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Abstract: Effective safety management is a key aspect of managing construction projects. Current
safety management practices are heavily document-oriented that rely on historical data to identify
potential hazards at a construction job site. Such document-bound safety practices are prone to
interpretative and communication errors in multilingual construction environments, such as in the
United Arab Emirates (UAE). Applications of Building Information Models (BIM) and Virtual Reality
(VR) are claimed to improve hazards identification and communication in comparison to 2-D static
drawings by simulating job-site conditions and safety implications and thus can interactively educate
the job-site crew to enhance their understanding of the on-site conditions and safety requirements.
This paper presents findings of a case study conducted to evaluate the effectiveness of 4-Dimensional
(4-D) BIM and VR in simulating job-site safety instructions for a multilingual construction crew at
a project in the UAE. 4-D BIM-enabled VR simulations, in lieu of the Abu Dhabi Occupational Safety
and Health Center (OSHAD) code of practice, were developed and tested through risk assessment
and safety training exercises for the job-site crew. The results showed a significant improvement in the
job-site crew’s ability to recognize a hazard, understand safety protocols, and incorporate proactive
risk response in mitigating the hazards. This study concludes that 4-D BIM-enabled VR visualization
can improve information flow and knowledge exchange in a multilingual environment where jobsite
crew do not speak a common language and cannot understand written safety instructions, manuals,
and documents in any common language due to linguistic diversity. The findings of this study
are useful in communicating safety instructions, and safety training, in the UAE, as well as in
international projects.

Keywords: 4D BIM; simulation; multilingual work environment; virtual reality (VR); building
information modeling (BIM); safety training; occupational health and safety (OHS)

1. Introduction

The construction sector in the United Arab Emirates (UAE) is ranked among the
leading industries in the world. The construction industry of the UAE has grown rapidly
since the last decade, and further growth is expected in the future. To accommodate
strategic goals, the UAE has invested considerably in the infrastructure sector [1]. The UAE
witnessed a dynamic increase in construction activities, with the awarding of Expo 2020 [2],
which has now been postponed to 2021 owing to the ongoing COVID-19 pandemic [3]. Sev-
eral mega-projects are already underway and the UAE’s construction projects expenditures
are projected to reach US$14 tn by the year 2025 [1,4].

Considering the complexity and time constraints of construction projects, all construc-
tion job sites require safety orientation and training, which places additional responsibility
on workers to ensure requisite capacity building within a short time and simultaneously
complying with the rules and regulations during the designing, planning, and execution of
tasks [5,6]. This situation worsens in multilingual construction environments, such as those
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in the UAE, where the construction workforce is an amalgam of personnel with varying
ethnical backgrounds [2], nationalities, educational qualifications, and religious beliefs [7].
For example, most of the top tier of the workforce in the UAE belong to Gulf Cooperation
Council (GCC) countries, and native English speaking staff, including expats from the
USA, UK, Europe, Australia, and Canada. Some of the middle management comprises
engineering professionals from Pakistan, India, the Philippines, Egypt, and Jordan [8,9].
The lower tier of the construction workforce corresponds to trade workers and labourers
from several south Asian countries, including Pakistan, India, Bangladesh, and Nepal [10].
Although this diversity attracts a skilled workforce, there may be adverse effects on occupa-
tional health and safety (OHS) owing to communication problems arising from differences
in dialects and languages [11]. For example, safety planning and decision-making are
performed at the top and middle levels of the construction workforce, who use English
and Arabic as a language for communication. The lower tier that executes the on-site tasks
generally cannot understand Arabic or English and does not have any common language
that can be used to effectively convey safety knowledge and instructions. Hence, safety in-
structions have to be translated into several languages (e.g., Urdu, Hindi, Punjabi, Bengali,
Tamil, and Pashto), which is a time-consuming, error-prone, and ineffective process.

The UAE has efficient regional departments to ensure OHS, such as Dubai Munic-
ipality (DM), Dubai Technology and Media Free Zone Authority, and Department of
Planning and Development—Trakhees, for Dubai, and Occupational Safety and Health
Abu Dhabi (OSHAD) for Abu Dhabi. However, they follow the UAE OHS Management
System (OHSMS), which does not address the communication barrier in a multilingual
environment. This management system is provided by the National Crisis Emergency
and Disasters Management Authority (NCEMA); in addition to NCEMA, the interstate
authorities use their safety code, manuals, and regulations, which help the construction
stakeholders follow a protocol to ensure safety in their jurisdiction [12]. According to
OSHMS [13], hazard identification for safety lapses depends on brainstorming sessions
wherein safety threats are identified and recorded in a preliminary hazard list (PHL). This
process includes site visits and staff interviews. PHL can also be created by an experienced
staff who considers safety-related knowledge to predetermine any safety lapses. This is
a document-driven process and leads to many safety threats being ignored owing to a lack
of visualization. Hence, it becomes difficult to devise a robust safety plan.

Technology is believed to be a solution to address these problems and other safety-
related issues to mitigate construction safety threats [14]. The high accident rates in the
construction industry in comparison with other sectors [15]; manufacturing and production,
are attributed to the fact that construction sites are less controllable, unlike other sectors
where most tasks are pre-defined and repetitive [16]. Within construction informatics,
building information modelling (BIM) is a technology driven process that can provide
reliable data using 3D models to make informed decision making [17]. BIM uses object-
oriented modelling to create data-rich 3D models that can capture and provide data
throughout the lifecycle of a construction project. BIM models can provide numerous
benefits, including visualization and manipulation of accurate data to resolve conflicts
and communication errors [18,19]. Studies have shown that BIM models can help to
reduce the number of job-site fatalities and injuries and to enhance the overall safety
environment [20–22]. BIM comprises several stages of construction, ranging from two
dimensions to n-dimensions [23]. Within these dimensions, time is the fourth dimension
of BIM, and it is the projection of three-dimensional (3D) BIM models depicting project
delivery [24]. The 4D BIM simulation consists of step-by-step 3D visualizations of the
construction activities projected across the project timeline [25]. According to Boton [25],
4D simulations can be very useful for site meetings and project reviews to discuss the
progress and alternatives of real-time conditions in comparison with forecasts. Thus, the
step-by-step visual progression of the project can also be highly effective in site safety
planning and management. Further, 4D BIM can also be integrated with virtual reality (VR)
to help the user visualize the 4D simulation in an immersive environment.
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VR is also being increasingly used in the construction sector to improve construction
safety. VR is defined as the technology that enables the user to completely immerse in
a virtual environment through computer-generated simulations [26]. With these symbolic
representations, VR helps the user visualize and obtain a greater understanding of the
project [27]. Thus, the actual project can be visualized through VR simulation, giving the
decision-makers a chance to visualize, evaluate, and mitigate risks before on-site execution.
The effectiveness of the emerging technologies to improve different aspects of construction
safety has been extensively studied. However, previous research [28] did not consider
a multilingual workspace environment, which may lead to many safety lapses due to the
lack of proper communication and language barrier.

This paper presents the findings of a case study conducted to evaluate the effective-
ness of 4-Dimensional (4-D) BIM and VR in simulating job-site safety instructions for
a multilingual construction crew at a project in the UAE. 4-D BIM-enabled VR simulations,
in lieu of the Abu Dhabi Occupational Safety and Health Center (OSHAD) code of practice,
were developed and tested through risk assessment and safety training exercises for the
job-site crew. This research hypothesizes that advanced technologies, such as 4D BIM and
VR, can help ensure construction safety by improving the information flow in a multilin-
gual environment. Using these technologies, project teams can rapidly evaluate possible
safety scenarios throughout the execution of the project and thereby develop the hazard
identification and cognition abilities of on-site workers.

2. Background Research
2.1. Limitations of Traditional Construction Safety Practices

The traditional construction health and safety (H&S) process can be divided into
two phases, namely, preconstruction and construction phases [29]. During the precon-
struction or design phase, the safety concerns are usually identified based on the prior
experience of the safety panel (H&S experts, design engineers, or project managers) [30];
safety planning and safety training sessions are conducted as a measure against these
threats. During the construction phase, safety hazards are mitigated by job-site monitor-
ing [31]. Since the number of occurrences of fatality in the construction sector far exceeds
that in other industries, the conventional construction H&S methodology is regarded
inefficient [32]. Typical construction safety management consists of four steps: (1) safety
induction, (2) safety site planning, (3) safety monitoring, and (4) safety training.

Construction safety induction is the process of acquainting the workers with site-
related H&S issues that impede the construction progress and productivity of the site
operations [33]. According to Ganah [33], because on-site operations change over time
and hazards differ from one project to another, they cannot be generalized. Owing to poor
safety induction [34–36], new workers joining a team are not well aware of the possible
threats on-site; hence, safety lapses are expected. This discrepancy in the induction process
sets up the safety plan for failure. According to Azhar [11], a typical safety plan should
address such questions: When would a safety hazard may occur? Where would the
safety hazard may occur? And why the safety hazard occur? Usually, the exercise of
safety site planning is devised through a team meeting in which 2D drawings, schedules,
safety regulations, and previous experiences are discussed to identify and tackle the future
hazards that on-site workers may face [30,37]. The inefficiency of these methods owing to
lack of visualization has been well documented in research, and such a document-oriented
approach is criticised for being error-prone [37–39]. Another important document that
is utilized during the traditional safety planning process for preparing risk assessment
is a method statement document. According to Carter [31], this document lays out the
description, location, and sequence of work in terms of its health, safety, and environmental
impact. Method statements do not provide a robust safety planning mechanism, as they
are generic documents that do not deal with every accident scenario, are inaccessible to
the on-site execution workers [40] and lack visualization. During the project execution, the
safety plan is ensured via job-site monitoring.
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For construction site monitoring and inspection, safety managers have to check the
current situation of workers, materials, and equipment [41,42] during on-site execution.
These safety monitoring practices rely on manual inspection, which is error-prone, as it
is very difficult for safety inspectors to identify manually all the incidents to which the
workers are exposed [43]. They often use a checklist to identify and record violations [44].
Considering the dynamic nature of the construction industry [45,46], and lack of visual-
ization owing to the absence of digital tools, any variation in construction information
only impede construction monitoring since safety workers and offices depend heavily
on construction drawings, specifications, and related documents [30]. To ensure that the
labourers do not make mistakes in on-site work, they are communicated the potential
hazards through safety training. Traditionally safety-related capacity building is conducted
via lectures, seminars, workshops, animations, Microsoft PowerPoint presentations, and
supporting documents [47]. However, these means of training are not effective for the
construction workforce, especially if the construction crew belongs to diversified ethnic
backgrounds [48,49]. Construction workers are experiential learners who tend to lose inter-
est in memorizing safety instructions, lack continuous engagement with these approaches,
and prefer more proactive learning styles [50].

Traditional health and safety practices rely heavily on documentation, which may not
always depict the actual site conditions. Therefore, traditional H&S processes are long,
heterogeneous, complex, and redundant [51]. Hence, generally, these processes do not
accomplish the purpose of safety mitigation. As per Martínez-Rojas et al. [51], the major
drawbacks of the H&S documentation are that it comprises unstructured information,
which is based on generalized risk calculation and mitigation strategies and lacks relevant
information. Considering the myriad problems in the traditional H&S mechanisms, re-
searchers and policymakers have explored innovative ways of mitigating job-site risks and
promoting a safety culture.

2.2. Construction Safety Challenges Arising in a Multilingual Environment

Construction safety practices are difficult to ensure in a multilingual environment [52].
The language barrier hampers the progress of construction in many ways [53–56], especially,
when the workforce comprises foreign labourers. For example, in Malaysia, Bengali
and Nepali labourers are involved in job-site execution, whereas the supervisors who
communicate in the native language are involved in decision making and information
exchange [56]. This leads to unnecessary delays and safety complications.

A similar scenario is observed in the US construction industry, where 20% of the
construction force is foreign-born workers [57]. As per Demirkesen and Arditi [55], some of
these workers can communicate in English, while others do not understand the language at
all. Dai and Goodrum [58] mention that the Hispanic workers employed in the construction
sector in the US cannot communicate properly in English as they understand and speak
Spanish. Hence, they are more prone to safety threats. Studies conducted in Singapore and
Korea [59,60] showed that language and communication barriers are the major hindrances
that affect the progress and productivity of construction projects.

The complex communication dynamics between different strata of human resources
were reported in previous studies. As per Bust et al. [61], the interaction between foreign-
born workers and local teams (staff and workers) is difficult. Because of the language
barrier, migrant workers cannot fully comprehend the specific instructions provided by
the site foreman [62]. If safety planning is conducted during the design phase, for exam-
ple [63–65], the information permeates through three levels of the workforce, that is, the
designer/project manager, safety panel, and on-site workers, and is finally implemented
on-site. It is very difficult to ensure that the instructions laid out by the decision-makers
reach the job site first-hand and are implemented in the same manner as instructed.
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2.3. Significance of Digital Design Technologies for Safety Planning and Capacity Building

To solve the problems of document-bound safety management practices and language
barriers in construction sites, several researchers presented different visualization aids
as a solution for effective safety management and communication. Many virtual design
technologies [66], such as BIM [67–69], VR [27,70,71], Augmented Reality (AR) [72–74],
radio-frequency identification devices [75,76], serious games [77,78], and Geographic Infor-
mation System [79,80] were proposed for site hazard prevention and safety management.
The use of these technologies led to the improvement of project delivery. These technologies
are mainly designed to capture, design, analyze, store, manipulate, and visualize the infor-
mation of the construction project. Rajendran et al. [81] suggests that incorporating digital
technologies into the traditional safety methods can lead to benefits such as efficient safety
planning, safety design, safety training, accident investigation, and facility management.

This study is limited to evaluating the effectiveness of 4D-BIM and VR in improving
the traditional construction safety processes. The following sections present work related
to the application of 4D BIM and VR for safety management.

2.4. D Building Information Modeling

The virtual timeline of the construction project or stepwise visuals for the construction
activities can help decision-makers visualize the construction sequence before execution.
Thus, the project teams can recognize hazards and evaluate site conditions in a much
better manner than that possible with the traditional 2D drawings [37]. Different studies
have explored the potential of 4D BIM for safety planning and related applications [37,
82–86]. For example, in GCPSU 2009, a BIM-based 4D system was devised to resolve
safety-related issues such as points of conflict and structural safety [86]. Similarly, Shang
et al. [82] devised a 4D-BIM-based framework to avoid collision hazards by modelling and
analyzing workspaces. The 4D BIM can improve safety by overlapping it with planning,
laying out safety plans, and foreseeing updated plans and site-related information. On-
site workers can benefit from this information and probable risks can be averted [87].
Choe et al. [86], presented a case study in which parameters such as safety knowledge,
time, spatial information, schedule, and 3D model are integrated to devise a proactive
strategy for safety planning to avert any safety incident. Similarly, Choi et al. [85] proposed
a framework based on activity, space, and a plan to establish a 4D BIM environment for
improving spatial incidents. Further, 4D BIM can be useful to evaluate temporary structures
and convey threats throughout the project [37], and the technology can especially be useful
for safety management of mega-scale projects such as metro transport networks [83].
Further, similar to other digital technologies, 4D BIM can also be helpful for safety-related
capacity building. Miller et al. [78] integrated 4D BIM and game technologies to present an
effective way of skill learning for construction safety. The effectiveness of safety training
depends upon how a user interacts with the technology at hand. 4D BIM can create
an interactive environment, providing advantages over the traditional safety learning
techniques such as lecture-based training and the use of animations and pictures.

2.5. Virtual Reality

Several studies [88–94] have showed that VR has a strong potential to be a more
effective tool for safety communication and training compared to traditional methods.
VR can help visualize the problems that may arise with any mismanagement on-site [27].
Hence, the use of VR and evaluation of its level of real-world immersion have been actively
researched. VR increases engagement [70], and the headsets provide the user with real-
life-like immersion [71]. Teizer et al. [95] integrated location tracking and VR for training
ironworkers. VR-based training can be replayed several times, making them useful. It
is very difficult to make the workers realize the gravity of electrical hazards, especially
with conventional training methods such as lectures and presentations. Hence, it becomes
difficult to teach them the necessary measures that need to be taken to avoid such hazards.
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VR technology is a helpful resource for electrical hazard training and gives a real-life-like
feel that is ethically impossible to test [96].

Regarding the built environment, typically VR projections are generated by importing
BIM-based models into gaming engines such as Unreal Engine or Unity 3D. The final
immersion is experienced through head-mounted devices (HMD) [97]. VR immersion can
be experienced either through a VR HMD in which screens are placed in front of the eyes
or through a visualization that can be observed by other users with two big projection
screens. This later type of VR environment is called Cave Automatic Virtual Environments
(CAVE) [88]. To improve construction safety, Sacks et al. [89] used the CAVE system to
increase collaboration between design and execution teams. The CAVE setup helped the
stakeholders detect, discuss, and mitigate safety hazards. Since it is impractical to create
hazardous site conditions for safety training, CAVE systems expose the user to realistic
unsafe conditions without actually putting them in danger. Hence, well-designed VR
environments can be excellent not only for detecting potential hazards but also for training
workers to resolve them on-site.

Research studies also compared the effectiveness of the traditional training method-
ologies (paper-based, lectures, and seminars) with modern VR-based immersive training.
For example, Pedro et al. [90] compared the effectiveness of the traditional methods of
training with that of the Virtual Safety Education Framework (VSES), a system for safety
training. VSES consisted of various safety scenarios based on safety documents projected in
VR. The results showed that VSES was more efficient in helping students understand safety
concepts, improving their overall safety-related knowledge. According to Sacks et al. [91],
virtual training was a more effective mode of learning compared to classroom methods.
VR training results in more retention of attention for trainees, whereas the conventional
safety training, lectures, and videos do not captivate the user to get them fully engaged
owing to their lower retention rates.

Le et al. [92] integrated Second Life with VR to provide safety training to students.
The role-playing aspect of the game improved knowledge about safety accident scenarios.
This training methodology was more effective than the traditional training. Luo et al. [94]
developed two versions of a multiuser VR-based application. The desktop version included
leap motion and a joystick, whereas the mobile-based version incorporated VR via Samsung
Gear VR. Similarly, Mo et al. [93] improved safety training using a data-driven approach.
Typically, VR training is case/accident specific. The data-driven approach helped generate
safety scenarios automatically. The study analyzed the data of 232 cases, clustering them
into eight parameters. VR-based scenarios were generated using Unity 3D, based on these
eight parameters. The training was highly effective and considered the major on-site safety
threats holistically.

The review of digital technologies showed that 4D BIM and VR can be effective tools
for improving safety hazard identification and training. The UAE construction industry
also faces the unique challenge of ensuring effective safety communication against the
background of the linguistic diversity of the construction job-site crew. The UAE attracts
a diverse construction workforce for a large number of ongoing and planned construction
projects. Quantitative research [6] showed a major difference between the language spoken
for delivering instructions and that used by on-site workers. The same study indicated
that English is used predominantly (70%) to impart safety-related instructions, whereas
the labourers on-site do not speak or understand this language owing to differences in
nationality. This environment makes the construction sites in the UAE prone to different
job-site hazards that could easily be avoided, provided that risk assessment and mitigation
strategies are conveyed efficiently to the working tier on-site. Although the UAE the con-
struction industry is using BIM for various purposes, its safety management methodologies
do not integrate other IT-based virtual design and construction technologies (VDC) such
as Radio-frequency identification (RFID), real-time location system (RTLS), VR, and AR.
Therefore, there is a need to evaluate the effectiveness of using 4D BIM and VR for safety
identification, training, and communication in a multinational, multilingual job-site crew.
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3. Research Methodology

The research methodology adopted for this study is based on a literature review and
a case study that tested BIM-based VR simulations using fall hazard identification scenarios
with a multilingual construction screw.

First, a literature review was conducted to investigate the problems of hazard identifi-
cation and safety training techniques in the traditional safety planning practices, and the
impact of a multilingual environment on construction H&S. Subsequently, a state-of-the-art
review of VDC technologies was performed, and 4D BIM and VR and their impact in
improving construction safety were studied. The findings motivated the analysis of the
potential of VR-based 4D simulation to enhance the risk assessment, hazard identification,
and safety training within the context of the multilingual environment of the UAE. The
technical feasibility of the VR-based 4D BIM simulation was analyzed through a real-time
case study project to evaluate its efficiency in mitigating potential safety threats. In this
study, only the falling hazard exercise conducted in the project was examined. Through
a mixed-method approach, simulation trials and discussions were performed for the focus
group to evaluate the effectiveness of the simulation. A mixed methods research method
was used, as it is best suited for research in which qualitative and quantitative data are
collected concurrently [98]. The initial research task was to develop BIM-based models that
could be converted into a VR based simulation. The BIM based VR simulations were de-
signed to meet OSHAD requirements for safety planning and comply with the regulations
imparted to ensure fall hazard prevention.

The safety module administration consisted of testing the module within the construc-
tion staff. To minimize the effect of the language difference, the safety exercise was tested
across the construction hierarchy (decision-makers and on-site workers). The construction
staff was able to pinpoint, discuss and resolve major safety threats which were further
explained to workers on-site. The workers on-site understood hazards and necessary
precautions to avoid injuries. Later a survey solicited the opinions of participants regarding
the impact of using five (5) Likert-scale aspects. Similar rating mechanisms have been
applied in the studies [99,100] where safety training modules were rated. They were also
asked open-ended questions soliciting feedback and the effectiveness of the module. The
details of the case study are presented in the following section.

This research comprised five stages, as shown in Figure 1.

Figure 1. Research stages.

3.1. Case Study

The purpose of this case study was to test the 4D BIM-based VR simulation about
mitigating the safety threats and to analyze the potential benefits and challenges of imple-
menting digital tools in terms of safety planning. This study also examined whether the
implementation of these tools ultimately improved safety-related communication in the
multilingual construction industry of the UAE.

This case study used a residential building project, covering an area of 100,000 ft2,
located in Al-Ain in the state of Abu Dhabi (Eastern region) in the UAE. The project was
initiated in August 2018 and initially planned to be completed by August 2020. However,
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the COVID-19 pandemic [101] eventually disrupted different sectors globally [102,103],
including the construction industry in UAE. Due to the COVID-19 imposed Safe Operating
Protocols (SOPs) [104] applied across the country, this project faced major challenges
in execution and procurement, and the new completion date of the project was set as
31 January 2021.

Against this background, this case study was conducted in three phases to exchange
knowledge, ensure proper awareness, identify hazards, and train workers.

In the first phase, a conceptual framework of this study was explained to the safety-
related decision-makers of the project. The project under consideration was a good candi-
date for the research because the staff was an amalgam of people with different ethnicities
and speaking different languages (Figure 2), and the project was newly started and no
safety risk analysis had been conducted by the time of this study. Therefore, the project
could potentially benefit from this study by implementing VR-based 4D safety simulation
to ensure systematic safety management and planning. After the first meeting, necessary
data such as 2D engineering drawings and zoning plans were obtained to develop a VR-
based simulation. During the second meeting, the VR-based 4D simulation was tested
with a project manager, a safety manager, a safety inspector, and concrete finisher labor
as participants. During the third meeting, all results were reviewed, and the benefits and
limitations were discussed with the participants of the project. The analysis period of the
residential building was from October 2019 to January 2020. BIM models were generated
to develop the VR safety simulation. Considering the complexity of actual construction,
different remedial actions related to falling hazards during grey structure construction and
architectural finishing execution were discussed.

Figure 2. Language and hierarchical level representation of construction staff.
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3.2. Design and Concept of Safety Modules and the Test Use-Cases

The study aimed to enhance safety planning by improving proactive decision-making
and increasing the hazard detection abilities of workers. The implementation process
consisted of three stages, namely, safety assessment and awareness, safety cognition and
training, and safety remedial action planning. The process was aimed to evaluate whether
the usage of digital tools may improve safety-related communication among different
teams working on a construction project. The functions and processes at each stage are
shown in Figure 3.

Figure 3. Safety planning and training module used in the case study.

3.2.1. Safety Assessment and Awareness

In this stage, participants exchanged safety-related knowledge regarding the project
to incorporate it into the VR-based training. The software-based 4D simulation helped
the participants discuss various aspects of the project and share their relevant knowledge
regarding predictable accidents, providing a stepping stone for the researchers to introduce
VR-based digital content instead of document-based safety regulations. Since the study
was performed in the Abu Dhabi region of UAE, OSHAD rules and regulations were
applied. These knowledge exchange sessions lead to the refinement of the final VR-based
training module. Brainstorming sessions, incorporating the OSHAD regulations, along
with the expertise of the safety experts and the basic simulation helped build a systematic
safety plan system. The knowledge exchange helps safety experts get introduced to digital
tools, whereas it helps researchers improve VR-based safety simulation.

3.2.2. Safety Cognition and Training

The knowledge-sharing exchange was realized during the cognition and training
stage, which provides a VR-based role-play opportunity for decision-makers to involve,
predict, and identify hazards. This virtual content comprising OSHAD-based models of
the real-time building helped experts predetermine the safety lapses that may have been
missed initially owing to a lack of visualization in the 2D drawings. This exercise is based
on identifying hazards digitally and then transferring the knowledge base to the on-site
workers. After VR training, on-site workers are expected to develop hazard identification
skills to avoid major safety threats. By taking the advantage of 4D simulation, the whole
scenario-based training enables participants to experience the possible real situations they may
encounter in the future during execution. This module not only helps in hazard identification
but also trains the workers on the use of digital tools for safety capacity building.
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3.2.3. Safety Remedial Action Planning

To overcome the language barrier and improve the traditional safety planning, the
workers on-site were introduced to the remedial action plans for each of the safety threats
that they may encounter. Safety hazards predetermined by the experts in the previous
module are communicated to and visualized by the workers until they understand the
problem. This exercise is continued until the panel gets a complete understanding of
the safety concern. This process is repeated by each team of the particular discipline
(electrical, mechanical, and architectural finishing workers). Finally, the participants are
provided with formal training based on OSHAD provisions to help them mitigate the
probable threat.

3.3. Design and Development of Test Simulations

The simulation comprises three main components, namely, the planning, modelling,
and visualizing components. The planning and modelling components are the platforms
where data are inserted as an input for creating the safety simulation to be displayed via
the visualizing component. The planning component considers the timelines of individual
activities to produce the project schedule. In this study, this schedule was formulated using
Microsoft Project® (UAE University). For modelling, Autodesk Revit® (Student Version,
UAE University) was used to produce BIM models. With the help of 2D drawings obtained
from the contractor, individual BIM models were produced for the architecture, structure,
and mechanical, electrical, and plumbing aspects. After producing the project schedule
and the BIM models, the useful information provided by the models and schedule was
utilized to produce a VR-based 4D simulation of the project. The models were imported to
Autodesk 3ds Max® (Student Version, UAE University) to form a mesh to be imported into
gaming software (Unreal Engine®, Student Version, UAE University). The models along
with the schedule were also imported to virtual planning software Synchro® (Student
Version, UAE University) which is used to generate a 4D timeline that can provide a
reference for Unreal Engine 4D animation and can make the on-site stakeholders aware of
the digital safety planning. The visualization component of the setup is the most important
part of the simulation as it helps the user interact with the developed simulation and
assimilate with experience. A .fbx file was imported from 3ds Max to Unreal Engine
software, where textures, materials, and lighting were added. Care was taken that the file
type imported to the gaming engine was not complex or difficult for the system to process.
The animation process for the timeline initially presented through Synchro was replicated
in a VR environment. The final building model was the near-real visualization of the actual
project building. The 4D representation of the building enabled the safety decision-makers
to make major changes to the actual sequence of activities to be conducted on-site. Once the
VR simulation was ready, users could experience VR immersion through the Oculus Rift
headset (Purchased, UAE University). The file exchange between the software is depicted
in Figure 4. For experiencing the visualization on-site, without VR headsets, an Android
version (Unreal Engine, Student Version) of the simulation was also created.
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Figure 4. Simulation module and file exchange within the software.

4. Research Results and Findings

After completion of the simulation, trials were conducted to evaluate its potential in
improving communication among different safety experts and the on-site workers. The
participants of this case study were chosen to include a variety of native languages; for
example, the project manager spoke English, the H&S manager, Arabic, the safety inspector,
Urdu/Hindi and the construction site worker, Pushto/Punjabi.

In the simulation, 2D plans and prior experience of the safety personnel were used
to create risk assessment reports and the calculated risks were communicated to the
construction workers on-site. The 4D simulations were used by the personnel at all levels
to detect all possible safety threats and accordingly propose sound safety decisions to avert
risks and minimize safety challenges. This section discusses the evaluation scheme used to
validate the VR-based 4D simulation designed to mitigate the safety threats arising from
the lack of communication within the multilingual construction industry of the UAE. The
evaluation process included concept and prototype evaluation and effectiveness evaluation
to evaluate the strengths and challenges of the safety simulation (Figure 5).
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Figure 5. Evaluation scheme.

4.1. Stage 1: Concept and Prototype Evaluation

First, the concept of the 4D VR simulation for safety decision-making was proposed
to the stakeholders. Initially, a project manager and two project safety experts were in-
cluded in the focus group to discuss the simulation concept and to determine if this safety
exercise will improve communication and knowledge exchange within the three levels
of the hierarchy structure. Participants were made aware of the digital tools (4D BIM
and VR) being used globally to improve different aspects of construction. For this pur-
pose, they were shown Synchro-based 4D simulation (Figure 6). Any variation in the
timeline, which occurred because of the schedule change, was also updated for simula-
tion. This preliminary evaluation of the concept was a subjective study, which comprised
a primarily unstructured feedback session. The participants were conveyed the concept
of the VR-based simulation to improve the flow of information regarding safety and to
visualize the activities related to project execution. Accordingly, the participants of this
focus group also engaged in discussions and provided feedback about the 4D simulation.
The safety experts within the focus group agreed that the VR-based simulation helped
make safety-related decisions, and the project manager confirmed that the simulation will
be helpful in the overall execution of the building as they can anticipate the safety execution
problems (clashes, safety threats, and design) and make decisions proactively ensuring
the smooth execution of the project. Moreover, they considered this an engaging exercise
and expected it to strengthen the capacity building of the focus group and improve the
information flow hampered by the language differences between them and on-site workers.



Buildings 2021, 11, 319 13 of 24

Figure 6. Synchro simulation.

In the next phase, after developing the simulation, it was evaluated through a risk as-
sessment exercise. The focus group described earlier and two on-site masonry construction
workers participated in this exercise. The initial interface of the simulation is shown in
Figure 7. The simulation also included a timeline (Figure 7b) that indicated a live schedule
that helped the viewer visualize the complete sequence of the project. The timeline helped
the user to find the exact date when an activity will start or finish and hence to make
proactive safety decisions accordingly. The project manager initially explored the 4D-based
walkthrough through VR headsets; provided useful comments about the progression of the
project and made recommendations regarding certain activities to be conducted to avert
potential safety threats. During this process, construction experts visualized the display on
the projector.

Figure 7. Simulation set up and process: (a) Start screen; (b) Live scheduled update of the project.
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Then, the H&S manager performed the same exercise and interacted with the VR
facility. With the help of a VR walkthrough, he detected safety lapses in the project.
According to Navon et al. [105] fall from heights is the main cause for fatalities and injuries
in construction projects, hence the scope of this research helped construction experts devise
strategies to help avoid fall incidents. These lapses were communicated with the members
of the meeting, and on-site workers also experienced VR simulation to understand the
gravity of safety threats. Once both the H&S experts (manager and inspector), explored
the VR walkthrough, they were tasked with making a probability impact matrix (Table 1)
for prominent falling hazards. Table 1 mentions the aforementioned safety threats. The
likelihood (Lik) and severity (Sev) of probable safety threats were recorded, and accordingly,
remedial actions were devised. The likelihood is the chance of a safety hazard that may
or may not occur, whereas severity is the extent to which a hazard can cause harm [106].
By devising remedies, the severity of a safety threat can be reduced. The NCEMA risk
assessment matrix [13] (Table 2), which was used by the contractors, presents the likelihood
and severity for various safety risk categories.

This safety exercise also gave the on-site workers a chance to imbibe hazard mitigation
strategies to successfully avoid any critical situation that they may face during execution.
Simultaneously, for the safety lapses, remedial action plans were devised by the safety
experts and conveyed to the workers to avoid injury. These safety planning sessions
lasted 30–50 min (depending on the complexity of hazards and project information), for
two participants (masonry workers) to fully grasp the safety scenarios and improve their
capacity building. The complete knowledge exchange process is depicted in Figure 8.
Considering the language differences between the participants, care was taken to ensure
that everyone fully comprehended the safety lapse by experiencing the VR simulation.
Similarly, the safety planning exercise was then repeated with teams from other disciplines
to design risk assessment plans to mitigate threats and leverage the maximum advantage
of the 4D simulation. The safety animation was also available to the safety supervisor
working on-site with construction workers through mobile devices.

Table 1. Probability impact matrix.

Likelihood (Lik.)
4 3 2 1

Very High High Weekly Medium Low
Daily Occurrence Weekly Occurrence Once in Six Months Once a Year

4

Fatality Catastrophic
Property Damage

Catastrophic
Spillage Release

16 12 8 4

Se
ve

ri
ty

(S
ev

.)

3
Permanent Disability

Major Property Damage
Major Spillage/ Release

12 9 6 3

2
Medical Treatment

Damage
Spillage/Release

8 6 4 2

1 Minor/No Injury 4 3 2 1
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Table 2. NCEMA risk assessment matrix for likelihood and severity for safety risk categories.

Sr. No. Hazard Safety Threat/Risk Who May
Be Harmed

Initial Risk
Sev × Lik = Risk Remedial Action OSHAD Code of

Practice (CoP)
Residual Risk

Sev × Lik = Risk
Scenario in VR
Environment

1

Work at height (Working
at the floor edge) Slip, trip

and fall.
Fall of persons.

Minor/major
personal injury.

Fatality.

Engineer,
supervisor,

foreman, and
workers

4 4 16

Edge Protection/hard
barricade shall be provided.

Safety Signboards, safety full
body harness shall be

provided along with a permit
to work, training, and

competent supervision.

OSHAD CoP.23, 22
and 17 1 4 4

2

Work at height (Working
at the adjacent of floor

openings) Slip, trip, and
fall Fall of persons.

Minor/major
personal injury.

Fatality.

Engineer,
supervisor,

foreman, and
workers

4 4 16

Edge Protection/hard
barricade shall be provided.

Safety Signboards, safety full
body harness shall be

provided along with a permit
to work, training, and

competent supervision.

OSHAD CoP.23, 22
and 17 1 4 4

3
Material Falling.

Material/tools fall from
height

Property
Damage/Head In-

jury/Puncture/Minor
Injury/Fatality

Engineer,
supervisor,

foreman, and
workers

4 3 12

A competent and experienced
person shall be assigned for

high-risk activities.
Competent supervision shall
be assigned, training shall be

given to the workforce.
Toeboard and safety net shall

be provided.

OSHAD CoP.23, 26 1 3 3

4
Handrails on stairs. Slip,
trip and fall. Person and
material fall from height

Property
Damage/Head In-

jury/Puncture/Minor
Injury/Fatality

Engineer,
supervisor,

foreman, and
workers

4 3 12

Hard handrails shall be
provided at stairs. A safety

net/green mesh shall be
provided. Toeboards shall be
provided. Safety signage shall

be provided.

OSHAD CoP.22
and 17 1 3 3
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Table 2. Cont.

Sr. No. Hazard Safety Threat/Risk Who May Be
Harmed

Initial Risk
Sev × Lik = Risk Remedial Action OSHAD Code of

Practice (CoP)
Residual Risk

Sev × Lik = Risk
Scenario in VR
Environment

5
Window opening

Slip, trip and fall. Fall
of persons

Minor/major
personal injury.

Fatality.

Engineer,
supervisor,

foreman, and
workers. Visitors
and trespassers

4 4 16

A hard barricade shall be
provided at the opening.
Warning signage shall be
provided. Competent and

continued supervision shall
be ensured. Awareness

training shall be conducted.

OSHAD CoP.22
and 17 1 4 4
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Figure 8. Knowledge exchange between participants.

4.2. Stage 2: Effectiveness Evaluation

Before starting the simulation, participants were instructed about the use of the VR
equipment and the touch controllers to perform walkthroughs during the immersion. The
participants mentioned that these instructions were “clear.” They described this experi-
ential experience as “thorough”, “immersive”, and “easy to use”. A 5-point Likert scale
questionnaire (1—Useless, 2—Ineffective, 3—Normal, 4—Effective, and 5—Highly Effec-
tive) was used to evaluate the effectiveness of the VR technology from the viewpoints of
clarity of instructions, ease of use, interactivity with the virtual environment, the comfort
of using a smart device, and engagement (Figure 9). The participants found the safety
simulation “engaging”. Initially, the workers on the site were hesitant to try it, but they
quickly adapted to the technology and understood the safety instructions provided by
their supervisor during the exercise. The participants also appreciated the graphics of
the module and described it as a “near-real experience”. The participants appreciated the
simulation and showed interest in implementing the digital tools (BIM and VR) to ensure
the easy flow of information and instructions.

In the next stage of evaluation, a mixed-method research technique comprising ques-
tionnaires and interviews was used. The parameters evaluated the potential of the technol-
ogy in comparison with 2D drawings to improve safety-related capacity building, hazard
detection ability, accessibility to safety information, and flow of communication about
instructions/safety threats. For the questionnaire, a 5-point Likert scale was used (1—Much
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Worse, 2—Somewhat Worse, 3—Stayed the Same, 4—Somewhat Better, and 5—Much Bet-
ter). This exercise lasted for 30 min. Table 3 lists the questionnaire and interview results
in brief.

Figure 9. Effectiveness of the VR technology.

Table 3. Summary of the mixed-method survey.

Sr. No. Issues Mean Score Results

1 Increase safety-related
capacity building 4.6

Very Helpful
A high score depicts that VR-based tools are more
helpful in safety training than traditional methods of
safety learning

2 Improve hazard
detection ability 4.7

Very Helpful
More hazards were identified through technology
than 2-D drawings and method statements, making
these tools more effective

3 Improve accessibility to
safety information 4.0

Helpful
VR technology improves the safety decision making
and trains the workers, only if the workers and
managers work together to resolve issues and
communicate the safety information

4
Improve the flow of
communication regarding
instructions/safety threats

4.2

Helpful
Although the information exchange increases through
the VR sessions, training each worker through VR
immersion is not effective in terms of managing
time resource

5 Improve overall safety
planning process 4.0

Helpful
Although digital safety planning increases the safety
planning process, the time is taken to model the
project and train the workers makes it
a time-consuming job.

The simulation results of the participants indicated that they missed safety threats
owing to a lack of interaction between engineering drawings. These inadequacies were
ignored in the initial safety planning of the project, but after the safety simulation was
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conducted, remedial actions were notified to the on-site crew. The safety and execution
personnel on-site experienced the safety threats with the help of VR. The results indicated
that the 4D BIM-based VR simulation performed much better during safety planning than
only the experience of safety experts and engineering drawings.

5. Discussion

Based on the data collected during the case study trials, the potential benefits and
limitations of the VR technology were identified. The advantages of the 4D BIM-based VR
simulation are as follows:

The 4D BIM-based VR simulation helped safety personnel develop a systematic safety
plan, which was previously dependent on the prior safety knowledge and interpretation of
2D drawings. The contractor company did not have any digitalized tools or framework
to implement safety practices, making it difficult to predetermine the safety threats of the
project. Using digital tools, the safety experts along with the project manager discussed
a stepwise timeline and identified all safety threats that may cause any variation in the
schedule or causalities on-site. This also helped them devise a formal plan consisting of
better work sequencing, safety inspection, and education and training of the workers.

A digitized framework is essential for minimizing safety threats in the UAE. The
proposed 4D simulation helped improve the flow of information and knowledge from the
decision-making hierarchy to the on-site labour working on the project. Research conducted
by the immersion and walkthrough presentation benefited not only the decision-makers
but also on-site workers by enhancing their capacity building concerning construction
safety and hazard detection abilities.

Previously, in the absence of digital tools and technology, it was difficult for the safety
experts to communicate potential threats to on-site workers since the knowledge and
instructions were based on tacit safety experience. By incorporating digital mechanisms,
information regarding activities can be passed to the workers on-site, thereby enabling
smooth execution.

Most of the active safety training involves scenario-based learning, where certain
scenes cover only a few safety threats and do not provide a holistic view of all the different
types of safety lapses of which a worker must be aware. The 4D BIM-based VR safety
training allows the contractor to prepare, predict, and devise remedies for all the safety
threats that may occur at any stage and hamper on-site construction. The VR-based learning
may help the worker visualize the exact risk they may face without actually risking their
lives, and they can learn the exact environment of the construction project.

Several issues were also noted. These challenges should be addressed in future work:
In the simulation exercise, both fiscal and human resources were used. If the client

does not mandate the use of digital tools for safety planning and does not incentivize
the contractor to implement them, it will be difficult to incorporate the technology into
conventional safety planning.

The level of detail (LOD) for the entire simulation was not consistent. For example,
LOD 300 was applied for the concrete floors and walls, whereas LOD 250 was applied
for the other building components such as the ceiling and architectural façade walls.
This difference in LOD hampers the review of the entire building by the safety experts
and project manager, and some crucial aspects of safety planning may be overlooked for
a component with lower LOD.

The use of the 4D BIM-based VR module may be suitable for one type of project and
may be relevant for projects with similar parameters and Revit families and components.
However, the exercise will not be equally effective if the buildings have entirely different
components and scope. Modelling and developing 4D simulation in a gaming engine for
a new project will be time-consuming. Hence, a repeatable workflow is recommended, and
this will be considered in future work.

The safety simulation helped the experts devise a systematic digital safety plan and
devise remedial plans for potential safety threats. The experts who are not aware or
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experienced in using digital tools such as 4D BIM, VR, or 3D visualizing software, may
find it slightly difficult to adapt to these new technologies and incorporate them into the
conventional construction processes.

Overall, the focus group of this study experienced the benefits of the proposed experi-
ential safety simulation and showed interest in pursuing digital mechanisms not only for
safety planning but also for other aspects of construction.

Thus, this case study helped the stakeholders of the project to use 4D BIM and VR
for digital safety planning. However, producing BIM-enabled VR simulations at various
stages of the project to represent up to date site information is a time-consuming job and
a tedious process.

Considering this challenge, in future work, a robust and repeatable framework that
requires only minimal necessary changes as the input and can adapt with the specifications
will be explored from the perspective of generating VR-based 4D simulations of the project
in less time and with low economic costs.

6. Conclusions

In this study, a VR based 4-D simulation was proposed as an alternative to traditional
construction safety practices in a multilingual construction environment. A case study
of a real-time project in the UAE was conducted for improving construction safety. The
case study involved the development of 4D BIM models and VR simulation to improve
safety planning by visualizing hazards and training workers to take proactive measures
to avoid injuries. The safety exercise was initiated with hazard-identification-based risk
assessment, where the project team participated in identifying possible safety lapses. It
was ensured that these threats were communicated effectively to the workers on-site
without a language barrier to allow them to act proactively during job-site activities. The
project team was given a briefing on using the VR equipment in advance. The on-site
workers have explained the safety remedial plan to be followed to avert any on-site risk.
Subsequently, the design evaluation scheme was implemented to evaluate the effectiveness
of the simulation. A Likert scale questionnaire was used that indicated that the VR
environment encouraged the site crew to participate in proactive safety planning, was
easy to use and created a real-life scenario without actually being on the site. Then, an
analysis was conducted using a mixed methodology involving specific questions about
the effectiveness of VR simulation, especially in comparison with the traditional method
of safety planning (the 2D drawings and method statement). All the participants agreed
on the benefits of using VR-based tools to help detect safety problems and take remedial
actions. However, although safety visualization is beneficial, considering the exploratory
nature of the digital tools, this study does not disregard the safety-related expertise of
the OHS personnel on and off-site. Moreover, this case study should be expanded and
implemented for other projects as well to improve the deficiencies in the simulation.

This study concludes that a combination of digital tools such as 4D BIM and VR can
help reduce job-site safety threats and increase knowledge sharing by predetermining
safety hazards and training on-site workers. This will ultimately reduce the language
barriers within a multilingual environment and lead to an overall improvement of the H&S
environment of the construction industry of the region.

The UAE has already implemented BIM and is a practitioner of good safety prac-
tices. More work is necessary to incorporate digital tools to digitize safety-planning
practices. Researchers should develop tools and plugins that incorporate local safety
regulations to improve safety. Implementation steps should be taken at all levels of stake-
holders to support these initiatives. Joint ventures between government municipalities,
universities, and private entities can drive advances in digital mechanisms to improve
construction safety.
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