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Abstract 24 

Digital technologies such as Virtual Reality (VR) are  gaining momentum in its use to 25 

implement and deepen construction health and safety education. In this study, researchers first 26 

developed a VR-driven immersive system incorporating real construction site hazard scenarios. 27 

Immersive experiments were then conducted by recruiting 40 individuals in construction-28 

related disciplines. Experimental data were collected to evaluate the effects of tasking mode 29 

and time pressure on individuals’ cognitive load in performing virtual site tasks. The self-30 

evaluation method and task performance-based data were adopted as the complementary ways 31 

to measure individuals’ cognitive load in completing given tasks. Compared to the single 32 

tasking mode of solely focusing on site hazard recognition, analysis, and reaction, the added 33 
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secondary task was found significantly increasing individuals’ cognitive load and lowering task 34 

performance. Time pressure could be a double-edged effect depending on the task feature. 35 

Recommendations were provided for real site safety management in balancing employees’ 36 

wellbeing and site productivity. The current study extends prior research on enhancing 37 

construction health and safety where the main focus has been on hazard detection but now 38 

incorporates also hazard analysis and reaction. It also leads to more future research such as 39 

measuring individuals’ cognitive load in a real site environment. 40 

Keywords: construction safety; cognitive load; safety hazard; virtual reality; immersive 41 

technologies; safety education   42 

1. Introduction 43 

Safety education plays a key role in promoting safety and health in the construction industry 44 

(Laukkanen, 1999; Pedro et al., 2016), which is one of the most risky industries measured by 45 

injuries and safety accidents (Sunindijo and Zou, 2012). Technological development has 46 

enabled alternative ways of construction safety education (Nnaji and Karakhan, 2020). For 47 

example, digital or computer vision-featured technologies have demonstrated their positive 48 

impacts on construction safety and health monitoring (Seo et al., 2015), such as eye-tracking 49 

technologies (Jeelani et al., 2018) in gauging construction employees’ hazard detection. These 50 

digital driven approaches provide more objective measurements to evaluate individuals’ safety 51 

perception towards hazards, compared to the conventional questionnaire survey methods (e.g., 52 

Chen and Jin, 2015) to measure safety perception and safety climate.  53 

Failure to perceive critical information such as hazards can cause safety accidents and poor 54 

safety performance. In construction, employees retrieve information from observed site 55 

hazards. During hazard analysis and decision making process, each individual consumes 56 

internal cognitive resources to handle external information (Shaw and Shaw, 1977). Mental 57 

fatigue (Li et al., 2019) could occur if individuals’ cognitive resources are over-loaded, causing 58 
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lowered performance in detecting safety hazards. Cognitive load could be defined as a 59 

multidimensional construct representing the load that performing a particular task imposes on 60 

an individual learner’s cognitive system (Paas & van Merriënboer, 1994a). Following the 61 

general model described by Paas and van Merriënboer (1994b), cognitive load could be 62 

assessed in various dimensions in terms of mental load, mental effort, and performance. 63 

Construction task features including site environment (e.g., noises) could affect the 64 

outcomes of hazard detection, analysis, and reaction, and cause variations in personal cognitive 65 

demand (Hommel et al., 2012). Multiple influence factors could affect site employees’ 66 

cognitive load. These influence factors and their effects on the wellbeing of construction 67 

workforce have not been sufficiently investigated. Studying these factors on real jobsite could 68 

be restricted due to safety risks of construction activities onsite. The virtual reality (VR)-based 69 

immersive experiments provide the digital approach in gauging individuals’ cognitive load on 70 

treating site safety hazards. In this immersive experimental study, real site scenarios were 71 

incorporated in the virtual sites, including construction noise which represented the real site 72 

situation. Two main influence factors, namely task type and time pressure, were designed for 73 

comparative studies of individuals’ cognitive load in safety hazard recognition, analysis, and 74 

decision making.  75 

As a step from the prior investigation (Han et al., 2020b) of cognitive load of individuals in 76 

detecting safety hazards based on static site photos, the research team in this study developed 77 

the new immersive VR-based immersive experimental system to enable the dynamic and 78 

immersive site work. This study extended the work of Han et al. (2020b), which was limited to 79 

hazard detection, by moving to also analyse and react towards detected hazards. This study was 80 

designed to investigate the effects of tasking mode and time pressure on task performance and 81 

the cognitive load of individuals from construction-related disciplines. Studying the effects of 82 

these two influence factors was important based on facts that: 1) prior studies such as Dzeng et 83 
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al. (2015) and Albert et al., 2017 revealed the effects of internal attributes (e.g., individuals’ 84 

prior experience) and external attributes (e.g., hazard category or feature) on individuals’ safety 85 

performance. There has been a need to further investigate from a practical view, such as how 86 

safety performance would be impacted when individuals face tight project schedule and multi-87 

tasking. Studying these two influence factors for individuals with similar internal and external 88 

attributes would extend these prior studies and address this practical need; 2) Prior studies (e.g., 89 

Smith and Carter, 2006; Khanzode et al., 2012) showed that cognitive resources spent on 90 

recognizing surrounding environment (e.g., safety hazards) would help workers avoid 91 

construction site risks. But tasking mode and time pressure due to the dynamic site conditions 92 

and project scheduling requirements could change the cognitive resources demanded. Ryu and 93 

Torres (2018) found that the change of cognitive load could significantly alter task performance 94 

in terms of accuracy and time management. Crossley et al. (2018) and Bi et al. (2019) further 95 

verified the effects of cognitive load on individuals’ task performance. However, these prior 96 

studies were largely limited to 2-dimensional image-based static site scenarios, which could 97 

not fully capture the more complicated, interactive, and dynamic real site environment that 98 

individuals face. By recruiting virtual site scenarios, VR-based immersive technologies could 99 

improve the interactions between individuals in the experimental tests and site conditions.  By 100 

capturing individuals’ recognition, analysis, and reactions towards virtually-simulated site 101 

conditions, especially under different tasking modes and time pressure, this study offered a 102 

new education approach of training construction employees’ safety awareness, perception, and 103 

behavior. As one of the latest studies adopting digital-driven immersive research, the results 104 

also offered insights on professional construction safety management and provided suggestions 105 

on how to properly balance construction employees’ wellbeing and project progress.     106 

2. Background  107 

2.1.Construction safety hazard recognition  108 
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Employees’ safety hazard perceptions form part of safety climate (Han et al., 2019), which 109 

is considered a proactive measure in construction safety management (Chen and Jin, 2013). 110 

The longitudinal study of Albert et al. (2014) on safety hazard detection revealed that 111 

workforce could only identify and communicate lower than 40% of hazards onsite, and early-112 

stage intervention could significantly improve the hazard recognition performance. There have 113 

been different approaches in evaluating and enhancing employees’ hazard recognition 114 

capabilities, such as hazard recognition methods following the principles of cognitive 115 

mnemonics (Albert et al., 2014), and cognitive method assisted by visualisation devices to 116 

improve hazard identification accuracy (Sun et al., 2018). The hazard recognition of employees 117 

could be evaluated by their search patterns, which are affected by demographic factors of 118 

individuals such as experience and risk tolerance as identified by Zhang et al. (2020). Dzeng 119 

et al. (2015)found that experienced workers were more likely to identify hazards and tended to 120 

firstly assess high-risk targets (e.g., working at heights) as compared to novice workers. These 121 

different targets of hazard, or hazard types/categories, were studied further by Albert et al. 122 

(2017) through applying the experimental intervention. It was found that compared to certain 123 

types of hazards including gravity, mechanical, and electrical hazards, other types such as 124 

temperature, chemical, radiation, and biological hazards were the least recognised hazards even 125 

after the intervention (Albert et al., 2017). These empirical studies had identified the underlying 126 

factors affecting construction employees’ hazard recognition, such as employees’ prior 127 

experience, and types of hazards. However, there is a further need to move a step forward to 128 

investigate how other ongoing site factors such as task types or multi-tasking would impact 129 

safety recognition and further decision making of employees, who have similar prior 130 

experience and face the same types of hazards.  131 

Traditional measurements of workers’ safety hazard perceptions such as questionnaire 132 

survey (Han et al., 2019) might not be able to provide the most accurate evaluation, due to the 133 
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lack of engagement in site scenarios when participants are filling the questionnaire. With the 134 

emerging digital and visualisation technologies, a variety of evaluation methods have been 135 

applied in testing individuals’ hazard recognition capabilities. For example, Sun and Liao 136 

(2019) combined questionnaires (experience and risk tolerance), eye-tracking devices (eye 137 

movement), and near-infrared spectroscopy to assess hazard recognition ability involving 138 

microvascular function in the brain. This new and comprehensive approach of Sun and Liao 139 

(2019) could be adopted for onboard assessment by reducing undetected occupational hazards.  140 

2.2.Digitalisation-based experimental studies in built environment   141 

Feng et al. (2020) applied the Immersive VR and games to train individuals for earthquake 142 

emergency evacuation in a given indoor environment. Customised education framework was 143 

developed and showed promising opportunities for future research in adopting Immersive VR 144 

approach for not only natural disaster reaction training, but also man-made hazards (Feng et 145 

al., 2020). Also based on a VR laboratory environment, Shi et al. (2020) implemented a 146 

cognition-driven personalised training to provide early warning and estimate of individuals’ 147 

construction task performance, and found that stressful training had a strong impact on task 148 

performance. Similar virtual or computer vision platforms (e.g., Zuluaga and Albert, 2018; Shi 149 

et al., 2019) are also gaining momentum to assist construction safety research, including the 150 

VR-driven eye-tracking applications in gauging individuals’ safety hazard detection or 151 

recognition. For example, adopting wearable eye-tracking devices, Li et al. (2019) found 152 

significant correlations between individuals’ mental state and ability to detect hazards in 153 

operating heavy construction equipment. Also with eye-tracking technologies, Xu et al. (2019) 154 

found that those who successfully recognised hazards tended to follow consistent search 155 

patterns and concentrate on specific hazardous areas.  156 

These prior studies (e.g., Li et al., 2019; Xu et al., 2019) indicated the internal correlations 157 

between employees’ mental effort, hazard search methods, and safety performance. Extending 158 
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from these existing studies, this research aims to fulfil the future directions as proposed by Guo 159 

et al. (2017), including: a generalised visual-interactive-cooperative educational approach for 160 

customisation of different scenarios; extraction of safety knowledge from on-site visual safety 161 

data for future safety management. It is common practice for construction safety educational 162 

studies to recruit university students from construction-related disciplines as study samples, for 163 

example, Bhoir et al.(2015), Hasanzadeh et al. (2016), and Jeelani et al. (2017). As evaluated 164 

by Han et al. (2019), students from the similar background and experience level could minimise 165 

the effects of individuals’ traits on task performance, when the research was targeting on other 166 

non-personal-trait factors (e.g., external site environment).  167 

2.3.Theoretical background of cognitive load  168 

Kahneman (1973)’s book entitled Attention and Effort, summarised a variety of aspects of 169 

attention, including divided attention, task interference, and the role of perception. Since then 170 

researchers had finally made progress in not just understanding what attention was but also in 171 

measuring and quantifying it (Bruya and Tang, 2018). According to Kahneman (1973), pupil 172 

reactions, as an indicator of mental effort, referred to both attending to the task and the effort 173 

exerted in attending to the task. The mental effort consuming attention resources have been 174 

considered as a measurement of cognitive load in multiple studies (e.g., Tabbers et al., 2000; 175 

Paas et al., 2003; Gabaude et al., 2012). Folkman (1984) and Bartolomeo (2014) stated that an 176 

individual person is with limited cognitive resources to complete a given task, and higher 177 

consumption of cognitive resources (e.g., complex tasks) could exceed the load limit and 178 

further undermine the task performance.  Cognitive Load Theory has highlighted instructional 179 

methods to decrease extraneous cognitive load in order to assign the limited or available 180 

cognitive resources for learning (Van Merrienboer et al., 2005).   181 

The multiple resource theory proposed by Wickens (2002) in accounting for differences in 182 

dual task interference was based on a four-dimensional multiple resources model. According 183 
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to this model, two tasks would posit greater interference between them to the extent that they 184 

share stages (perceptual/cognitive versus response), sensory modalities (auditory versus visual), 185 

codes (visual versus spatial), and channels of visual information (focal vs ambient). It is further 186 

indicated from Wickens (2002) that double or multiple tasks simultaneously occupying the 187 

“channels” would cause reallocation of cognitive resources and potentially increase the 188 

cognitive load. Interacting elements (e.g., extra tasks) processed together would increase the 189 

working memory load, and independent measurements of cognitive load have been a valuable 190 

addition to cognitive load theory (Sweller, 2017). According to the Adaptive Decision maker 191 

theory of Payne et al. (2013), decision makers balance effort and accuracy performance and 192 

predict which strategy individuals would use in a given situation. When under time pressure, 193 

individuals with limited cognitive resources would consider how to balance the demanded 194 

cognitive resources to complete given tasks, and the accuracy-related task performance (Payne 195 

et al., 2013).  High cognitive demand is caused from complex, time and safety-critical tasks, 196 

and cognitive load variation could also be caused by the types of tasks (Chen et al., 2013). Li 197 

(2010) found that complex task and time pressure had significant influences on human 198 

cognitive load during human-machine interaction. These theories and findings evaluating 199 

mental effort, cognitive load, and task performance provide background for designing this 200 

research focusing on how task types and pressure would affect individuals’ cognitive load and 201 

task performance in given construction site scenarios.  202 

3. Methodology 203 

3.1.Research design of cognitive load measurements   204 

 205 
Measurements of cognitive load include questionnaire-based subjective approach, task 206 

performance outcome-based, and biological methods. In this study, the former two methods 207 

were adopted based on the rationale that: 1) two methods could validate each other to ensure 208 

the reliability of measurement outcomes; 2) the process of safety hazard recognition, analysis, 209 
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and reaction is highly dependent on individuals’ own recall and feeling. Subjective 210 

measurements (e.g., self-evaluation through questionnaire) met the needs of the study; and 3) 211 

objective measurements based on task performance outcomes (e.g., time taken to complete, 212 

accuracy rates) could complement the subjective measurements in reflecting individuals’ 213 

cognitive load. The workflow of this VR-driven immersive experimental study is described in 214 

Fig.1.   215 

Understanding 
the process of 

hazard 
evaluation and 

decision 
making

Designing 
the virtual 

construction 
tasks

Setting the
immersive
hardware 

and
software 
system

Data collection
from immersive 

experiments

Participants’ self-
evaluation of 

performing tasks

Task performance
outcomes based

on objective
measurements

Analysis of data 
from immersive
experiments and 
self-evaluation

 216 

Fig.1. Illustration of the immersive experimental workflow  217 

According to Fig.1, the study started from understanding the process of individuals’ process 218 

of safety hazard analysis and decision making, followed by designing the construction tasks 219 

from real site scenarios. The existing laboratory facility (i.e., immersive hardware and software 220 

system) of the research team enabled the virtual site scenario setup and immersive experiment. 221 

Through data collection upon the completion of individual participants’ immersive tasks, the 222 

two aforementioned measurements (i.e., self-evaluation and task performance outcomes) 223 

allowed the data analysis of how the task type and time pressure would affect cognitive load.    224 

3.1.1. Setup of the experimental platform  225 

Examples of the virtual sites are demonstrated in Fig.2 based on the immersive tasks to be 226 

undertaken by individual participants.  The VR-based immersive tasks allowed the two major 227 

independent variables (e.g, task type and time pressure) to be embedded for comparative 228 

studies.   229 
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Fig.2. Demonstration of VR-based immersive platform  230 
 231 

The site safety hazard scenes incorporated in the immersive experiments were based on the 232 

empirical safety accident data in China. According to the accident data released by Department 233 

of Housing and Urban-Rural Construction in China (2019), six major categories of safety 234 

accidents could be identified as: fall from height, structural collapse, struck-by, electrocution, 235 

injuries by heavy equipment, and injuries by manual handling or lifting. The typical safety 236 

hazards causing these six categories of accidents were adopted on designing the virtual site 237 

scenarios for the immersive experiments.  Typical safety hazard scenes were considered in 238 

setting the virtual scenes. For example, in a standard floor of reinforced concrete construction 239 

site, multiple hazards exist before pouring concrete as seen in Fig.3. In this scenario, uncovered 240 

hole and unstable temporary wood platform were safety hazards. Other hazards considered on 241 

the virtual sites included weakly supported scaffolding, electrical wiring/sockets, and tower 242 

crane nearby the structural floors, etc.  243 
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a) Real-site scene from site photos b) Virtual site generated from real site 

Fig.3. Site scene set-up 244 
 245 
The virtual site also included the whole surrounding environment (e.g., roads, temporary 246 

accommodation of workforce, etc.) allowing zooming in and zooming out for immersive 247 

walkthrough as captured in Fig.4. Individual participants of this study were provided with the 248 

fully contextualised real site experience, with background noises also collected from real sites 249 

during the immersive site tour. Fig.5 displays an example of how the immersive site of 250 

scaffolding was established from a real construction site.  251 

 252 

  

  
Fig.4. Examples of virtual sites for immersive experimental set-up  253 

 254 
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a) Real-site scene of safety hazards of scaffolding  b) Immersive experience generated from real sites 

Fig.5. Immersive experimental set-up on safety hazards related to scaffolding  255 
 256 
Each virtual site experienced by an individual participant may have multiple safety hazards. 257 

Each hazard was designed with a task for hazard recognition, analysis, and decision making. 258 

Once a potential hazard was detected by the individual participant, he or she would be asked 259 

to confirm whether or not it was a hazard. Then the individual would be asked to select the 260 

type of accident that could be triggered from the detected hazard, for example, fall, struck-by, 261 

or caught in-between, etc. Further the individual would be asked to make a decision of how to 262 

respond to the hazard with a multi-option question as seen in Fig.6.  263 

 264 

  
Fig.6. Showcase of experimental task design during the immersive site tour 265 
 266 

3.1.2. Measurement methods of individuals’ cognitive load 267 

Two main measurement methods were adopted in this study as previously mentioned, 268 

namely self-evaluation of performance based on a questionnaire which is subjective, and the 269 

objective outcomes (i.e., time taken to complete tasks, and accuracy rate).  270 

3.1.2.1. Questionnaire for self-evaluation of cognitive load  271 
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There were several existing questionnaire types for self-measurement of cognitive load, 272 

including the multi-dimensional rating-scales (Paas and van Merriënboer, 1994b), Subjective 273 

Workload Assessment Technique (SWAT) introduced by Reid and Nygren (1988), and NASA 274 

Task load Index (NASA-TLX) guided by Hart (1986).   275 

The multi-dimensional rating tool adopted by Paas and van Merriënboer (1994b) 276 

incorporated mental efforts and performance of individuals in completing given tasks, but 277 

needed more process-based measures. SWAT is also a multidimensional scale, with three 278 

discrete levels namely dimensions of time load, mental effort load, and psychological stress 279 

load (Luximon and Goonetilleke. 2001). When using the SWAT scale, an individual is required 280 

to perform a card sorting procedure and to rank 27 SWAT cards which are yielded from the 281 

combinations of the three discrete dimensions at three discrete levels (Reid and Nygren, 1988). 282 

Adopting SWAT could be time-consuming and insensitive to low cognitive load.  283 

NASA-TLX is a multidimensional scale for which the overall cognitive load is a function 284 

of mental demand, physical demand, temporal demand, performance, effort, and frustration 285 

dimensions (Hart, 1986). Both SWAT and NASA-TLX resulted in significantly different 286 

ratings, but NASA-TLX was sensitive to some mental workload differences not discriminated 287 

by SWAT (Battiste and Bortolussi, 1988). NASA-NASA-TLX shows a high correlation with 288 

performance, and the correlations with performance were lower for SWAT (Rubio et al., 2004). 289 

In this study, NASA-TLX was adopted as the multi-dimensional measurement method due to 290 

its proper level of sensitivity and complexity, as well as its widely proven reliability in 291 

measuring individuals’ cognitive load.   292 

3.1.2.2.Measurements of individuals’ cognitive load in this study 293 

In this study, safety hazard analysis and reactions are key stages for each experimental 294 

participant to undergo the workflow of hazard recognition, evaluation, recalling, reasoning, 295 

and decision making or reaction. Detailed measurement indicators include the NASA-TLX-296 
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based self-evaluation and the objective measures. Table 1 provides the definitions of six 297 

indicators following NASA-TLX principles (Hart, 1986), namely mental demand, physical 298 

demand, time demand, effort level, performance evaluation, and frustration level. 299 

Table 1. NASA-TLX-based measurement indicators for individuals’ cognitive load 300 
Measurement 

indicator 
Definition  

Mental demand The mental resources spent by construction employees to search and identify site hazards, and 
to properly react towards hazards 

Physical demand Physical work required for construction employees to find safety hazards and to properly 
handle them  

Time demand Time pressure that employees feel in finding and properly handling safety hazards 
Effort level The effort level that employees experience to find and to properly handle safety hazards  

Performance 
evaluation 

Self-evaluation of employees of their own performance in finding safety hazards and making 
proper decisions towards them  

Frustration level Degree of frustration (e.g., anxiety, disappointment, worry, etc.) that construction employees 
experience in finding and properly handling site safety hazards  

 301 
Fig.7 shows the mechanism of how NASA-TLX was applied to obtain the total cognitive 302 

load-based score, which was based on the comparison between each pair of indicators defined 303 

in Table 1. There would be a total of 15 pairs’ comparisons, for example, the comparison 304 

between physical demand and mental demand reveals that the former indicator scores 60 as 305 

compared to the later one with 70. The relative weighing of one indicator to another would be 306 

quantified. Each indicator would be finally quantified with its overall weighted score, 307 

contributing to the total cognitive load score.  308 

 309 

80

60

40

20

0

Score of self-
evaluation

PD MD TD PE EF FR

Total score of 
self-evaluation

Weighting within all dimensions 
of self-evaluated task performance

Total self-evaluation score = Weighted average of all dimensions

 310 

（Note: PD is physical demand; MD stands for mental demand; TD represents time demand；PE denotes 311 
performance evaluation；EF means effort level；FR stands for frustration level） 312 
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Fig.7. NASA-TLX weighting method for cognitive load calculation  313 
 314 
The principles and weighting method were incorporated into this study for measuring 315 

individual participants’ cognitive load of performing immersive tasks. The NASA-TLX 316 

questionnaire for self-evaluation of the six measurement indicators is displayed in Table 2. 317 

Each indicator is based on a scaled rating. The final cognitive load score is weighted and 318 

obtained ranging from 0 to 100.    319 

Table 2. NASA-TLX questionnaire for self-evaluation of cognitive load  320 
Cognitive load measurement in safety hazard recognition, analysis, and reaction 
NASA-TLX self-evaluation of cognitive load  
1. Mental demand  
In your immersive virtual site work, how would 
you score the mental demand (i.e., search, 
analysis, judge, and decision making) for you 
to complete the safety hazard detection, 
analysis of hazard category, and reaction 
towards identified hazards? (0 means 
extremely easy and simple, and 100 refers to 
most difficult and complicated)   

0 100
Extremely 

low
Extremely 

high
(Score from 0 to 100 to self-measure the 

given task performance dimension)
 

2. Physical demand 
In your immersive experiment, how would you 
score the physical demand (i.e., operation, 
muscle control, fatigue, etc.) for you to 
complete the safety hazard detection, analysis 
of hazard category, and reaction towards 
identified hazards? 

0 100
Extremely 

low
Extremely 

high
(Score from 0 to 100 to self-measure the 

given task performance dimension)
 

3. Time demand 
In your immersive site work, for you to 
complete the safety hazard detection, analysis 
of hazard category, and reaction towards 
identified hazards, how would you score the 
pace of work? 0 means extremely low time 
pressure and slow pace, 100 refers to most fast-
paced causing difficulties and panic.  

0 100
Extremely 

low
Extremely 

high
(Score from 0 to 100 to self-measure the 

given task performance dimension)
 

4. Effort level  
In your immersive site work, how would you 
score the effort required for you to complete the 
safety hazard detection, analysis of hazard 
category, and reaction towards identified 
hazards?  

0 100
Extremely 

low
Extremely 

high
(Score from 0 to 100 to self-measure the 

given task performance dimension)
 

5. Performance evaluation 
In your immersive site work, how would you 
score your own performance in completing the 
safety hazard detection, analysis of hazard 
category, and reaction towards identified 
hazards? 

0 100
Extremely 

low
Extremely 

high
(Score from 0 to 100 to self-measure the 

given task performance dimension)
 

6. Frustration level 
In your immersive site work, how would you 
score your frustration level (i.e., stress, anxiety, 
disappointment, worry) in completing the 
safety hazard detection, analysis of hazard 
category, and reaction towards identified 

0 100
Extremely 

low
Extremely 

high
(Score from 0 to 100 to self-measure the 

given task performance dimension)
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hazards? 
 321 
The objective measurements are defined in Table 3, based on time demand and accuracy 322 

rate of answering questions related to safety hazards on virtual sites or other construction 323 

related questions. Table 3 shows the two different stages of undertaking tasks, i.e., hazard 324 

analysis and decision making.   325 

Table 3. Objective measurement indicators of cognitive load occurring in performing safety 326 
hazard related tasks    327 

Task Process-based measurement 
items 

Outcome-based 
measurement items 

Description of cognitive 
load  

Hazard 
analysis 

Time spent on answering questions 
related to hazard analysis (time for 

information treatment) 

Correction rate of answering 
questions Less time spent on 

answering questions, and 
higher accuracy rate of 
answers, are considered 
lower cognitive resources 
demanded for 
participants, and hence a 
lower cognitive load. 

Time spent on performing 
secondary task 

Correction rate of 
performing secondary tasks 

Decision 
making  

Time spent on answering questions 
related to hazard reaction (time for 

information treatment) 

Correction rate of answering 
questions 

Time spent on performing 
secondary task 

Correction rate of 
performing secondary tasks 

 328 
Time spent to complete tasks was measured differently between performing primary and 329 

secondary tasks. Time spent for information treatment in the primary task was automatically 330 

recorded in the developed immersive system, such as the time period from a question proposed 331 

to the participant’s completion of answering it. For time spent in completing a secondary task, 332 

researchers used an electronic millisecond timer to measure the time taken between the 333 

question being asked and the answer being provided. The average time spent for each group of 334 

participants in a given task mode was measured consistently following the measurement 335 

procedure described in Li et al. (2020) in adopting task performance for evaluating cognitive 336 

loads.    337 

3.1.3. Linking task performance into cognitive load 338 

Task performance is considered objective measurements, including outcomes and time-339 

related measurements, such as those outcome-based measurement items listed in Table 3. The 340 

outcomes can be referred to accuracy rate, and the time-related measurements can be identified 341 

as time taken to react or make decisions. It is common practice to have double tasking mode 342 
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for measuring cognitive load, such as in the study of Brunken et al. (2003). In the double tasking 343 

mode, accuracy rate and time demand to perform the secondary task could reflect the overall 344 

cognitive load and the cognitive demand to perform the primary task. Depending on the 345 

primary task nature, the time taken to perform each secondary task may vary from 300ms to 1s 346 

(Brünken et al., 2003). The cognitive load can be measured based on the objective outcomes 347 

such as accuracy rate. Accuracy rates rely on the information receiving, analysis, and retreating, 348 

which is highly linked to the cognitive load. Generally, a higher accuracy rate would indicate 349 

lower cognitive load to retreat information. Therefore, accuracy rate has been recognised as a 350 

measurement for cognitive load such as in Brünken et al. (2002). Besides the accuracy rate, 351 

time consumed completing a given task is also considered as an objective measurement of 352 

cognitive load (DeLeeuw et al., 2008; Chevalier et al., 2009). The time demand for project 353 

completion also includes the time taken to treat and analyse information received. According 354 

to Barrouillet et al. (2004), the tasks which continuously consume the attention resources of an 355 

individual would cause a higher cognitive load, and the time demanded to analyse and retreat 356 

information is positively proportionate to the individual cognitive load. The reaction time refers 357 

to the period of time from an individual receiving the stimulus to the decision or reaction being 358 

made. A lower reaction time could reflect the lower cognitive load as evidenced by research 359 

from other fields such as traffic (Guo et al., 2017), who adopted the reaction time as an indicator 360 

to measure vehicle drivers’ cognitive load. Using time of reaction as a measurement of 361 

cognitive load can be found in other studies (Harms and Patten, 2003; Patten et al., 2004) in 362 

the fields of telecommunication and traffic. Other fields such as online shopping (Chen, 2015) 363 

and higher education (Li et al., 2017) had also engaged reaction time in evaluating cognitive 364 

load.     365 

3.1.4. Pilot experimental study  366 
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The pilot experimental study was conducted before the formal study to gain the data of time 367 

needed to complete immersive tasks, such as the average time and standard deviation. The pilot 368 

data acquired would then be used to determine the time pressure control in formal experiments. 369 

The two task modes (i.e., double tasking and single tasking) underwent the pilot study to gain 370 

the data of time demands. Following the procedure of Wickens (2002), under each task mode, 371 

the average time needed for completion lessened by one standard deviation would be 372 

considered high time pressure for experimental participants; the average time plus one standard 373 

deviation would be adopted as low time pressure for individuals. Time pressure control was 374 

determined accordingly. The pilot study also allowed the correction of any potential flaws 375 

during the immersive experimental process and verified the data of time pressure. Initially a 376 

total of 20 undergraduate and graduate students from the subjects of civil engineering and 377 

construction management were recruited as individual participants for the pilot study, with the 378 

results summarised in Table 4.   379 

Table 4. Statistical summary of pilot experimental study 380 

Group Sample size Average time to complete 
tasks Standard deviation 

Single task 10 153.06 s 74.96 s 
            Double task 10 265.73 s 88.58 s 

 381 

The pilot study results are shown in Table 4. The average and standard deviation of 382 

individuals performing single task are both lower compared to those performing double tasks. 383 

The results indicated that double tasking was likely to increase the time spent for participants 384 

to complete as compared to single tasking.    385 

The other purpose of conducting the pilot study was to ensure these pre-set hazards from 386 

common site hazards (e.g., working at height) could be correctly recognised provided that: 1) 387 

the entry point of participants in the virtual site was located where hazard zones could be 388 

identified; 2) participants had construction site knowledge learned from lectures; and 3) 389 

participants had adapted the VR hardware system well to undergo the immersive walkthrough. 390 
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It was indeed found that pre-set hazards were not identified by few participants who had 391 

problems using the wearable headset or not having the basic knowledge of site safety. These 392 

exceptions were fully noticed by the research team and therefore taken care of during the 393 

follow-up formal immersive experiments. 394 

3.1.5. Formal immersive experiments   395 

The formal experimental study was designed to incorporate two main independent variables, 396 

namely task mode and time pressure. The VR-based immersive experiment was based on 397 

construction employees’ cognitive learning process, consisting of safety hazard recognition, 398 

analysis, and reaction. Corresponding tasks were embedded during the immersive site work 399 

(e.g., Fig.2) testing individual participants’ performance. The time of completion and accuracy 400 

rates were recorded by the VR immersive system or the researchers. The self-evaluation was 401 

completed following the completion of immersive tasks with each individual participant filling 402 

the questionnaire shown in Table 2.   The detailed task mode and time setting are described 403 

below: 404 

3.1.5.1.Task mode setting  405 

Each individual participant under the single tasking mode was asked to only perform the 406 

hazard detection, analysis, and decision making during the immersive site tour. Individuals 407 

under double tasking mode were asked to perform a secondary task to verbally answer a 408 

construction related question during the immersive site tour. In the double tasking mode, each 409 

individual was required to answer the question in a shortest time period, for example, “What 410 

are the main failure modes of oblique section in reinforced-concrete structure?” The challenge 411 

level of questions to be asked under the double tasking mode was validated during the pilot 412 

study stage. Each individual to undertake double tasks was made aware of the themes and 413 

potential topics for their secondary task.  414 

3.1.5.2.Time pressure setting  415 
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The pilot study provided the guide for time setting in the formal study. The time settings for 416 

double tasking were determined to be 177.5s for high time pressure, and 354.3s for low time 417 

pressure. Under single tasking mode, 78.11s was determined as high time pressure, and 228.02s 418 

was considered low time pressure. Each individual assigned with time pressure would be 419 

reminded of the time limit. For example, before the start of double-tasking immersive work, 420 

the individual would be told “You are asked to complete the work of hazard detection, accident 421 

category analysis, and decision making within 228.02s”. Similar instruction would also be 422 

given for single tasking individuals with time pressure.     423 

3.2. Experimental procedure and data collection 424 

3.2.1. Experimental participants   425 

Individuals participating in the formal experiment were divided into four groups. They were 426 

different from the pilot study participant sample. Each of them was only allowed to be in one 427 

of the four groups. None of them was allowed to know the immersive site scenario or any safety 428 

hazard related information before the experiment. Individuals to participant in the immersive 429 

experiments were expected to have background knowledge or skills in construction, and also 430 

with similar professional knowledge or experience level in order to exclude the effects of 431 

individuals’ own experience or knowledge on task performance. Following the sampling guide 432 

for construction-related experimental study as described in Han et al. (2020b), a total of 43 433 

participants were recruited in the formal immersive experiment. They were undergraduate or 434 

graduate students from the subjects of civil engineering or construction management.   435 

3.2.2. Experimental procedure 436 

The immersive study procedure was comprised of the following standardized steps: 437 

1) As seen in Fig.8, the researcher explained to each individual participant before the start, 438 

including the tasks to be performed, the experimental steps, and the operation of VR-439 

based immersive hardware (e.g., the right way to operate the VR handle and headset). 440 
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The task would be explained according to the task mode that the individual was assigned 441 

to.  442 

2) Each individual would then follow the experimental workflow to properly wear the VR 443 

headset and other hardware to be ready for the immersive site tour. Once the immersive 444 

work started, the individual would then begin searching potential site safety hazards, 445 

and would then make the judgement, analysis, and the decision.  446 

3) Once the tasks were completed, each individual would be asked to fill the NASA-TLX 447 

questionnaire to self-evaluate the performance. Researchers would also hold a short 448 

interview with the individual regarding the immersive experience. Afterwards, the 449 

collected data would be stored for follow-up statistical analysis. Fig.9 depicts the 450 

workflow of the immersive experimental study.  451 

 452 

         453 
a)User interface of entering the immersive system         b) Individuals receiving guides before  starting                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        454 

Fig.8. Start-up of the immersive experiment  455 

 456 
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    Fig.9. Workflow of formal immersive experiment   458 

4. Results from immersive experiments   459 

Initial analysis of the collected data was performed to exclude outliers such as incomplete 460 

dataset of individuals, improper operations of immersive experiments, and extremely long time 461 
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taken to complete tasks, etc. Finally, a total of 40 participants’ data were included for the 462 

follow-up comparative study.  463 

4.1.Comparisons based on self-evaluation of cognitive load  464 

The two main independent variables related to task mode and time pressure were adopted 465 

in the significance tests of group performance according to self-evaluation following Table 2.  466 

Before conducting the variance analysis, researchers performed the normality test and the test 467 

for homogeneity of variance. It was found that the data samples had normal distribution. 468 

Therefore, the parametric-based analysis of variance (ANOVA) was suitable for comparative 469 

analysis. It was also found that variations between samples were significantly different. 470 

According to the Jiang and Zhao (2016), t-test for two separate samples was recommended 471 

when the two samples are with the same sample size but non-homogeneous variances. 472 

Adopting inferential statistics (e.g., ANOVA in this study) for analysing participants’ 473 

performance could be found in other studies conducting VR-based immersive experiments, 474 

such as Shi et al. (2020). The null hypothesis was that two groups of participants did not have 475 

significant differences in performance. Based on the 5% level of significance, a corresponding 476 

p value lower than 0.05 would reject the null hypothesis and suggest the alternative hypothesis 477 

that the two studied groups are with significantly different performance. Table 5 displays the 478 

time spent in completing the immersive tasks for double-tasking groups.  479 

Table 5. Statistical comparison of time expenditure for double task groups between those 480 
under time pressure and those without time pressure  481 

 Group N Average (s) Standard 
deviation (s) 

F value  p value 

Time 
pressure 

With time pressure 10 279.5 73.4 
4.489 .048 Without time 

pressure 10 403.3 132.2 

 482 
The p value lower than 0.05 indicates significant differences of time spent on completing 483 

tasks. Basically, those under time pressure finished the tasks faster than their counterparts 484 

without time pressure. For those without time pressure, the time needed to complete tasks also 485 

varied more significantly among individuals. For those under time pressure, the comparison 486 
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between single and double tasking groups based on self-evaluated task performance is 487 

summarised in Table 6.    488 

Table 6. Statistical comparison of performance evaluation under time pressure between single 489 
and double task groups 490 

 Group N Average  Standard 
deviation  

F value  p value 

Task 
mode 

Single task 10 42.42 22.50 4.622 .045 
Double task     10        51.34        11.53 

 491 
The p value also below 0.05 indicates significant differences between single and double 492 

tasking groups. Under time pressure, double tasking significantly increased the cognitive 493 

resource demand. The other comparison for those without time pressure is summarised in Table 494 

7.      495 

Table 7. Statistical comparison of performance evaluation without time pressure between 496 
single and double task groups 497 

 Group N Average  Standard 
deviation  

F value  p value 

Task 
mode 

Single task 10 37.88 10.17 4.250 .048 
Double task 10 45.21 14.33 

 498 

Similar to the comparison for groups under time pressure, double tasking was also found 499 

significantly increasing the cognitive load for those without time pressure. A further 500 

comparison for double tasking groups regarding time pressure is summarised in Table 8.  501 

Table 8. Statistical comparison of performance evaluation for double-tasking groups between 502 
those under time pressure and those without time pressure  503 

 Group N Average  Standard 
deviation  

F value  p value 

Time 
pressure 

Without time 
pressure     10         45.21 14.33 4.544 .041 

With time pressure 10 51.34 11.53 
 504 

The p value below 0.05 indicates that under double tasking mode, time pressure significantly 505 

increased the cognitive demand, with lower variation of performance among individuals. 506 

Similarly, it is seen from Table 9 that time pressure also increases the cognitive load for single-507 

tasking individuals.   508 
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Table 9. Statistical comparison of performance evaluation for single task groups between 509 
those under time pressure and those without time pressure  510 

 Group N Average  Standard 
deviation  

F value  p value 

Time 
pressure 

With time pressure     10         42.42 22.50 6.371 .021 
Without time 

pressure 10  
37.88 

 
10.17 

 511 
The overall comparisons among the groups’ NASA-TLX-based self-evaluation are 512 

displayed in Fig.10. It is seen that single tasking group without time pressure had the lowest 513 

cognitive load, followed by the other single tasking group under time pressure. Double tasking 514 

group with time pressure had the highest cognitive load. The standard deviation, which 515 

measured the individual variation of performance within each group, was found highest in the 516 

single tasking group with time pressure, and lowest in the single tasking group without time 517 

pressure. The variations between the two double tasking groups were not significant. It was 518 

inferred that individuals had more unpredictable cognitive load when adding time pressure into 519 

single tasking. In comparison, when under the highest cognitive load (i.e., double tasking with 520 

time pressure) and lowest cognitive load (i.e., single tasking without time pressure), individuals 521 

tended to have lower variations in cognitive resource demand.   522 

 523 

Fig.10. Statistical summary of evaluation performance among different groups 524 

 525 
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The accuracy rate of performing tasks is considered the objective measurement. The 527 

accuracy rates of performing primary tasks are compared among the four groups as illustrated 528 

in Fig.11.   529 

 530 
Fig.11. Average score of different groups performing the primary task 531 
 532 

As seen in Fig.11, the groups of single task with time pressure and double task without time 533 

pressure achieved higher primary task performance as compared to two other groups. Double-534 

tasking individuals performed the secondary task by answering construction-related 535 

professional questions whilst working on their primary task immersively. Table 10 compares 536 

the accuracy rate of performing secondary task between the two double-tasking groups. The 537 

reaction time to the secondary task is compared as summarised in Table 11.    538 

Table 10. Accuracy rate of performing secondary task 539 
Group Double task without time 

pressure 
Double task with time pressure 

Accuracy (%) 80 60 
 540 
Table 11. Reaction time to secondary task 541 

Group Average reaction time (ms) Standard deviation (ms) 
Double task without time pressure 279.5 73.4 

Double task with time pressure 403.3 132.2 
 542 

Time pressure was found decreasing the accuracy rate of performing the secondary task, 543 

with the rate reduced from 80% to 60%. It also largely increased the time demanded to perform 544 
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the secondary task. The time variation was higher for those under time pressure, indicating that 545 

time pressure does not only undermine task performance, but also create higher uncertainty of 546 

individual performance.  547 

4.3. Experimental results between NASA-TLX self-evaluated cognitive load and task 548 

performance  549 

The comparisons of outcomes between NASA-TLX self-evaluated cognitive load and 550 

objective measurements of task performance revealed consistent findings: 551 

1)  Under the single tasking mode of only performing hazard analysis and reaction, adding 552 

time pressure would increase cognitive load, while also enhancing the accuracy rates of 553 

hazard analysis and reaction. It was hence inferred that proper time pressure exerted into a 554 

certain concentrated work mode could improve task performance; 555 

2) Under the double tasking mode of simultaneously performing primary tasks (i.e., hazard 556 

analysis and decision making) and secondary tasks (i.e., thinking of other construction-557 

related questions), adding time pressure would increase the cognitive load. Nevertheless, 558 

the performance of working on both tasks would downgrade. In real sitework, it is 559 

commonplace that workers multi-task. Adding extra time pressure (e.g., pushing for 560 

reducing task duration and speeding work) would increase employees’ cognitive load and 561 

undermine performance. It is indicated that adding more time pressure under multi-tasking 562 

would not only increase safety risks but also lower work performance; 563 

3) Under time pressure, higher cognitive load would occur under double tasking mode 564 

compared to that under single tasking mode, and the task performance would be lower 565 

under double tasking mode. Extra task could exert disturbance to the primary work, 566 

distracting the cognitive resources of employees from performing the primary task; 567 

4) When no time pressure was added, although cognitive load would still be higher in double 568 

tasking mode compared to that in single task mode, the performance of undertaking double 569 
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task is higher compared to that of those in single tasking mode. It is inferred that primary 570 

task and secondary task could be organised by employees effectively without lowering the 571 

performance. It is therefore not recommended to overemphasise time and speed in 572 

performing construction tasks.       573 

4.4. Analysis of experimental outcomes  574 

4.4.1. Self-evaluation of cognitive load 575 

The self-evaluation of cognitive load is a subjective measurement. The comparisons from 576 

self-evaluation are illustrated in Fig.12.  577 

 578 
Fig.12. Comparisons of cognitive load among different groups 579 

 580 
It is seen from Fig.12 that adding time pressure increased cognitive load under both single 581 

and double tasking modes. The double tasking mode demands high cognitive loads regardless 582 

of time pressure. It is clear that cognitive load is increased by either adding time pressure or 583 

the secondary task. Time pressure increases the cognitive load by raising the density of mental 584 

resource in a shorter time period. Double or multitasking divides the total cognitive resource 585 

which is allocated between various tasks. The comparisons of cognitive load among the four 586 
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different groups according to self-evaluation revealed consistent outcomes as what was found 587 

out from the comparisons of task performance.   588 

 589 

4.4.2. Data analysis of task performance outcomes 590 

4.4.2.1. Evaluation of primary task performance  591 

The evaluation of primary task performance was based on the VR-based immersive 592 

experimental results in terms of accuracy rates (%) of participants’ safety hazard recognition, 593 

analysis, and reaction. Fig.13 illustrates the comparisons between single and double task modes, 594 

as well as groups with and without time pressure. 595 

 596 

Fig.13. Evaluation performance comparisons of performing primary tasks  597 

As seen in Fig.13, under the single tasking mode, a higher accurate rate was achieved with 598 

time pressure (81% versus 75%). It was inferred that proper time pressure exerted to 599 

controllable tasks (e.g., single primary task) could improve task performance. However, under 600 

double tasking mode when the secondary task was added, time pressure was found 601 

undermining the primary task performance. Under single tasking mode, an individual is more 602 

likely to be distracted by other non-relevant information and less likely to complete the given 603 

task in a seamless and efficient manner. Adding time pressure could motivate individuals to 604 

concentrate on the task and to complete it with a greater performance. However, when 605 

multitasking, two or more tasks are occupying the cognitive resources of individuals. Since 606 
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cognitive resources are divided under double-task mode, less resource will be assigned to 607 

perform the primary task. Individuals tend to simplify the information retreating process. When 608 

time pressure is added under double task mode, a higher cognitive load will be demanded on 609 

performing tasks. As a result, lower performance is likely to occur. 610 

4.4.2.2. Evaluation of secondary task performance  611 

The secondary task (i.e., answering a construction-related question) during the immersive 612 

site work only applied to the double tasking mode. It represented the site scenario of employees 613 

simultaneously working on a given construction task and another task (e.g., safety hazard 614 

assessment). The two objective measurements, namely reaction time period and accuracy rate, 615 

were used to quantify the individual cognitive load. Fig.14 compares the outcomes between 616 

the two double tasking groups.    617 

 618 

Fig.14. Performance comparisons of performing secondary tasks  619 

As seen in Fig.14, time pressure reduced individuals’ accuracy rate of performing the 620 

secondary task and increased the reaction time to handle it. According to the theories of limited 621 

cognitive resources (Folkman, 1984; Pashler, 1994), each individual is with limited cognitive 622 
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Double or multitasking reduces the cognitive resource allocated to primary and other tasks. 625 

When the limit of cognitive resource is not exceeded under a given time period, task 626 

performance could be maintained or even enhanced. However, adding time pressure and an 627 

extra task is more likely to exceed the resource limit. To make up for the increasing cognitive 628 

load, individuals may either demand more time of decision making due to extra tasks, or 629 

undermine the task performance.  630 

5. Discussion 631 

5.1.Effects of time pressure on cognitive load involved in hazard analysis and decision 632 

making  633 

5.1.1. Impacts of time pressure on cognitive load 634 

Time pressure increases the cognitive load demand involved in hazard analysis and decision 635 

making. As indicated by the Adaptive Decision Maker theory (Payne et al., 1993), under 636 

limited cognitive resources, individuals may spend less resource on retreating the information 637 

and speed the decision making process. As a result, the task performance could be 638 

compromised. The experimental data showed that individuals under time pressure had a higher 639 

cognitive load compared to their counterparts without time pressure. Under double tasking 640 

mode, time pressure increased the time needed for individuals to respond to the secondary task, 641 

with lower accuracy rate.  Time pressure is likely to change the allocation of cognitive 642 

resources on given tasks.  643 

A high time pressure could cause stresses of construction employees. In construction site 644 

work, a proper schedule of activities would be important to prevent over-stressing of employees. 645 

It is further inferred that a tight construction schedule could increase employees’ stress with 646 

higher cognitive load. Employees’ capability to analyse and react properly to given tasks may 647 

be undermined. Construction contracting or subcontracting in many developing markets (e.g., 648 

China) is lump-sum-based, meaning that the total payment is solely based on the total amount 649 
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of work completed regardless of time input. To pursue the highest income in shortest time, 650 

construction employees are motivated to simplify the analysis and decision making process, 651 

such as ignoring safety risks. External time pressure, such as the demands from clients or line 652 

manager to reduce project duration, would further increase the cognitive load of employees in 653 

handling tasks. It is hence not suggested to only exert time pressure as the way to achieve 654 

higher site productivity. Instead, a more balanced measure could be taken for the wellbeing of 655 

employees, such as incentive for safety behaviour (Han et al., 2020a). 656 

5.1.2. Impacts of time pressure on task performance 657 

Some previous theoretical models (e.g., Hsiao et al., 2017; Yi et al., 2018) indicated that 658 

time pressure could positively contribute to enhanced task performance. Existing studies (e.g., 659 

Chong et al., 2011; Li et al., 2015) claimed that time pressure could also serve as a double-660 

edged sword towards task performance. It could either enhance work performance positively 661 

or reduce it. Li et al. (2015) proposed the Attentional Focus model, which described the effects 662 

of time pressure on individuals’ attention resources spent on given tasks and the surrounding 663 

environment. Higher time pressure would make an individual highly focus on the given task. 664 

Insufficient or excessive time pressure would both backfire on task performance as indicated 665 

by Li et al. (2015). This goes to show that an optimal level of time pressure that properly 666 

allocates the cognitive resources to given tasks would enhance performance. Due to the double-667 

edged effect of time pressure, the key point is how to ensure proper level of time pressure for 668 

employees. In construction work, employees should be considered by the features of their 669 

individual tasks assigned. In a relatively simple tasking mode, such as single tasking mode, 670 

time pressure could be added to achieve better performance. In a more complex task scenario 671 

however, the work breakdown could be considered by looking to divide the work package into 672 

individual sub-tasks, with time pressure assigned accordingly to broken-down single sub-tasks.  673 

5.2.Mutual effects between tasks and their impacts on cognitive load 674 
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 As indicated by Pashler (1994) and Bartolomeo (2014), an individual has limited cognitive 675 

resources to perform any assigned task, and reaching the limit of cognitive resource would 676 

undermine the performance due to overloading of resources. Any task, such as analysing safety 677 

hazards with corresponding reactions in this study, costs cognitive resources. Recalling past 678 

working scenarios and applying safety knowledge (Han et al., 2019) will occupy the working 679 

memories of individuals in participating in this immersive study, costing cognitive resources. 680 

More expenditure of resources causes higher cognitive load. Double or multiple tasks being 681 

performed simultaneously would distract the cognitive resource from being solely allocated to 682 

the primary task. It is not uncommon that site employees work simultaneously on a given 683 

primary task while also distracted by other non-relevant task or information. There would be 684 

mutual effects between the primary task and other tasks or distractions, resulting in reallocation 685 

of cognitive resources. To prevent overloading of cognitive resources, it is recommended to 686 

break down tasks, if possible, into sub-tasks with specialised resources and with proper 687 

coordination and collaboration between individuals.      688 

6. Conclusion 689 

Two cross-comparison scenes were designed in this immersive study, namely double 690 

tasking mode versus single tasking, and also with time pressure versus without it. The primary 691 

task under the single tasking mode was safety hazard detection, analysis, and decision making 692 

in the immersive site work. The secondary task added into the double tasking mode was 693 

answering a construction-related question. Experimental outcomes revealed that double tasking 694 

mode increased individuals’ cognitive load and lowered the task performance. The findings of 695 

this study provide recommendations for real construction site management in that: 696 

1) Task complexity, number of tasks, and time pressure would affect site employees’ 697 

cognitive load in hazard recognition, analysis, and decision making. Therefore, the three 698 
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factors should be properly assigned and managed to not affect performance or employees’ 699 

mental wellbeing; 700 

2) Time pressure tends to be more applicable under single tasking mode, in which cognitive 701 

load could be increased for employees to concentrate on the task and to enhance 702 

performance of safety hazard analysis and reaction; 703 

3) Several measures are recommended to reduce safety risks and maintain proper level of 704 

cognitive loads of employees, including proper construction scheduling, phased and 705 

broken-down tasks, team coordination in joint completion of assigned tasks, and allocation 706 

of specialised resources to clearly defined sub-tasks;  707 

This study recruited students as the sample for immersive experiments. It was designed to 708 

remove the bias of data analysis caused by the extra variables (i.e., participants’ experience 709 

level or safety knowledge), and to focus on task mode and time pressure as the two independent 710 

variables. The sample could be considered entry-level site employees who were with basic 711 

safety knowledge but limited site experience. The current study has not considered other 712 

demographic factors’ effects on individual’s safety recognition performance, for instance, prior 713 

site experience. More future work could focus on the effects of personal traits (e.g., safety 714 

knowledge) on safety hazard recognition, analysis, and decision making by continuing the 715 

immersive approach.  716 

VR-based immersive safety education allows behavioural trials in the virtual environment 717 

for individuals to handle safety hazards, which would be too costly or risky on real construction 718 

sites. Currently, the level of details of real sites simulated in the immersive and virtual 719 

environments could be further enhanced. Individuals’ specific safety education needs should 720 

also be considered when adopting the immersive approach. Not every experimental participant 721 

in this study was comfortable wearing the VR-based devices when performing virtual tasks. 722 

Those who felt unable to complete the immersive site walkthrough were excluded from the 723 
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data analysis. The current VR-driven immersive study was limited to single player approach in 724 

a laboratory condition. It is not able to capture completely the dynamic real-site working 725 

environment, such as peer interruption. Future research could adopt more real-site tasks besides 726 

the current virtual scenarios from this study to test individuals’ safety hazard detection, 727 

recognition, and reaction. A variety of digital tools could be adopted to enrich data collection 728 

and analytics. For instance, wearable glasses in real site tour followed by eye-tracking data 729 

analytics could be adopted to evaluate individuals’ biological status in relation to task 730 

performance and cognitive load. Future work could also adapt the multi-player approach with 731 

two or more experimental participants interacting with each other in the immersive virtual site 732 

work.  733 

7. Acknowledgement 734 

This research is supported by the National Natural Science Foundation of China (Grant No. 735 

72071097), MOE (Ministry of Education in China) Project of Humanities and Social Sciences 736 

(Grant No. 20YJAZH034), and the 16th Talent Summit Program of Six Major Fields in Jiangsu 737 

Province (Grant No. SZCY-014). 738 

8. References 739 

Albert, A., Hallowell, M. R., & Kleiner, B. M. 2014. Enhancing construction hazard 740 
recognition and communication with energy-based cognitive mnemonics and safety meeting 741 
maturity model: Multiple baseline study. Journal of Construction Engineering and 742 
Management, 140(2), 04013042. 743 

Albert, A., Hallowell, M. R., Skaggs, M., & Kleiner, B., 2017. Empirical measurement and 744 
improvement of hazard recognition skill. Safety Science, 93, 1-8. 745 

Barrouillet, P., Bernardin, S. and Camos, V., 2004. Time constraints and resource sharing in 746 
adults' working memory spans. Journal of Experimental Psychology: General, 133(1), 83-747 
100. 748 

Bartolomeo, P., 2014. The attention systems of the human brain. In Attention Disorders After 749 
Right Brain Damage (pp. 1-19). Springer, London.  750 

Battiste, V., and Bortolussi, M., 1988. Transport pilot workload: A comparison of two 751 
subjective techniques. In Proceedings of the Human Factors Society Thirty-Second Annual 752 
Meeting (pp. 150–154). Santa Monica, CA: Human Factors Society. 753 

Bhoir, S. A., Hasanzadeh, S., Esmaeili, B., Dodd, M. D., and Fardhosseini, M. S., 2015. 754 
“Measuring construction workers attention using eye-tracking technology.” Construction 755 
Specialty Conference, Vancouver, Canada. June 8-10, 2015. 756 



35 
 

Bi, R., Zheng, X., Sun, M., Wei, P., and Wang, Y., 2019. The Interaction of Absolute 757 
Importance and Cognitive Resources on Prospective Memory. Psychological Science, (1): 758 
29-35, (In Chinese). 759 

Brünken R., Plass J.L., and Leutner, D., 2003. Direct Measurement of Cognitive Load in 760 
Multimedia Learning. Educational Psychologist, 38(1), 53-61. 761 

Brünken R., Steinbacher, S., and Plass J.L., 2002. Assessment of Cognitive Load in Multimedia 762 
Learning Using Dual-Task Methodology. Experimental Psychology, 49(2):109-119. 763 

Bruya, B., and Tang, Y.Y., 2018. Is attention really effort? Revisiting Daniel Kahneman’s 764 
influential 1973 book attention and effort. Frontiers in psychology, 9, 1133. 765 

Chen, F., Ruiz, N., Choi, E., Epps, J., Khawaja, M.A., Taib, R., Yin, B. and Wang, Y., 2013. 766 
Multimodal behavior and interaction as indicators of cognitive load. ACM Transactions on 767 
Interactive Intelligent Systems (TiiS), 2(4):1-36. 768 

Chen, Q., and Jin, R., 2013. Multilevel safety culture and climate survey for assessing new 769 
safety Program. J. Constr. Eng. Manage., 139(7), 805-817. 770 

Chen, Q., and Jin, R., 2015., A comparison of subgroup construction workers’ perceptions of 771 
a safety program. Safety Science. 72, 15-26 772 

Chen, Y., 2015. The effects of task complexity and time pressure on online shopping decision 773 
making efficiency. Master’s Thesis, Harbin Institute of Technology, Harbin, China. (In 774 
Chinese) 775 

Chevalier A , Fouquereau N , Vanderdonckt J . The influence of a knowledge-based system on 776 
designers'' cognitive activities: a study involving professional web designers. Behaviour & 777 
Information Technology, 2009, 28(1):18. 778 

Chong, D.S, Van Eerde, W., and Chai, K., 2011. A Double-Edged Sword: The Effects of 779 
Challenge and Hindrance Time Pressure on New Product Development Teams. IEEE 780 
Transactions on Engineering Management, 58(1): 71-86. 781 

Crossley, M.J., Maddox, W.T., and Ashby, F.G., 2018. Increased cognitive load enables 782 
unlearning in procedural category learning. Journal of Experimental Psychology Learning 783 
Memory & Cognition, 44(11), 1845. 784 

DeLeeuw, K.E. and Mayer, R.E., 2008. A comparison of three measures of cognitive load: 785 
Evidence for separable measures of intrinsic, extraneous, and germane load. Journal of 786 
educational psychology, 100(1), 223-234. 787 

Department of Housing and Urban-Rural Construction in China., 2019. Available 788 
via  http://www.mohurd.gov.cn/zlaq/cftb/index.html, accessed on May 18th, 2020 (in Chinese). 789 

Dzeng, R. J., Lin, C. T., and Fang, Y. C. 2016. Using eye-tracker to compare search patterns 790 
between experienced and novice workers for site hazard identification. Safety Science, 82, 791 
56-67. 792 

Feng, Z., González, V.A., Mutch, C., Amor, R., Rahouti, A., Baghouz, A., Li, N. and Cabrera-793 
Guerrero, G., 2020. Towards a customizable immersive virtual reality serious game for 794 
earthquake emergency training. Advanced Engineering Informatics, 46, p.101134. 795 

Folkman, S., 1984. Personal control and stress and coping processes: a theoretical analysis. J. 796 
Pers. Soc. Psychol., 46(4):839-852. 797 

Gabaude, C., Baracat, B., Jallais, C., Bonniaud, M. and Fort, A., 2012, October. Cognitive load 798 
measurement while driving. In Human Factors: A View from an Integrative Perspective, on 799 
the Occasion of the Human Factors and Ergonomics Society Europe Chapter Annual 800 
Meeting in Toulouse. Toulouse: HFES. 801 

Guo, H., Yu, Y., Skitmore, M. 2017. Visualization technology-based construction safety 802 
management: a review. Autom. Constr. 73, 135-144. 803 

Guo, X., Wang, Y., Zhang, J., and Zhou, F., 2017. The application and development of DRT 804 
in the research of drivers’ cognitive load. Chinese Journal of Ergonomics, 1: 73-77. (In 805 
Chinese).  806 

http://www.mohurd.gov.cn/zlaq/cftb/index.html


36 
 

Han Y., Li J., Cao X., and Jin R., 2020a. A Structural Equation Modeling approach to studying 807 
the relationships among safety investment, construction employees’ safety cognition, and 808 
behavioral performance. Journal of Construction Engineering and Management. 146 (7), 809 
04020065. 810 

Han Y., Yin Z., Zhang J., Jin R., and Yang T., 2020b. Eye-Tracking experimental study to 811 
investigating the influence factors of construction safety hazard recognition. Journal of 812 
Construction Engineering and Management. 146(8), 04020091. 813 

Han Y., Yin Z., Liu J., Jin R., Gidado K., Painting N., Yang Y., and Yan L., 2019. Defining 814 
and Testing a Safety Cognition Framework Incorporating Safety Hazard Perception. 815 
Journal of Construction Engineering and Management. 145(12), 04019081. 816 

Harms, L., and Patten, C., 2003. Peripheral detection as a measure of driver distraction. A study 817 
of memory-based versus system-based navigation in a built-up area. Transportation 818 
Research Part F: Traffic Psychology and Behaviour, 6(1), 23-36. 819 

Hart, S.G., 1986. NASA Task load Index (TLX). Volume 1.0; Paper and pencil package. 820 
Hasanzadeh, S, Esmaeili, B, and Dodd, M D. (2016). “Measuring construction workers’ real-821 

time situation awareness using mobile eye-tracking.” Proceedings of Construction 822 
Research Congress,2894-2904.Old and New Construction Technologies Converge in 823 
Historic San Juan, CRC 2016 - San Juan, Puerto Rico, May 31-Jun 2, 2016.  824 

Hommel, B., Fischer, R., Colzato, L. S., van den Wildenberg, W. P. M., & Cellini, C. (2012). 825 
The effect of fMRI (noise) on cognitive control. Journal of Experimental Psychology: 826 
Human Perception and Performance, 38(2), 290–301. https://doi.org/10.1037/a0026353  827 

Hsiao, S.W., Wang, M.F., and Chen, C.W., 2017. Time pressure and creativity in industrial 828 
design. International Journal of Technology and Design Education. 27(2), 271-289. 829 

Jeelani, I., Albert, A., and Gambatese, J.A., 2017. Why do construction hazards remain 830 
unrecognized at the work interface? J. Constr. Eng. Manag., 143, 04016128. 831 

Jeelani, I., Han, K., and Albert, A., 2018. Automating and scaling personalized safety training 832 
using eye-tracking data. Autom. Constr., 93, 63-77. 833 

Jiang, D., and Zhao, N. (2016). A comparison of different statistical methods of their robustness 834 
and power when analyzing the population mean difference of unequal-variance data.  835 
Chinese Journal of Health Statistics, 33:39-044. 836 

Kahneman, D., 1973. Attention and Effort. Englewood Cliffs, NJ: Prentice-Hall. 837 
Khanzode, V.V., Miti, J., and Ray, P.K., 2012. Occupational injury and accident research: a 838 

comprehensive review. Safety Science, 50(5), 1355-1367. 839 
Laukkanen, T., 1999. Construction work and education: occupational health and safety 840 

reviewed, Construction Management and Economics, 17:1, 53-62. 841 
Li, A., Yan, L., Wang, X., Ma, X., and Li, F., 2015. The Double-edged Effect and Mechanism 842 

of Time Pressure. Advances in Psychological Science, 23(9), 1627-1636. 843 
Li, J., 2010. The synthetic influence of task features and individual characteristics on cognitive 844 

load in human-computer interaction. Psychological Science, 4, 972-975. 845 
Li, J., Li, H., Wang, H., Umer, W., Fu, H., and Xing, X., 2019. Evaluating the impact of mental 846 

fatigue on construction equipment operators' ability to detect hazards using wearable eye-847 
tracking technology. Autom. Constr., 105, 102835. 848 

Li, J., Yu, S., and Liu, W., 2017. Visualized research on the knowledge of reducing the 849 
cognitive load engaged in classroom learning.  E-education Research, 3, 24-28. (In Chinese).   850 

Li, W., Xie, X., and Chang, Y., 2020. The theoretical basis and application of task performance 851 
in mental workload measurement. Chinese Journal of Ergonomics, 01:75-79. 852 

Luximon, A., and Goonetilleke, R.S., 2001. Simplified subjective workload assessment 853 
technique. Ergonomics, 44(3), 229-243. 854 



37 
 

Nnaji, C. and Karakhan, A. A. (2020). Technologies for safety and health management in 855 
construction: Current use, implementation benefits and limitations, and adoption barriers. 856 
Journal of Building Engineering, 29:101212 DOI: 10.1016/j.jobe.2020.101212 857 

Paas, F., Tuovinen, J.E., Tabbers, H., and Van Gerven, P.W.M. 2003., Cognitive Load 858 
Measurement as a Means to Advance Cognitive Load Theory. Educational Psychologist, 859 
38(1), 63-71. 860 

Paas, F., and van Merriënboer, J. J. G., 1994a. Instructional control of cognitive load in the 861 
training of complex cognitive tasks. Educational Psychology Review, 6, 51–71. 862 

Paas, F., and van Merriënboer, J. J. G., 1994b. Variability of worked examples and transfer of 863 
geometrical problem solving skills: A cognitive-load approach. Journal of Educational 864 
Psychology, 86, 122–133. 865 

Pashler, H., 1994. Dual-task interference in simple tasks: data and theory. Psychological 866 
Bulletin, 116(2):220-244. 867 

Patten, C.J.D., Kircher, A., and Stlund, J., 2004. Using mobile telephones: cognitive workload 868 
and attention resource allocation. Accident Analysis & Prevention, 36(3):341-350. 869 

Payne, J.W., Payne, J.W., Bettman, J.R. and Johnson, E.J., 1993. The adaptive decision maker. 870 
Cambridge University press. 871 

Pedro A., Le, Q.T., and Park, C.S., 2016. Framework for Integrating Safety into Construction 872 
Methods Education through Interactive Virtual Reality. J. Prof. Issues Eng. Educ. Pract., 873 
142(2), 4015011. 874 

Reid, G. B. and Nygren, T. E. 1988, The subjective workload assessment technique: a scaling 875 
procedure for measuring mental workload. In P. A. Hancock and N. Meshkati (eds), Human 876 
Mental Workload (Amsterdam: North-Holland), 185 -218. 877 

Rubio, S., Díaz, E., Martín, J. and Puente, J.M., 2004. Evaluation of subjective mental 878 
workload: A comparison of SWAT, NASA‐TLX, and workload profile methods. Applied 879 
Psychology, 53(1), 61-86. 880 

Ryu, J., and Torres, E.B., 2018. Characterization of Sensory-Motor Behavior Under Cognitive 881 
Load Using a New Statistical Platform for Studies of Embodied Cognition. Frontiers in 882 
Human Neuroscience, 12: 116. 883 

Seo, J., Han, S., Lee, S., and Kim, H., 2015. Computer vision techniques for construction safety 884 
and health monitoring. Advanced Engineering Informatics. 29, 239–251. 885 

Shaw, M. L., & Shaw, P. (1977). Optimal allocation of cognitive resources to spatial locations. 886 
Journal of Experimental Psychology: Human Perception and Performance, 3(2), 201–211. 887 
https://doi.org/10.1037/0096-1523.3.2.201 888 

Shi, Y., Du, J., Ahn, C.R., and Ragan, E. 2019. Impact assessment of reinforced learning 889 
methods on construction workers' fall risk behavior using virtual reality. Autom. Constr., 890 
104, 197-214. 891 

Shi, Y., Zhu, Y., Mehta, R.K., and Du, J., 2020. A neurophysiological approach to assess 892 
training outcome under stress: A virtual reality experiment of industrial shutdown 893 
maintenance using Functional Near-Infrared Spectroscopy (fNIRS). Advanced Engineering 894 
Informatics. 46, 101153.  895 

Smith, S.D., and Carter, G., 2006. Safety hazard identification on construction projects. Journal 896 
of Construction Engineering &Management, 132(2):197-205. 897 

Sun, X., Chong, H.Y., and Liao, P.C., 2018. Efficiency improvement by navigated safety 898 
inspection involving visual clutter based on the random search model. International Journal 899 
of Occupational Safety & Ergonomics, 26(4): 740-752. 900 

Sun, X., and Liao, P.C. 2019. Re-assessing hazard recognition ability in occupational 901 
environment with microvascular function in the brain. Safety Science, 120: 67-78. 902 

Sunindijo, R.Y., Zou, P.X.W., 2012. Political skill for developing construction safety climate. 903 
J. Constr. Eng. Manage.138, 605-612. 904 



38 
 

Sweller, J., 2017. The role of independent measures of load in cognitive load theory. Cognitive 905 
load measurement and application: A theoretical framework for meaningful research and 906 
practice. New York, NY: Routledge. 907 

Tabbers, H.K., Martens, R.L. and van Merriënboer, J.J., 2000. Multimedia instructions and 908 
cognitive load theory: Split-attention and modality effects. In National Convention of the 909 
Association for Educational Communications and Technology, Long Beach, CA. 910 

Van Merrienboer, J.J. and Sweller, J., 2005. Cognitive load theory and complex learning: 911 
Recent developments and future directions. Educational Psychology Review, 17(2), pp.147-912 
177. 913 

Wickens, C.D., 2002. Multiple resources and performance prediction. Theoretical Issues in 914 
Ergonomics Science, 3(2),159-177. 915 

Xu, Q., Chong, H., and Liao, P.C., 2019. Exploring eye-tracking searching strategies for 916 
construction hazard recognition in a laboratory scene. Safety Science, 120: 824-832. 917 

Yi, M., Luo, J, Wang, S, and Zhong, J., 2018. Does Time Pressure Influence Employee Silence? 918 
A Study Using SEM and fsQCA. Nankai Business Review. 118(1), 205-217. 919 

Zhang, Q., Zhang, D., Liao, P.C, and Hu, Y. 2020. Investigation of interaction among factors 920 
underlying construction hazard identification. Canadian Journal of Civil Engineering. DOI: 921 
10.1139/cjce-2020-0170.  922 

Zuluaga, C.M., and Albert, A., 2018. Preventing falls: Choosing compatible Fall Protection 923 
Supplementary Devices (FPSD) for bridge maintenance work using virtual prototyping. 924 
Safety. Sci., 108, 238-247. 925 
 926 


	Fig.10. Statistical summary of evaluation performance among different groups
	Fig.11. Average score of different groups performing the primary task
	Fig.13. Evaluation performance comparisons of performing primary tasks
	Fig.14. Performance comparisons of performing secondary tasks

