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EXECUTIVE SUMMARY

After repeated exposure to hazards in workplaces, workers are often habituated to risks associated
with those hazards, a key factor in workplace accidents. To prevent fatalities in workplaces, it is
crucial to understand the development of risk habituation and provide effective intervention.
However, since workers cannot be exposed to actual hazardous situations, risk habituation is hard
to analyze and prevent in the real world. In this context, this study evaluates the effectiveness of
virtual reality (VR) as an intervention tool to tackle a decline in workers’ vigilance resulting from
habituation to workplace hazards. The virtual road construction environment which enables
trainees to engage in repeated hazardous situations is developed. A laboratory experiment was
conducted to exploit the validity of the developed VR model. While performing a road
maintenance task in the VR environment, subjects who frequently showed unsafe behaviors (e.g.,
working in close proximity to heavy construction equipment and ignoring warning alarms) were
struck by a road construction vehicle. A week after the subjects returned to participate in the same
experiment. Pretest-posttest analyses were performed to examine the sustained effect of
experiencing the simulated VR accident. The results indicate that the developed VR model
effectively elicited a decline in workers’ vigilance associated with risk habituation within a
relatively short period of training time, and the simulated VR struck-by accidents produced a
sustained effect on mitigating workers’ risk habituation. The risk habituation tendency of the group
exposed to the virtual accident was lower than the group without the virtual accident experience.
The outcomes of this research will lay the foundation for further study to employ virtual reality as
an intervention tool to reduce workers’ risk habituation in road work zones.
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1. INTRODUCTION

Workers in road construction and maintenance work are exposed to unique hazards, such as close
proximity to construction equipment and high-speed traffic, which can lead to life-threatening
accidents (1, 2). Between 2011 and 2015, 609 fatal accidents were reported at road construction
sites in the United States (3). Reducing fatalities among road construction workers is one of the
most critical concerns facing Departments of Transportation (DOTS).

Figure 1. Road construction workers, exposed to multiple struck-by hazards: (a) Workers at an asphalt milling worksite
(4), (b) Workers at asphalt paving worksite (5).

Among those fatalities in road construction work zones, being struck by construction equipment
is the most common cause of death (6). Specifically, more than 50 percent of all fatalities at road
work zones are associated with backovers and runovers by mobile equipment or construction
vehicles (7). Even though proximity warnings and back-up alarms were presented in many cases
and the construction vehicles were moving slowly, workers fail to avoid approaching hazards and
engaged in accidents because they did not pay attention to the warning sounds. As demonstrated
in these instances, many fatalities in roadway construction work zones are rooted in workers’
unsafe behaviors associated with biased/underestimated risk perception.

Previous studies have indicated that repeated exposures to risk may contribute to bias in workers’
risk perception. For instance, Majekodunmi and Farrow showed that after regular exposure to lift
truck tasks, drivers underestimated the risks of forklift truck driving (8). This behavioral
phenomenon is regarded as risk habituation (9, 10). Workers habituated to repeatedly exposed
hazards in their workplace are apt to underestimate risks and engage in unsafe behaviors (8).
Evidence from accident reports in road construction work zones has indicated that workers are
often habituated to the audible back-up alarms from construction vehicles, fail to pay attention to
slowly approaching vehicles, and subsequently get struck by the vehicles (11, 12).

In spite of significant efforts to prevent struck-by vehicle accidents, they remain the main cause of
fatalities in road construction work zones. Current safety training relies largely on periodic training
to transfer and remind safety knowledge. However, evidence (13) reveals that conventional
instructor-led classroom training rarely results in palpable benefits due to passive and
insufficiently engaging instruction methods (14, 15). Furthermore, such training does not
effectively prevent workers’ risk habituation and fatalities that result from struck-by equipment.



Therefore, it is critical to developing effective safety training methods that prevent workers’ risk
habituation.

To reduce these struck-by accidents, previous studies developed warning systems—automated
proximity warnings—that use various sensing technologies (16-18). Despite these efforts, many
struck-by fatalities in road work zones still occur due to workers’ unsafe behaviors caused by
biased risk perception (12, 19).

Although providing personalized safety training based on the analysis of individual workers’ risk
habituation tendencies could be the most effective strategy to prevent struck-by fatalities at road
work zones, analyzing an individual worker’s risk habituation is almost impossible in real-world
conditions since workers cannot be exposed to actual hazardous situations for the purpose of
monitoring unsafe behaviors. To this end, physical response patterns to common and high-risk
hazards collected in a virtual environment can be used effectively to provide personalized safety
training (i.e., feedback on personal risk habituation tendencies) to workers.

To address the above-mentioned challenges of the current safety training methods, the proposed
research will explore the creation of an immersive Virtual Reality (VR) training environment that
repeatedly exposes trainees to high-risk hazards in road construction work zones and enables
trainees to experience the potential consequence resulting from his/her habituated behaviors. In
addition, the proposed VR training environment will enable the identification of workers who are
potentially vulnerable to risk habituation, thereby advancing our ability to provide personalized
safety training to individual workers. The following four questions will be thoroughly examined
with the aim of improving safety and achieving zero fatalities at road construction work zones:

1. How can an immersive VR road construction environment be developed, that provides
simulated struck-by accident experiences?

2. How should empirical data from individual workers’ responses to common and high-risk

hazards at road construction work zones be collected and analyzed?

How can workers’ risk habituation in hazardous situations be detected?

4. How can workers who are more vulnerable to risk habituation than other workers be
identified?

w



2. OBJECTIVES

This research constructs a Virtual Reality (VR) training system that enables researchers and
practitioners to analyze trainees’ risk habituation tendencies based on collected behavioral
response data (i.e., eye tracking, vigilant behavior in a VR environment), and offers interventions
that effectively prevent risk habituation by demonstrating the negative consequences of unsafe
behaviors. Past injury simulations using a synthetic hand model were found to be effective in
promoting situational interest among construction workers (20), so this study utilizes such
interventions to impede the development of risk habituation. To this end, the goal of the proposed
research is to develop an immersive VR safety training environment that exposes a trainee to
repeated hazards in road construction work zones in a VR environment and triggers VR-simulated
accidents that result from the trainees’ unsafe behaviors while participating in the training

The specific objectives to achieve this goal include:

Obijective 1: To develop an immersive VR road construction environment that elicits workers’ risk
habituation and provides simulated struck-by accident experience;

Obijective 2: To collect and analyze empirical data from workers’ responses to simulated high-risk
hazards in the virtual road construction environment;

Obijective 3: To validate the impact of the proposed VR training environment on risk habituation;

Objective 4: To explore individual differences in the rate of risk habituation in order to provide a
theoretical foundation for personalized safety training



3. LITERATURE REVIEW

3.1. Fatal Accidents in Road Construction Sites

In road construction and maintenance sites, workers are inevitably exposed to safety risks, such as
working near live traffic (21). Therefore, despite continuous efforts to improve safety in road
construction and maintenance sites, about 100 workers are killed at road construction sites every
year in the US alone (22). A fatal accident at road construction sites occurs every 15 hours, and an
injury at road construction sites occurs every 16 minutes (23). Specifically, struck-by heavy
construction equipment or dump trucks account for more than 50 percent of all fatal injuries and
accidents at road construction sites.

With the approval of the infrastructure bill, the nation’s aging highways, bridges, and roads—
nearly 280,000 kilometers of America’s highways and major roads—will be repaired or rebuilt in
the coming years (24). The implementation of the infrastructure improvement plan will expose
more workers to the abovementioned safety risks. Thus, there is a critical need to improve current
safety management strategies in road construction sites.

To address high rates of fatalities at road construction sites, several strategies have been developed
and employed in the last decades. For example, truck-mounted attenuators (TMAS) have been
widely adopted to protect workers from work zone intrusion crashes. Previous studies investigated
and suggested work zone intrusion alert systems (WZIAS) that detect intrusions and alert workers
(25, 26). Although those efforts have contributed to reducing accidents associated with live traffic,
accidents between road construction workers and construction equipment within road construction
sites still continuously occur (1).

3.2. Risk Habituation and Safety

Approximately 80-90% of all workplace accidents are caused by workers’ unsafe behaviors (27,
28). Previous studies have demonstrated that an individual’s risk perception significantly affects
his/her unsafe behaviors at construction sites. Repeated exposure to hazards in the workplace can
cause bias in workers’ risk perception (29). Even if workers properly identify hazards, they may
engage in unsafe behaviors due to improper perception and evaluation of risks (30). The capability
of a stimulus from surrounding hazards to elicit a response diminishes when workers are exposed
to those hazards repeatedly, a tendency called risk habituation (Figure 2) (9, 31).

In road work zones, workers’ vigilance and alertness to approaching surrounding construction
equipment are apt to diminish after repeated exposure to struck-by hazards associated with
construction vehicles and equipment; Workers tend to ignore the frequent proximity of
construction vehicles. This behavioral tendency can be accelerated when there is no appropriate
feedback regardless of workers’ frequent engagement in habituated unsafe behaviors. For example,
the gait patterns of workers changed around workplace hazards they repeatedly face while
performing construction tasks (22). Another previous study showed that truck drivers’
attentiveness to workplace hazards decreased after repeated exposures (8). To this end,
understanding workers’ risk habituation to repeatedly exposed struck-by hazards and providing an
intervention are important to reducing fatal accidents at road work zones.
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Figure 2. A hypothetical habituation curve in response to repeated stimuli (31)

Over many years, risk habituation to repeatedly exposed hazards has been noted as a key causal
factor of workers’ unsafe behaviors (19, 32). Irizarry and Abraham examined the factors
influencing risk perception in ironworkers, and their results indicate that previous working
experience at workplaces is correlated with unsafe behaviors caused by bias in workers’ risk
perception (33). Another study indicated that repeated exposure causes workers to become
accustomed to the hazards related to their tasks (8). While these studies indicate that risk
habituation is one of the factors causing unsafe behaviors, a knowledge gap still exists regarding
which specific personal and situational factors critically influence the development process of risk
habituation and how this development process can be interrupted, due to the methodological
limitations of the approaches adopted in the previous studies, which were uniformly retrospective
and self-evaluative. Current practices mostly rely on periodic training to educate and refresh safety
knowledge. Such trainings do not involve any direct behavioral interventions and therefore do not
directly impact workers’ risk habituation. Consequently, current practices are questionably
effective in reducing workers’ risk habituation.

Risk habituation can be observed as reduced attention toward repeatedly exposed workplace
hazards (34). Risk habituation is a kind of learning. Therefore, risk habituation can be mitigated
through a behavioral intervention (10). Specifically, providing time-sensitive feedback once risk
habituation is observed is a critical step in the implementation of an effective intervention (35).

3.3. VR in Safety Training

With the recent development of VR technologies, the creation of an interactive and effective
learning environment for hands-on experience has been enabled (36, 37). VR offers various
advantages in occupational education and training, including presentation of complex stimuli and
precise control of training environment, safe learning environments, and tailored intervention (38,
39). Given such advantages, researchers have adopted VR for safety training. The results of
previous studies in construction (40, 41), aviation (42), and mining (43) have revealed that workers
who participated in VR safety training showed better achievement in learning safety knowledge
than workers who were trained using conventional instructional methods. In addition to effective



safety knowledge transfer, VR-based safety training can also strengthen safety skills by exposing
trainees to simulated hazardous situations without the actual risk of injury (44-46).

In recent years, construction studies (41, 47) have tried to enhance hazard-recognition skills by
presenting various hazards in a VR environment and have demonstrated the effectiveness of such
approaches over conventional methods. Recent studies have begun to explore the potential of VR-
based safety training as a behavioral intervention tool. These studies demonstrate the consequences
of unsafe behaviors during a trainee’s simulation exercise of safety/emergency procedures (20,
47-49). Such studies indicated that the measurement of human responses toward exposed hazards
in a virtual environment may provide information about workers’ unsafe behaviors, there is still
no effective strategy that enables researchers and safety managers to understand how workers’ risk
habituation can be observed and measured in a VR environment.

3.4. Accident Experience and Risk Habituation

Previous studies have shown that workers tend to engage in unsafe behaviors more frequently
when there is no negative consequence (i.e., injuries or accidents) to unsafe behaviors in
workplaces (12, 50). Although the objective risks of exposed hazards remain unchanged, the level
of perceived risk decreases as exposure to hazards increases. Curry et al. found that workers who
haven’t experienced an injury are apt to become easily habituated to workplace hazards and engage
in unsafe behaviors more frequently (51). In contrast, individuals who have been injured in the
past exhibited a high level of risk perception (12, 52). Such lowered risk sensitivity can be
recovered when workers indirectly experience a potential accident associated with their everyday
workplace tasks since negative emotion resulting from accident experience is more likely to
capture attention and stay in memory longer (11, 53).

Previous studies explored the effectiveness of simulated accident experiences in preventing unsafe
behaviors. Bhandari et al. found that a naturalistic injury simulation can arouse negative emotions
to workplace hazards and enhance the level of perceived risk (54). In another study, simulating
equipment breakage in a virtual environment promoted trainees to operate equipment more safely
(48). The results of previous studies revealed that workers who experienced an equipment
breakage in a virtual environment showed improved safe behaviors in a dangerous equipment
operation.

Despite VR’s potential, research into safety training using VR is still nascent. The evaluation of
past studies’ effectiveness has relied mostly on indirect measurements (e.g., trainees’ perception
of the approach’s impact) due to the challenges in measuring behavioral outcomes. In this context,
efforts to rigorously evaluate the impact of VR safety training will play a critical role in advancing
their practical applications. To this end, this study utilizes behavioral and physiological
measurements of habituated behaviors to assess the impact of VR safety training in workers’ risk
habituation, thereby providing a theoretical foundation for personalized safety training that
effectively prevents struck-by fatalities in road work zones.



4. METHODOLOGY

This research developed an immersive VR road construction environment that exposes trainees to
repeated struck-by hazards and presents simulated accidents. Then, an experiment with human
subjects was carefully designed and conducted. In order to examine the effectiveness of the
developed VR model on reducing trainees’ risk habituation, the experiment results were analyzed
using pretest-posttest analyses. The relationship between and an individual’s personality traits and
risk habituation tendencies was also analyzed. Figure 3 illustrates the methodology of this research.

Design

VR scenario Determine common and high-risk scenarios related to fatalities in road work zones

Develop - Elicit workers’ risk habituation over a short period of time

VR environment Provides simulated VR struck-by accident experience

Collect and analyze Observe subjects’ risk habituation to simulated struck-by hazards

empirical data (by monitoring behaviors and eye movement)

Validate the impact = The effectiveness on reducing subjects’ risk habituation

Explore individual Investigate individual differences in the rate of risk habituation

differences Provide a theoretical foundation for personalized safety training

Figure 3. Research methodology.

Task 1. VR scenario design: Determine common and high-risk scenarios related to fatalities
in road construction and maintenance work zones:

To determining common and high-risk scenarios associated with fatalities at road work zones, the
research team carried out analyses on reference data related to construction safety and health (e.g.,
reports of the Center for Construction Research and Training [CPWR] (7) and Bureau of Labor
Statistics [BLS] (3)). The analysis results show that the majority of fatalities occurred at road
construction work zones resulting from struck-by vehicles (3, 7). Accordingly, in order to maintain
a feasible scope for the research, the planned development of the VR safety training system and
experiments focuses on workers in road maintenance work. The proposed VR environment
exposes a trainee at risk of being struck by construction equipment (e.g., a street sweeper and dump
truck).

To enrich and validate the designed VR scenario, we interviewed safety managers and road
construction crews of construction companies in Texas and incorporate their feedback into the VR



scenario. Through this validation process, the VR scenario is designed to make sense to trainees
and enhance the immersiveness of the developed VR training environment.

Task 2. Development of VR model: Develop an immersive road construction virtual reality
environment that includes the components listed below:

In order to develop an optimized VR model that minimizes the Hawthorne effect and elicits a
trainee’s risk habituation process by exposing a trainee to repeated similar hazardous conditions,
subtasks listed below were carried out carefully.

Immersive virtual road construction environment modeling. Unreal Engine 4 (UE4) was adopted
to develop an immersive virtual road maintenance environment. UE4 offers various project
templates to enable researchers to rapidly develop a VR environment. All models in this study
were created using Maya and 3dStudio Max. Then, all aspects of graphical user interfaces were
created to elicit risk habituation while trainees are working in close proximity to live traffic and
heavy equipment in the developed VR environment.

Hazards and Non-Player Characters (NPC) Setup. The hazards in highway work zones (e.g.,
movements of heavy construction equipment, adjacent live traffic, and a fleet of dump trucks
moving near road workers) are simulated in the developed VR environment (Figure 4). All
interactive objects in VR respond to trainees’ behaviors. Behind a subject, the sweeper moves back
and forth continuously. When the street sweeper moves forward, warning alarms are provided to
alert its proximity to a trainee. The movement of the sweeper is subject to the distance between
the street sweeper and a subject and repeatedly exposes a trainee to the risk of a struck-by accident.
Adjacent to the lane where the road maintenance takes place, dump trucks pass by close to the
trainee, with accompanying warning alarms. These movement cycles of the sweeper and dump
trucks continue while a trainee performs the designed task.

Move forward slowly Move back and forth with beep sound

Truck #1 Milling machine Trainee Street sweeper

OEE=— 0 (D0
m Reverse with beep sound :
A A ‘ A A A

A A A A A A

Figure 4. VR environment that exposes a trainee to repeated struck-by hazards at a road work zone (55).

Cyber-physical Interactive System and Behavior Measurement. The immersiveness of a VR
environment plays an important role in VR safety training (56). Feeling the VR as a real
environment is an important factor in VR safety training (57). To achieve the high immersiveness
level, an interactive cyber-physical system was developed. Motion controllers were attached to a
real broom (Figure 4-a), and the sweeping movements in the real-world are linked to the brooms
in the VE (Figure 4-b). This physical interaction addresses the limitations of previous safety
research that adopted VR, which did not measure actual human body movements in a virtual



environment (37). In addition, to realize a high level of immersiveness, approximately 1,000 pieces
of debris were placed on the road in the VR environment. These debris are responsive to each
subject’s sweeping in the virtual environment. A trainee is required to remove all debris on the
entire road by sweeping with the broom (Figure 4-c).

N
7
.

Figure 5. VR system for hand-movement synchronization; (a) Motion controllers and the real broom, (b) sweeping task in
the real world, (c) debris on the road in the VR environment (55).

Risk habituation measurement module. This study defines risk habituation as the decline of a
trainee’s vigilant behaviors toward approaching hazards. To accelerate a trainee’s risk habituation
in a short period of training time, in the experiment, a trainee is repeatedly exposed to approaching
hazards (i.e., about 30 exposures for 20 minutes) in the virtual environment. To measure trainees’
risk habituation, behavioral responses (i.e., head orienting), and physiological response (i.e., eye
movement) a measurement system was embedded in the developed VR training module. The
behavioral and physiological responses were collected with a peak frequency of 45 Hz (figure 6).

—n f

Street sweeper

llermi(m/ moves backward ‘\
: !
—_—
t i@

Street sweeper
moves towards to a trainee

e @ d X
:oq Analysis\ * E ' - *7’

Eye tracking data

i. Sense vigilant behaviors
«ll>
¥

Detect risk habituation Trigger a struck-by accident

Figure 6. The concept of the risk habituation measurement and the accident simulation

Virtual accident simulation module. A module simulates virtual struck-by accidents with
construction vehicles was created (Figure 7). In the VR training module, the accidents are triggered
by a trainee’s risk habituation (i.c., a decline in vigilance), at which point the NPCs’ movements
become erratic and faster until they collide with a trainee. The accident simulation includes visual
scenes, haptic feedback, and sound effects via HMD controllers. To emphasize aversive feedback,
visual scenes are dramatized.



Figure 7. Simulated accident scene.

Task 3. Experiments

To examine the effectiveness of the proposed VR safety training environment, the experiment was
designed and conducted. All of the experimental procedures were designed in consultation with
TAMU’s Institutional Review Board (IRB).

Participants. A total of 32 subjects (26 males, 6 females; M4, = 21.09,5D,4, = 3.04)
participated in the experiment. All of the subjects were graduate and undergraduate students at
Texas A&M University (TAMU) majoring in engineering/construction. More than 50% of the
subjects had working experience at construction sites; 19% of the subjects had more than 1 year
and less than 5 years of working experience at construction sites. The experiment procedures were
approved by the IRB at Texas A&M University. The experiment was conducted in the Building
Information Modeling-Computer Aided Virtual Environment (BIM-CAVE) at Texas A&M
University, as shown in Figure 8.
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Figure 8. Experiment environment: (a) overview scene of the developed virtual road work zone; (b) the experiment
performed at TAMU BIM-CAVE (55).

Procedures. All subjects watched a safety training video for highway maintenance work recorded
by the Associated General Contractors of America (AGC) and were instructed on how to conduct
the task in the virtual environment. Before the main experiment, all subjects had a practice session
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to acquaint with the virtual environment and learned how to perform the task. In the experiment,
participants were instructed to (1) follow the milling machine; (2) sweep all the debris on the
working lane; and pay attention to approaching vehicles and warning alarms for safety. During the
experiment, subjects experienced the simulated virtual accident if they stopped to pay attention to
approaching vehicles. If the accident happened, the experiment was terminated immediately. If the
accident did not happen, the experiment was finished 20 minutes after the start time. A follow-up
interview was conducted to collect feedback about the subjects’ experience in the virtual
environment. To examine the effect of experiencing simulated virtual accidents in mitigating risk
habituation, each subject participated in the second experiment with a week’s interval; The second
experiment was performed through the same procedure but without watching the safety training
video. Each experiment took approximately 1-1.5 hours per subject, including the VR experiment
and other surveys.

Task 4. Analyze the data to examine the training effects

The developed VR system documents (1) the response time, and (2) the frequency of vigilant
behaviors. The collected data from the experiment were processed as follows:

1. The response time (checking distance): One exposure to the approaching hazard was
defined as one cycle of the movement of the sweeper. During each exposure, when a
subject looked back and stared at the sweeper for the first time to check its proximity, the
distance between the subject and the sweeper was recorded. To eliminate individual
differences in checking distance range, the min-max normalization was used to normalize
the extracted checking distance values without perverting the raw data, thereby mapping
the entire range of raw values in each subject’s checking distance from minimum checking
distance to maximum checking distance is mapped to a range from 0 to 1.

2. The frequency of vigilant behaviors (checking rate): In the experiment, when a subject
looked back to check the sweeper’s proximity, it was considered vigilant behavior. If a
subject showed multiple vigilant behaviors during exposure, it was still considered as one
vigilant behavior. The checking rate of each subject was calculated as the frequency of
vigilant behavior across all exposures to hazards using the following equation:

CRi — TCsuccess [l]

TETotal

where:
T Csyccess = a total number of checking behaviors of subject i;
TE7,:q = atotal number of exposures of subject i.

To avoid manipulating data, if a subject did not check the approaching sweeper until the minimum
distance where the sweeper starts to move backward, that was not contained in the checking
distance analysis. Thus, analyzing checking rate provides additional information to the analysis
result of the checking distance by allowing the observation of how often a subject failed to check
the approaching sweeper.

Using Python, the collected data was synchronized to build a data set of subjects’ risk habituation
across the two experiments. In this study, a multiple regression analysis was used on vigilant
behavior variability data to determine if the proposed VR intervention affects an increase in
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subjects’ vigilant behaviors. The statistical package R was used for data preparation and statistical
analyses. In this way, the effectiveness of the proposed VR training environment in reducing
subjects’ risk habituation was examined.

Task 5. Examine individual differences in the rate of risk habituation

In order to identify the relationship between the risk habituation and individual factors (i.e.,
personalities) multivariate analyses were carried out using the analyzed response data from Task
4 and pre/post survey results. Based on those analysis results, The factors affecting the individual
differences in the rate of risk habituation were examined, thereby providing a theoretical
foundation for personalized safety training that effectively prevents workers’ risk habituation.
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5. ANALYSIS AND FINDINGS
5.1. Research Hypotheses

5.1.1. Define hypotheses

Although VR offers various opportunities for exposing workers to hazardous situations, evoking
consequences of habituation within a short experiment time period is extremely difficult (58).
Moreover, some subjects may not become inattentive to exposed hazards because of subjects’
awareness of being watched during the experiment (59, 60). Thus, few studies have attempted to
observe and analyze workers’ risk habituation in a virtual environment. To tackle this challenge,
this study examines whether inattention to exposed hazards can be evoked as a result of habituation
in a VR environment, the following hypothesis was defined:

1. Hypothesis 1: Workers’ vigilance to struck-by hazards will decline in latency and
frequency over successive exposures to struck-by hazards in a VR environment.

Habituation results in reduced attentiveness to repeatedly exposed hazards. Therefore, it can be
prevented through a behavioral intervention (10). To effectively reduce workers’ risk habituation,
the implementation of a behavioral intervention should involve time-sensitive feedback along with
evaluating the effectiveness of interventions (35, 61). In traditional safety training, it is difficult to
provide time-sensitive feedback on workers’ inattention to hazards. However, VR safety training
can effectively incorporate time-sensitive feedback into the training module. The effectiveness of
experiencing simulated VR accidents as a behavioral intervention has been rarely evaluated using
direct behavior measures. Furthermore, the long-term impact of simulated VR accidents on
workers’ risk habituation has not been evaluated rigorously. In this context the second hypothesis
was defined:

2. Hypothesis 2: Experiencing simulated VR accidents as consequences of workers’ risk
habituation promotes workers' vigilance to repeatedly exposed hazards, and for a prolonged
period of time, this effect will be sustained.

5.1.2. Test Hypotheses

This study tested Hypothesis 1 through the following steps below: (1) Bivariate linear regression
analysis; and (2) Hierarchical linear model analysis. The bivariate linear regression models
predicting checking distance from exposure time to the exposed hazards were performed using the
following equation:

5, =By + BT+ [2]
where:
y, = checking distance at exposure time T
B, = the intercept of the regression line at T = 0;

B; = the slope of the regression that describes the variance in checking distance ¥, for each 1-
minute increase in exposure time T.

In addition, a two-level hierarchical linear model analysis was performed to investigate the
association between the variation in the exposure time and the variance in the checking rate. The
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hierarchical linear model analysis has been used in psychology research to examine a change in
cognitive processes (62) and is used for evaluating repeated measures in longitudinal data with
various numbers of observations per subject (63, 64). In this analysis, a variable of the first level
model was exposure time. A variable of the second level was checking rate of each subject. The
total number of exposure time observations at the first level was nested in a subject at the second
level. In each trial, checking rate was only calculated once per subject. Thus, checking rate was
modeled as the second level predictor. The equations following were used for the hierarchical
linear model analysis:

1. Level 1: The first level model
yl]:BOJ+B1]TU+B2]AU+B3]TXAl]+rl] [3]

where:

yij = the sum of the subject intercept;

j =thesubject (j=1,2,3 ... n);

i = for each measurement (i = 1, 2, 3 ... n) within a subject;

By = the intercept in subject j;

B, j = the predicted decline in checking distance by 1-minute increase in exposure time T

in subject j;
B,; = the predicted change in checking distance by one percent increase in checking rate
4;

B3 = the slope of the interaction of exposure time T" and checking rate A.
2. Level 2: The second level model

Boj =Yoo + Yo14j + Vo [4]

where:

A; = checking rate—checking rate of subject j;

y = regression coefficients at the subject level;

Yoo = the intercept over subject when all predictors are 0;
Yo1 = the intercept of checking rate A of subject j;

Vo, = the subject level error in the intercept.

Bij = Y10 T Y114; + vy [5]

where:

Y10 = the slope of a subject;

v11 = the regression coefficient of checking rate 4;
vy = the subject level error in the slope.

Equation [3], [4], and [5] were nested into Equation [6]. Using the Ime4 package in R
(Bates et al. 2014; R Core Team 2020), the hierarchical analysis was conducted. The mean-
centering was applied to scaled exposure time T.

Vij = (V114j + v10 T v1)Tij + (Yo14; + Yoo + Vo)) + 1ij [6]
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The result of the test for the hierarchical linear model denotes how variances in checking rate
affected the decline in checking distance.

This study tested Hypothesis 2 through (1) multiple regression analysis that estimates checking
distance at exposure time and accident experience in the first experiment, and (2) a paired-samples
t-test that evaluates the effect of the intervention on checking rate increase for both groups.
Multiple regression analysis was performed to examine whether and how a subject’s experience
of simulated VR accidents in the first experiment affected the subject’s attentiveness in the second
experiment. To the following equation, a subject’s experience of simulated VR accidents in the
first experiment was added as a categorical variable:

y:Bo+B1T+BzA+B3TA+r [7]

where:

¥y = dependent variable checking distance at exposure time T and accident experience A;
B, = intercept of the regression line in the no accident group (4 = 0);

B; = change in the intercept for each 1-minute increase in exposure time T;

B, = variance in simple intercepts, comparing the accident group (4 = 1) with no
accident group (A4 = 0);

B5 = difference in simple slopes, comparing the no accident group (A = 1) with the
accident group (4 = 0).

Paired-samples t-tests were performed to investigate the intervention effect of experiencing
simulated VR accidents in the first experiment on checking rate in the second experiment. The
results of the analysis were explained as mean + SD. The degree of the effect of the intervention
was examined using Cohen’s effect sizes d (65). During the experiment, 4 subjects in the first
experiment, 1 subject in the second experiment never showed hazard checking behaviors. The data
from such subjects were not included for the analysis of Hypothesis 1; those data were only used
for the analysis of Hypothesis 2.

5.2. Results

5.2.1. Hypothesis 1 Testing

Hypothesis 1 was determined by testing the bivariate regression models for predicting checking
distance from exposure time to the approaching hazard. The coefficients were significant, R?=
.16, F(1, 441) = 83.83, p < 0.001 (for the first experiment), R?=.10, F(1, 694) = 79.67, and p <
0.001 (for the second experiment). Exposure time to the approaching hazard negatively predicted
checking distance, B;=-.023, p <0.001 (for the first experiment), B;=-.014, and p < 0.001 (for
the second experiment). The results of both sessions reveal that the subjects’ behaviors to check
the distance of the sweeper were slowed with the increase in exposure time to the approaching
hazard (Table 1 and Fig. 4).
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Table 1. Regression coefficient, representing the effect of exposure time on the decline in checking distance.

Experiment Predictors B, S.E. p-value
First Exposure time -.023 .002 <0.001*
Second Exposure time -.016 .003 <0.001*

Note: * Significant at the p = .05 level
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Figure 9. Checking distance when subjects showed vigilant behaviors (55).

The results of the hierarchical analysis are shown in Table 2. The coefficient B; tended to have a
correlation of borderline significance (p = 0.074). Checking rate and Exposure time had positive
interaction. This result represents that the subjects with low levels of checking rates tended to have
a faster decline pattern of checking distance over exposure time, compared to the subjects with
high levels of checking rates. Figure. 10 shows the variance in checking distance between the
subjects who exhibited different checking rates. The lines’ slopes represent the effect of checking
rate on the strength of the correlation between checking distance and exposure time at (a) the mean
for checking rate, (b) one standard deviation above the mean checking rate, and (c) one standard
deviation below the mean of checking rate.

The follow-up interview results support the results of Hypothesis 1 testing. To identify the reason
for subjects’ decreasing vigilance in response to hazards in the experiment, subjects in the accident
group were asked to answer why they ignored the proximity of the equipment. Most of them
answered that they focused just on sweeping away the debris on the road and thought that the
construction equipment was just moving around and posed no risk. Thus, they ignored to look back
to check the approaching equipment.

Table 2. Fixed effects of the hierarchical linear model on the checking distance of the exposure time and the checking rate.

Predictors Estimates S.E. p-value
B, Intercept 0.30 0.06 < 0.001*
B; Exposure time -0.04 0.01 <0.001*
B, Checking rate 0.10 0.09 0.244
B Exposure time * Checking rate 0.02 0.01 0.074

Note: * Significant at the p = .05 level
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Figure 10. The effect of exposure time on checking distance at (a) the mean of checking rate, (b) one standard deviation
above the mean of checking rate, and (c) one standard deviation below the mean of checking rate (55).

5.2.2. Hypothesis 2 testing

In the experiment, simulated VR accidents happened in response to a subject’s habituated
behaviors. In the first experiment, 24 out of 32 subjects experienced simulated VR accidents
resulting from their inattention to hazards (i.e., the accident group) and 8 subjects did not
experience simulated VR accidents (i.e., the no accident group). In the second experiment, 58% of
the accident group did not experience accidents. However, 75% of the no accident group
experienced simulated accidents during the second experiment.

Table 3. Classified results according to the accident occurrence during the experiment

First experiment (Total: 32) Second experiment (Total: 32)
No accident Accident Subtotal
No accident 8 2 6 8
Accident 24 14 10 24
Sub total 32 16 16 32

The multiple linear regression model for Hypothesis 2 testing was significant, R? = .11, F(3,686)
=28.41, p <0.001 (Table 4). The result represents a significant interaction between exposure time
in the second experiment and simulated VR accident experience in the first experiment, B; =.008,
p < 0.001. Hypothesis 2 was confirmed. Simulated accident experience as a negative result of the
subject's inattention significantly mitigated risk habituation (Figure. 11).
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Table 4. Regression coefficients, indicating the influence of accident experiencing on the checking distance.

Experiment By S.E. p-value
Second Exposure time -.022 .004 <0.001*
Experiencing accident in the first experiment .004 .022 0.369
Exposure time x Experiencing accident in the first

. .008 .004 0.048*
experiment

Note: * Significant at the p = .05 level
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Figure 11. The slopes for the effect of exposure time (55).

The checking rates from the second experiment were compared with the checking rates from the
first experiment. For the no accident group, there was a significant variance in checking rate for
the first experiment (M =0.38, SD =0.26) and the second experiment (M =0.70, SD =0.27); t(24)
=-6.03, p < 0.001. The effect size d was -1.22 large (-1.22). However, in the no accident group,
the variance in the checking rates between the first experiment (M = 0.71, SD = 0.15) and the
second experiment (M = 0.78, SD = 0.20); t(8) = -1.25, p = 0.25 was not significant. The effect
size d was small (-0.38), as shown in Table 5 and Figure 12).
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Table 5. Effect of experiencing VR-simulated accident on the checking rate: paired sample t-test and effect size.
Checking rate

Simulated VR accident

. First Second p-value Cohen’s d
experience
M SD M SD t
No accident group 0.71 0.15 0.78 0.20 -1.253 0.250 0.37 (small)
Accident group 0.38 0.26 0.70 0.27 -6.031 <0.001*  1.22 (large)
Note: * Significant at the p = .05 level
No accident group Accident group
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Figure 12. The effect simulated VR accident on the change in checking rate: (a) the variance in checking rate of no
accident group in the first experiment, (b) the variance in checking rate of the accident group in the first experiment.

The test results confirmed Hypothesis 2. The results of the multiple regression analysis show that
the accident group exhibited slower habituation patterns than the no accident group in the second
experiment. In addition, the paired-samples t-test results showed that experiencing the simulated
VR accidents improved checking rate significantly. These results confirmed that the simulated VR
accidents reduced the workers’ risk habituation caused by repeated exposure to struck-by hazards
and the effect was sustained until the next experiment.

5.2.3. Risk habituation and personality

To provide the foundation of personalized safety training that effectively prevents workers’ risk
habituation, the relationship between the risk habituation and individual factors (i.e., personalities)
multivariate analyses were carried out using the collected behavior data. The Big-Five personality
traits survey that measures the five dimensions of personalities—Agreeableness, Extraversion,
Neuroticism, Conscientiousness, and Openness—was used for the analysis. The results showed a
significant positive correlation between a high checking rate and the Agreeableness trait, R? = .39,
F(28) = 3.52, p < 0.05, g = .003, p < 0.05 (Table 6). This finding indicates that behavioral
measurements in a VR training environment would support further study on differences in
individuals’ safety behaviors. Although there has been interest in the correlation between and
safety behaviors and personality traits, previous studies were limited by observing safety behaviors
and thus mostly relied on retrospective methods. In this context, utilizing behavioral
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measurements—measures related to risk habituation—in a virtual environment would help
researchers and practitioners provide personalized safety training.

Table 6. The influence of personality on checking rate

Predictors Estimates S.E. p-value
Extraversion -0.025 0.022 0.262
Agreeableness 0.038 0.014 0.014*
Conscientiousness -0.012 0.018 0.519
Neuroticism -0.021 0.011 0.069
Openness -0.033 0.017 0.054

* Significant at the p = .05 level
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6. CONCLUSIONS

This study developed a Virtual Reality (VR) training system that enables researchers and
practitioners to analyze trainees’ risk habituation tendencies based on collected behavioral
response data (i.e., eye tracking, vigilant behavior in a VR environment), and offers interventions
that effectively prevent risk habituation by demonstrating the negative consequences of unsafe
behaviors. Moreover, the long-term impact of VR-based behavioral interventions on reducing
workers' risk habituation was analyzed. Specifically, this study examined risk habituation towards
struck-by hazards associated with mobile construction vehicles. The results of the study
demonstrate that the developed VR safety training system can evoke workers’ habituation and that
the designed intervention simulating VR accidents effectively reduces workers’ risk habituation.

Considering practical applications, the adoption of VR behavioral interventions may be beneficial
to construction safety efforts. Observing workers' risk habituation in the field takes considerable
effort, funds, and time. However, by using a VR environment, safety practitioners are able to
measure the development of risk habituation in less time at a much lower cost. Additionally,
measuring workers' behaviors in a VR environment can help researchers and safety practitioners
identify which workers are more prone to risk habituation, and provide personalized safety
training. Personalized safety training enables workers to determine their habituation tendencies
toward repeated exposure to workplace hazards and helps workers understand when they behave
unsafely while performing a task. Therefore, the developed VR safety training system could
motivate workers to improve their unsafe behaviors by themselves. Although the implementation
of a VR safety training system requires higher developing costs than traditional safety training, the
operation costs of a VR safety training system is very little. Moreover, the cost of implementing
VR safety training has been steadily declining with the advancement of VR technology. VR-based
behavioral intervention tools can be developed using consumer-grade VR headsets and VR
environment creation tools that can be used for educational and training purposes for free.
Therefore, the proposed method can be used to offset the limitations of traditional safety training
without incurring high costs.

In conclusion, the findings of this study provide new knowledge about how to evoke and observe
workers’ risk habituation to repeated struck-by hazards and warning alarms from construction
equipment, and how behavioral interventions in a VR environment can reduce the habituation and
promote safe behaviors.
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