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 35 

Abstract 36 

Purpose – To improve construction safety management, the application of virtual reality (VR) has 37 

been demonstrated for workers’ safety training and hazard recognition. Although previous review 38 

studies have been conducted on VR applications in construction safety management, the recent 39 

advances in current uses, challenges, and future research directions are still unexplored. Moreover, 40 

no framework has been developed to explore VR-based safety directions within the construction 41 

industry. Therefore, this paper conducts a systematic literature review and develops a conceptual 42 

framework of the current uses, challenges, and future research directions of VR applications for 43 

construction safety management.  44 

Design/methodology/approach – The research methods adopted a systematic literature review 45 

(i.e., PRISMA guidelines). In total, 58 included articles were retrieved from the Scopus database.  46 

Findings – It was found that the current uses of VR applications include (1) safety training and 47 

education (55%), (2) safety risk management (19%), (3) hazard identification (14%), and (4) 48 

prevention through design. (12%) In addition, the challenges facing the adoption of VR 49 

applications include (1) technology (software and hardware), (2) social acceptance, (3) culture 50 

influence, (4) risk compensation, and (5) cost-effectiveness. Based on the identified challenges, 51 

future research directions were proposed.  52 

Originality – This review study proposed a framework highlighting future research directions that 53 

could help other researchers and practitioners mitigate these challenges and improve construction 54 

safety management. Ultimately, it contributes to advancing the theoretical and practical 55 

applications of VR technology in construction.   56 

Keywords: Construction industry; Safety management; Systematic literature review; Virtual 57 

reality 58 

Paper type: Literature review  59 

 60 

 61 
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1. Introduction 62 

The construction industry is a complex and dynamic sector that offers employment opportunities 63 

for numerous individuals and contributes to national development (Zhou et al., 2015; Adami et al., 64 

2021). The global workforce employed in the construction industry constitutes about 7% of the 65 

total workforce, generating about 6% of the global gross domestic product (GDP) (Adami et al., 66 

2021). Nevertheless, occupational injuries and fatal accidents within the construction industry tend 67 

to exceed those in other industries (Zhou et al., 2015). According to the U.S. Bureau of Labor 68 

Statistics (2022), it was reported that construction and extraction occupations ranked second in 69 

terms of occupational fatalities in 2021, with a total of 951 deaths. Despite the efforts to improve 70 

occupational health, wellbeing, and safety among construction workers, the construction industry 71 

still faces significant risks, fatalities, and challenges. As such, numerous health and safety concerns 72 

in the construction industry need critical attention, measures, and precautions.   73 

 74 

Safety management is a commonly utilized approach to regulate construction activities and 75 

mitigate risks associated with a construction project, which involves the manipulation of on-site 76 

safety policies and procedures (Zhou et al., 2013). The practices of safety management could be 77 

defined as implementing effective safety management strategies, and stakeholders aiming to 78 

maintain control over potential hazards and ensure a safe working environment (Li et al., 2021; 79 

Zhou et al., 2013). The long-standing perception that safety is closely linked to management has 80 

led many construction practitioners and researchers to prioritize cultural intervention, the adoption 81 

of safety behaviors, organizational ideologies, etc. (Mullan et al., 2015). According to Reason 82 

(1998), safety culture plays a pivotal role in workplace incidents. Design and construction risks are 83 

more likely to occur, and infractions are frequently overlooked in a setting where there is a poor 84 

safety culture at work (Reason, 1998). Zohar (1980) discovered that there is a relationship between 85 

safety climate and safety audit scores. In the construction industry, despite its delayed adoption of 86 

the concept of safety climate, a previous study by Gillen et al. (2013) has been explored to enhance 87 

its understanding and improve workers’ safety and health. Moreover, previous systematic reviews 88 

have been conducted to evaluate traditional safety management approaches which include active 89 

behavioral change interventions for safety (Mullan et al., 2015), strategies for improving patient 90 

safety culture (Morello et al., 2013), and interventions in occupational health and safety 91 

management systems (Robson et al., 2007; Vitrano et al., 2023). 92 

 93 

With the advancement in digital technologies in construction, virtual reality (VR) technologies 94 

have been extensively explored in several areas to enhance safety management (Jacobsen et al., 95 

2021; Zoleykani et al., 2023). Examples of these areas include workforce training, skill transfer, 96 
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health monitoring, hazard identification, etc. Chander et al. (2021) utilized VR to simulate specific 97 

work environments for training purposes, such as working at height, providing learners with 98 

immersive experiences that offer realistic perceptions. Adami et al. (2023) employed a hardware 99 

controller, specifically the HTC Vive controller, to facilitate interaction between research 100 

interviewees and employees from the virtual industry through VR-based training. As for skill 101 

transfer, VR supports the transfer of complex skills and knowledge by offering realistic and 102 

interactive simulations that allow workers to practice and refine their abilities in a virtual 103 

environment. Moreover, Adami et al. (2021) incorporated a VR treadmill to achieve the function of 104 

artificial intelligence (AI) navigation and remote teleoperation. Furthermore, Huang et al. (2022) 105 

collected electroencephalography (EEG) data from participants undergoing VR-based training in 106 

construction safety. Their study aimed to measure the health conditions of trainees to mitigate 107 

adverse health impacts resulting from overtime work among construction workers. Another study 108 

by Wang et al. (2015) suggested that the use of a visual and virtual construction site can be 109 

beneficial for project managers and safety officers in identifying job hazards automatically or 110 

manually before construction begins. 111 

 112 

Despite the useful applications of VR in construction safety management, it is still challenging for 113 

researchers and practitioners to widely adopt VR technologies, considering the vast and diverse 114 

nature of the construction industry (Li et al., 2018). As such, previous studies that focused on 115 

construction workers’ training through the application of VR still face various challenges. Bosché 116 

et al. (2016) revealed that many current VR-based construction training programs are still 117 

conducted outside the job and in off-site locations, which may lead to low effectiveness. A 118 

comparative study found that the use of PowerPoint had a similar effect on learning as VR, 119 

indicating that the value of VR is not fully recognized by some stakeholders (Leder et al., 2019). 120 

Moreover, virtual experiences can have real-life consequences, as intense negative emotions 121 

experienced in virtual environments can strongly correlate with negative rumination in the real 122 

world. This refers to the occurrence of harmful thoughts related to distress that can persist beyond 123 

virtual experience (Lavoie et al., 2021).  124 

 125 

Existing review studies on the application of VR (Kim et al., 2013; Wang et al., 2018; Ahmed, 126 

2019; Wen and Gheisari, 2020) have focused on specific areas (e.g., safety training, and hazard 127 

recognition) within the construction industry, which address the need for a state-of-the-art review 128 

encompassing a wider application of VR in construction safety management. Li et al. (2018) 129 

conducted a state-of-the-art research from 1997 to 2017 on virtual and augmented reality (VR/AR) 130 

with a particular focus on VR/AR technology characteristics, application domains, safety scenarios, 131 
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and evaluation methods. Other previous review studies on the application of VR have focused on a 132 

specific safety field within the construction industry. For example, Gao et al. (2019) conducted a 133 

systematic review of the effectiveness of traditional tools and computer-aided technologies (e.g., 134 

VR, AR, mixed reality, serious games, and computer-generated simulations) for health and safety 135 

training in the construction sector. Moreover, Babalola et al. (2023) conducted a systematic and 136 

bibliometric analysis of immersive technologies for occupational safety and health in construction 137 

from 2000 to 2021. Akindele et al. (2024) conducted a state-of-the-art analysis of VR 138 

applications in construction health and safety by examining published articles from 2010 to 2023. 139 

Lopez et al. (2022) reviewed the advancement and applications of VR systems within the 140 

construction industry, highlighting their significance in design, training, planning, and 141 

management. Man et al. (2024) systematically reviewed the effectiveness of VR applications in 142 

construction safety training and education, using meta-analysis techniques to synthesize data 143 

from various research studies conducted over the past decade. 144 

 145 

Despite the valuable contributions of previous studies that have explored the broader applications 146 

of AR, VR, and mixed reality in the construction industry, critical gaps remain in the context of 147 

construction safety management. While existing research identifies various immersive technology 148 

applications and their associated challenges, there is limited focus on the current uses of VR in 149 

managing safety within construction environments. Notably, no comprehensive framework has 150 

been proposed to address the interrelationship between the current uses, challenges, and future 151 

research directions of VR applications for construction safety management. The absence of a 152 

conceptual framework for VR use in construction safety explains the complexity of the 153 

construction industry, which often involves varying conditions, a diverse array of worker 154 

demographics, and evolving safety regulations, which complicate efforts to develop generalized 155 

VR applications. Moreover, it complicates managerial efforts to implement consistent training 156 

practices and inhibits the potential for standardized safety training protocols. These knowledge 157 

gaps in extant literature would not only provide a deeper understanding of the current uses and 158 

challenges but also outline the future research directions of VR applications for construction 159 

safety management. Addressing these existing gaps is essential to advance the field and provide a 160 

foundation for developing effective strategies for VR applications for construction safety 161 

management. Therefore, this review study aims to conduct a systematic literature review on the 162 

current uses, challenges, and future research directions of VR applications for construction safety 163 

management. To achieve the overarching aim, the following specific research objectives are set: 164 

1. Discuss the current uses of VR applications for construction safety management. 165 

2. Identify the challenges that hinder the adoption of VR applications for construction safety 166 
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management. 167 

3. Discuss the future research directions of VR applications for construction safety 168 

management. 169 

By conducting this state-of-the-art review, it would provide valuable insights into the theoretical 170 

and practical implementation of VR technology in enhancing health, wellbeing, and safety in the 171 

construction industry. It also identifies and addresses the key challenges by proposing a framework 172 

highlighting future research directions of VR applications in construction safety management. 173 

 174 

2. Research methods 175 

This review study employed a systematic literature review to provide a comprehensive procedure 176 

for analyzing extant literature in a transparent and structured manner. The systematic literature 177 

review adopted the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 178 

(PRISMA) guidelines (Moher, 2009). The PRISMA guidelines outline a structured process for 179 

searching, selecting, and analyzing existing scientific literature, which ensures thoroughness and 180 

minimizes bias in the findings (Rethlefsen et al., 2021). The PRISMA guidelines were selected for 181 

this review study because of their evidence-based nature, auditable steps, and well-established 182 

use in similar review studies (Moher, 2009; Regona et al., 2022). The systematic literature review 183 

resulted in methodological and transparent literature assessments, allowing for an exhaustive 184 

exploration of available documents. Figure 1 shows an overview of the research methods.   185 

<Please insert Figure 1 about here> 186 

2.1. Search strategy 187 

The initial step of this review is to conduct a bibliometric search in the Scopus database. The 188 

Scopus database was selected because of its comprehensive coverage of academic literature, a 189 

comprehensive collection of scholarly articles, and a wider reach in capturing relevant research 190 

(Powell and Peterson, 2017; Mongeon and Paul-Hus, 2016). Compared with other electronic 191 

databases (e.g., Web of Science), Scopus covers more recent publications and has a faster 192 

indexing process, which are crucial for a review aiming to present the latest advancements and 193 

trends (Chadegani et al., 2013). Since it can provide a vast and current body of scholarly works, 194 

Scopus has been used in many previous studies (Antwi-Afari et al., 2023; Jiang et al., 2024; Mu 195 

and Antwi-Afari, 2024). Given the title of this review study, three primary keywords, namely 196 

“virtual reality”, “safety management”, and “construction industry”, were used in the 197 

title/abstract/keyword search in Scopus. The initial search string used in Scopus was 198 

(TITLE-ABS-KEY (virtual reality OR vr) AND TITLE-ABS-KEY (safety management) AND 199 

(TITLE-ABS-KEY (construction industry) AND DOCTYPE (all) AND ACCTYPE (all) AND 200 

PUBYEAR > 1999). 201 
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2.2. Selection criteria 202 

After the initial search, 245 documents were retrieved, consisting of articles, books, reviews, 203 

conference papers, etc. The first selection criterion was based on the search period. In this study, 204 

the search period was defined from 2000 to 2023 (as of 20 July 2023). Next, the subject area was 205 

limited to “engineering”, thus removing documents not related to engineering fields (e.g., 206 

construction) to prevent cross-disciplinary articles. Also, only articles written in English language 207 

were included in this study. Conference papers and book chapters were excluded, while only 208 

journal articles were included in this study. This is because journal articles often provide 209 

extensive and higher-quality information than other types of publications (Butler and Visser, 2006; 210 

Jiang et al., 2024; Lu and Antwi-Afari, 2024; Liu et al., 2025; Tian et al., 2025). Comparatively, 211 

conference papers and book chapters may have very little impact and may complicate the 212 

findings when added to journal articles when conducting literature reviews (Hosseini et al., 2018). 213 

After the selection criteria, 94 articles were retained in the literature sample for further analysis. 214 

 215 

2.3. Selection process 216 

During the selection process, the 94 articles were carefully read and examined based on the titles, 217 

abstracts, and full texts related to the studied topic “VR applications for construction safety 218 

management”. Some articles were excluded if their contents did not specifically relate to safety 219 

management in the construction industry. For example, some previous studies (Ji et al., 2023) that 220 

focused on VR applications but not specifically in the construction industry were excluded. In 221 

addition, other articles (Chan et al., 2020) that focused on construction safety management but did 222 

not specifically use VR technologies were excluded. Moreover, articles (Qamsane et al., 2022) 223 

that were outside the scope of VR applications for construction safety management were 224 

excluded. After the selection process, 58 articles were obtained for subsequent analyses and 225 

qualitative discussion. 226 

 227 

2.4. Data extraction, quality assessment, and included articles 228 

Quality assessment of individual articles was conducted by two reviewers, KW and MAA, 229 

following the inclusion and exclusion criteria. Any disagreement was resolved by consensus with 230 

a third reviewer (i.e., BOG). Articles deemed unrelated were excluded from the study. After 231 

obtaining 58 included articles, a thorough review was conducted for each article to extract data 232 

such as article title, year of publication, authors’ names, institution/affiliation, publication type, 233 

research aim, methodology, current uses, challenges, and future research directions. This 234 

systematic data extraction process enhanced the empirical rigor of reporting analytical results of 235 
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previous studies. Notably, the included sample of this review is comparable to a similar recent 236 

review study on VR for safety training (Scorgie et al., 2024). 237 

 238 

3. Results and discussion 239 

3.1. Current uses of VR applications for construction safety management 240 

The current uses of VR technologies for construction safety management could be classified into 241 

four main areas. They include (1) safety training and education, (2) safety risk management, (3) 242 

hazard identification, and (4) prevention through design. Figure 2 illustrates the distribution of the 243 

included articles across the four main current uses. As shown in Figure 2, safety training and 244 

education had the highest number of published articles (32 articles) that used VR technologies for 245 

construction safety management. This is followed by safety risk management (11 articles), hazard 246 

identification (8 articles), and prevention through design (7 articles). 247 

<Please insert Figure 2 about here> 248 

Table 1 provides an overview of the current uses of VR technologies for construction safety 249 

management during the studied period. As shown in Table 1, it summarises some of the included 250 

articles based on the current uses, types of VR technologies, and main findings. It is noteworthy 251 

that some articles (e.g., Hadikusumo and Rowlinson, 2002) were featured in both hazard 252 

identification and prevention through design sections. 253 

<Please insert Table 1 about here> 254 

 255 

3.1.1. Safety training and education 256 

Safety training and education are of great importance in the management of construction safety 257 

because it has a positive effect on workers’ attitudes, personality traits, work environments, and 258 

organizational cultures through knowledge enhancement. According to Ahmed (2019), safety 259 

education and training are essential for fostering a secure and healthy workplace in the 260 

construction sector. Li et al. (2012) also found that one of the best ways to improve construction 261 

safety management performance is through safety training. The focus on addressing construction 262 

safety training using VR is evident, with 55% of included articles, as depicted in Figure 2.  263 

 264 

Traditional safety training methods, such as classroom instruction and on-the-job training, often 265 

lack engagement and fail to prepare employees for real-life risks. In contrast, immersive VR 266 

training allows users to practice in realistic, risk-free simulations, leading to significantly better 267 

retention and confidence in their skills (Scorgie et al., 2024). Lecture-based training and 268 

VR-based training were two dominant training methods in construction safety management 269 

because of their realistic experience. Bhagwat et al. (2021) used a mobile-based VR system to 270 
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create a game for safety training. Using 𝑡-test, a statistically significant (𝑝≤0.05) difference was 271 

found between students and construction professionals. It was reported that while construction 272 

experts chose virtual-based training due to its simplicity of use and time-saving advantages, the 273 

mobile VR module was favored by students due to its realistic and engaging experience. Similarly, 274 

Rey-Becerra et al. (2023) compared VR-based training and lecture-based training with different 275 

instructional techniques among construction workers in Colombia to determine their effectiveness 276 

in improving safety outcomes. Their results reported subjective enjoyment (t[98] = −3.5, p < .001), 277 

perceived usefulness (t[98] = −3.1, p = .002), and perceived difficulty (t[98] = −2.4, p = .02). They 278 

suggested that VR training proved to be significantly more efficacious compared to traditional 279 

lecture-based training methods in improving knowledge and attitudes, especially in short-term 280 

evaluation. Moreover, Feng et al. (2023) introduced a customized VR training platform designed 281 

specifically for enhancing excavation safety and recognizing potential hazards. Their proposed 282 

VR training system was subjected to a controlled experiment, where a comparison was drawn 283 

against a conventional health and safety manual. It was revealed that a significant main effect of 284 

time of measurement (F(2,74) = 13.763, p < 0.001) and no significant interactions between time 285 

and groups (F(2,74) = 1.598, p = 0.209). The findings from their study revealed that the use of VR 286 

training resulted in a noteworthy enhancement in practical skills, knowledge acquisition, and 287 

self-confidence, as evidenced by the scores obtained immediately after training. Han et al. (2022) 288 

utilized a combination of pre- and post-training assessments with the Mann-Whitney U-test and 289 

Kolmogorov-Smirnov (KS) statistics to evaluate VR and traditional construction safety training 290 

methods. The significant values from both Mann-Whitney U test (p = 0.008) and KS Statistic 291 

methods (p = 0.006) indicate that different safety training approaches resulted in significant 292 

variation in terms of skin resistance between the two groups. Their study contributes to a notable 293 

increase in knowledge retention and practical application among participants trained with VR 294 

compared to those who underwent conventional methods. Guo et al. (2024) focused on hazard 295 

identification performance and compared VR and traditional safety training modes across 296 

different learning styles. The results showed that the VR group had a higher hazard identification 297 

accuracy after training (p = 0.000), whereas the traditional group had a shorter time to identify 298 

hazards after training (p = 0.007). Their findings indicated that VR training leads to superior 299 

hazard identification abilities among construction workers regardless of their learning styles.  300 

 301 

The integration of BIM and VR technologies was also another current use of safety training and 302 

education. Getuli et al. (2022) integrated BIM and VR technologies for the safety training of 303 

construction workers. A VR safety training platform proposed by Xu and Zheng (2020) consisted 304 

of 3D modelling, VR environment, and a well-designed teaching system programme. As 305 
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compared to traditional approaches, the designed platform was found to be more productive but 306 

had limitations, such as freedom of real-world movement while training, which influenced its 307 

realistic experience (Xu and Zheng, 2020). However, Adami et al. (2021) overcame the 308 

navigational constraint by allowing workers to move about in a virtual, dynamic building site 309 

using a VR treadmill. This technique improved the efficiency of safety instruction in the virtual 310 

world by enabling a more immersive and realistic training experience. In addition, the integration 311 

of AI with VR is also a novel insight that creates immersive, personalized training environments 312 

by leveraging run-time data collection and advanced analytics to simulate realistic construction 313 

hazards and actively adjust scenarios, reinforcing safe behaviors and correcting unsafe practices 314 

(Li et al. 2022). This significant advancement allows for active, personalized safety training in 315 

construction that allows run-time data from VR simulations to be automatically captured and 316 

analyzed, providing immediate, non-biased feedback to trainees and thereby enhancing their 317 

learning experience (Jacobsen et al., 2022; Shayesteh et al., 2023). This method not only improves 318 

hazard recognition and safe work practices but also extends its benefits to physical settings through 319 

advanced sensing systems, emphasizing data-driven, personalized training to reduce accidents 320 

(Jacobsen et al., 2022). The introduction of a mixed reality-based platform that combines 321 

human–cyber–physical systems (HCPS) with IoT wearable devices also enhances training realism 322 

and interactivity by merging virtual simulation with real-time data from IoT sensors embedded in 323 

wearable devices (Dundee et al., 2024). This integration enables a higher level of immersion, 324 

allowing trainees to experience and respond to realistic workplace hazards in a controlled virtual 325 

environment. 326 

 327 

Seo et al. (2021) focused on a safety training system for active electronic construction work by 328 

using a VR-based experiential safety education system after analyzing existing accident cases and 329 

conducting in-depth interviews. It was reported that a VR-centered safety education system 330 

designed for workers at electrical construction sites improved their learning outcomes and offered 331 

a useful environment tailored for high-risk situations. For the precast concrete sector, Joshi et al. 332 

(2021) created a VR safety training module to improve workers’ understanding of safety 333 

procedures and accident occurrences in the workplace. A Chi-square test results for independence 334 

of attributes indicated the acceptance of the hypothesis for VR (0.09, p = 0.75) and the traditional 335 

training method (0.58, p = 0.45). Their study revealed that VR training modules can improve 336 

knowledge retention and comprehension, increase workers’ engagement, and have the potential to 337 

reduce accident exposures on construction sites. Nykänen et al. (2020) found the highest mean 338 

difference (5.94 vs. 3.91), suggesting that VR-based construction safety training had more 339 

substantial effects on self-assurance and safety-mindedness. Jelonek et al. (2022) investigated the 340 
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impact of learning effects, usability, and user experience in interactive systems, focusing on how 341 

these factors shape user performance and satisfaction over time. The authors found that VR 342 

simulation received positive ratings for attractiveness (2.06), perspicuity (1.88), efficiency (1.6), 343 

dependability (1.52), stimulation (2.21), and novelty (1.7), demonstrating that users become more 344 

familiar with a system, usability issues tend to diminish, leading to enhanced overall user 345 

experience and efficiency. Abotaleb et al. (2023) also explored the use of an interactive VR 346 

model and demonstrated that it enhances participants’ understanding of safety protocols and 347 

improves retention of safety knowledge, thus serving as an effective tool in construction safety 348 

education. The average score of the students who attended the VR training was 28.6 out of 34, 349 

while the average score for those who received the traditional training was 24.8. Abotaleb et al. 350 

(2025) developed an immersive VR framework that significantly outperforms traditional teaching 351 

methods by effectively enhancing the core competencies required for compliance with 352 

international safety training certification bodies. The t-test results reported a p-value = 0.024, 353 

showing a statistically significant difference between the VR group and the control group, thus 354 

contributing to immersive learning experiences in both educational and professional contexts.  355 

 356 

In summary, the current use of VR technologies for safety training and education includes VR 357 

technology and mobile phone games (Bhagwat et al., 2021), VR technology and BIM systems 358 

(Getuli et al., 2022), VR technology and 3D modelling (Xu and Zheng, 2020), and VR 359 

technology and treadmill applications (Adami et al., 2021), etc. VR-based safety training and 360 

education areas are proven to be more effective and highly appreciated by workers as compared 361 

to lecture-based traditional training. Research in various construction activities, such as electrical 362 

services (Seo et al., 2021) and precast concrete (Joshi et al., 2021), had yielded similar results. 363 

 364 

3.1.2. Safety risk management 365 

Safety risk management is essential for construction safety management because it equips 366 

employees and organizations to proactively identify, evaluate, and reduce potential risks, resulting 367 

in safer workplaces, attitudes, and organizational culture. Pooladvand et al. (2021) proposed a VR 368 

technology to identify the risks involved in routine mobile crane lifting operations. The goal of 369 

their study was to determine whether VR technology can improve safety inspections and planning 370 

routines. The results revealed that mobile crane users’ perceptions of risk and lifting procedures 371 

can be improved by using a computer game engine-created virtual job site. Fernández et al. (2023) 372 

examined the risks related to geotechnical drilling work and explored the applicability of VR 373 

technology in simulating immersive work environments, with a specific focus on interactions 374 

with drilling machinery. A 3D model of a geotechnical drilling machine was developed and 375 
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incorporated into a realistic VR environment. It was found that workers can engage with the 376 

virtual working environment, identify dangers, and prevent accidents by replicating machinery 377 

motions and various work team activities. Pooladvand and Hasanzadeh (2022) employed a 378 

promising neuroimaging technique (functional near-infrared spectroscopy- fNIRS) in an 379 

immersive mixed-reality environment built using VR technologies. Their study aimed to 380 

investigate alterations in individuals’ cognitive responses and decision dynamics during electrical 381 

construction tasks in normal and stressful conditions. The results reported that under time 382 

pressure and cognitive load, construction workers showed increased fixation on hazards (18.47 s), 383 

elevated heart rates (up to 95.7 bpm), and higher electrodermal activity (9.82 µS), with 384 

performance dropping by 42%, indicating heightened cognitive strain and risk compensation. 385 

These findings suggested that the use of VR technologies enabled the creation of a synchronized 386 

multi-modal mixed-reality environment, which proved valuable in simulating a high-risk 387 

electrical task. Choi et al. (2020) employed a VR forklift simulation model to evaluate the risk 388 

perceptions of forklift operators across various subtasks, including driving, loading, unloading, 389 

reversing, and turning. The results revealed that forklift operators are likely to experience reduced 390 

situation awareness (SA) regarding surrounding workers when performing loading or unloading 391 

tasks, level 1 SA (F(3,76) = 6.105, p = 0.001) and level 2 SA (F(3,76) = 3.908, p = 0.012), and a 392 

marginally observable difference for level 3 SA (F(3,76) = 2.261, p = 0.088). The findings 393 

highlighted that forklift operators’ risk perceptions were influenced differently depending on the 394 

complexity of each task. A study by Hasanzadeh et al. (2020) monitored roofing activities using 395 

immersive mixed-reality environments and real-time tracking sensors to assess workers’ 396 

perceptions of risk when using fall protection systems. The initial results showed that the 397 

LightGBM classifier achieved 70.1% accuracy based on the cognitive feature set for the 7-class 398 

classification. To improve the performance, the input data was relabeled, and three strategies were 399 

designed and tested. As a result, the combined approach (two-step ensemble classification) 400 

achieved 82.3% accuracy. The findings suggested that roofing workers tend to perceive lower risk 401 

levels when using fall protection, often leading to reckless behavior as they feel more secure. 402 

Yang and Fan (2025) evaluated the changes in safety knowledge and awareness, reporting an 403 

experimental mean of 4.05 (SD = 0.50) as compared with the control mean of 3.55 (SD = 0.55), F 404 

(1,78) = 8.10, p = 0.006, and partial η² = 0.09. The findings suggested that VR technology 405 

significantly enhances safety risk management by providing immersive, interactive training 406 

environments that improve learners' motivation and engagement. 407 

 408 

The current uses of VR technology in construction safety risk management have yielded 409 

encouraging results. For example, previous studies that focused on crane lifting operations 410 
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(Pooladvand et al., 2021), geotechnical drilling (Fernández et al., 2023), and electrical 411 

construction (Pooladvand and Hasanzadeh, 2022) have contributed to safer workplaces by 412 

creating VR simulations that closely resemble real-life scenarios and providing realistic 413 

consequences for risky behaviors. Potential risks can be identified, evaluated, and eliminated by 414 

using these simulations, allowing construction personnel to gain vital experience in dealing with 415 

hazardous circumstances without placing themselves in immediate danger. With the advancement 416 

of digital technologies, there is considerable potential to improve the effectiveness of VR-based 417 

safety risk management systems in the construction industry.  418 

 419 

3.1.3. Hazard identification 420 

Hazard identification is one of the current uses of VR technologies for construction safety 421 

management, with 14% of the included articles, as shown in Figure 2. Shafiq and Afzal (2020) 422 

highlighted the necessity of leveraging VR technologies to enhance safety in construction, given 423 

that traditional approaches to hazard identification have proven to be ineffective. According to Li 424 

et al. (2012), examples of hazards prevalent in the construction industry include disassembling 425 

tower cranes before workers’ departure, engaging in construction activities without proper 426 

personal protective equipment (PPE), etc.  427 

Research efforts have been demonstrated to enhance the identification of hazards on construction 428 

sites through the analysis of workers’ stride and balance, or their brain waves and heart rate 429 

(Jebelli et al., 2018). Physiological responses from construction workers are collected from 430 

wearable sensing technologies such as heart rate monitors, EEG, etc. (Anwer et al., 2021; Jebelli 431 

et al., 2018). Jeon and Cai (2021) classified hazard-related perceptions by using EEG and VR for 432 

objective measurement of workers’ cognitive responses and perceptual states in simulated 433 

hazardous environments. This approach offers significant novel insight by shifting the focus 434 

beyond traditional subjective hazard perception assessments, providing a deeper understanding of 435 

how workers neurologically process and react to potential dangers. Similarly, Jeon and Cai (2022) 436 

established correlations between EEG signals and various construction hazards by constructing 437 

EEG classifier through experiments conducted within an immersive VR setting. They simulated 438 

different types of hazards in the VR environment and collected EEG signals from participants 439 

using wearable EEG and VR devices. The results revealed that the light gradient boosting 440 

machine classifier achieves an accuracy of 70.1% based on extracted cognitive features. Their 441 

study underscores the feasibility of integrating wearable EEG and VR for distinguishing different 442 

hazards. A study by Kim et al. (2017) introduced a hazard avoidance system aimed at preventing 443 

accidents. The proposed system generated 95.7% accuracy based on spatial relationships with 444 

moving objects on the jobsite. It enabled workers to discern hazards by projecting augmented 445 
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hazard information onto a wearable device, thereby enhancing their ability to avoid potential risks. 446 

Another research by Eiris et al. (2018) proposed a method to mitigate the planar view restriction 447 

on construction sites. In their study, VR technology was used to create an enhanced 360-degree 448 

panorama of reality (PARS). It offered an accurate and immersive depiction of construction sites 449 

by finding an average of 30% of hazards displayed throughout the assessment session, facilitating 450 

effective hazard identification processes. In addition, it was found that the system operation was 451 

user-friendly and helped to identify hazards in panoramic scenes.  452 

From a different perspective, the challenges of planar view limitations in construction sites that 453 

are posed by vision-based avoidance systems can be mitigated by integrating 4D BIM and VR 454 

technology (Afzal and Shafiq, 2021). In their study, the integration of 4D BIM and VR 455 

technology was conducted in a user-friendly manner and offered an authentic experience akin to 456 

being on an actual construction site. Their results reported an average mean of 4.3 after the safety 457 

simulation was conducted, indicating that the 4D BIM-based VR simulation not only performed 458 

much better during safety planning but also significantly aided workers in identifying hazards. 459 

Teizer et al. (2013) conducted a study that introduced a 3D perspective of the predominant 460 

installation of steel. The survey results revealed that visualization technology allowed workers to 461 

assume different perspectives. For example, they would replay the scene to show a greater sense 462 

of the severity of an incident, thereby demonstrating effective hazard identification and 463 

visualization. Furthermore, Azhar (2017) conducted three case studies that illustrated how 4D 464 

simulations, BIM models, and VR environments could be leveraged to identify hazards. Such an 465 

approach greatly aided in formulating and effectively conveying plans for reducing the identified 466 

hazards among construction employees. Their approach has merit of identifying hazards, 467 

particularly when contrasted with traditional 2D drawings. It was concluded that digital tools 468 

offer a close replication of real-world conditions, thus enhancing their practical impact (Azhar, 469 

2017). 470 

Another use of VR technologies for hazard identification in construction involves visual cues 471 

(Lucena and Saffaro, 2022). In Lucena and Saffaro’s (2022) study, construction managers were 472 

required to verbally communicate the detected hazards to instructors. Their results pointed out 473 

that Simulation B (with protocol) was indeed superior to Simulation A (without protocol), and the 474 

hazard identification efficiency observed in the use of the protocol is closely associated with the 475 

sensory stimuli provided by virtual reality technology. The use of VR technology furnished them 476 

with visual cues, enhancing their intuitive ability to identify hazardous situations, thus facilitating 477 

the process of hazard detection. Similarly, Hadikusumo and Rowlinson (2002) proposed an 478 

approach encompassing a virtual walkthrough of a simulated construction site to identify hazards. 479 

Within this context, the workers undertook the task of selecting suitable precautions aimed at 480 
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preventing accidents associated with the identified hazards. Shringi et al. (2022) investigated the 481 

effectiveness of VR-based safety training in enhancing hazard recognition during heavy 482 

machinery operations in the construction industry. They demonstrated that VR-based training 483 

significantly improves hazard recognition and decision-making skills with an immersive VR 484 

display showing more than a 300% increase when compared to a flat-screen display. Their 485 

findings may lead to a reduction in accidents and an enhancement in safety performance on 486 

construction sites as compared to conventional methods. Raimbaud et al. (2021) also explored a 487 

task-centered methodology for evaluating user interactions in VR, specifically focusing on hazard 488 

identification in building environments. Their study addressed the need for systematic evaluation 489 

techniques in VR design and revealed that a task-centered approach enhances both user 490 

engagement and hazard identification performance. Specifically, they reported that there was no 491 

significant effect of the interaction technique factor on usability scores, with p-values of 0.200, 492 

0.638, and 0.114, respectively, on a level of significance of 𝛼= 0.05, confirming the effect of the 493 

task-centred approach on the interaction technique usability results. Zhang et al. (2023) reported a 494 

33% improvement in team performance over individuals, indicating that VR-enhanced multi-role 495 

collaboration significantly improves hazard identification in crane-lift training for modular 496 

construction. Their study enabled participants to experience realistic, immersive scenarios that 497 

foster proactive recognition and mitigation of potential safety risks, thereby enhancing overall 498 

training effectiveness and on-site safety awareness. 499 

Taken together, the use of VR technology for construction safety management has been 500 

extensively applied in hazard identification. It includes the integration of VR technology and 501 

EEG data (Jebelli et al., 2018; Jeon and Cai, 2022), VR technology and vision-based hazard 502 

avoidance systems (Kim et al., 2017; Eiris et al., 2018), VR technology and BIM systems (Afzal 503 

and Shafiq, 2021), and VR technology and immersive exploration strategies (Lucena and Saffaro, 504 

2022; Hadikusumo and Rowlinson, 2002), and among others.  505 

 506 

3.1.4. Prevention through design 507 

Construction sites are inherently characterized by dynamic work settings, rendering the 508 

procedures essential for ensuring the safety of their designs in a comprehensive and indispensable 509 

manner for preventing accidents (Côté and Beaulieu, 2019). Recently, the concept of prevention 510 

through design (PtD) or design for safety (DfS) has garnered attention, with 12% of the included 511 

articles as depicted in Figure 2. It strives to ensure that accident prevention is prioritized when 512 

developing construction designs (Manu et al., 2019). It also encompasses a multifaceted 513 

terminology reflecting its comprehensive approach to integrating safety considerations into the 514 

design process (Farghaly et al., 2021). Aydin and Aktaş (2020) emphasized that integrating a 515 
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well-structured VR infrastructure in architectural design education fosters a student-centered and 516 

contextual learning environment, enhances creativity and interaction, and supports prevention 517 

through design by enabling early identification and resolution of potential issues in virtual design 518 

ecosystems. 519 

Sacks et al. (2015) conducted a study involving designers and builders, wherein their interaction 520 

within a virtual construction site revealed that dialogues enhance the identification and clarity of 521 

safety issues in designs. Similarly, Hadikusumo and Rowlinson (2002) introduced a 522 

design-for-safety-process (DfSP) that amalgamates VR functionalities. The introduced DfSP 523 

empowers construction practitioners to engage in a virtual environment walk-through akin to 524 

their actual construction sites. This proactive approach facilitates the identification of inherent 525 

hazards, enabling the implementation of suitable mitigating measures to prevent potential 526 

catastrophic accidents. Heydarian et al. (2015) compared immersive virtual environments (IVEs) 527 

with physical built environments to evaluate their effectiveness in building design and user 528 

interaction exploration. Their study reported a marginally significant effect of the number of 529 

gaming hours on participants’ IVE interaction (β = 0.12, p = 0.075), indicating that an hour 530 

increase in gaming results in a 0.123 unit increase in participants' IVE experience. Consequently, 531 

the findings demonstrated that IVEs can closely replicate user experiences in physical 532 

environments, offering a reliable platform for early-stage design evaluation. Lin et al. (2018) 533 

demonstrated that the integration of BIM, game engine, and VR technologies enhances 534 

stakeholder engagement and effective communication during the design phase. Their results 535 

showed that the overall average satisfaction was 80% among the design teams and 90% among 536 

the users, indicating a slightly higher willingness by the users to use the system.  537 

VR technology has been demonstrated to improve emotional arousal (Yilmaz Balban et al., 2021), 538 

a factor that has the potential to enhance learning through the mechanism of neuroplasticity 539 

(Duman, 2004; Green and Bavelier, 2008). Patil et al. (2023) employed a catalog of features that 540 

either evoke or hinder emotional reactions in comparable video simulations available on a public 541 

video-sharing platform (YouTube). Their study guided in constructing VR environments for 542 

eliciting emotional arousal, thereby enhancing their learning process. It presented design insights, 543 

including the necessity to offer agency within simulations, the incorporation of nonplayer 544 

characters into scenes, and similar strategies, as means to enhance the design for safety. 545 

Yu et al. (2019) focused on the integration of VR technology, BIM, wearable devices, and 546 

massive data analysis centers. Their study aimed to generate reports about dynamic safety 547 

predictions and facilitate real-time danger warnings. The proposed BIM-based intelligent site 548 

management model integrates advanced technologies such as BIM, 3D scanning, and AR/VR, 549 

which supports prevention through design by allowing for better visualization and assessment of 550 
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potential hazards during the design and planning phases. Another research conducted by Manzoor 551 

et al. (2021) integrated BIM and other advanced digital technologies, including global positioning 552 

system (GPS), laser scanning, sensors, and VR. The study identified diverse attitudes among 553 

construction stakeholders regarding the integration of BIM with emerging digital technologies 554 

and highlighted the perceived effectiveness and practical application of these technologies in 555 

improving safety outcomes. Their results revealed the potential of combining BIM with other 556 

digital technologies to enhance safety in high-rise construction projects. Similarly, Shafiq and 557 

Afzal (2020) demonstrated the prospective use of virtual design construction (VDC) tools such as 558 

VR, AR, BIM, and geographic information system (GIS) for enhancing construction site safety 559 

within Gulf Cooperation Council (GCC) countries. The research highlighted that the VDC tools 560 

are mostly effective for enhancing construction site safety applications, such as fall hazards. Their 561 

study also revealed that VDC technologies can significantly enhance construction safety, and 562 

these digital tools transform traditional document-oriented safety procedures into digitalized 563 

practices, enabling safety managers to virtually visualize and analyze construction sites for 564 

proactive safety measures and effective training. Shehadeh and Alshboul (2025) demonstrated 565 

that the integration of VR with advanced machine learning algorithms in engineering and 566 

architectural design proactively detects and mitigates design clashes and optimizes workflows, 567 

thereby reducing errors and iterative corrections to improve overall project safety and efficiency. 568 

In conclusion, the use of VR technology has been applied to PtD principles. This current use of 569 

VR technology can help in designers’ decision-making (Sacks et al., 2015; Hadikusumo and 570 

Rowlinson, 2002), leveraging VR technology to evoke emotional arousal (Yilmaz Balban et al., 571 

2021; Patil et al., 2023), combining VR technology and BIM systems (Yu et al., 2019; Shafiq and 572 

Afzal, 2020), and synergizing VR technology and GPS technology (Manzoor et al., 2021), etc. 573 

 574 

3.2. Challenges to the adoption of VR applications for construction safety management 575 

Despite the usefulness of VR technologies, some challenges are hindering their adoption in the 576 

construction industry. This section discusses five main challenges of VR applications for 577 

construction safety management.  578 

 579 

3.2.1. Technology (Software and Hardware) 580 

One of the challenges hindering the adoption of VR applications for construction safety 581 

management is the lack of technology, including both software and hardware components. The 582 

software components used in VR applications include rendering engines, 3D modelling software, 583 

spatial computing libraries, and interactive development environments. Some of the hardware 584 

components used in VR applications in the construction industry include head-mounted displays 585 
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(HMDs), motion tracking sensors, haptic devices, and data gloves (Wang et al., 2018).  Each of 586 

these elements contributes to creating a seamless and IVE for construction safety management 587 

applications. Additionally, there is a shortage of experts who are well-versed in VR applications 588 

for construction safety management, further complicating this challenge. Despite the crucial role 589 

that technology plays in enhancing safety performance within the construction sector, Pham et al. 590 

(2018) underscore the limited emphasis on safety within mainstream higher education curricula. 591 

As a result, there is a shortage of technology experts with an understanding of construction safety 592 

management, which hinders resolving existing problems related to VR applications. Jawalkar 593 

(2024) identified the delicate balance required between enhancing device performance and 594 

software demands needed to achieve seamless AI integration and real-time interaction in VR 595 

applications to create more intuitive and immersive user experiences as another challenge. 596 

On the other hand, the cost of hardware VR technology, such as motion tracking sensors, haptic 597 

devices, and data gloves and the lack of standardization and knowledge on how to use these VR 598 

technologies are some of the major challenges facing VR applications in construction safety 599 

management (Dela Cruz and Dajac, 2021). Jeon and Cai (2022) explored the feasibility of 600 

classifying different types of hazards based on a multi-class EEG classifier that was developed in 601 

a VR environment. While EEG signals provide useful data patterns for achieving ubiquitous 602 

hazard identification, the primary impediment lies in their constrained proven ability to 603 

effectively distinguish hazard types such as falls, slip/trip incidents, and struck-by occurrences. 604 

Insufficient information is available, which consequently leads to less effective feedback for 605 

workers at risk (Brehaut et al., 2016).   606 

 607 

3.2.2. Social acceptance 608 

Lack of social acceptance is another challenge facing VR applications for construction safety 609 

management. According to Xu and Zheng (2020), the absence of practical training in safety 610 

management is often responsible for avoidable incidents in the construction industry. They 611 

emphasized that by raising awareness of construction workers’ safety knowledge, VR-based 612 

technologies can considerably reduce the occurrence of accidents on construction sites. However, 613 

the lack of acceptance of VR technology by construction workers and practitioners has led to 614 

slow progress in VR applications for construction safety management.  615 

Moreover, subjective measurements are not beneficial to effective VR applications for 616 

construction safety management. As such, objective resource tracking and self-assessment 617 

methods need to be aligned with common data standards. Wolf et al. (2022) reported that there 618 

exists a scarcity of construction safety research dedicated to the generation and analysis of 619 

intrinsic data derived from trainees’ actions within the virtual environment. These authors 620 
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examined how performance analysis in a virtual environment can provide accurate feedback to 621 

heighten workers’ behavior, leading to improved practices during real-world tasks. Their study 622 

also outlines future research directions for enhancing construction safety education, emphasizing 623 

the correlation between objective tracking data and self-assessment. 624 

 625 

3.2.3. Cultural influence 626 

Cultural factors also have adverse impacts on the use of VR technology for construction safety 627 

management. They include experience, age, and education of VR technology users. VR users of 628 

relatively lower educational backgrounds tend to slow the implementation of VR technologies. 629 

Rey-Becerra et al. (2023) stated that although VR-based training is more effective than 630 

lecture-based training, it is important to consider the characteristics of the workers to ensure its 631 

effectiveness when designing a training program with virtual technologies. For instance, research 632 

has indicated that trainees with higher levels of education tend to achieve better training 633 

outcomes compared to those with lower levels of education (Rey-Becerra et al., 2023). Their 634 

findings indicated that trainees with higher levels of education tend to achieve better training 635 

outcomes compared to those with lower levels of education. 636 

VR users of relatively harder-to-be emotional arousal tend to show lower effectiveness of VR 637 

applications. However, emotional arousal is hard to consider in prevention through design 638 

principles. Within the context of construction management, Bhandari and Hallowell (2017) 639 

identified that the hyper-realistic reenactment of typical workplace injuries can evoke specific 640 

emotional responses among construction workers. The elicitation of these emotions not only 641 

enhances learning outcomes (Bhandari et al., 2019) but also influences risk-taking behavior 642 

(Tixier et al., 2019). Nonetheless, the logistical complexities tied to crafting hyper-realistic 643 

re-creations pose challenges in implementing such replications across diverse sectors of the 644 

industry in a cost-efficient manner. Consequently, integrating emotional arousal into the design 645 

for construction safety raises the emotions of the hardly-rouse users, aiming to heighten 646 

construction workers’ awareness of on-site risks. 647 

 648 

3.2.4. Risk compensation 649 

Despite substantial efforts by researchers to mitigate workplace risks over the past decades, the 650 

high number of work incidents occurring annually indicates that many interventions for safety 651 

and enhancements in technology have not been fully realized. This observation raises the 652 

potential for a hidden negative effect of security precautions, referred to as risk compensation. 653 

Pooladvand and Hasanzadeh (2022) conducted a study on electrical construction tasks by 654 

employing VR and fNIRS neuroimaging. They reported that workers experienced difficulties in 655 
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processing nearby physical information because of a lack of cognitive resources, resulting in the 656 

misperception of facing time constraints and greater mental demands. These cognitive failures 657 

caused by risk compensation may lead to a heightened dependence on safety protections and 658 

increased at-risk decisions, ultimately causing a decline in safety performance. Similarly, 659 

Hasanzadeh et al. (2020) created an immersive mixed-reality environment that combines VR 660 

technology and passive haptics for roofing tasks. They assessed the participants’ behavioral 661 

reactions as they performed roofing tasks in the mixed-reality simulation under three different 662 

levels of safety protection. The results showed that providing more safety interventions gave 663 

participants a false sense of invulnerability, leading to a 55% increase in risk-taking behavior, 664 

including getting closer to the roof edge, leaning over it, and spending more time exposed to the 665 

risk of falling (Hasanzadeh et al., 2020). The studies offered empirical insights into how 666 

increased safety protections could inadvertently signal workers to take additional risks, 667 

demonstrating the phenomenon of risk compensation. 668 

 669 

3.2.5. Cost-effectiveness 670 

High implementation costs can hinder the widespread use of VR technologies. According to Xu 671 

and Zheng (2020), although traditional safety education techniques such as lectures, presentations, 672 

and video training are cost-effective, they may not encourage employee involvement and 673 

knowledge retention. Similarly, the implementation of VR applications may pose financial 674 

challenges due to the high costs associated with procuring and setting up the necessary hardware 675 

(Halbig et al., 2022). VR training cost is attributed to hardware procurement (VR headsets), 676 

software development, and the creation of custom VR modules tailored to specific training 677 

objectives, while the cost of traditional training methods involves venue rentals, instructor fees, 678 

printed materials, and physical training props. Additionally, the uniqueness and complexity of 679 

construction projects make it challenging to replicate construction site experiences in a virtual 680 

environment, which can impact the cost and development time. The difficulty in simulating a real 681 

construction site may lead to a lesser sense of presence and feeling of realism in a virtual 682 

construction site, affecting the cost-effectiveness of the technology. 683 

 684 

3.3. Future research directions of VR applications for construction safety management 685 

Figure 3 presents the interrelationships between the current uses, challenges, and future research 686 

directions of VR applications for construction safety management. Within each of the five main 687 

challenges of VR for construction safety management, specific challenges were identified and 688 

may serve as focal points for future research directions. Each specific challenge inherently gives 689 
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rise to corresponding future research directions, thereby establishing a direct relationship that 690 

drives the advancement of VR applications for construction safety management. 691 

<Please insert Figure 3 about here> 692 

3.3.1. Research focus on technology development 693 

It is suggested that further studies should focus on VR technology development, including 694 

software and hardware technologies. In terms of software technology, researchers, practitioners, 695 

and policymakers should invest more resources in training personnel on VR applications in 696 

construction safety management. Regarding hardware technology, the innovation and upgrading 697 

of VR technologies should be accelerated to meet industry needs. For example, Kim et al., (2018) 698 

explored the accuracy and robustness of current mapping technologies such as simultaneous 699 

localization and mapping (SLAM). It was found to be ineffective when tested in challenging 700 

environments. To allow the augmentation and visualization of the dynamic nature of the 701 

construction environment, VR technologies that can continuously collect and update real-world 702 

conditions should be tested in future research.  703 

 704 

3.3.2. Increase in users’ social acceptance of VR applications 705 

In addition to technological constraints, Yung and Khoo-Lattimore (2017) stated that societies’ 706 

and users’ resistance to accepting a virtual alternative also poses a challenge for VR applications. 707 

Therefore, future research is recommended to discuss how to increase the level of awareness and 708 

practical implications of VR applications in construction safety management. The level of 709 

importance and awareness should be conducted in future studies among various stakeholders such 710 

as construction workers, practitioners, policymakers, the public, etc. By increasing the social 711 

acceptance of VR technologies, more users would be interested in conducting theoretical and 712 

practical research into VR applications in construction, thus enhancing their safety, wellbeing, 713 

and health. Moreover, to leverage the importance of VR technologies for construction safety 714 

management, it is crucial to adopt objective methods for evaluating their effectiveness in future 715 

studies. Previous studies have adopted traditional approaches to assessing the usefulness and 716 

implementation of VR technologies (Adami et al., 2023; Rey-Becerra et al., 2023). Rey-Becerra 717 

et al. (2023) evaluated training outcomes of workers based on self-reports. Similarly, Adami et al. 718 

(2023) adopted two self-assessment surveys to evaluate participants’ trust in the robot and their 719 

self-efficacy in operating the robot. The surveys were used to assess participants’ perceptions and 720 

confidence in interacting with the robotic system during the VR-based training. Despite their 721 

usefulness, surveys may lead to bias and inaccuracies because they are subjective. Due to these 722 

limitations, objective methods of assessing VR-based technologies are needed in the construction 723 

industry. In addition, data collected from surveys may not be effective for determining 724 
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relationships among participants. Therefore, to enhance the effectiveness of VR technologies for 725 

construction safety management, future studies should incorporate objective measurements such 726 

as cue utilization, tracking systems or sensors (Neuhausen et al., 2020; Wang et al., 2020), and 727 

accident reports to assess organizational outcomes (Rey-Becerra et al., 2023). These objective VR 728 

technology measurements can provide more accurate and reliable data that can improve workers’ 729 

safety knowledge, behavior, and overall safety performance. Therefore, future studies should 730 

embrace objective measurements to assess the efficacy of VR applications for construction safety 731 

management. 732 

 733 

3.3.3. Addressing cultural considerations related to VR applications 734 

Since cultural factors have a greater impact on VR users, future research should explore the 735 

relationships between different cultural factors (experience, age, education, etc.). As Rey-Becerra 736 

et al. (2023) pointed out a positive correlation between education levels and training outcomes. 737 

However, there are notable research gaps in the understanding of cultural factors influencing the 738 

effectiveness of VR-based safety training. Future studies should address these gaps before 739 

unequivocally recommending cultural factors for inclusion in safety training programs. One 740 

research gap is the cultural variances in learning styles. The existing literature may not adequately 741 

address how cultural differences impact learning styles and preferences in the context of 742 

VR-based safety training. Research should explore how cultural backgrounds influence 743 

individuals’ receptiveness to VR technology and the most effective instructional methods across 744 

diverse cultural settings. Another research gap is the cultural sensitivity in VR content. Current 745 

studies may not sufficiently consider the cultural sensitivity of VR content in safety training 746 

modules. Future research should investigate how cultural nuances and values influence the design 747 

of VR scenarios, ensuring that content is relatable and resonates with users from different cultural 748 

backgrounds. A third research gap is the impact of cultural diversity on knowledge retention. 749 

Research has yet to comprehensively explore how cultural diversity within VR training groups 750 

affects knowledge retention and the application of safety protocols. Future studies should 751 

investigate whether diverse cultural compositions influence the effectiveness of safety training 752 

outcomes and the long-term retention of learned information. Furthermore, developing a safety 753 

culture that emphasizes the significance of responsible behavior even in virtual environments can 754 

aid in the reduction of risk compensation tendencies. Finally, while existing research hints at the 755 

efficacy of VR-based emotional engagement in safety training, there is a need for cross-cultural 756 

validation. Future studies should assess whether emotional engagement strategies in VR are 757 

universally effective or if cultural variations influence their impact on safety learning outcomes. 758 
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The results of such studies could help identify the most effective VR-based safety training 759 

strategies across diverse cultural settings. 760 

 761 

3.3.4. Minimize the negative impact of risk compensation 762 

Further discussion is required on how to effectively employ VR technology in construction safety 763 

management while minimizing the negative impact of risk compensation. According to 764 

Hasanzadeh et al. (2020), there is a lack of empirical evidence of safety measures that are 765 

potential subjects of risk compensation in the construction industry and more safety precautions 766 

may implicitly encourage employees to take more risks, which may result in risk compensation. 767 

While previous studies have discussed the concept of risk compensation and its impact on safety 768 

behaviors in various settings, there is a notable paucity of studies investigating construction 769 

worker engagement in risk-compensatory behaviors. The author showed the need to discover how 770 

the construction sector develops and implements safety solutions to help counteract the effects of 771 

risk compensation. Designing VR simulations that closely imitate real-life circumstances, deliver 772 

realistic repercussions for risky behaviors, and include training modules could address risk 773 

perception and improve decision-making processes. There is a need to conduct longitudinal 774 

studies to track the long-term effects of safety interventions on workers' risk-taking behavior. 775 

This would provide a more comprehensive understanding of how risk compensation evolves and 776 

its impact on injury occurrences. Also, developing and utilizing objective measurement tools to 777 

assess risk-taking behavior on construction sites. This would involve the use of advanced 778 

technologies for real-time monitoring and analysis of workers' behaviors in response to varying 779 

levels of safety interventions. Ongoing research and collaboration among experts in VR 780 

technology, risk management, and occupational safety would be critical in creating complete 781 

answers to this dilemma. 782 

 783 

3.3.5. Reduce the cost of VR technologies  784 

The high cost of VR technologies is one of the hindrances to improving construction safety 785 

management. Halbig et al. (2022) reported the concerns raised about the cost of VR technologies. 786 

The cost of acquiring and installing VR hardware may be prohibitive, rendering the envisioned 787 

software platform undesirable to certain consumers. Hilfert and König (2016) pointed out that the 788 

widespread VR applications will greatly affect the cost of VR technologies. One approach to 789 

reducing the cost of VR technologies is to use open-source VR software and hardware platforms 790 

that are freely available to researchers and developers. These platforms provide a cost-effective 791 

way to develop and test VR applications without the need for expensive proprietary software and 792 

hardware. Another approach is to use cloud-based VR platforms that allow researchers to create 793 
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and deliver VR applications over the internet. Cloud-based VR platforms can reduce the cost of 794 

VR technology by eliminating the need for expensive hardware and software installations. Also, 795 

continued research into software optimization can lead to more efficient utilization of hardware 796 

resources, allowing VR applications to run on less powerful and therefore more affordable 797 

hardware. This can include improvements in rendering techniques, compression algorithms for 798 

audio and visual data, and streamlining of VR software development processes. Therefore, it is 799 

recommended that future research should discuss how to reduce the cost of VR applications while 800 

taking into account their quality so that they can be used more widely.  801 

 802 

4. Conclusion 803 

This review study aims to conduct a systematic literature review of the current uses, challenges, 804 

and future research directions of VR applications for construction safety management. Through a 805 

systematic literature review by following the PRISMA guidelines, this study comprehensively 806 

evaluated the research landscape regarding VR applications for construction safety management. 807 

The results indicated a noticeable rise in research interest concerning VR applications for 808 

construction safety management, with four current uses such as: (1) safety training and education 809 

(55%), (2) safety risk management (19%), (3) hazard identification (14%), and (4) prevention 810 

through design (12%). Besides, the challenges of VR technology adoption for construction safety 811 

management include technology (software and hardware), social acceptance, cultural influences, 812 

risk compensation, and cost-effectiveness. Importantly, the review study proposed a framework 813 

showing the interrelationships as well as outlining the future research directions. They include (1) 814 

research focus on technology development, (2) increase in users’ social acceptance of VR 815 

applications, (3) addressing cultural considerations related to VR applications, (4) minimize the 816 

negative impact of risk compensation, and (5) reduce the cost of VR technologies.  817 

The findings from this review contribute significantly to the advancement of VR technology 818 

applications within construction safety management. These findings carry significant implications 819 

for safety training practices, educational program development, and economic sustainability in the 820 

construction industry. First, IVEs have proven to be effective in enhancing PtD through hazard 821 

recognition, situational awareness, and real-time decision-making.  The findings identified the 822 

need for VR simulations to do more than train for compliance, but also condition participants 823 

through consequence-driven modules that mirror real-life hazards. Future VR-based safety 824 

programs should therefore incorporate realistic feedback loops and risk perception elements to 825 

discourage over-reliance on safety equipment and promote intrinsic hazard awareness. Second, VR 826 

training programs should also be culturally and educationally structured to ensure inclusivity and to 827 

optimize knowledge retention across diverse worker populations. A critical gap identified in this 828 
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paper is the limited presence of VR and safety management content within higher education 829 

curricula. Without targeted capacity-building in educational institutions, the widespread 830 

deployment of VR in the construction industry is likely to remain constrained. Academic 831 

institutions must therefore embed modules that combine digital innovation with occupational 832 

safety practices, equipping future professionals with the skills to develop, deploy, and evaluate VR 833 

safety solutions. Third, this paper underscored cost as a persistent barrier to the adoption of VR 834 

technologies. The future directions outlined viable cost-reduction pathways, notably, the use of 835 

open-source platforms and cloud-based VR applications could eliminate software licensing and 836 

reduce local hardware demands. Additionally, the reusability, scalability, and automation potential 837 

of VR simulations could enable cost-efficient alternatives over time. Reductions in workplace 838 

incidents as facilitated by effective VR training could translate into lower insurance premium, 839 

fewer absenteeism, and enhanced project continuity, which collectively yield substantial long-term 840 

savings. 841 

Nonetheless, this study has limitations. The research methods were limited to journal articles 842 

available in the Scopus database and published in English, which may have resulted in the 843 

omission of pertinent articles from other databases like Web of Science or those published in 844 

different languages. Moreover, the conceptual framework was developed without empirical data, 845 

thereby relying solely on existing literature. Therefore, future research could benefit from 846 

incorporating diverse databases and multilingual articles to obtain a more holistic understanding 847 

of the field. Also, future research should empirically validate the proposed framework using a 848 

mixed-methods approach, incorporating case studies, experiments, surveys, and hypothesis 849 

development to rigorously assess its practical effectiveness. Additionally, expanding the 850 

circulation of this research can foster greater collaboration and discussion on the applications of 851 

VR in construction safety management, enhancing its relevance and impact across various 852 

contexts. 853 
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Figure 1. Overview of research methods based on PRISMA guidelines to identify included 1228 

articles (Source: Authors own work) 1229 
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Figure 2. Distribution of published articles related to the current uses of virtual reality 1233 

applications for construction safety management (Source: Authors own work) 1234 

 1235 

 1236 

 1237 

 1238 

 1239 

 1240 

 1241 

 1242 

 1243 

 1244 

 1245 

 1246 

 1247 

 1248 

 1249 

 1250 

 1251 

 1252 

 1253 

 1254 

 1255 

 1256 

 1257 

 1258 

 1259 



 

34 

 

 1260 
 1261 

Figure 3. A framework of current uses, challenges, and future research directions of virtual 1262 

reality applications for construction safety management (Source: Authors own work) 1263 
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Table 1. Summary of the current uses of VR applications for construction safety management 1272 

Current 

Uses 

Articles Types of VR 

technologies 

Results and Findings Contributions Limitations 

Safety 

training and 

education 

Bhagwat et 

al. (2021) 

Mobile virtual reality 

(MRV) 

Create a mobile-based 

VR system as a 

game-based safety 

module for training. 

Using the 𝑡-test, there 

were statistically 

significant (𝑝≤0.05) 

differences which existed 

between students and 

construction 

professionals. 

 

The study highlights 

the importance of 

integrating digital 

technologies into 

education to enhance 

the learning 

experience through 

user feedback and case 

studies. 

While the paper 

advocates the 

effectiveness of 

visualization platforms, 

it does not thoroughly 

evaluate potential 

barriers to 

implementation, such as 

cost, access to 

technology, and 

instructor training. 

 Rey-Becerra 

et al. (2023) 

VR-gamified training Evaluate the 

effectiveness of a new 

gamified VR-based 

training for working at 

height using the 

Kirkpatrick model with 

construction workers. 

Results reported 

subjective enjoyment (t 

[98] = −3.5, p < 0.001), 

perceived usefulness (t 

[98] = −3.1, p = 0.002), 

and perceived difficulty 

(t [98] = −2.4, p = 0.02). 

 

The paper 

demonstrates that 

VR-based safety 

training leads to 

marked improvements 

in short-term 

outcomes related to 

safety procedures in 

work environments 

where workers are 

exposed to heights. 

The study faced 

challenges related to the 

fidelity of VR 

simulations, as 

real-world scenarios 

were difficult to fully 

replicate. This raised 

concern about the 

transferability of skills 

learned in VR to actual 

work environments. 

 Feng et al. 

(2023) 

VR training system Introduce an immersive 

VR training system 

tailored for excavation 

The study proposed a 

framework for the 

implementation of VR 

The study highlighted a 

lack of long-term data 

to evaluate the 
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safety and hazard 

identification. Results 

reveal a significant main 

effect of time of 

measurement (F (2,74) = 

13.763, p < 0.001) and no 

significant interactions 

between time and groups 

(F (2,74) = 1.598, p = 

0.209). 

 

training systems 

tailored specifically to 

the needs of 

excavation workers, 

underlining the need 

for a systematic 

approach to safety 

training. 

sustained impact of VR 

training on worker 

safety performance over 

time. 

 Xu and 

Zheng 

(2020) 

3D modelling virtual 

environment 

Create a 3D modelling 

stage, a VR environment 

rendering process, and a 

well-designed teaching 

system programme. The 

feedback from 

participants revealed that 

the realism of the VR 

simulation was 

acceptable, with 𝜌𝑇=0.65 

and 𝜌𝑇=0.64 for 

reliability. 

 

The paper introduced a 

novel VR training 

platform that 

addressed the pressing 

need for effective 

safety training 

methods that can 

mitigate common 

hazards in urban 

construction sites. 

The paper did not 

adequately address the 

potential challenges of 

implementing VR 

training on a large scale 

in the construction 

industry. 

 Adami et al. 

(2021) 

VR treadmill Overcome the 

navigational constraint 

by allowing workers to 

move about a virtual, 

dynamic building site 

using a VR treadmill. 

The average gain in the 

VR-based training was 

60.22% than in-person 

The research explored 

the various dimensions 

of effective training, 

particularly focusing 

on self-efficacy, a 

crucial factor in 

successful 

human-robot 

interaction. 

The research primarily 

focused on a single 

training method and did 

not extensively 

compare it with other 

training methods like 

in-person or blended 

approaches. 
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training (39.55%). The 

Kappa statistics 

calculated were > 0.81. 

 

 Seo et al. 

(2021) 

VR-based education 

system 

Investigate the 

installation of a 

VR-based experiential 

safety education system 

in the electrical 

construction industry. 

Feedback from in-depth 

interviews and analyzed 

existing accident cases 

was used to develop a 

VR-based safety 

education prototype. 

 

The paper 

demonstrates how VR 

technology can create 

immersive learning 

environments that 

enhance engagement 

and knowledge 

retention among 

participants. 

The long-term effects of 

VR-based training on 

safety behavior are not 

thoroughly investigated 

in the study as it 

focused on immediate 

post-training 

assessments, leaving 

questions regarding the 

retention of knowledge 

and behavioral changes 

over an extended period 

unanswered. 

 

 Joshi et al. 

(2021) 

 

VR safety training 

module 

 

Create a VR safety 

training module in the 

precast concrete sector. A 

Chi-square test for 

independence of 

attributes resulted in 

acceptance of the 

hypothesis for VR (0.09, 

p-value 0.75) and the 

traditional training 

method (0.58, p-value 

0.45). 

 

The study emphasizes 

increased engagement 

and retention rates in 

trainees when using 

immersive VR 

environments, which 

have been shown to 

stimulate interest and 

motivation in learners. 

The study lacked 

longitudinal studies in 

the assessment of VR 

training effectiveness 

which poses challenges 

in establishing the 

lasting impact of VR 

training beyond the 

initial learning 

experience. 

 Abotaleb et 

al. (2023) 

An interactive VR model Explored the use of an 

interactive VR model to 

The study used the 

experiential learning 

The study's design 

involved only a 
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improve safety training 

within construction 

education. The average 

score of the students who 

attended the VR training 

was 28.6 out of 34 while 

the average score for 

those who received the 

traditional training was 

24.8.  

approach which 

enabled participants to 

develop a deeper 

understanding of 

workplace hazards 

and reinforce safety 

protocols in realistic 

settings, thus 

improving their 

preparedness and 

response to actual 

incidents. 

one-time evaluation of 

the VR training 

sessions, implying a 

lack of longitudinal 

data on the impact of 

such training over time. 

As a result, the 

long-term effectiveness 

of VR training in 

enhancing safety 

knowledge and 

behavior remains 

uncertain. 

 

 Jelonek et 

al. (2022) 

 

VR simulations  

 

Investigated the impact 

of learning effects, 

usability, and user 

experience in interactive 

systems, focusing on 

how these factors shape 

user performance and 

satisfaction over time. 

Results show that VR 

simulation had positive 

ratings for attractiveness 

(2.06), perspicuity 

(1.88), efficiency (1.6), 

dependability (1.52), 

stimulation (2.21), and 

novelty (1.7). 

 

The study highlights 

the usability and user 

experience of VR 

simulations, providing 

empirical evidence 

that participants 

exhibited an increased 

sense of confidence 

and awareness after 

engaging with VR 

environments. 

There is a need for a 

more extended 

timeframe for assessing 

long-term retention of 

knowledge gained 

through VR training. 

While immediate 

feedback and 

engagement were 

positively received, 

there is limited 

understanding of how 

well these skills 

translate into 

sustainable safe 

practices in actual job 

environments over 

time. 

Safety risk Pooladvand VR framework for risk Proposed a framework The paper provides The study had a 
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management et al. (2021) assessment; VR 

computer game 

that uses VR technology 

to proactively assess the 

risks involved in routine 

mobile crane lifting 

operations. The 

framework was validated 

using two real-world lift 

scenarios which 

demonstrated measurable 

improvements in lift 

planning and risk 

assessment. 

 

empirical data 

illustrating the 

effectiveness of the 

VR system in 

improving operator 

performance.  

restricted scope for the 

system tested. The VR 

system primarily 

simulates specific lift 

operations without 

accounting for the 

variability of real-world 

conditions encountered 

on actual job sites. 

 Fernández et 

al. (2023) 

3D modelling in a VR 

environment 

Develop 3D model of a 

geotechnical drilling 

machine and incorporate 

it into a realistic VR 

environment. This VR 

experience facilitated 

immersive interaction, 

enabling workers to 

understand processes and 

associated hazards, and 

receive immediate 

feedback on actions that 

could lead to accidents. 

 

The study highlights 

that conventional 

safety training often 

adopts a generic 

approach, overlooking 

the intricate dynamics 

and unique hazards of 

geotechnical tasks. 

The study relied heavily 

on simulated 

experiences, not fully 

replicating the 

unpredictability of 

real-world 

environments 

encountered on job 

sites. 

 Pooladvand 

and 

Hasanzadeh 

(2022) 

Neuroimaging technique 

(fNIRS) in mixed-reality 

environment  

 

Employ a neuroimaging 

technique (functional 

near-infrared 

spectroscopy- fNIRS) in 

an immersive 

mixed-reality 

The study incorporates 

neurophysiological 

measures such as EEG 

alongside traditional 

decision-making 

metrics which 

The study was 

conducted in a 

controlled environment 

that may not fully 

replicate the 

complexities and 
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environment built using 

VR technologies to 

investigate alterations in 

individuals' cognitive 

responses. The results 

indicated that under time 

pressure and cognitive 

load, construction 

workers showed 

increased fixation on 

hazards (18.47 s), 

elevated heart rates (up to 

95.7 bpm), and higher 

electrodermal activity 

(9.82 µS), with 

performance dropping by 

42%, indicating 

heightened cognitive 

strain and risk 

compensation. 

 

provided a 

multi-faceted view of 

how stress and 

cognitive load 

influence dynamics, 

allowing for 

understanding of 

human error in 

high-pressure 

construction settings. 

unpredictabilities of 

actual construction 

sites. 

 Choi et al. 

(2020) 

VR-based investigation Forklift operators’ risk 

perceptions were 

influenced differently 

depending on the 

complexity of each task. 

The results revealed that 

forklift operators are 

likely to experience 

reduced situation 

awareness (SA) 

regarding surrounding 

workers when 

The study developed a 

comprehensive 

framework that used 

Virtual Reality (VR) 

technology to simulate 

real-world scenarios in 

which forklift 

operators navigate 

potentially hazardous 

environments. 

While the study 

advocates enhanced 

training methodologies, 

the practical 

implications such as 

costs associated with 

implementing VR 

training solutions for 

widespread adoption in 

various industries 

remain uncertain. 
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performing loading or 

unloading tasks , level 1 

SA (F(3,76) = 6.105, p = 

0.001) and level 2 SA 

(F(3,76) = 3.908, p = 

0.012), and a marginally 

observable difference for 

level 3 SA (F(3,76) = 

2.261, p = 0.088). 

 

 Hasanzadeh 

et al. (2020) 

Productivity-Safety 

Model in a mixed-reality 

residential roofing task 

Roofing workers tend to 

perceive lower risk levels 

when using fall 

protection, often leading 

to reckless behavior. The 

results showed that 

participants exposed 

themselves to fall risks 

over longer periods 

(Exposure duration 1 = 

2.38±0.59 min and 

Exposure duration 3 = 

2.92±0.88 min; 𝑝 = 

0.03). 

 

The paper developed a 

mixed-reality 

framework that allows 

construction workers 

to engage in realistic 

training scenarios 

without the traditional 

risks associated with 

actual work 

environments. 

The research primarily 

focuses on the 

residential roofing 

sector, raising questions 

about the 

generalizability of its 

findings to other areas 

of construction, such as 

heavy civil works or 

industrial construction. 

Hazard 

identification 

Jeon and Cai 

(2022) 

Wearable EEG and 

Oculus Quest 2 VR 

headset 

Establish correlations 

between 

electroencephalogram 

(EEG) signal patterns 

and various construction 

hazard types, 

constructing an EEG 

classifier through 

This study used 

wearable EEG 

technology to monitor 

the brain activity of 

workers and derived 

valuable insights into 

how cognitive states 

correlate with hazard 

The scope of the sample 

used for testing the 

multilevel classification 

model lacks diversity in 

terms of experience 

levels, roles, or even 

geographical settings, 

and the generalizability 
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experiments conducted 

within an immersive VR 

setting. The initial results 

showed that the 

LightGBM classifier 

achieved 70.1% accuracy 

based on the cognitive 

feature set for the 7-class 

classification. To 

improve the 

performance, the input 

data was relabeled, and 

three strategies were 

designed and tested. As a 

result, the combined 

approach (two-step 

ensemble classification) 

achieved 82.3% 

accuracy. 

 

perception. of the findings was 

limited. 

 Kim et al. 

(2017) 

A vision-based hazard 

avoidance system 

Introduce a vision-based 

hazard avoidance system 

aimed at accident 

prevention. The 

proposed system 

generated 95.7% 

accuracy based on spatial 

relationship with moving 

objects on the jobsite. 

Based on the assumption 

of “occlusion as true,” 

the accuracies were 

93.81% and 66.17%, 

The study introduced a 

prototype system that 

utilized real-time 

image processing to 

identify hazards and 

notify the user through 

visual cues displayed 

on the wearable 

device. 

The study primarily 

involved a small sample 

size, a larger sample 

with diverse 

demographics would 

strengthen the validity 

of the findings and 

enhance the 

generalizability of the 

system’s effectiveness 

across various 

construction contexts. 



 

43 

 

respectively; the 

assumption of “occlusion 

as false” resulted in 

73.94% and 36.1%. 

 

 Eiris et al. 

(2018) 

An augmented 

360-degree panorama of 

reality (PARS) 

Trainees found the 

platform has merits in 

learning hazard 

identification.  

Participants recognized 

an average of 30% of the 

hazards displayed 

throughout the entirety of 

the assessment session. 

The study conducted 

rigorous evaluations 

and assessments, 

revealing that 

participants using the 

augmented 360-degree 

panoramas exhibit 

superior performance 

in hazard 

identification tasks 

compared to those 

trained with 

conventional methods. 

 

The study heavily relied 

on technology, which 

may pose challenges 

related to scalability 

and implementation in 

workplaces where 

resources for 

augmented reality are 

limited. 

 Afzal and 

Shafiq 

(2021) 

4D building information 

modeling (BIM)-based 

VR simulation   

The results showed 

improvement in job-site 

crew’s ability to 

recognize hazards, 

understand safety 

protocols and proactive 

risk response in 

mitigating hazards. The 

results revealed an 

average mean of 4.3 after 

the safety simulation was 

conducted, indicating 

that the 4D BIM-based 

VR simulation 

The study simulated 

real-world scenarios, 

and this helped 

trainees visualize the 

complexities involved 

in construction sites, 

ultimately leading to 

improved 

comprehension of 

safety procedures. 

The findings are largely 

contextualized within a 

specific setting, which 

may limit the 

generalizability of the 

results to other 

construction 

environments or 

geographical locations. 
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performed much better 

during safety planning. 

 

 Teizer et al. 

(2013) 

Location tracking 

sensors and 3D 

immersive data 

visualization 

Conduct a comparable 

study that introduced a 

3D perspective of 

predominant steel 

erection tasks. The 

survey results revealed 

that visualization 

technology allowed 

workers to assume 

different perspectives 

that in the real world they 

would not be able to see 

and being able to replay 

the scene creates a 

greater sense of the 

severity of an incident. 

 

 

By leveraging tools 

such as GPS and data 

visualization 

platforms, the study 

presents a framework 

that enhances 

situational awareness 

among workers, 

reducing the 

likelihood of accidents 

and injuries on site. 

The study heavily relied 

on technological 

infrastructure that may 

not be readily available 

on all construction sites, 

potentially widening the 

gap between those who 

can afford these 

innovations and those 

who cannot. 

 Azhar 

(2017) 

4D simulations, BIM 

models, and VR 

environment 

Conduct three case 

studies that illustrated 

how contractors can 

leverage 4D simulations, 

BIM models, and VR 

environments to visually 

pinpoint hazards. 

The case studies 

demonstrated that BIM 

and VR technologies can 

be used as a new 

collaborative safety 

The study's focus on 

the real-world 

application of these 

technologies in 

complex building 

projects provided a 

practical perspective 

that validates the 

theoretical framework 

presented and offers 

valuable insight into 

how organizations can 

The study highlights a 

scarcity of empirical 

data demonstrating the 

long-term effects of 

visualization 

technologies on safety 

performance metrics in 

construction. 
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planning, management, 

and training tool. 

Through BIM models, 

4D simulations and VR 

environment, designers, 

engineers, and 

constructors can take 

effective protective 

measures in the project 

planning phase to 

eliminate or minimize 

the construction site 

hazards. 

 

effectively utilize 

these technologies for 

proactive safety 

measures. 

 Lucena and 

Saffaro 

(2022) 

VR visual cue Introduce immersive 

exploration of a virtual 

construction site by 

construction managers as 

a means to identify and 

visualize potential 

hazards. The results 

pointed out that 

Simulation B (with 

protocol) was indeed 

superior to Simulation A 

(without protocol) and 

the hazard identification 

efficiency observed in 

the use of the protocol is 

closely associated with 

the sensory stimuli 

provided by virtual 

reality technology. The 

The study outlined 

protocols that can 

significantly aid in the 

identification and 

assessment of hazards 

that workers may 

encounter on job sites. 

While the paper 

provides a 

well-structured 

approach for using VR 

in construction safety 

training, it does not 

cover all possible 

scenarios and 

complexities found on 

varied construction 

sites. 
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main contribution of the 

protocol was to induce 

the user to systematically 

reflect on the many types 

of hazards. 

 

 Hadikusumo 

and 

Rowlinson 

(2002) 

VR virtual walkthroughs, 

A 

design-for-safety-process 

(DfSP) 

Implement virtual 

walkthroughs of workers 

through a simulated 

construction site to 

identify hazards. The 

research produced a 

design-for-safety-process 

(DFSP) tool to identify 

safety hazards inherited 

during the building 

construction phase that 

are actually produced 

during the design phase. 

 

 

The introduction of a 

structured approach 

that integrates 

virtually real 

construction models 

with safety processes 

allows stakeholders to 

visualize complex 

safety scenarios in a 

controlled 

environment. 

The study relied on the 

assumption that 

construction 

stakeholders possess the 

necessary technical 

know-how to engage 

with virtually real 

models effectively, this 

could pose challenges 

in practical 

implementations where 

technological literacy 

and training may lag 

behind the proposed 

advancements. 

 Raimbaud et 

al. (2021) 

Task-centered 

methodology in VR 

environment  

Explored a task-centered 

methodology for 

evaluating user 

interactions in VR, 

specifically focusing on 

hazard identification in 

building environments. 

There was not a 

significant effect of the 

interaction technique 

factor on the usability 

scores, with p-values of 

The study emphasized 

the pressing need for 

effective and practical 

methods to enhance 

user experience and 

safety through 

improved interaction 

designs in VR 

settings. 

The study had a narrow 

scope (the case study) 

which primarily 

focused on specific 

tasks related to hazard 

identification without 

addressing the broader 

range of possible user 

interactions in diverse 

VR applications. 
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0.200, 0.638, and 0.114, 

respectively, on a level of 

significance of 𝛼= 0.05 

which confirms the 

hypothesis about the 

effect of task-centred 

approach on the 

interaction technique 

usability results. 

 

 Shringi et 

al. (2022) 

VR-based safety training 

 

Investigated the 

effectiveness of 

VR-based safety training 

in enhancing hazard 

recognition during heavy 

machinery operations in 

the construction industry. 

Immersive displays were 

able to provide 

participants with 

sufficient depth of field 

to identify the distance 

to seemingly 

two-dimensional objects 

such as overhead 

electricity cables. 

Additionally, the 

identification of critical 

hazards improved with 

an immersive VR 

display by more than 

300% when compared to 

that with a flat-screen 

The study indicated 

that VR training is 

particularly beneficial 

in high-risk 

environments through 

controlled, like 

construction sites, 

where the potential for 

human error can lead 

to severe 

consequences. 

The study may have 

overlooked factors such 

as the diversity of the 

workforce, including 

varying levels of 

technological 

proficiency among 

operators. Not all 

workers may feel 

comfortable navigating 

VR environments, 

which could lead to 

disparities in training 

efficacy. 
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display. 

 

Prevention 

through 

Design 

Sacks et al. 

(2015) 

VR design 

decision-making 

Highlight VR's utility in 

construction safety 

management, 

particularly its role in 

aiding designers' 

decision-making during 

construction execution. 

The results show that 

designers felt that their 

design statement 

overrides any safety 

consideration (46%) and 

in matters that concern 

decisions pertaining to 

construction details, the 

designers exhibited 

flexibility to changes and 

very high flexibility to 

changes was evident in 

design issues related to 

building systems details 

and to structural details 

(76% and 60%, 

respectively). 

The study highlights 

how VR allows 

stakeholders to 

visualize and interact 

with a simulated 

construction 

environment, which 

enables them to 

identify potential 

hazards before actual 

construction begins. 

The research focuses on 

specific contexts and 

may not universally 

apply to all types of 

construction 

environments. 

 Patil et al. 

(2023) 

VR emotional arousal Employ opinion mining 

to compile a catalog of 

features that either evoke 

or hinder emotional 

reactions in comparable 

video simulations 

available on a public 

The study analyzed 

feedback from users, 

this approach offered a 

novel framework for 

understanding how 

emotional engagement 

can enhance learning 

The reliance on 

YouTube comments 

introduces potential 

biases, as the data 

collected is influenced 

by the nature of the 

comments available, 
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video-sharing platform 

(YouTube). Results from 

the Valence and Arousal 

dimensions showed that 

a majority of the 

comments fell in the 

negative half of the 

valence dimension 

(Rating <0.5). 

 

outcomes in training 

simulations. 

which may not be 

representative of all 

users’ experiences. 

 Yu et al. 

(2019) 

BIM integration with VR 

technologies  

Concentrate on the 

integration of VR and 

augmented reality (AR) 

technologies with BIM, 

big data processing 

terminals, and wearable 

devices. The proposed 

BIM-based intelligent 

site management model 

integrated advanced 

technologies such BIM, 

3D scanning, and 

virtual/augmented reality 

which supports 

prevention through 

design by allowing for 

better visualization and 

assessment of potential 

hazards during the design 

and planning phases. 

 

The study identified 

key  

information 

technologies that can 

be integrated into 

construction site 

management practices 

which allow for more 

informed 

decision-making and 

real-time monitoring 

of site conditions. 

The study relies heavily 

on case studies from 

specific regions, which 

may not universally 

represent the challenges 

and conditions 

encountered in other 

geographical contexts. 

 Manzoor et 

al. (2021) 

BIM integration with VR  Center on the fusion of 

BIM with advanced 

The study developed a 

comprehensive 

The study is primarily 

conducted within the 
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digital technologies 

including global 

positioning system 

(GPS), laser scanning, 

sensors, VR, AR, and 

photogrammetry for the 

safety design of high-rise 

buildings. The study 

identified diverse 

attitudes among 

construction stakeholders 

regarding the integration 

of BIM with emerging 

digital technologies and 

highlighted the perceived 

effectiveness and 

practical application of 

these technologies in 

improving safety 

outcomes. 

 

research framework 

that consolidates 

various studies to 

articulate measures for 

accident mitigation in 

high-rise buildings. 

Malaysian context, 

which raises questions 

about the 

generalizability of the 

findings to other 

geographic regions with 

differing safety 

regulations, cultural 

factors, and 

construction practices. 

 Shafiq and 

Afzal (2020) 

Virtual design 

construction tools (e.g., 

BIM, GIS, VR, AR) 

Demonstrate the 

prospective utility of 

virtual design 

construction tools such 

as VR, AR, BIM, and 

geographic information 

system (GIS) for 

enhancing construction 

site safety within Gulf 

Cooperation Council 

countries. The study 

revealed that VDC 

The study conducted a 

comprehensive 

analysis of the 

potential benefits of 

VDC technologies in 

improving job-site 

safety which 

effectively highlighted 

how these 

technologies can 

facilitate better safety 

planning and 

The study primarily 

addresses the 

challenges and 

perceptions of 

stakeholders within this 

geographic area, 

potentially restricting 

the applicability of their 

conclusions to other 

regions or industries. 
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technologies can 

significantly enhance 

construction safety, and 

these digital tools 

transform traditional 

document-oriented safety 

procedures into 

digitalized practices, 

enabling safety managers 

to virtually visualize and 

analyze construction 

sites for proactive safety 

measures and effective 

training. 

 

monitoring. 

 Heydarian et 

al. (2015) 

Immersive virtual 

environments (IVEs) 

 

Demonstrate that IVEs 

can closely replicate user 

experiences in physical 

environments, offering a 

reliable platform for 

early-stage design 

evaluation. 

The study found a 

marginally significant 

effect of the number of 

gaming hours on 

participants' IVE 

interaction (β = .12, p 

= .075); this finding 

indicates that one hour 

increase in gaming 

results in a 0.123 unit 

increase in participants' 

The study’s 

benchmarking 

approach, which 

systematically 

compares immersive 

virtual environments 

(IVEs) with physical 

environments to 

evaluate their 

effectiveness in 

building design and 

user interaction. 

The study suggests a 

need for training 

programs as the 

potential lack of user 

familiarity with 

immersive technologies 

hinders effective 

interaction and learning 

outcomes. 
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IVE experience scale on 

a 5-point Likert scale. 

This finding suggests 

that gamers think that the 

IVE is more similar to 

the physical environment 

than the non-gamers. 

 Lin et al. 

(2018) 

 

BIM, game engine, and 

VR 

Demonstrate that the 

integration of these 

technologies enables 

more effective 

communication during 

the design process. 

The results showed that 

the overall average 

satisfaction was 80% 

among the design teams 

and 90% among the 

users. The average 

satisfaction with the 

system’s functions for 

design teams was 4.8, 

compared to 4.75 for the 

users. The average 

satisfaction of system’s 

interface and willingness 

to utilize system for 

communication for the 

design teams was 4.25, 

compared to 4.75 for the 

users. 

The study’s immersive 

approach not only aids 

in identifying design 

flaws early in the 

project lifecycle but 

also garners valuable 

feedback from users, 

which is critical in 

healthcare design. 

The focus on a single 

case study (the cancer 

hospital) within a 

specific geographical 

context implies that 

while the findings are 

insightful, they may not 

necessarily be 

applicable across 

various healthcare 

settings or regions with 

different regulations 

and cultural contexts. 

(Source: Authors own work)   
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