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Abstract: With the benefits of reduced travel time and alleviated traffic congestion, tunnel construc-
tion significantly enhances urban mobility. Meanwhile, tunnel construction accidents result in many
casualties and property losses. To minimize accidents associated with tunnel construction while
keeping its benefits, it is important to enhance the effectiveness and efficiency of training programs
for construction workers. However, there is a lack of training evaluation systems specifically de-
signed for tunnel construction workers, along with limited research on the effectiveness and effi-
ciency of training programs for this group. This paper targets personnel from the China Railway
14th Bureau Group Company, aiming to evaluate a training program designed for tunnel construc-
tion workers. Three popular training approaches are proposed to evaluate the effectiveness and ef-
ficiency of training outcomes, including WeChat push safety construction knowledge (WP), the
emergency drill (ED), and the unitive lecture (UL). Additionally, a concept of study is conducted to
examine the performance of the proposed approaches in eighteen schemes that vary at different
levels of training intensity by using VR (virtual reality), an electroencephalogram (EEG) system, and
data enveloping analysis (DEA). The results show that the ED is the most effective training method,
enabling industry professionals to respond effectively to unsafe situations by equipping them with
critical skills through comprehensive training. Additionally, the ED has great potential for training
tunnel construction workers via the provision of simulated experiences to enhance their safety pre-
paredness.

Keywords: training program performance evaluation; electroencephalogram; virtual reality; tunnel
construction workers; data enveloping analysis

1. Introduction

Safety concerns have been increasing for construction workers in the industry over
the past few years [1-3]. It has been reported that one in every six fatal workplace acci-
dents is associated with construction [4], where approximately 60,000 construction work-
ers die annually while working on construction sites [5]. Additionally, a huge number of
economic losses come from non-fatal construction accidents [6]. Tunnel construction
safety remains a significant concern, which is constrained by factors including geological
environments, sophisticated technology, construction techniques, and other influential
factors when compared to surface projects. Many types of workers (i.e., steel workers,
scaffolders, and machine operators) participate in construction sites, categorizing distinct
risks that highly rely on different environments, locations, and times of day [7]. As a result
of these considerations, more frequent and severe accidents in tunnel construction sites
are caused than in other construction areas [8-10].

An abundance of studies have identified contributing factors for tunnel construction
accidents, including challenging construction environments [11], complicated geological
conditions [12,13], the organization and administration of the construction [14], etc., to
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ensure tunnel construction safety. Meanwhile, workers” misbehavior has been verified as
contributing significantly to construction accidents, accounting for about 80% of accidents
[15,16]. Yang et al. explored the primary sources of risks in tunnel construction and their
relationships, using grounded theory, the DEMATEL model, and structural equation
modeling [8,17]. The research findings indicated that besides natural conditions, construc-
tion workers significantly contribute to tunnel construction accidents. The study of Pe-
tersen et al. highlighted the need to mitigate risky behaviors by employing effective train-
ing and management strategies that improve workers’ skills and safety awareness [18].
Therefore, it is important to pay more attention to personnel-related factors and prioritize
improvements to enhance safety performance and minimize major losses [2,7,19]. Zielke
et al. identified the potential of VR to the Texas Department of Transportation employees’
training and found that VR works well for workforce training [20]. Qing et al. designed
an interactive VR training module for a work-zone flagger training course, and the results
showed that it had great performance [21]. Park et al. incorporated VR into a training sim-
ulator for training transporter operators [22].

Management strategies to enhance workers’ safety management are categorized into
four types; they are the employment of safety plans [23], ongoing education and training
[24], focused emergency or accident response measures [25,26], and behavior-based safety
(BBS) management [27]. Among these, providing training for tunnel construction workers
is essential for improving their skill levels, safety awareness, and problem-solving skills.
It results from the fact that many hotspot construction areas may not achieve safety levels
solely through management and/or on-site learning. As a result, comprehensive safety
training is important for equipping construction workers with professional knowledge
and skills that are needed to proactively address potential risks [28]. Hasan Basri Basaga
conducted a survey regarding construction workers” needs in Turkey, and the results
showed that 92.27% of workers required systematical occupational health and safety train-
ing or routine occupational health and safety training [29]. Meanwhile, employee training
is the most important way to enhance occupational health and safety; it is necessary for
all employees, regardless of their education level or age, to engage in practical training.
The study of Tran et al. showed that the length of safety training and experience impacts
an individual’s proficiency in recognizing hazardous environments [30]. Therefore, the
effectiveness and efficiency of safety training for tunnel construction remains a critical
concern, and Occupational Safety and Health Administration (OSHA) demonstrates a
thorough, consistent, and effective training approach. It has been further investigated that
proper training materials and methodologies can improve workers’ awareness of the po-
tential hazards and dangerous situations in construction sites [31]. However, there is very
little literature focused on evaluating the effectiveness and efficiency of training programs
in transportation, especially for tunnel construction workers.

Dudley defined two types of training styles, including pedagogical and andragogical
ones [32]. The pedagogical style is driven by external motivations such as competition and
the fear of failure, while the andragogical style is characterized by self-directed learning,
self-worth, recognition, and confidence. Although both of them have their unique benefits,
it is unclear which style proves to be more effective in China. According to Han et al., low
skill levels, inadequate technical knowledge, and a steep learning curve hinders construc-
tion workers’ safety performance [33]. To address the first two issues, effective training
techniques should be introduced. At the same time, enhancing the efficiency of safety
training aims to tackle the steep learning curve. Furnham suggested that adverse factors
such as economic recession and limited training budgets impact safety training provided
to construction workers [34]. A key challenge in addressing these constraints is finding
ways to enhance training efficiency while working within these limited resources. How-
ever, the majority of studies for construction training only focus on identifying different
safety training approaches and techniques [35-39] and exploring training outcomes for
construction workers [40-42]. The existing literature on the efficacy and efficiency of train-
ing approaches is insufficient.
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It is critical to investigate proper training techniques and efficient training schemes
to enhance training outcomes for tunnel construction workers. This will lead to reduced
costs in tunnel construction and the smooth progression of tunnel projects and has poten-
tial to bridge the effectiveness and efficiency gaps found in other construction safety train-
ing approaches. The literature lacks evaluation systems to determine whether construc-
tion personnel have adequate safety awareness and knowledge necessary for tunnel con-
struction. Research has shown that virtual reality (VR) training enables workers to en-
counter risky tasks without facing real safety threats, making it a safe and economical
training solution [43]. VR technology has been widely used in training construction work-
ers [44-46]. The data envelopment analysis (DEA) method can be used to assess the in-
put/output efficiency of an economic system that generates various outputs under multi-
ple input resources and was first applied to the assessment of economic efficiency. The
benefits include its ability to compute the relative efficiency of multiple input/output de-
cision units, the elimination of the necessity to establish the index weight, and there being
no need to carry out the normalized processing of line dimension [47]. Following its in-
troduction, DEA has become a powerful method for assessing system operation efficiency.
Consequently, it has found widespread application in evaluating input and output effi-
ciency across numerous industries, including operational cost management [48], trans-
portation [49-51], and healthcare [52-54].

Therefore, to overcome the limitations of current training evaluation systems, an in-
novated, integrated evaluation system that incorporates VR, an EEG, and DEA is pro-
posed in this paper to assess the effectiveness and efficiency of training programs for tun-
nel construction workers. Three training methods, including WeChat push safety updates
(WP), emergency drills (ED), and unitive lectures (UL), are implemented across eighteen
training schemes within this program to identify how training intensity impacts the effec-
tiveness of different types of training methods. Three research questions are raised as fol-
lows:

(1) Do WP, ED, and UL work well within the training program? Which method has the
best performance?

(2) How do the three training methods work at different levels of training intensity?

(38) Considering the limited training resources, how should safety training be imple-
mented for tunnel construction workers in real engineering projects?

2. Methodology

All targeted training personnel were employees from the China Railway 14th Bureau
Group Company. Prior to the start of the training program, the company provided an
explanation of the research goals and assured the participants that all data would remain
confidential and be used solely for research purposes. Each recruited participant signed a
consent form before the official experiment began. All participants had been employed by
the company for over a year (typically 12 to 14 months) but had not yet participated in
tunnel construction projects.

Three pre-job training methods were chosen in this paper due to their proven effec-
tiveness in enhancing professional skills, including WP, ED, and UL, as shown in Figure
1. Each method addresses different aspects of training for tunnel construction personnel,
where WP is regarded as a widely used communication method, allowing for the timely
dissemination of training materials and safety instructions, the ED provides simulated
scenarios that enhance safety preparedness, and the UL delivers structured safety infor-
mation to ensure a comprehensive understanding among personnel.
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Figure 1. Three chosen pre-job training methods.

The first method was WP, where safety information, guidelines, and accident reports
were shared via WeChat by using graphics and short videos for easy access. The targeted
training personnel had to screenshot and share the content in a WeChat group, with reg-
ular updates such as those occurring daily and every two days. The ED simulated real
construction scenarios to improve emergency response skills, focusing on risks like per-
sonnel rescue and equipment failure. Sessions lasted from half a day to a full day, con-
ducted once or twice a month in a realistic simulation tunnel environment. The UL pre-
sented structured safety information to the tunnel construction workers, covering emer-
gency care, accident prevention, and protocols. Each two-hour lecture used case studies
and videos, held one to three times a month and led by qualified trainers. After a month
of systematic training, which was from 6 June 2021 to 6 July 2021, 227 employees (average
age: 42; standard deviation: 10.2) successfully completed the company’s training require-
ments, resulting the development of 18 training schemes, as indicated in Table 1.

Table 1. Tunnel construction personnel safety training schemes.

Training WeChat Push Frequency Emergency Drill Unitive Lecture Frequency
Scheme Frequency

Scheme 1 Once a day Once a month Once a month
Scheme 2 Once a day Once a month Twice a month
Scheme 3 Once a day Once a month Three times per month
Scheme 4 Once a day Twice a month Once a month
Scheme 5 Once a day Twice a month Twice a month
Scheme 6 Once a day Twice a month Three times per month
Scheme 7 Once every 2 days Once a month Once a month
Scheme 8 Once every 2 days Once a month Twice a month
Scheme 9 Once every 2 days Once a month Three times per month

Scheme 10 Once every 2 days Twice a month Once a month
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Scheme 11 Once every 2 days Twice a month Twice a month
Scheme 12 Once every 2 days Twice a month Three times per month
Scheme 13 Once every 3 days Once a month Once a month
Scheme 14 Once every 3 days Once a month Twice a month
Scheme 15 Once every 3 days Once a month Three times per month
Scheme 16 Once every 3 days Twice a month Once a month
Scheme 17 Once every 3 days Twice a month Twice a month
Scheme 18 Once every 3 days Twice a month 3 times per month

An electroencephalogram (EEG) system and VR equipment were used in this paper
to evaluate the effectiveness of the three training methods across the eighteen schemes for
the tunnel construction workers, as shown in Figure 2. The EEG system played an im-
portant role in evaluating the training outcomes by capturing the brainwave activity of
the participants during various training sessions. Specifically, EEG waves were utilized to
generate data that reflected the cognitive and emotional responses of the construction
workers, providing insights into how effectively they were absorbing and retaining safety
information. The raw EEG data collected from the participants were imported into
MATLAB for comprehensive data processing and analysis. Additionally, VR equipment
was employed to simulate realistic tunnel construction environments, enabling the partic-
ipants to engage in immersive scenarios that mimicked potential risks and hazards they
may encounter on the job.

WP UL
Eighteen Schemes
Brainwave Simulated
Activity Environment
v v
EEG System VR Equipment

MATALAB
data processing and
analysis

A 4

A

Figure 2. Methodological framework.

Data envelopment analysis (DEA), introduced by Charnes et al. in 1978, is a non-
parametric assessment technique that utilizes a mathematical programming model to
evaluate the relative efficiency of departments or decision-making units (DMUs) with
multiple inputs and outputs. DEA can be classified into two models: the BCC model,
which accounts for variable returns to scale (where the output does not increase propor-
tionally with the input), and the CCR model, which assumes constant returns to scale
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(where the output increases directly in proportion to the input). The BCC model was in-
corporated into the DEA model, in order to promote the effectiveness of training out-
comes. The training intensity of the three training methods (WP, ED, and UL) were the
input indices, while three indicators served as the output indices, including the SQ, IT,
and EEG alpha-value. The average values of the measurement indicators from all partici-
pants were used as the three output index values across the eighteen decision schemes.
For the WP indicator, the DEA model converted daily input data, ranging from 1 to 3
times per day, into monthly values of 30, 15, and 10 times, respectively. This adjustment
reflected that higher values of the input and output indicators signified greater efficiency.
Additionally, to transform the IT output indicator from a negative scale (where smaller
values are preferred) to a positive scale (where larger values are better), we used a formula
that calculated the percentage of remaining time after identifying a hazard, which repre-
sented the true value of the modified indicator. The data conversion is described below.

, maxr; —1j;

= (1)

Y maxr;, —minr;

Here, 7j; represents the original data of the time it took for the construction workers
to identify the risk source and rjli represents the data after they were transformed into a
positive indicator. Since each scene in this experiment lasted for two minutes, the theoret-
ical maximum and minimum identification times were 120 s and 0 s, respectively. Conse-
quently, max 1; and min 7; are defined as these two values. Table 2 displays the data that
were entered into the DEA model.

Table 2. Input and output indicators’ values of eighteen DMUs.

Training Input Indicator Output Indicator
Scheme WP ED UL SQ IT EEG a-Value

Scheme 1 30 1 1 6.2 0.3 166.6
Scheme 2 30 1 2 6.7 0.4 193.6
Scheme 3 30 1 3 6.9 0.4 177.6
Scheme 4 30 2 1 8.4 0.6 220.0
Scheme 5 30 2 2 8.6 0.7 236.5
Scheme 6 30 2 3 8.6 0.8 241.8
Scheme 7 15 1 1 5.9 0.2 142.6
Scheme 8 15 1 2 6.3 0.3 169.1
Scheme 9 15 1 3 7.2 0.4 196.2
Scheme 10 15 2 1 7.2 0.5 192.9
Scheme 11 15 2 2 7.5 0.6 210.7
Scheme 12 15 2 3 8.5 0.7 227.6
Scheme 13 10 1 1 6.0 0.1 150.7
Scheme 14 10 1 2 6.9 0.3 162.9
Scheme 15 10 1 3 7.4 0.5 194.0
Scheme 16 10 2 1 6.4 0.3 161.0
Scheme 17 10 2 2 7.1 0.5 189.4
Scheme 18 10 2 3 8.3 0.6 226.8

Note: subjective questionnaire training effect evaluation (SQ), tunnel risk source identification time
(IT).

3. Results and Discussion

Table 3 lists the training outcomes for the participants across the three training meth-
ods after the three training methods were implemented across the eighteen training
schemes. The p values for all training methods were less than 0.05, indicating their
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effectiveness on training outcomes. Among them, the ED had an F-value of 115.529 and
an effect size of 0.354. The WP had an F-value of 17.023 and an effect size of 0.139. The UL
had an F-value of 34.148 and an effect size of 0.254. The effectiveness of the training meth-
ods ranked from highest to lowest were the ED, UL, and WP, with higher F-values and
effect sizes indicating greater positive impacts on the training outcomes. The results sug-
gest that the ED and UL increased safety awareness of the tunnel construction workers in
identifying risks, leading to improved risk detection and related remedies.

Table 3. Significance analysis of training modes to EEG «a-value.

Training Method Sums of Squares  Mean Square F p n?
WP 24,590.710 12,295.355 17.023  0.001**  0.139
ED 83,443.507 83,443.507 115529  0.001**  0.354
UL 49,328.263 24,664.132 34148  0.001**  0.245

** indicates a p value less than 0.001.

The indicators, including the comprehensive technical efficiency (TE), pure technical
efficiency (PTE), scale efficiency (SE), output changes with scale (VOWS), input redun-
dancy (IR), and output redundancy (OR), across eighteen decision-making units (DMUs)
are listed in Table 4; these are outputs from after running the DEAP 2.1 program. The
values of the TE, PTE, and SE range from 0 to 1. The TE measures a DMU’s overall effi-
ciency, incorporating both the SE and PTE. A TE value of 1 indicates the maximum output
given current inputs, while a value below 1 suggests potential for increased efficiency. The
PTE evaluates a DMU’s production efficiency under the assumption of an optimal size,
ignoring size effects. It assesses the effective use of inputs based on existing technology
and management, with a maximum value of 1 indicating optimal resource utilization. The
SE measures how well a DMU is leveraging economies of scale. An SE value of 1 signifies
that the scale is ideal, while a value below 1 suggests that the scale may be either too large
or too small for optimal effectiveness.

Out of the eighteen DMUs in this paper, only the third, sixth, eighth, eleventh, and
twelfth were found to be inefficient (TE < 1). This indicates that these five schemes could
not achieve optimal training outcomes at the current intensity. Among them, the eleventh
scheme showed potential for improvement in both the PTE and SE due to their values
being very close to 1, suggesting that an enhanced training efficiency could be achieved
by adjusting the scale and input ratios of the three training methods. Since its VOWS in-
dicate decreasing returns to scale (drs), its training efficiency could be improved by reduc-
ing investment.

Additionally, the OR value for schemes 8 and 11 were more than 0, whereas all other
schemes had an OR value equal to 0. To improve training outcomes for scheme 8, it is
recommended to increase training satisfaction among tunnel construction personnel by
0.43 points and decrease the time spent on identifying risk training by 2.5%, and the EEG
a-value should increase by 7.23uv? when identifying risk factors based on the available
IR. For scheme 11, achieving optimal efficiency requires an increase in training satisfaction
by 0.38 points. These findings suggest that training intensity could be optimized by re-
ducing the frequency of ULs from twice a month to once a month for scheme 8 and, simi-
larly, by decreasing the frequency of EDs and/or ULs from twice a month to once a month
for scheme 11.

Therefore, employee safety throughout the tunnel construction process can be greatly
increased by providing rational pre-job training. The effectiveness of the three training
methods from high to low for Chinese tunnel construction workers are the ED, the UL,
and WP.
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Table 4. DEA of eighteen training schemes.

Training IR OR
Scheme TE PIE SE VOWS v g uL sqo 11 EEG«
Value
1 1 1 1 - o 0 0 0 0 0
2 11 1 ; o 0 0 0 0 0
3 092 1 092 irs o 0 0 0 0 0
4 101 1 - o 0 0 0 0 0
5 11 1 - o 0 0 0 0 0
6 095 1 095 drs o 0 0 0 0 0
7 11 1 ; o 0 0 0 0 0
8 096 1 096 irs 0O 0 0 043 003 723
9 11 1 - o 0 0 0 0 0
10 1 1 1 - o 0 0 0 0 0
11 098 1 099 drs 0O 0 0 03 0 0
12 1 1 099 drs o 0 0 0 0 0
13 11 1 - o 0 0 0 0 0
14 11 1 - o 0 0 0 0 0
15 11 1 - o 0 0 0 0 0
16 11 1 ; o 0 0 0 0 0
17 11 1 - o 0 0 0 0 0
18 11 1 - o 0 0 0 0 0

Note: comprehensive technical efficiency (TE), pure technical efficiency (PTE), scale efficiency (SE),
output changes with scale (VOWS), input redundancy (IR), output redundancy (OR), decreasing
returns to scale (drs), increasing returns to scale (irs).

Therefore, after providing participants from the China Railway 14th Bureau Group
Company with eighteen various types of training schemes varying in severity, future re-
search directions could involve conducting a VR simulation experiment and providing
EEG systems focused on risk detection for other construction facilities to investigate the
effectiveness of the three training methods across varied training schemes, such as signal-
ized intersections and ramps

4. Conclusions

Pre-job training plays a crucial role in significantly enhancing employee safety dur-
ing the tunnel construction process. For Chinese tunnel construction workers, three of the
most prevalent training methods are emergency drills, unitive lectures, and WeChat push
notifications that deliver essential safety knowledge tailored to tunnel construction. Emer-
gency drills have emerged as the most effective training method due to their practical,
hands-on approach and ability to simulate real-life scenarios that workers may encounter.
Following closely in terms of effectiveness are unitive lectures, which provide clear and
structured information while facilitating direct interaction between trainers and trainees.
This engagement is crucial as it enhances the understanding and retention of safety rules
and protocols. WeChat push notifications serve as a supplementary tool for reinforcing
knowledge, yet they are less impactful compared to the other methods. While useful for
delivering information, they lack the hands-on and interactive elements that are integral
to effective learning.

By integrating these training approaches, particularly by prioritizing emergency
drills and unitive lectures and incorporating digital tools, such as WeChat, for ongoing
support, the build-up of a more knowledgeable and safety-conscious workforce in tunnel
construction can be facilitated. This strategy not only enhances learning outcomes but also
promotes a culture of safety that is very important for high-risk environments. The EEG
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system and VR equipment played an important role in evaluating the effectiveness of
these training methods across the eighteen schemes for the tunnel construction personnel.
The EEG system collected the brainwave activity of the participants when using the three
training methods across the eighteen training schemes and generated EEG data that re-
flected the cognitive and emotional responses of the personnel. The participants wore VR
equipment that simulated real tunnel construction environments, allowing them to expe-
rience realistic scenarios that reflected potential risks and hazards they might face on the
job. The data collected from the EEG system and VR equipment were then input into
MATLAB for detailed processing and analysis.

This paper further investigated the efficiency of eighteen different training schemes
for tunnel workers using DEA. This analysis focused on three key efficiency measures, the
TE, PTE, and SE, with values ranging from 0 to 1. The findings revealed that only five of
the training schemes were inefficient, suggesting that there was considerable potential for
improving the training effectiveness by adjusting the input scales and ratios.

Furthermore, specific schemes, particularly schemes 8 and 11, exhibited output re-
dundancy. This indicates that these schemes could benefit from targeted enhancements to
maximize their efficiency. Recommendations for their improvement include increasing
training satisfaction among construction workers and optimizing processes related to risk
identification. Implementing these adjustments could help these schemes reach the effi-
ciency frontier, ultimately leading to safer working conditions and more effective training
outcomes in tunnel construction.

The contributions of this paper are reflected in the following aspects:

(1) This paper proposes an innovative integrated evaluation system that incorporates
VR, the EEG system, and DEA to assess training effectiveness and efficiency for tun-
nel construction workers.

(2) This paper explores how varying levels of training intensity affect the effectiveness
of different training methods. This analysis contributes to a deeper understanding of
how training can be tailored to enhance worker preparedness and safety in high-risk
environments.

(3) This paper provides practical strategies for implementing effective safety training for
tunnel construction workers, particularly in the context of limited resources, offering
valuable guidance for tunnel construction managers and safety officers.

Future research could focus on integrating both the EEG system and VR equipment
for various training contexts, such as safe driving training and pavement construction
worker training. By incorporating a driving simulator, VR experiments combined with
EEG systems could be used to collect data on driving behaviors, particularly in relation to
risk detection at facilities like signalized intersections and ramps.
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