����������
�����
���������)\>$�*	������� ���
���������������������������>����$��
���T��������U�A)A*!B(BD������
���+	O����
�"	���������
'	C��%����,C 	>�����+�BFFJ�"�����
�����
����������������
�
�
���
�
���
�
�������
�
���
������
��������
��������&�
������N���������������\
�����$��
����L)L*!D@F(DJM����
��+	������
N	��
%����P�@ABB��$�
���
��������������
��
��������������������
�
��
��
��
�������
�������
�����!"����"�����"
�$��N���T��������U�H�����	\ ! ���
���I��
�����"
�
�$��
�����T��������@ABF#��KUY��KJA(KJE�
���!VV�����
���������V��
VBA�BAMBVLBBK@W@KLBMW@FBAJ����
�� +	������
N	��
%����P�@ABB��$�
���
��������������
��
�������������������
�
��
��
��
�������
�������
�����!"�����"
�$��T��������U�H�����	\ ! ���
���I��
�����"
�
�$��
�����T��������@ABF#��BFUY��KJA(KJE�
����!VV�����
���������V��
V���VBA�BAMBVLBBK@W@KLBMW@FBAJ����
�����	I�����$��@ABK� �������
���� ������
�����!���
��	#���
���H	�������""	��
��������������$��$���T��������U�H�����	\ ! ���
���I��
�����"
�
�$��
�����Y��LJ(B@@�T��������@ABF#��BDUY
���!VV�����
���������V��
VBA�BAMBVFEKAEKLLBLKMM��
AL������
,�Z������	C�C	P�%
%���
#�@AB@�������������
�������������������
�����������
�����
����
����������������PN���������$��$���N�����BDK)D*!@DL(@LJT��������@ABF#��B@U�
���!VV�����
���������V��
VBA�BAMBVW@K I"$W@F$��BFLD�JJLB�AAAAAFK�������I�BFJM�����������������
����������
���Y�
������
�
���
����������
���������	T��������U�T�������,����U!>�������	Z����YT�������� @ABF P�� @DU�
���!VV�
����B����,����������V�����
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K������K��K_edilbgfK̀lqrslrqdlb[kKamf[qnKu_̀ avKRqdjf~[q�Ku�f̀dkslbcKdkeKU[[hfKu]̂ ŷvv{KUq[i[cb}lb[kc�K���K_XacKiq[gbefKc[sbdhKclqrslrqfcKlmdlKsdkK�fKefcsqb�feKbkKlfqjcK[\KlmfbqK\fdlrqfcKdkeKcibqbl{Ka[KlmfKfQlfklKlmdlK_XacKgdqnKbkKlmfbqKcibqblKdkeKclqrslrqdhK\fdlrqfcKcflcNKeb\\fqfklK\[qjcK[\Kc[sbdhKbk}lfqdslb[kKdqfKfks[rqdtfeK�nKlmfKlfsmk[h[tn{K�L�K�cfK[\K_XaKclqrslrqfcKjdnKgdqnKefifkebktK[kKlmfKldc�NKlmfKfkgbq[kjfklNKdkeK[lmfqKs[klbktfksbfcKlmdlK[\\fqKdhlfqkdlbgfKc[rqsfcK[\Kc[sbdhKclqrslrqfc{K���K�f~Kc[rqsfcK[\KclqrslrqfKfjfqtfKdcKlmfKlfsmk[h[tnNKldc�NKdkeKfkgbq[kjfkldhKclqrslrqfcKdqfKdiihbfeKerqbktKlmfKs[rqcfK[\Kc[sbdhKbklfqdslb[k{K���K�f~Kc[sbdhKclqrslrqfcKfjfqtfKbkKtq[riKbklfqdslb[kKdcKlmfK����� ¡¢."� ��$�/������������0����%)./0-?�������6)2�/��������"3����)���£--*3�� ���7�����A¤¡A.10� ��$�"������������������������!�"�����!�"������������������������"� ����*0�����8��������.10�$��%�������� ������"�����������������������"������������������������������������������#�"!%�����������#%*¤	A¥����.10������������%$��%"� ��"��#��������6������$�����������"�����������#������������������������$��������������������������*¤¦A§������������������������#��������������#%����6���"��$������������������������  ���""����#����������������������������*¤̈A§����������������������#���#��� �����������������������"�������������.10����  �� �����"���#�$�������8���"������ ��"���"��#��� ������������$������*¤©Aª��� "������� ������������$��%"� ��"��#�������������.10�  �� ��������*¤«A0����������.10�  �� ������������$��%"� ��"��#�����#��� @����������%����*¤¬Aª�$��.10��"�������������������������������"����  �� ������� �����������""������� ������������4�������6�����"�����"�����"����������.10�������������*



���������	
		��
���� ��������������������������� !� �������"���#$�!����!����%�&�������������������� !� ��'���� �����&����(����)������ !� ��'���� �����'��������� '������� �!����&!�(�$�'�����������&$#����"����&���#!�����'��&$���*������*�������!��'������!�������&����&$#����"�)����(���������"�������������+���''����������$����&����������� !� ��'���� ������������+�' �(��(����������&*��'����,��!�����"�,��&���*��&-!�)./01)"��'����$��!��,���2����!�����&3��'�.40�������&�������5���� �6 �7��)�)����! ����������(����+��!!� ���������!���'�*#8�+�' ����&( �(����$���&������ ���� �,�#�$#,��!������!���'�*#���((��(�����&�+������$#&�������� ���� �&��&��������!��&������)��9�'�:�,�:�.;0( ����<5=��'���!���'�*�����#�((�������+��$>�!��+��������&� �!����������(����������!����&&�+��#$#&�������� �����$#&��������!����?���� �����&$#������� �����+������7)����'��'#�2����!�����&3��'�.40��* �������� ������#��� !� �������"��������!�����!����!�� ���������@�!��+��*�������# ����#��(�!���������!���'�*#��� !� �������#,�#���#,���A���#�������&����������((��(���������+��)���&�!��������((��(������(����! '����� !� ����&���!����� ��!���&�(��&�������,��+���$'���&������#��*����!� �'� �!�����)���((��(���������+���!����&���&������ '���������'���,������&���*����������,��!���,��!�����&��� ������� '��� ��&&��������'#��������(�����������!���'�*#-,��!��������!������'#�$�&����*1)������ &#&�B��������� !� ��'���� �����&�(���������(��(���&CDE�����"����� *��6 �'�����+�������(����+����(��*����!�((���!�)��(��+�� �'#����&�����,�''���$'�CDE&�+�'�(���������B���('�!���&�� $��6 ���'#���!�'���������� &#���CDE�� ��)F����+����&�����#��*$��������� !� ��'���� �����&����(�������CDE,�''��������!���*���%��*����?�����*�� �!����CDE��� !� �������&����������,� '&���$'�$����!��(�����+���&*�(���'#����� ����8��6 ����������&�'�+����*C"FG���$'�&'������*)���'�������(����! '��'#��!�����#���!�����?(�!��&� �( ������������������&�+�'�(�������,�$G$���&CDE����,�''�����&*��*��(��!�''#&��(����& ��������((��� ���#���!!���'������*�������'�,���� ����!������������&'������*��� ������!����&,������&,���&�+�!�����!� ��*���&�(��&�����&'���'��*'������*���&�'��(�������&�(��+���&(������'�%�&'������*)D���'#���,�''�����������!������& !��������&�����������������+�' �����(���!�''#���&�(����$'#��&&�������!����6 ��!��������*��������!����8��&'�������8�((��(���������+��,������(�!����CDE)"������?���!�����,�(��+�&��$������+��,�������'���&'������ ��)��������'G'�,�&$#�&��!��(��������������&�'�*#�&�(��&��&�B����&�(�!��#��������$ ��������(��(���&CDE���� *����������!����� &�����&�����+��,�!�����&� ��������!� ������)���B�&��*��������!����� &�����&�����+��,��������(�������&$������������('�!��������������#��&(��!��!����&��! ���&)H��!' ��������&��,������B��'��!����)�I�IJ�KLMNK�MLOLP�LQ�)�)�)C"FGE��$'�&E& !�����C"F�& !�������������� (� �*����������������'����,�&�!�&������*���!���*��! '�#��&������!����,���� �������(����%��*&����������(�!�����& !������'�:�''������� &�����&:��,'�&*�)H��+����'#����(�����!���H9R"2G��*'�$�''#�����(����#��������'��$�� *������! ������(�����!���&�*���'��!���'�*����+��� �'��&� *�����&���'��������&��������'��������+�' �$'���!����� !������*�������*�& !�����.�0)C"F�& !������'(��*���������,���!������*�,���������&�& !����*�� &������&������������,�� ��&����������& ���#G�(�!�B!C"F����,���(�!:�*��-�)*)�S�+�����!��H�2�T�+��,��:��S�����2��!���?���!)1�����&�''��*�+��,��*���� '����*��!��& '��*���&���������*-���.�UV�401)H� ���������$�*��$#��*�'�*����*���$���B����&$���������C"F���!' &��*�������������C"F�&�(����������EHGWF��& ���#-�)*)�.�/V�/01��&���(��*������C"F:��,'�&*���&� ������*X����( '������:�''�-�)*)�.�;V��01)C�#��&&�+�'�(��*C"F����,����:�''��C"F��!���'�*#����'��$��� ��&����G(��������'������*� !���!���&��������!�''�$��������!��� ��!��������&�����(������'��'��������(�����*�� &�������!)-���.�4���V�Y01)W��������!��C��������').�Z0�?(��G



���������	
		��
���� �������������������� �!� "�#�$��������#�����%���& �'"%�"'�#�����#��&()�!�'�#����' �"��� ��!������ �'�������'� ��'%��' ���*'�%�������' �'�*" ���&���+�"���'�� �������, �������%��+�#�!�'�&����%�� �'"%������&����'��&&��� ��'��"%������#*"'*� � -�(&(�./01��23(4�� �"�"�#��5"��%�+�����������%���#�&,�������&��� 6���%���&�����%���#�&,���" ��&�����%���#�&,�����%�6� ���7���&%��'�%��'� ��%�������"%�����(8���'�������#(.�2%���&�'�$������!�#"��������� ��"%�����������'��*'�&'�  �!� ��&� 9�( ���:���'�����'�&'��"��� �'��������'������" � ����;�&��%�� �����'�#����&���� ��*#�%����� ��'+�����&���#���%"#�"'�#�'�� ��'�����������%�� �'"%�������" �',(�( ���:��%" ������%���!�#!� &'��"��� <�+�#���� ��" ��������*"#������ �����'���*�'��'���& *�%�7%�� =  "%�� ����##��&�%#� �����%����� ��"#��������%(/( ���:���+#������'���"%�������=� *#�%�������:��������!�'�"�#��!�'��������������%� � �*#����'���'#��'���&.�2(�������:���'�������:��%" ����"%�������!�+���&���'�##,'�%�&��$�������������!� ����!�#�*%"''�%"#�����%�'*�'��������!�+�%������� *'���(>%��*'�:��� �!��%%�"�������:���+#����"%�����%� � �� +�����%"��������>+��'�����?�  �%=.�/2�����'�'�%���#,"*�������@#������#(.�2(�(�(�(���:A��+#��B��'���&A�!�'������ C@D�?:����  �&��7%���#,"���' %�'�������������'�� �'�+"����%�##�+�'���!�� �#�:*�%���������*��!�#��'���&(>#'���,���%����&��E"���#(.�F2������7����� �%��##��&� ����;*�'����������������,'���''����� ��������'�%��!�����#-���36�*#����'�����%��+��� �!�'�"�#��!�'���������������'#��'���&*"'*� � ���*'�:*� �������'���%�#��+:+� ��!�'�"�#��'#���'��&�&��&%�� �'"%���� ��=���#��' ��'��#:���� �%��#����'�%����" ��&���)�%���B���!�'�"�#��!�'������(4��,%����������������&'����&�?�������##�&���/?�������# ��"#� "**#�����%�� �'"%������"%��������!�'%������#�����������#�%�����:+� ��#��'���&�����=����%%�  �+#�����,�������������'���%����%����(G�%�&��$��&���+���7� ��*'������&�� �'�+"����'�����&�**�'�"����� ��  "&&� ���+,E"����� %�##��&"� ��"'���' �"��� ��!�+���%�''����"����'�*�'����� "**�'������ ��������!�-�(&(�.��1��23>%=���#��&��&���&���'�#%�� �� " ����&*'�!��" ��!�#�*�' ����"���' ������+�#��,���!�'�"�##��'���&��!�'������-DBA3��*'��������: ����'�����&�����"%������)������#(.HF2" �����/?:8I�4J&�����&�����%'�������+:+� ���'�����&��!�'��������'KD>C'���+�#������������*'�!�����" ��&��������#(��%���'� ���E"���#(.�F2������)�%���B���*#����'������"���' �'&"������&�����&��� ��!�+��� "�7%����#,��!�#�*����'�������'�*�'�+�#��,����'�+,��=��&&���%'������%���*�'����� ��'����#���#�����������'*'�&'�����& =�##(L�������''� ��'%��)������#(.HF2��'��+#�������� �'���������%�"#�+�#�!�'�&����'���%���&�������*�%�##�!�#(�(�(/(>**#�%�������>)4�����:A��+#��B��'���&A�!�'������ >)4� " �������  �"�,� ����*�� �$� �����*�'���%��� �%��# �'"%�"'� �������!�#�*�����������%���#�&�� ��������" ������ ���%���#�&�� +,*��*#�.0�H�2(> 4"'��'���#(.H�2����9M>)4�;*#��� ���%��*#�%����� �  �%��������������%���#�&,1�'&���$�����%����%�������*'�!��� (((����'���������������!�#�*�����%���#�&�� �'�� �&���"%������#%"''�%"#"� ������%�"'�&����*���&�����%���#�&�� N(>#���"&�����!����%����%'�  ��, �"�,������ �**#���>)4�������!�#�*���������������!���!���%���#�&,-����� %� ������:���+#��B��'���&A�!�'������3�>)4�� +����;��� �!�#," �����!�#"����&>�4 '�#����&��&'�"*��%� ��� "**�'� , ��� .O2������'�'�%���#,����;*#�'�!�#"�%'�����������+" ���  *'�%�  #�!�#��'�"&���������%�� �'"%�������" �',.H�2(>)4�� �# �+���" ������!� ��&��� �%��:��%���%�#%���&� �����'�+'�"&���+�"�+,>�4 � "%��  �%��#���������'�%��������&'� ��'%��' .H/2�"���' ������&���'�#����� ��*+�������&�#������� ����'&���$������#����"'� .H�2�



���������	
		��
���� ������������������������������ ���!"#��������� ���������������� ����$�����%������!����&�����'�����&���%(���&)��*+	,-./012.34.56-0/78649  ��������'����:+)�;*���������<���=���>�:>������?���������� �����:��@����&���������9!#+#������ :����������(���������:�������:�>���=�� ��������������������A���&�:�������� �����:��@����&����B������������:����=�� �����A�����>��������>�:������������:�>���=�� ��������� �����=�����������&�:������� �����:��@����&�������������@���������&=���=� ��>������+C��������=�� �������&�������D=:������(��@������:&�D��E&������������ �&������:��()�F*G���==:��������������� �G��������&���=� ��(����H!'E���B:��I�������J�>����&���KHIJL+!�=��=������(G��M����������(���������:��������� �:HIJ �� �=���>�:�=��B(C������NO�MP���)�Q*���B����==:������H!'E���B:��:������������>����������G������:����#�::���R��>�����(��#� ���:��(G��������D������ �������������������(��� �>�:�������������������K��=�������)<*L+!���������������J������� �����G�������� ������H!'E���B:��:�������� ��>����� ��������������R��>�����(��H�:�����!��:(���#�&=���R��>�����(�S��:���G������:(T�������������>�:�=��������::�������@����&��������HIJ+9���M����(G���:�� ���� �������>��G�D������� ���&� ������(:�����������?����:�>���&������:���:�������D������HIJ�(=���������>���������������������������: ���� ������� ����HIJ+#����=��=������(� ��>��������B:������������������&�E���� ����������>��G���� �::� �����������(���������&����:�B������B�:�G+
U�UVWXWYZ��[\X�Z��+�+�+!����>��G]���� �=����S����������>��G��=���� �=����G���=��=���>�:(��:� �����<J���=��� ��������̂J�������S��:�������!��:(+#����< ��������G�����:� ������ ��>����� ������ ����D������������������ � �::�B�������B��G������#�::���R��>�����(��#� ���:��(�#�&=���R��>�����(�������R��>�����(��H�:����+#����:�>�� � ����������=���� �=����G����������(����:�B�� ��>�:(�������G���9J"ES'�����������_��9J"ES'��� ��������_��H!'E�����������_��H!'E��� ���������(K�+�+�� ���&� ��������(��� +L������������=� ��>��������&�������:�>��(����� ����=�� �� �+#����:� �����������>��G���G������������::(���� �����G����� ���>�����=��������������&��G�������������:�>������M���:������=����B:�+9����:��<�=���� �=����K�̀ ���&J�����������&S��:������������&!��:(LG��������>��G��G��������>��G����� � �����( ���� ���B(���<����������� �:�������+9::�����>��G�����������������������&�� ���������&=�����������=���� �=�����+�+�+�+!����>��G% ����:�9��&�E���� ����������>��G� ����:�G���������:� �������&���������������������: ���� ������� ����HIJB������������ ����$�_�������$�:�>���D=����� �������=��������+#�������>��G� ����:� �&&�� ��G������>��>��G�����=��=������ ����D������������ ���� ��?�&���������������>��G��$�����K��&��=�������������?:�������L+9���������>��G���G����D=� ����� �&&������ �� �=�K���HIJL����==���������D������������ �G���G�� ����( ��:���>����� ��D=����� ����G���&=������������B:���� �&&��������������������������:���������HIJ�&����::�����>��G���+S������=��=����������K�&��L>�������:��������HIJ �� �=�G��� �&&�����(�����:� �::�������KJ��������S���������!��:���LG��=:�(�������&B���������������=��E�����@��������G�����M������::�G�̂�+ ]:������� ��B������� ����_������������(��_(���������T�������>�K!� :�������Ba� �K�L������������� �L+�+ b�(�� ������:(���H!'�����:�>�����(������ ����_��������cK9:�������>���������T�������:(����������������̂!�H!' ������:(�����������:�>��(������������������B((���������T�����cL!�dJ%̂



���������	
		��
���� ������� �������������� !"#���$ %�&�'(��)����&% ��*$ +*" �!��,&�-�."�*"*�.�//�! 0.*" �!��".�1(2$"�&!*" %� ��&)*! +*" �!�!$�*&&*!)��"&* ! !)3��� �������� !"&* ! !)��$ %�&�'1��4536� 7��$����������"�#�$,��$ %�&���&"�*.# !)8"&* ! !)*!���&�#*"'(��)����&% ��*$ +*" �!��,&�-�."�*"*�.�//�! .*" �!��".�1(2$"�&!*" %� ��&)*! +*" �!�!$�*&&*!)��"&* ! !)37��$����9����� !"&* ! !)��$ %�&�'1:� ����!����&,&���!"*&�*(�1��"�*.# !)8"&* ! !)�#�������"# !;���.��$�9����� !���0�!*9$��$�*&! !)'(2$"�&!*" %� ��&)*! +*" �!�!$�*&&*!)��"&* ! !)3����!�"#�*&�*���"&* ! !)*&0&*!)��9����&�&)*! +*" �!�#�������"# !;���.��$�9����� !���0�!*9$��$�*&! !)'1�� <#*"��!." �!����$����$ ;�"���� !*���0�!*9$��=�*&! !)>!% &�!/�!"'
?
?@ABAC�A�D���������E&��!���F#��&���"#��F#�*!*$�� ���"#� !"�&% ����*�9*����!*E&��!���F#��&�(EF1/���$9�.*�����"#� &*..$* /�������$!��� !"#���%�$�,/�!"��,&�.���0�& �!"���.�!"�G"09*�����0�.& ," �!�*!��G,$*!*" �!��� !��&/*" �!���"�/,#�!�/�!*H:�I�EF �*/�"#�����*"**!*$�� �*!�"#��&�)�!�&*" �!,&�,��!���9�E$*���&*!�J"&*���H�KI"#*" �9*����! !��." �!�J !.�"#�,&�!��!.�/�!"��"#� & ! " *$.�!.�,"� "#*�/�"*/�&,#����� "#� ���&�!"*�"#�&���))��" !)*�� " �!*$!�*!.���!#�� "�#��$�9�*,,$ ��$�*� !)"�� ���&�!"EF%�&� �!��2..�&� !)"�L&M�#*&"�"#�/*-�&/���$����� !"#�$ "�&*"�&�*&�"#�����))��"��9�E$*���&�J"&*����*!�7#*&/*+H:�I�N��, "�"#� &� ���&�!.���"#��*$$*)&���! "�&*" %�$��*/,$ !)�*"*"�)�!�&*"�"#�/��(*"*# )#*9�"&*."$�%�$1"#*"*&������$��&��%�$�, !)"#��& ��)&��!��� !"#�.�$$�."���*"*�F# ��"���*��,"��"#�J"&*��� *!F#��&�����$(JF�1� "#"#��! "��*!*$�� �9� !),&���/ !*!"$���)/�!"���"#� !"�&% ��"&*!�.& ,"�"#*".�!%��*,*&" .�$*&/�*! !)��!$ !�� "#"#�J"&*��0� *!*,,&�*.#��G"&*." !)"#�����)/�!"���"�G"� �"#�O&�"�"�,��*!*$�� �&���&&��"�*��,�!.�� !)�F# ��*���$$����9�*G *$.�� !) !�&��&"� ��!" ��/*-�&.*"�)�& �������%�&�"# �/�"#���$�)��*�*,,$ ��*�*"��$��&� �.�%�& !)*���. *" �!�� "# !"#��*"*&*"#�&"#*!*�*& ) ���"��&�$��H:�I�F#��*"*.�$$�." �!*!�*!*$�� ���&���M��!0" *$��!"�&% �����&�/��"$�.*&& ����"% &"�*$$�(�!$ !�1�� !)�JF�*/��P��/��".�*�/*�9�*)&���9�9�"#"#��*. $ "*"�&�*!�"#�,*&" . ,*!"��<#�&�,��� 9$���*.�0"�0�*.� !"�&% �����&�*$��.�!��."����!9�"#. &.�/�"*!.��� !"�&% ������ �!���&�*�� �&�.�&���*!�"&*!�.& 9���2� !"�&% �����&�.�!��."�� !$�.*$$*!)�*)��*���$$*� !>!)$ �#� !"�&% ��"&*!�.& ," �!*!�*!*$�� ���&�.*&& ����"9�� ���&�!"*!*$��"�*!�"# �!�.��� "*"��.��&� !*" �! !"#���&/��*.�//�!$�*)&���*!*$�� �"�/,$*"�� "#���&,&���"�&/ !��.�� !).*"�)�& ��3��/�)&*,# .�Q��9-�."�"*�)#"Q"*&)�"*�� �!.�Q*!���!." �!*$&�M� &�/�!"��2�� " �!*$$���/�&)�!".*"�)�& ����&�"#�!.�!" !����$�*����*�*!*$��"����!�"#�/�F#��� !.$����/�"#��(�1��"�*.# !)8"&* ! !)���������$�%�$(�1�����*�*&�!���8.�/,�"�!.��*!�.#*$$�!)���F#��"&�."�&*$.�� !)�*�*.# �%���� !)4R %�M�*$ "*" %��*"**!*$�� ����"�*&� !��/�.*���*!�� !�"#�&��"#��J<�&�"�G"�� "�&�*������*�!�"*$$"#��*. $ "*"�&���&��*/ $ *&� "#4R %����"�*&��2!*$�� ���*$$ !"�&% ����*�"#�!*))&�)*"���� !)4R %����"�*&���&��&"#�&*!�O!*$*!*$�� ��2�,*&"��"# �*))&�)*"��*!*$�� ��*$$ !"�&% ��&���&�!.��"�"#�S�, & "T*""& 9�"����"#��=>��&�*$��.*,"�&��"#&��)#"#��&�" .*$��!� " % "��������R*$ �*" �!���=>U�*"�&��9�U�.��E&��,F#�&���$"���"#� !"�&% ��*!*$�� ���&�"#�!,&���!"��"�*��.��)&��,��2>70U����.*" �!�G,�&"���&%*$ �*" �!�U�&"#���.��)&��,�"#�&���*&.#�&�"��;*�%*!"*)���*!�!$ !���&;�#�, !�# .#������.*"�&�*!��!"#�� *�"��&�/:.��!"& ��,*&" . ,*"��*!�� �.�����"#��=>.�!.�,"*!�"#�,&�,�����=>��*"�&��"#*"#*��/�&)���&�/"#�



���������	
		��
���� ��������������������� ���!!"�����!"��������#��"�$�%���"���#�&���&���'!���"������"�#!��!���%()*��"�����%����+�%���'�#��������������� "���&���,��������"�������"���� -��#�&���%."�%�!��.��%�%,���������/#��&���%.��%�%,��������!�������%�"�#�%����+�%��"�������#"0.!����)�$���.�1!���"&�����'!���"����"��� �23�.4���'!���"��5�3�.6&� #�&1�'!���"��5�37.8�%��"��&1�'!���"��5�39.:��1�'!���"��5"�%30.;�����"&&1�'!���"��5�/#��!��.��%�%,�����������������%�%���&������''�������  �������"�%����''��%"��������"%%�����"&��"������#"����&%-��'!���"�����"()*-������'����� ���'�#�&����%����+�%���'�#����������������7�6�"������"&8��#�%�/#�,��������"����"���&&1��'!&���%"�%��-'����%-1�<���!��%�����=�"&1������#���&���,��������"���-1�#������ ���!�"��"����%������� %�����!������"����������>��'!&�'�"������"�%"��&"�����'!���"�����%�?����"�#���#��%����+�%()*��"�������� �����&&����"����#�����"��#!������"%�!��%����#�����%1�XIRHDJHBKIRBDBLMNBTQHB\PRPBfFSSFJ]BKRIfBHZPBEFSHBFGPJHFKFPGBKRIfBHZPBFJHPR[FP\SAB@A@AoABnHDHFSHFVDEBaPHZIGSBYZPBhQPSHFIJJDFRPB\DSBKQEEUBVIfXEPHPGBDJGBSQTfFHHPGBTUBkqBRPSXIJGPJHSAB̂JDEUSFSBIKBHZPBIJEFJPBhQPSHFIJJDFRPBTUBHZPBKIVQSB]RIQXB\DSBVDRRFPGBIQHBQSFJ]BGPSVRFXHF[PBSHDHFSHFVScB[FrBSFfXEPBfPDJBSVIRPBDJGBDBRPEDHF[PBFfXIRHDJVPBFJGPbBKIRBPDVZBIKBHZPBFGPJHFKFPGBLMNBKPD̀HQRPSABOF]QRPB@BFEEQSHRDHPSBHZPBRPSPDRVZBXRIVPSSBDGIXHPGBKIRBHZFSBSHQGUAB

BstuvwxByzB{PSPDRVZBXRIVPSSBDGIXHPGABB B|}~���	�����"��#!������"%�!��%�������������������������������������������/#�����������%!"�����!"����������'%������-"�$ ����%������'����#��1!����� "��>"�����#"��#�1-�&�� �%���"���"&��-.���������#��#�#�1�!��"���"�%�#��� �� �"!#��"&&��"������� ���7�#����#����&��������-"����#��#%�!����#�%�����-��������#�!"�����!"���"����%�� ���#����� "��>"�����1!����-.�������"�%������1����'�#��#�������������#����#������������������%����%������*�����"����&"�%�"�%��"&1�"���"&����?��-.�"�� ������'�� �%���'�#��� "��>"�����1!����#�#�#� #���!"�����!"�����'�� ���'�#����������1��7������������������"�%���"����"&�%��"�����9���-.�"�� ��������#����-.�"�� �����"��;����������������'"����"�%��"���� 4������;����&�"��1����"�%��"&*��"��'"�" �'���"�%'"�����"����9��



���������	
		��
���� ���������)��$�!�!�$�����*�+��%���,�&��(&�������$!%&���&��-� ��&#�(��$��"�)�$������"�&��� %������-�����)����$�)���&��$$��"����������������������������)�#�&% '&�$���#���"�$�%����*�+��.�����������$�%�����&�(��������������/��(&�(����$��"%$��"#��*�*#�0&�����#�+��!��"#���"�1��!�#�������!��-�&�2�&% '$��������&��.����"�-��.��������������������)��(�������������&��)����$�')���&�$�.����-��.�����%��/��&����34,5#�$��&��%$�����365#���"�/�$������!��"%$������375�&% '$��������&*�8�����&% '$��������&�����9��&��%$�������-��.��������"����������:;8�345#�9��'&%!���$��345#���"�<��!�0&�����.�����.������"�.��������$��375*�
�=>?@AB�CD�9����$����&��$&��-�)����$�)���&�(������&)�$��������������������)�#�&% '&�$���#���"�!�$�����*�E���&% '&�$���&����(��$������)����$�)���&� �!����(�����!&���"����-��"��&��"%$������34F5#�������!�$�����$�����3F5#���"����!��&����G-�$�!����&�.�����.����3H5*�E�����"�/�"%�!�$����$����&��$&��-�����/�!�"������I%�&�����������-���&)��"���&�(����������-�$%&����%)�$�%!"����� ���&�!���"� �$�%&�#�(��!�����(�&��2)�$��"�������!!�/�!�"������(��J&��)�)����$�')���&�(�����"����� ����������"����"�/�!�)����������&���$��-��"���&�(�%!"�$�.)!����������!����I%�&���������#����&�"�"������%����%����� ������$�&�*�

���������
����������������

���������� ���¡¢£¤�¥¦§̈©£ª� ���«�ª ¦���¡¬­®̄°±²³́ µ¶·¶̧¹º·»¼¹»̧¼��½¶·¹»̧»½¶¾¹¼¿»¹µ·º¼½º̧¹¹��·À¶¾»Á¶¹»�¾¹Â½º�¼ÃÄÅ¼º̧¹�·�¶¾ÆÇ�̧¶¹»�¾ÈÉµº¼ÃÄÅ¼º̧¹�·¼¹�¿µ»̧µ¹µº½¶·¹»̧»½¶¾¹¼ÄºÇ�¾À¿º·º¶Ç¼�»Æº¾¹»ÊºÆ¶¼ºÆÃ̧¶¹»�¾Ë�ÌÍ�Àº¾º·¶Ç̧�¾¹·¶̧¹»¾ÀËÌÍ�¶¾Æ·º¶Çº¼¹¶¹ºÎ�¶̧»Ç»¹»º¼Ï¶¾¶ÀºÏº¾¹Ë�ÍÈÉµº»¾Æ»Ð»ÆÃ¶Çµ̧¶·¶̧¹º·»¼¹»̧¼��¹µºÐ¶Ç»Æ¶¹»�¾ÑÃº¼¹»�¾¾¶»·º��·º¼½�¾Æº¾¹¼¿»¹µ»¾¹µº��̧Ã¼À·�Ã½ �̧ÃÇÆ¾�¹Äº»¼�Ç¶¹ºÆÄº̧¶Ã¼º�¿µ»Çº»¹¿¶¼ºÒ½º̧¹ºÆ¹µ¶¹¶ÇÇÐ¶Ç»Æ¶¹»�¾¿�·Ó¼µ�½½¶·¹»̧»½¶¾¹¼¿µ�µ¶Æ¾�¹Äºº¾º¾À¶ÀºÆ»¾ÆºÐºÇ�½»¾À¹µº·º¼º¶·̧µÊ¾Æ»¾À¼¿�ÃÇÆ �̧Ï½Çº¹º¹µº�¾Ç»¾ºÑÃº¼¹»�¾¾¶»·º�¹µ»¼Æ»Æ¾�¹¹Ã·¾�Ã¹¹�Äº¹µº̧¶¼ºÈÔÕ
ÕÖ�×�Ø�ÙÚ���Û��Ö�Ü�ÛØ���Ý��ÞØ�Ü�Û�ß×à��á×â×�Ø�ãäØá�ÞØ�áÛ�Ý×ÛØ�á×�ÜÙØå×æáÜçÜ�×��èéÉ¶ÄÇº�¼µ�¿¼¹µºÇ»¼¹��êê»Æº¾¹»ÊºÆ¶¾Æ»¼�Ç¶¹ºÆ�Ã¾̧¹»�¾¶Ç·ºÑÃ»·ºÏº¾¹¼ºÏº·À»¾À�·�Ï¹µº½·º½¶·¶¹�·ÂÆº¼Ó¼¹ÃÆÂËÇ»¹º·¶¹Ã·º·ºÐ»º¿¶¾Æ¹µ·ºº̧¶¼º¼¹ÃÆÂ¶¾¶ÇÂ¼º¼Í�¹µºê�»¾¹º·Ð»º¿¼¶¾Æ¹µº��̧Ã¼À·�Ã½¼ÃÀÀº¼¹»�¾¼��·¶ÆÆ»¹»�¾¶Çëìí�º¶¹Ã·º¼¹�Àº¹µº·¿»¹µ¶¾ºÒ½Ç¶¾¶¹�·Â̧�ÏÏº¾¹¶·Â�¾¹µº̧�··º¼½�¾Æ»¾À¼¹·Ã̧¹Ã·¶Ç�º¶¹Ã·º��·¹µº½·�½�¼ºÆëìíÈîïðñ±ò³ó·�̧º¼¼º¼Ä¶¼ºÆ�¾ëôõ¼¹·Ã̧¹Ã·º¼Èö ÷ø±ùú­û±øïùø÷üýñïú±ø¬̄ù�ú­ýùïñ�±�̄­°±�±ùúü ���ñïùïú­ýùý�	ý°°±ü�ýùø­ù®
ú°̄�ú̄°ïñ¬±ïú̄°±ý����� ëôõÏ�ÆºÇÐ»º¿»¾À ëìí¼µ�ÃÇÆº¾¶ÄÇºëôõÏ�ÆºÇÐ»º¿»¾À¹�¶ÇÇ�¿Çº¶·¾º·¼¹�Ð»¼Ã¶ÇÇÂºÒ½Ç�·º¹µº�Ä
º̧¹��¹µº»·Çº¶·¾»¾ÀºÒ½º·»º¾̧º¼È� ëôõÏ�ÆºÇÆ¶¹¶ºÒ¹·¶̧¹»�¾ ô¾½Ã¹Æ¶¹¶��·¶¾ÂÇº¶·¾»¾À¹¶¼Ó¼µ�ÃÇÆÄº¶Ð¶»Ç¶ÄÇº»¾¹µºÏ�ÆºÇ¶¾ÆÄº¶̧ º̧¼¼»ÄÇº¹�¶¾Æ �̧¾Ðº¾»º¾¹ÇÂºÒ¹·¶̧¹»ÄÇºÄÂÇº¶·¾º·¼Èê ëôõÏ�ÆºÇ¼µ¶·»¾À �Ä»Ç»¹Â¹�¼µ¶·ºÏ�ÆºÇ¼¶¾Æ¹µÃ¼̧�ÏÏÃ¾»̧¶¹º¶·�Ã¾ÆÏ�ÆºÇ¼È� ëôõÏ�ÆºÇÐº·¼»�¾Ï¶¾¶ÀºÏº¾¹ �Ä»Ç»¹Â¹�¹·¶̧Ó¶¾ÆÏ¶¾¶ÀºÆ»��º·º¾¹ëôõÏ�ÆºÇÐº·¼»�¾¼ÈÌ ëôõÏ�ÆºÇºÆ»¹»¾À �Ä»Ç»¹Â¹�ºÆ»¹ëôõÏ�ÆºÇ¼Èô�¶Ïº¶¾»¾À�ÃÇÇº¶·¾»¾À¹¶¼Ó»¼½º·��·ÏºÆ�»¹¿»ÇÇÀº¾º·¶¹º�Ã·¹µº·Æ¶¹¶�¿µ»̧µ¾ººÆ¼¹�Äº»¾½Ã¹Ä¶̧Ó»¾¹�¹µºÏ�ÆºÇË��·ºÒ¶Ï½Çº�¼̧µºÆÃÇ»¾À¹¶¼Ó¼¿»ÇÇºÇ¶Ä�·¶¹º¶Ï�ÆºÇ�·�Ï¶ê�¹�¶��Ï�ÆºÇÍÈ� ëôõÏ�ÆºÇ̧�ÇÇ¶Ä�·¶¹»ÐºÐ»º¿»¾À¶¾ÆºÆ»¹»¾À �Ä»Ç»¹Â¹�̧�ÇÇ¶Ä�·¶¹»ÐºÇÂÐ»º¿¶¾ÆºÆ»¹Ï�ÆºÇ¼ÈÉµº¶Ä�ÐºÏº¾¹»�¾ºÆ�Ã¾̧¹»�¾¼��Ð»º¿»¾À¶¾ÆºÆ»¹»¾À¼µ�ÃÇÆ�»Æº¶ÇÇÂ�Äº̧�ÇÇ¶Ä�·¶¹»ÐºÇÂ½º·��·ÏºÆ»¾À·�Ã½¼È� �º½�¼»¹�·Â��ºÒ¶Ï½ÇºëôõÏ�ÆºÇ¼ Éµºëìí¼µ�ÃÇÆ»¾̧ÇÃÆº¶·º½�¼»¹�·Â�·Ç»Ä·¶·Â��µ»ÀµÑÃ¶Ç»¹Â��̧¾¼»¼¹º¾¹�¶¾Æº··�·Å�·ººÏ�ÆºÇ¼È� �́ÏÏ�¾�¶¹¶í¾Ð»·�¾Ïº¾¹Ë́�íÍ��·½·�
º̧¹Æ¶¹¶ �Ä»Ç»¹Â¹�µ�¼¹½·�
º̧¹Æ¶¹¶̧�¾¼»¼¹º¾¹ÇÂ¶¾Æ½º·¼»¼¹º¾¹ÇÂÈÉµºÇº¶·¾»¾À�Ä
º̧¹¼¶·º½·�
º̧¹¼�¶¾Æ½·�
º̧¹Æ¶¹¶»¼¾�¹Ç»Ï»¹ºÆ¹�¹µ¶¹¿µ»̧µ»¼»¾̧�·½�·¶¹ºÆ»¾¹�¹µºëôõÏ�ÆºÇÈÉµÃ¼�¶́ �ÏÏ�¾�¶¹¶í¾Ð»·�¾Ïº¾¹»¼¶¾º̧º¼¼¶·Â¶¹¹·»ÄÃ¹ºÈ



���������	
		��
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The construction industry has been regarded by many as a technologically low-driven industry with many inefficiencies in its operations (Gallaher et al., 2004). To meet the demands of the 21st century, the construction industry is currently undergoing digitalization, which is causing a vortex of disruptions. The reason is that industry workflows change and these, in turn, require new approaches to information management, communication, and knowledge in order to deliver new and acceptable projects. This has led to a mismatch between graduates’ competencies and their emerging roles in an industry striving towards the adoption of web 4.0 technologies. 
To address this, it is important for construction educators to devise novel and innovative ways to enhance teaching and increase the motivation to study among the new generation of construction students. Building Information Modelling (BIM) is the central phenomenon in this digitalization vortex. BIM refers to an integrated digital repository of parametric and non-parametric representation of all information relating to a construction asset’s lifecycle that allows communication, collaboration, planning, simulations, and other activities to take place in a single, virtual environment. While BIM poses new challenges, it also offers opportunities for meeting some immediate and 
long-term industry needs of the 21st century through BIM for construction education. 

BIM for construction education refers to all teaching and learning approaches engaged in promoting the acquisition of BIM skills and/or leveraging BIM for construction education (Olowa et al., 2020). BIM for construction education is carried out among academics and researchers in two basic forms. The first is through the instrumentalism perspective (Feenberg, 2006; Heidegger, 1977) where graduates are taught to understand and apply BIM skills for immediate industry needs. The second is through the substantivism perspective where BIM becomes the medium in which teaching and learning activities are performed - here BIM becomes an education pipeline or the vehicle that conveys teaching and learning.

Conversely, researchers and practitioners have agreed that introducing technologies like BIM into didactics improves learning and raises the motivation of students to learn (Barham et al., 2011; LóPez-Zaldívar et al., 2017; Wu & Kaushik, 2015). This has piqued the attention of educational authorities, academics, and researchers for BIM for construction education activities in the last decade. Generally, the evolution of BIM education has been categorised into 3 progressive stages:  

1. BIM-aware, where graduates are made aware of the uses and exigencies of BIM relating to its implications for both digital and cultural transformation of the construction industry.  

2. BIM-focused, involves graduates’ abilities to use and manipulate BIM software in performing specific tasks such as modelling, clash detection, simulation etc. 

3. BIM-enabled, where education takes place in a BIM-mediated virtual environment and BIM acts as a platform for learning (Underwood et al., 2013). 

While the BIM-curriculum integration is generally in its embryonic stage (Underwood & Ayoade, 2015), evidence suggests that both BIM-aware and BIM-focused education have gained significant acceptance, with research to produce BIM-integrated curriculum gaining traction.

[bookmark: _Toc102395967]Problem statement

While BIM has become the gold standard in the present-day construction industry (Eastman et al., 2011), which requires graduates to demonstrate BIM skills and knowledge upon entry into the industry (and the backbone upon which many innovative technologies run in the industry), BIM for construction education on the other hand has experienced slow uptake and development in the academia leading to sub-optimal education in Architectural, Engineering, Architectural and Facilities Management (AEC/FM) disciplines. As a result of this lag, it has become difficult to appropriately align students’ professional duties with the digitalization of the construction industry to improve not only their industry skill-fit and productivity but also their decision-making ability (Du et al., 2017; Hwang & Safa, 2017; Tranquillo et al., 2018). 

The construction industry is moving away from fragmented and adversarial traditional construction methods towards digitally integrative and collaborative ways of working, whereas the pedagogical methods in construction education are still very much siloed based on disciplinarity and the knowledge created are fragmented. Students of different disciplines need to be taught on how to work collaboratively and they must also be provided a way to see how all the different construction concepts and knowledge garnered fit together in a complete sense to foster better understanding and proper knowledge application. BIM for construction education can address these challenges.

Hands-on learning has been the historical modus operandi for construction education (Glick et al., 2012). Many activities on construction sites, such as mounting and dismantling of cranes require on the job training, which sometimes leads to injuries and fatalities (Li et al., 2012). Moreover, the decreasing number of experiential construction laboratories in higher education institutions (Glick et al., 2012), inadequate construction sites to visit, time and logistics problems associated with site visits including safety issues have all created the challenge of developing instructional material that can equally generate practical understanding of spatial relations and its associated understanding of construction system components in a safer environment for both educators and students. 

Despite the availability of rich-embedded real project data in BIM and the consensus about the pedagogical impact on students learning outcomes of introducing BIM pedagogy into construction education, there is still a lot of confusion about BIM for construction education. These issues concern what to teach, how to teach, where to teach and the evaluation mechanism to appraise the outcome and consequences of what is taught. This makes the opportunity offered by BIM to be under leveraged for construction education.

[bookmark: _Toc102395968]Aim and scope of the research

The ability of BIM to hold real industry data and to extract data therefrom provides an opportunity for problem/project-based teaching and active learning in an immersive BIM environment. Leveraging on this BIM characteristics is important for enhancing construction education. Hence, the aim of this research is to understand how BIM could be used to facilitate construction education. To achieve this aim, the following overall research question was formulated: Overall research question: How can BIM be leveraged for construction education? To adequately address the Substantial and complex issues raised in the overall research question, this was subsequently broken down into the following smaller research questions:

Research question 1: What are the existing cases of BIM for construction education?

Research question 2: How can BIM be used to teach engineering concepts?

Research question 3: What is the impact of BIM-enabled pedagogy on students’ performance?

Research question 4: How can BIM-enabled learning be facilitated?

A pragmatic approach was used to explore the diverse themes imbued in these research questions by applying mixed methods to identify “what works” at every point of the research. 

The scope of this study is limited to the observations and experiences of BIM for construction education in a participatory action research within a construction investment course and construction industry experts’ opinions from three European countries: Estonia, Finland, and Italy.

[bookmark: _Toc102395969] Research significance and contribution 

This doctoral research demonstrates the possibility and effectiveness of BIM-enabled learning in promoting safe, active and collaborative learning among construction students. The results of this research will update and add to the body of knowledge on construction education generally and BIM for construction education specifically by providing a typology and conceptual framework of BIM for construction education. Furthermore, the result will provide characteristics for an innovative platform that can promote competency-based BIM-enabled learning in an immersive environment. These characteristics will be useful for educational software developers in their future software deployments.

The BIM-enabled learning object and activities that will emanate because of this dissertation will be useful for educators in promoting safe-active learning in a 
BIM-enabled learning environment that will be helpful in achieving the six knowledge domains of Bloom’s taxonomy. Describing and demonstrating BIM-enabled learning activities will help other academic researchers and practitioners in designing and implementing BIM for construction education. The result from this study will provide a systematic way for planning and implementing BIM for construction education interventions. This will contribute to the ongoing efforts in matching the graduates’ competencies with their expected industry roles and further ensure motivation among industry professionals for continuous professional development. 

[bookmark: _Toc102395970]Outline of the dissertation

This doctoral dissertation consists of four chapters based on six (6) paper publications. The introduction provides an overview of BIM for construction education. It outlines the purpose of the research, the research questions, scope, and justification for the study. Chapter 1 gives an overview of the research subject from the perspective of the extant literature; Chapter 2 discusses the methodological approaches. Chapter 3 presents the findings; Chapter 4 gives the conclusions and recommendations.
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		BIM

		Building Information Modelling



		AEC/FM

		Architectural, Engineering, Construction and Facility Management



		AIT

		Advanced Information Technology



		AST

		Adaptive Structuration Theory



		STM

		Strussian Theory Model



		GT

		Grounded Theory











[bookmark: _Toc102395972]Terms

		Building Information Modelling

		An integrated digital repository of parametric and non-parametric representation of all information relating to a construction asset’s lifecycle that allows communication, collaboration, planning, simulations, and other activities to take place in a single, virtual environment



		BIM-enabled learning

		All teaching and learning that are carried out with the aid of BIM models



		BIM-enabled learning environment

		A spatial-temporal medium where BIM-enabled learning can take place



		BIM for construction education

		All teaching and learning approaches engaged in promoting the acquisition of BIM skills and/or leveraging BIM for construction education



		Adaptive Structuration Theory 

		The framework that models the relationship between advanced information technologies, social structures, and human interaction



		Advanced Information Technology

		Technologies that use sophisticated information management to enable multiparty participation in organization activities



		Grounded Theory

		A method of developing a well-integrated set of concepts that provide a thorough theoretical explanation of social phenomena
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Digitalization is revolutionizing construction education, which is not only expressed through innovations in modes of teaching and learning but also through reproducing industry practice for improving construction education (Olowa et al., 2020). In the sections that follow, a review of BIM as the major driver of this digitalization is presented by considering its origin, impact on the industry, usefulness in education, and opportunity for improving construction education.

[bookmark: _Toc102395974]BIM and digitalization in AEC/FM industry

In many countries, the construction business is regarded as one of the most difficult (Haron et al., 2011). Even though it has been around longer than other industries, such as automotive and manufacturing, it still has a lot of difficulties to address in its traditional ways of doing things (ibid). After recognizing the drawbacks of sticking to the traditional approach (which include a 20% reduction in production compared to other industries and about 30% waste in processes and delivery methods (Gallaher et al., 2004; Haron et al., 2011)), the industry has begun to embrace smart and advanced digital technologies, such as 3-D scanning and printing, robotics, artificial intelligence (AI), internet of things (IoT), laser scanning and point cloud image capturing, photogrammetry, GIS, Sensors etc., (Forsythe et al., 2013). Yet, BIM has been used in different instances as the backbone or frame on which many of these smart and advanced technologies are effectively deployed in the construction industry (e.g., Osello et al., 2013).

BIM's initial impact was mostly felt on the design side, where it allowed architects to conceive and design a project in exciting new ways (Sweeney, 2018). Custom parametric objects make it feasible to model complicated geometries that were previously impossible or impractical to model (Eastman et al., 2008). Other significant members of the construction sector have also come to recognize the benefits of BIM. Contractors, for example, increasingly use BIM to estimate, schedule, and execute project construction more effectively (Sweeney, 2018).

The benefits of digitalization through BIM are enormous in construction industry practice and are well documented (Codinhoto et al., 2022; Gaur et al., 2021; Mahmoud et al., 2022; Omayer et al., 2022; Santos et al., 2022; Vigneshwar et al., 2022). These benefits are available throughout the lifecycle of a building. One of the primary benefits of BIM, according to several studies, is that it is a technology that facilitates 
cross-discipline collaboration (Boeykens, Stefan; De Somer, Pauline; Klein, Ralf; Saey, 2013; Bozoglu, 2016a; Mathews, 2013b; Matthews et al., 2018; Wu & Issa, 2014; S. Zhang et al., 2017). For example, collaboration and cooperation are fostered among project participants where BIM is used at the initiation and design phase (Bozoglu, 2016b), especially in projects requiring efficient communication in off-shoring or outsourcing with architectural and engineering designs (Ku & Mahabaleshwarkar, 2011), including execution and operation phases of construction programmes (Karji et al., 2017; Shi et al., 2016). 

BIM can increase communication between businesses in the building industry and can help with information management and project lifecycle management. Architects, cost estimators, engineers, builders, and property owners can all use BIM to manage a project from start to finish in a timely manner. BIM will continue to demonstrate its worth in the management of buildings through building design, bidding, construction, and operation phases (Zhang et al., 2016). At operations phase, Love et al. (2014) argue that at least nine benefits are accruable to facility owners.

However, to sustain and expand these benefits, AEC/FM graduates need to be trained not just in BIM applications by including BIM curricula in their study programmes but also by devising alternative and improved pedagogical teaching methods of delivering them in ways that would motivate students’ active participation and continuous learning. Some of the ways by which these are done are discussed in the next section.

[bookmark: _Toc102395975]BIM and construction education

Many researchers have canvassed for introducing BIM into education at different levels (e.g., Eastman et al. (2008) and Underwood et al. (2013)). According to Wong et al. (2011), incorporating BIM into higher education would not only meet the growing demand for BIM-capable workers, but it would also provide students with new opportunities in their professional careers, such as the ability to cope with new occupational issues with high level of efficiency. By focusing on curriculum content and teaching methodologies (Zhang et al., 2016), academics and education researchers have since realized that it is critical to respond to the construction industry trend and use technology such as BIM to accomplish numerous goals across AEC/FM curricula. These goals can be grouped into three areas:

1. Teaching students and professionals how to use BIM as a tool

2. Using BIM independently or in serious games to teach construction and engineering concepts that hitherto had been difficult to teach

3. Using BIM for active learning such as in problem and project-based learning including the development of learners’ soft skills. 

The important characteristics of BIM that make it particularly relevant in/for education have been identified by several authors, such as Eastman et al., (2008) and Underwood et al., (2013). Eastman et al., (2008) argue that a building's principal role is to provide climate-controlled space. An interior space’s shape, volume, surfaces, and characteristics are all important aspects of a structure, which previous computer-aided design systems struggled to express explicitly. They further argue that the ability to automatically update digital parametric models makes BIM a powerful productivity tool with additional ability for “interaction, collaboration and communication among students through digital medium exchanged dialogue”. For Wong et al., (2011), BIM is more than just a representation of a building’s geometry when it comes to AEC/FM education. The sorts of materials, construction specifications, and scheduling of building parts for assembly can all be displayed and intelligently interpreted using BIM views especially in construction management courses. Because of this, Wong and his colleagues further state that BIM allows individuals from varied backgrounds to collaborate on a single BIM model of a building. While students learn to represent designs in BIM, they will also learn about BIM’s other capabilities like new ways to illustrate construction details and methods, develop an understanding of the construction assembly of various building elements, opportunities for improved communication, and mentally creating a vision for the eventual paradigm shift from 2-D documents to full 3-D digitally based construction documents (ibid). 

Forsythe et al., (2013) advocated for BIM inclusion in AEC/FM education by explicating the shortfalls in the traditional forms of teaching and learning among academia and how introducing BIM into AEC/FM curricula could come to the rescue. They argued that in the past, didactic ‘chalk and talk’ training has dominated AEC/FM training delivery and evaluation, which has not always resulted in acceptable knowledge transfer and learning results. They claim that many traditional techniques used to teach AEC/FM programs include isolated, static, and individual learning, which students sometimes find boring or irrelevant to their desired job prospects. As a result, these traditional methods tend to elicit low student motivation and thus limited learning potential because they do not expose students to the complex dynamics of real-world projects or the need to make decisions involving potentially conflicting variables, even though this is exactly what they will encounter once they begin working in industry (ibid). Again, Forsythe et al., (2013) argue that traditional mode of teaching AEC/FM students does not cater enough for students that are “visual-spatial” learners. They assert that this learning style is eight times faster for most learners compared to auditory-sequential learning style. They suggest that students who are visual-spatial learners think in terms of visualization, images, and spatial awareness; they can process concepts, apply inductive reasoning, and generate ideas by combining existing facts all at the same time. They concluded that an advantage of this learning style is that learning is permanent once the student is able to fit the information into the context of what they already know.

Finally, (Underwood & Ayoade, 2015) in expressing their perspective on BIM in higher education in UK to BIM Academic Forum (BAF) members succinctly state that:

“BIM models can be rigorously analyzed, and simulations can be performed… the visual nature of the information in BIM models provides a more universal medium for understanding that is more quickly absorbed than words alone… and offers engagement and exploration of teamwork, collaboration, and continuity across multiple construction stages”

Having explicated the reasons and perceived attendant benefits of BIM in AEC/FM education has been clearly laid down by academia and BIM researchers, the next section presents how academics are incorporating BIM into AEC/FM curricula to overcome: 
the shortage of BIM experts’ requirement of the construction industry; the perceived mismatch between industry requirement and construction graduates; and perceived shortcomings of traditional teaching and learning methods.

[bookmark: _Toc102395976]BIM education

In recent decades, there has been a boom of interests in BIM education from academics and researchers, with authors stressing various aspects of educational abilities, skills, attitudes, and knowledge domains (see Brioso, Murguia, and Urbina 2017; Fridrich and Kubečka 2014; Koutamanis, Heuer, and Könings 2017; Macdonald and Granroth 2013; Nawari 2013; Shanbari, Blinn, and Issa 2016a). Owing to contextual opportunities, challenges and priorities which differ from person to person and institution to institution, different BIM education strategies have been identified and documented (see Abdirad & Dossick, 2016; Denzer & Hedges, 2008; Olowa et al., 2020; Sacks & Barak, 2010). 

BIM-aware education

Usually, BIM educational programs begin by raising BIM awareness both in the industry and in academia (Underwood et al., 2013). This awareness could simply be through words of mouth from person to person or group of persons with little distinction often made between CAD and BIM. This level of BIM for construction education is characterized by some sorts of confusion as people do not yet have a full understanding of what BIM really is. Some researchers have largely ascribed this confusion to the non-governmental pronouncement of BIM guidelines or deliverables in those countries’ construction industry or education curricula (Maina, 2018). 

BIM awareness could also be through workshop discussions and/or publications. 
In other cases, BIM forums are organized either formally by institutions or informally by BIM enthusiasts for the same purpose. While this stage of BIM education is still common in emerging economies like Nigeria, it is safe to say that it has been substantially addressed in developed economies. One other characteristic of emerging economies that is at this stage includes the publishing of papers or organizing workshops around issues like challenges, barriers, and benefits of BIM adoption. Examples of this include Amuda-Yusuf et al., 2017; Babatunde & Ekundayo, 2019; Maina, 2018; Sawhney & Singhal, 2013; Yan & Damian, 2008.

BIM-focused education

Following BIM awareness phase is the BIM focused phase where some level of awareness is already achieved in the system usually at a national level. At this stage, the attention is on how to develop BIM competencies among students and/or industrial trainees, especially in the use of specific industry BIM software products (such as Vico office, BEXEL, Revit, ArchiCAD, Navisworks, Rhino3D, Aconex, Green Building Studio and others) for modeling, viewing, simulating, estimating, scheduling, and data sharing etc., 
(Olowa et al., 2022). Several academics and researchers have also reported on 
BIM-focused education as a variant of BIM for construction education (see Bozoglu, 2016; Palomera-Arias & Liu, 2016b; Shanbari et al., 2016; Wang et al., 2014; Wu & Luo, 2016; Zhang et al., 2017). Evidence suggests that both BIM-aware and BIM-focused education have been generally recognized and initiatives to develop curricula to incorporate BIM have become widespread (Olowa et al., 2021). However, both 
BIM-aware and BIM-focused are both taught using the instrumentalist traditional teaching methods and no thought is given to how parametric BIM could be used as a vehicle for teaching and learning in construction education through a substantivism viewpoint. 

Beyond the BIM focused stage is the BIM enabled education where efforts are made by both academic practitioners  and researchers to explore the use of BIM as a medium for educational practices and purposes as advocated by Underwood and his colleagues (2013). Hence, the focus of this research is on this aspect of BIM for construction education, which was at its primal phase as at that time, this study was designed in over four years ago; and this is discussed further in the next section.

BIM-enabled education

In line with earlier arguments about how important it is to cater for learners of all kinds in AEC/FM education, Barfield et al. (1995) state that learners can be classified as auditory, visual, tactile, or kinesthetic based on their learning preferences. Auditory, visual, and kinesthetic learners learn through hearing, seeing, and doing respectively (Roark, 1998). Teaching AEC/FM classes while considering students’ various learning styles is a difficult task (Barham et al., 2011). Barham et al. observed that traditional lecturing is prevalent in delivering AEC/FM courses with occasional visits to construction sites sometimes used to complement the lecturing approach. This teaching style provides an auditory and visual learning environment. However, it is not always possible to include site visits in the course schedule due to factors such as the lack of construction sites that match the class’s demands, class scheduling conflicts, and safety concerns (Haque, 2007). The typical lecture teaching method can often fall short of serving as an effective instrument for communicating knowledge to learners (Barham et al., 2011). 

Since the launch of “Cyclone” in 1976, using computers to simulate building jobs has been the subject of numerous research articles AbouRizk & Shi (1994). Researchers now have more resources to run more accurate simulations because of the advances in technology. Modelling a full construction project, on the other hand, is far more difficult than simulating one or two components of it separately. Construction projects include an excessive number of activities and unpredictable variables, such as weather conditions that can radically alter any project outcome. Furthermore, one task can influence and be influenced by the others. The intricacy of construction projects is one of the key reasons why proper simulation is so challenging. As a result, numerous researchers have turned their attention to simpler simulation for instructional purposes (Nikolic et al., 2011).

BIM makes it easier to create knowledge libraries and learning settings that are favorable to learning. For data management, BIM is a wonderful tool. Through the 3D spatial model of the construction object, it enables easy and quick access to information contained in a single centralized database or in multiple databases kept at separate places. Auditory, visual, and kinesthetic learning environments occur because of BIM qualities such as simple access to information, visualization, and simulation capabilities. Access to the repository at any time and in real time via a 3D model creates a learning environment that is free of time and space constraints, allowing students to learn at their own speed (Barham et al., 2011).

BIM-enabled education can and does exist in different forms, a development that keeps unfolding in recent years. There are massive questions relating to what degree to depend on contextual factors, such as the need for approval from higher authorities, time coordination difficulty, previous BIM knowledge requirement, level of investment required in hardware and software, need for industry mentors and its availability, 
the number of faculty members needed and its availability, suitability of the model 
for teaching construction concepts, requirement for BIM mandate, requirement for change in curriculum, extent to which self-learning is involved, suitability for imparting 
a wide array of BIM concepts and ideas, promotion of interdisciplinary learning / communication / collaboration, time limitations and promotion of communication skills in students (Olowa et al., 2020). For example, Wei & Wang (2018) reported BIM-enhanced safety training within a BIM-enabled environment for occupational awareness improvement. Hu (2019) transformed a traditional Building Materials and Construction Methods course using a BIM-enabled pedagogical approach and teaching platform to help students understand fundamental concepts. Witt & Kähkönen (2019) assert that by enabling the use of real construction project data and simulating more realistic, multidisciplinary workflows in the educational environment, BIM-enabled education offers opportunities to enhance construction education didactics to better align graduate’s competences with emerging and future needs, particularly those arising from the digitalization of the construction industry. However, in contrast to BIM-focused learning, the number of documented cases of BIM-enabled education is relatively scarce, suggesting that this stage of BIM education is still emerging.

From the foregoing, BIM-enabled learning very much supports the problem, case, and project based learning and its evolution is also a precursor to an inter-generational shift from the traditional mode of teaching delivery, which was prevalent before the advent of new generations of digital natives that are alleged to have very short attention spans. Gallagher (1997) argues that these forms of learning emphasize students’ learning through active inquiry in groups and integrating their conceptual knowledge with their procedural skills. By so doing it promotes intrinsic motivations and hence encourages questioning and association with and reflection on previously acquired knowledge – an approach referred to as learning how to learn through real-life problems by Boud & Feletti (1999).

BIM-enabled virtual learning environment

COVID-19 has significantly underscored the soaring demand for distributed collaborative, self-paced and adaptive learning among learners. Ku et al., (2011) have long identified these challenges and experimented on what they referred to as a BIM interactive Model (BiM). They described BiM as a platform that combines a virtual environment with BIM for learning purposes and proposed a theoretical web-based virtual world for engaging construction stakeholders in real-time social interaction using a game environment called the second life. The authors contended that integrating 2D and intelligent 3D BIM models would supplement construction education to overcome the limitation of location-based learning and make it accessible to anyone on the internet. Although the authors suggested that this environment could be adapted for learning, it had no ability to record or monitor students’ performance, which is an important feature for any learning management system. Other limitations include: the absence of AEC/FM avatars and object libraries; requirement for high level of programming skill to create one; and the non-interoperability with BIM models. Therefore, the focus was mainly on experimenting with the possibility of integrating BIM with the game environment to promote learning with the aid of the internet.

Acknowledging the general consensus among previous developers and authors on the ability of  virtual learning environments (VLE) to promote off-site training and education, Shen et al., (2012) used the 3D-UNITY game engine to create a web-based training environment for HVAC rehabilitation and improvement using the BIM model. In contrast to Ku et al., (2011) and the second life platform, the authors argued that game engines have been sufficiently developed for BIM interoperability, thereby making game creation cheaper and easier with little to no need of programming skill. With their research, 
Shen and his colleagues were able to demonstrate how BIM could be leveraged for teaching at topical level. In all, these studies show that BIM-based serious games can either be used by a single user or multiple users and made interactive by the addition of JavaScript. The level and complexity of the interaction for sustained interest to learn also depends on the level of complexity introduced through the JavaScript and other programming languages. In addition, the reports suggest that BIM-based games would need to be updated outside the game environment using BIM authoring tools before new lessons could be learned, thereby making the gaming less intuitive compared to when there is full and unrestricted access to the raw BIM model. This characteristic may not necessarily be a bad thing as some studies have suggested an inverse correlation between the length of training and training effectiveness in game simulations (Garris 
et al., 2002). 

Accordingly, it is argued that the ultimate idea of most serious games is to encourage synchronous and/or asynchronous distributed learning (Ku et al., 2011; Shen et al., 2012). These arguments make the integration of game environment and learning management systems (LMS) necessary for effective progress monitoring and management of teaching and learning, especially when learning is designed to take place asynchronously.  This system is particularly important where formative or summative assessment is required, and students or trainees need to be graded for certification. Identifying the characteristics of a robust BIM-enabled virtual learning environment could coalesce both VLE/LMS and BIM within a dynamic environment capable of fostering project-based learning with either guided or self-assessment and evaluation possibilities. 

[bookmark: _Toc102395977]Research methodology

Research methodology is described as the procedure followed in achieving the aim and objective(s) of research (Ogolo, 1996). This research adopted a mixed method approach (i.e., both qualitative and quantitative methods of data collection and analysis were used) to answer the research questions. The main research question was: How can BIM be leveraged for construction education? A combination of primary and secondary sources of data were also employed in providing an answer to the question. The next sections of this chapter discuss the research philosophy, research design and processes adopted in the study.

[bookmark: _Toc102395978]Research philosophy

Digitalization is about application of technology for enterprise improvement. Building Information Modelling (BIM) is generally referred to as a technology or technological process among academics and industry practitioners (Azhar, 2011; Bosch-Sijtsema & Gluch, 2021; Gao et al., 2015; Kensek, 2012; Wang & Chien, 2014; Zhang et al., 2021; Zhou & Gao, 2017). The philosophy of technology plays a significant role in the formulation of the research design and in its execution. The philosophy considers technology from two vantage positions, namely power of control (i.e., instrumentalism or substantivism) and value boundedness (i.e., whether technology is value laden or value neutral). The philosophy of instrumentalism considers technology simply as a technique with a definite purpose and outcome. This notion of technology as a simple technique has been criticized by many technology philosophers. For example, Heidegger argues that technology is not value neutral but has intrinsic potential waiting to be revealed by those that interact with it (Heidegger, 1977). This was referred to as 
under-determination and contingent character of technology by Feenberg (2012), meaning that the usefulness of any technology cannot be said to be absolute due to many possible contextual factors. So, the way a technology is used is dependent on the agent using it and the agent is morally responsible for its outcome. As such, the view of philosophy of substantivism is that technology is not a neutral instrument but has a deterministic influence on how humans are related to things or one another and that it has a way of influencing our society and culture. This study is premised on the notion that BIM is designed for specific industry domain uses but it also accepts that it could be exploited for other “beneficial” uses in academia to promote active and life-long learning in construction education. Given the foregoing, the specific philosophical and sociological paradigms of ontology, epistemology, and axiology underpinning this research are explicated below. 

According to Saunders et al. (2007), research philosophy articulates the assumptions about the way in which a researcher views the world. The philosophical paradigm determines the origin, nature, and development of knowledge that facilitates the selection of acceptable procedures for conducting a research inquiry (Bazeley, 2013). Since this research aims to find and proffer practical and useful ways to leverage BIM for construction education in AEC/FM disciplines, it is considered suitable to approach the study from a pragmatic perspective of “what works” in order to find effective answers to the research questions (Deering et al., 2020; Kelly and Cordeiro, 2020; Bilau, 2018). Pragmatists often use both qualitative and quantitative methodologies to study distinct aspects of a research subject, combining positivist and constructivist concepts in the same research effort. The main principles of pragmatism imbued in this study relate to change and determinism (Corbin & Strauss, 1990). With change, phenomena and reality are not thought of as static but as constantly evolving, interpreted, and renegotiated in reaction to new and unpredictable situations. An important component of this research is to incorporate change into the construction education approach through a process and this suits well within pragmatism. Pragmatism rejects both absolute-determinism and non-determinism because actors are believed to have the ability to control their fate by their choices including responses to conditions surrounding them (Corbin & Strauss, 1990). Consequently, it is accepted that, for some of the research objectives, the researcher's background plays a significant role in the study. Similarly, the study results are largely determined by the lived experiences, backgrounds, and values of the research participants, such as the literature authors and expert interviewees from whom data were collected (Bazeley, 2013; Bilau, 2018). 

Ontology is concerned with how individuals experience reality, its nature, and its assumptions including the study of being (Crotty, 2020; Easterby-Smith, 2008). Ontology is linked to realism and idealism as the two ends of a continuum in ontological notions that try to explain how things ‘actually are’ and how things ‘truly work’. Therefore, based on the nature of inquiry in this dissertation, the ontological assumption implies that the nature of reality concerning the usefulness of BIM for construction education is external to the researcher by exploring how BIM for construction education is done and how it can work within a selected context.

Epistemology is concerned with the development of knowledge and the nature of 
that knowledge; as a study of knowledge, it helps in the quest of determining and knowing what reality is. Hence, epistemology deals with what constitutes acceptable knowledge in a certain field (Saunders et al., 2009). According to Eriksson & Kovalainen (2011) this knowledge could either be objective (positivism/post-positivism), subjective (constructivism) or both – like in the case of pragmatism, which offers a different interpretive framework from both objective and subjective knowledge and focuses on the research problem and its consequences (Corbin & Strauss, 1990). The development of knowledge and its nature in this research revolves around the objective and measurable reality of positivism using structured questionnaires, the contextualized causal understanding of realism via semi-structured interviews, and the subjective plurality of interpretivism through grounded theory.

Axiology is concerned with what kinds of things are of value and why they are (Houkes, 2009). Questions relating to what morally matters in exploiting BIM phenomenon through BIM for construction education are viewed under axiology. A researcher’s personal values, beliefs and experiences play important roles in shaping the narrative of research and this may either be acknowledged to influence the research giving rise to (value-laden) interpretivist research or the researcher may attempt to be unbiased regarding values – positivist, value-neutral research (Houkes, 2009). Mixed method research presupposes a combination of qualitative and quantitative research in its implementation. Qualitative research is inherently value-laden because of its subjectivity. This study adopts a mixed method approach by recognizing the value-boundedness in the qualitative aspects of the study and making efforts to preserve the integrity of the findings by being consciously reflecting on possible interference of personal values in the research results. 

Based on the aim of this research, knowledge could be acquired from both within 
and outside the current social phenomena – thus suggesting critical realist ontology 
and symbolic interactionism epistemology. The critical realist stance holds that while technology exists independent of its users, users socially construct technology through their use of it. This implies that technological practices should always be addressed with a critical agenda that asks if there are better ways to use the technology (Çıdık et al., 2017). Similarly, symbolic interactionism holds that “human beings act toward things on the basis of the meanings that the things have for them… the meaning of such things is derived from, or arises out of, the social interaction that one has with one’s fellows… these meanings are handled in, and modified through, an interpretative process used by the person in dealing with the things he encounters” (Bumer, 1986). The pragmatic viewpoint allows knowledge to emerge without being bound by a particular interpretation of reality. It recognizes that research takes place in a variety of historical, social, and political contexts, and it allows for the use of various data gathering and analytic methodologies for knowledge production (Creswell., 2013).

[bookmark: _Toc102395979]Research design

This study employed a cross-sectional exploratory research design (Hair et al., 2020). Some of the key characteristics considered in selecting this type of research design include:

1) It allows the study to be phased and each phase concluded within a reasonable period with data for each phase collected at a single point in time.

2) It does not involve manipulating variables since the study is predominantly a qualitative study.

3) The ability to consider many attributes at the same time in a study. 

4) The ability to explore and derive understanding about the prevailing characteristics in a particular population at a particular time  (Levin, 2006).

The detailed research process is discussed in the next section.

Research process

[image: ]

[bookmark: _Ref98477624][bookmark: _Toc100216778]Figure 1: Research process and outcome



Figure 1 diagrammatically represents the research process. The complexity of the research aim requires decomposing the overall research question into four specific research questions such that the synthesis of their answers will result in providing effective response to the overall research question. As such, the research started by identifying the state of the art of general BIM education in AEC/FM disciplines and making sense of the different publicly available documented BIM educational practices. This was done by using a systematic literature review upon which the conceptual framework for understanding BIM education implementation strategies was derived, 
as later shown and discussed in Figure 3 under section 3.3. The systematic literature review and the developed conceptual framework for BIM for construction education inspired the action research that was followed. A survey of expert opinions was then carried out to identify and validate the characteristics of a BIM-enabled learning environment to facilitate more convenient delivery of BIM for construction education initiatives in the future. A summary description of these processes is given in the next section with detailed description in respective publications.

Systematic literature review

The systematic literature review was carried out in two stages to address research questions one and two. The aim of the preliminary review was to get a better understanding of existing BIM education examples, their characteristics, the obstacles they experience in implementation, and any clear trends to ensure that the doctoral research effort may be focused (Olowa et al., 2019). The second aim was to understand and make sense of the diverse BIM for construction education practices.

The literature search was carried out in September 2018 and updated in February 2019. Keyword searches were conducted in six databases that were chosen for their extensive coverage of peer-reviewed journal articles and conference proceedings namely EBSCOhost Web, Science Direct, ASCE Library, Emerald Insight, Scopus, and Web of Science. The algorithms of the database search engines listed the articles returned from database searches in order of relevance, with the articles most aligned with the search string and filters appearing at the top of the list and those increasingly less aligned with the search terms appearing further down the list. The articles were evaluated based on their titles and, if necessary, their abstracts, to determine their relevance to this investigation. The articles (as pdf files) were downloaded using the Mendeley online plugin in conjunction with the Google Chrome browser for further analysis. Using Mendeley reference management software, the files were combined to detect and delete duplicates. This yielded a total of 305 relevant BIM for construction education articles (Olowa et al., 2020). Findings were drawn from the paper leading to conceptual framework for understanding BIM for construction education approaches and gap analysis on which the action research described in the next section could be carried out to further address research question two and provide insight into research question three.

Action research

The action research was used to further illuminate research question two and provide answer to question three. The action research followed the five-phase process recommended by Susman & Evered (2016), as represented in Figure 2. These cyclic process phases include diagnosing, planning, action taking, evaluating, and specifying learning. Action research has been argued to offer a systematic procedure to address teaching improvements in their educational setting (Creswell 2012). Action research methodologies have been used successfully in BIM education studies where it was necessary to simultaneously carry on intervention implementation while interacting with staff and students to evaluate what works, what does not, and to trial changes. (e.g., Comiskey et al., 2017; Pärn & Edwards, 2017; Puolitaival & Forsythe, 2016; Williams 
et al., 2004). [bookmark: _Toc99721247][image: ]
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The action research was carried out in two successive cycles among student participants of a construction investment course in 2019 and 2020. The action research resulted in a BIM for construction education learning object and activity design at a topical level and a framework of engineering evaluation which was used to evaluate the BIM for construction education intervention (Figure 4). The experiences of the action research prepared the ground and assisted in the design of a case study to respond to the fourth research question, as described in the next section.

Case study

Case study approach was adopted to answer research question four by exploring how BIM-enabled learning could be facilitated. According to Baxter & Jack (2008) “case study methodology provides tools for researchers to study complex phenomena within their contexts… using a variety of data sources”. This guarantees that the topic is not examined through a single lens but rather through a multitude of lenses, allowing for the discovery and understanding of numerous aspects of the events (ibid). One of the benefits of this approach is the close collaboration between the researcher and the participant, as well as the ability for participants to share their own stories (Crabtree & Miller, 1999). Participants can convey their perceptions of reality through these stories, which allows the researcher to better comprehend the participants' activities (Robottom & Hart, 1993). According to Yin (2003), a case study research approach is suitable when: (a) the study is concerned with “how” and “why” questions; (b) it is impossible to control the behaviour of the participants in the study; (c) the contextual conditions are relevant 
to the study; or (d) it is difficult to clearly delineate the boundaries between the phenomenon and context.

Adaptive structuration theory (AST) is used to understand and evaluate the interaction between advanced information technologies (AITs), social structures, and human interaction (DeSanctis & Poole, 1994; Gopal et al., 1992).  According to (DeSanctis & Poole, 1994), AIT is described as information technology that supports and establishes organizational procedures relating to task performance, coordination among people, and interpersonal exchanges. The intention to define a BIM-enabled learning was borne from the challenges experienced during the participatory action research, where cordination of the learning activity was considered chaotic. In this research, AST offered the opportunity to identify the characteristics for a platform that can promote similar experiences in a less challenging way (Theophilus Olowa et al., 2022).

Applying AST concepts, an exploratory case study of the characteristics for a platform capable of enhancing BIM for construction education was conducted. The inquiry considered the case of educators and trainers in three EU countries of Italy, Finland and Estonia in AEC/FM disciplines that were either in private or public institutions. Data were collected via both semi-structured interview and online questionnaire. Before the interview began, some BIM for construction education cases were analysed through desk study and faculty reflections to identify a priori some themes relating to the phenomenon and these guided in the development of the interview and questionnaire designs. 31 participants took part in the interview that lasted between 45 and 60 minutes after their consents were sought and received. The interviewees were purposively selected because of the technicality of the subject under study. The interviews were audio recorded, transcribed and analysed using thematic analysis with the aid of NVivo (QSR International Pty Ltd, 2020). Afterwards, the questionnaires were distributed during an online workshop among some 30 BIM experts (both from industry and academia) with 10 questionnaires completed and used for the validation of the results from the analysed interviews. 

The result identified 33 characteristics of a platform that would support BIM for construction education in an immersive environment with real industry data (Olowa et al., 2022).





[bookmark: _Toc102395980]Findings 

This chapter presents major findings of the research. The study sets out to explore how BIM could be leveraged for construction education. Findings included in this chapter relate to the challenges confronting BIM for construction education, typology of BIM for construction education, BIM for construction education conceptual framework, BIM for construction education evaluation framework, Bloom’s taxonomy and BIM for construction education, and the characteristics of a BIM-enabled learning environment.

[bookmark: _Toc102395981]Challenges of BIM for construction education

This section identifies several issues associated with BIM for construction education practices that constitute some form of challenges and barriers in one way or another. Improper attention and management of these issues could render ineffective or totally defeat the intentions and/or learning outcomes for which the interventions were initiated.

Challenges and barriers were identified from a systematic review of the literature, experience and reflections from the action research, and expert interviews carried out in three countries in Europe. 

Differing skill levels among learners, time and workload

Findings show that it is difficult (if not impossible) for all learners to be at the same skill level, especially with BIM technology and its workflow management. Learners in a particular group or class do have different exposures to construction industry activities and workflows in terms of hand on experiences, construction backgrounds or even professional practice. Having different skill levels among learners should not be viewed as anything bad as it could create a more interesting and engaging learning experience for those involved if properly managed. This is also a typical phenomenon in the broader construction industry, whence professionals of different discipline and varying degree of skills must communicate, collaborate, and negotiate in delivering construction projects. 

When preparing BIM for construction education group activities, the educator must identify learners of different skills, exposure, discipline, and experience and make sure to balance the group composition with all of these in mind. Conversely, the level of learning activities must be based on the time available for such activities in the curriculum. Adequate consideration must also be given to the learners’ workload in other courses to avoid excessive workload for them.

Technical support Interoperability problems

The research also found that achieving a seamless handshake between BIM software developed by different vendors was problematic. As such, extra time is expended on software selection in teaching practice to avoid chaos and time wastage during the actual class activity. The software architecture of BIM software from different vendors does not align in most cases making it difficult to open BIM files in non-native application. This is understandable from the business perspective of the vendors because they would rather want their suite of software to be patronized and increase their bottom line therefrom. Unfortunately, this does not promote interoperability and makes integration difficult.

A great effort is already going into interoperability of BIM software through initiatives like those championed by buildingSMART international to create OpenBIM that aims to guarantee seamless handshake among industry BIM software. This will likely benefit all stakeholders and the management of assets’ lifecycles. Industry Foundation Class (IFC) is the foundation on which OpenBIM runs and it has recently been updated with two specific features (i.e., design transfer and reference views) in IFC4. With IFC4 it is becoming more possible to carry out data transfer and exchanges in a completely vendor-neutral manner with reduced glitches in data integrity. Construction Building Information Exchange (COBie), common BIM requirement (coBIM) etc., are similar initiatives geared toward the same goal of ensuring interoperability. These initiatives give hope that BIM exercises in the classroom and training centers will get easier in the future.

What to teach and learning content

A major constraint to BIM for construction education among academics and trainers is the confusion of knowing how to go about competency-based BIM for construction education. This was found to be a challenge in situations where already designed curriculums to which academics could tailor their trainings were nonexistent or unclear. Curriculum design requires additional skills from academics and not all academics have such a skill, which sometimes results in their unwillingness to change. These skills include setting objectives and designing contents to achieve such objectives, including means of objectively conducting formative and summative assessment and evaluation in line with acceptable standard knowledge domains by supervising authorities etc.

As a result of the versatility of BIM and the difficulty of teaching everything that is BIM-based, there is no consensus among academics on what is considered best to teach and how to teach it. 

Complexity of example projects

BIM-enabled learning requires BIM models that are suitable for class activities with reasonable level of detail that is commensurate with the learning objective. While it is good to train students with real project data, in most cases, the structure of the data is not organized for classroom exercise. To make the industry data useful for class activities, the instructor needs to spend some time in cleaning up and re-arranging the data. Thus, it requires serious effort on the part of the instructor during the design of the learning activities. This effort could be reduced if the model is designed for the purpose of education from the beginning by commissioning a designer or group of designers. A cost benefit analysis can determine the appropriateness of commissioning designers for educational BIM models. The cost may not be justifiable if the BIM-enabled learning is at a topical level. But might be advisable for a programme wide course.

Associated with this problem is the issue of not infringing on the intellectual property rights of the originators of the example projects. This issue is limited where designers are commissioned to design BIM examples – this is also prone to oversimplification of reality. As such, in planning for the learning activity, a balance must be sought on the best source for the example projects.

While BIM-enabled learning was generally accepted by the students and regarded as engaging and instructive, it was also observed that some students were not favorably disposed to it. This could be due to a couple of reasons. Firstly, not all students learn at the same pace. And since the activities in the class exercises are time bound, it is understandable that learners not able to meet up with the deliverables are likely to be disenchanted because of the fear of having low scores in their formative/summative assessment – since most students are motivated to learn because of assessment. Secondly, despite the widespread and general social acceptance of technology, it cannot be completely ruled out that some students might also be technophobic for whatever reason.

Again, the fact that the course in which the exercise was trialed is one of the few courses whose language of instruction is in English at the university, a few local and international exchange students (who might not understand the language of instruction in other courses) sometimes prefer to register for the course. Some of these students were also non-construction specialty students. Taking a construction investment course at such a level without prior construction background knowledge requires extra effort, which could be frustrating if the time is not available. 

Skill levels among educators 

This research has found that the level of BIM skill among educators should be commensurate to what is being taught as it is difficult for ‘something to come out of nothing’. In the case of the BIM exercise conducted in this research, part of the aim was to demonstrate how BIM model at different BIM workflow stages is progressively elaborated to reflect industry practice. With the cashflow exercise, the important skill required was the ability to extract data from BIM model and manipulate it using excel spreadsheet before updating the BIM model data. Therefore, for different objectives, more diverse skills may be required.

The level of teamwork and collaboration required among educators from different courses or disciplines to execute the BIM-enabled learning could also be a challenge if not properly managed, especially in integrated capstone courses.

Accreditation and curriculum constraints issues

It takes a lot of conviction on the part of an educator to pursue a curriculum that has not been expressly sanctioned by accreditation and academic governing bodies. This is apart from the difficulty of finding a suitable space for BIM-enabled learning in curriculums that are usually already deemed tight and sometimes overloaded. Moreover, extra effort is required on the part of the educators because when topics/courses are not allowed for in a curriculum, the paraphernalia or resources required to conveniently implement them are usually non-existent or in short supply. The study found the need for accreditors to embrace the paradigm shift in the design, implementation, and general ways of working in the construction sector that must be reflected also in the classroom. Educators cannot keep training analog graduates for a digital industry.

BIM-enabled learning is technology intensive especially at an inter-institutional level where different disciplines in AEC/FM are to collaborate. This type of collaboration will also require investment in technologies for delivering blended learning in an effective manner for institutions that lack them. Further details regarding the identification of challenges and how some of these could be resolved can be found in publications I-VI. 

[bookmark: _Toc102395982]Typology of BIM for construction education

In this research, ten distinct approaches to BIM for construction education were identified (Table 1). The different strategies engaged by academic practitioners and education researchers to engender BIM for construction education within AEC/FM curricula were typified in a framework. This was important to understand the different approaches to BIM for construction education that were currently in practice in order to overcome the challenges of “what, where and how to teach”. The naming convention was based on four attributes, namely level(s) of curriculum activity, discipline(s) involved, scope or reach of the learning activity, and the number of institutions involved. The ten approaches are listed below:

1) Undergraduate single discipline (Topic) – in a single institution

2) Undergraduate single discipline (Course) – in a single institution

3) Undergraduate Multidisciplinary (Course) – in a single institution

4) Undergraduate Multidisciplinary (Course) – in multiple institutions

5) Postgraduate single discipline (Course) – in a single institution

6) Postgraduate multidisciplinary (Course) – in a single institution

7) Mixed Level Single Discipline (Course) – in a single institution

8) Mixed Level Multidisciplinary (Course) – in single institutions

9) Mixed Level Multidisciplinary (Course) – in multiple institutions

10) Mixed-MULTIPLE Levels Multidisciplinary (Course) – in a single institution[bookmark: _Toc99721248][bookmark: _Toc100216794][bookmark: _Ref98839486][bookmark: _Toc99373276]Table 1: Typology of BIM for construction education approaches with examples

Level

Discipline

Scope

Institutions









Examples found in the literature

Undergraduate

Postgraduate

Mixed

Single

Multiple

Topic(s) within course

Full course

Multiple courses / programme

Single

Multiple



X





X



X





X



Sharag-Eldin & Nawari (2010)

X





X







X

X



Kim (2014); Palomera-Arias (2015); Zhang, Xie, & Li (2017) 

X





X





X



X



Pikas et al. (2013); Brioso et al. (2017); Wang & Leite (2014); Dougherty & Parfitt (2013); Mathews (2013); Sands et al., (2018); Shenton et al. (2014); Livingston (2008); Barham et al. (2011); Palomera-Arias & Liu (2016); Shanbari et al., (2016); Yi & Yun (2018)

X







X





X

X



Comiskey et al., (2017); Solnosky & Parfitt (2015); Wong et al., (2011) 

X







X



X



X



Bozoglu (2016); Zhang, Wu, & Li (2018); Pikas et al. (2013); Monson & Dossick (2014); Jin et al. (2018); Nawari et al., (2014)

X







X





X



X

Comiskey et al. (2017)



X



X







X

X



Hijazi, Donaubauer, & Kolbe  (2018)



X



X





X



X



Wang & Leite, (2014); Suwal & Singh (2018); Sampaio, (2015); Pikas et al. (2013); Nassar (2012)



X





X



X



X



Bozoglu (2016); Charlesraj et al., (2015); Pikas et al., 2013; Shanbari et al., 2016





X

X





X



X



Wu & Hyatt (2016);  Lewis et al. (2015); Hu (2019)





X



X



X



X



Chiuini et al., (2013); Rassati et al., (2010); Leite (2016)





X



X



X





X

Becerik-Gerber et al., (2012); Zhao et al., (2015)





The typology in Table 1, presents a clearer path to the available methods and strategies for implementing BIM for construction education initiatives at any individual level. It was, however, important to also understand how all this is connected in the global digitalization drive of the construction industry and the educational context. This understanding was explored through the development of the conceptual framework in the next section.

[bookmark: _Ref98757019][bookmark: _Toc102395983]BIM for construction education conceptual framework

The conceptual framework in Figure 3 gives a broad explanation of the strategies available to academics for BIM-enabled education and the resulting consequences from a global perspective on the digitalization of the construction industry. [image: ]

[bookmark: _Toc100216780][bookmark: _Toc99721176]Figure 3: Conceptual framework of BIM for construction education 



The research uncovers substantial rethinking and re-organization in the operational and delivery mode of the construction industry’s workflows and management processes due to the ongoing digitalization and globalization. This re-organization also demands new industry roles that hitherto were not part of the construction industry’s culture. 
The new roles require new skills, knowledge, and attitudes, which are all dictated by the form and nature of digitalization and the requirement for global culture in sustainable education. The urgency of providing competent graduates to fulfil these roles also demands a restructuring of the construction education with the infusion of BIM as the backbone on which some other prominently important smart and digital technologies 
of the digitalization processes can ride. As the demand for BIM competent graduates required to fill new roles are met (the short-term needs), new and innovative opportunities are simultaneously presented to academics in AEC/FM disciplines to leverage BIM for their teaching practices by experimenting with alternative didactic methodologies in meeting both the short-term and the long-term needs). Because there is no single “truth” in the way academics perceive the usefulness of BIM technology in the classroom, exploring its benefit led to the emergence of several approaches and implementation strategies among academics. Examples of these approaches include integrating curricula within and across courses/disciplines and using real project data for closer connection of the education and industry environments – for enhanced teaching and learning in the form of BIM-enabled education. While these approaches are intended to meet the industry needs, the choice of approach is guided by the prevailing context. Whatever approach is adopted, it results in a specific consequence, which in turn impacts the construction industry. The different specific approaches with their description are available in publication II.

[bookmark: _Toc102395984]Evaluation framework

Evaluation was found to be an important aspect of intervention endeavors, which was observed as not explicitly practiced and reported among the extant literature in this research. The purpose of evaluation is to know what works and what needs improvement, without which academics would be conducting their practices in an inefficient manner. During the development of the learning activity that preceded the action research intervention in this research, it was observed that no standard evaluation technique had been documented that was useful to evaluate the proposed study.

Consequently, a desk study and a literature review study were carried out to establish an acceptable and rigorous framework to be applied as shown in Figure 4.[image: ]

[bookmark: _Toc99721184][bookmark: _Toc100216781]Figure 4: Framework for construction engineering evaluation



 The development of this framework guided in deciding on the appropriate evaluation principle by giving prior thoughts and consciously deciding on whether evaluation was considered as a subjective or objective activity; whether it was possible to carry out 
both formative and summative evaluations; type of suitable evaluation analysis; and
the involvement of external stakeholders or evaluators in the evaluation exercise. 
The framework also guided the three stages of pre-implementation, implementation and post-implementation plans and the selection of suitable evaluation tools for each of the three stages of the intervention.

In the first iteration of the intervention and before the development of the framework, evaluation was only conducted at the post-implementation stage. However, in the second iteration, evaluation was possible during both the pre- and post-implementation stages only as there was no opportunity for “implementation” stage evaluation in the type of intervention conducted in this research. Using both the questionnaire survey to students and the faculty reflection, the impact of the learning activity (cashflow exercise) is reported in section 3.5.

[bookmark: _Ref99014537][bookmark: _Toc102395985]Cashflow exercise impact findings

This section presents the result of the questionnaire survey distributed to student participants during the cashflow learning activities. Table 2 shows the descriptive statistical analysis of the five questions asked after the exercise was completed. 
The questions were designed in a Likert scale format where 5 = Absolute Yes, 4 = Qualified Yes, 3 = Neutral, 2 = Qualified No and 1 = Absolute No.

[bookmark: _Ref99014843][bookmark: _Toc99373277][bookmark: _Toc100216795]Table 2: Implementation survey results of students’ satisfaction in cycle 1

		Question

		Mean

		Std. Deviation



		Was the purpose of the exercise clear?

		4.50

		0.548



		Did you find the exercise interesting?

		4.33

		1.2.11



		Was it helpful to link the exercise to 'real' project data?

		4.33

		0.816



		Was it helpful to link the exercise to the BIM workflow?

		3.50

		1.378



		Did the exercise complement previous course materials or lessons?

		4.33

		0.816







The results showed that majority of the student participants responded positively to the questions asked. They indicated that the purpose of the exercise was clear and engaging; the link to real project data and BIM workflow was helpful; and that it complemented their previous learning experiences. However, the response to whether “it was helpful to link the exercise to the BIM workflow” received a relatively lower positive response compared to the rest of the questions asked. 

The results of the implementation survey for the second cycle are shown in Table 3. Students’ opinions on the learning activity were sought twice in the cycle 2. The result of the first round of the questionnaire distributed is reflected under “pre-implementation” column while that of the second round is under the “post-implementation” column.

The results indicate that very few students acknowledged ever being taught any BIM related topics and that they have a limited understanding of what it entails. Despite this deficiency there was an observable jump in three important indicators that the exercise was well received by the students. The first was the question “Do you understand how cash flow and cash flow calculations relate to construction projects?” The second was the question “Do you understand how cash flow relates to a BIM workflow?” Lastly, 
the question “Do you understand how different companies involved in a construction project can collaborate in order to optimize the project cash flow?” The mean responses jumped from 2.94, 1.69, 2.28 at the pre-implementation stage to 3.92, 3.33, 4.14 at the post-implementation stage. Section 3.6 explains how this relates to the Bloom’s taxonomy of cognitive knowledge domains.[bookmark: _Toc100216796]Table 3: Implementation survey results in cycle 2



Questions

Pre-implementation

Post-implementation



Mean

Std.

deviation

Mean

Std.

deviation

Have you been taught about Building Information Modelling (BIM) in any previous courses?

2.83

2.007

NA

NA

If yes, how would you rate your current understanding of BIM?

1.64

1.391

NA

NA

Do you enjoy working in groups/teams?

4.56

0.856

4.59

1.004

Do you find it useful for your own understanding to discuss problems/calculations/solutions with your peers?

4.56

1.149

4.82

0.728

[bookmark: _Hlk99017699]Do you understand how cash flow and cash flow calculations relate to construction projects?

2.94

1.097

3.92

0.493

Do you understand how cash flow relates to a BIM workflow?

1.69

0.910

3.33

0.924

Do you understand how different companies involved in a construction project can collaborate in order to optimize the project cash flow?

2.28

1.239

4.14

0.660

How important are cash flows to companies involved in construction projects?

NA

NA

4.56

0.482

Would you be interested if a similar BIM workflow is used to explain other subjects (concepts) apart from cash flow?

NA

NA

4.06

0.906



Was the purpose of the exercise clear?

NA

NA

4.28

1.074

Did you find the exercise interesting?

NA

NA

4.83

0.707

Did the exercise complement previous course materials or lessons?

NA

NA

4.94

0.243

Did the exercise improve your overall knowledge of cash flow?

NA

NA

4.56

0.856

Was it helpful to link the exercise to 'real' project data?

NA

NA

5.00

0.000

* NA=Not applicable.







[bookmark: _Ref99018100][bookmark: _Toc102395986]Bloom’s taxonomy and BIM for construction education

Bloom’s revised taxonomy of educational objectives was applied in the research because it is a popular tool for setting teaching goals and designing relevant learning outcomes. It is also very useful in assessing the cognitive domain (knowledge) level attainable from a learning activity. The lower order skills in the taxonomy include remember, understand, and apply while the higher order skills include analyze, evaluate, and create. A robust learning activity is the one that can take learners through the behavioral outcome rungs from knowledge all the way to create. 

Figure 5 shows how the BIM-based learning activities offered learners to move through all the stages of the lower order skills to the higher order skills. In other cases, a combination of several learning activities may be required to achieve behavioral change that would accommodate all the six levels of Bloom’s taxonomy – that is also acceptable in teaching practice. However, with the BIM-enabled learning activity, these behavioral outcomes were attained within a period of 3 – 4 contact hours which could be considered as an effective and productive time for knowledge transfer.[image: ]

[bookmark: _Toc100216782]Figure 5: Learning activities and outcomes for the BIM-enabled intervention



[bookmark: _Toc102395987]Characteristics of a BIM-enabled learning environment

A purpose-built BIM-enabled Learning Environment would facilitate improved and more efficient BIM-enabled learning activities and experiences. Presently, based on the experiences from the action research and case studies (publication V), learning in a 
BIM-enabled environment can only be conducted using non-integrated and independent proprietary software applications like Revit, Navisworks, Excel, MS teams, Google sheets, Moodle, Tekla structures etc. Because of this, seamlessly exchanging data and managing data versions were difficult to achieve. Hence, a platform that would provide a single environment for hosting learning objects, learning management, collaboration, communication, learning reflections (e-portfolios), and assessment would be instrumental in enhancing BIM-enabled education.

In exploring the ideal characteristics of such a platform (also referred to as 
“BIM-enabled learning environment”), 31 functional requirements were identified as shown in Figure 6. These were grouped into three functional domains: virtual learning function, collaboration function and BIM function.Function type
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Student feedback
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Data security/password protection



Video playback
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Registration of users (learners/instructors)
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Recording of lessons/ group sessions



Linking with other courses



Document collaborative viewing and



editing.



Spreadsheet collaborative viewing and editing
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Collaboration between groups



Live interactions between users



Simulation of project development process (BIM workflow, in stakeholder groups)



Common Data Environment for project data



Version management
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BIM model data extraction
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[bookmark: _Toc102395989]Conclusion

Digitalization is influencing the pedagogical methodologies in construction education. Building Information Modelling (BIM) is at the center of this change, and it offers opportunities for teaching and learning improvements.

This doctoral research aimed to explore how BIM could be leveraged to enhance construction education through qualitative research. The research adopted a pragmatic approach to this exploration by approaching the study from different viewpoints and adopting methods that are most suited for each area of study. As such, a mixed method research involving systematic literature reviews, action research and case study were employed in this exploratory study.

As theoretical and practical contributions, the research identified, demonstrated, and evaluated how Building Information Modelling could be used to facilitate construction education. The research also identified several challenges militating against BIM for construction education among academics in higher institutions and was able to address some of the identified BIM for construction education challenges by developing a typology of BIM for construction education approaches to provide academics and researchers an informed list of available approaches for executing BIM for construction education. This will assist academics to determine what to teach and how to teach it. 
The study also observed that the lack of documented clear guidance on evaluating BIM for construction education could also reduce the effectiveness of BIM for construction education intervention. Therefore, a BIM for construction education evaluation framework was developed. This framework is useful in providing guidance for evaluating academic interventions in the AEC/FM disciplines. This could also be extended to other similar educational initiatives in other disciplines.

Furthermore, the study also demonstrates how a BIM for construction education intervention at a topical level could be achieved and used to promote both lower and higher order skills of Bloom’s cognitive knowledge domain. The learning object and activities were used to actively engage the students in near real industry collaborative experience in a BIM-enabled learning and immersive environment. At the end, most students were positively disposed toward the initiative.  The value of this type of BIM for construction education approach is confirmed by the responses from student participants’ surveys and facilitators’ comments at the end of each cycle. The topical level of the intervention has the advantage of not requiring a significant change in the existing curriculum, but it does require a significant amount of time to provide the learning activity contextual knowledge.

Additionally, a list of characteristics for an ideal BIM-enabled learning environment was identified and validated in this research. The concept of advanced information technology in Adaptive Structuration Theory (AST) assisted in interpreting and understanding these characteristics. The 31 characteristics identified and validated were grouped into three domains of virtual learning functions, BIM functions and collaborative functions. These functions are necessary in a BIM-enabled learning environment. 
In interpreting and understanding the characteristics for a BIM-enabled learning environment, AST also provides an opportunity to evaluate the social impact of their use in different organizations.

[bookmark: _Toc102395990]Limitations

The barriers identified in this research for BIM for construction education include those from the literature database used in this study, the key words used and from the BIM for construction education initiative presented in the action research cycles. Using a different database or keyword might produce an additional list of challenges facing BIM for construction education just as conducting BIM for construction education initiative under a different context.

The learning activities reported in this study took place in only two iterations within the same context while the facilitators were also directly involved in the evaluation design and implementation. Thus, the reported positive disposition of the student participants in this study could be biased due to the involvement of the facilitators in data collection albeit anonymously. This could have resulted in giving a false positive report.

The list of characteristics for an immersive BIM-enabled learning environment was generated based on a limited number of experts from three European countries. This might not be robust enough, considering the different possible contexts and approaches available for BIM for construction education.

[bookmark: _Toc102395991]Recommendation for further research

Based on the above conclusions and observed limitations, further research should be carried out using a different set of keywords to identify any other challenges that might not have been identified in this study. Likewise, the BIM for construction education typology developed in this research should also be expanded upon by the same means.

Research should probe into how the BIM-enabled learning activities could be carried out in other social and organizational contexts by varying the subjects, student level, type of institution etc. Where possible, evaluations of BIM for construction education in these contexts should also engage independent evaluators to avoid possible bias in evaluation and thus provide a true objective reflection of the intervention outcome. A longitudinal study that considers how BIM for construction education impacts student learning and motivation for lifelong learning is also recommended.

Additionally, future research should attempt to explore or investigate additional characteristics for a versatile and robust immersive BIM-enabled learning environment.
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Facilitating BIM-enabled learning in construction education

To meet the demands of the 21st century, the construction industry is currently undergoing digitalisation which is causing a vortex of disruptions as industry workflows change and these, in turn, require new approaches to information management, communication, and knowledge in order to deliver new and acceptable projects. This has led to a mismatch between graduates’ competencies and their emerging roles in an industry striving towards the adoption of web 4.0 technologies. To address this, it is important for construction educators to devise novel and innovative ways to enhance teaching and increase the motivation to study among the new generation of construction students.

Building Information Modelling (BIM) – the digital representation of all information relating to a constructed asset throughout its life – is a central phenomenon in this revolution and, while BIM is pivotal to the disruption of the construction industry, 
it also offers opportunities for enhancing education both in the classroom and for continuous professional development in practice. Since BIM incorporates real industry data that are conveniently structured around 3D parametric models of buildings and other constructed assets, it can be leveraged to enable problem- and project-based teaching and active learning within immersive, digital, model-based learning environments. Despite the educational possibilities inherent in BIM, neither robust frameworks for educators and trainers to understand the strategies available for exploiting BIM for construction education nor sufficient teaching and learning resources are yet in place. 

The purpose of this research was to understand how BIM can be used to facilitate construction education. The overall research question was formulated as: How can BIM be leveraged for construction education? This was decomposed into four, specific research questions, each of which highlighted particular themes of the inquiry while also shaping succeeding research questions:

- Research question 1: What are the existing cases of BIM for construction education?

- Research question 2: How can BIM be used to teach engineering concepts?

[bookmark: _GoBack]- Research question 3: What is the impact of BIM-enabled pedagogy on students’ performance?

- Research question 4: How can BIM-enabled learning be facilitated?

With the focus of this research on action to reform construction education in 
response to contextual changes, pragmatism was adopted as the research paradigm. 
The philosophical and methodological approaches were thus selected on the basis that they were most appropriate to the particular research problem being investigated, leading to mixed methods research. For research question 1 (What are the existing cases of BIM for construction education?), a systematic literature review of existing cases of BIM for construction education in universities was carried out. The cases were identified and described, then qualitatively analysed using the Straussian Theory Model of Grounded Theory in order to understand and classify the different approaches to BIM for construction education and to derive a conceptual framework relating the different approaches to the construction industry and educational contexts.

Research question 2 (How can BIM be used to teach engineering concepts?) was explored on the basis of document analysis and reflection culminating in a comparative description of the current and the proposed approaches to teaching project risk management. In addition, academic articles and educational (non-research) guidance literature were reviewed to identify existing evaluation models and to determine specific evaluation methods for application to BIM-enabled education initiatives. These were subsequently applied in the evaluation of a BIM-enabled cash flow exercise carried out to simulate integrated practice and implemented using a participatory action research methodology in relation to research question 3 (What is the impact of BIM-enabled pedagogy on students’ performance?).  

A mixed methods design was adopted for research question 4 (How can BIM-enabled learning be facilitated?) using a desk study, interviews, and a questionnaire survey to identify, validate and understand the characteristics of a proposed BIM-enabled learning environment. An Adaptive Structuration Theory (AST) perspective was applied to interpret the results and as a framework for future investigations of the use and performance of BIM-enabled learning environments within organisations.

Altogether, and in terms of the overall research question (How can BIM be leveraged for construction education?), this research revealed inadequacies in the current mode of delivering construction education and demonstrated how BIM can be leveraged to overcome them and improve learning. In addition, the characteristics of an innovative platform that promotes BIM-enabled learning in an immersive environment have been derived and explained. In doing so, it has made theoretical and practical contributions regarding the implementation and evaluation of BIM for construction education initiatives. 

In terms of its theoretical contribution, the study has compiled, updated, and added to the body of knowledge on construction education by providing a typology and conceptual framework of BIM for construction education. For construction education researchers, the proposed learning activities and learning environment offer models upon which further interventions may be designed, developed, implemented and evaluated. For construction education practice, the BIM-enabled learning objects and activities developed in this study provide useful guidance for educators seeking to promote active learning in BIM-enabled learning environments. In addition, 
the evaluation framework developed in this research will be useful in planning 
and implementing performance evaluation of BIM-enabled learning interventions. 
The characteristics of the proposed BIM-enabled learning environment offer guidance and insights to educational software developers for building immersive learning environments. Ultimately, the research contributes to the ongoing efforts to align graduates’ competencies with their future industry roles. 

However, the study was only able to trial the BIM-enabled learning initiatives at topical level and with a particular level of students in a single university – this is a limitation. Similarly, the opinions expressed in this research with respect to the effectiveness of the BIM-enabled learning exercises carried out are informed solely by two iterations of an action research cycle. The characteristics of the proposed immersive BIM-enabled learning environment identified and validated in this study are based on data gathered from a relatively small number of people (31 interviewees) from only 3 European countries.

Future research should be geared toward wider experimentation with BIM-enabled initiatives covering more diverse topics. This experimentation should also be expanded beyond topic level to whole courses and multiple levels of studies. The research on the characteristics of a BIM-enabled learning platform should be expanded to include more participants from more countries, both in Europe and in other continents in order to generate a more comprehensive, robust and reliable set of needs for a globally relevant BIM-enabled education platform. 



Keywords: Building information modelling (BIM); BIM-enabled learning; BIM education; AEC/FM; construction management; Grounded Theory; construction education; Adaptive Structuration Theory (AST).
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BIM’i kasutamine ehitusinseneride koolituses

Vastamaks 21. sajandi nõuetele toimub ehituse valdkonnas digitaliseerimisprotsess, millega kaasnevad töövoogude muutused, mis omakorda eeldavad uutmoodi lähenemist nii projektlahendustele, teabehaldusele kui osapooltevahelisele kommunikatsioonile. See on tekitanud web 4.0 tehnoloogial põhinevate rakenduste poole pürgival ehitusalal ebakõla ülikooli lõpetajate teadmiste ja nende tulevaste rollide vahel. Probleemi lahendamiseks on oluline, et haridusasutused kaasaksid ja motiveeriksid uue põlvkonna üliõpilasi innovatiivsel viisil.

Ehitusinfomudel (BIM) – ehitiste koguinfot hõlmav elukaarekeskse teabe digitaalne väljund, on digirevolutsiooni keskne fenomen ja kuigi BIM põhjustab ehituses teatud häireid, pakub see ühtlasi võimalusi muuta haridus kaasahaaravaks nii üliõpilastele kui ka elukeskses õppes osalevatele spetsialistidele. Kuna BIM kaasab 3D mudelitena hoonete ja rajatiste struktureeritud tegelikke andmeid, sobib see nii probleem- ja projektipõhiseks õpetamiseks kui ka aktiivseks õppimiseks süüvides digitaalsesse, modelleerimisel põhinevasse õppekeskkonda. Kuigi BIM küll juba siseneb õppeprotsessi, pole siiani välja töötatud arvestatavaid juhiseid õpetajatele ja koolitajatele selle kasutamiseks ehitusinseneride hariduses ega loodud piisavalt vajalikke õpperessursse.

Käesoleva uurimuse eesmärk oli leida lahendus, kuidas saaks BIM-i kasutada ehituinsenride hariduses. Põhiküsimus oli: Milliseid eeliseid annab ehitusinseneride haridusele BIM? Probleemi püstitus jaguneb neljaks alamteemaks, millest igaüks keskendub kindlale uurimisküsimusele:

1. Milline on BIM-i kasutamise senine praktika ehitusinseneride hariduses?

2. Kuidas saaks BIM-i kasutada inseneriteaduste õpetamisel?

3. Milline on BIM-i kaasamise mõju üliõpilaste õpingutulemustele?

4. Kuidas hõlbustada BIM-keskset õpet?

Kuna uuring keskendub ehitusinseneride hariduse reformimisele vastavalt toimuvatele muutustele ehitussektoris, on pragmatism uuringu paradigma. Filosoofilised ja metodoloogilised lähenemised valiti selliselt, et need oleksid sobivaimad konkreetse probleemi lahendamiseks, seega kasutati kombineeritud uurimismeetodid.

Vastamaks esimesele uuringuküsimusele (milline on BIM-i kasutamise senine praktika ehitusinseneride hariduses?) viidi läbi süstemaatiline kirjanduse ülevaade BIM-i juhtumiuuringutest ülikoolides. Juhtumid identifitseeriti ja kirjeldati ning selleks, et mõista ja liigitada erinevaid lähenemisi, tehti kvalitatiivne analüüs Straussian Theory Model of Grounded Theory meetodil. Erinevate lähenemiste alusel tuletati selle põhjal kontseptuaalne raamistik BIM- kesksele ehitusele ja -ehitusharidusele.

Teine uuringuküsimus (kuidas saaks BIM-i kasutada inseneriteaduste õpetamisel?) hõlmas dokumentide analüüsi, mille järeldused kulmineerusid riskijuhtimise 
õpetamise praeguste ja soovitatud lähenemiste võrdleva kirjeldusena. Olemasolevate hindamismudelite ja BIM-põhiste haridusalgatuste spetsiifiliste hindamismeetodite selgitamiseks anti ülevaade nii teadusartiklitest kui ka haridusala (mitteakadeemilistest) juhendmaterjalidest. Tulemusi rakendati BIM-i toel lahendatavate rahavoogude ülesannete hindamiseks, mille käigus toimus integreeritud tegevuse simuleerimine ja seose loomine kolmanda uuringuküsimusega (milline on BIM-I kaasamise mõju üliõpilaste tulemustele?) osalusuuringute meetodil.

Neljanda uuringuküsimuse (kuidas hõlbustada BIM-keskset õpet?) lahendamisel kasutati kombineeritud meetodit. Selgitamaks, kinnistamaks ja mõistmaks BIM-keskse õppekeskkonna omadusi viidi läbi auditoorselt, rakendades intervjuusid ja küsitlusi. Tulemuste interpreteerimiseks  ja tulevaste uurimissuundade leidmiseks organisatsioonis, kasutati AST (Adaptive Structuration Theory) meetodit.

Kokkuvõttes ja põhiuurimusküsimuse seisukohast (milliseid eeliseid annab ehitusinseneride haridusele BIM?) kaardistati puudujäägid praeguses ehitusinseneride hariduses ja demonstreeriti, kuidas BIM-põhine õpe võimaldab nendest üle saada ning tõsta õpetamise kvaliteeti. Lisaks on kirjeldatud innovatiivse BIM-keskse õpetamise platvormi omadusi. Sellega anti teoreetiline ja praktiline panus süvendatud BIM-põhise õppe rakendamiseks ehitusinseneride hariduses.

Teoreetilises vaates koostati ja ajakohastati ehitusinseneride BIM-põhise õppe raamistik koos vajalike juhistega. Ehitusinseneride hariduse valdkonna teadlastele on välja on pakutud õppeprotsesside ja -keskkonna mudelid, mille põhjal saab otsustada, kuidas tulevasi muudatusi kavandada, arendada, rakendada ja hinnata. Praktilises rakenduses annavad BIM-kesksed õppeobjektid ja -tegevused kasulikke juhiseid aktiivõppe korraldamiseks BIM õpikeskkonnas. Lisaks on käesolevas uurimustöös loodud hindamisjuhised uute ülesannete kavandamiseks, rakendamiseks ja hindamiseks. Välja töötatud BIM õpikeskkonna indikaatorid annavad suunised ka ehituse valdkonna tarkvaraarendajatele. Lõppkokkuvõttes panustab uurimus jätkuvatesse jõupingutustesse viia lõpetajate teadmised vastavusse nende tulevaste töökohtade vajadustega.

Siiski oli uuringul ka teatud piirangud – BIM õpikeskkonda katsetati piiratud teemade osas ja ühe ülikooli tudengite peal. Sarnaselt kujundati uuringus põhinevad arvamused BIM-keskkonna õppeülesannete efektiivsuse kohta kahe õppetsükli alusel. Süvendatud BIM-keskse õpikeskkonna omadused valideeriti suhteliselt väikese andmekogumi baasil (31 intervjueeritavat kolmest Euroopa riigist).

Tulevane uurimistöö peaks keskenduma ulatuslikumale eksperimenteerimisele ja katma rohkem erinevaid teemasid. Katsetusi tuleks laiendada käesoleva uurimustöö teemast väljapoole ja need peaksid hõlmama terveid kursusi ja erinevaid õppetasemeid. Kõikehõlmava, kindla, usaldusväärse ja rahvusvahelise BIM-keskse õpiplatvormi loomiseks tuleks kaasata rohkem osalejaid erinevatest riikidest nii Euroopast kui ka mujalt.

Võtmesõnad: Ehitisinformatsiooni modelleerimine (BIM); BIM-keskne õpe; BIM-põhine haridus; kinnisvarakorraldus; ehituskorraldus; põhjendatud teooria (Grounded Theory); ehitusharidus; Adaptiivne Struktuuriteooria (AST - Adaptive Structuration Theory) 
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