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Abstract – 

A majority of safety accidents in construction 

workplaces stem from workers’ unsafe behaviors. 

Such unsafe behaviors are often caused by “risk 

habituation,” the tendency to underestimate a risk 

after previous repeated exposure to similar 

hazardous situations. Understanding the risk 

habituation process in construction is critical for 

intervening and preventing the unsafe behaviors that 

it causes, but the approaches adopted in previous 

studies, which are retrospective and self-evaluative, 

pose challenges to gaining an unbiased understanding 

of the factors affecting this habituation process. In 

this context, this study exploits virtual reality (VR) as 

an experimental tool to examine the risk habituation 

process in construction and demonstrates the validity 

of the approach. A VR model that engages a subject 

in a road reconstruction project is designed and 

developed, and then is used to repeatedly expose 

subjects to struck-by hazards and warning signals for 

such hazards. The results from the pilot experiment 

indicate that the developed VR model is effective in 

replicating and accelerating the risk habituation 

process, thereby allowing researchers to more 

expeditiously study the factors influencing risk 

habituation process. 
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1 Introduction 

“Habituation” is the decline of a response to a 

repetitive stimulus [1]. Similarly, the capability of a 

stimulus to elicit a response can be diminished when the 

stimulus occurs repeatedly [2]. Such habituation can 

result in workers being less cautious about stimuli 

associated with hazards in workplaces when the stimuli 

present, and therefore to workers engaging in unsafe 

behaviors [3]. This problem is relevant to the 

construction industry, where workers have been found to 

be prone to becoming habituated to hazards after 

exposure to repeated hazardous situations [4] at 

construction sites. Workers who are habituated to hazards 

tend to underestimate risks and put themselves at 

jeopardy of being in an accident [5]. This behavioral 

phenomenon is called “risk habituation” [6], and is 

considered one of the main causes of workers’ unsafe 

behavior. Many researchers and practitioners are 

dedicated to understanding why and how workers 

underestimate risk and engage in unsafe behaviors, but 

previous studies have mostly relied on the capability of 

subjects to recall when they were in hazardous situations. 

Consequently, the results can be biased and cannot 

clearly explain the developmental process of risk 

habituation [7–11]. Furthermore, it is extremely difficult 

to control moderating and influencing factors in risk 

habituation in field experiments, due to their potential to 

harm subjects [12]. In this context, this study aims to 

design and evaluate the validity of a virtual reality (VR) 

model as an experimental tool to examine an individual 

worker’s risk habituation process. 

2 Background 

Around 80–90% of all workplace accidents are 

caused by workers’ unsafe behavior [9,13,14]. Previous 

studies have shown that an individual’s risk perception 

significantly affects his/her unsafe behaviors at 

construction sites. Repeated exposure to hazards in the 

workplace can cause a bias to form in workers’ risk 

perception [15]. Even if workers properly identify 

hazards, they may engage in risky behavior due to 

improper perception and evaluation of risk [16]. Irizarry 

and Abraham [17] examined the factors influencing the 

risk perception of ironworkers, and their results indicate 

that long tenure in working experience at workplaces is 

correlated with unsafe behavior caused by bias in 

workers’ risk perception. Majekodunmi and Farrow [4] 

investigated the risk perception of lift truck operators. 

Their results indicate that repeated exposures cause 

workers to become accustomed to the hazards related to 

their tasks. While these studies indicate that risk 
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Figure 1. Experimental environment: (a) the landscape of the immersive virtual road construction environment, 

(b) the Building Information Modeling-Computer Aided Virtual Environment (BIM-CAVE) 

 

habituation is one of the factors causing unsafe behaviors, 

a knowledge gap still exists as to which specific personal 

and situational factors critically influence the 

development process of risk habituation and how this 

development process can be intervened in, due to the 

methodological limitations of the approaches adopted in 

the previous studies, which were uniformly retrospective 

and self-evaluative. 

 

With the recent development of virtual reality (VR) 

technologies, VR has emerged as an experimental tool 

for examining workers’ unsafe behaviors. VR-based 

safety interventions in previous studies have enabled 

researchers to expose subjects to virtually replicated 

hazardous situations without any actual risk. Albert et al. 

[18] showed that as a safety intervention platform, VR 

can provide close-to-reality simulations. Thus, workers 

can evaluate the risks of hazard very similarly in the VR 

environment as in a real environment. Moreover, VR 

enables researchers to analyze workers’ behaviors in near 

real-time. Many researchers have therefore utilized VR 

to investigate construction workers’ behavior in 

dangerous situations. For instance, Hasanzadeh et al. [19] 

attempted to observe a roofer’s risk-taking behavior in 

the virtual environment (VE) and demonstrated that a 

group of roofers with more safety protection took more 

risks than other groups in the VE. Shi et al. [20] utilized 

a VR model as an experimental tool in order to show the 

effect of accident experiences on workers’ fall risk 

behavior. To this end, this study exploits VR as an 

experimental tool to address uncertainty in construction 

workers’ risk habituation processes. An immersive VE 

for road construction is developed to expose workers to 

repetitive hazardous situations. Leveraging data acquired 

from subjects’ physical responses to hazards in the VE, 

this paper demonstrates the approach’s validity as an 

experimental tool to examine an individual worker’s risk 

habituation. 

3 Methodology 

The objective of this study has been accomplished in 

three phases. An immersive virtual road construction 

environment was built and a cyber-physical interactive 

system that synchronizes the actual movement of a 

subject with a virtual movement in the VE was developed. 

A pilot experiment was then conducted to observe and 

evaluate how the risk habituation process in the VE 

develops. The data from the pilot experiment was 

analyzed to identify the relationship between repeated 

exposures to hazards and subjects’ responses to repetitive 

hazards in the VE. 

3.1 Designing the Scenario 

A road maintenance workplace in which subjects 

would be part of an asphalt milling crew was selected for 

the VE development scenario (Figure 1-a), as such a 

scenario is high-risk and likely to cause risk habituation 

in the VE. Road construction and maintenance work 

repeatedly exposes workers to struck-by hazards such as 

working adjacent to live traffic and heavy construction 

equipment; 532 workers were killed at road construction 

work zones between 2011 and 2016 in the United States 

[21].  The proposed VR model focuses specifically on the 

construction equipment risk, with a subject at risk of 

being struck by a dump truck, street sweeper, or other 

piece of heavy construction machinery. 

 

A normal asphalt removing, and paving work process 

was modeled in the VE. As the first step of the process, a 

milling machine removes the surface asphalt of a 

highway and loads the millings onto a fleet of dump 

trucks to haul off-site. As part of the cleaning crew, a 

subject then follows closely behind the milling machine 

and carefully sweeps the surface to remove debris. 

Behind the subject, a street sweeper moves back and forth 
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Figure 2. Cyber-physical interactive system for hand-movement synchronization; (a) Motion controllers on 

real the broomstick, (b) sweeping in the real world, (c) debris on the surface in the VE 

 

continuously. After that, the paver will lay down asphalt, 

and a vibratory roller will move forward. Next to the lane 

where the asphalt maintenance takes place, a fleet of 

dump trucks intermittently moves to supply materials. 

Live commuter traffic takes place also within the 

construction work area. In this VE, the various pieces of 

road construction equipment (e.g., the milling machine, 

roller, and other machinery) expose each subject to the 

risk of a struck-by accident and allow researchers to 

observe subjects’ responses to repeated hazards. 

3.1.1 Immersive Virtual Road Construction 

Environment Modeling 

Unreal Engine 4 (UE4) was adopted to develop an 

immersive virtual road construction environment. UE4 

offers various project templates, allowing researchers to 

rapidly develop a VE. All models used in this study are 

drawn using Maya and 3dStudioMax. Then, all aspects 

of an immersive virtual environment were created using 

UE4 with a graphical user interface in order to induce risk 

habituation in subjects while working in close proximity 

to live traffic and heavy equipment in the VE. 

3.1.2 Hazards and Non-Player Characters (NPC) 

Setup 

Life-threatening hazards in highway construction 

sites (e.g., adjacent live traffic, heavy construction 

equipment, and a fleet of dump trucks moving near 

workers) were simulated in the VE. All the interactive 

components in the VE respond to behaviors of a subject. 

Behind a subject, the street sweeper moves back and forth 

at a constant speed. An alarm sounds as the street sweeper 

moves forward in order to notify its proximity to a subject. 

The movement of the sweeper is subject to the distance 

between a subject and the street sweeper, and repeatedly 

endangers a subject to struck-by accident. Next to the 

lane where the road maintenance takes place, dump 

trucks intermittently pass by very close to the subject, 

with accompanying warning alarms. These movement 

cycles of the sweeper and dump trucks will continue 

while the subject performs the task. 

3.1.3 Cyber-physical Interactive System 

The level of immersiveness in any VE plays a crucial 

role in VR-based safety training [22]. Feeling the VE as 

a real working environment is an important factor in VR-

based safety training [23]. To achieve the necessary high 

level of immersiveness, a cyber-physical interactive 

system was applied. Motion controllers for a Head 

Mounted Display (HMD) were attached to a real 

broomstick (Figure 2-a), and the movements made by a 

subject sweeping in the real world is then linked to the 

broomstick in the VE (Figure 2-b). This physical 

interaction addresses the limitations of previous VR-

based safety research that did not consider the influence 

of actual human body movements in a VE [8]. Moreover, 

in order to realize a high level of fidelity, around 1,000 

pieces of debris were placed on the road in the VE. This 

debris is responsive to each subject’s sweeping 

movements in the VE. The goal of the subject is to 

remove all debris and clean the entire surface of the road 

by sweeping with the broomstick (Figure 2-c). 

3.2 Risk Habituation Measurement 

In this study, habituation is defined as the decline of 

a subject’s hazard-checking behavior and the increase of 

the number of deviations in the working lane. For the 

purpose of observing the risk habituation development 

process, this model monitors hazard-checking behaviors 

of a subject and documents the distance to the hazard 

when a subject undertakes a hazard-checking action as a 

precautionary action. Hazard-checking behaviors are 

defined as any movement the subject makes to look for 

hazards (Figure 3-a); the measurement system that 

detects subjects’ hazard-checking behavior is validated 

by comparison with video recordings of the experiments. 

The system documents the distance between the subject 

and the sweeper when such checking behavior is sensed. 

In addition, the system records the movement trajectory 

of subjects in order to detect the moment when a subject 

deviates from the working lane, regardless of the risk of 

being struck by the truck. The analysis of the movement 
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Figure 3. Unsafe behavior measurement system; (a) detecting the hazard-checking behavior, (b) recording the 

movement trajectory of a subject 

 

trajectory allows researchers to identify when and how a 

subject becomes habituated to the risk of being struck by 

accident (Figure 3-b). The location of a subject is 

collected with a peak frequency of 30 Hz. 

3.3 Pilot Experiment Conditions and 

Procedures 

A pilot experiment was performed in the Building 

Information Modeling-Computer Aided Virtual 

Environment (BIM-CAVE) at Texas A&M University 

(Figure 1-b). Three subjects who are graduate students in 

the department of construction science were recruited for 

a pilot experiment; none of the subjects had any prior 

hands-on experience with road construction maintenance 

work. The following instructions were given: 1) the 

subjects should follow the milling machine, 2) the 

subjects should sweep away all the debris from the 

working lane, and 3) the subjects should pay attention to 

approaching equipment and warning signals for safety 

purposes. Completing the overall task in the VE took 

around 20 minutes, and once a subject ignored the 

hazards more than 10 times, the experiment was 

discontinued since this was perceived as a signal that the 

subject had become habituated to the risk in the VE. A 

follow-up interview on the perceived immersiveness of 

the environment was conducted after the experiment. 

4 Results and Findings 

By analyzing the data directly acquired from the subjects’ 

hazard-checking behaviors, the process of subjects’ risk 

habituation in the VE was observed. Figure 5 

demonstrates a relationship between the number of 

cycles and checking distances of the respective subjects, 

and the distance between the sweeper and a subject at the 

moment when s/he undertook an action to check the 

approaching sweeper at each cycle. The dashed blue lines 

indicate the designed minimum distance between the 

sweeper and a subject. If the subject didn’t check the 

sweeper’s position until the minimum distance was 

reached, this was regarded as unsafe behavior. The data 

points marked with black in the graphs indicate subjects’ 

unsafe behaviors. The highlighted parts of each graph 

represent the moment where the subjects’ unsafe 

behaviors rapidly increased and give an opportunity to 

identify which subjects became accustomed to the hazard 

more quickly than the others. All distances were 

measured employing Unreal units, the default measure of 

length within the Unreal Engine environment; one Unreal 

unit equals one centimeter. 
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Table 1. Analysis of subjects’ hazard checking behaviors in the VE 

Subject # Mean distance F p-value Slope of the line Correlation coefficient 

Subject #1 984.356 10.106 0.003 - 10.023 ± 2.024 -0.459 

Subject #2 939.512 32.628 < 0.001 - 14.345 ± 2.021 -0.670 

Subject #3 1096.837 44.628 < 0.001 - 54.176± 2.074 -0.818 

 

 

Figure 4. The distance to the street sweeper when 

subjects checked the proximity of the equipment 

 

To measure the strength and direction of the linear 

relationship between two variables, the Pearson 

correlation coefficient, referred to as Pearson’s r, was 

employed. Table 1 shows that there is a statistically 

significant correlation between checking distances and 

the number of exposures to the hazard. The checking 

distance and the number of exposures are moderately 

negatively correlated in the data from Subject #1 (r(39) = 

-.46, p = .003) and Subject #2 (r(41) = -.67, p < .001), and 

strongly negatively correlated in the data from Subject #3 

(r(22) = -.82, p < .001). At the beginning of experiment, 

all subjects immediately responded to the warning 

sounds and looked back to check the source of warning 

alarm. However, as the number of cycles (i.e., the number 

of exposures to the hazard) increased, subjects responded 

more slowly, and the checking distances gradually 

decreased in all three subjects. The correlation coefficient 

and slope of the line of Subject #3 show the strongest 

negative linear relationship among three subjects. 

Subject #3 ignored the hazard 10 times out of 22 times. 

This indicates that Subject #3 became habituated to the 

hazard more quickly than other subjects (Figure 4). After 

the experiment, the subjects reported how they felt and 

why they ignored the hazard. Subjects answered that they 

no longer paid attention to the hazards and began to act 

dangerously from the moment when they focused on the 

completion of the task and started to This debris is 

responsive to each subject’s sweeping movements in the 

VE believe the surrounding hazards would not hurt them. 

Interestingly, Subject #1 relayed that he totally ceased to 

hear the alarm sound of the sweeper when he felt time 

pressure and started to think about how to finish the task 

more quickly. 

The movement trajectories of subjects were plotted 

(Figure 5) in order to examine how close the subject 

moved to the truck when the truck was passing by in the 

neighboring lane. The highlighted points are the 

moments where the subject crossed over the lane 

regardless of the risk of being hit by the truck. Subject #1 

relayed the fact that although at the beginning of the 

experiment he had been thinking about the hazard related 

to trucks, he unconsciously crossed the lane to sweep 

debris on the road. This result showed that analyzing the 

movement trajectory can help in detecting unconscious 

unsafe behaviors of subjects in the VE. Although the 

sample size was small and further studies are necessary 

to confirm these findings, the results of the experiment 

indicate that repeated exposure to hazards in a VE can 

lead to subjects’ risk habituation, highlighting the utility 

of VR as an experimental tool in examining safety 

behaviors.
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Figure 5. Movement trajectory analysis 

 

5 Conclusion 

The results of the experiment indicate that the 

designed VR model is capable of observing an 

individual’s risk habituation process. Although there 

were individual differences, all subjects became 

habituated to repeated hazards in the virtual road 

construction environment. After a certain period of time, 

subjects began to ignore the proximity of the construction 

equipment behind of them and began to cross the lane in 

pursuit of finishing their cleaning task, regardless of the 

risk of being struck by the truck. This highlights the 

opportunities available in analyzing behavioral responses 

of construction workers to hazards in an immersive 

virtual construction environment. For example, a similar 

such VR model could provide a chance to investigate 

which personal factors (e.g., working experiences, injury 

experiences, and personalities) and situational factors 

(e.g., safety rules, the behavior of other personnel in 

working groups) affect workers’ unsafe behavior in 

construction. Future work will also examine VR-based 

intervention mechanisms to prevent construction workers 

from becoming habituated to hazards and engaging in 

unsafe behaviors that might cause life-threatening 

accidents at construction sites. 
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