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Abstract: The global construction industry faces serious safety challenges, characterised
by high rates of accidents and fatalities. A systematic review that analysed 95 academic
articles from the Scopus and Web of Science databases investigated the current use of digital
technologies (DTs) in construction safety management across developed and developing
countries. The research discovered that digital technology applications in construction
safety primarily focus on developing models and simulations. These technologies are
making significant contributions by enhancing worker training, improving risk prediction
capabilities, enabling real-time monitoring, facilitating better communication, and support-
ing more proactive safety interventions. The most frequently utilised digital technologies
in this domain include virtual reality (VR), building information modelling (BIM), machine
learning, and artificial intelligence (AI). Despite the promising potential of these technolo-
gies, their actual implementation remains somewhat limited, especially in developing
countries. This study identified critical knowledge gaps, specifically the limited under-
standing of digital technology trends in construction safety management across different
economic contexts, the insufficient research on strategies to increase digital technology
adoption in the construction sector, and the need for more comprehensive investigations
into how the technology adoption divide can be bridged. This research aimed to facilitate
future empirical studies that can advance the understanding of digital technologies and the
development of strategies to integrate them more comprehensively into construction safety
practices. By providing a detailed overview of current digital technology applications,
highlighting research limitations, and suggesting future research directions, this review
seeks to contribute to both academic understanding and practical improvements in global
construction industry safety.

Keywords: construction; digital technologies; safety; systematic review

1. Introduction
The construction sector is known for its high-risk nature and has poor safety perfor-

mance in both developed and developing nations. For instance, in the USA, 1008 deaths
were recorded in 2022, while in the UK, 49 deaths were recorded in 2023 within the construc-
tion sector [1,2]. In countries such as India, 11,614 deaths are recorded in the construction
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sector per annum and 20 are recorded in South Africa [1,3]. In China, there are 7275 deaths
due to accidents in the construction sector per annum. Researchers have extensively stud-
ied construction H&S, which is a significant concern in management practices [4]. It is
also considered a top priority due to the dangerous and complex procedures within the
construction sector [5]. There has been a pressing need for legislative reform for the H&S
practices of the construction industry, which remains unnecessarily hazardous in many
parts of the world [6]. According to Guo et al. [7], the administration of H&S procedures
in the construction sector has historically been labour-intensive, manual, and error-prone.
They hypothesised that traditional monitoring and inspection methods make it difficult to
monitor every employee and the entire facility. Additionally, traditional construction H&S
methods often use hazard recognition systems that rely on paper, which impede timely
risk communication.

Given this, various researchers [8–11] recommend the application of digital technolo-
gies (DTs) within the construction sector to manage safety, including wearable technology,
unmanned aerial vehicles (UAVs), virtual and augmented reality (VR/AR), building infor-
mation models (BIMs), and artificial intelligence (AI). These technologies have proven to be
reliable and essential for H&S planning, training and education, and management [12]. Li
et al. [13] and Razi et al. [14] also confirmed that these technologies can better predict the
potential risks and hazards that may arise during the various stages of construction. Users
can also detect H&S issues through the use of visualising technologies, such as VR and
AR [15]. AI has also been used for risk prediction, and AI-powered picture identification
can assist in determining whether construction workers are correctly wearing personal pro-
tective equipment [16]. Despite the potential of these technologies to improve construction
H&S, their adoption remains low [17] in developing and developed countries.

Many studies have explored the general use, benefits, and barriers of DTs in managing
construction H&S [13,18,19], and others have conducted reviews on the implementation
of DTs in managing construction H&S [4,15,20,21]. However, most of these studies do not
highlight current academic trends, primary impacts, and the most prevalent DTs used in
managing construction H&S, and neither do they attempt to compare how these current
trends regarding DT use in construction H&S management differ between developed and
developing countries. Understanding the current trends of DT application in construction
H&S would support the implementation process and mainstream adoption of these tech-
nologies. As a result, this study intends to gain a deeper understanding of the current DT
trends in building H&S for developed and developing countries from an academic and
industrial viewpoint. The SLR was expedited with three research questions, which include
the following:

RQ1: Which DTs are currently being used in the construction industry to manage health
and safety?
RQ2: Which research techniques are employed in DTs for studying safety?
RQ3: What effect does DT have on the construction sector’s safety management?

2. Literature Review
2.1. Global Perspectives on Construction Safety

Construction work is well known for being conducted under hazardous, poor, and
unpleasant working conditions. The International Labour Organisation (ILO) claims that
construction workers are exposed to dangerous materials on a regular basis, including
dangerous atmospheres, radiation, noise, and vibrations [15,22]. Umer et al. [8] confirmed
this by pointing out that in comparison to other industries, the construction sector has one of
the highest rates of occupational fatalities and injuries. Incorrect posture, heavy machinery,
falls from heights, hard lifting and carrying, and unfavourable weather and wind conditions
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are the main risk factors that lead to accidents and occupational injuries [22]. Because
construction crews produce high-performance buildings and other civil works, Nnaji
and Karakhan [23] came to the conclusion that their welfare is essential to construction
productivity and quality. The construction industry accounted for 1061 of the 5333 fatal
occupational accidents that occurred in the United States in 2019, according to a report
released by the U.S. Bureau of Labour Statistics (BLS) [1]. Similarly, Eurostat data show
that in 2018, there were 3332 fatalities in Europe, with the construction sector accounting
for one-fifth of these cases [24,25].

The construction industry has a fatal injury rate that is four times greater than that
of other industries, and the total cost of injuries in 2020 rose by 34% from 2018 [2]. These
concerning figures demonstrate that building H&S is a worldwide issue. In light of this,
scholars have criticised the construction sector, arguing that conventional methods used for
construction safety are insufficient to safeguard the welfare of construction workers [7,26,27]
and have suggested more sophisticated methods to enhance construction H&S [10].

2.2. Review Studies on Digital Tools for Managing Safety in Construction

As stated earlier, some studies have conducted reviews on the use of DTs for managing
construction safety. However, most of these studies do not highlight current academic
trends, primary impacts, and the most prevalent DTs used in managing construction
H&S, and neither do they attempt to compare how these current trends regarding DT use
in construction H&S management differ between developed and developing countries.
Akinlolu et al. [15] conducted a comprehensive bibliometric review of construction safety
management technologies. Their study revealed a significant increase in research output
on this topic over the past decade, indicating growing academic and industry interest. A
thorough analysis of the use of immersive technology in construction safety management
was presented by Babalola et al. [21]. Their research demonstrated the industry’s increasing
use of mixed reality (MR), augmented reality (AR), and virtual reality (VR) technologies.
The authors noted that VR, in particular, has been effective in creating realistic simulations
of construction sites, allowing workers to experience and respond to potential hazards in a
safe, controlled environment.

Guo et al. [7] explored the dynamics of behaviour-based safety programs in the
construction industry using a system dynamics approach. Their study emphasised the im-
portance of understanding the complex interactions between various factors that influence
safety behaviours and proposed a model that considers the interplay between management
commitment, worker participation, and safety performance. The potential of computer
vision technologies for safety science and management in the construction industry was
examined in a study by Guo et al. [4]. The authors identified several promising applica-
tions, including automated hazard recognition, safety inspection, and worker behaviour
analysis. Additionally, Dobrucali et al. [20] conducted a bibliometric study of digital tools
that can be used for building safety. Their study revealed an increasing trend in the use
of several digital platforms and tools for safety management. In comparison, Trask and
Linderoth, ref. [28] provided a systematic mapping review of digital technologies. Their
study highlighted the potential of digital tools to improve safety outcomes through better
data collection, analysis, and procedures for decision-making. The writers also emphasised
how crucial it is to take into account the human factors and organisational aspects when
implementing these technologies to ensure their effectiveness and adoption.

3. Research Methodology
The current study used a systematic literature review (SLR) to look at the body of

knowledge about the intersection of the following terms: “Virtual reality”, “Augmented
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reality”, “Digital technology”, “Machine learning”, “Artificial Intelligence”, “Health”,
“safety”, and “Construction Industry”. An SLR comprises the synthesis of all data relevant
to a certain field of study in order to obtain answers to specific research questions, according
to Moher et al. [29]. By revealing gaps and fresh paths for future research, systematic
reviews, using simple approaches, lessen prejudice. According to Abam et al. [30], SLR
is a useful method for condensing research on the built environment. Subjects such as
status and emerging research trends in construction safety, Akinlolu et al. [15], the lean-
offsite-simulation nexus for housing construction, Daniel and Oshodi [31], and SLRs of
digital technology use in the Architecture, Engineering, and Construction (AEC) Industry,
Manzoor et al. [32], have been explored prior. SLR is appropriate for addressing the research
issue posed in the opening of this work because of the importance of the repeatability
of outcomes.

Finding pertinent keywords, searching pertinent databases, filtering search results
according to inclusion criteria, and content analysis of the publications that meet the
inclusion criteria were the steps of the SLR employed in this work. The study question
stated in the introduction was answered by the data gathered from the fourth stage.

The process used for the SLR is depicted in a PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) flow diagram in Figure 1. A popular method
for representing the study selection process in systematic reviews and meta-analyses is
the PRISMA flow diagram [33]. It provides a clear visual representation of the screening
and literature search procedure. There are typically four main sections in a PRISMA
flow diagram:
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Identification: The quantity of records discovered through database searches and other
sources is shown in this section.

Screening: This displays the number of records that were screened and excluded, as
well as the number of records that remain after duplicates are removed.

Eligibility: This section lists how many full-text articles were assessed for eligibility
and how many were rejected, along with the reasons why.

The number of studies included in the qualitative synthesis and, if applicable, the
quantitative synthesis (meta-analysis) are listed in the last section. According to Haddaway
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et al. [34], the figure also guarantees transparency and reproducibility in the review process
by explaining how the researchers chose the final group of included publications.

3.1. Search Keywords: Identification

Based on the study topic, seven keywords were initially chosen for the database search,
i.e., “Virtual reality”, “Augmented reality”, “Digital technology”, “Machine learning”,
“Artificial Intelligence”, “Health”, “safety”, and “Construction Industry”. Various terms
such as immersive technology and serious gaming are used interchangeably with virtual
reality as well as augmented reality in digital technology for H&S management literacy in
construction. Similar terms and synonyms for the construction industry and occupational
and safety that were found in previous literature review studies served as the basis for the
keywords utilised to search pertinent databases [4,15,20,21]. The search terms used for the
database search are shown in Table 1.

Table 1. Keywords search combination.

Keyword Combination Scopus Number of Papers WoS Number of Papers

“digital technology” AND “health and safety”
AND “construction industry” OR “building

industry” OR “construction sector” OR
“construction company”

28 16

“virtual reality” OR “augmented reality” AND
“health and safety” AND “construction industry”
OR “building industry” OR “construction sector”

OR” construction company”

35 255

“machine learning” OR “artificial intelligence”
AND “health and safety” AND “construction

industry” OR “building industry” OR
“construction sector” OR “construction company”

52 393

Total 115 664

3.2. Data Collection

To make sure all of the relevant studies were located, a comprehensive search strategy
was employed when looking through the pertinent databases. The databases used in this
study were Web of Science (WoS) and Scopus. Pranckutė [35] asserts that WoS and Scopus,
a multidisciplinary and selective bibliographic database, are the most reliable and authentic
data sources. WoS and Scopus are large publications and citation databases, according to
Li et al. [13] (2018) and Dobrucali et al. [20], who used them in related studies. These two
databases were sufficient for finding relevant documents, guaranteeing the reproducibility
of this study’s findings. The keyword combinations used in the database search are shown
in Table 1. An overview of the search results is shown in Table 1. The search produced
779 published studies from the WoS and Scopus databases. The earliest publications
on digital technologies in construction safety, according to the bibliometric search, were
released in 1997 for Web of Science and in 2005 for Scopus. As a result, the scope was
restricted to the period of 1997 to 2024 in WoS and 2005 to 2024 in Scopus.

3.3. Filtering of Search Results

The first set of search results, such as samples, was filtered using the inclusion and
exclusion criteria. By using this screening technique, the sample was ensured to be free of
research that was not pertinent. The screening process was divided into two stages. First,
the title and abstract of each of the 779 journal articles and conference proceedings papers
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(115 from Scopus and 664 from WoS search) were read. Of the 779 items discovered during
the search phase, 684 (356 journal articles and 328 conference proceedings) were excluded
from the sample based on the following exclusionary criteria:

• Out of the data gathered, 57 (34 journal articles and 23 conference proceeding articles)
duplicates were removed as the results of the Scopus and WoS searches overlapped.

• The purpose of the identified studies.

The application of digital technology in H&S construction management is the main
topic of the current review. Therefore, studies that focused on applying these methods to
other projects were ignored. Because Khean et al. [36] focused on analysing potential socio-
economic factors that affect machine learning research in the Architecture, Engineering,
and Construction (AEC) Industry, for instance, their work was not included in the search
results. The focus of the research led to the exclusion of 627 papers (320 journal articles
and 307 conference proceedings articles). The search results included 95 papers (61 journal
articles and 34 conference proceedings papers) at the conclusion of the first filtering step.
Second, the 95 articles’ full texts were examined to make sure the inclusion criteria—that
is, the study’s focus—were satisfied. As all 95 papers satisfied the inclusion criteria, these
95 articles remained in the search results after the filtering process and were used for the
research analysis.

4. Qualitative Content Analysis of Search Results
The 95 pertinent articles underwent a comprehensive qualitative content analysis.

When assessing the qualitative content data, the planned study objectives listed in the
introduction were taken into account. Papers that satisfied the selection criteria were
assigned code numbers (i.e., 1 to 95) to begin the qualitative content analysis. To address
the goals of the research, the tagged publications were read. A portion of the qualitative
content results was quantified for better visualisation; in particular, the study’s findings,
which are covered in Section 5 and are summarised and presented in Figures 2 and 3.
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Furthermore, a thematic mapping of the effects of DTs for construction safety man-
agement in both developed and developing nations can be found in Section 5. This was
accomplished through thematic analysis, or the development of themes. Thematic analysis,
according to Braun and Clarke [37], comprises identifying, evaluating, and summarising
patterns (themes) in data. Large qualitative datasets can be analysed and made sense of
with the help of thematic analysis. The data can be interpreted using a variety of meth-
ods, including deductive (theory-driven) and inductive (data-driven) approaches [37–40].
Therefore, using a systematic review and thematic analysis, this approach was utilised to
find and classify the findings of the pertinent publications.

5. Discussion
5.1. Distribution of DT Application in Health and Safety Management in Developed and
Developing Countries

The findings shown in Figure 2 illustrate how various digital technologies are currently
being used in both developed and developing nations’ construction industries. It is evident
that the developed and developing nations’ adoption of digital technology in health and
safety management differs significantly.

In developed countries, it is evident that digital technology, such as virtual reality,
machine learning, and artificial intelligence, is being utilised extensively in health and safety
management. According to the available literature, these technologies are being utilised
for a number of purposes, including worker monitoring, training, and risk assessment.
For instance, a study by Sommerville et al. [41] found that virtual reality technology
effectively trained workers on safety procedures and reduced accidents. In another study
by Demirbas et al. [42], machine learning was utilised for risk assessment and predicting
work-related accidents.

However, there is little usage of digital technology for managing health and safety in
developing nations. The data presented in the chart show that only a few of these countries
are actively incorporating digital technologies in their construction sector. This can be
attributed to a lack of resources, limited access to technology, and a lack of skilled personnel.
For instance, a study by Noura et al. [43] found that developing countries, such as India
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and China, face challenges in fully implementing digital technology in the construction
sector due to a shortage of skilled workers and limited access to technology.

However, efforts are being made to integrate digital technology into safety and health
management in poor countries. For instance, a study by Ren et al. [44] proposed that
building information modelling (BIM) could be used for safety management in developing
countries by creating 4D simulations and risk assessment. This shows the potential for use
in underdeveloped nations; digital technology is being used to manage health and safety,
and additional studies and funding are needed to utilise its benefits fully.

Regarding specific technologies, augmented reality, wearable technology, and 4D sim-
ulation have low adoption rates in developed and developing countries. These technologies
can enhance construction site safety by providing workers with real-time information and
warnings. The low adoption rate shows that these technologies are not widely used in the
industry. Table 2 shows the comparative differences between the use of AR and wearable
technology adoption that are not seen for VR or AI.

Table 2. Detailed comparison of barriers.

Technology Common Barriers Unique Barriers

AR Cost, lack of content, usability Hardware limitations, real-world integration
Wearable Cost, privacy concerns, usability Comfort, battery life, data accuracy

VR Cost, lack of content, technical limits Motion sickness, isolation, high cost
AI Cost, data quality, talent shortage Ethical concerns, transparency, job impact

5.2. Reasons for Lower Adoption Rates of AR and Wearables

Research suggests that AR and wearables face specific technological and design chal-
lenges that hinder their adoption compared to VR and AI. For AR, the cost of the hardware
required for creating and running digital applications can be a significant barrier to its
usage [45]. Also, the use of wearables (such as hand vibration syndrome [HAV] watches)
was limited, and this situation can be linked to the limited knowledge among the work-
force [46]; workers are not comfortable with long-term wear, battery life constraints, and
ensuring data accuracy, particularly for health-related applications [46].

Stakeholder perspectives on AR and wearable technologies often clash, creating barri-
ers to effective implementation. Workers may resist these tools due to discomfort, increased
cognitive load, or concerns over constant monitoring and data privacy, perceiving them as
surveillance rather than support [45,46]. On the other hand, IT system integrators grapple
with usability challenges such as ensuring seamless system integration, real-time data pro-
cessing, device interoperability, and user-friendly interfaces [38]. If these technologies are
not intuitive or reliable, adoption rates drop significantly. Bridging this gap requires stake-
holder collaboration, user-centred design, and ongoing feedback loops to align technical
functionality with practical, on-the-ground usability and acceptance.

In contrast, VR benefits from established use cases in gaming and simulation, which
have driven its adoption despite challenges like motion sickness [47]. AI, being software-
centric, is easily integrated into existing business processes, with adoption rates boosted
by its utility in data analytics and customer service, despite barriers like data quality and
ethical concerns [48].

Unique Barriers for AR and Wearables

To elaborate, the barriers unique to AR and wearables, which are not as prevalent for
VR or AI, include the following:



Buildings 2025, 15, 1386 9 of 23

For AR:

Hardware Limitations: AR requires precise tracking and rendering for real-world
integration, demanding high computational power. Current devices often have a
limited field of view and poor display quality, hindering user experience [45].
Real-World Integration Challenges: The need to overlay digital information accurately
on the real world can lead to technical glitches and less intuitive interactions, unlike
VR, which operates in a controlled digital environment, or AI, which is software-based
and does not require physical overlays.

For Wearables:

Comfort and Design Issues: Wearables must be unobtrusive and comfortable for ex-
tended wear, a challenge not as critical for VR (used in short sessions) or AI (not worn).
Current designs can be bulky or aesthetically unappealing, reducing adoption [46,49].
Battery Life Constraints: Wearables need a long battery life in small form factors, a
unique challenge compared to VR, which often uses tethered systems, or AI, which
does not rely on wearable hardware.
Data Accuracy and Reliability: For health-related wearables, ensuring sensor accuracy
is crucial, a barrier not as prevalent for VR (focused on immersion) or AI (data quality
is different, related to bias and completeness).

In comparison, VR faces unique barriers like motion sickness due to its immersive
nature and isolation from the real world, which can have its own safety concerns, but these
are less related to the hardware design and more to user experience [50]. AI’s barriers, such
as ethical concerns about bias, transparency, and job displacement, are software-related
and do not overlap with the hardware and wearability issues of AR and wearables [51].

Barriers such as cost, usability, and data concerns significantly impact the adoption
of emerging safety technologies. Augmented reality (AR) often struggles with hardware
limitations and poor integration with dynamic construction environments, as shown in
Yan et al. (2017) [52], a study conducted in Hong Kong regarding the accuracy of the
captured body section. Wearables, though promising, face pushbacks due to discomfort
and privacy issues, with workers rejecting biometric monitoring [53,54]. DT tools, despite
their potential, often underperform due to poor data quality and a lack of skilled personnel,
contributing to safety prediction failure.

5.3. Research Method Used in Previous Studies

The research methods adopted in previous studies are presented in Figure 3. The study
techniques employed focused on applying immersive technology and AI in safety manage-
ment, including modelling, simulation, questionnaire surveys, case studies, interviews and
experiments. The prevalent research methods in this area are modelling and simulation.
In contrast, experimentation is the least utilised research method. Also, there seems to
be a difference in the use of simulation and experiments when comparing the quantity of
research projects carried out in both developed and underdeveloped nations. Compared to
the number of studies that have used modelling and simulation, the usage of case studies is
relatively few. This observation could be linked to the reluctance of construction companies
to adopt new technologies and researchers’ lack of access to real-world data.

5.4. The Impact of Digital Technology on Safety Management in the Construction Sector

Five themes covering the impact of DT were identified from 95 publications from
developed and developing countries that were reviewed in a methodical manner. These
included education training, prediction, proactive safety measures, monitoring and evalua-
tion, predictive decision support, and communication and collaboration. These themes are
discussed below.
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5.4.1. Education and Training Impact

This study found that using DTs significantly impacts instruction and practice. With
the increasing use of digital technology across industries, the construction sector has also
started incorporating DTs into its safety management training programs.

One of the main themes highlighted in the sub-themes is the use of VR technology in
safety training. According to refs. [55,56], VR technology allows for realistic and immersive
training simulations which can improve safety competencies and motivation for workers.
This is especially beneficial in the construction sector where workers are exposed to various
hazards and risks. Through the use of VR simulations, workers can experience and practice
dealing with potential safety incidents in a controlled environment, reducing the risk of
real-life accidents. This is further supported by research conducted by [57], which found
that VR-based safety training led to increased safety knowledge, awareness, and positive
attitudes among construction workers.

5.4.2. Flexible Use of Online Courses for Safety Training

Another sub-theme highlighted is the use of online courses for safety training. This
approach offers flexibility for workers, as they can access training materials at their conve-
nience. Additionally, online courses can incorporate VR simulations, making them more
engaging and effective. Ref. [55] found that VR-based online courses increased safety
compliance and higher safety performance levels than traditional face-to-face courses.

Moreover, VR technology can provide workers with a better learning environment than
traditional approaches. As highlighted in the text, visualising technology tools, including
VR, can enhance the learning experience for workers. This is supported by research by [56],
which found that using VR technology can generate a higher level of engagement and
improve learning outcomes for workers in the construction sector.

Furthermore, using drones in conjunction with simulation software can improve safety
in handling health care equipment. Drones can be used to conduct safety inspections and
monitor equipment, reducing the likelihood of accidents and worker injuries. This is in
line with a study by [58], which found that using drones for safety inspections in the
construction sector significantly reduced the number of workplace injuries and fatalities.
The use of digital technology, specifically VR, has a positive impact on H&S management
in the construction industry. It provides innovative and effective solutions for education
and training, leading to increased safety competencies and improved safety performance
among workers. The use of virtual reality technology in safety instruction is supported by
the literature, and its continued adoption in the construction sector is essential for creating
a safer work environment for workers.

5.4.3. Prediction and Decision Support Impact

This study found that the use of digital technology provides predictive decision
support. This includes the use of monthly forecasts of project safety performance through
the integration of digital technologies. This has been made possible by means of data
collection and analysis, allowing for the identification of potential hazards and risks that
may arise during construction projects. As a result, safety professionals can make informed
decisions and take preventive measures to reduce accidents. Matthews et al. [59] noted
that through BIM, it is possible to monitor building sites in real time, allowing for the early
detection of safety hazards and improved decision-making for accident prevention.

Another sub-theme highlighted is automated safety surveillance systems integrated
with AI. These systems can detect events and quickly forecast potential risks, enabling
safety professionals to take prompt and accurate actions. Additionally, machine learning
models and AI can provide decision support for safety professionals to develop effective
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safety strategies based on the data collected [60]. This results in improved safety outcomes
and reduced negative incidents in the building industry.

Furthermore, the research discovered that incorporating digital technologies in H&S
management has also contributed to improving the well-being of workers. Using techniques
such as the early detection of physically demanding tasks through IoT reduces the risk
of musculoskeletal injuries among healthcare workers [61]. Moreover, AI and machine
learning also enable the rapid analysis of textual accident narratives, allowing timely
interventions and improved safety outcomes [62].

Also, this study revealed the role of digital technology in understanding the causa-
tion of unsafe behaviours by healthcare workers. By analysing data collected through
digital technologies, it is possible to identify patterns and trends that may contribute to
unsafe behaviour, allowing for the development of targeted interventions. This is crucial
in promoting a safety culture in the building industry and lowering the probability of
recurring incidents.

Utilising digital technology for the construction industry H&S management has re-
sulted in several benefits. Through data sharing and analysis, improved decision-making
and forecasting abilities have been achieved, resulting in the prevention of accidents and
the improved well-being of workers. However, organisations must invest in the necessary
infrastructure and personnel training to harness these technologies’ potential fully, which
may be challenging in smaller organisations and developing countries.

5.4.4. Real-Time Monitoring and Evaluation Impact

According to this study, there has been a notable influence from the use of digital
technology on the safety management of the construction industry. First of all, it has
contributed to a reduction in occupational accidents and injuries by providing real-time
monitoring and alerts. This has been highlighted in research by [63], who found that
using wearable devices and eye-tracking technology led to a reduction in accidents in
the construction sector. Moreover, automated surveillance systems are highly efficient in
detecting hazards and avoiding accidents. This suggests that companies can enhance their
safety performance by incorporating digital technology into safety management.

However, implementing digital technologies for safety management in the construc-
tion industry also brings some challenges. One of the main concerns is the cost and
accessibility of these technologies, particularly for small and medium-sized construction
companies. Data privacy and security issues may also be a significant concern when
using wearable devices and surveillance systems that collect sensitive personal informa-
tion. To address these issues, the use of cloud platforms is being encouraged to reduce
the cost of hardware and address data leakage [59]. The push for cloud platforms to
reduce hardware costs and mitigate data leakage reveals a core privacy–communication
trade-off in system-level architecture. Cloud-based systems enhance scalability, processing
power, and affordability, which are crucial for real-time safety analytics, digital twins, and
wearable tech [59,64]. However, outsourcing data storage and processing to third-party
servers increases vulnerability to data interception, unauthorised access, and regulatory
non-compliance [64]. For example, wearable devices that transmit biometric data via
cloud services offer real-time insights but risk violating worker privacy if encryption or
access controls are inadequate [59]. Balancing low-latency communication with strong
privacy protections remains a key architectural dilemma that affects trust, adoption, and
system integrity.
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5.4.5. Communication and Collaboration Impact

This study found that digital technologies have vastly improved collaboration and
knowledge exchange between researchers and professionals in the field of construction.
This has made it possible to create and execute more effective safety measures as expertise
and information can be utilised and shared to improve current practices. Ref. [65] found
that using digital platforms for collaboration and communication significantly reduced
workplace accidents and injuries in the construction industry.

Additionally, virtual reality (VR) safety training has greatly improved accessibility for
construction employees. VR training provides a more immersive and engaging learning
experience, making it easier for workers to understand and retain safety protocols. This is
particularly effective in addressing language barriers and ensuring training is accessible to
all employees, regardless of their native language [56].

Additionally, digital tools like virtual reality (VR) and artificial intelligence (AI) have
contributed to innovation in accident prevention approaches. By using these technologies,
researchers and companies can simulate and analyse potential hazardous situations, al-
lowing for the development of more proactive safety measures. A study by [56] showed
that using VR in safety planning significantly decreased accidents and injuries on construc-
tion sites.

However, while digital technology has undoubtedly brought about positive changes
in the construction industry’s handling of safety, some challenges need to be addressed.
For example, the rapid pace of technological advancement means that companies must
constantly update their systems and training programs to stay effective.

5.4.6. Proactive Safety Measures Impact

Digital technologies, such as VR-based training programs, AI, and IoT, have signifi-
cantly impacted the construction sector’s management of safety. This research discovered
that these technologies have contributed to proactive risk mitigation plans and improved
safety attitudes among professionals. For instance, VR-based training programs provide
hands-on experience in a controlled environment, enhancing workers’ understanding and
awareness of potential hazards.

Additionally, AI and IoT enable the collection and analysis of real-time data, allowing
professionals to take necessary measures to prevent incidents. As stated by [59,60], this
real-time monitoring helps identify potential hazards and implement preventive measures,
thus reducing the likelihood of accidents. Furthermore, the automation of safety protocols
through IoT devices has improved efficiency and reduced human error [66]. Thus, using
digital technology in safety management in the construction sector has proven beneficial in
mitigating risks and promoting a more secure workplace.

5.5. Analysis of Strategies for Digital Technology Adoption in Construction Safety

The construction industry, critical for infrastructure development, faces significant
safety challenges, with digital technologies offering potential solutions like real-time mon-
itoring and risk assessment. However, adoption rates vary, particularly in developing
countries, due to barriers such as high costs and a lack of knowledge. This report aimed to
identify strategies that have been underexplored, focusing on policy-level, organisational,
and financial incentives and their comparison can be seen in Table 3. Furthermore, digital
inequality still exists. In developing regions, limited bandwidth, outdated devices, and
unstable power grids severely hinder real-time digital twin, AI, and VR applications [67,68].
These infrastructure deficits create latency, data loss, and poor user experience, making
safety tech deployment both unreliable and unsustainable without systemic upgrades.



Buildings 2025, 15, 1386 13 of 23

5.5.1. Policy-Level Strategies

Policy-level strategies involve government interventions such as regulations, stan-
dards, and mandates to encourage DT adoption. Examples include the following:

• Ireland’s National BIM Council strategy, which aims to reduce project delivery times
by 20%, increase exports by 20%, and cut capital costs by 20% by 2021 compared to
2018 through the use of digital tools like BIM [69].

• The UK’s Infrastructure and Projects Authority, with a USD 780 billion investment
plan from 2017 to 2027, aims to use purchasing power to drive modern methods,
including digital tools [69].

• Policies in Tennessee, USA, require prime contractors and designers to use construction
productivity software from March 2019 contract awards [69].

Despite these examples, research on policy-level strategies is limited. Papers like
Daniel et al. [67] mention barriers but do not focus on policy interventions, suggesting
an underexplored area. This gap indicates a need for more studies on how government
policies can drive DT adoption for safety.

5.5.2. Financial Incentives

Financial incentives include tax breaks, grants, or prizes to offset adoption costs. The
literature shows some examples, such as the following:

• Blanco et al. [69] suggest the use of public grants and national competitions to reward
technology adoption, with Tennessee’s productivity software mandate as an example.

• A study on incentivisation in Nigeria highlights the potential of financial incentives
but notes a paucity of research, particularly in developing contexts [70].

However, specific research on financial incentives for construction safety is scarce.
Papers like Nnaji et al. [71] focus on predictors like reliability and effectiveness, not financial
aspects. This suggests that financial incentives are an overlooked strategy that require
further exploration to understand their impact on safety-focused DT adoption.

5.5.3. Organisational Strategies

Organisational strategies involve internal company actions like training, policy devel-
opment, and cultural shifts. These are more extensively covered:

• Nnaji et al. [71] identify 26 predictors, including organisational factors like training
needs, with 12 that are highly influential, such as technology reliability.

• Daniel et al. [67] highlight training and knowledge gaps as barriers, suggesting orig-
anisational strategies like education programs.

• Other studies, like those on China’s adoption of DT, include organisational factors in
models, indicating broader coverage [72].

Given this, organisatonal strategies are well represented, contrasting with the limited
focus on policy and financial incentives.

Table 3. Detailed comparison of strategy coverage.

Strategy Policy Example in Literature Coverage Level Overlooked

Policy-Level Ireland’s BIM strategy, UK’s investment
plan, Tennessee’s software mandate [69] Limited Yes

Financial Incentives Public grants, prizes mentioned, but specific
studies scarce [69,70] Minimal Yes

Organisational Training, knowledge gaps, internal
policies [67,71] Extensive No
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5.6. Digital Technologies in Construction Safety Management

The construction industry has witnessed a significant digital transformation in safety
management, leveraging advanced technologies to improve worker protection, risk mitiga-
tion, and overall site safety [73]. Table 4 shows a summary of the new digital technologies
of construction safety management in recent years, comparing their advantages and disad-
vantages and the scope of application.

Table 4. Comparative table of digital safety technologies.

Technology Primary Focus Key Advantage Primary
Challenges

Typical
Application

Sector

Scope of
Application

Refs. [53,54,74]
Wearable

Safety Tech

Worker
Physiological
Monitoring

Real-time
tracking, Instant

alerts

High
implementation

costs, Privacy
concerns

High-risk
construction,

Mining

Hazard detection
and long-term

tracking

Refs. [75,76]
Drone

Inspections

Site Surveying
and Monitoring

Remote access,
Comprehensive

visualisation

Regulatory
compliance,

Limited battery
life

Infrastructure,
High-rise

construction
Identifies hazard

Ref. [77] AI
safety system

Predictive Risk
Analysis

Advanced
pattern

recognition,
Data-driven

insights

Complex
implementation,

Data
requirements

Large
construction
enterprises

Training and
hazard detection

Ref. [78] BIM
Safety

Integration

Safety Planning
and Visualisation

Comprehensive
risk simulation,
Collaborative

design

Steep learning
curve, Software

expenses

Urban
infrastructure,
Architectural

projects

Training and
long-term
tracking

Ref. [54] IoT
Safety Sensors

Environmental
and Equipment

Monitoring

Real-time
tracking,
Proactive

maintenance

Cybersecurity
risks, Data

management

Industrial
construction,

Critical
infrastructure

Hazard detection
and long-term

tracking

Table 4 reveals significant overlaps between technologies across training, hazard de-
tection, and long-term tracking, highlighting their multifunctionality and raising questions
about integration and efficiency. Wearable tech and IoT sensors are heavily relied upon for
real-time hazard detection and data-driven tracking, yet their effectiveness hinges on reli-
able connectivity and user compliance [77]. Drone inspections, while helpful, are limited by
weather and regulatory constraints [75,76]. AI safety systems show promise in predictive
safety and training but may suffer from data bias or limited contextual understanding [77].
BIM integration offers long-term value but is underutilised in training. Overall, adoption
must consider context, scalability, and user training.

Furthermore, the functionalities of these safety technologies can be measured using
specific performance metrics. For hazard detection, key metrics include detection accuracy,
the response time, and the false alarm rate. Training technologies are evaluated by user
engagement, knowledge retention, and simulation realism [77]. Long-term tracking relies
on data continuity, storage efficiency, and analytics capability. Wearables and IoT sensors
are assessed by their uptime, data precision, and adaptability to various conditions [53,54].
Drones are measured by their inspection coverage, resolution quality, and operational
flexibility. AI systems are judged by their prediction accuracy and adaptability, while
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BIM integration depends on interoperability, data integration quality, and usefulness in
lifecycle planning.

5.7. Recommended Metrics and Indicators

Based on this review, the following concrete metrics and indicators are recommended
to measure the long-term success of digital technology integration in construction safety
and each metrics comparison can be seen in Table 5.

5.7.1. Total Recordable Incident Rate (TRIR)

Definition: The number of recordable injuries and illnesses per 100 full-time workers,
calculated as (Number of Recordable Incidents × 200,000)/Total Hours Worked, where
200,000 is the base for 100 full-time workers working 40 h per week for 50 weeks [79].

Relevance: A decrease in the TRIR over time indicates that digital technologies, such as
real-time monitoring systems or safety management software, reduce the overall incidence
of negative safety events [80].

Example: If a company implements wearable technology for hazard detection and sees
the TRIR drop from 5.0 to 3.0 over five years, this suggests sustained safety improvements.

5.7.2. Days Away, Restricted, or Transferred (DART) Rate

Definition: The number of injuries or illnesses resulting in days away from work, re-
stricted work, or job transfer per 100 full-time workers, calculated similarly to the TRIR [79].

Relevance: A lower DART rate signifies fewer severe incidents, which can be attributed
to digital tools like BIM for better planning or AR for training, reducing serious safety
risks [81].

Example: Post-implementation of digital inspection tools, a reduction in the DART
rate from 2.5 to 1.5 over three years indicates fewer severe outcomes.

5.7.3. Lost Time Incident Rate (LTIR)

Definition: The number of lost time injuries (those resulting in days away from work)
per 100 full-time workers, calculated as (Number of Lost Time Incidents × 200,000)/Total
Hours Worked [79].

Relevance: A lower LTIR suggests fewer injuries that stop work, potentially due to
digital technologies like IoT sensors that alert workers to hazards in real time [82].

Example: After adopting AI-based safety analytics, a company might see the LTIR
decrease from 2.0 to 1.0 over five years, indicating fewer work stoppages.

5.7.4. Near-Miss Reporting Rate

Definition: The number of near-miss incidents reported per worker or per project,
often facilitated by digital reporting platforms [83].

Relevance: An increase in near-miss reporting can indicate a more proactive safety
culture, often supported by digital tools that make reporting easier and more accessible,
such as mobile apps or collaborative safety platforms [80].

Example: A construction firm using a digital safety management system might see
near-miss reports rise from 10 per 100 workers to 25 per 100 workers annually, suggesting
improved hazard awareness.

5.7.5. Safety Training Completion Rate

Definition: The percentage of workers who have completed required safety training,
often delivered through digital platforms like VR or online modules [79].
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Relevance: Higher completion rates suggest that digital training tools are effective in
ensuring that workers are well prepared, reducing the likelihood of accidents due to a lack
of knowledge [81].

Example: After implementing AR-based training, a company might achieve a 95%
completion rate compared to 75% previously, indicating better training coverage.

5.7.6. Safety Inspection Scores

Definition: Scores from regular site inspections that assess compliance with safety
standards, often enhanced by digital tools like drones for inaccessible areas or AI for data
analysis [81].

Relevance: Improved scores over time indicate that digital technologies aid in better
adherence to safety protocols, such as through real-time monitoring and reporting [80].

Example: With digital inspection tools, inspection scores might improve from 80% to
95% compliance over two years, showing enhanced safety management.

5.7.7. Cost Savings from Reduced Downtime

Definition: Financial benefits from fewer accidents, quantified through reduced in-
surance claims, lower worker compensation costs, and less project delay due to accidents,
often tracked via digital financial management systems [84].

Relevance: This metric highlights the economic impact of safety improvements, poten-
tially influencing company decisions to invest in digital technologies, and can be measured
by comparing costs before and after implementation [83].

Example: A company might see annual safety-related costs drop from USD 500,000 to
USD 300,000 over five years, which can be attributed to to digital technologies reduc-
ing downtime.

Table 5. Comparison of metrics.

Metric Applicability Ease of Measurement Relevance to Long Term Success

Total Recordable Incident Rate
(TRIR) High, standard in safety reporting Moderate, requires data collection Indicates overall reduction in

incidents

Days Away, Restricted, or
Transferred (DART) Rate High, focuses on severe incidents Moderate, needs incident tracking Shows fewer severe safety issues

Lost Time Incident Rate (LTIR) High, focuses on work stoppages Moderate, needs incident tracking Reflects fewer injuries stopping
work

Near Miss Reporting Rate High, promotes proactive culture High, promotes proactive culture High, promotes proactive culture

Safety Training Completion Rate High, essential for worker
preparedness Easy, tracked via digital systems Ensures workers are trained,

reducing accidents

Safety Inspection Scores High, assesses compliance Moderate, requires regular
inspections

Shows better adherence to safety
protocols

Cost Savings from Reduced
Downtime High, economic impact Difficult, needs financial analysis Highlights financial benefits,

influencing investment

5.8. Regional Differences in Digital Technologies for Construction Health and Safety

Understanding the regional differences in digital technology (DT) adoption for con-
struction health and safety management has several practical implications that directly
influence adoption strategies in developing countries.

5.8.1. Allocation of Resources

Developed nations tend to have more money, which enables them to invest in cutting-
edge technologies like drones, wearable sensors, and monitoring systems driven by artifi-
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cial intelligence [80]. Budgetary restrictions frequently prevent developing nations from
acquiring the latest technologies.

5.8.2. Infrastructure Requirements

A lot of digital safety solutions need dependable electricity and internet access which
are sometimes unreliable in poor nations, and there modifications or different strategies are
required [67,68].

5.8.3. Technical Expertise Gap

In underdeveloped nations, there is a greater lack of skilled workers to deploy and
manage digital systems, which hinders their successful adoption [68,85].

5.8.4. Regulatory Frameworks

Research such as Daniel et al. [67] shows that developing countries encounter more
challenges, like financial constraints and inadequate infrastructure, which suggests that
their safety regulations for digital technologies are less mature. This is corroborated by
findings in Malaysia, where a lack of occupational safety and health regulations is a
barrier [68].

5.9. Influence on Adoption Strategies
5.9.1. Selecting the Right Technology

Developing countries should give priority to technologies that align with their infras-
tructure capabilities and economic realities rather than directly importing solutions from
developed nations [23].

5.9.2. Phased Implementation Approach

By concentrating on technologies with the highest impact-to-cost ratio first, poor
nations can progressively increase their capacity for new technologies through a staged
adoption process [86].

5.9.3. Public–Private Partnerships

By working together, government organisations, academic institutions, and the private
sector can share costs and build local knowledge [87].

6. Directions for Future Research
From the content analysis of 95 articles, four areas were identified for future research in

applying DT in H&S management in both developed and emerging nations’ building industries.

6.1. Regional Disparities in Digital Technology Adoption

This study highlights a significant difference in the number of studies conducted
on the use of digital technology (DT) in H&S management between developed and de-
veloping countries. While the research suggests that the gap is closing, there is still a
notable difference. Future research could delve deeper into understanding the factors that
contribute to these regional disparities. For instance, the attribution theory could be used
to uncover the methods used to successfully implement DT in developed countries. This
information would help in the development of strategies to improve the uptake of DT
when applied to the management of safety in emerging nations’ building industries. Such
future studies could explore how economic conditions, cultural differences, technology
infrastructure, and government policies influence the adoption of DT and AI in construction
safety management in different regions.



Buildings 2025, 15, 1386 18 of 23

6.2. Research Methods

The results of the current investigation show that modelling and simulation are the
prevalent research methods in this field. This finding suggests that most of the applications
of these technologies have been limited to controlled environments. The little evidence
showcasing the advantages of using these technologies in practical settings could be
responsible for its low uptake in the building sector. To close this disparity, there is a need
for more collaboration between industry and academia to support the execution of case
studies and action research. The findings of these future studies would provide concrete
evidence to justify increased uptake.

6.3. Long-Term Impact Assessment

This study touches on the positive impacts of DT in terms of safety outcomes and
well-being. However, a gap exists in the understanding of these technologies’ sustainability
and long-term effects in the construction sector. Future research could focus on assessing
the lasting effects of DT implementation, considering factors such as return on investment,
continued worker safety improvements, and the adaptability of technologies over time.
This would provide insights into the durability and effectiveness of these solutions.

6.4. Explore Policy Interventions

Policy interventions may include mandatory DT standards for safety and measure-
ments of their effectiveness. Financial incentive models, like grant programs tailored for
safety technologies, and their impact on adoption rates should be investigated. Organisa-
tional strategy research should continue but should integrate policy and financial aspects
for a holistic approach.

6.5. Advancement in AR

Future studies should explore how advancements in AR hardware and wearable
design can overcome these barriers and potentially close the adoption gap of VR and AI.
Additionally, examining government and industry initiatives to support AR and wearable
adoption could provide insights into how their use can be scaled. For more information,
refs. [52,87–91] are good sources for understanding the underlying reasons for the low
adoption of AR and wearable technology in the construction sector.

6.6. Longitudinal Analysis

Future studies should focus on longitudinal analyses to track these metrics over
extended periods, ensuring that the benefits of digital technology integration are sus-
tained [81]. Additionally, comparative studies across different construction sectors (e.g.,
residential vs. commercial sectors) could provide insights into context-specific metric
effectiveness. Research should also explore how digital technologies can be tailored to
improve specific metrics, such as reducing DART rates through real-time hazard alerts [79].

7. Study Contributions
The study findings contribute to both theory and practice in the field of construction

H&S. In terms of theory, the systematic review of 95 articles provides a thorough under-
standing of the most recent studies on integrating DT in construction H&S management
in the various sub-sectors of the industry, be it building or infrastructure projects. This
contributes to the literature by identifying the gap between research carried out in both
wealthy and poor nations, highlighting that more research is required in emerging nations
to close this gap in the construction sector.
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Furthermore, this study identified five key themes on the impact of DT in H&S
management, providing a theoretical framework for future research. These themes provide
insights into the potential benefits of integrating DT in construction H&S, providing a
theoretical foundation for future studies in this area.

In terms of practice, this study identifies the potential benefits of using DT in H&S ad-
ministration, including improved education and training, prediction and decision support,
and the real-time monitoring and evaluation of potential hazards. This highlights the need
for organisations to invest in technologies to improve their H&S management practices.

8. Conclusions
This study was conducted in order to better understand the application of DT appli-

cation in construction H&S. The SLR study found a growing interest and adoption of DT
in construction H&S. There is insufficient information on the current trends regarding DT
use for construction safety management in both developed and poor nations. None of the
reviewed studies examined how this gap could be closed. It was also highlighted that
knowledge about boosting DT adoption in the construction industry is lacking. This study
suggests that critical stakeholders in construction, including both public and private clients
and top contractors, should invest in digital technology infrastructure and provide training
for smaller contractors to make its uptake a norm in the sector.

This study indicates a notable rise in the number of papers published on this subject,
especially in industrialised nations. Still, there remains a sizable discrepancy between
research conducted in wealthy and developing nations and research conducted in under-
developed nations, suggesting that additional study is required in poorer nations to close
the gap.

This study shows a difference between developed and developing countries in the rate
of use of DT. While developed countries have incorporated these technologies, developing
countries face challenges in implementation due to a lack of resources and skilled personnel.
Furthermore, the research has revealed that using DT provides several benefits, including
improved education and training, prediction and decision support, real-time monitoring,
and the promotion of a culture of safety. These technologies can prevent accidents, improve
safety outcomes, and promote workers’ well-being. However, organisations must invest
in the necessary infrastructure and personnel training to fully harness the potential of
this technology.

The current study is limited to Scopus and WoS; using other databases may show some
variation in the current search results. Also, studies that were not published in English were
excluded. Nevertheless, the method used is described, which makes this study replicable.
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