Kassem et al. Visualization in Engineering (2017) 5:16 H H H H H H
DOI 10.1186/s40327-017-0054-1 Vlsua | |Zat|on In E ngl neeri ng

REVIEW Open Access

Virtual environments for safety learning @
in construction and engineering: seeking
evidence and identifying gaps for future

research

Mohamad Kassem', Leila Benomran? and Jochen Teizer®”

Abstract

Background: Injuries and fatalities resulting from work place accidents remain a global concern within the construction
and engineering sectors. Education and training of personnel are two of the primary approaches for establishing a safe
work environment. Virtual Environments (VE) are being increasingly investigated as a complementary approach for safety
learning. Despite the proliferation of VE studies for safety learning, there is still limited evidence about their effectiveness
or benefits, extent of coverage of the risk management process, and limitations.

Methods: This articles poses the following research questions: (1) are VE providing an effective learning means to
address safety risks in construction and engineering sectors?, (2) what are the areas that require improvement?, and (3)
to what extent are VE addressing the established risk management process (i.e, risk identification, risk evaluation, risk
response planning, and risk monitoring and control)? To address these the research questions, this research employs: (a)
a systematic literature review and analysis of VE studies for safety learning; and (b) a gap analysis technique.

Results: The findings suggest: (a) the evidence of the effectiveness of VE as an intervention for safety learning
across the entirety of the risk management process are still limited; (b) 'risk identification’, where learners improve
their abilities to spot hazards, is the most investigated phase in the risk management process, () VE applications
in other risk management phases (i.e. risk evaluation’, risk response planning’, and ‘risk monitoring and
controlling’) receive very limited attention compared to the risk identification phase.

Conclusion: The areas of recommendations for future research included the need to: (a) intensify real-life
observational studies to provide evidence about the comparative performance of learners in VE against those of
learners by other means through the setting of control groups; (b) extend studies to, and concurrently address,
all the risk management phases; (b) intensify studies in other sectors including chemical, oil and gas, and
manufacturing; (d) address human factors such as communication, language and cognitive distraction. An
analysis of the limitations of current VE studies in each of the recommendation areas accompanied with
suggestions for future research is proposed.
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Introduction

Workforce safety is a global concern. The engineering
industry, in particular the construction sector, has one of
the highest rates in fatal injuries (Table 1). For example,
construction in the United Kingdom (UK) is regarded as
one of the most hazardous industries: 32% of all UK fa-
talities occur in construction despite the sector’s em-
ployment of 6.3% of the total workforce (HSE 2015b).
Recent statistics from other countries (see Table 1) show
that the reported fatalities in the construction industry
remain very high.

This is a reason, why improving the safety perform-
ance in the construction and wider engineering industry
has attracted significant interest recently. Multiple
methods of interventions have been investigated includ-
ing the use of Virtual Environments (VE) to train and
educate students and industry workers on safety man-
agement. Although full scientific corroboration and ma-
ture practical solutions are yet to be reached, three key
propositions underpin research and development in VE:

e there is a link between the rehearsed activities and
performance within the VE and the actual
performance and learning outcomes (Bachvarova
et al. 2012; Li et al. 2008; Lin et al. 2011),

e training in VE reduces the time and cost compared
to the learning and training process in the real
world (Bachvarova et al. 2012; Li et al. 2008; Lin
et al. 2011), and

e VE provide the possibility of conducting training on
high risk activities that cannot be implemented in
field-based training (Addison et al. 2013), for ex-
ample, the feasibility of setting hazardous situations
that endangers a person’s life (Liu et al. 2010).

While the second and third propositions can be rea-
sonably accepted without the need for research explor-
ation, it is important to corroborate research evidence
about the first proposition. Indeed, if the third propos-
ition is not valid, the benefit of VE expressed in the first
two propositions would become insignificant for the
purpose of safety learning and training. Unless such evi-
dence is provided about the link between VE learning
and training and the actual performance outcomes of
learners, research in this area would merely be based on

Page 2 of 15

anecdotal evidence. Using these considerations as a
point of departure, this paper aims to address two key
research questions:

e are VE providing an effective learning and training
means to address safety risks in construction and
engineering industry?; and

e to what extent VE are addressing the established
risk management process (i.e., risk identification,
risk evaluation, risk response planning, and risk
monitoring and control).

To address the two research questions, this paper re-
views and analyses the body of the literature proposing VE
as an intervention to address safety risks in the engineer-
ing sector. This includes, as far as the selected scientific
databases cover them, sectors in the construction, military,
manufacturing, oil and gas and other related engineering
sectors. The study adopts a protocol-led systematic litera-
ture review and a gap analysis technique based on a
proven risk management process (ISO 31000-2009) (ISO
2009). It seeks to determine whether there is evidence
about the uses and benefits of VE for addressing safety
risks in the construction and engineering industry. It will
identify potential research gaps and future directions.

The identified studies in the systematic review will be
mapped against the risk management framework. Poten-
tial gaps will be identified and recommendations will be
made. The following sections provide: (a) clarification of
the terms used across the reviewed research articles; (b)
explanation of the methodology and stages used in the
research; (c) analysis of the identified studies according
to their coverage of the risk management process,
learner groups and countries; (d) discussion of the com-
munalities, differences and gaps in the identified studies,
and (e) suggestion of recommendations for future re-
search, and (f) conclusions.

Review of key terms and concepts

The ‘Construction and Engineering Industry’ incorporates
all economic sectors or activities that are involved in the
realization of physical assets. It encompasses all tech-
nical sectors that are characterized with complex pro-
cesses and systems. These include the building, civil,
chemical, and oil and gas sectors.

Table 1 Recent construction workforce safety statistics from China, Germany, UK, and U.S.

Country Fatalities

China 2634 construction workers lost their lives in 2011 (State Administration for Work Safety 2013)

Germany 86 fatalities in construction in 2015. An average of 91 lives per year between 2010 and 2015 (Teizer and Melzner 2015)

UK 144 fatal injuries in 2016, of which 43 were recorded in the construction industry (same as the 5-year average of 43) (HSE 2016)

us. 937 construction fatalities recorded in 2015 (OSHA 2017)
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Virtual Environments’ (VE) are acknowledged as
computer-based virtual machine settings, which are a
combination of virtual machine monitors and hardware
platforms (Hale and Stanney 2014). In this paper, VE will
be considered as inclusive of all forms of visualization
including Virtual Reality, Serious Games and ‘Building
Information Modelling™-based applications such as ‘4D’
(three-dimensional model and project schedule). Example
applications related to BIM are shown in Figs. 1 and 2.

Virtual Reality’ (VR) engages not only the user’s vi-
sion but also the sound, haptic (touch), smell and taste
with computer interfaces that encompass often real-time
interaction (Burdea and Coiffet 2003). The concept of
VR was first materialized in the 1950’s and has rapidly
developed in many fields for a multitude of purposes
(Mihelj et al. 2013). Key applications of VR are in the
education and training as it represents a safe and con-
trolled environment for learning purposes. Much of
these VR applications are implemented through the use
of a game for learning or training purposes which can be
considered as a ‘Serious Game’ (Navarro 2012). The term
‘Serious Game’ is based on the notion that a connection
is formed between a serious purpose — other than fun —,
information and gaming technology (Sawyer and Rejeski
2002). Serious games do not place amusement as the
primary objective (Chen and Michael 2005) and must be
able to contextualize the user experience in realistic
stimulating environments which encourage situational
learning (Watkins et al. 1998).

Using the above definitions of VE and VR, studies were
included in the review even if they address only the user’s
vision. Other forms of VE are those associated with Build-
ing Information Modelling (BIM) environments. BIM is
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considered as the current expression of digital innovation
within the construction industry (Succar and Kassem
2015) and its emerging uses are being explored in all areas
of the construction sector including the safety education
and training (Zhang et al. 2014). 4D refers to a virtual and
visual rehearsal of the construction schedule obtained by
adding the time to the model objects.

Safety risks are managed according to a proven risk
management framework (ISO 31000-2009) which is uni-
versally adopted across all industry sectors (ISO 2009).
The Risk Management Process includes four key phases,
namely of risk identification, risk evaluation, risk re-
sponse planning, and risk monitoring and controlling.
They are implemented throughout the lifecycle of any
project to either eliminate or reduce the impact or prob-
ability of any adverse event.

Risk identification is the first step in the management
process and aims to capture and record all potential
causes of hazards. Risk evaluation entails assessing the
magnitude of each risk based on its probability of occur-
rence and impact. This can be achieved using qualitative
or quantities methods. The aim of the risk evaluation
phase is to prioritize the risks separating the acceptable
ones from those that will require treatment (HSE
2015a). The results from the risk evaluation are then
used to develop adequate measures at the risk response
planning. In setting up responses to the evaluated risks,
the response strategy usually employs a sequential hier-
archy of measures that starts with eliminating the risk as a
first priority, with the subsequent steps being to reduce,
isolate, control, and implement safe systems of work or as
a last resort employ the use of Personal Protective
Equipment (PPE) (Butler 2014). The risk monitoring and

Fig. 1 Visualizing confined workspace (Li et al. 2008)
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Fig. 2 Planning protective guardrails (Teizer and Melzner 2015)
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controlling phase implements either proactive routine
inspections or reactive examination after an incident has
occurred. It aims to ensure the effectiveness of the imple-
mented risk management measures. In combination, the
phases of risk management provide a proven approach for
risk prevention and reduction. Therefore, managing safety
risks in the engineering industry requires knowledge and
skills in the implementation of all the phases of the risk
management process. It is expected that VE research stud-
ies for safety education and training address the needs of
this process by covering all its core three phases (risk
identification, risk evaluation, risk response planning).
This paper also verifies this hypothesis by mapping the
identified studies against the key phases of the risk man-
agement process.

Methodology: stages and implementation

The methodology adopted in this research combines a
systematic literature review and a gap analysis technique.
The systematic literature review is usually used to
identify and assess available studies on a topic area or a
focused research question. It aims to present a fair
evaluation of a research topic by using a trustworthy,
rigorous, and auditable methodology (Kitchenham and
Charters 2007). It follows a transparent process with a
predefined search strategy (Boland 2014).

An essential step in systematic literature reviews is to
develop a focused research aim to ensure that the search
is directed towards relevant literature (Aveyard 2010). For
this paper, the aim was developed by adapting the struc-
tural outline of PICO (Population, Intervention, Compari-
son, and Outcome) (Table 2). By joining the different
elements of the PICO structure, the research aim was for-
mulated as ‘review and analysis of virtual environment re-
search as an intervention to address the construction and
engineering industry safety risks through educating and
training’. This element in the design of the systematic
literature review is crucial to both (1) direct the search
towards paper contributing to our quest for evidence re-
garding the effectiveness of VE as intervention for to

address safety risks within the construction and engineer-
ing industry, and (2) exclude VE studies for safety learning
and training that do not include that element of evidence
or comparative performance.

Following the setting of the research focus, the next step
is to define an adequate search strategy. The search strat-
egy, if applied properly within a systematic literature review,
can lead to representative results with limited or irrelevant
exclusions (Hamer and Collinson 2005). The search strat-
egy included the following stages and outcomes:

e Stage 0 - Identifying pertinent databases and
defining keywords and Boolean operators:
Electronic databases pertinent to education, social
sciences, engineering and information technology
were selected. SCOPUS was the main search portal
utilized as it hosts a multi-disciplinary research
platform, holding a wide selection of peer-reviewed
journals. Individual databases searched were:
ScienceDirect, ASSIA (Applied Social Science Index
and Abstract), ACM (Association for Computer
Machinery), and ITCon (Information Technology in
Construction). The research question must be
divided into keywords for the purpose of searching
the databases (Petticrew and Roberts 2008). Table 3
shows the PICO structure and Boolean operators
that were used to aid breaking the research question
down into its components and keywords. Other well
suitable keywords exist, for example ‘military” or

Table 2 The PICO structure for the proposed research

P: Population Construction and Engineering industry

workforce

I Intervention or issue
of interest

VE to improve safety learning and training

C: Comparison Comparison of performance between

learners in VE vs. learners by other means

O: Outcome Improved health and safety performance

of workforce?
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Table 3 Keywords and Boolean logic used in the search strategy

Strand

PICO Keywords

S1

S2

S3

S4

Population Engineering Industry OR
Construction OR

Oil & Gas OR
Mechanical OR
Chemical

Intervention Virtual Reality OR
VR OR
Visualization OR
Serious Games OR
Game Engines
Performance OR

Health and Safety OR

Comparison

Health and Safety Performance OR
Risk OR

Hazard OR

Threat

Education OR

Training OR

Outcome

Learning OR
Teaching OR

Knowledge

‘manufacturing’ for population and ‘virtual environ-
ment’ and ‘augmented reality’ for intervention. These
can be added in future research.

Stage 1 - Pilot search: This stage applies the
keywords without any specific filters. It is an
important stage in the process to identify all of the
potential primary studies on the topic (Kitchenham
and Charters 2007). This pilot search examined all
aforementioned databases and returned more than
30 thousands results suggesting a significant interest
in the search terms.

Stage 2 - Amended search: In this stage the initial
search is amended to exclude the studies that are
not relevant to the research question by applying
the Boolean and other filters and limits. Due to
the high volume of literature retrieved in the trial
search, limitations were applied to restrict studies
outside of the years ranging from 2000 to 2015
(in total 16 years). All book chapters were
omitted and marked as an exclusion filter.
Amendments also included developing a filter
using the NOT’ Boolean operator to exclude
papers that were of a medical nature. The
amended search strategy returned 331 papers.
Stage 3 - Title and abstract search: This stage
examines the titles and abstract of the papers
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returned from Stage 2 and exclude studies that are
not relevant to the research question: titles that did
not mention virtual environment/reality/
visualization or training terms were excluded;
abstracts that did not mention the construction and
engineering industry terms, and studies that did not
include assessment and/or comparison of safety
performance, were all excluded at this stage. At the
end of this stage 243 papers were excluded and 88
passed to the second stage.

Stage 4 - Inclusion/exclusion criteria: This stage
applied the inclusion and exclusion criteria from
Table 4. The papers excluded at this stage were
mainly studies that were not fully focused on safety
and/or did not include evaluation or case studies of
the VE with the involvement of learners. 39 studies
remained at the end of this stage.

Stage 5 - Methodological assessment for final
inclusion: This stage assesses the full text of the
identified studies and judges their methodological
quality. The results were compiled for all studies in a
methodological quality standard assessment check
sheets. The papers were assessed based on the
structure and quality of the introduction, research
method, results and conclusion. 11 studies were
excluded at this stage and 28 studies represented the
final seed of studies.

Stage 6 - Final inclusion of papers and coding:
The identified 28 studies were collated in a master
table, which in addition to their general metadata
(author, year of publication, title of study) included
their key characteristics (type of learners/
participants, engineering sector type, risk
management phase/skill) was created to clearly
display the results. Table 5 includes a brief summary
of the identified studies and their major
contributions.

Table 4 Inclusion and exclusion criteria

Inclusion criteria

Exclusion criteria

- Primary studies that are related
to the research aim

- Studies of high methodological aim
standards

- Academic or peer-reviewed journals

- Material written in English language

- Studies that include the testing of
the VE in with the involvement of
learner groups

- Studies that do not cover the
specific themes of the research

- Material that is not based in
the specified setting of the
engineering industry and
health and safety education
and training

- Studies that do not include
evaluation or testing of the
VE with the involvement
of learners

- Material that is duplicated

- Studies in languages other
than English
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Table 5 Studies identified from the application of the systematic literature review's search strategy and protocols

Author

Title

Carozza et al. (2013)
Cheng and Teizer (2013)

Dawood et al. (2014)
Dickinson et al. (2011)
Guo et al. (2012)

Guo et al. (2013)
Goulding et al. (2012)
Greuter et al. 2012)

Hadikusumo and Rowlinson (2002)

Li et al. (2012a)

Li et al. (2012b)

Li et al. (2015)

Lin et al. (2011)
Nakai et al. (2014)
Nazir et al. (2013)
Nickel et al. (2013)
Park and Kim (2013)
Perlman and Sacks (2014)
Sacks et al. (2013)
Teizer et al. (2013)

Visser et al. (2012)

Wang and Dunston (2007)
Wang et al. (2015)

Xie and Carr (2010)

Xie et al. (2006)

Zhang et al. (2015)

Zhang et al. (2013)

Zhou et al. (2013)

Image-based localization for an indoor VR/AR construction training system

Real-time resource location data collection and immersive 3D visualization technology for construction
safety and activity monitoring applications

Construction health and safety training: the utilization of 4D enabled serious games
Game based trench safety education: Development and lessons learned

VP-based safety management in large-scale construction projects

Serious game for the safety training of using heavy plant equipment

Construction industry offsite production: A virtual reality interactive training environment prototype
Designing a game for occupational health and safety in the construction industry
Integration of virtually real construction model and design-for-safety-process database
Visualizing safety assessment by integrating the use of game technology

A multi-user virtual safety training system for tower crane dismantlement

Proactive training system for safe and efficient precast installation

A pilot study of a 3D game environment for construction safety education

The experience-based safety training system using VR technology for chemical plant
Minimizing the risk in the process industry by using plant simulator: A novel approach
A virtual reality pilot study towards elevating work platform

A framework for construction safety management and visualization

Hazard recognition and risk perception in construction

Construction safety training using immersive virtual reality

Location tracking and data visualization technology to advance construction ironworkers’ education
and training in safety and productivity

Reducing the dangers of operator distraction through simulation training

Design, strategies, and issues towards an augmented reality-based construction training platform
Applying building information modelling to support fire safety management

Ultrasonic sensor and 4D virtual reality simulation environment for safety training

Development of a virtual reality safety-training system for construction workers

Ontology-based semantic modelling of construction safety knowledge: Towards automated safety
planning for job hazard analysis

Building Information Modelling (BIM) and safety: automatic safety checking of construction models
and schedules

Application of 4D visualization technology for safety management in metro construction

Overview of the identified studies

results highlighted that construction information that is

The studies obtained from the systematic literature re-
view proposed a wide range of VE applied for different
safety purposes.

Carozza et al. (2013) employs the use of virtual reality
goggles to train construction site workers in forming the
ability to identify risks. The study authors reported the
benefits to be realistic training without any of the associ-
ated risks that would occur if the virtual scenarios were
to be replicated in a real world setting.

Cheng and Teizer (2013) presented three studies that
proposed an approach for blending real-time data and
visualization of a construction site in the delivery of a
simulated and realistic virtual training environment. The

related to safety can be automatically monitored leading
to improved safety situational awareness of workers or
decision makers on any project where real-time tracking
and visualization is employed.

Dawood et al. (2014) developed a full scale virtual con-
struction site to test the ability of learners to identify
hazards in a virtual environment at different construc-
tion phases represented within a serious game. The vir-
tual environment included a combination of hazards
with varying levels of difficulty of identification. The re-
sults indicated that as construction sites become more
complex over time — as construction work progresses —
the ability of learners to identify hazards decreases. This
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is an indication of the importance of advancing the ap-
plications of serious games to complex site situations.

Dickinson et al. (2011) developed a serious game that
can be adapted to several safety training scenarios. Risk
evaluation was the main focus of the serious game. The
testing of the serious games demonstrated that it can
offer an engaging and innovative medium for delivering
training to students.

Goulding et al. (2012) focuses on the managerial train-
ing to assist in enhancing early stage decision making
from a manager’s perspective. The participants involved
in the testing were students who witnessed an improved
learning experience and an appreciation of the real life
scenarios from a construction manager’s perspective.

Guo et al. (2012) highlighted the lack of practical skills
by students who wish to enter a career into construction
after graduation (Guo et al. 2012). They proposed a
game technology-based safety training platform to ad-
dress this challenge. A case study, in which major con-
struction plant equipment was represented in a virtual
environment to train the students and increase their
learning experience, showed improvement in student
knowledge gaining and retention.

Guo et al. (2013) combined 3D models and process
simulations to aid construction workers in the identifica-
tion of potential hazards on construction sites. In a live
case study 2D drawings were used to create a 3D model
and simulation to train construction workers in hazard
recognition. The results indicated that safety risks can
be identified in advance. The live case study resulted in
a hazard free site record.

Greuter et al. (2012) hypothesized that serious games
assist the learning experience of students in their hazard
identification skills before entering into real life con-
struction sites. The serious game created was based on
the Australian safety legislation and helped enhance the
learning experience and knowledge retention of the par-
ticipating students.

Hadikusumo and Rowlinson (2002) discussed the com-
ponents of a design-for-safety-process tool. The mecha-
nisms of the tool are described to be inclusive of virtual
reality construction components coupled with construc-
tion processes utilizing a design-for-safety-process data-
base (Hadikusumo and Rowlinson 2002). Participants
roam the virtually reality system to identify safety hazards
and consider the precautions needed to prevent the occur-
rence of accidents.

Li et al. (2012a) explained that a green card system is
required in Hong Kong to access and perform work on a
construction site. Workers obtain the green card after
passing a test with multiple choice questions (Li et al.
2012a). However, according to the authors the system
has significant pedagogical limitations and does not re-
flect the complexities and spatial characteristics of the
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construction site. The authors proposed a virtual assess-
ment system which was tested in a case study with the
participation of construction workers, engineers and
safety officers. The results of the test indicated that the
safety engineers perform better than the general con-
struction workers. Li et al. (2012b) examined the use of
a multi-user serious game to train workers in risk identi-
fication. The game provided multiple roles available for
participants to choose from in order to explore the risks
from different perspectives and aimed to simulate the
dynamic nature of a construction site. The study partici-
pants were split into three groups based on their level of
experience. The results showed that the group with no
tower crane demobilization experience identified the
least number of hazards. These results suggest that prior
work experience affect the performance of learners in a
virtual environment.

Lin et al. (2011) proposed a serious game in which a
group of students assume the role of a safety inspector
responsible for identifying safety hazards. The results
showed that the students are highly interested in this
type of digital learning. Data obtained through a follow
up questionnaire indicated that the students are more
likely to identify hazards following the training using the
serious game.

Nakai et al. (2014) proposed a virtual chemical plant
environment where the operator can experience fire and
explosion accidents in the virtual space (Nakai et al.
2014). The authors argued that the environment help
trainee in learning the correct use of equipment and im-
plementation of processes in order to prevent accidents
and reduce human error.

Nazir et al. (2013) presented a study in the oil and gas
sector where a plant simulator using immersive virtual
reality technology was used to train participants on risk
identification and prevention. The results indicated that
participants operating the virtual plant simulator are
more likely to recognize and prevent risks in real
situations.

Nickel et al. (2013) developed a virtual reality tool for
training on the risk identification in the operation a mo-
bile elevated work platform. In a pilot study where im-
mersive virtual reality technologies - 3D glasses - were
utilized, the results indicated that the participants find
the immersion as highly effective in enhancing the over-
all experience and training scenario.

Park and Kim (2013) designed a safety management
visualization system that included a series of questions
and answers based on real construction site circum-
stances and activities. A case study was implemented to
prove that safety visualization systems can promote a
better understanding of safe behavior on construction
sites. The results demonstrated that the system is effect-
ive in improving the identification of field safety risks
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amongst participants and consequently, in increasing
their capacity of risk identification.

Perlman and Sacks (2014) investigated whether the
ability of identifying hazards by civil engineering stu-
dents and construction superintendents can be improved
through VE learning. The results showed that the ability
of hazard identification of both the students and con-
struction superintendents is positively affected through
the effective identification of a significant number of
hazards. The results demonstrated also that construction
superintendents are able to identify more risks than the
students suggesting there is a potential link between the
level of real world experience and the performance
within the virtual environment.

Sacks et al. (2013) tested the construction safety know-
ledge of 66 participants prior to the training, immedi-
ately afterward, and 1 month later. The participants
were divided into two groups: one half received trad-
itional classroom training with visual aids; and the other
half were trained using a 3D immersive VR power-wall.
The results showed that the VR training provides advan-
tage for specific site activities — e.g. stone cladding work
and for cast-in-situ concrete work — but not for general
site safety. It was also found that generally the VR train-
ing is more effective that the traditional classroom in
maintaining the trainees” attention and concentration.

Teizer et al. (2013) argue that traditional teaching
methods that are used to train and educate workers are
the main source of education in most engineering indus-
tries in the USA and highlight the need for exploring
new methods for safety leaning. They proposed a
method of virtual reality training of iron workers in an
indoor training center. The results showed that unsafe
practices in VE can be easily detected and can provide
an assessment of the effectiveness of the training in VE.

Visser et al. (2012) presented a simulation and com-
puter based training program that was designed to re-
duce the distractions of operators of heavy machinery
(Visser et al. 2012). The program addressed the cognitive
distraction - thinking about irrelevant information
causes operators to miss environmental cues - that could
compromise plant safety and provided corresponding
distraction avoidance strategies. The results from a case
study indicated that overall the simulator and computer-
based training program successfully improve operator
skills in distraction avoidance.

Wang et al. (2007) assessed the application of augmented
reality in heavy construction equipment training. They out-
lined an approach for developing an AR system to train
novice operators in a real worksite environment populated
with virtual materials and instructions (Wang and Dunston
2007). Wang et al. (2015) proposed a BIM-based model to
support fire safety management. The model encompassed
four components which are evacuation assessment, escape
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route planning, safety education, and equipment mainten-
ance (Wang et al. 2015). The results demonstrated that
utilizing the BIM model in the assessment and planning
for fire safety can effectively support safety management.

Xie et al. (2006) and Xie and Carr (2010) proposed a
VR safety-training system for construction workers. The
results indicated that such methods of training produce
memorable and lasting experiences for trainees (Xie and
Carr 2010; Xie et al. 2006).

Zhang et al. (2013 and 2015) investigated an approach
for establishing, storing and re-utilizing construction
safety information. They proposed and tested a proto-
type application of ontology-based job hazard analysis
and visualization. The results showed that the construc-
tion safety ontology permits an effective review of safety
understanding and can facilitate the automated safety
planning for job hazard analysis. Subsequently, they ex-
plored the link between BIM and a construction safety
ontology for the purpose of safety knowledge manage-
ment. The ontology linked different knowledge domains
together. The model is updated to visualize the corre-
sponding hazards and their analysis, e.g. a limited or con-
gested workspace in the building of masonry wall. The
results highlighted that job based hazard analysis can be
linked to BIM to enable an improved visualization and
awareness of potential risks.

Zhou et al. (2013) assessed the use of 4D visualization
in detecting the evolving safety risks throughout the life-
cycle of an underground metro construction project.
The 4D visualization was combined with mathematical
equations that numerically analyze the data and risks.
The results of the study suggested the use of real-time
data tracking and visualization facilitates the detection of
safety risks throughout the entire project. However, it
was noted that construction sites — and consequently
risks — continually evolve and it is challenging to address
this inherent characteristic with the proposed system.

Result analysis

This section analyses the results according to their
distribution across: the risk management process, the
engineering sector addressed by the studies, and the
countries where the study originated.

Coverage of VE studies for the risk management process
The risk management process is a designated and proven
approach for eliminating or mitigating risks in the con-
struction and engineering industry. Managing safety risks
in the engineering industry requires the knowledge and
skills in the implementation of all the phases of the risk
management process. Studies into VE for safety learning
and training should address the need of this process, and
in particular the three core phases of: risk identification,
risk evaluation, and risk response planning.
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Table 6 shows the mapping of the identified studies
against the phases of the risk management process. The
results show that the existing VE research for safety learn-
ing and training has strongly focused on the risk identifi-
cation phase while the phases of risk evaluation, risk
response planning, and risk monitoring and control re-
ceived less attention. There is also a lack of studies span-
ning across more than one phase with the exception of
two studies combining risk identification with risk evalu-
ation and one study combining risk evaluation and risk
monitoring and controlling. Remarkably, none of studies
provided a virtual environment to train and educate par-
ticipants on all phases of the risk management process.

VE studies for safety learning by industry sector and
country

The analysis of the results across the different engineer-
ing sectors shows an unbalanced distribution. 82% (23)
and 10% (3) of all the identified studies were found for
applications in the building and civil sectors (Table 7).
This finding is understandable as it reflects the focus on
consistently high level of accidents in the building and
civil engineering industry. It can be also explained by the
large amounts of building and civil engineering projects
compared to other industrial construction projects, for
example, chemical, and oil and gas. A very limited num-
ber of studies were found in these sectors despite the
potential catastrophic impact of realizing risk in such
sectors. There is also a dearth of studies in the mechan-
ical or manufacturing industry. However, the improve-
ment to the learning and training of participants were

Table 6 Distribution of studies across the risk management
process

16 Lin et al. 2011), Carozza et al. (2013),
Dawood et al. (2014), Dickinson et al.
(2011), Hadikusumo and Rowlinson
(2002), Guo et al. (2012), Guo et al.

(2013), Greuter et al. (2012), Nazir et al.

(2013), Nickel et al. (2013), Park et al.

)
(

Risk Identification

(2013), Perlman and Sacks (2014), Sacks
et al. (2013), Teizer et al. (2013), Xie et al.
(2006), Zhang et al. (2015)

Risk Evaluation 7 Dickinson et al. (2011), Goulding et al.
(2012), Li et al. (2012a), Li et al. (2012b),
Li et al. (2015), Xie and Carr (2010),
Nakai et al. (2014)

Risk Response Planning 1 Wang et al. 2015)

Risk Identification + Risk 1
Response Planning

Zhang et al. (2013)

Risk Identification + Risk 2 Dickinson et al. (2011), Zhou et al.

Evaluation (2013)

Risk Monitoring and 1 Visser et al. (2012)
Controlling

Risk evaluation + Risk 1 Lietal (2015)

Monitoring and Controlling
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Table 7 Distribution of studies across the engineering sectors

process
Construction Civil Chemical Oil & Gas
23 3 1 1

found not only in construction but also in all other sec-
tors. For example, Nakai (2014) found for the chemical
sector that the use of a VE, developed by linking a virtual
reality system to a dynamic plant simulator, is effective
in improving the safety performance of participants and
reducing preventable accidents (Nakai et al. 2014). An-
other study for the oil and gas sector found that virtual
plant simulators that train workers before they start
working in the plant helped to increase the safety skills
of the participants. The observed personnel behaved
calmer under high pressure situations and was able to
analyze scenarios in a more focused and logical manner
(Nazir et al. 2013).

The use of VE for safety training is spread across many
countries with the highest number of studies being gen-
erated in the U.S. (39%), followed by China (21%) and
the United Kingdom (14%) (Table 8). It must be noted
that multidisciplinary and multinational research pro-
jects may involve researchers from several countries.

Discussion

This section respectively identifies the common charac-
teristics across the VE studies reviewed, discusses the
key gaps that warrant further attention and directions in
VE-related for safety.

Common characteristics among all studies

The analysis of the identified studies provided general
findings about: (a) the adopted VE technologies for
safety learning and education; (b) the impact on VE on
learning and training outcomes; (c) the impact of VE on
the learning and training process, and (d) the influence
of the design of VE content on the outcome and the
process of leaning and training. These areas of analysis
are explained in the subsequent paragraphs:

First, several methods were used to develop the VE for
safety leaning and training. These included: Building
Information Modeling (BIM) (e.g., 3D visualization,
object-based modelling with embedded safety rules, 4D
modelling and visualization), serious games, virtual real-
ity and augmented reality (e.g., using cave automatic vir-
tual environments called CAVES, goggles, headsets).

Table 8 Distribution of studies across the country of origin
China  Germany UK USA
2 6 1 1 1 1 1 3 11

Australia ltaly Japan Korea Taiwan
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Second, research into VE for safety learning and train-
ing has demonstrated a positive effect on the ability of
participants to identify hazards and provided an effective
way for engaging learners. Examples of key contributions
so far focused on: a direct link between the computer
program simulations and an improved learning perform-
ance is suggested (Ricci et al. 1996). VE learning and
training increase the learning performance of participants
(Sacks et al. 2013). For example, in a virtual construction
setting, training individuals on different safety techniques
in a three-sided CAVE showed a relative improvement in
hazard recognition compared to the control group
(Perlman and Sacks 2014). A serious game to train partici-
pants to identify safety hazards contributed to improve
the perception of hazards on site (Lin et al. 2011). VE for
education has also the potential to develop the user’s ana-
lytical and strategic skills and increase the ability of recol-
lection (Mitchell and Savill-Smith 2004). Construction
workers with daily access to visual plant operation were
able to easily identify potential safety problems. Practicing
their skills of operating equipment virtually before actually
performing the same task in reality helped avoiding haz-
ards (Guo et al. 2013). This outcome conforms to the
findings in other sectors and disciplines such as aviation,
health, government, and military, among many others. For
example, in the health sector, VE provide an effective
means for rehabilitation (Rego et al. 2011), improve the
motor neuron responses and coordination of patients
(Shin et al. 2014; Clarke et al. 2011), and increase patients’
engagement for stroke rehabilitation (Burke et al. 2009).

Third, VE can also reduce the time it takes for a learner
to become competent and operational in their field of
work (Bachvarova et al. 2012). Serious games are generally
recognized for their ability in providing an engaging and
innovative medium for delivering training (Dickinson
et al. 2011). The use of a serious game with multiple-
player options increase the participant engagement and
consequently the lesson learned is greater and more last-
ing (Greuter et al. 2012). VE also offer the benefit of enab-
ling the user to experience scenarios that would ordinarily
be difficult to materialize in the real world due to time,
cost, and safety barriers (Squire and Jenkins 2003).

Finally, several of the studies identified and highlighted
the importance of the characteristics of the VE on the
learning experience of participants. According to Xie and
Carr (2010), the experience in the virtual environment is
less attractive and can have a lower engagement rate if it is
immovable and soundless. Other research states, VR/AR
tools such as 3D glasses and goggles enhance the learning
experience by offering a more realistic training environ-
ment (Nickel et al. 2013). The scenario-led training, where
trainees within virtual environment interact with pre-
defined options in discrete game sections is considered a
limiting factor for the learning and training experience of
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participants and an alternative free roaming sandbox style
game should be developed (Dawood et al. 2014).

Gaps identified and future research

A number of research gaps were identified and matched
with suggestion for future research directions. Each is il-
lustrated in a separate paragraph.

Heightened focus on risk identification

The results exposed that safety learning and training in
VE is mostly focused on the risk identification phase
followed by risk evaluation. For example, (Carozza et al.
2013; Cheng and Teizer 2013; Dawood et al. 2014; Guo
et al. 2013; Li et al. 2015) have all designed VE to train
construction workers to identify risks (i.e., hazard spot-
ting). Risk response planning which is a critical phase in
the risk management process is the least explored phase.
This heightened focus on the risk identification phase
can be justified from several perspectives that are related
to: the general principles of risk management; the safety
best practices and legislation; and the ease of implemen-
tation in VE:

o In risk management, the first phase of risk
identification is considered a crucial phase for the
avoidance or reduction of risks. The capability of
identifying hazards is an essential skill for reducing
the likelihood of human errors and the anticipation of
adverse safety conditions that could result in incident.
In the real world, research demonstrated that the
safety experience is considered a contributing factor
to assisting in hazard recognition (Karwowski 2006;
Moran 2003). It is suggested that by improving hazard
recognition and risk perception abilities, the overall
site safety will improve (Sawacha et al. 1999).

e Best practices in safety focus also on risk avoidance
strategies which require the preliminary risk
identification. For example, the UK Health and
Safety at Work Act 1974 dictates that a safe system
of work is mandatory. It also specifically states that
each employee has a duty of care to themselves and
to others that surround them. The first stage or line
of defense in the prevention of hazards on site to
ensuring a safe system of work is to identify the
potential risks.

e Ease of implementation of risk identification in VE
design: the implementation of hazard spotting or
risk identification in VE is the least challenging from
a technical standpoint. The minimum requirement
can be to design a virtual environment where safety
learners roam — either according to pre-set paths or
free roaming the environment — while identifying
and spotting the hazard. The design with the free
roaming option was adopted in Dawood et al. (Guo
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et al. 2012). However, this minimum requirement-
design occurs on the expense of limited level of
interactivity between users and VE and subsequently
limited engagement by the users with adverse effects
on their learners’ experience.

Although the above analysis provides an explanation
or a justification of the current emphasis of VE studies
on the risk identification phase, VE research shall en-
deavor to address all the risk management phases in-
cluding risk evaluation, risk response planning, and risk
controlling. Indeed, the remaining three risk manage-
ment phases are crucial to the execution or site phase of
construction and engineering projects where most of the
risks occur. Moreover, it is important that VE studies
holistically and concurrently address the entirety of the
risk management process. For a fully safe and function-
ing site, all elements of risk management should be ac-
knowledged and practiced (Dallas 2008). For example,
the UK’s Management of Health and Safety at Work
Regulations 1999 state that an emergency response plan
— aka. Risk response planning — needs to be in place for
contacting the emergency services, warning the relevant
people, and minimizing the damage once an event has
occurred.

Addressing these phases in VE will require facing the
technical challenges in the design of VE such as: in-
creased interactions between users and VE; recording of
users’ actions within the VE; integration of data from
real life construction site into the VE environment;
assessment of the users’ actions in real-time/near real-
time; embedded feedback within the VE about the learn-
ing performance; and providing the option to deal with
the consequences of safety incidents. For example, in the
case of fire safety, a detailed risk response plan would be
required to consider the potential catastrophic impact
on workers, the public and property.

Several of the above areas are still in their infancy. For
example, VE for risk monitoring and controlling requires
the integration of real-time data from the execution site
and the imposition of the corresponding dynamic and
changing scenes into the VE. Li et al. (2015) imple-
mented a time location technology and Unity3D-based
data visualization technology to track construction re-
sources (people, equipment, materials, etc.) and provide
real-time feedback and post-event visualization analysis
in a VE for safety training. The electronic tagging of par-
ticipants was used to monitor for proximity to risks and
the likelihood of occurrence. In an earlier study (Teizer
et al. 2013), near miss risks were detected and visualized
through the implementation of real-time tracking and
monitoring of hazards that surround site workers. More
studies in the area of risk monitoring and controlling are
required and the learning from this phase should be
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conveyed to the earliest phase of risk identification for
effective avoidance and management of risks.

Relationships between user’s prior safety experience and
performance in VE

The VE studies analyzed have not reached a final conclu-
sion as to whether the initial level of safety knowledge
and experience affect the learning outcomes within a VE.
Results from an investigation done by Perlman and
Sacks (2014) on hazard recognition highlighted that
construction superintendents are better equipped to
recognize site hazards in comparison to student partici-
pants in the same study.

A study (Dawood et al. 2014) suggested that prior
safety knowledge does not affect learning outcomes in
terms of hazard identification in virtual environments.
However, this latter study did not include a comparison
of the performance of learners between the virtual envir-
onment and the real world. On the other hand, Perlman
and Sacks (2014) compared the ability of learners in
identifying hazard between the virtual environment and
the traditional project documents (drawings, schedules
and photographs) and proved that ability of learners in
spotting hazards is better in virtual environments.

Another study (Nickel et al. 2013) also proved that
immersing the workforce in the virtual environment,
without being placed in danger, increases the workers
perception to risk once they are back in the real world.
This can affect the overall project safety performance
the ability of workers of identifying risks before they
turn into dangerous occurrences which help the preven-
tion of many accidents (Mathi and Galloway 2013). In
education theory, the importance of prerequisite learn-
ing and knowledge prior to embarking on a new learning
journey is well known. It is suggested that future VE re-
search increasingly explores this notion although it may
be challenging to define the ‘prerequisite’ concept for VE
learning. However, an empirical approach experimenting
with different learner groups and involving the use of
control groups may still provide adequate insights.

Safety learning within the VE and the human factors

Human error is considered a key contributor to safety
risks resulting in accidents, near misses and serious inci-
dents. Human error was addressed in a very limited
number of the studies identified. Typically several causes
are associated with human error. Visser et al. (2012)
argue that distraction is one of the key factors causing
accidents in civil work excavation. They developed a vir-
tual environment to target the “cognitive distraction”
that cause operators to miss environmental cues, such as
warning lights, leading to safety incidents. Abdelhamid
and Everett (2000) suggest that human errors usually
occur from either workers negligence or lack of
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attentiveness to their tasks. Addison et al. (2013); Addi-
son and O'Hare (2008) argue that many accidents occur
as the result of human factors associated with inadequate
competencies. Personnel in engineering industry require a
high level of competence and training in order to operate
safely and avoid potentially fatal accidents (Anderson
2005). The studies analyzed in our systematic literature re-
view focused on the competency/skills aspect — although
competencies were not clearly defined — for addressing
the issue of safety risks in the construction and engineer-
ing industry. More research into the role of VE in address-
ing other safety causes related to cognitive issues such as
distraction are therefore encouraged. Indeed, VE has en-
abled benefits in reducing human errors in other sectors.
For example, virtual simulation systems to address human
error contributed to reduce the occurrence of serious inci-
dents in the aviation sector (Palanque and Johnson 2004).
Experience can be transposed from other specialized
sectors such as the aviation industry into the engineering
sector as human error is a recognized possibility and a
critical risk in both industries.

To be able to identify and monitor cognitive aspects in
safety learning and training, the design of VE will
require more sophisticated approaches. One potential
future avenue is the design of situational serious games
that include stringent checks (Dignum et al. 2009).
Other factors related to human errors are attributed to
demographic aspects such the age distribution and labor
market composition. For example, in countries like
Japan the high rate of skilled workers retiring and being
replaced by young inexperienced workers was associated
with the higher accident rates (Bust et al. 2008). Coun-
tries with increasing or high percentage of migrant
workers are at more risk of accidents due to initial
communication barriers (Bust et al. 2008). Therefore,
domain researchers in VE for safety learning in con-
struction and engineering are instigated to investigate
the effect of VE in reducing safety incidents associated
with human (e.g., communication) and cognitive (e.g.,
distraction) factors. The design of recent research stud-
ies, such as (Teizer 2016; Hilfert et al. 2016; Teizer et al.
2017; Ben-Alon and Sacks 2017) — were published out-
side the timeframe of this review — are opening up new
avenues for emerging VE learners in a personalized VE
education and training.

Distribution of VE studies across the construction and
engineering sectors

The identified studies revealed an unbalanced distribu-
tion across the different construction and engineering
sectors with the majority of studies being conducted in
the building sector. This is a reasonable finding as the
construction industry is considered one of the riskiest
sectors to work for in most countries. Construction
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workers are three times more likely to fall victim of a
fatal accident and twice as likely to be injured in com-
parison to workers in other occupations (Bust et al
2008). However, due to the ethical, social and economic
burden that results from accidents, more studies are
required into other-than-construction sectors. With
regards to the unbalanced distribution of studies across
countries and the dominance of the U.S. position, this
research also identifies the need to increase research and
development activities into VE for safety learning and
training in other countries.

VE for safety learning and the targeted users

The safety learning groups in the construction and en-
gineering industry include current practitioners (i.e. en-
gineers, designers, managers, safety officers, and laborers
and operators) and more importantly students — future
practitioners — who are pursuing their construction and
engineering education in colleges and universities. The
identified studies have targeted the need of both learning
groups. Studies that involved learners from academia in-
cluded (Lin et al. 2011; Dawood et al. 2014; Dickinson
et al. 2011; Greuter et al. 2012; Xie and Carr 2010) who
investigated the impact of VE on the effectiveness of
safety learning of students in tertiary education. Much of
the remaining studies involved participants from the in-
dustry. However, with the exception of a very limited
number of studies — (Perlman and Sacks 2014; Sacks
et al. 2013) — no control groups were used to enable the
comparison of safety performance between the learners
in VE with learners using other approaches. Providing
such evidence can encourage the adoption of VE for
safety training in the engineering sector.

Key elements to improve the adoption of VE learning

Hilfert et al. (2016), Teizer et al. (2017), Ben-Alon and
Sacks (2017), Carozza et al. (2014 and 2015), and Albert
et al. (2014) note that the availability of mature VE pro-
cesses and technology is a primary reason that impact
both the effective practical applications of VE in both re-
search and practical applications. According to the
scholars, four elements are needed for VE to become
impactful in research and practical applications. These
elements — mentioned subsequently — were also con-
firmed by our review and analysis. Examples of these
tests are illustrated in Fig. 3. The four elements include:
(1) VE-enabled safety learning processes and the embed-
ded use of technology must allow the creation and use
of field realistic VE scenarios easily and quickly. VE
technology has still some remarkable technical deficits
in creating field-realistic environment, for example, the
field-of-view of headset goggles is limited and could
cause sickness to test persons as a result of orientation
loss; (2) wearable or remote sensors must be able to
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Fig. 3 Test bed environment for virtual reality in a construction safety training application (Hilfert et al. 2016)

record reliable data that are relevant to human behavior
and convey such information into VE. The automatic
analysis of human behavior — as demonstrated earlier —
is necessary to generate objective results, e.g. an object-
ive measurement of the behavior of test persons while
they are in VE worlds; (3) real-time computational algo-
rithms must generate meaningful information that is
geared towards empowering the test person’s capability of
managing all risk phases and improving over time; and (4)
once the aforementioned steps have been successfully im-
plemented, a rigid process needs to link all steps and
embed them in existing and coherent risk management
strategies.

Conclusion
Virtual environments (VE) are increasingly investigated for
safety learning in the construction and engineering sectors.
This study aimed to analyze and discuss existing studies,
identify current gaps, and suggest avenues for future re-
search. A systematic literature review was used as a primary
research method and was combined with a gap analyses.
VE studies for safety learning were mainly focused on
the risk identification phase of the risk management
process. Positive impact of the ability of learners to spot
hazards at this phase was identified across all the reviewed
studies. However, as these identified risks require treat-
ment in the subsequent risk management phases, re-
searchers were instigated to address such phases including
risk evaluation, risk response planning, and risk control-
ling in future VE studies. An adequate analysis of the
causes for the concentration of existing studies on risk

identification was presented and accompanied with sug-
gestions for future research for safety learning.

The analyzed studies did not reach a consensus whether
the initial real-world or gaming experience of learners affect
their learning experience and performance within the VE.
Limited evidence was also found from the comparison be-
tween the performances of learners in VE and those of
learners using other approaches. Further studies that in-
clude control groups are therefore required to provide such
evidence as it is deemed important for both the educational
purpose of VE and their acceptance for safety training in
the construction and engineering sector.

Very limited emphasis on human factors such as age,
communication and cognitive distraction — all are con-
sidered key determinants for human errors in accidents,
near misses, and other serious incidents — were identi-
fied. Insights that help considering such factors in future
VE studies for safety learning were also proposed.

The current maturity and the ease of use of VE tech-
nology was identified as a key factor for advancing VE
for safety learning into existing risk management pro-
cesses and extending their use beyond the risk identifica-
tion phase. Further suggestions related to the need for
increasing investigations in sectors such as chemical,
manufacturing, and oil and gas, and across countries
were also highlighted.

The results provide a generalized understanding of
state-of-the-art in research on VE safety learning within
the construction and engineering sectors. The limitations
are those typically inherent in the systematic literature re-
view approach. Despite the attentive design of and
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adherence to the protocols of the systematic literature re-
view, it is likely that some relevant papers were either not
identified or unintentionally omitted during the review
process. The focus on a few selected scientific databases
(all of which are indexed and use digital object identifiers)
may have further decreased the number of the results rele-
vant to this study.
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