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Abstract In order to proactively prevent accidents and
injuries in construction, tertiary safety education should
equip students with adequate safety knowledge and skills.
However, in most construction curricula, safety is consid-
ered a low priority, and safety education is delivered in isola-
tion, without sufficient interaction and practical experience
to improve safety learning. On the other hand, anatomical
theory in medicine has been adopted by and proved advanta-
geous to various scientific disciplines. With this regard, this
study presents an interactive construction safety education
system using building anatomy modelling (BAM) based
on the integration of anatomical theory and state-of-the-art
visualization technologies. The BAM system comprises two
modules: (1) knowledge acquisition module, which delivers
safety knowledge to students; and (2) practical experience
module, which enables students to interact with BAM to
improve their hazard identification and elimination skills.
The building anatomy concept (BAC) and BAM prototype
are evaluated through interactive system trials with educa-
tors and learners. Findings suggest the BAC has significant
pedagogic potential, and the proposed system can effectively
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provide safety knowledge and interactively support the
development of practical safety skills of learners.

Keywords Building anatomy modelling - Visualization -
Construction safety education - Interactive learning

1 Introduction

Accidents, injuries and fatalities still prevail in the construc-
tion industry causing many problems related to cost overruns
and time delays. In 2014, 514 people died on construction
sites [1] and the accident cost was 8.5% of the tender price
in Korea [2]. Over 49% of construction accidents are caused
by human errors [3], which can be prevented proactively
through effective safety education and training [4]. Further-
more, Le et al. [5] emphasized that safety education at the
tertiary level plays a critical role in promoting safety per-
formance. However, in most construction curricula, atten-
tion has not been paid to safety subjects. Furthermore, most
safety programmes consider safety matters in isolation or
do not effectively represent the dynamic sequence of safety
procedures [6]. As a result, students who enter construction
industry without adequate safety knowledge tend to be more
prone to perform unsafe actions. Furthermore, several stud-
ies have recognized the current limitations of safety educa-
tion such as the lack of interaction, motivation and hands-on
engagement [5, 6]. Wu [7] also argued that the delivery of
safety courses should shift from traditionally didactic meth-
ods to more interactive and practical approaches. Therefore,
the construction industry needs an effective safety education
tool, which can address the aforementioned problems.

As mentioned by Jackson [8], there are close resem-
blances between the human body and the construction
building. For example, the skeletal system of the human
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body resembles the structural frame of building in order
to keep them straight and upright. The circulatory system
responsible for circulating blood and nutrients in the human
body is similar to the plumbing and mechanical system in
the building for transporting water, waste, heat and air con-
ditioning. In an effort to solve problems similar to those
encountered in construction safety education, the medi-
cal field has applied the anatomy approach, which tried to
deliver complex medical knowledge (such as nervous sys-
tem and brain structure) through the detailed analysis and
dissection of real cadaver. The anatomy approach allows
students to reinforce and elaborate knowledge acquired in
lectures and tutorials [9]. Moreover, it offers opportunities
for hands-on experience and first-hand perception, which
solidify learning. However, despite these advantages, the
conventional anatomy approach has several notable short-
comings. In addition to the huge costs and difficulties in
acquiring human cadaver, learners also experience anxi-
ety and repulsiveness, which are major barriers to learning
[10]. In order to overcome these issues, visualization-based
human anatomy has emerged in the medical discipline. Stu-
dents interactively anatomize 3D visualization models to
actively gain a comprehensive and thorough understanding
of the human body and its constituent systems. The Bio-
Digital Human is a visualized platform in which users can
explore and interact with a 3D human body for medical,
surgical and fitness education [11]. With this regard, the
visualization-based anatomy approach could be beneficial
in construction safety education. However, very few stud-
ies have adopted this approach for improving construction
education in general and safety education in particular. Con-
struction education lacks a potential powerful tool where
students interact with an active learning environment to
effectively gain safety knowledge and skills.

As a solution, this study presents a building anatomy con-
cept (BAC), which integrates anatomical theory from the
medical discipline with advanced visualization technologies
in order to enhance tertiary construction safety education.
A BAM system has been developed, taking advantage of
interactive learning environments, with the aim of improv-
ing student’s safety knowledge and safety skills. The BAM
system consists of two modules: firstly, a knowledge acqui-
sition module (KAM) in which safety knowledge is deliv-
ered by educators through visually enhanced lectures with
3D anatomy models; and secondly, a practical experience
module (PEM) where students play the role of a safety man-
ager and actively identify and mitigate construction hazards
through interactive BAM system features. In order to assess
BAM, system trials were conducted with students, educators
and engineers using virtual scenarios derived from real acci-
dent cases. An evaluation scheme comprising a concept and
usability evaluation (subjective) and a comparison-based
effectiveness evaluation (objective) was conducted. Useful
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insights regarding the potentials of the BAM approach for
safety education and construction industry were acquired.

2 Background and related work

2.1 State of construction safety education at tertiary
level

Safety education at tertiary institutions is essential in
improving the safety performance in the construction indus-
try. By delivering safety knowledge and developing safety
skills, safety education prepares students to recognize poten-
tial hazards and faces safety challenges of construction job-
sites before learners enter construction industry. Academic
safety qualification is very important for students to address
new safety issues by applying their knowledge and skills to
real circumstances at the construction site that they have not
previously encountered [12]. Thus, construction safety edu-
cation at tertiary level should play a crucial role to enhance
the construction safety at the jobsites. However, current
construction safety education has not been given atten-
tion in universities [13]. For example, in countries such as
South Korea and Vietnam, no standalone safety courses are
offered as part of construction curricula. A possible explana-
tion could be the fact that safety typically assumes a lower
priority than cost, schedule and quality in the construction
industry. Hence, few universities have established construc-
tion management programmes, which include safety courses
[14]. Safety in fact is associated with construction methods,
materials, equipment and machinery utilized on construc-
tion sites. Thus, construction safety matters need to integrate
with their corresponding educational subjects.

Several studies also point out that safety education lacks
student engagement and motivation due to lessons taking
place in hands-off, off-site environments. In most cases,
supplementary 2D material such as images and videos is
used to illustrate potential hazards and safety issues [15].
Even though these approaches can be effective, learners are
often left inactively listening and watching lecture mate-
rial, without any direct experience or interaction. Didactic
approaches that enable student-led investigations are more
effective than passive approaches [16]. However, in the
case of construction education didactic methods fall short
in providing hands-on experience [17]. Hence, students tend
to feel bored and disengaged with their passive learning.
As a result, knowledge acquired without interaction may
be quickly forgotten by learners [5]. Consequently, gradu-
ates enter the construction industry with insufficient safety
knowledge and cannot fully perceive hazards in the con-
struction sites. By leveraging innovative technologies, these
critical shortcomings in construction safety education could
be effectively addressed.
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2.2 Application of visualization in construction safety
education

Visualization technologies such as augmented reality (AR)
and virtual reality (VR) have been applied in construction
safety education for recent years. Tsai et al. [18] stated that
AR affords experiences, which bring new opportunities to
teaching—learning processes, especially in disciplines that
place emphasis on practical training. Shirazi et al. [19] found
that content delivery through augmented reality stimulates
learner’s interest and increases involvement. Visualization
technologies allow construction students to visually generate
and update project information; improve the communication
among team members; and visualize construction sequences
[20] as well as identify safety issues in a safety environment
[21]. VR-based safety education and training offer an inter-
active and immersive environment where users can identify
construction hazards and can then develop their safety cog-
nitive abilities and awareness [3]. Lin et al. [4] developed a
virtual simulation game that enabled students to assume the
roles of safety inspectors and identify potential jobsite haz-
ards. Pedro et al. [15] adopted a similar approach, focusing
on integrating safety information into construction methods
education through interactive VR in order to improve the
safety performance of construction students. Le et al. [6]
developed a social VR-based construction safety education
system for experiential learning that allowed students to
practice construction activities within virtual environment
and recognize potential hazards during this process. These
studies have emphasized advantages such as improved cap-
tivation, engagement and information accessibility through
human—computer interaction-enabled pedagogic systems.
However, current visualization applications for construction
safety education have focused on delivering general safety
information without adequately presenting realistic safety
procedures as well as accident case analysis on construction
sites. Thus far, most studies have focused on technical-push
instead of learning strategies in order to achieve the objec-
tives for construction safety education. This raises a problem
involving how to effectively adopt visualization technologies
for construction safety education.

2.3 Visualization-based anatomy approach
for interactive construction safety education

The medical and surgical disciplines have also encountered
similar problems as those in construction safety education,
especially in aspects of delivering in-depth, context-specific,
interactive and engaging contents, which are authentic and
effective in educating learners. However, anatomy in medi-
cal science, which involves a similar pedagogical objective
to construction, effectively dealt with these related issues
through real experiences with hands-on cadaver dissection.

Despite the longstanding success of the approach [22],
the use of cadaver in medical education has declined sig-
nificantly. Main reasons for this include the high costs for
acquiring, storing and maintaining cadaver [10]: ethical and
religious resistance to the use of cadaver [23] as well as
stress and the burdensome psychological impact of exposure
to human cadaver [24, 25]. In response to these disadvan-
tages, a new approach to anatomy for medical and surgical
education has emerged, leveraging modern visualization
techniques [26, 27]. Various interactive 3D systems have
been developed, to enable engaging, cost-effective and intui-
tive educational systems to deliver context-specific knowl-
edge of human anatomy to medical students. Furthermore,
3D and virtual simulations have been extremely beneficial in
training emergency medical technicians to operate in harm-
ful and critical situations [28].

Jackson [8] stated that there are close resemblances
between the human body and construction building. The
skeletal system of the human body resembles the structural
frame of a building and has a similar function in keeping
parts straight and upright. The circulatory system, which is
responsible for circulating blood and nutrients in the human
body, is similar to the plumbing and mechanical system in
a building for transporting water, waste, heat and air condi-
tioning. Considering these similarities, this paper applies
the visualization-based anatomy approach, which has been
effective in medical education, for construction safety educa-
tion. As highlighted above, several studies utilized VR and
other visualization techniques for construction safety educa-
tion; however, the majority focused on technology aspects,
without adequately addressing pedagogic delivery and teach-
ing strategies. Moreover, existing systems do not enable
learners to interact with virtual/3D content freely in order
to easily access detailed safety information. Furthermore,
conventional pedagogic tools in construction education fail
to cater to students various learning styles and preferences.
This paper introduces the visualization-based anatomy
concept for construction safety education as an innovative
method for interacting with virtual construction buildings
both holistically and anatomically. A visualization-based
anatomy system which provides human—computer interac-
tion is necessary to: (1) provide students with highly detailed
levels of contextual safety information; (2) aid students in
deeply understanding complex construction safety issues and
(3) support learners by providing access to learning materi-
als suitable for various learning styles and preferences.

2.4 Building anatomy model for interactive
construction safety education

Before detailing the BAM framework, the definition of BAM
and other educational terms are specified, for clarity.
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Regarding the resemblances between human body and
construction building structure, visualization-based human
anatomy education has been successfully applied in medi-
cine area for many years and could potentially be an effec-
tive method for construction education. In particular, in
human anatomy safety and health, medical students prac-
tice to diagnose patients’ diseases based on the 3D virtual
body parts’ symptoms. Meanwhile, construction accidents
can be prevented proactively by identifying the hazards
and understanding safety knowledge. As such, construc-
tion safety education borrows the visualization-based anat-
omy concept from medicine, to develop a visualization-
based building anatomy concept (BAC). As illustrated in
Fig. 1, the new concept is figured out by shifting “learn
symptoms, prevent diseases” and “study diseases, make
healthier” to “identify hazards, prevent accidents” and
“learn accidents, make safer” through visualization-based
building anatomy. BAC represents the same educational
strategies from anatomy and applies them for construction
safety education specifically.

According to visualization-based anatomy, some educa-
tional terms related to anatomy features are explained in
more detail as follows:

e Anatomize Display or examine the building structure to
study safety issues related to construction elements;

e Attach and Detach In order to illustrate the safety issues
in conjunction with construction process, these terms
within this study allow to show an individual element or
construction sequences;

Learn Symptoms, Prevent Diseases
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Visualization Based Human Anatomy

Fig. 1 Building anatomy concept for construction safety education
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e Dissect Demonstrate the internal aspects of buildings and
the relationships among construction elements to analyse
the sequential effects when accidents happen.

With this regard, this study aims to answer the question:
“what is BAC and how can construction students use it to
learn and gain safety knowledge”. BAC is designed to pro-
vide an interactive virtual environment in which construc-
tion students are motivated to acquire safety knowledge and
develop safety skills through case-based learning.

From the perspective of BAC, the study develops a novel
approach for interactive construction safety education using
building anatomy modelling (BAM), with the goal of effec-
tively delivering safety knowledge and interactively devel-
oping the safety skills of learners. As illustrated in Fig. 2,
the anatomy approach, which serves as a fundamental basis
for the BAC concept established in this study, is integrated
with visualization technologies. The BAM approach under-
pins various learning activities, whereby students interact
with 3D building models and access safety information
related to specific building elements, acquire safety knowl-
edge and eventually develop safety skills. Key affordances
of the BAM approach for safety education include support
for interactive 3D environments, whereby students are moti-
vated and engaged through case-based pedagogy; support for
highly contextualized safety learning, as related to building
elements and specific construction activities; and detailed
interactive visualizations, which support learning on both
elemental and holistic levels through the predefined anato-
mization and dissection features.

Identify Hazards, Prevent Accidents

Frame

Brick Wall

Windows
Stair
Curtain Wall

Learn Accidents, Make Safer
Visualization Based Building Anatomy
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Fig. 2 BAM approach

Table 1 Safety classification for BAM

Elemental classification (uniformat)

Safety information

Major group elements Group elements Individual ele- Accident type Accident case Safety reference
ments analysis
B. Shell B20. exterior B2020. exterior Fall with boatswain’s chair Template FO1 OSHA standards, multimedia

enclosure windows

resources, safety course material

Fall due to scaffold collapse Template FO2 OSHA 1926.450, multimedia

resources, safety course materials

Fall from opening to below Template FO3 OSHA 1926.500, multimedia

Struck-by falling objects

Other

resources, safety course material

Template FO4 OSHA 1926.95, multimedia
resources, safety course material

As presented in Table 1, the anatomy approach for con-
struction safety education integrates an elemental break-
down of building components with hazard and accident
information pertinent to specific building elements. In
order to facilitate this, 3D building model components are
categorized based on the UNIFORMAT classification and
broken down into groups, subgroups and individual ele-
ments. Thereafter, individual virtual elements are linked
with safety contents including common related on-site
accidents, an accident case analysis template and safety
reference materials. As illustrated in Fig. 7, the purpose of
the accident case analysis template is to provide detailed
information regarding accident causes, prevention meth-
ods and ideal safe practices. Furthermore, safety refer-
ence materials, which include safety and health standards,
multimedia resources and course materials, are linked to
the template, enabling students to conveniently access
additional safety information and then develop their safety
cognition.

2.5 BAM framework

The BAM framework consists of the knowledge acquisi-
tion module (KAM) and the practical experience module
(PEM), as shown in Fig. 3. The KAM represents the safety
knowledge dissemination process in which educators teach

safety lessons to students through accident case-based learn-
ing using BAM models. PEM allows learners to apply their
safety knowledge and develop safety skills such as hazard
identification, elimination and Job Hazard Analysis within
the interactive BAM. The instructional method applied
in both modules is the case-based learning (CBL), which
involves the interactive, student-centred exploration of
realistic and specific unsafe situations. Through this, con-
struction students are expected to understand safety issues
comprehensively and become familiar with common safety
engineers’ works and then develop their safety competency
prior to entering the construction industry.
The following sections describe each module in detail.

2.6 Knowledge acquisition module

KAM focuses on supporting students to acquire a substantial
understanding of construction safety issues through demon-
strative cases which depict safe practices, as well as accident
cases which depict safety violations and jobsite conditions
leading up to safety incidents.

The KAM module is initiated with an introduction to a
safety topic relating to a specific building structure based
on the safety classification for BAM (Table 1). Using BAM,
the educator opens up a virtual project on a big screen, dis-
sects a virtual building and then accesses a specific element

@ Springer



Univ Access Inf Soc

Interactive learning

Introduce accident case in virtual building
> Analyse accident case

> Self-learning and discussion
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Correct mistakes and conclude lesson

Interactive learning
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> Submit reports
Q

Evaluate learner’s performance

BUILDING ANATOMY MODEL

(Visualization based anatomy approach)

Legend:
0 Educator’s task

» Learner’s task

Fig. 3 BAM framework

related to the safety topic of consideration. Selected building
elements are automatically highlighted, allowing learners to
clearly visualize and easily distinguish building elements.
Through the selected building element, the educator loads
up embedded animations and videos of an accident case.
During this process, the educator explains the root causes of
accidents and the severity of their consequences. Following
this, the educator presents animations, which demonstrate
safe practices and emphasize the importance of comply-
ing with safety regulations in order to maintain safety on
the jobsite. Through this process, learners can perceive the
severe consequences of unsafe actions and acquire safety
knowledge.

After receiving the educators’ guidance, students can
login to the system through their personal accounts and
access accident cases, introduced during visually enhanced
lectures within BAM. Through this self-directed approach,
learners can be actively engaged and develop an understand-
ing of proactive safety precautions and methods related to
specific accident cases.

The BAM environment supports real-time human—com-
puter interaction with virtual building elements, allowing
learners to clearly visualize and interactively manipulate
components to acquire safety knowledge. Similar to human
anatomy in the medical area, BAM allows students to use
anatomical tools (e.g. cross section, attach/detach, zoom
in/zoom out, rotation, explode) designed to dissect (cut
through) the virtual building, and access any building ele-
ment in order to retrieve the necessary safety information
embedded in individual elements for interactive learning.
Furthermore, individual elements link to accident case anal-
ysis templates (Fig. 7), allowing students to conveniently
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access detailed safety information including accident type,
root causes and prevention methods. The template also
provides links to Occupational Safety and Health Admin-
istration (OSHA) standards, as well as other explanatory
multimedia resources, in order to cater to diverse learning
preferences and provide students with a holistic understand-
ing of the safety topic.

In addition to the self-learning stages, students also have
to partake in a discussion activity and explore safety issues
through dissection, attach and detach features in BAM envi-
ronment. During this process, the educator plays the role of a
facilitator, responsible for guiding the process, encouraging
discussion and providing additional support as needed.

2.7 Practical experience module

PEM focuses on enhancing safety skills for construction
students through identifying and eliminating hazard cases
embedded virtual construction site in BAM, while educa-
tors play a supervisory role. Educators’ main duties include
notifying students of serious mistakes during hazard identifi-
cation, assessing recorded hazard responses in BAM, evalu-
ating students’ safety performance and providing feedback.
Students are required to role-play as construction supervi-
sors and inspect the BAM site, recognize dangerous condi-
tions and fix them. Prior to investigation, a list of under-
construction activities within the virtual BAM environment
is available to assist students to understand the general site
information. After acquiring general understanding, learners
interactively anatomize and dissect the BAM model in order
to navigate the site. They explore the virtual site and exam-
ine the construction structure as well as analyse elements in
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BAM environment in order to identify site risks and hazards
(Table 2). The hazard types reflect the safety knowledge,
which students learned from previous module. Then, step
by step, they would interactively investigate construction
elements or areas where hazards are embedded. Moreover,
additional information about construction elements such as
material, function and structure would be provided by dou-
ble-clicking the elements. With the support of this feature,
learners are expected to not only easily recognize hazards

Table 2 Construction hazard investigation

but also comprehensively understand about safety issues as
well as construction process operation.

After identifying hazards, learners interactively eliminate
them by detaching wrong and/or attaching right/appropriate
safety facilitates. During the hazard correction process, the
educator alarms students for any serious mistakes that could
cause severe accidents. This would help learners remember
the safety scenarios easily and improve safety attitudes. Stu-
dents would receive complete mission notification for right

IDs Potential hazards

Description of case

Screenshot

1 Fall from mobile scaffold

Workers erected a mobile scaffold to install a truss
frame in front of building. Two wheels of the
scaffold are on the inclined ramp. Workers put a
steel plate beneath the scaffold to prevent move-
ment and keep it level. However, during truss
frame installation, the scaffold suddenly topples
over and a worker falls to his death

[ =<

While moving materials to the 1st floor, workers
remove some parts of guardrail and forget to fit
up them again. Later on, due to the neglect, a
worker falls to his death from the place, which is

Due to a tight schedule, workers continued to do
work on the 7th floor. However, they overlooked
erecting temporary handrails for the staircase
connecting the 6th floor to the 7th floor after

Workers prepared to pour concrete for a wall next
to a staircase’s opening. However, they forget to
erect temporary barriers or take precautionary
measures to prevent fall accidents

To execute the finishing works of the fagcade of a
building, workers removed all handrails and bar-
riers from the edge the building on all building
floors. During finishing works, one worker slips
near the edge and falls down

2 Fall from Ist floor to ground floor due to lack of
guardrails
lack of guardrail
3 Fall from stair due to lack of temporary handrails
finishing concrete work
4 Fall into opening of stair at the 7th floor due to
lack of barriers
5  Falling from height due to lack of barriers at the
edge of building
6  Struck-by falling objects due to lack of safety nets

During the installation of exterior windows on
the second floor, workers on higher floors forgot
to assemble safety nets to protect the workers
below from falling objects. As a result, after
being struck on the head by a falling object, a
worker fell off the scaffolding

@ Springer
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hazard identification and replay the case for wrong hazard
recognition or correction. Through this, BAM can motivate
students to learn and acquire safety knowledge effectively.
Afterwards, students would answer questions and make
reports relating to the hazard cases, in order to assess their
safety knowledge. The report requires students to provide
a hazard description and identify the accident type, root
causes and prevention methods. This could help learners to
retain the safety knowledge for long time through continuous
knowledge recalling process.

Furthermore, BAM allows to automatically record the
students’ hazard identification and correction process that
assist educators to evaluate construction students’ per-
formance and explain critical points about safety issues
for learners. This module aims to develop a comprehen-
sive understanding of construction safety for students and
enhance their safety attitudes and behaviours. Through
this, they can perform safely when entering the construc-
tion industry. Finally, educator corrects student’s mistakes
and evaluates their performance. By interacting with virtual
building in KAM, safety knowledge retention of students
may be enhanced due to their motivation and engagement.
Moreover, practical experience in PEM is necessary to
improve student’s skill as a safety manager in real construc-
tion site.

3 Case study
3.1 BAM prototype design and setup

As illustrated in Fig. 4, there are two key phases in creating
BAM. In the design and modelling phase, 3D models of a
building are simulated based on computer-aided drawing
(CAD) engine (e.g. Revit Architecture, AutoCAD) in order
to create virtual construction sites for interactive learning.
Moreover, simulations of safety facilities are designed to
assist learners to eliminate potential hazards when interact-
ing with virtual construction environment. All 3D models
are classified based on the Uniformat classification accord-
ing to major group elements, group elements and individ-
ual elements so that safety information would be linked to
these individual elements. After that, safety material such
as accident analysis templates, OSHA standards, anima-
tions, digital course material (e.g. e-book, e-lecture) and
multimedia resources (e.g. images and videos of real acci-
dents) is integrated with individual elements of 3D models
in the application phase to develop BAM for construction
safety education. In addition to the BAM interactive learn-
ing features, the system also provides supplementary digi-
tal materials to accommodate users’ learning preferences.
For instance, visual (spatial) learners can access animations
and videos, while linguistic and logical learners can access
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safety standards, reports and accident case analysis tem-
plates. Through this, BAM enables the effective acquisition
of safety knowledge and skills, with techniques suited to
students’ learning styles.

In order to determine the system advantages and limita-
tions, a prototype BAM model was developed based on real
accident cases that may occur during the construction of a
high-rise building. The MySQL Server functions as a data-
base, storing digital safety materials, multimedia resources,
visualization models and students’ profiles. Revit Architec-
ture 2014 was used to simulate 3D models. These models
were imported into Okino PolyTrans 64 and then converted
to NGrain producer environment according to the anatomy
breakdown in order to establish the anatomy prototype.
Lastly, the prototype was encoded to support educational
activities, which could enhance learner—instructor model
interaction, and create an embedded question and answer test
for assessing students’ knowledge. Figure 5 illustrates the
BAM interface comprising: (1) the main window in which
users can manipulate and interact with BAM models; (2) the
parts window which provides a breakdown of the building
or element being viewed; (3)the animation window which
provides links to supplementary digital materials (videos or
animations) relating to the selected element; and (4) func-
tion windows and toolbars which allow users to cross sec-
tion, zoom out/in, rotate, highlight, anatomize, cut through
BAM elements. These anatomy functions support users to
acquire safety knowledge and develop safety skills interac-
tively within virtual BAM environments.

3.2 BAM prototype implementation

The prototype was implemented in the CONTIL Laboratory
at the department of architectural engineering in Chung-Ang
University, South Korea, and Ton Duc Thang University in
Vietnam. A pilot BAM trial was carried out by educators
and students in order to identify the BAM advantages and
limitations.

Firstly, educators delivered a safety lesson pertaining to
fall accidents, with a case of a fall from a boatswain’s chair
during the installation of exterior windows in a high-rise
building. A fall from a specific height case was chosen since
falls have the highest proportion of “Fatal Four” construc-
tion accidents according to OSHA statistics [29].

In order to disseminate the safety information based on
this falling accident, educators dissected the virtual high-rise
building BAM model to establish the context around the
case and then navigated to the exterior window in the 3rd
floor facade. Next, they explored an attached link to the fall-
ing accident case, with a video demonstrating a worker using
a boatswain’s chair to carry out finishing work of the exterior
window. As demonstrated in Fig. 6, the teacher zoomed in
and clicked on the exterior window in the BAM models main
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Fig. 4 BAM development process

screen that linked to a couple of related accident videos in
the animation windows as well as the element breakdown
structure in the parts windows. Then, the educators clicked
on the video titled “Fall with boatswains’ chair” to deliver
safety knowledge to students. In this case, while the video
was playing, the educators explained that a pulley connect-
ing with the seat suddenly disconnected from the connecting
bolt, and the worker fell to his death. During this process, the
instructor used the BAM model to explain the root causes of
the accident due to the unsafe structure of the boatswain’s
chair and lack of an independent lifeline for the personal fall

arrest system. The instructor showed an additional animation
demonstrating safe work practices with boatswains’ chairs
and emphasized the importance of complying with safety
regulations in order to prevent accidents. Through these pro-
cesses, learners could perceive the context of the accident
case, recognize fatal consequences of falling accidents and
acquire safety knowledge.

The instructor used BAM to emphasize that different
construction methods have different risks of accidents, by
teaching students using various accident scenarios within
the BAM environment. For example, the construction
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Fig. 7 Accident case analysis template for the case of fall with boat-
swain’s chair

method for exterior windows is different to that for inte-
rior windows, and the construction method for third floor
exterior windows is different to that for exterior windows
at the ground floor of high-rise building too. The instruc-
tor used BAM to contextually distinguish between safety
rules and precautions for each construction method in order
to prevent construction accident and ensure safety practice.
In order to illustrate this information, the educators would
access the template by right clicking the element related to
the accident within BAM after playing fall video. As shown
in Fig. 7, the template provides additional detailed informa-
tion regarding the accident type and description, and root
causes. Furthermore, links to digital safety course materi-
als and multimedia resources are available for students. The
instructor also accesses the OSHA standard tab and clicks on
OSHA 1926.143(0)(3) (Fig. 7) linking to this article in the
OSHA website depicting the safety requirements which must
be complied with to ensure safety with boatswain’s chairs.
Secondly, in order to consolidate safety knowledge, stu-
dents are required to partake in a self-learning activity and
analyse a falling accident from a scaffold within BAM. Fol-
lowing the instructor’s guidance, students login to the sys-
tem through their own accounts and navigate to the same
exterior window and access a video of a fall from scaffold
accident. In this case, workers use mobile scaffolds instead
of a boatswain’s chair while carrying out finishing work.
However, a worker falls off the scaffold because of work-
ers not checking the stability of the scaffold. Similar to the

visualization-based anatomy approach in the medical field,
3rd floor exterior window is automatically highlighted,
allowing learners to clearly visualize and easily distinguish
other building elements. Moreover, safety information
embedded in this exterior window includes accident type,
causes of accidents, sequences of safe practice and preven-
tion methods, in order to help learners clearly understand
this accident. For this accident case, these safety contents are
aligned with construction method of using scaffold accord-
ing to the safety standard (OSHA 1926.452 (w)). Students
can access the OSHA website to understand OSHA require-
ments of using mobile scaffold to assure safety. By analys-
ing different construction methods for finish work of the
same exterior windows, students thoroughly understand the
importance of construction method affecting safety prac-
tice, as well as the compliance of safety standard for the
given construction method. During the learning process, the
instructor’s role is to guide learners as to how to interact
with BAM, stimulate discussion and correct students’ mis-
takes. Through BAM, students play an active role in acquir-
ing safety knowledge.

Next, students are required to interactively investigate
construction hazards by using the anatomy functions in
BAM in order to improve their hazard identification and
elimination skills. Students play the role of supervisor and
identify construction hazards (Table 2) by navigating the
exclamation signs within BAM. Before hazard investigation,
a pop-up information window including a list of construction
activities is available in the virtual BAM environment in
order to help learners understand the status of the construc-
tion site.

After gaining a general understanding of the virtual con-
struction site, learners close the pop-up window and start to
interactively dissect the building in BAM in order to navi-
gate dangerous situations and identify potential hazards.

In the virtual building, some workers are preparing to
pour concrete on the 7th floor, and another group of work-
ers is installing exterior windows on the third floor of the
building, while a third group installs a truss in front of the
building. When students navigate the truss frame in front of
the building, they can see the mobile scaffold supporting the
installation of this truss frame. Students zoom in and see half
of the mobile scaffold positioning on the level floor, while
remaining half of scaffold is on a ramp, which has inclined
plane. After double-clicking on an exclamation sign tagged
on this scaffold (Fig. 8a), a new window opens up, showing
the detailed description of working situation on the scaf-
fold and the 1st question entitled “are there any hazards in
this scenario?” (Fig. 8a). The student is required to answer
by selecting Yes or No. If students answer incorrectly, a
reply notification pops up announcing “WRONG ANSWER!
MINUS SCORE” along with an audio alarm. Students are
then required to re-answer the question until they finish
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this task with the right answer. After that, students move
to the second multiple-choice question asking what types
of hazards exist (Fig. 8b). Similar to the previous question,
students can only move to the next once they have identified
the right accident type. Thereafter, students answer the third
multiple-choice question related to the root causes of acci-
dent and then move to the next step after answering these
questions correctly.

All pop-up windows are then closed, and the students
start to eliminate the identified hazard by interacting with
the BAM. As illustrated in Fig. 9, a library on the left side
of the BAM interface shows safety facilities (wedges, brac-
ings) for hazard elimination, while a pop-up instruction
window on the right side (Fig. 9a) instructs learners on how
to eliminate the hazard. Following the instruction on the
right window, students use their mouse to drag and drop
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the right safe facility to appropriate location in the virtual
scaffold displayed in the centre screen of BAM. Firstly, stu-
dents replace the steel plate underneath with a big wedge
to balance the mobile scaffold and then add four bracings
to secure it. If students choose the wrong safe facilities and
place them in the wrong location in BAM, a notification
will alarm learners, and ask them to redo hazard elimination
task. Otherwise, a “hazard eliminated” notification (Fig. 9b)
along with a congratulatory sound effect will be available
to inform students that the hazard has been removed and the
inspection task for the first hazard has been completed. To
thoroughly understand the hazards as well as the accident
prevention methods, students move to the next step of job
hazard analysis (JHA). In this step, a pop-up window show-
ing the JHA form is available for learners to fill in informa-
tion regarding the safety regulation and prevention method
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(Fig. 10). After completing this form, the right JHA form
will pop up to show the right answers in red colour in order
to help the learner understand the right OSHA article for
compliance and the right prevention methods in order to
prevent accident.

After inspecting the first construction hazard, students
continue to navigate around the virtual building to investi-
gate other potential hazards. When the six construction haz-
ards assigned by the instructor are checked by the students,
a “mission complete” notification informs them about the
completion of the hazard investigation job. It is noted that
the hazard identification and elimination are automatically
recorded in order to help the students review their perfor-
mance and support the educator in evaluating the students.

[E=3 | Eo8 )

JOB HAZARD ANALYSIS

Type of accident, | Falling from mobile scaffold | Element| The truss
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The truss is already installed. Two
workers are carrying out the painting
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P e
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4. | Stabilise the mobile scaffold with bracings ¥ 5
Submit
Fig. 10 JHA

Fig. 11 Evaluation framework

4 Evaluation
4.1 Evaluation process

In order to address the pedagogic effectiveness and limita-
tions of the new education concept and the BAM system,
an evaluation scheme was designed, comprising the fol-
lowing three phases: building anatomy concept evaluation,
BAM usability evaluation and BAM effectiveness evaluation
(Fig. 11).

Phase 1, BAC evaluation, focused on evaluating whether
the new anatomy concept for construction safety education
is innovative and whether it has pedagogic potential for con-
struction safety education. Educators and construction engi-
neers played a central role in identifying the applicability of
the new concept through the strengths, weaknesses, oppor-
tunities and threats (SWOT) analysis method. Initially, the
anatomy idea and the application method for construction
safety education were explained in detail. Then, discussion
sessions were held with educators and construction engi-
neers in order to ensure the participants understood BAC.
Subsequently, interviews with construction engineers and
educators were conducted to identify the advantages and
limitations of BAC for construction safety education.

Phase 2, BAM usability evaluation, was based on a sys-
tem trial focused on accounting for educators’ and learners’
experiences in interacting with the BAM system. Phase 2
was concerned with the impact of the system; its constituent
tools and functions; the Graphic User Interface (GUI); the
system workflow; and overall user satisfaction. The usabil-
ity evaluation was conducted with educators and students
who directly experienced using the system prototype. The
educator delivered a visually enhanced lesson on falling
accidents based on accident scenarios through BAM and
then explained how students can individually recognize and
eliminate hazards within the interactive BAM environment.

Objective Target

Process

Method

Building Anatomy BAM Usability BAM Effectiveness
Concept Evaluation Evaluation Evaluation
Educators Educators

Construction Engineers

Construction Students

Construction Students

. . Traditional BAM
BAM Idea Explanation BAM Introduction Method Method
Discussion System Trial Effectiveness
Measurement
Questionnaire & Participant Observation Result Analysis and
Interview & Questionnaire Evaluation
Independent T-test,
SWOT analysis Scoring, Likert Work-load Cognition,

Long-Term Memory
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Students were then required to reflect on their safety knowl-
edge and interactively identify and mitigate hazards, which
could lead to accidents in BAM.

After a short break, the educator and the students
answered questions about BAM usability according to the
following criteria [5, 6, 15, 30]: (1) ease of use, i.e. focus-
ing on learners comfort and how simple it is to execute
tasks within BAM; (2) ease of navigation, i.e. considering
how easily learners can navigate through system interfaces,
tasks and functions; (3) intuitiveness of design, focusing on
how well the workflow of the BAM system follows user’s
intended actions; (4) interactivity, considering how interac-
tive the system features are; (5) capability in handling high
detail and complexity of models; and (6) effectiveness in
visualizing safety contents.

Phase 3, BAM effectiveness evaluation focused on objec-
tively comparing the safety knowledge and skills of learn-
ers taught with traditional methods and the proposed BAM
method. This approach involved assessing the baseline
knowledge and skills level of learners in two groups and
then assessing their safety performance following learning
and instruction with the traditional and BAM approaches.
Through this, the immediate and short-term impact of
BAM on the acquisition of safety knowledge and skills can
be evaluated. Furthermore, the workload cognition impacts
of both approaches would be assessed, and 6 months after,
long-term safety knowledge retention would be assessed.

4.2 Evaluation results

Table 3 presents a participant summary including gender and
experience of all participants for the evaluation scheme of
the proposed BAM system. As shown in Fig. 11, educators
and engineers participated in BAM concept evaluation with
a SWOT analysis, while educators and thirty-one construc-
tion students experienced the BAM system and evaluated
its usability in terms of the aforementioned criteria. For the
objective evaluation of BAM effectiveness, a paper-based
test was carried out in a real class to measure the learning

Table 3 Participant data

Educator Engineer Con-
struction
student

Number of participants 8 7 31

Gender (male/female) (7;1) (651) (26:5)

Experience 4th year
under-
graduate
student

> 10 years 2

5-10 years 4

< 5 years 2

@ Springer

outcomes of 4th year construction students by randomly
dividing the class into a BAM group of thirty-one students
using the proposed BAM system for their learning and a
group of thirty-one students following the traditional method
(whiteboard lectures).

In order to evaluate the BAC and BAM systems for con-
struction safety education, interviews and discussions were
conducted with eight educators (from Chung-Ang Univer-
sity in Korea and Ton Duc Thang University in Vietnam)
and seven Vietnamese construction engineers. Face-to-face
interviews, Skype interviews and web-based surveys were
used to acquire feedback regarding the proposed concept.
These interviews focused on the applicability of the anat-
omy concept for construction safety education. Interviewees
stated that using BAC is innovative, and it greatly enhances
current pedagogic processes for construction safety educa-
tion. Educators also emphasized that the interactive anatomy
features of BAM could actively engage learners, facilitate
hands-on learning and drive them towards safety compe-
tency. In addition, the interviewees also emphasized that the
variety of digital learning materials available would cater
to diverse learning preferences and also make construction
safety education more interesting and effective in delivering
safety knowledge. A few quotes regarding the potential of
BAM were provided as follows:

I believe that BAC would bring a new way of learn-
ing for construction education as a whole, not only for
construction safety. It could be effective for construc-
tion quality and structural engineering courses as well
(Educator No.1);

BAM seems to be a powerful tool with great potential
to transform construction safety education. I think it
can help to make complex construction safety content
clearer, and easier to visualize. Not only at universi-
ties, but also in industry training and practice as well
(Educator No.4);

To date, the construction industry has not adopted any
educational tool or system as interactive as BAM. 1
feel the BAM features could captivate and motivate
students to learn about safety issues (Engineer No.1);

This is definitely an innovative idea for construction
education and training (Engineer No.3);

I think the main benefit of this approach is the ability
to easily integrate different types of safety resources.
Students can access the type of learning materials they
are most comfortable through this (Educator No.7).

Eight educators and thirty-one students participated in a
hazard identification and elimination tasks and then evalu-
ated the usability of the BAM system in terms of the afore-
mentioned criteria. The subjects rated the usability criteria
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based on the statements provided, using a Likert scale with
responses ranging from 1 (strongly disagree) to 5 (strongly
agree). Preliminary results show that participants agreed that
the BAM model is a powerful tool for construction safety
education. As shown in Fig. 12, educators stated that the
BAM model is very easy to use and has a high level of inter-
activity. They also considered the attaching and anatomiz-
ing features very detailed, and more interactive than any
traditional pedagogic tool. Moreover, students emphasized
that visualizations in BAM were significantly more engag-
ing than the traditional material and tools currently used in
universities. They agreed that the BAM approach is learner-
centred; hence, it would actively hold learners attention dur-
ing safety education. However, both learners and educators
found navigation within the BAM environment a bit compli-
cated; hence, the low score is shown in Fig. 12. In order to
address this, educators recommended more instruction and
guidance to assist students during learning activities within
BAM. Participants considered the workflow within BAM
environments intuitive and easy to follow. BAM visualiza-
tions ran smoothly, providing clear visualizations of compo-
nents without glitches. However, the full-scale system with
many models and scenarios would require the use of com-
puters with high-speed central processing units (CPUs) and
at least 2 GB of random access memory (RAM). Educators
and engineers also raised concerns about the time required
for model development and the immense storage capacity
necessary for BAM contents.

In order to evaluate BAM effectiveness, an objective
evaluation was conducted in real class settings with sixty-
two undergraduate students to measure learning outcomes.
Firstly, these 4th year construction students were randomly
split into two groups—BAM group and traditional group.
The proposed BAM method and traditional education were
utilized to deliver construction safety knowledge to BAM
and traditional groups, respectively. Afterwards, a paper-
based examination (comprising 20 multiple-choice ques-
tions, with a total score of 100) related to safety lessons
was carried out for all sixty-two construction students. Sub-
sequently, an independent 7 test model was developed in
order to determine whether there was a statistically signifi-
cant difference between the score means in the two groups.
The null hypothesis was that the score means from both edu-
cational methods are same, while the alternate hypothesis
was that the score means from the two educational methods
are significantly different. The 5% significance level was set
to analyse the learning score of construction students by
using SPSS20 statistics software. Table 5 represents statis-
tical results of the Levene’s test and the independent T test
for the two educational approaches. As given in Table 5,
the p value (0.223) of Levene’s test for equality of vari-
ances is greater than the significance level of 0.05. It can
thus be concluded that there is no difference in the variances

Table 4 Group statistics

Paper-based test

Education method  Number of Mean  Std. deviation  p value
students

BAM group 31 84.68 6.44 0.001

Traditional group 31 76.13  7.61

between two groups. Therefore, the independent T test for
equality of means is tested based on the homogeneity of
variance. As given in Table 4, the mean value and stand-
ard deviation are (84.68 and 6.44) for BAM and (76.13 and
7.61) for the traditional approach, respectively. The p value
of 0.001 is smaller than the significance level of 0.05 to
reject the null hypothesis. Furthermore, the mean score of
the BAM group is higher than the mean of the traditional
group; therefore, it can be concluded that the proposed BAM
system is more effective than the traditional method. In other
words, learners studying in the class using BAM system had
a higher score than those learning the traditional class based
on whiteboard lectures. This objective evaluation partially
proves that the proposed BAM system can improve construc-
tion safety education and help learners to effectively acquire
construction safety knowledge.

5 Discussion and conclusion

Construction projects are consistently becoming more com-
plex, requiring knowledgeable, highly skilled and competent
professionals for their safe and timely execution. Tertiary
safety education can play a vital role in promoting safety
performance; however, current construction management
curricula do not pay attention to safety aspects and conven-
tional pedagogic teaching strategies and tools fail to actively
engage students to acquire knowledge.

This study presents an innovative education system for
construction safety, which integrates virtual reality and BAC
to interactively deliver construction safety education. BAC
was found to have major potential not only for safety, but
also for construction education as a whole. A BAM proto-
type was developed and evaluated through system usability
trials, user observations followed by discussions, and ques-
tionnaire interviews. A comparison between traditional
pedagogy and BAM was carried out through learner tests
in order to objectively evaluate the effectiveness of the pro-
posed system. Thus far, results suggest that the proposed
model can be an effective pedagogical tool to enhance teach-
ing processes and students’ knowledge acquisition on con-
struction safety issues. The results of the study have shown
that BAM for construction safety education is feasible and
has significant benefits in terms of interactivity for learners
over conventional methods. Despite the comparison between
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Fig. 12 Results of BAM usabil-
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Table 5 Statistical results of

; A Independent samples test
Levene’s test and independent

T test

Levene’s test for equal- 7 test for equality of means
ity of variances

F p value t df p value (2-tailed) Mean difference
BAM group
Equal 1.519 0.223 4.774 60 0.001 8.55
variances
assumed
Equal vari- 4.774 58.431 0.001 8.55
ances not
assumed

two educational approaches to objectively evaluate the BAM
effectiveness, learners’ knowledge needs to be assessed
before and after their experience with BAM, in order to fur-
ther validate and ascertain the impact of BAM on learning
outcomes. Moreover, in order to comprehensively evaluate
BAM effectiveness, future work will assess the long-term
safety knowledge retention and workload cognition impacts
of both educational methods with the full-scale system after
6 months. In addition, future developments will include intu-
itive features and a self-reported evaluation form, which will
allow students to input their learning preferences and auto-
matically receive learning resources based on their personal
learning styles.

In order to reduce the complexity and time consumed
in BAM content creation, it is possible to use the existing
building information models (BIM) from past construc-
tion projects. In the current implementation, the process of
linking related safety videos, documents and accident cases
required the efforts of educators and content developers.
However, given the recent advances in linked data, and the
possibilities created by the industry foundation classes (IFC)

@ Springer

data model, it is gradually becoming easier to automate the
process of managing and delivering construction-related
contents. Future research will consider implementing BIM,
ontologies and linked data technologies with BAM in order
to reduce complexities and automate certain aspects of the
BAM content creation process. This could also address con-
cerns regarding the modelling and programming costs for
the full-scale BAM system. Considering the pervasive nature
of mobile devices, the BAM system has the potential to pro-
vide any learner access to safety contents anywhere and at
any time. In addition, the proposed system is extensible for
use in the information-intensive construction industry; the
BAM approach combined with ubiquitous computing and
online technologies could support digital access to safety
information anywhere and anytime. Future work will also
consider the anatomy model in conjunction with augmented
reality (AR) and cloud computing for enhancing commu-
nication and information accessibility in the construction
industry.
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