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Preface

Welcome to this Special Issue of Buildings titled “Occupational Health in the Construction

Industry”. The construction industry, with its dynamic nature and diverse activities, presents unique

challenges concerning occupational health and safety. This Special Issue aims to shed light on the

most recent advances in multidisciplinary research related to occupational safety in the construction

sector, emphasizing the enhancement of safety protocols and practices.

The papers compiled in this Special Issue cover a broad spectrum of topics, from technological

innovations like near-miss detection metrics using sensing technologies to proactive construction

safety management, to psychological aspects such as the impact of the COVID-19 pandemic on

construction workers’ mental health. We delve into the roles and motivations of safety officers,

explore safety risks from overlapping construction activities using Building Information Modeling

(BIM), and identify critical factors leading to fatal accidents in small-scale construction sites.

The contributions gathered here are a testament to the ongoing efforts to improve occupational

health and safety in the construction industry. They provide valuable insights for researchers,

safety managers, policymakers, and practitioners alike, offering practical solutions and innovative

approaches to address the complex challenges faced by construction workers.

We would like to express our sincere gratitude to all the authors who have contributed their

research to this Special Issue. Their dedication and commitment to advancing the field of construction

safety have made this publication possible. We also extend our appreciation to the reviewers for

their invaluable feedback and constructive criticism, which have helped to enhance the quality of

the articles.

This Special Issue is dedicated to everyone involved in ensuring the health, safety, and

well-being of construction workers around the world. May the insights shared in these pages

contribute to creating safer and healthier construction sites for all.

Mariusz Szóstak and Marek Sawicki

Editors
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Abstract: The LIFE-funded European research project SUBproducts4LIFE seeks to demonstrate the
use of industrial subproducts for the large-scale remediation of contaminated soils and industrial
building debris connected to Hg mining. The main purpose of the present research was to ensure
worker health and safety by creating a protocol for working in a highly mercury-contaminated
demolition debris. A methodology consisting of sampling campaigns with a Lumex RA-915 mercury
analyser, evaluating the accuracy of an empirical Hg emission model, evaluating each working task,
providing recommendations for minimising the workers’ exposure and calculating the maximum
work period in each area was proposed. It was also shown to forecast Hg biological markers. As
a result, a work protocol was developed with three scenarios which allow planning the work and
forecasting the workers’ mercury exposure as a function of the daily temperature, ensuring that
the workers’ mercury exposure is below occupational mercury levels. The working protocol allows
planning the works safely with minimum exposure to gaseous mercury and working fulfilling
standard requirements. Plans for restoration or new use of industrial mercury-contaminated sites
have increased in recent years, and the research improves the knowledge of Hg gas distribution and
worker Hg exposure.

Keywords: industrial building; mercury mining; mercury airborne; working conditions; remediation;
working protocol; workers; health and safety; contamination

1. Introduction

Mercury has been a well-known metal since ancient times; in the past 500 years,
992,812 tons of mercury have been produced worldwide [1], with the most significant
producers being Spain, the USA, Slovenia, and Italy. Since 1971, the use of mercury has
been declining, and it is now prohibited in many countries. However, certain nations still
produce mercury, including China, Tajikistan, and Mexico, and in other cases, mercury
is produced as a subproduct. In most cases, mercury mining facilities were abandoned
without any intentions for restoration, similar to other mercury-related buildings such
as mercury chlor-alkali plants [2], scrap metal processing facilities [3], copper and zinc
smelting factories, and weapon production buildings [4] generating tons of hazardous waste
which nowadays is a significant public health issue. There are plans to decommissioning
these facilities, and it is crucial to ensure the health and safety of the workers and all
the people involved. This research evaluates the working conditions in heavily mercury-
contaminated facilities.

Buildings 2023, 13, 1310. https://doi.org/10.3390/buildings13051310 https://www.mdpi.com/journal/buildings1
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1.1. Brief State of the Art

Heavy metal contamination in buildings is a major environmental problem threat-
ening public health. Because of the issue’s importance, this topic has been thoroughly
researched in the scientific literature. Several categories can be used for group research. The
preservation of the environment comes first. Understanding mercury gas emissions from
places with high mercury concentrations has advanced significantly in the recent decades,
e.g., Wang et al. [5]; Gustin [6]; Feng et al. [7] demonstrated in their findings that the Hg
gas emission rates from mercury-enriched soils are significantly higher than the values
observed in the background area and that the amount of gaseous mercury contributed
by Hg-enriched soil in the mercuriferous belt to the atmosphere has been substantially
underestimated [6,7]. As a result, many topics have been thoroughly studied, such as the
concentration of mercury (Hg) in the soil and water near contaminated sites [8–10], as well
as the rates of emission into the atmosphere and the distribution of the contamination
around the sites affected by mercury mining [5,11–16].

Another area of study is the creation of emission models, such as those by Lindberg
et al. [17] and Llanos et al. [18], which aid in analysing potential dangers associated with
Hg pollution. Matanzas et al. [19] have conducted other particular investigations, such as
the transfer of Hg to plants.

The impact of pollution on human health is a different area of study [20]. Both broad
investigations, such as those by Kim et al. [21] and Wu et al. [22], and more focused
ones, such as those by Phelps et al. [23] or Koeningsmark [24], have been conducted. The
World Health Organization (WHO) states that breathing in mercury can have catastrophic
consequences for the lungs, kidneys, and immunological, neurological, and digestive
systems. Memory loss, neuromuscular effects, headaches, cognitive and motor problems,
tremors, and insomnia are a few adverse effects of the exposure. When mercury is present in
exceptionally high amounts, it has been demonstrated to produce a variety of malignancies
in rats and mice [25,26]. The most poisonous forms of mercury are methylmercury and
metallic mercury vapour, which can irreversibly damage the kidneys, the developing
foetus, and the brain at large doses. Other effects of mercury include diminished fertility,
abdominal pain, inflammatory bowel disease, ulcers, bloody diarrhoea, and intestinal
flora loss. The liver, brain, and kidneys are the body’s primary locations for mercury
bioaccumulation [27].

The commerce and use of mercury are currently prohibited under the Minamata
Convention on Mercury. Some traditional products have disappeared, such as mercury-
based measurement equipment (thermometers, barometers and sphygmomanometers),
light bulbs, neon sign producers, etc. On the contrary, the production has increased in
other industries where workers can be exposed to mercury, such as waste and recycling or
companies involved with contaminated land and bioremediation. Attempts to diminish the
risk of worker exposure to mercury have made the Hg levels in workers’ urine in the UK
decrease from 90% (P90) of 24.7 μmol/mol creatinine in 1997 to 2.1 μmol/mol creatinine in
2019, as it has been studied by Morton et al. [28].

The remediation of contaminated sites and specifically the occupational dangers of
working in these locations are the subject of another category of research. Despite the
subject’s significance, there are not many studies in this area. However, there have been
recent studies that are pretty pertinent; for instance, Wcislo et al. [29] evaluated the human
health risk assessment in restoring safe and beneficial use of contaminated areas that have
been abandoned. There are some studies about biological parameters such as the level of
Hg in blood, urine or hair [30–32]. The assessment and clean-up of mercury-contaminated
sites and human and ecological Hg exposure and risk are covered in depth by Eckley
et al. [33]. Due to the complexity of the pollution situations, González-Valoys et al. [34]
suggest risk evaluations of an abandoned gold mine in Panama using combinations of
indices. There is also some research on managing hazardous mercury waste [4].

Similarly, Wcislo et al. [35] assess the health risk of working in post-mining HgAs-
contaminated soils. Other studies, including those by Wongsasuluk et al. [36], analyse the
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health risks associated with exposure to heavy metals such as arsenic in operating mines.
This latter class may incorporate the current piece of work.

1.2. SUBproducts4LIFE Project

A research project called SUBproducts4LIFE is being co-funded by the European
Union as a part of the LIFE initiative. By reusing industrial waste (coal ash, gypsum, blast
furnace slag, and steelmaking slag) to restore polluted soils, brownfield sites and building
debris connected to Hg mining in the decommissioned site of La Soterraña, the initiative
seeks to demonstrate cutting-edge circular economy concepts (Figure 1).

 

Figure 1. Facilities of the decommissioned Hg mine, La Soterraña [37].

One of the project’s goals is to ensure the safety of the workers by creating guidelines
and a manual of best practices for working in these highly hazardous locations.

This study is the continuation of the previous studies on the characterisation of Hg
contamination in the air:

Preliminary analysis by Garcia-Gonzalez et al. [25] was conducted, in which it was
demonstrated that particle concentrations of As and Hg in the air were minimal.

Then, an empirical model was developed to predict the Hg gaseous concentration
emissions at any temperature in highly contaminated areas (Rodríguez et al. [38]).

Finally, a chemical–physical model to explain the emission and diffusion of Hg at a short
distance from the metallurgical plant demolition was established by Rodríguez et al. [39].

1.3. Empirical Model: Description, Planning, Risk Assessment

The starting point of the present work is the emission and diffusion empirical models
determined previously. It is based on the solid relationship between emissions and soil
temperature, as stated by Scholtz et al. [11] (referencing Siegel and Siegel [40], Zhang
et al. [41] and Lindberg et al. [17]). Mercury concentration measurements were carried out
under different climatic conditions (temperatures between 4 ◦C and 30 ◦C and without
rain or wind) to evaluate the influence of temperature on the potential release of Hg in the
area with demolition debris from the metallurgical plant building. All the measurements
were carried out at 1.0–1.5 m above ground level because it is the recommended height for

3
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airborne pollution environmental values [42]. Figure 2A displays these values and shows
that the correlation between temperature θ (◦C) and concentration over debris area C10
(ng/m3) can be explained well by Equation (1) [38].

Cmax = C10 = 6759 e0.0704·θ. (1)

  
Figure 2. Relationship between temperature and concentration at point 10 (A) and concentration
variation with the distance to the focus for θ = 25–30 ◦C (B).

As previously mentioned, measurements were also performed at various distances
from the centre of the focus. Radial diffusion can explain the existence of gaseous mercury
as we move away from the source of contamination. This diffusion follows a hyperbolic
curve that varies inversely with distance from the source. Figure 2B represents Hg concen-
tration between 24 ◦C and 30 ◦C. Therefore, according to the following Equation (2), also
established empirically, the fluctuation of the concentration varies with the distance to the
focus of the contamination:

C(r) = 2550 e0.0704 θ

(
10
r

)
. (2)

1.4. Objectives of the Study

The principal purpose of the research is to evaluate the work managing demolition
waste highly contaminated with mercury in terms of gaseous mercury in the environment
and to design a plan for health and safety at work. The steps taken to achieve this objective
are the following:

• A gaseous Hg measurement campaign was carried out in the area, with a sampling
period of 2 hours following the EN-689:2018 standard [43]. The workplace was dif-
ferentiated based on the Hg gas concentration in the environment. The accuracy of
the empirical model proposed in previous work was verified, and it was shown that
temperature is the crucial variable.

• A risk prevention criterion for exposure to gaseous Hg was defined following EN-
689:2018, which limits working hours in the most contaminated areas based on ambient
temperature; based on it, a protocol was developed to work in health and safety
conditions for workers. On the other hand, it is stated that covering the contaminated
material is an effective safety measure for worker protection.

• Analysis of the actual work completed was conducted, detailing the actual activities
in the riskiest areas (something that is not typically published in the specialised
bibliography); based on the empirical model and the risk prevention criterion, an
appropriate way to respond was defined, first during the planning of the tasks, and
then during their execution, so that the quality standards in terms of health and safety
are met at all times.

4
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2. Materials and Methods

2.1. Measuring Device and Sampling Procedure

The LUMEX RA-915 sampling device had an analytical gaseous Hg range of 1–100,000 ng/m3

(Figure 3, left). The instrument collected 10 litres of air every minute and recorded the data
in an internal data logger while reporting analysis every second as well as the 10 s average.
This instrument is widely used in scientific research and by reference organisations to
measure gaseous mercury in various circumstances and conditions. Mercury particles
removed via a filter at the equipment’s inlet are not included in the LUMEX RA-915’s
analysis of gaseous mercury.

  

Figure 3. The Lumex analyser (left) and areas represented by points 10 and 23 (right).

In order to create work protocols, a sample procedure was designed; sampling loca-
tions and systematic monitoring campaigns were planned. A route with 22 control stations
spread out along the area where the Hg gas concentrations were measured under various
circumstances to establish the empirical model. Nevertheless, this study only monitored the
points at which work was carried out. The study’s main objective is to evaluate the location
to carry out restoration and remediation plans and avoid Hg gas occupational risks.

Two points are related to the areas where demolition debris from the old metallurgical
plant accumulate (Figure 3, right):

• Point 10: area with demolition debris in its original location;
• Point 23: area with demolition rubble covered with slag and ash (next to the

previous one).

It is noticeable from point 10 that the concentration of gaseous Hg rises with tem-
perature, according to the exponential pattern determined by Rodríguez et al. [38]. Since
this is the site’s most critical location, a thorough statistical analysis using at least six
measurements—consisting of continuous monitoring of the Hg gaseous for at least two
hours—must be performed to determine the conditions under which work can be con-
ducted at point 10 according to EN-689:2018. In this instance, 24 measurement campaigns
were conducted under various temperature circumstances, and the 20% occupational
exposure limit value (OELV) (4000 ng/m3) was surpassed in each.

Other points were outside the demolition debris zone, where different activities occur.

• Point 3 is an area where the store and welfare facilities are located; it is a rest area for
workers.

• Point 4 is where ancillary tasks such as repair and machinery maintenance are
carried out.

• Point 7 is a covered work area where the filter channels are located.
• Point 21 is an earthwork work area in the furnace slag heap.

Gaseous Hg content at these points was very low, less than 10% of the OELV, according
to the preliminary analysis using the empirical model. Therefore, following EN-689:2018
using three measurements, it is possible to conclude that the gaseous Hg exposure is below
the legal limits for the scenario investigated.

5
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The study is focused on points 10 and 23 because these are the most critical areas
(Figure 4). Due to Hg gas emissions varying with temperature, it was decided to test Hg
gas concentrations from low to high temperatures to identify a range of emission values for
the location. The campaigns had to be conducted throughout the year and the four seasons
to obtain measurements at various temperatures. The campaigns continued as a result of
warm days when no work was conducted and cooler days when some work was carried
out, as will be discussed further below.

  
Figure 4. Sampling points 10 (left) and 23 (right).

The averages of Hg gas measured while workers were on site might be used to evaluate
working conditions.

2.2. EN-689:2018 Standard Application

EN-689:2018 provided guidelines for an accurate sampling process [43]. A group of
employees exposed to a chemical agent at a similar level while carrying out their duties
is known as an SEG (similar exposure group). The goal of the standard is to ascertain
whether work in a similar exposure group SEG is consistent with the OELV created for jobs
requiring chemical agent exposure.

In this instance, the SEG is the workers who conduct their work in the area with
metallurgical plant demolition debris. The degree of exposure is determined by the average
concentration of Hg in the atmosphere over eight hours. The chemical agent is gaseous Hg,
with an established OELV of 20,000 ng/m3.

The standard specifies that measurements of exposure to the chemical agent must be
conducted to ascertain whether the work is compatible with or adheres to that OELV. The
standard allows carrying out only three exposure measurements when exposure is less
than 10%, four measurements when exposure is less than 15% or five when exposure is less
than 20% of the OELV. However, it is necessary that a minimum of 6 measurements and a
statistical analysis must be undertaken when the exposure is anticipated to be greater than
20% of the OELV; this case must be applied to the analysis in this situation. According to the
guideline, a measurement must monitor the exposure for a minimum of 2 h to accurately
represent an entire 8 h day. The weighted average concentration of Hg gas Ck acquired
from the Hg gas measurements at a specific site for two hours is considered one sample,
assuming there are n samples.

For each sample, the probability pk that the concentration is less than that of the
sample Ck is calculated:

pk =
k − 3

8

n + 1
4

. (3)

On a log-probability paper, the observed exposure Ck values are organised in ascend-
ing order and plotted on the horizontal axis against the corresponding probabilities pk on
the vertical axis. These findings are distributed lognormally, as evidenced by the solid fit
for the straight line [43].

6
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These data must be transformed into the geometric mean GM and geometric standard
deviation GSD using the following formula:

ln(GM.) =
∑n

1 ln(Ck)

n
→ GM = exp

(
∑n

1 ln(Ck)

n

)
, (4)

ln(GSD) =

√
∑n

1 (ln(Ck)− ln(GM.))2

n − 1
→ GSD = exp

⎛⎝√
∑n

1 (ln(Ck)− ln(GM.))2

n − 1

⎞⎠. (5)

This test compares the 95th percentile distribution of the results with the 70% upper
confidence limit (UCL). Geometric mean (GM) and standard deviation (GSD) determine
UCL. Then, the variable UR is calculated:

UR =
ln(OELV)− ln(GM.)

ln(GSD)
. (6)

The UT variable, tabulated under n (Table 1), must be used to verify the UR value.
If UR ≥ UT, then the conclusion is compliant with the OELV.
If UR < UT, then the conclusion is non-compliant with OELV.

Table 1. UT variable tabulation according to UNE-EN-689:2018 standard.

n UT n UT n UT n UT n UT

6 2.187 11 1.981 16 1.905 21 1.863 26 1.836
7 2.12 12 1.961 17 1.895 22 1.857 27 1.832
8 2.072 13 1.944 18 1.886 23 1.851 28 1.828
9 2.035 14 1.929 19 1.878 24 1.846 29 1.824

10 2.005 15 1.917 20 1.870 25 1.841 30 1.820

Statistical analysis results can be used to decide the interval from the initial compliance
test before periodic measurements. Assuming that the results indicate that the SEG complies
with a fraction j of the OELV, the procedure is as follows. First, we need to calculate the
value of j and then the interval T (months):

j = exp(UT ln(GSD) + ln(GM)− ln(OELV)). (7)

• If j < 0.25, then T = 36 months.
• If 0.25 < j < 0.5, then T = 30 months.
• If j > 0.5, then T = 24 months.

Nevertheless, as demonstrated later, this procedure cannot be applied in the case study.

2.3. Biological Markers

Mercury is present in the body in three different forms. The first is as a pure element,
without combining (“elemental mercury”), the second is by forming salts or inorganic
compounds such as chlorides, sulfides, sulfates, and nitrates (“inorganic mercury”), and
the third is by combination with Carbon to form organic compounds such as methylmer-
cury (“organic mercury”). A study performed in Asturias in 2013 [44] showed that the
relationship between inorganic Hg and total Hg in the blood is, on average, 50–55%.

Biological marker and regulated biological marker levels are fundamental tools in
the control of worker health. In Spain, the legally accepted biological markers are the
concentration of total inorganic Hg in blood CHg-B (μg/L) and the concentration of total
inorganic Hg in urine related to creatinine CHg-U (μg/g). The limit values established by
the National Institute for working safety and health (Instituto Nacional de Seguridad y
Salud en el Trabajo, INSST) are recorded in Table 2.
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Table 2. Biological mercury levels according to INSST [45].

Fluid Biological Indicator Moment of Sampling Year of Update

Urine Total inorganic mercury
30 μg/gcreatinine Before working hours 2013

Blood Total inorganic mercury
10 μg/L End of the workweek 2013

Drake et al. [46] state, using data from workers exposed to mercury in gold mining
operations, that creatinine is present in a concentration between 0.5 and 3 g per litre of
urine. On the other hand, standard medical information shows that a typical value for
creatinine production per day is between 14 and 26 mg/day of creatinine per kg of body
mass. Taking the average of 20 mg/day × kg and assuming a 75 kg worker drinks 1.5 L of
water daily, we obtain 20 × 75/1.5 = 1000 mg/L = 1 g/L, that is, 1 g of creatinine per litre
of urine. Therefore, regarding average workers, the expression CHg-U (μg/gCre) ≈ CHg-U
(μg/L) can be used, and the limit for Hg in the urine of 30 μg/gCre is equivalent to the
limit of 30 μg/L.

Due to data protection issues, this work does not include any actual results related to
biological markers. However, estimating the value of biological markers is very useful in
the planning phase, and this is included in the work protocol. The extensive experience
obtained in the Almadén mines, Spain, over hundreds of years of mercury exploitation is
used for this.

Regarding the relationship between the concentration of Hg in urine and Hg in the
work environment, Español Cano [47], citing the WHO, said that there is a proportionality
between the inorganic Hg concentration in urine CHg-U (μg/L) and the Hg concentration
in the air CHg-A (μg/m3).

CHgU = k CHg-A, (8)

where the proportionality factor k takes the value 0.7, which is in accordance with the results
of other researchers, although the value of k is slightly different. For example, Yoshida [31]
provided data from which it can be deduced that the concentration of inorganic Hg in urine
CHg-U is a function of individual exposure, weighted in time CHg-A with the coefficient
k = 0.13. In the same way, from the data of Iden et al. [48], in a study among workers of a
fluorescent lamp factory, the proportional factor is 0.11. Then, we can assume an average
value of k = 0.10 and, using the units ng/m3 for the concentration in the air, for inorganic
mercury, we obtain:

CHg-U = 0.0010 CHg-A. (9)

Drake et al. [46] proposed a linear relationship between neper logarithms ln(CHg-U)
and ln(CHg-A), useful even for very high Hg concentration in the environment. In the range
from 5000 to 60,000 ng/m3, both Equations (8) and (9) provide similar results, and both can
be used as an approach.

On the other hand, some authors have found a relationship between Hg in urine
and Hg in blood. The works of Almadén, Español Cano [47] and Tejero Manzanares [49]
established the relationship between the concentrations of inorganic Hg in urine CHg-U and
in blood CHg-B (both in μg/L):

CHg-U =
1
30

(
CHg−B

)2
+ 1.75 CHg-B, (10)

from which follows

CHg-B =
−1.75 +

√
1.752 + 4 CHg-U

2
. (11)
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According to Español Cano [47] citing the WHO, there were no specific symptoms
below 35 μg/L mercury in the blood (when ambient concentration is about 0.050 mg/m3

or 50,000 ng/m3). As seen, the legal limit for Hg blood concentration is 10 μg/L.
In a study by Yoshida [31] with a sample of workers in a mercury thermometer factory,

the relationship between the concentrations of inorganic Hg in urine CHg-U and blood
CHg-B (both in nmol/L) was

CHg-U ≈ 3.0 CHg-B. (12)

When the exposure is below 100 μg/m3, it fits with Almadén ambient mercury con-
centration values of less than 100 μg/m3, which implies blood concentration values below
400 nmol/L or 80 μg/L (80 micrograms of inorganic Hg per litre of blood). In this case, the
following formula can be used:

CHg-B ≈ 0.3 CHg-U. (13)

A very relevant topic is the frequency of biomonitoring controls. Some references can
be found in the literature related to mining. A typical one is related to very hard working
conditions in mercury mining. For example, Kobal and Dizdarevic [50] described that the
miners’ biomonitoring in 1997 was performed every month. There are also some references
related to gold mining operations, such those of as Drake et al. [46] or Ramírez [51]; in both
cases, the recommendation is to control the biomarkers every six months.

Related to the chlor-alkali industry, Lovejoy and Bell [52], in the year 1973, recom-
mended urine analysis every four months, assuming Hg concentration in urine between
100 and 250 μg/L, increasing the frequency if the concentration increases. More recently, in
2010, Euro Chlor [53] recommended a frequency of sampling urinary mercury concentra-
tion of 2 controls/year (every six months) when it is under 20 μg/g creatinine and higher
than 4 controls/year (every three months) when it is higher than this value.

Manson [54] analysed different industries in the UK. They recommended a urinary
sampling interval for urinary Hg between 1 and 3 months, consistent with the reported
toxicokinetics of Hg excretion, according to the medical guidance from the Health and
Safety Executive on Hg Exposure MS 12 (1996) [54].

Another practical empirical law is the decrease along the time of the urinary Hg
concentration after cessation of exposure. After mercury exposure, Hg in the body decreases.
Starting from the initial concentration of Hg in urine CHg-U(0), that is, the one it has when
exposure ceases, the concentration CHg-U(t) can be estimated after a time t (days) using the
following Ellingesen [55] expression:

CHg-U(t) = CHg-U(0)× 10−β t. (14)

The analysis of several independent individuals provides a mean value β = 0.0046.
This formula allows determining the concentration in urine that will be present when
workers exposed to mercury return to work after a break of t days CHg-U(t), if, at the time
the holiday began, the concentration was CHg-U(0). On the other hand, taking a limit for
CHg-U =30 μg/L also allows for estimating the total rehabilitation time, that is, the time
necessary to eliminate Hg from the body.

Finally, it is interesting to comment on Hg concentration in hair. As many authors have
already verified [47], the determination of mercury concentration in hair is not suitable for
controlling occupational exposure due to external contamination and because mercury can
stably bind to the -SH groups of keratin. In addition, hair analysis provides the value of
mercury accumulated over several weeks or even months, not from day to day. However,
carrying out Hg measurements in hair can be very useful since they can be conducted with
the same environmental control equipment, faster than urine or blood analysis.

The concentration of Hg in hair is not a biological marker accepted by the authorities;
nevertheless, it is interesting to observe relationships between Hg in hair and blood or
urine. Español Cano [47] points out that a linear correlation has been established between
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the levels of mercury in hair CHg-H and the total mercury in blood CHg-B, with relationships
varying from 300 to 500. According to Diez et al. [56], citing Phelps et al. [23] and the
World Health Organisation (WHO), the Hg ratio in hair to total Hg in the blood is 250 to 1.
Assuming a blood density of 1.06 kg/L, there are

CHg-B ≈ 4 CHg-H, (15)

where CHg-B is in μg/L, and CHg-H is in mg/kg (or what is the same ppm).
After Packull-McCormick et al. [57], using the 250:1 ratio derived by the World Health

Organisation to estimate blood mercury concentrations from hair mercury concentrations
substantially overestimates blood mercury concentrations. However, geometric mean
site-specific hair-to-blood mercury ratios can estimate central tendency measures for blood
mercury concentrations from hair mercury concentrations at a population level.

Diez et al. [56] cited Harada et al. [58] to establish a limit of 10 ppm for the concentra-
tion of Hg in hair in workers exposed to Hg. The WHO sets no specific symptoms below
35 μg/L in the blood (ambient concentrations of 0.050 mg/m3 or 50,000 ng/m3). As can be
seen, there is consistency with the limits since 10 ppm in hair corresponds to approximately
40 μg/L, which is of the same order.

3. Results and Discussion

3.1. Results in Areas with Demolition Debris from the Metallurgical Plant Building

There are two areas where demolition debris accumulates:

• Point 10: area with demolition debris in its original location;
• Point 23: area with demolition rubble covered with slag and ash (next to the previous

one).

In previous studies, the following conclusion was reached: the demolition rubble from
the metallurgical plant, point 10, behaved as an emitting source. At this point, the emissions
of Hg gas and its concentration in the air strongly depended on the temperature. With
temperatures around 30 ◦C, the average Hg gas concentration in the rubble air reached
almost 60,000 ng/m3. Figure 5 shows the rubble area and a Hg gas record obtained at
15.5 ◦C; the average concentration reached 13,680 ng/m3.

  

Figure 5. The area at point 10 and a record of Hg gas concentration.

One of the tasks to be carried out in the project is to use industrial waste (blast furnace
slag and coal ashes) to improve the environment of the old mining–metallurgical facilities.
For this reason, a large part of the demolition rubble was covered with slag and ashes,
creating a new work zone named point 23.

A photo of the new area is shown in Figure 6. It is verified that the layer of slag and ash
stops the emission of the rubble that is covered. For this reason, the area begins behaving
like other surrounding points in which the Hg gas concentration in the air results from the
dispersion of Hg gas from the rubble that remains uncovered. Figure 6 shows a record of
the monitoring of gaseous Hg at point 23 on the same day. With a temperature of 15.5 ◦C,
the average concentration of Hg in the air is only 814 ng/m3 (less than 10% of the OELV),
utterly different from point 10 previously analysed.

10



Buildings 2023, 13, 1310

  

Figure 6. The area at point 23 and a record of Hg gas concentration.

Table 3 and Figure 7 summarise the analysis for points 10 and 23. In the case of point
10, it is seen that the concentration of gaseous Hg increases with temperature, following
the same exponential pattern previously determined by Rodríguez et al. [38]. Since this
is the critical point of the site, 24 measurement campaigns were carried out in different
temperature conditions, and in all cases, the 20% OELV (4000 ng/m3) was exceeded.
Therefore, to determine under which requirements works can be carried out in point
10 following EN-689:2018, a complete statistical analysis must be carried out (see the
next section).

Table 3. Measurements in points 10 and 23.

Point 10 Point 23
Temp. (◦C) C10 (ng/m3) Temp. (◦C) C23 (ng/m3)

3 8505 16.2 2394
4 7420 15.5 814

13.2 9915 22 445
11.1 12,738 19.2 641
11.5 11,195 28 3912
8.1 10,800 30 3317

21.2 35,883 22 1383
14.5 14,481 - -
23 31,404 - -
14 13,680 - -

15.5 13,570 - -
15.8 17,000 - -
17.6 15,805 - -
22 19,606 - -

22.5 16,600 - -
19.2 17,315 - -
21.1 22,323 - -
30 52,313 - -

30.6 44,308 - -
28 48,334 - -
30 53,095 - -
22 32,327 - -

27.4 56,746 - -
20 10,082 - -
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Figure 7. Gaseous Hg concentration at point 10 (A) and point 23 (B), current (red) and previous
measurements (blue).

Figure 7A shows that below 20 ◦C, the average readings are below the OELV
(20,000 ng/m3). Likewise, it is observed that above 25 ◦C, the temperatures are higher than
the OELV. However, there is a range of temperatures between 20 ◦C and 25 ◦C in which it
can be above or below, and we believe that the explanation for this is related to the weather.

Temperatures around 30 ◦C are relatively infrequent in Asturias and occur with very
stable conditions, with clear skies and no wind. The high solar radiation favours the
emission of Hg gas, and the absence of wind prevents its dispersion, thus increasing its
concentration in the air. The same happens with the coldest days in Asturias, less than
5 ◦C, and typical winter days with clear skies that favour frost and little wind. However, in
the more normal temperature range of 10 ◦C to 15 ◦C, rain, wind, clouds, or clearings may
cause Hg gas emission to fluctuate.

Wind influence is evident. With temperatures around 20 ◦C and more or less stable
conditions, concentrations around 20,000 ng/m3 have been found. However, on one day
with a temperature of 20 ◦C but with strong gusts of wind, the concentration drastically
dropped to 10,000 ng/m3.

It should be noted that the work with the rubble was always carried out at temper-
atures below 15 ◦C, in conditions compatible with the regulations. The measurements
obtained with temperatures above 15 ◦C were recorded in the absence of any other work and
only to determine how the temperature influenced the Hg gas concentration. For the mea-
surements carried out with very high concentrations (always less than 60,000 ng/m3), the
presence of personnel was reduced to about 2–3 min that it took to place the measurement
equipment on top of the rubble (always less than the 15 min allowed by the legislation).

Another critical aspect, typical in underground coal mining, is that no worker carries
out a task alone in this area; to work in this area, there must be at least two workers together.

At point 23, it is verified that with temperatures around 20 ◦C, the concentration of
gaseous Hg in the environment is moderate, similar to other site points. Therefore, five
measurements were carried out to analyse the exposure to gaseous mercury. All of them
were below 15% of the OELV, showing that the work at point 23, on the rubble covered with
ash and slag, is compatible with the mercury legislation on air, and it is up to temperatures
of the order of 20 ◦C.

Since work on the rubble was never carried out at temperatures above 15 ◦C, the
standard does not impose more samples to be carried out to analyse the OELV limit.
However, two more measurements were conducted to see the effect of slag and ash,
reducing and even eliminating gaseous mercury emissions at the highest temperatures in
Asturias (around 30 ◦C).

In conclusion, the concentration of gaseous Hg dropped drastically after covering the
rubble with slag and ashes. It should be noted that covering the contaminated material is
an effective safety measure for protecting workers.
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3.2. Application of the EN-689:2018 Standard and Development of a Risk Prevention Criterion

As previously stated, to determine under what conditions work can be carried out in
point 10 following the EN-689:2018 standard, the statistical analysis defined in the same
standard must be carried out.

There are 24 samples of Hg gas in the air in the area of demolition debris Ck = C10
(ng/m3) taken in the temperature range 5 ◦C to 30 ◦C. A first statistical analysis of all
of them already provides precious information. Following the standard, the graph of
Figure 8A is represented, which indicates that conditions cannot be considered homo-
geneous in the temperature range of 5 ◦C to 30 ◦C. The calculation of the parameters
UR = 0.028 < UT = 1.846 shows no compliance with the OELV.

  

Figure 8. Analysis of the log-normal distribution for the ranges 5–30 ◦C (A) and 5–15 ◦C (B).

It is also noted that the graph indicates that there are different sets of conditions
or trends and that temperature may be the critical variable that defines the difference
between them. Up to Ck ≈ 14,000 ng/m3, a line representing more or less homogeneous
conditions can be fitted. However, the data do not follow that trend from that concentration,
which could indicate other situations. The concentration of 14,000 ng/m3 is reached at
temperatures around 15 ◦C. Therefore, homogeneous working conditions could be working
at temperatures below 15 ◦C.

Repeating the analysis with the nine data obtained in approximate conditions with
θ < 15 ◦C and Ck < 14,000 ng/m3, we see that they conform to a log-normal distribution
(Figure 8B) with a correlation coefficient r2 = 0.94. The calculation of the parameters
UR = 2.562 > UT = 2.035 indicates compliance with the OELV. The work of 8 h/day and
40 h/week follows the OELV = 20,000 ng/m3.

On the other hand, the calculation provides j = 0.89, meaning that the period until
a new reassessment should be T = 24 months. However, the dependence of the mercury
concentration on the ambient temperature makes the working conditions change quickly,
and then this interval must be diminished. Due to this, the calculation of T based on j will
not be carried out in the following.

It is clear that when Ck > OELV = 20,000 ng/m3, the conditions for working 8 h/day
and 40 h/week are not met. As seen in Figure 7A, this concentration is reached at 20 ◦C;
below that temperature, the concentration is always lower than the OELV.

It is necessary to analyse the conditions with temperatures between 15 ◦C and 20 ◦C to
check for limitations. Using the six available data obtained between 15.5 ◦C and 21.1 ◦C, it is
concluded that in this temperature range, there is no compliance with the OELV. Therefore,
working 8 h/day and 40 h/week is unacceptable regarding occupational mercury limits. In
addition, there is also no conformity if the six available data are used with temperatures
between 14.5 ◦C and 20 ◦C. This is because, as we choose a range closer to 20 ◦C, the
concentration becomes closer to the OELV, and non-conformance is more likely than at
lower temperatures. The solution to this problem is to limit the number of working hours
per day so that the equivalent dose is less than the OELV.
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Let us assume that 6 h are worked every day at point 10, 1 h at point 3 (we assume a
concentration of C3 = 1000 ng/m3) and 1 h at point 7 (C7 = 4000 ng/m3). If Ck1 . . . Ck6 are
the six values used for the analysis, assuming that 8 h are worked, the new representative
values to carry out the analysis are

C′
ki =

6 × Cki + 1 × 1000 + 1 × 4000
8

. (16)

If the six values are taken between 14.5 ◦C and 20 ◦C, it can be found that there is
compliance with the OELV (UR = 2.940 > UT = 2.187). However, if the six representative
points are taken between 15.5 ◦C and 21.1 ◦C, working 6 h per day is not possible, even if
the remaining two hours are rested at point 3. In this case, the values to be used are

C′
ki =

6 × Cki + 2 × 1000
8

. (17)

The analysis result is UR = 1.978 < UT = 2.187; that is, there is no compliance with
the OELV.

Only if we reduce the number of working hours in point 10 to 5 is compliance fulfilled,
even assuming that the remaining three hours are worked in point 7 (C7 = 4000 ng/m3):

C′
ki =

5 × Cki + 3 × 4000
8

. (18)

Figure 9A represents the log-normal distribution for this case. The calculation provides
UR = 2.502 > UT = 2.187, which means compliance with the OELV = 20,000 ng/m3.

  

Figure 9. Analysis of the log-normal distribution for the ranges 15 ◦C to 20 ◦C (A) and 20 ◦C to 25 ◦C (B).

Therefore, the best solution to be able to carry out work at point 10 when the tempera-
ture is between 15 ◦C and 20 ◦C is to limit the work at that point to only 5 h/day, with a
possiobility to carry out work at any other point in the remaining three hours.

The analysis can now be repeated in the interval of 20 ◦C to 25 ◦C. In that interval, the
concentration fluctuations can be huge; thus, the six available data vary between 16,600
and 35,883 ng/m3.

Repeating the previous analysis, it is found that, with temperatures between 20 ◦C
and 25 ◦C, at point 10, work can be carried out for up to a maximum of 3 h, provided that
the remaining 5 h were worked at points with a concentration of less than 2000 ng/m3

(points 4 or 21). The values to be used are calculated as follows:

C′
ki =

3 × Cki + 5 × 2000
8

. (19)

The log-normal distribution is depicted in Figure 9B. Considering that UR = 2.245 >
UT = 2.187, it is concluded that there is compliance with the OELV = 20,000 ng/m3.

Based on the results of the previous analysis, it is possible to define a Risk Prevention
Criterion that appears in Table 4. Three work scenarios are defined with which the classic
green–orange–red colours are associated.
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Table 4. Risk prevention criterion for exposure to Hg according to the EN-689:2018 standard.

Hg Gas
Concentration
on the Rubble

C10 (ng/m3)

Scenario

Hg Gas
Concentra-

tion Ranges
C10 (ng/m3)

Temperature
Ranges
θ (◦C)

Permissible
Working Time

EN689
Standard
(h/day)

Working
Time

Assumed in
the Protocol

(h/day)

Hg Gas
Monitoring

Interval

Additional
Measures

≤10,000 Green
5000–7500 0–5 ◦C 8 6 * 1 month No

7500–10,000 5–10 ◦C 8 6 * 1 month No

10,000–20,000 Orange
10,000–
15,000 10–15 ◦C 8 6 * 1 month No

15,000–
20,000 15–20 ◦C 5 5 2 weeks Recommended

≥20,000 Red
20,000–
40,000 20–25 ◦C 3 3 2 weeks Recommended

40,000–
60,000 25–30 ◦C 1 ** 1 ** Continuous Necessary

(*) 1 h breaks are mandatory after 2 h work for using specific Hg gas masks; (**) 1 h distributed into 4 periods of
15 min/h for 4 h.

The green stage occurs when the Hg concentration is below 10,000 ng/m3 (typically
with the temperature below 10 ◦C). In this case, working in the demolition rubble area
for 8 h/day (standard shift) is possible. However, it must be said that gas semi-masks are
always used at work, and the authority recommends a 0.5 h break after continuous work
for 1 h (although due to operational reasons, in our case, a 1 h break is adopted after 2 h
of continuous working). Therefore, even if the conditions are favourable, the maximum
number of working hours per day is 6 h/day.

The orange scenario is defined in the Hg concentration range of 10,000 to 20,000 ng/m3

(temperature range of 10 ◦C to 20 ◦C). If it can be ensured that the Hg in the air is below
15,000 ng/m3, the considerations of the green procedure are valid. However, if the Hg
concentration exceeds 15,000 ng/m3 (typically above 15 ◦C), the maximum working hours
are 5 h daily. Considering it is possible to work 6 h/day in the most favourable conditions,
the orange scenario does not represent a drastic change in routine work.

Above 20,000 ng/m3 (typically above 20 ◦C), we enter the red stage. Some work in
rubble areas is allowed only in the range of 20,000 to 40,000 ng/m3 (20 ◦C to 25 ◦C), but
with some extreme restrictions since it is not possible to work more than 3 h/day. From
above 40,000 ng/m3 (typically above 25 ◦C), work with demolition rubble is prohibited
without taking additional measures. Only particular jobs (such as sampling) could be
carried out with a maximum of 1 h/day, distributed into four periods of 15 min/hour for
4 h.

Work with temperatures between 20 ◦C and 25 ◦C, with concentrations that could
reach 40,000 ng/m3, represents the worst conditions in which practical work can be carried
out following the legislation. The limitation to 3 h/day of work, or 60 h/month, is the
same order as the 48 h/month of normal conditions in Spanish mercury mining, with
average concentrations of 121,000 ng/m3 [47]. It is seen that this criterion follows the
experience in the mercury mines, although, by the requirement of the legislation, it is even
more conservative.

This risk prevention criterion has the advantage of being simple and mnemonic: the
mercury concentrations in the environment at typical working temperatures, 10 ◦C, 15 ◦C
and 20 ◦C, are 10,000, 15,000 and 20,000 ng/m3, respectively.

Finally, from all of the above, it is deduced that a fundamental variable, temperature,
deterministically controls gaseous Hg emissions. For this reason, setting a temperature
range is equivalent to defining homogeneous working conditions. The fluctuations in the
concentration of Hg gas within that temperature range would be determined by other
variables related to the climate, such as wind, solar radiation or rain.
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It must be kept in mind that the work has to be planned and carried out according
to the Hg gaseous concentration. The temperature variable allows the quick estimate of
the Hg concentration and decision on the work during the planning and execution phases.
Nevertheless, if continuous monitoring enables us to determine that the Hg concentration
is less than 10,000 ng/m3, the work could be carried out according to the green scenario,
although the temperature is higher than 10 ◦C. It can occur, for example, if the strong wind
makes the concentration under the expected Hg concentration for this temperature.

Respecting the frequency of the monitoring of Hg in the air, we must remember that
at our latitude, the temperature can be over 15 ◦C in any period of the year, even during
the winter. Consequently, the works for the next days must be planned based on the
Spanish Meteorological Agency’s (AEMET) forecast. Simultaneously, it is recommended to
carry out control monitoring every month, according to Spanish Mercury Technological
Center [59]. It is also recommended to diminish the interval to 2 weeks with medium and
high temperatures.

When the temperature is over 15 ◦C, additional measures can be recommended,
especially if we want to increase the working time to 6 h. Some are not expensive or
difficult to implement, such as covering the contaminated rubble (in our case, with ash and
slag), using a long-arm excavator that allows the driver to be far from the rubble, and using
a full mask with HgP3 filters instead of a semi mask with HgP3 filters, etc. In the case of
taking measures that diminish the concentrations of Hg in the working place, the working
time could be increased.

The Spanish law does not define the frequency of the workers’ biomonitoring, and the
law only requires that all workers must be checked at least once a year. For specific risks, the
number of biomonitoring controls must be defined by the company’s occupational health
service physician after assessing the workplace risks. The Mercury Technological Center
has established for its employees who work in exposed places to carry out urine analysis
every month and blood analysis every 3 months, which can be taken as a first reference.

3.3. Analysis of the Actual Work with the Demolition Rubble of the Metallurgical Plant

As can be deduced from the previous analyses, from the point of view of worker health
and safety, the work with demolition rubble is the most critical. It requires careful planning
and strict onsite control measures. Typically, only three operators work, and in some cases
four (Table 5). External personnel only participate in placing the HDPE waterproof sheet
(another four people), although they only work one day. Several illustrative photographs
of these tasks are shown in Figures 10–12.

Table 5. Tasks carried out in the rubble area (point 10 and surroundings).

Task Work to Be Carried Out Plant Machinery
Number of

Workers

1 Debris removal, demolition of benches and scaling the work area Backhoe, excavator with a hydraulic hammer, diesel
generator with irrigation equipment 3

2 Recessing and spreading of the concrete slab Backhoe, concrete tank, diesel generator, compressor 3
3 Construction of perimeter retaining wall and placement of drainage pipe Backhoe, diesel generator, compressor, concrete mixer 4

4 Waterproofing with HDPE sheet Backhoe, diesel generator, compressor, HDPE
welding equipment 3 (+4)

5 Application slag surface layer on an HDPE sheet Backhoe, track chain excavator, tipper truck 3
6 Filling of the treatment area with demolition rubble Backhoe, track chain excavator 3
7 Filling of the treatment area with furnace slag Backhoe, track chain excavator, tipper truck 3
8 Ash coating Backhoe, track chain excavator, tipper truck 3

Figure 10 (left) shows the development of task 1, where the rubble is removed with
a backhoe excavator to carry out task 2, building a concrete slab, Figure 10 (right). The
photograph of Figure 10 (right) shows the personal protective equipment used by the
workers. In addition to the standard personal protective equipment PPE (hard hat, safety
boots), the specific protection necessary to work in the area can be seen: integral protection
cover, gloves protecting against chemical risks, safety glasses and a half mask filtering
gases and mercury vapours HgP3.
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Figure 10. (Left): task 1 (debris removal); (Right): task 2 (concrete slab construction).

Figure 11 (left) shows the perimeter wall construction, and Figure 11 (right) shows
the placement of the HDPE sheet. It is the task that requires the most personnel. Firstly,
the Hg gaseous concentration meter in the environment is part of the real-time monitoring
frequently carried out as a control measure on site.

  

Figure 11. (Left): task 3 (perimeter wall construction); (Right): task 4 (HDPE sheet placement).

Figure 12 (left) illustrates task 6 of filling with demolition rubble, and the same
Figure 12 (right) shows the work of tasks 5, 7 and 8 of filling with by-products (slag and
ashes transported in tip trucks).

  

Figure 12. (Left): task 6 (excavator in rubble), (Right): tasks 7, 8 (dump truck).

As seen below, the knowledge provided by the previous studies makes it possible to
carry out the planning and control of the work systematically and relatively simply. The
procedure for planning the work with the rubble (point 10) is as follows:

• The dates on which the work will be carried out are defined.
• The temperature θ (◦C) is defined with the average monthly value of the last 10 years

according to the Spanish Agency for Meteorology (Agencia Española de Meteo-
rología, AEMET).

• The allowed work period nmax = 6 h/day is established as a first approximation.
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• The concentration at point 10 and the concentration at other alternative points are
estimated (for simplicity, it is assumed that they are at least 50 m from point 10):

Cmax = C10 = 6759 e0.0704 θ, (20)

Ci = C(50) = 2550 e0.0704 θ

(
10
50

)
. (21)

• The weighted average exposure to gaseous Hg in an 8 h workday is estimated as

Ceq =
nmaxC10 + (8 − nmax) Ci

8
. (22)

• The average concentration of inorganic Hg in urine and blood is estimated:

CHg-U = 0.001 Ceq, (23)

CHg-B =
−1.75 +

√
1.752 + 4 CHg-U

2
. (24)

• It is checked if the Ceq weighted average exposure is in accordance with the
OELV = 20,000 ng/m3.

• The concentrations in urine CHg-U and blood CHg-B are compared with the OELV
30 μg/L and 10 μg/L.

Table 6 summarises the calculations. In all cases, the control variables are below the
OELV limits imposed by the legislation; the work planned this way would follow the
legislation.

Table 6. Analysis of the work to be carried out in the planning phase.

Task Year Month
Temp.
(◦C)

Working
Hours
(h/day)

C10

(ng/m3)
Ci

(ng/m3)

Ceq

(ng/m3)

CHg-U

(μg/L)
CHg-B

(μg/L)
Ceq/20,000 CHg-U/30 CHg-B/10

1 1 October 14.8 6 19,159 1446 14,731 14.7 3.1 0.74 0.49 0.31
2 2 February 8.1 6 11,955 902 9191 9.2 2.3 0.46 0.31 0.23
3 2 February 8.1 6 11,955 902 9191 9.2 2.3 0.46 0.31 0.23
4 2 March 9.7 6 13,380 1010 10,287 10.3 2.4 0.51 0.34 0.24
5 2 October 14.8 6 19,159 1446 14,731 14.7 3.1 0.74 0.49 0.31
6 2 October 14.8 6 19,159 1446 14,731 14.7 3.1 0.74 0.49 0.31
7 3 February 8.1 6 11,955 902 9191 9.2 2.3 0.46 0.31 0.23
8 3 February 8.1 6 11,955 902 9191 9.2 2.3 0.46 0.31 0.23

On the other hand, using the same procedure described, a work control can be carried
out simultaneously with the development of the works or retrospective analysis of the
work once completed, verifying that the safety and health parameters are met.

In the actual case of the SUBproducts4LIFE project, the work was carried out in two
phases. The first half of the initial area was worked on, and then the other half, so the
tasks were repeated, and their number increased. Part of the monitoring and control of
Hg gas was carried out while the work was carried out, although it is now presented as a
retrospective analysis. In this case, the data used are the real data, and the risk prevention
criteria were used as a guide since they were defined with the legal OELV values of the
INSST measuring the mercury in the air according to the EN-689:2018 standard. This
demonstrates that the work is compatible with that OELV.

The process was the following:

• The best months to work were chosen: those in which the average temperature is below
15 ◦C according to the prevention criteria (in Asturias, all except those in summer,
June, July, August and September).
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• The daily temperature was recorded, or the average daily temperature in the area
provided by the meteorological services (AEMET) was used. The graph of Figure 13A
shows the daily variation of the real temperature, as well as the average temperature
of the period.

• The allowed work time was established according to the prevention criteria:
nmax = 6 h/day as the temperature is always θ < 15 ◦C.

• The concentration in point 10 was estimated based on the prevention criteria. In
Figure 13B, it is seen that also the curve of the empirical model (dotted) could be used
to define the concentration at point 10 at a given temperature; however, as said, it
is easier to use the concentration specified by the risk prevention criteria (solid line)
according to EN-689:2018.

• The equivalent exposure Ceq was calculated assuming that, with the regulatory breaks,
6 h/day was spent at point 10, 1 h/day at point 3 and 1 h/day at point 7 (the most
unfavourable work point). Assuming C3 ≤ 1000 ng/m3 and C7 ≤ 4000 ng/m3, the
weighted average exposure to gaseous Hg in an 8 h shift was estimated.

Ceq =
6 Ceq + C3 + C7

8
. (25)

  

Figure 13. (A): Daily temperature (dotted line) and the average for each period (continuous line).
(B): Estimation of the concentration with the empirical model (dotted line) and with the risk preven-
tion criterion (continuous line).

It was checked whether the Ceq weighted average exposure was in accordance with
the OELV = 20,000 ng/m3.

Table 7 shows the results. In addition to the indicated data, those significant periods
without work concerning the body’s capacity to eliminate Hg were also noted. The general
result is that the average exposure of a worker is approximately 50% of the OELV maximum
permitted dose, so it must be concluded that the work was carried out in conditions in
compliance with the legal limits.
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Table 7. Retrospective analysis of the work performed.

Phase Task Year Month
Duration

(Days)
Days between

Works
Temp.
(◦C)

Working Hours
(h/day)

C10

(ng/m3)

Ceq

(ng/m3)
Ceq/OELV

1 1 1 October 11 104 12.8 6 15,000 11,875 0.59
1 2 2 February 5 - 8.1 5, 5 10,000 8125 0.41
1 3 2 February 5 - 11.1 6 15,000 11,875 0.59
1 4 2 March 11 >365 10.1 5, 5 10,000 8125 0.41
1 5 2 October 2 - 11.8 6 15,000 11,875 0.59
1 6 2 October 3 - 13.1 6 15,000 11,875 0.59
2 1 3 November 12 36 8.5 6 10,000 8125 0.41
2 3 3 December 3 - 7.1 6 10,000 8125 0.41
2 2 3 December 4 - 14.2 6 15,000 11,875 0.59
2 4 3 December 3 42 14.0 6 15,000 11,875 0.59
2 5 4 February 3 - 7.5 6 10,000 8125 0.41
2 6 4 February 3 - 8.5 6 10,000 8125 0.41

1/2 7 4 February 5 - 9.4 4 10,000 8125 0.41
1/2 8 4 February 5 >365 9.7 6 10,000 8125 0.41

It must be said that the calculation carried out is conservative, since it is considered
that all the tasks carried out involve the handling of the rubble, which is not true. The
tasks related to the construction of the walls, the concreting of the floor, etc., were carried
out at the limits of the rubble zone, where the concentration drops to half. On the other
hand, it is assumed that working with rubble implies being on the rubble 100% of the
time, something that is not true; some of the work can be conducted near the debris
boundary where concentrations are already half those in the centre. In addition, it is
assumed that no measure is carried out to diminish the Hg gaseous emission, which is
also conservative. If necessary, covering the rubble with subproducts diminishes the Hg
concentration, significantly improving the working conditions.

As can be deduced from Table 6, the work should be carried out during different
months over 1.5 years. Nevertheless, due to a significant delay in obtaining permits from
authorities and mainly due to the COVID-19 pandemic, the work was carried out for
2.5 years, as shown in Table 7. This means that there were short periods of continuous
working (maximum 16 days) and long periods without working, which is very positive
from a health and safety point of view.

Regarding controlling worker health based on biological markers, the results are
not available for the actual case. Therefore, they were not included in the retrospective
analysis. As the number of workers involved is minimal, the anonymity required by the
data protection law cannot be guaranteed, which is why it was left out of the scope of
this study.

The work in mining tailings contaminated by metals, specifically by Hg, is very topical
because administrations must restore decommissioning mining facilities and industrial
buildings highly contaminated with mercury. In addition, nowadays, tailings are an
emerging market opportunity.

In this context, all research aimed at the health and safety of workers is very important,
so having a replicable methodology is very useful.

On the other hand, the information is sensitive, and companies are not inclined to
publish the results. The results of our work, with valuable field data and a new perspective,
could benefit other engineers and/or technicians in charge of Health and Safety working in
highly contaminated areas.

The work conducted above was to illustrate or provide an example of how the method-
ology is used at two different and very interesting moments in any project:

(a) During planning (prediction);
(b) After executing the jobs (back-analysis).

To be sure that predictions can be offered and used during planning, it is important to
demonstrate the causal relationship between the variables evolved.
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The fact that the actual final results are similar to those predicted is a consequence of
several underlying causal phenomena: the physical law that determines the temperature as
a function of the time of year, the physical law that defines the Hg emission as a function of
the temperature and the rules that determine the concentration of Hg in blood and urine
in a person who breathes air in which there is gaseous Hg. Based on underlying physical
laws, causality is assured.

It is important to note that with the data of the last 10 years, the average value of the
average, minimum and maximum daily temperatures are θmedM = 13.2 ◦C, θminM = 8.18 ◦C
and θmaxM = 18.33 ◦C, and the average temperature is reached at the end of the month
of April (month 4, t = 120 days) and that the temperature varies with a sinusoidal law in
which the period is the 365 days of the year T = 365 days:

θ = 13.2 +
(

18.33 − 8.18
2

)
sin

[
2 π

365
(t − 120)

]
. (26)

This law, together with the law that governs the emission of gaseous Hg and its
concentration on the source, Equation (1), and those that govern the concentration of Hg in
urine and blood, Equations (10) and (11), ensure that, ultimately, conducting work at one
time or another of the year is the cause of the varying Hg levels in a worker’s body.

3.4. Brief Analysis under ESG Criteria

The sustainable development of the global economy and society calls for the practice
of the environmental, social and governance (ESG) principle. The ESG principle has been
developing for almost 20 years following its formal proposal in 2004. Over the past decades,
ESG factors have become increasingly relevant for investors and stakeholders (creditors,
regulators, etc.). In this way, it is helpful to contextualise our findings in light of this
growing trend (increasing relevance of ESG), especially considering that the results speak
to the “E” (environmental) and the “S” (social, as far as worker safety is a societal problem)
of ESG criteria. As Dantas (2021) [60] pointed out, institutional investors increasingly use
ESG factors in their portfolio when making decisions.

Taking different proposals for the ESG criteria as a reference, what is described in this
work can positively assess various topics related to pillar (E) and pillar (S), as presented in
Table 8.

Table 8. Topics in which the research would be positively assessed according to different ESG
criteria proposals.

Environmental (E) Social (S)
Reference Source Dimension Factor Dimension Factor

[60] BlackRock FMA analysis Natural Resources
and Pollution

Waste Management/Toxic
Emissions

Internal Stakeholder
Management

Worker’s rights: safe
working conditions

[61] EBA report on ESG risk
management and supervision Environmental Waste production and management

(water, solid, hazardous) Social Workplace health and
safety

[62] Thomson Reuters Environmental Emissions Social Workforce

[63] Refinitiv Emissions
reduction

Emissions; Waste; Environmental
management systems Workforce Working conditions;

Health and safety

4. Conclusions

Managing demolition waste from a mercury mine facility can be a significant hazard
regarding Hg emissions, so it is crucial to plan the work carefully. The research developed
a proper sampling procedure following the standard EN-689:2018 to ensure the workers’
protection; the sampling campaigns included at least 2 h of sampled periods in different
conditions, and all the tasks carried out in the restoration project were evaluated.

A working protocol with three scenarios (green, orange, red) was developed to calcu-
late the maximum working hours in the function of the forecast temperature, a valuable
tool for planning the works. In the same way, it was checked that the empirical model
developed in la Soterraña by Rodríguez [38] fits in the measurements allowing forecasting
of the workers’ exposure all over the year. Evaluating the Hg gas concentration in the air, it
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is possible to estimate the biological markers such as Hg in blood or Hg in urine, essential
parameters to protect the workers’ health.

Lastly, it was demonstrated that covering high-emission Hg rubble with furnace slag
and ashes reduces Hg gas emissions is a vital engineering control tool to avoid or minimise
Hg gas exposition to workers and an important environmental measure to minimise the
mercury emissions in la Soterraña.

All the aspects defined in this study (mercury gaseous monitoring system, risk pre-
vention criterion or working protocol) were helpful to the performance of the work under
safety conditions in this specific place: the rubble from the demolition of the metallurgical
plant. These aspects should only be used as a guide for other different sites. Nevertheless,
the defined methodology that measures the Hg gas concentration, relates it with other
variables such as the temperature, develops a risk prevention criterion and defines a work-
ing protocol can be extrapolated to any other site, but it is an empirical investigation, and
therefore it would only be applicable in similar conditions unless the model is readjusted.

Researching the emissions of different gases in abandoned tailings or debris and deter-
mining emission laws can be a line of research for the future, both from an environmental
point of view, especially if the temperatures will rise, and from a health and safety point of
view, if mining dumps become of beneficial interest.

The main practical implication is to use this research as a working guide for work on
tailings contaminated with metals, which is becoming increasingly frequent.
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Abstract: The objective of this paper is to explore the dynamic factors of the work–family interface
(WFI) of construction professionals in South India. It also aims to develop a model of the factors that
influence the WFI. This study identified seven factors from the literature: work environment, family,
stress, personal satisfaction, work culture, top-level acceptance, and work–family balance. Data were
collected using questionnaires distributed among the construction professionals in South India. Data
analysis was performed using SPSS. The mean standard deviation and shape measures (skewness
and kurtosis) revealed that personal satisfaction (3.55) was rated the top factor for WFI, followed by
work–family balance (3.15), stress (2.91), and work culture (2.83). The study found that the work
culture was not significantly correlated with work environment, family, stress, personal satisfaction,
or top-level acceptance. The developed SEM model emphasises the need to pay keen attention to
the work environment and the work–family balance among the construction professionals in India.
Management should consider these factors to design standard policies to improve the WFI and design
work–life balance strategies to create stability in the lives of construction professionals. The current
research is limited to only two cities in Kerala and Tamil Nadu in South India. More studies must be
carried out for more states in India to better understand the current situation of WFI as there is limited
evidence of studies on the WFI of construction professionals in India. Therefore, the findings of this
study fill the existing knowledge gap and provide a clear insight into improving the mental and
social well-being of construction professionals in the Indian construction industry and construction
professionals in other developing countries.

Keywords: work–life balance; work–family interface; construction sector; engineers; quality of life

1. Introduction

The Indian construction industry is vast and is the second largest sector contributing to
the national GDP. The industry employs many people, however, it is highly fragmented and
diversified in nature. As it is a challenging and complex sector requiring a high amount of
investment, the productivity of human resources is a key concern [1]. Lingard et al. [2] ob-
served that low productivity is prevalent within the construction industry and it contributes
to the low level of work–life balance (WLB) among professionals in this sector. A low level
of WLB has adverse effects on individuals, families, and the workplace. According to
Townsend et al. [3], stress in the family and workplace negatively impacts family life, sleep
dysfunction, and workplace health and safety risks. Given this, Lingard and Francis [4] and
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Townsend et al. [3] have suggested that organisations should support their workforce to re-
duce emotional exhaustion by improving the WLB practices. However, in the management
of construction projects, much attention seems to be paid to the arrangements of contracts,
legal issues, the adaptation of technology, and the milestones, with little consideration of
the emotional and physiological well-being of the employees [5,6]. It is concerning that the
construction industry has been characterised by long working hours and overtime, which
contributes to stress. In the specific context of developing countries, the construction sectors
face many challenges and has low productivity. Studies have identified several factors that
contribute to productivity, including human factors, personal factors, work-supporting
factors, motivation, change in lifestyle and job satisfaction [7–12]. The improvement of
individual performance can be achieved by understanding human nature and the struc-
tural nature and indeterminateness of organisations. Top-level management should aim to
manage emotions and reduce pressure based on the understanding that employee turnover
and productivity are determined by organisational commitment. This will also be reflected
in the retention rate of employees in the construction organisation [13–15].

Researchers worldwide are trying to understand WLB in the construction profession,
including Australia, UK, Poland, South Africa and US. However, in India, very few studies
have attempted to familiarise the various factors that influence the WLB of construction
professionals [5,6]. The current study aims to fill this gap and direct future research into the
work–family interface (WFI) of construction professionals in India and other parts of the
world. This study’s objectives are to identify the predominant factors that influence the WFI
of construction professionals in South India. In addition, to identify the association between
the WFI factors the independent sample t-test, correlation analysis, and confirmatory factor
analysis (CFA) were used.

1.1. Work–Life Balance (WLB) and Work–Family Interface (WFI)

Every employee should know what they do, that is, ‘live to work’ or ‘work to live’.
In the construction industry, there is no defined work time, and work personnel must
be available at any time for work. WLB refers to the equilibrium between work-related
activities and personal life responsibilities. It involves effectively managing and integrating
work and non-work domains to reduce conflict and enhance well-being. WLB aims to create
harmony and satisfaction in both work and personal life. Work–family interface (WFI)
refers to the interaction and interplay between an individual’s work life and family life. The
amount of WFI states the degree of segmentation versus integration among work and family
spheres. The quality of WFI refers to negative versus positive interactions between work
and family domains and examines how work-related demands and family-related demands
can influence each other, leading to various outcomes, such as conflict, enrichment, or
segmentation. A positive WLB, where people are able to effectively manage their demands
in work and personal life, can contribute to a positive WFI. When individuals have a good
WLB, they are better able to meet the demands of both their work and family roles, thereby
reducing conflict and improving the compatibility between the two domains. On the other
hand, a poor WLB, characterised by excessive work demands, long working hours, and
neglect of personal life, can result in a negative WFI. It can lead to work–family conflict
(WFC), where the demands and pressures from work interfere with family responsibilities,
causing stress and strain in both domains [2]. Every employee works to provide financial
support for their family, but when he or she cannot spare personal time for their own
family, the WFC arises. WFC also has an unfavourable consequence on work satisfaction,
organisational commitment, productivity, etc. On an individual level, it is related to
employee burnout and mental health issues. Career development includes the ability to
focus on personal and professional values, the appropriate attribution of responsibilities,
ethics, roles, knowledge, and mature decision-making; all these aspects must be developed
through education at the beginning of the training level so that conflict can be reduced [16].
Work-related pressure and stress will be reflected in the personal lives of the individuals,
thus negatively impacting the family life of construction professionals. Most professionals
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working in the construction industry are exposed to WFC. Therefore, WLB becomes an
essential issue in the construction industry in terms of both organisational effectiveness
and occupational health. The WFI can be described in terms of amount, quality and context.
The context of WFI refers to the perspective from which the WFI is studied. The working
environment should be positive and comfortable enough to allow deadlines and goals
to be met. Many sub-factors, such as working hours, nature of work, etc., also make it
complicated. Stress is also a significant factor, including stress from work, family, and
health problems. Additionally, family support is essential to make a person perfect at work.
Top-level acceptance is another essential factor. The culture of work of an employee and
their co-workers too is a crucial factor affecting the WFI [2].

Lingard and Francis [17] showed a disproportional link between work and family life
in the construction industry, providing a significant contribution to the research on WFI,
particularly in the construction sector. The factors that they focused on were individualistic,
gender, the phase of life, and degree of job or family focus. In summary, WLB and WFI
are closely linked. A good WLB can positively influence WFI by reducing conflict and
improving the compatibility between work and family domains. In contrast, a poor WLB
can lead to WFC and negative outcomes in both work and family life.

Employers should provide a healthy WLB for all employees, as this will enhance the
work culture. In Western countries, there is ample evidence of WLB practices; when it
comes to developing countries, the implementation of such practices is still in the early
stages. Therefore, there is no evidence in the literature for WLB practices in developing
countries in the construction industry, which adds significance to the present study [18]. Job
satisfaction involves considering various probable work, personal, and cultural incentives
or motivations. The nature of the job, the designation of the job, the income rate and the
work environment have all been considered; the three elements that they evaluated for
WLB were balance of time, participation and satisfaction relevant to work and family [19].
WLB has also been correlated with quality of life, but is limited to assertive conditions [20].
Regarding job satisfaction, self-respect, a fair approach, professional treatment by co-
workers, and understanding the human values of employees are all key factors. Specifically,
all of this can lead to better job fit while promoting WLB in the construction industry. In
particular, women have the strongest influence on this strategy, despite the fact that the
construction industry is largely a male-dominated industry. There has been an increasing
acceptance of the fact that a healthy WLB can benefit organisations. However, several
factors within an organisation must be considered before implementing WLB practises.
Management support, employee effectiveness, intentional and behavioural outcomes, work
environment, organisational culture, and acceptance by top-level management must all be
considered integral to promoting work–family support [21,22].

1.2. Factors Influencing the Work–Family Interface (WFI)

The work environment, stress, and work culture all are interlinked. The work envi-
ronment comprises the physical and non-physical factors prevailing in that environment.
It includes geographic location, technology, communication systems, physical setup of
the building, transportation systems, infrastructure, relationships (internal and external),
and the work climate. It has a significant impact on the WFI. Recent studies have stated
that stress plays an essential role in human behaviour, both mentally and physically [9,23].
As such, mental and physical illnesses caused at work unequivocally affect conflicts in
the family.

Hofstede [24] explained that work culture is similar to work climate. Work culture
also has several factors: power distance, individualism-collectivism, uncertainty avoidance,
masculinity–femininity, and assertiveness. All these factors show mixed results [24]. The
influence of family on the WFI generates temporal effects carried out from the family to the
workplace. The three main ways in which the family can impact the WFC are balancing
time, participation and satisfaction, which means dedicating time equally, participating
and satisfying both the organisation and the family [25–27].
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Employee satisfaction is a critical factor that impacts their success as a worker, dra-
matically benefiting the company. Therefore, employee satisfaction is an important driving
force for organisations [28]. WFC occurs when there is a demand for targets assigned in
work that makes it difficult to fulfil the desires of family life. WFC have been derived in
terms of the inter-role conflict wherein role pressures from work and family territory are
reciprocally conflicting in some respects, e.g., support in the work role is made more diffi-
cult by involvement in the family role. There are three main types of conflict: time-based,
strain-based, and behaviour-based. Improper WLB leads to poor WFI [4]. Acceptance,
depending on the situation, can change its role. Acceptance may or might not influence the
WFI. The study identified seven WFI factors affecting the construction industry from the
literature, which are shown in Figure 1.

Work 
Environment

Family

Stress

Personal 
Satisfaction

Work 
Culture

Top-Level 
Management

Work-Family 
Balance

Figure 1. Work–family interface factors.

1.3. Impact of the Work–Family Interface (WFI)

The impact of the WFI has both positive and negative possible outcomes: A good
work environment has a positive effect in that it increases productivity, organisational
commitment and loyalty, and corporate citizenship, which in turn helps the individual
to be motivated, recognise their skill, and gain satisfaction from their well-being. Stress
unequivocally has negative impacts on the individual’s health. The outcomes of the
work culture have shown mixed results: positive (increased commitment); and negative
(degradation of mental and physical status and health). However, employees with better
personal satisfaction have reported better psychological well-being due to having more
control over their family time and thus having more time to spend with their family.
A healthy WLB includes the appreciation of expressiveness and emotional sensitivity.
Additionally, employees must not take the work burden home to the family. Finally,
top-level acceptance (of the need for a healthy WLB for employees), when effectively
transmitted throughout the organisation, helps improve employee retention at work, which
is positively reflected in an improved WFI [29].

Research in the construction industry has revealed a high level of stress due to higher
job demands and long and irregular working hours, leading to burnout of employees [30,31].
The WFI is associated both negatively and positively with the family domain as well the
work domain. When it comes to the Indian construction industry, depending on the role,
levels of stress vary. Physiological, physiological, and sociological factors significantly
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affect professionals in India [30–32]. If the employee is satisfied with the quality of work-
life (QWL), they may balance their personal and professional life, leading to a healthy
WLB. This suggests that critical executives of an organisation should reformulate the
firm’s policies to improve the QWL and WLB of their employees. Factors that affect the
relationship between QWL and WLB have been identified based on the productivity of an
organisation [33–35].

2. Methodology

2.1. Data Collection

Figure 2 shows the study methodology flow chart. In this study, a quantitative
approach research was adopted using a questionnaire. Many professionals working in
private construction companies are invited to take part in the survey. Construction work
is nomadic, therefore, the simple random sampling method was used to gather evidence.
The questionnaire was distributed to civil engineering professionals working in two cities,
Chennai (Tamil Nadu) and Ernakulum (Kerala) in South India. This included project
managers, planning engineers, site engineers, and design engineers.

Literature 
Review

Factor Identified

Data Collection Quantitative Analysis

Descriptive 
Statistics

Frequency 
Analysis

Inferential 
Statistics

Independent 
Sample t-test

Correlation 
Analysis

Confirmatory 
Factor Analysis

Figure 2. Methodology flow chart.

The questionnaire was designed based on the factors identified in the literature and
expert interviews. Respondents were requested to rate the items on a five-point Likert scale
ranging from 1 (strongly disagree) to 5 (strongly agree). Stress, personal satisfaction, work
culture, and top-level acceptance were measured using a 25-item instrument. Respondents
were requested to rate the items on a five-point Likert scale ranging from 1 (not at all)
to 5 (almost all the time). The WLB was measured using a two-item instrument with a
five-point Likert scale ranging from 1 (low) to 5 (very high). A total of 360 construction
industry professionals, located in Chennai and Ernakulum in South India, were invited
to participate in the survey. A total of 200 people completed the survey, 50% each from
Chennai and Ernakulum. All the participants worked in reputable construction companies.

2.2. Data Analysis

Data analysis was performed using the SPSS version 23.0 software (Statistical Package
for Social Sciences). Following the review of the literature, the study identified that seven
factors (work environment, family, stress, personal satisfaction, work culture, top-level
acceptance, and work–family balance) were essential for a detailed and practical study of
the WFI among construction workers. The mean standard deviation and shape measures
(skewness and kurtosis) were found. The result shows that personal satisfaction (3.55) was
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rated as the top factor for the WFI of employees in the construction industry, followed by
work–family balance (3.15), stress (2.91), and work culture (2.83).

3. Results and Discussion

3.1. Frequency Analysis

The respondents were asked to provide their demographic details, such as sex, age,
marital status, number of children, and years of experience. The total working hours per day,
and whether they stayed with their family or needed to work night shifts, were also recorded.
A total of 78% of the professionals stayed with their family, while 22% lived alone, having left
their families in their hometowns. Table 1 shows the demographic characteristics.

Table 1. Demographic profile of the respondents.

Background Information Category Frequency Percentage

Place
Chennai 100 50

Ernakulum 100 50

Gender
Male 164 82

Female 36 18

Marital status
Single 138 69

Married 62 31

Type of family Nuclear 158 79
Joint 42 21

Staying with family Yes 156 78
No 44 22

Night shifts Yes 20 10
No 180 90

Age

22–32 98 49
33–42 43 21.5
43–52 37 18.5

52 and above 22 11

Years of experience

3–5 years 10 5
5–10 years 30 15
11–15 years 20 10
16–20 years 28 14
21–25 years 32 16
26–30 years 22 11
31–35 years 30 15
36–40 years 28 14

Notes: The background information of the respondents is collected in the form of categorical data. The data are
analysed statistically to find the frequency and percentage distribution of the respondent’s information.

The measure of data reliability was measured using the coefficient of reliability under
Cronbach’s alpha. From the analysis of all elements, the Cronbach’s alpha scores were
found to be 0.786, which were higher than the limit score of 0.7. Henceforth, it can be
concluded that the design of the survey instrument for the current work is consistent.

3.2. Independent Sample t-Test

Three hypotheses, with their corresponding null hypotheses, were tested using inde-
pendent sample t-tests:

H1. There is no specified difference with respect to the perception of employees based on the location
towards the WFI factors in the construction industry.

H2. There is no specified difference with respect to the employees’ perception of gender towards the
WFI factors in the construction industry.
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H3. There is no specified difference with respect to the employees’ perception of marital status
towards the WFI factors in the construction industry.

3.2.1. Hypothesis 1

From the results in Figure 3, it was made clear that the male and female respondents of
the study differed significantly with respect to the mean rating for the factors work environ-
ment (t = 0.003, and p = 0.000), stress (t = 3.062, and p = 0.003), top-level acceptance (t = 3.035,
and p = 0.003), and work–family balance (t = 1.981, and p = 0.049). However, the present
study did not identify any significant differences in the mean score between employees
working in Chennai and Ernakulum for factors, such as family, personal satisfaction, and
work culture. Therefore, H1 is supported for the factors family, personal satisfaction, and
work culture, but rejected for the factors work environment (1% level), stress (1% level),
top-level acceptance (1% level), and work–family balance (5% level). Family, personal
satisfaction, and work culture play a vital role in the WFI, even when tested based on
two different locations. The analysis shows that personal satisfaction is an essential factor,
which can be related to the theory of needs [36]. The highest level of needs according to
this theory is self-esteem, which is equivalent to personal satisfaction. Next came work
culture, which can be understood through the doctrines of organizational culture; every
organization possesses its own culture, which should be aligned to its own people’s culture.
Another critical factor is the family, which is the basic element of any social set-up, and any
behavioural shortcomings will have both direct and indirect effects on the family.

 
Figure 3. Independent sample t-test: location vs. work–family interface factors.

3.2.2. Hypothesis 2

H2 was tested using independent sample t-tests with gender as the independent
variable and the WFI factors as the dependent variables. Figure 4 showed that male
and female respondents differed significantly in the mean rating for the factors work
environment (t = 2.0978, and p = 0.032), family (t = 2.6681, and p = 0.008), stress (t = 2.23,
and p = 0.023), personal satisfaction (t = 2.654, and p = 0.008), and top-level acceptance
(t = 2.671, and p = 0.007). However, the present work has not identified any significant
differences in the mean rating of male and female employees for the factors work culture
and work–family balance. Therefore, H2 is accepted for the factors work culture and
work–family balance but rejected for the factors work environment (5% level), family (1%
level), stress (5% level), personal satisfaction (1% level), and top-level acceptance (1% level).
Work culture and WLB play a critical role in both genders. During the study, it is also
seen that some organisational work culture helps employees to spend more time with
family. However, at certain times, professional life is affected by family commitments
and concerns.
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Figure 4. Independent sample t-test: gender vs. work–family interface factors.

3.2.3. Hypothesis 3

In Figure 5, it was clarified that the single and married respondents in the study
differed significantly in the mean rating of factors, such as work environment (t = 2.635,
and p = 0.010), family (t = 2.045, and p = 0.042), stress (t = 3.914, and p = 0.000), top-level
acceptance (t = 2.7145, and p = 0.007), and balance (t = 3.281, and p = 0.001). However,
the current study has failed to identify any significant change in the mean rating between
single and married respondents for personal satisfaction and work culture. Therefore, H3
is accepted for the factors personal satisfaction and work culture but rejected for the factors
work environment (5% level), family (5% level), stress (5% level), top-level acceptance
(1% level), and work–family balance (1% level). Personal satisfaction does not play an
important role in marital status, but the level of stress will be greater in the work culture of
married people.

 
Figure 5. Independent sample t-test: marital status vs. work–family interface factors.

3.3. Correlation Analysis

A correlation analysis was conducted to find if there are any relationships between the
factors governing the WFI of employees in the construction industry. In Table 2, stress was
positively correlated with the work environment of construction management professionals
(R = 0.143) at the 5% significance level. The relationship between top-level acceptance and
work environment was also significant (R = 0.177) at the 5% significance level. Similarly, the
work–family balance was positively correlated with the work environment (R = 0.708) at the
1% significance level. This implies that construction management professionals’ productiv-
ity and performance could be negatively impacted if adequate WFI is not maintained. This
finding has great implications for construction management leaders and chief executives,
and they should formulate measures to make the working environment more conducive
for their employees, including those working at the managerial and operational levels.
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Table 2. Correlation coefficient matrix between the factors.

Work
Environment

Family Stress
Personal

Satisfaction
Work

Culture
Top-Level

Acceptance
Work–Family

Balance

Work environment 1.000
Family 0.127 1.000
Stress 0.143 * 0.059 1.000

Personal satisfaction 0.076 0.119 0 1.000
Work culture 0.109 –0.015 0.128 –0.086 1.000

Top-Level Acceptance 0.177 * 0.043 0.125 –0.019 0.087 1.000
Work–family balance 0.708 ** 0.127 0.093 0.121 0.181 * 0.062 1.000

Notes: * Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).

Finally, the work–family balance was positively correlated with work culture (R = 0.181)
at the 5% significance level. This study found that the work culture was not significantly corre-
lated with the work environment, family, stress, personal satisfaction, or top-level acceptance.

3.4. Confirmatory Factor Analysis Using Structural Equation Modelling

Structural Equation Modelling (SEM) has been used based on the theoretical model
developed in the present work. Figures 6 and 7 represent the unstandardised and standard-
ised evaluations of the dimension model formulated in the present study. This study found
that work environment and work–family balance had a significant impact on the WFI of
construction professionals. The fit for goodness representing a statistical model defines
the ways the model fits into the selected set of explanations. Table 3 predicts the results
of the fit for goodness indices of the SPSS analysis of moment structures (AMOS) model
developed for the study. The I-value was 0.172, which is higher than the suggested value of
0.05. The attained values of the goodness of fit index (GFI) and the adjusted Goodness of fit
index (AGFI) were higher than the recommended value of 0.9 [37]. Similarly, the obtained
value for the comparative fit index (CFI) was 0.969, above the threshold value of 0.9 [38].
The root mean square error of approximation (RMSEA) value was 0.042, which is relatively
less than the suggested value of 0.09 [39]. Overall, the overall model fit values obtained
in the current study are within an acceptable level. Therefore, it was determined that the
measurement model was a fit. Table 4 shows the weights of SEM.

Figure 6. Unstandardised estimates.
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Figure 7. Standardised estimates.

Table 3. The goodness of fit: AMOS model.

Variable
Chi-

Square Value
p Value RMSEA RMR GFI AGFI CFI TLI RFI NFI

Chi
sq./df

Recommended value - >0.05 <0.09 <0.08 >0.90 >0.90 >0.90 >0.90 >0.90 >0.90 <5.0
Obtained Value 18.819 0.172 0.042 0.014 0.974 0.949 0.969 0.953 0.939 0.913 1.344

Table 4. Regression weights of the structural equation model.

Observed Variable
Unstandardised

Estimate
Standardised

Estimate
S.E. C.R. p

Work environment <--- Work–family interface 9.051 0.885 4.379 2.067 0.039 *
Family <--- Work–family interface 0.657 0.151 0.450 1.459 0.145
Stress <--- Work–family interface 0.915 0.153 0.622 1.471 0.141

Personal satisfaction <--- Work–family interface 0.516 0.106 0.444 1.163 0.245
Work culture <--- Work–family interface 1.222 0.159 0.815 1.499 0.134

Top-Level Acceptance <--- Work–family interface 1.000 0.164 0.713 1.426 0.112
Work–family balance <--- Work–family interface 7.040 0.800 3.327 2.116 0.034 *

Notes: * Correlation is significant at the 0.05 level (2-tailed).

In particular, this study found that factors of work environment and work–family
balance significantly impacted the WFI (see Figures 6 and 7).

4. Conclusions

This study found that family and personal satisfaction were the most prominent factors
that play a vital role in the WFI with respect to location. At the same time, work culture and
work–family balance were the dominant factors influencing the WFI in female and male
construction professionals. However, this study also revealed that, for married respondents,
personal satisfaction did not play a significant role for the WFI. Furthermore, it was revealed
that work culture and a high level of stress were the main factors influencing the WFI
among married construction professionals. In the future studies, information on their
experience can be collected and the results can be compared. Using correlation analysis,
this study found that the work environment, stress, work culture, personal satisfaction, and
top-level acceptance played a key role. The model was a good fit, as established through
confirmatory factor analysis and revealed that the work environment and work–family
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balance had a significant impact on the WFI. The SEM model developed emphasises the
need to pay great attention to the work environment and the balance between work and
family among construction professionals in India. In light of these findings, it can be
concluded that construction organisations should consider the physical and overall mental
health well-being of their employees and not focus only on the delivery of key project
performance indicators, such as cost, time, quality, safety, and sustainability. Although
this study was limited to South India, the findings could be applied to other parts of India
and could direct future studies on WFI in other parts of the world. This study suggests
that the prominent factors identified should be considered by management to design
standard policies to improve WFI and to develop WLB strategies to create stability in the
lives of construction professionals. In the future, longitudinal studies can be conducted
as this study is considered to be cross-sectional. Additionally, with the help of a large
sample, survey can be conducted and a qualitative method can be adopted for the in-depth
exploration of the mindset of the construction professionals, since it differs for each country
and context.
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Abstract: A large number of studies have been conducted to demonstrate that job stress negatively
affects construction workers’ physiological safety behaviors, but there is a lack of research on the
impact of psychosocial safety behaviors on construction workers, which is an important component of
overall workplace safety. This study modeled the effects between three job stressors (the job itself, job
insecurity, and family-work conflict) and psychosocial safety behavior sub-dimensions (psychosocial
safety compliance and psychosocial safety participation), using psychological resilience as a mediating
variable. Data were obtained from 304 construction workers in China. The results showed that there
were positive and negative effects between the three job stressors, psychosocial safety behavior
sub-dimensions, and psychological resilience. Psychological resilience was mediated differently
across the three job stressors and psychosocial safety behavior sub-dimensions. This study reveals
the mechanisms by which job stress affects the psychosocial safety behaviors of construction workers
and provides more empirical evidence to unravel the relationships between various job stressors and
psychosocial safety behavior sub-dimensions. In addition, this paper discusses measures to improve
psychosocial safety behaviors based on the perspectives of job stressors and psychological resilience.

Keywords: job stress; psychosocial safety behavior; psychological resilience; construction industry

1. Introduction

Construction workers are an important part of the construction industry, and their
work is critical to the quality and safety of construction. Construction is a high-risk industry,
and accidents occur from time to time. According to the domino model proposed by Hein-
rich [1], unsafe human behavior is the direct cause of safety accidents. Construction accident
investigation studies have found that most accidents are caused by human factors [2–4].
Therefore, many studies have proposed the safety behaviors of construction workers as
a prior indicator of the occurrence of safety accidents and combined psychological and
behavioral sciences to explore the formation mechanism of construction workers’ unsafe be-
haviors, aiming to improve the safety of construction workplaces and reduce the occurrence
of safety accidents [5–11]. However, workplace safety in the construction industry includes
not only physiological safety but also psychological safety. Compared with physiological
safety and physical behaviors, psychosocial safety and psychological behaviors are often
neglected [12]. Studies have found that work-related psychological injuries have a tendency
to outweigh physical injuries related to musculoskeletal injuries [12].

Long-term exposure to job stress can cause workers to develop negative emotions such
as anxiety, stress, and depression [13]. According to the Job Demands-Resources (JD-R)
model proposed by Demerouti et al. [14], job stress can reinforce employees’ feelings of
exhaustion and negatively affect physical health, thus contributing to unsafe behaviors.
There have been numerous studies that have confirmed the negative impact of stress on
workers’ safety behaviors [5,15–17]. However, these studies focused on physiological safety
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behaviors. Psychosocial hazards arise when job stress is not effectively managed [18,19].
Bronkhorst [20] extended the JD-R model by introducing the concept of psychosocial
safety behaviors based on physiological safety behaviors. The introduction of psychosocial
safety behaviors provides a new research direction for improving psychosocial safety
outcomes [21]. Psychosocial safety behavior can be considered a prior indicator to assess
the psychosocial safety of construction workers. In the construction industry, there is a lack
of research on the relationship between the effects of workplace stress and the psychosocial
safety behavior of workers.

According to JD-R theory, job resources buffer the process of stress that damages
health [22]. Initially, job resources referred to resources provided by the organization,
including job control, leadership support, and salary and benefits [23], and as research
progressed, personal resources were found to play an important role in buffering the
negative effects of stress. Thus, the role of personal resources needs to be considered when
studying the impact of job stress on the psychosocial safety behaviors of construction
workers. Psychological resilience, an important component of positive psychology, has
been shown by research to be effective in combating psychological stress [24]. Thus,
psychological resilience can be viewed as a personal resource that can reduce the negative
effects of job stress. In this paper, the role of workers’ psychological resilience will be
considered when examining the effects of job stress on psychosocial safety behaviors.

Previous studies have focused on the safety behaviors of construction workers at the
physiological level, ignoring the importance of psychosocial safety behaviors for overall
safety in the workplace. Maintaining positive mental health is as important as maintaining
physical health. Therefore, based on the above analysis, this paper focuses on the impact of
construction workers’ job stress on individuals’ psychosocial safety behaviors and considers
the role of individual psychological resilience from the perspective of personal resources.
Examining the relationship between them can help implement different interventions
to reduce the impact of work stress on psychosocial safety behaviors. Compared with
the results of existing studies, it expands the theoretical study of construction workers’
safety behaviors and provides a theoretical basis for future research on psychosocial safety
behaviors in various industries.

2. Theoretical Basis and Research Hypothesis

2.1. Job Stress

Human stress arises from interactions between humans and their environment that
strain or exceed their ability to adapt and threaten their health [25]. Job stress is a specific
result of the work environment [17]. The construction industry is a highly competitive
industry [26], and construction workers work in harsh, demanding, and dangerous envi-
ronments. The work itself is characterized by heavy workloads, tight schedules, heavy
responsibilities, and poor safety [5,27,28]. As a result, there are many factors that contribute
to job stress among construction workers. According to previous studies, they include
the job itself, role ambiguity, role conflict, role overload, job insecurity, job characteristics,
employee competencies, interpersonal safety conflicts, safety constraints, and family-work
conflicts [6,17]. These factors are known as job stressors and are also referred to as psy-
chosocial risk factors [29]. Job stressors can have an impact on workers’ mental health,
causing a range of psychological, physical, and behavioral responses.

Different job stressors affect workers to different degrees. Wu et al. [17] found that
the job itself, career development, and family-work conflict were the main job stressors.
Construction workers often work at heights and are required to use a variety of dangerous
machines and equipment. Therefore, the job itself is an important source of stress for con-
struction workers. Construction workers are required to take on a lot of responsibilities and
workload, and the stress and challenges brought by the job itself may have adverse effects
on workers’ mental health. Construction workers are always engaged in short-term tasks,
and their jobs are unstable [5,15]. Especially in the post-epidemic era, when the COVID-19
Pandemic has triggered economic contraction and construction workers are vulnerable to
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unemployment and financial difficulties [30], the job instability of construction workers
is highlighted [31]. Construction workers face challenges to their career development,
leading to increased job insecurity, which can be detrimental to their physical health and
cause adverse psychological, behavioral, and emotional feelings [32]. At the same time,
construction workers are prone to family-work conflicts due to their long-term jobs and
income instability. High levels of family-work conflicts can negatively affect work behav-
iors and affect employees’ energy, commitment, and other resources, causing psychological
distress. Therefore, this paper focuses on analyzing the effects of three job stressors—the
job itself, job insecurity, and family-work conflict—on workers’ psychosocial safety and
behavioral aspects.

2.2. Job Stress and Psychosocial Safety Behaviors

Safety behaviors are safety-related behaviors performed by individuals in organiza-
tions [7]. Physiological and psychosocial safety behaviors are employee activities in the
workplace to maintain physical and mental safety or to create an environment that supports
physical and mental safety [20]. Griffin and Neal [21] proposed to distinguish between
two types of physiological safety behaviors. Bronkhorst [20] built on this by dividing
psychosocial safety behaviors into psychosocial safety compliance and psychosocial safety
participation. Psychosocial safety compliance is the activity that an individual must per-
form to maintain psychosocial safety; psychosocial safety participation is the activity that
an individual performs that does not directly enhance psychosocial safety but contributes to
a positive psychosocial safety environment. Psychosocial behavioral research can address
workplace mental health issues, mitigate psychosocial risks, foster good attitudes toward
psychosocial safety behaviors, and reduce overall psychological harm rates [33].

Psychological demands such as job stress are usually associated with mental health
outcomes such as emotional exhaustion [18]. A large body of prior research has demon-
strated that job stress has a negative impact on physiological safety behavior. In the
post-epidemic era, there has been a significant increase in psychological problems such
as anxiety, stress, isolation, anxiety, stigma, and discrimination [34,35]. According to JD-R
theory, job demands have a direct impact on occupational mental health, and job stress is an
important component of job demands. In a study of job demands and psychosocial safety
behaviors, Bronkhorst [20] found that workload was significantly and negatively related to
psychosocial safety behaviors. Yaris [33] proposed the physical and psychosocial workplace
safety (PPWS) model, suggesting that job stress negatively affects an individual’s physical
and psychological well-being. Zhang et al. [36] found that job role demands significantly
and negatively affected psychosocial safety behaviors. Previous studies have proposed
different mechanisms by which job stress affects physiological safety compliance and phys-
iological safety participation [6,37]. For psychosocial safety behavior, construction workers
may protect their own psychosocial safety as much as possible under job stress rather
than devote more energy to maintaining the development of a supportive psychosocial
safety environment. Therefore, this study explores the effects of three job stressors on two
sub-dimensions of psychosocial safety behaviors and proposes the following hypotheses:

H1. Job stress has a significant negative effect on psychosocial safety compliance.

H1a. The job itself has a significant negative effect on psychosocial safety compliance.

H1b. Job insecurity has a significant negative effect on psychosocial safety compliance.

H1c. Family-work conflict has a significant negative effect on psychosocial safety compliance.

H2. Job stress has a significant negative effect on psychosocial safety participation.

H2a. The job itself has a significant negative effect on psychosocial safety participation.

H2b. Job insecurity has a significant negative effect on psychosocial safety participation.

H2c. Family-work conflict has a significant negative effect on psychosocial safety participation.
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2.3. The Mediating Role of Psychological Resilience

The degree to which job stress affects individuals varies, and how individuals perceive
job stress is more important than what they perceive it to be. According to Social Cognitive
Theory (SCT), both environment and psychological perception affect individual behavior,
and differences in individual characteristics affect the effect of psychological perception [38].
Psychological resilience is an important protective factor against stress [39–41]. Psychologi-
cal resilience is activated when an individual encounters stress, prompting the individual to
deal with it effectively [42]. Howard [43] defines psychological resilience as an individual’s
capability to adapt and adjust to negative situations like stress, difficulty, and danger. It
supports individuals in coping with adversity and encourages them to adjust and develop
positively in challenging environments [44].

Those who have more resources under the influence of job stress will be less vulnerable
to the loss of resources [45]. Previous research has found that organizational resources have
a positive impact on psychosocial safety behaviors [46,47]. Psychological resilience acts as
an internal resource [48]. It mobilizes positive emotions to deal with stressful events and
counteract the negative effects of stressors [49,50]. Bakker [51] suggested that the higher
an employee’s personal resources are, the more they are able to protect themselves from
the demands of the job. The higher the psychological resilience, the higher the level of
mental health, and the more stress-reducing the person is [52,53]. Gao et al. [54] found that
psychological resilience mediates the relationship between COVID-19-related stressors and
psychological well-being in expatriate employees in the international construction industry.
Psychological resilience can have an impact on an individual’s risky decision-making, and
lower psychological resilience may trigger poor decision-making behavior [55]. It can be
inferred that when construction workers face job stress, those with higher levels of psycho-
logical resilience are more likely to face the situation positively and avoid psychosocially
insecure behaviors. Therefore, this study proposes the following hypothesis:

H3. Job stress has a significant negative effect on psychological resilience.

H3a. The job itself has a significant negative effect on psychological resilience.

H3b. Job insecurity has a significant negative effect on psychological resilience.

H3c. Family-work conflict has a significant negative effect on psychological resilience.

H4. Psychological resilience has a significant positive effect on psychosocial safety compliance.

H5. Psychological resilience has a significant positive effect on psychosocial safety participation.

H6. Psychological resilience plays a mediating role in the relationship between job stress and
psychosocial safety compliance.

H6a. Psychological resilience mediates the relationship between the job itself and psychosocial
safety compliance.

H6b. Psychological resilience mediates the relationship between job insecurity and psychosocial
safety compliance.

H6c. Psychological resilience mediates the relationship between family-work conflict and psychoso-
cial safety compliance.

H7. Psychological resilience mediates the relationship between job stress and psychosocial sa
fety participation.

H7a. Psychological resilience mediates the relationship between the job itself and psychosocial sa
fety participation.

H7b. Psychological resilience mediates the relationship between job insecurity and psychosocial
safety participation.
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H7c. Psychological resilience mediates the relationship between family-work conflict and psychoso-
cial safety participation.

A conceptual model between the variables was developed based on the six hypotheses
and 15 sub-hypotheses proposed above, as shown in Figure 1.

Figure 1. Conceptual model.

3. Materials and Methods

3.1. Participants and Processes

Prior to the formal survey, a preliminary questionnaire was sent to 20 workers at a
construction site in Changsha, Hunan Province, China, in November 2022 for pretesting in
this study. Based on the feedback from these 20 workers, the questionnaire questions were
modified to make them easier to understand and to facilitate the formal survey.

The formal survey was conducted in March 2023 in the Chinese construction industry.
The participants in this study were construction workers, and a combination of online
and paper questionnaires was used to distribute 243 online questionnaires and 150 paper
questionnaires asking them to assess their job stress, psychosocial safety behaviors, and
psychological resilience. Ultimately, 243 web-based questionnaires and 131 paper-based
questionnaires were returned in this study. We excluded 51 web-based questionnaires with
a too-short response time and non-construction workers filling them out and 19 paper-based
questionnaires with many missing values. The final sample consisted of 304 valid question-
naires, with a valid response rate of 77.35%. The questionnaires are shown in Appendix A.

The demographics of the workers included age, gender, education level, work experi-
ence, marital status, fertility, and type of work (Table 1). The age of workers was mostly
distributed at 50 years and below (80.26%, n = 244), and a few (19.74%, n = 60) workers
were above 50 years of age. The workers were mostly male (82.24%, n = 250), and the
rest were female. In terms of educational attainment, the majority (77.63%, n = 236) had
a low-level school diploma, and only 22.37% (n = 68) had a college diploma or higher.
Furthermore, 76.97% of the workers had worked for more than 5 years (n = 234), while
23.03% had worked for less than 5 years. Moreover, 75.99% of the workers were married
(n = 231), and the rest were unmarried. Other trades (odd jobs, small jobs, etc.), special
equipment (elevators, tower cranes, lifts, etc.), and carpentry were the top three trades
(36.51%, 18.75%, and 16.78%, respectively).
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Table 1. Demographic characteristics of construction workers (N = 304).

Characteristics Items Frequency Percentage (%)

Age

≤30 68 22.37
31–40 96 31.58
41–50 80 26.32
≥51 60 19.74

Gender
Male 250 82.24

Female 54 17.76

Educational level

Primary school and below 34 11.18
Junior high school 135 44.41

High school, junior college, technical school 67 22.04
College and above 68 22.37

Work experience

≤5 70 23.03
6–15 132 43.42

16–25 53 17.43
≥26 49 16.12

Marital status
Unmarried 73 24.01

Married 231 75.99

Fertility
No children 75 24.67
Only child 82 26.97

Many children 147 48.36

Type of work

Carpenter 51 16.78
Steelworker 44 14.47
Bricklayer 27 8.88

Erector 14 4.61
Special equipment (elevator, tower crane, hoist, etc.) 57 18.75

Other types of work (odd jobs, small jobs, etc.) 111 36.51

3.2. Questionnaire Development and Measurement

The questionnaire of this study contains three parts: the first is the basic information
of the questionnaire, including the introduction of the purpose and use of the question-
naire so that the respondents have a preliminary understanding of the questionnaire, and
the second is the demographic characteristics of the respondents, including age, gender,
education level, work experience, marital status, fertility, and type of work. The third
part was a questionnaire on three variables, job stress, psychosocial safety behaviors, and
psychological resilience, developed by referring to relevant established scales; Table 2 lists
the variables. All measures were scored on a five-point Likert scale.

Table 2. Variables, measures of the studied variables, number of items, and supporting literature.

Variables Dimensions Items Supporting Literature

Job stress
Job itself 4 Wu et al. [17]

Job insecurity 4 Vander et al. [56]
Family-work conflict 3 Wu et al. [17]

Psychosocial safety behavior Psychosocial safety compliance 3
Bronkhorst [20]Psychosocial safety participation 3

Psychological resilience Psychological resilience 10 Campbell-Sills and Stein [57]

3.2.1. Job Stress

This study analyzes three job stressors: the job itself, job insecurity, and family-work
conflict. The measures of these stressors are referred to the scales developed by Wu et al. [17]
and Vander et al. [56], respectively, and the scales are translated and modified. Among
those, four items were used to measure the job itself, four items to assess job insecurity,
and three items to assess family-work conflict. For example, “My job is simple and has a
low workload.” (job itself); “I could be without this job at any time.” (job insecurity); and
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“I have been away from my family for a long time and do not take care of them much.”
(family-work conflict).

3.2.2. Psychosocial Safety Behavior

In this paper, the measures of psychosocial safety behaviors are referred to the scales
developed by Bronkhorst [20], and the scale is translated and modified. The scale includes
two dimensions: psychosocial safety compliance and psychosocial safety participation.
Each dimension is measured by three items. For example, “I use measures to prevent
or minimize psychological strain in my job.” (psychosocial safety compliance) and “I
promote the psychological safety program within the organization.” (psychosocial safety
participation).

3.2.3. Psychological Resilience

In this paper, we refer to Campbell-Sills and Stein’s [57] modified Connor-Davidson
Resilience Scale to measure the psychological resilience of construction workers with
10 questions. For example, “I can adapt to change”.

3.3. Analysis Strategy

To test the hypotheses proposed in this paper, the data were analyzed using SPSS
26.0 and AMOS 24.0 software. First, descriptive analysis, reliability tests, and correlation
analyses were performed on the variables using SPSS 26.0. Second, Confirmatory Factor
Analysis (CFA) was conducted on the sample data using AMOS 24.0 to test the practicability
and veracity of the construct validity of the questionnaire. Finally, path analysis and
mediating effects tests were conducted on the sample data using AMOS 24.0 to analyze the
direct effects between the variables and the mediating effects of psychological resilience,
and the theoretical hypotheses were tested.

4. Results

4.1. Descriptive Analysis, Reliability Test, and Correlation Analysis

In Table 3, the descriptive statistics, Cronbach’s alphas, and Pearson correlation co-
efficients between the variables of the sample data are presented. Cronbach’s alpha is a
standard measure commonly used for reliability testing, and it must be higher than 0.7
in order to obtain good reliability [58]. The closer it is to 1, the better the reliability and
stability of the questionnaire [59]. The Cronbach’s alphas for the six variables of job itself,
job insecurity, family-work conflict, psychosocial safety compliance, psychosocial safety
participation, and psychological resilience were all above 0.7, showing good reliability. In
addition, the Cronbach’s alpha coefficients of each second-order variable were also above
the critical values, and the Cronbach’s alpha values of job stress and psychosocial safety
behavior were 0.865 and 0.879, respectively. Based on this, all variables had good reliability.

Table 3. Descriptive statistics, Cronbach’s alpha values, and Pearson’s correlation coefficients
among variables.

Variables Mean SD 1 2 3 4 5 6

1. The job itself 3.220 0.866 (0.812)
2. Job insecurity 3.036 0.821 0.425 ** (0.835)

3. Family-work conflict 3.249 0.923 0.432 ** 0.488 ** (0.808)
4. Psychosocial safety Compliance 3.235 0.862 −0.534 ** −0.428 ** −0.296 ** (0.826)
5. Psychosocial safety participation 3.070 0.826 −0.535 ** −0.481 ** −0.369 ** 0.711 ** (0.801)

6. Psychological resilience 3.336 0.808 −0.506 ** −0.533 ** −0.403 ** 0.632 ** 0.637 ** (0.956)

Notes: ** p < 0.01; SD = standard deviation; Cronbach’s alpha values are reported in the brackets.

According to Pearson’s correlation coefficient, all three job stressors (the job itself, job
insecurity, and family-work conflict) were negatively correlated with psychosocial safety
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compliance and negatively correlated with psychosocial safety participation. Psycholog-
ical resilience was negatively related to all three job stressors and positively related to
psychosocial safety compliance and psychosocial safety participation.

4.2. Validity Testing

In this study, using AMOS 24.0, CFA analysis was conducted on the job stress mea-
surement model, psychosocial safety behavior measurement model, and psychological
resilience measurement model. The model fit was verified against professional indicators,
and the general better fit criteria were: chi-square/degrees of freedom (χ2/df) ≤ 5 [60],
root-mean-square error of approximation (RMSEA) < 0.1, incremental fit index (IFI) > 0.9,
Tucker-Lewis index (TLI) > 0.9 [61], comparative fit index (CFI) ≥ 0.9, standardized root
mean square residual (SRMR) ≤ 0.08 [62]. According to the test results, all three measure-
ment models have a good fit.

Hair et al. [63] proposed to verify convergent validity using standardized factor
loadings (SFL), construct reliability (CR), and average variance extracted (AVE). When
these three metrics satisfy SFL > 0.5 [63], CR > 0.6, and AVE > 0.5 [64], it indicates good
convergent validity. Table 4 shows the results of the convergent validity of the variables. For
the job itself (psychosocial safety compliance, etc.), the SFLs range (0.533–0.899) is higher
than the critical value of 0.5, The CRs range (0.802–0.956) is higher than the critical value of
0.6, and the AVEs range (0.522–0.685) is higher than the critical value of 0.5. Therefore, the
measures all met the convergent validity requirement.

Table 4. Results of convergent validity for variables.

Variables Item SFL CR AVE

The job itself

1 0.698 0.813 0.522
2 0.741
3 0.740
4 0.709

Job insecurity

1 0.788 0.839 0.572
2 0.533
3 0.809
4 0.853

Family-work conflict
1 0.899 0.815 0.599
2 0.670
3 0.734

Psychosocial safety compliance
1 0.746 0.828 0.616
2 0.819
3 0.788

Psychosocial safety participation
1 0.774 0.802 0.575
2 0.725
3 0.774

Psychological resilience

1 0.804 0.956 0.685
2 0.811
3 0.802
4 0.773
5 0.846
6 0.844
7 0.842
8 0.825
9 0.850

10 0.872
Notes: SFL = standard deviation; CR = construct reliability; AVE = average variance extracted.

If the square root of the AVE of a variable is greater than its correlation coefficient, it
indicates good discriminant validity [48]. In Table 5, the results of discriminant validity
calculations for the six variables are shown. For example, the square root of AVE for the job
itself is 0.723, which is higher than the correlation coefficients associated with it, indicating
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good discriminant validity. The other five variables had the same results, indicating good
discriminant validity for all.

Table 5. Results of discriminant validity.

Variables 1 2 3 4 5 6

1. The job itself (0.723)
2. Job insecurity 0.425 (0.756)

3. Family-work conflict 0.432 0.488 (0.775)
4. Psychosocial Safety Compliance −0.534 −0.428 −0.296 (0.785)
5. Psychosocial Safety participation −0.535 −0.481 −0.369 0.711 (0.758)

6. Psychological resilience −0.506 −0.533 −0.403 0.632 0.637 (0.828)

Notes: The square roots of AVEs are reported in brackets.

4.3. Hypotheses Testing

The Structural Equation Model (SEM) technique was used to test the fit of the sample
data to the hypothetical measurement model, and the fit indices of the hypothetical model
were: χ2/df = 1.766 (p = 0.000), RMSEA = 0.050, IFI = 0.956, TLI = 0.949, CFI = 0.955,
SRMR = 0.042. The fit indices were all within the acceptable range.

The hypothesis was supported by judging the p-value to be less than 0.05 and the
estimate sign to be positive or negative in line with the hypothesized positive or negative
relationship. For hypotheses with multiple sub-hypotheses (H1, H2, H3, H6, and H7), the
hypothesis was considered partially supported if some sub-hypotheses were supported [7].
Figure 2 shows the results of the path analysis, including the structural model and the stan-
dard path coefficients labeled on each path. In addition, links with significant hypothesis
test results are indicated by solid lines, and links with insignificant hypothesis tests are
indicated by dashed lines. Table 6 shows the path coefficients of the structural model.

Figure 2. Structural model with standard path coefficients. Note: * p < 0.05; *** p < 0.001.
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Table 6. Path coefficients of the model.

Path Estimate S.E. C.R. P

The job itself → Psychosocial safety compliance −0.458 0.083 −5.596 ***
Job insecurity → Psychosocial safety compliance −0.099 0.065 −1.344 0.179

Family-work conflict → Psychosocial safety compliance 0.176 0.066 2.502 *
Job itself → Psychosocial safety participation −0.416 0.082 −5.353 ***

Job insecurity → Psychosocial safety participation −0.126 0.066 −1.735 0.083
Family-work conflict → Psychosocial safety participation 0.037 0.066 0.550 0.582

The job itself → Psychological resilience −0.346 0.072 −4.679 ***
Job insecurity → Psychological resilience −0.398 0.061 −5.527 ***

Family-work conflict → Psychological resilience −0.032 0.063 −0.457 0.648
Psychological resilience → Psychosocial safety compliance 0.472 0.077 6.423 ***

Psychological resilience → Psychosocial safety participation 0.442 0.076 6.300 ***

Notes: * p < 0.05, *** p < 0.001; Estimate = standardized regression coefficients; S.E. = standardized error;
C.R. = critical ratio.

The results of the hypothesis tests showed that H1a was supported, H1b was rejected,
and H1c, although also rejected, yielded the opposite conclusion of the hypothesis, that
family-work conflict has a significant positive effect on psychosocial safety compliance.
Therefore, H1 was partially supported. H2a was supported, H2b was rejected, and H2c
was rejected. Therefore, H2 was partially supported. H3a and H3b were supported, and
H3c was rejected, where job insecurity had a stronger effect on psychological resilience
than the job itself. Therefore, H3 was partially supported. H4 and H5 were both supported,
and the effect of psychological resilience on psychosocial safety compliance was slightly
higher than its effect on psychosocial safety engagement.

This study used SEM to assess the mediating mediation effects, which allows for the
inclusion of measurement error compared to multiple regression models [65,66]. In this
paper, we use Bootstrap for mediating effects testing, with 5000 draws on the original
sample size (N = 304). The results are shown in Table 7. H6a and H6b were partially
supported, and psychological resilience partially mediated the effect of the job itself on
construction workers’ psychosocial safety compliance and psychosocial safety participation,
with mediating effects of 26.232% and 26.923%, respectively. H6b and H7b were supported.
Psychological resilience fully mediates the effect of job insecurity on psychosocial safety
compliance and participation. H6c and H7c were rejected.

Table 7. Results of the mediation effect test.

Path Direct Effects Indirect Effects Total Effects

The job itself → Psychological resilience → Psychosocial safety compliance −0.464 *** −0.165 ** −0.629 ***
Job insecurity → Psychological resilience → Psychosocial safety compliance −0.087 −0.166 ** −0.253 *

Family-work conflict → Psychological resilience → Psychosocial safety compliance 0.166 * −0.014 0.151
The job itself → Psychological resilience → Psychosocial safety participation −0.437 *** −0.161 ** −0.598 ***
Job insecurity → Psychological resilience → Psychosocial safety participation −0.115 −0.161 ** −0.276 *

Family-work conflict → Psychological resilience → Psychosocial safety participation 0.036 −0.014 0.023

Notes: * p < 0.05, ** p < 0.01, *** p < 0.001.

5. Discussion

This study investigated the influence of job stressors (job itself, job insecurity, and
family-work conflict) on construction workers’ psychosocial safety behaviors in terms of
psychosocial safety compliance and psychosocial safety participation and considered the
mediating role of psychological resilience. The results of the study showed that the three
job stressors had different effects on psychosocial safety compliance and psychosocial safety
participation, and it was found that: (1) The job itself had a negative effect on all psychoso-
cial safety behavior sub-dimensions; job insecurity had no effect on all psychosocial safety
behavior sub-dimensions; family-work conflict had a positive effect on psychosocial safety
compliance; and there was no effect on psychosocial safety participation. (2) Psychological
resilience had a positive effect on all psychosocial safety behavior sub-dimensions. (3) Psy-

47



Buildings 2023, 13, 1930

chological resilience partially mediates the effect of both work itself and psychosocial safety
behavior sub-dimensions; all play a fully mediating role in the effect of job insecurity on
psychosocial safety behavior sub-dimensions; and none in the effect of family-work conflict
on psychosocially safe behavior sub-dimensions.

5.1. Theoretical Implications

First, this study verifies the extended JD-R theoretical model proposed by Bronkhorst,
and the results show that the application of the theoretical model in the construction in-
dustry has certain feasibility and validity. At present, there are many research results on
physiological safety and less research on psychosocial safety. Psychosocial safety behavior
provides a good framework for studying psychosocial safety [21]. Just as physiological
safety behavior is a prior indicator for measuring physiological safety accidents, psychoso-
cial safety behavior is a prior indicator for measuring psychosocial safety hazards. The
results of this study suggest that the extended JD-R theoretical model provides an effective
theoretical basis for the study of psychosocial safety issues in the construction industry and
can help companies develop intervention strategies that can reduce the psychosocial risks
arising from construction workers at work. Oil, gas, and mining are also high-risk indus-
tries, and their employees are also prone to psychosocial safety problems [36,67], and this
study can provide a theoretical basis and methodology for the study of psychosocial safety
behaviors in these industries. Therefore, this study can provide strong support for research
on psychosocial safety behaviors in the construction industry and even other industries.

Second, this study found that different job stressors have different effects on psychoso-
cial safety compliance and psychosocial safety participation. The job itself can negatively
affect construction workers’ psychosocial safety compliance and psychosocial safety par-
ticipation, which echoes Bronkhorst’s [20] study. The demands of high workload, poor
security, and high responsibility for construction workers impose psychological costs that
subsequently affect workers’ psychosocial safety behaviors. Job insecurity has no direct ef-
fect on psychosocial safety compliance and participation and differs from Bronkhorst’s [20]
findings in that it can negatively affect psychosocial safety compliance and participation
through psychological resilience. For many, continued employment is an essential source
of income [68]. Job insecurity responds to the expectation that employees will lose their
jobs [69], and this expectation can threaten psychological resources [70]. Construction
workers’ psychological resilience is a psychological resource and is significantly and posi-
tively associated with psychosocial safety compliance and psychosocial safety participation.
Interestingly, this study found a positive effect of family-work conflict on psychosocial
safety compliance, which is the exact opposite of the results of the study on the effect of
physical safety behaviors [17]. Zhu et al. [71] also obtained fat conclusions contrary to the
hypothesis and found that psychosocial stress symptoms had a positive and significant ef-
fect on the sub-dimension of psychosocial safety behaviors among Ghanaian miners. In the
course of research on the JD-R model, some scholars have suggested that stressors can be
classified as hindering or challenging based on the nature of their effects [72,73]. Hindering
stressors are detrimental to goal accomplishment, while challenging stressors promote goal
accomplishment and personal development. A high level of workload may bring growth
and benefits to individuals [23]. In China, construction workers are the primary source of
income for their families, have significant family responsibilities, and play an important
role in their families. In this context, appropriate family-work conflict stress is beneficial for
construction workers to proactively maintain psychological safety and thus better manage
family-work conflicts. By demonstrating the different effects of different job stressors on
psychosocial safety compliance and psychosocial safety participation. This reveals the
intrinsic mechanism by which construction workers’ job stress affects psychosocial safety
behaviors and provides help for effective interventions to mitigate the effects of job stress
on workers’ psychosocial safety. These findings are informative for further research on the
factors influencing psychosocial safety behaviors.
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Finally, this study contributes to psychosocial safety behavior research by considering
the role of individual resources in a hypothetical model. Prior research has identified
that job stress can have an impact on psychosocial safety behaviors; however, the role
of considering individual resources in the impact mechanism is lacking. High levels of
job stress among employees are largely objective and often uncontrollable [14,74]. The
findings of this study provide an individual corrective perspective in which we demonstrate
the positive effects of psychological resilience on psychosocial safety compliance and
psychosocial safety participation, as well as the ability of psychological resilience to reduce
the negative effects of job itself and job insecurity on psychosocial safety compliance
and psychosocial safety participation. These findings can broaden our understanding of
the mechanisms influencing psychosocial safety behaviors, which can lead to the better
development and implementation of relevant measures to ensure the psychosocial safety
of construction workers.

5.2. Practical Implications

First, this study is important for enhancing overall workplace safety. The psychosocial
safety behaviors of workers in high-risk industries should be addressed. Construction
projects can incorporate psychosocial safety behaviors into safety performance assessments.
This will promote workers’ awareness of the importance of psychosocial safety, which
in turn will lead to a greater focus on their own psychological health and safety at work,
thus improving the safety level and performance of the entire project. At the same time,
construction projects should also strengthen training and promotion for workers to improve
their knowledge and understanding of psychosocial safety and promote full participation
to improve overall safety in the workplace.

Secondly, this study found that three job stressors positively and negatively affect
psychosocial safety compliance and participation. Therefore, only by clarifying the mech-
anisms of action between them can we better improve psychosocial safety. According to
the research results, managers need to focus on the negative effects of the job itself and
job insecurity. Managers need to reasonably arrange the workload and working hours of
construction workers to avoid overload. It is also essential to ensure the safety of construc-
tion workers and to ensure that safety equipment is in good condition [75]. Construction
managers need to promote the continued employment of construction workers. Construc-
tion workers have a low level of education and a single channel to obtain employment
information. In this case, realistic job information can be provided to broaden their access
to job information [69]. For family-work conflicts, managers can take steps to reward con-
struction workers for good psychosocial safety behaviors. For example, monetary rewards,
since money is the main reason why workers go to construction sites in China [76], are a
way to create a positive cycle.

Finally, the results of this study suggest that interventions can be made at the indi-
vidual level that can mitigate the negative effects of job stress on construction workers’
psychosocial safety behaviors. Project management teams can take steps to enhance the
psychological resilience of construction workers. To improve workers’ stress tolerance and
resilience, managers can consider implementing “psychological resilience education”, such
as sharing lessons learned from bad experiences [6]. Building the psychological resilience
of construction workers at the organizational level, such as by providing training in psy-
chological resilience-related knowledge and skills, is also an effective way to enhance their
psychological resilience.

5.3. Limitations and Future Research

First, the present study is cross-sectional and cannot detect longitudinal relationships
among job stress, psychological resilience, and psychosocial safety behaviors. Future
research could examine potential relationships among them over time. Second, there are
a variety of job demands and resources, and the present study considered only three job
stressors and one personal resource. Therefore, future research could introduce more
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job demands and job resources, such as interpersonal conflict and psychosocial safety
climate. Furthermore, this study found that different job stressors have different effects on
psychosocial safety behaviors, and future research can further investigate the mechanisms
of action of challenging and hindering stressors. Finally, this study explored only the
mechanisms that influence psychosocial safety behaviors, and the relationship between
the impact of psychosocial safety and physiological safety was not clear. According to
the PPWS model proposed by Yaris, psychosocial safety and physiological safety will
interact with each other, and future studies can further explore the relationship between
psychosocial safety behaviors and physiological safety behaviors.

6. Conclusions

Psychosocial safety is an important component of overall safety in the construction
workplace. In this study, a hypothesized relationship between job stress, psychosocial
safety behaviors, and mental toughness was proposed. The data comes from 304 construc-
tion workers in China, and the hypotheses were tested through SEM analysis. This study
found that three job stressors have different effects on two dimensions of psychosocial
safety behaviors through different pathways. The job itself had a direct negative impact on
construction workers’ psychosocial safety compliance and psychosocial safety participation,
with psychological resilience playing a partially mediating role. Job insecurity had a nega-
tive effect on construction workers’ psychosocial safety compliance and psychosocial safety
participation through psychological resilience. Family-work conflict had a direct positive
effect on construction workers’ psychosocial safety compliance but no direct effect on psy-
chosocial safety participation. The study also found a direct positive effect of psychological
resilience on psychosocial safety compliance and psychosocial safety participation among
construction workers. The findings of this study are discussed to increase understanding
of the interaction between job stress and psychosocial safety behaviors among construction
workers. By revealing the mechanisms by which job stress triggers psychosocial safety
behaviors, this study helps broaden the body of research on construction workers’ safety
behaviors and has implications for the study of psychosocial safety behaviors in other
high-risk occupations.

Author Contributions: Conceptualization, C.L. and D.Y.; Methodology, C.L. and D.Y.; Software, C.L.
and C.X.; Validation, C.L., D.Y. and C.X.; Formal analysis, C.L.; Investigation, C.L. and Q.L.; Resources,
C.L., D.Y., Q.L. and C.X.; Data curation, C.L. and Q.L.; Writing—original draft, C.L.; Writing—review
& editing, D.Y., Q.L. and C.X.; Visualization, D.Y.; Supervision, D.Y.; Project administration, D.Y., Q.L.
and C.X.; Funding acquisition, D.Y. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Research data for this article is available through the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Construction Workers’ Job Stress, Psychosocial Safety Behavior, and Psychological
Resilience Questionnaire

Dear Respondents:
Hello! I am a master’s student at Central South University. Thank you for taking

the time out of your busy schedule to participate in this questionnaire. The purpose of
this questionnaire is to understand construction workers’ job stress, psychosocial safety
behaviors, and psychological resilience so as to propose intervention measures for the im-
pact of construction workers’ job stress on mental health. This questionnaire is completely
anonymous, and your answers will be treated with strict confidentiality, so please do not
have any concerns. We assure you that the data obtained from this questionnaire will be
used purely for academic research.
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This questionnaire is not a test; there are no standard answers, no “right”, “wrong”,
“good”, or “bad” answers to any question; they are all single-choice. What we want to
know are your true state and feelings. Please fill out the actual situation according to your
own truthfulness. Thank you for your support!

Part I: Personal Information (Please tick the options that match your situation.)

1. Your age: A. ≤30 years old; B. 31–40 years old; C. 41–50 years old; D. ≥51 years old
2. Your gender: A. Male; B. Female
3. Your education level: A. Primary school and below; B. Junior high school; C. High

school, junior college, or technical school; D. College and above
4. Your work experience: A. ≤5 years; B. 6–15 years; C. 16–25 years; D. ≥26 years
5. Your marital status: A. Unmarried; B. Married
6. Your fertility: A. No children; B. Only child; C. Many children
7. Your type of work: A. Carpenter; B. Steelworker; C. Bricklayer; D. Erector; E. Special

equipment (elevator, tower crane, hoist, etc.); F. Other types of work (odd jobs, small
jobs, etc.)

Part II: Job Stress, Psychosocial Safety Behavior, and Psychological Resilience Mea-
surement (Please answer the following questions based on your real feelings and put a tick
on the number that best matches. “1” = strongly disagree, “2” = disagree, “3” = not sure,
“4” = agree, “5” = strongly agree.)

The job itself:

8. My job is simple and has a low workload.
9. At work, I never worry about personal safety.
10. I never work overtime.
11. I am not afraid of being accountable at work.

Job insecurity:

12. I could be without this job at any time.
13. I believe I will be able to keep this job.
14. I am uneasy about my future job income and opportunities.
15. I may lose this job in the near future.

Family-work conflict:

16. I have been away from my family for a long time and do not take much care of them.
17. My family does not understand and support my work enough.
18. My financial income is not high, and I have a heavy family burden.

Psychosocial safety compliance:

19. I use measures to prevent or minimize psychological strain in my job.
20. I use the correct regulations and protocols for psychological safety when carrying out

my job.
21. I ensure the highest levels of psychological safety when I carry out my job.

Psychosocial safety participation:

22. I promote the psychological safety program within the organization.
23. I put in extra effort to improve the psychological safety of the workplace.
24. I voluntarily carry out tasks or activities that help improve workplace psychological safety.
25. I can adapt to change.
26. No matter what happens, I can handle it.
27. I can see the humorous side of things.
28. Coping with stress makes me feel empowered.
29. I will recover quickly from illness and hardship.
30. I can overcome obstacles to achieve my goals.
31. Under pressure, I can focus and think clearly.
32. I do not get discouraged by failure.
33. I feel that I am a strong person.
34. I can handle my negative emotions.
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Abstract: Small-scale construction sites in South Korea account for about 91.5% of all construc-
tion workplaces and contribute to 72.3% of the total accidents and fatalities. Safety measures at
these sites are often underestimated, and proper safety education is lacking. In particular, the fatality
rate is about 4.43 times higher compared to medium-/large-scale construction sites. In this study,
a systematic analysis was conducted to examine the causes and trends of industrial accidents in
small-scale construction sites to address these issues. This study analyzed industrial accidents in
small-scale construction sites using statistical analysis, LDA topic modeling, and network analysis
based on data from the Korea Occupational Safety and Health Agency (KOSHA) from 2018 to 2022.
The analysis revealed that the most critical cause of accidents in small-scale construction sites is
‘Scaffolding and working platforms’, with accidents primarily involving ‘Fall’. Furthermore, various
risk factors and accident trends were identified in apartment construction, new building projects,
and mobile scaffolding usage. This study systematically analyzed the causes and trends of industrial
accidents at small-scale construction sites, providing important evidence to enhance safety manage-
ment and preventive measures. The results are expected to play a crucial role in establishing a safety
culture at construction sites and ensuring the wellbeing of construction workers.

Keywords: small-scale construction sites; safety management; accident causes; accident types;
accident trends

1. Introduction

Infrastructure facilities such as roads, bridges, and buildings are essential for im-
proving the quality of life for citizens and driving national economic development. Con-
sequently, the construction industry is a core driving force behind a country’s progress.
The fact that the construction industry is both a crucial sector and entails high risks can-
not be ignored [1]. Globally, construction workers constitute only about 7% of the total
workforce across industries, yet they account for a significantly larger proportion of fa-
talities [2,3]. While global efforts by governments and researchers have led to decreased
construction-related industrial accidents, aiming to improve the industry’s hazardous
image, the construction industry still experiences more fatal accidents than other indus-
tries [4,5]. In Korea, as depicted in Figure 1, from the years 2013 to 2022, the accident fatality
rate in the construction industry was consistently higher compared to the manufacturing
sector. On average, the fatality rate in the construction sector was 3.09 times higher than in
the manufacturing sector. This disparity was even more pronounced in 2020, where the dif-
ference in fatality rates between the two sectors reached a staggering fourfold. Such a stark
contrast underscores the urgent need for addressing safety concerns in the construction
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sector and offers a baseline for understanding the safety advancements and best practices in
the manufacturing sector that could potentially be adopted in construction. When compar-
ing accident fatality rates across industries, the construction industry consistently exhibits
higher fatality rates than the manufacturing sector. In 2020, the fatality rate in construction
(2.00) was about four times higher than that of manufacturing (0.50). Analyzing the trend in
fatality rates, while the manufacturing and overall industries have experienced continuous
decreases, the fatality rate of the construction industry has been on the rise again since 2016.
In 2013, for the first time since then, the fatality rate in construction surpassed 2.00.

Figure 1. Work-related accident fatality rate across construction, manufacturing, and all industries
in Korea.

The work-related accident fatality rate in the construction industry exhibits significant
variations based on factors such as the number of on-site workers and the project costs.
Workers at small-scale construction sites are exposed to higher accident risks than those
at large-scale construction sites, a trend observed not only in developing countries but
also in advanced countries [6–8]. In the case of South Korea, in 2020, there were 301,271
construction workplaces with construction costs of less than KRW 5 billion, constituting
about 91.5% of all construction workplaces (329,279), and they accounted for about 72.3%,
with 331 out of 458 fatalities. These data indicate that construction industrial accidents are
concentrated in these smaller-scale areas (USD 1 ≈ KRW 1340). In particular, the fatality
rate at small-scale construction sites is about 4.43 times higher than that of construction
sites with project costs not less than KRW 12 billion. Thus, to effectively reduce industrial
accidents in the construction industry, it is necessary to concentrate efforts on managing
them in small-scale construction sites.

The various factors influencing the severity of fatal accidents occurring at small-scale
construction sites can vary based on the safety and health regulations of the country, the
culture, and the construction stakeholders. For instance, in the USA, the Occupational Safety
and Health Administration (OSHA) sets and enforces standards to assure safe working
conditions, particularly emphasizing training, outreach, and education. The UK’s Health
and Safety Executive (HSE) is focused on reducing work-related death and serious injury
across all sectors, with a specific framework for construction that mandates specific safety
roles and responsibilities for projects. In Australia, the Safe Work Australia body develops
national policy relating to WHS (work health and safety) and workers’ compensation,
emphasizing consultation, cooperation, and coordination among various stakeholders in
construction. However, according to multiple studies, small-scale construction projects are
found to be facing common safety and health issues [5–8]; the significance of workplace
safety measures is underestimated, and there is a lack of sufficient safety education for
both workers and managers. In particular, construction clients often perceive industrial
accidents as unpredictable events, leading to a tendency not to employ managers or experts
with specialized knowledge in safety and health.
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One of the key strategies to reduce industrial accidents at construction sites and en-
hance workplace safety is to conduct in-depth analyses of past incidents, identifying high-
risk factors and implementing effective preventive measures to eliminate these risks [7].
Several countries, including South Korea, the United Kingdom, the United States, Japan,
and Singapore, apply this methodology to decrease industrial accidents at small-scale con-
struction sites. They periodically disclose industrial accident statistics and formulate safety
and health management policies based on these data. Furthermore, various researchers
analyze industrial accident cases to identify significant safety and health issues that the
government may not recognize, presenting specific solutions to address them [7–9].

Most studies on improving safety and health at small-scale construction sites have
recently focused on identifying the causes of accidents, their occurrences, and the popu-
lations of high-risk groups [7–11]. While these studies have significantly contributed to
easily understanding the primary causes of accidents, they have overlooked the complex
interactions between the complex causes and outcomes of accidents. In large-scale con-
struction sites, the support of dedicated safety and health managers or experts enables
the interpretation of and response to how complex accident causes interact and lead to
accidents in a site-specific manner. However, in small-scale construction sites lacking
specialized safety and health management support, simply providing accident causes is
insufficient for understanding how the causes and outcomes interact to lead to accidents.
Therefore, relying solely on statistical analysis may not be enough to prevent or respond to
these incidents adequately. Therefore, in small-scale construction sites, providing specific
accident scenarios explaining how the causes interact to trigger accidents can be more
effective than simply listing the causes.

Furthermore, the existing research focused on small-scale construction sites in South
Korea mostly relies on historical data, failing to capture the recent changes in work environ-
ments and trends. Therefore, the primary objective of this study is to systematically analyze
the causes and trends of industrial accidents occurring in recent small-scale construction
sites within South Korea. This aims to provide essential scientific evidence for establish-
ing effective safety and health management strategies. In particular, this study identifies
the critical causes and accident types that have the most significant impact on small-
scale construction sites and presents how these causes and accident types actually lead to
specific accidents.

The structure of this paper is as follows. Section 2, titled ‘Background’, delves into a
comprehensive literature review of the existing research related to accidents in small-scale
construction sites and explains the accident status in the domestic construction industry.
In Section 3, the ‘Materials and Methods’ section is covered, including the data collection
process for this study and the plan and methodology of this study. Next, in Section 4,
the ‘Results’ are presented. A comparative analysis focusing on the causes and accident
types was conducted between industrial accidents at small-scale construction sites with
a construction cost of less than KRW 5 billion and medium-/large-scale construction
sites. Additionally, the critical causes and accident types at small-scale construction sites
were analyzed. For accidents related to the most critical cause and accident types at
small-scale construction sites, LDA topic modeling and network analysis were conducted
in this study, and the main results regarding accident trends were identified. Moving
forward to Section 5, the ‘Discussion’ was carried out regarding the analysis results. Fi-
nally, in Section 6, the ‘Conclusion’ discusses the study’s outcomes and outlines future
research directions.

2. Background

2.1. Literature Review
2.1.1. Accident Characteristics in Small-Scale Construction Sites

The recent literature primarily emphasizes the identification of accident causes, their
frequency, and the groups most susceptible to these risks in small-scale construction
sites. Cheng et al. [6] analyzed the characteristics of industrial accidents occurring at
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small-scale construction sites in Taiwan. Dumrak et al. [7] found that 57.5% of all fatal
accidents in south Australia happened at small-scale construction sites with less than
20 workers. Similarly, Camino López et al. [8] revealed that sites with fewer than 25 workers
accounted for a staggering 58.1% of the total fatalities. Bang et al. [9] analyzed fatality rates
based on construction cost and facility type using accidents from 2013 to 2019. The study
revealed that serious accidents frequently occurred at sites of less than 0.008 billion USD in
South Korea. Collectively, these studies, including contributions by Daba et al. [10] and
Berhe et al. [11], consistently show that workers in smaller construction sites are at a higher
risk compared to those in larger settings.

2.1.2. Contemporary Trends and Data Limitations in Construction Safety Research

While significant studies have been undertaken concerning accident characteristics in
small-scale construction sites, there remains a gap in the literature concerning the specific
differences between accidents in small-scale settings versus larger ones. Studies such as
those by Lim et al. [5], Choi et al. [12], and Kang and Ryu [13] have predominantly focused
on historical data, potentially overlooking contemporary shifts in work environments and
trends. The reliance on pre-2019 data, given the escalating severity of recent industrial acci-
dents in smaller construction sites, underscores the need for updated study methodologies
and data sources.

2.1.3. The Role and Impact of Safety Training

Emerging studies have highlighted the pivotal role of safety training in enhancing haz-
ard recognition and risk perception among construction workers. Fu et al. [14] underscored
the potential of integrating visual cues in safety education to enhance hazard recognition
abilities, especially among novice workers. Such innovative training approaches were fur-
ther supported by Namian et al. [15], who emphasized the significance of high-engagement
training methods in improving both hazard recognition and safety risk perception. Their
findings revealed that high-engagement training led to superior hazard recognition and
an elevated perception of safety risk. Furthermore, Perlman et al. [16] highlighted the
discrepancies between how construction superintendents assess risk levels and the ratings
provided by formal safety risk assessment methods. Their study accentuated the impor-
tance of training and education in bridging this gap. Moreover, Uddin et al. [17] identified
specific hazard categories that construction workers are more proficient at recognizing,
emphasizing the need for targeted training interventions.

In conclusion, while there has been considerable study on the characteristics and causes
of accidents in small-scale construction sites, a profound need exists for innovative training
methodologies that are rooted in a deep understanding of workers’ hazard recognition
patterns and challenges. The integration of technology, personalized learning interventions,
and high-engagement training methods promises a more holistic and effective approach to
construction safety education.

2.2. Accidents in Small-Scale Construction Sites in Korea

The safety and health management systems of construction sites in South Korea are
based on the “Occupational Safety and Health Act”, and different regulations apply de-
pending on the scale of the construction project. The scale of construction is determined
by the total construction cost, and generally, sites with construction costs less than KRW
5 billion are defined as small-scale construction sites. Currently, small-scale construction
sites are mostly in blind spots regarding safety and health management regulations. Con-
struction sites with construction costs of not less than KRW 5 billion and less than KRW
12 billion are considered medium-scale construction sites. They are subject to most safety
and health management regulations, and safety managers must be appointed for on-site
safety management. However, safety managers for medium-scale construction sites are
allowed to have dual roles. On the other hand, construction sites with construction costs
not less than KRW 12 billion are considered large-scale construction sites. Similar to
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medium-scale sites, safety managers must be appointed, but safety managers for large-
scale construction sites are dedicated safety managers and are not allowed to take on other
duties outside of safety management works.

In the past 10 years, an analysis of the accident fatality rate due to accidents in the
construction industry based on the construction cost revealed significant differences in
South Korean construction sites (Figure 2). For construction sites with construction costs of
less than KRW 12 billion, where there is no requirement for a dedicated safety manager,
the fatality rate due to accidents was analyzed to be at least 2.5 times higher (in 2014) and
up to 4.43 times higher (in 2020) compared to construction sites with construction costs
of KRW 12 billion or more. The fatality rate in large-scale construction sites gradually
increased from 2015 to 2019, which was followed by a decrease after 2020. Medium-scale
construction sites exhibited a significant increase in 2016 followed by a continuous decrease
until 2018, but the trend shifted to an increase in 2019. On the other hand, the fatality rate in
small-scale construction sites showed repeated fluctuations until 2019, which was followed
by a sharp increase in 2020 and a slight decrease in 2021.

Figure 2. Work-related accident fatality rate according to construction costs in Korea.

3. Materials and Methods

3.1. Data Collection

In this study, accidents at small-scale construction sites were analyzed using the
industrial accident status statistics data (referred to as “industrial accident data”) reported
to the Korea Occupational Safety and Health Agency (KOSHA) from 2018 to 2022. The
industrial accident data include various fields such as industry category, construction scale,
victim’s name, diagnosis, cause, accident type, disability grade, country, occupation, date
of death, age, gender, duration of employment, date of the accident, time of the accident,
accident overview, employment status, and worker’s position. Each field was prepared
according to KOSHA’s classification criteria.

In response to the importance of diverse data sourcing, it is worth mentioning that
while our primary dataset originated from official sources, the inclusion of data from
broader platforms, such as social media enterprises, could potentially enhance the compre-
hensiveness of the analysis. Such datasets, although rich in capturing real-time sentiments,
can pose challenges related to data validity, consistency, and potential biases [18].

In this study, the analysis focused primarily on the cause and the accident type directly
associated with industrial accidents. The classification criteria and definitions for the cause
and the accident type are presented in Appendix A. In this study, any items or details within
the causes and accident types that fell under other fields or with insufficient information
were excluded from the analysis. Ultimately, 1511 cases of work-related fatalities due to
accidents were analyzed in this study.
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3.2. Methods

This study aimed to identify critical causes and accident types from industrial accident
data in small-scale construction sites and to present trends in accidents associated with the
most critical causes and accident types. This study involved several key steps, including
data collection, statistical analysis, topic modeling, and network analysis. The research
flowchart detailing these steps is presented in Figure 3.

Figure 3. Research flowchart.

A chi-squared test was conducted to investigate the relationship of industrial accidents
between small-scale construction sites and other construction sites in terms of causes and
accident types. In this case, the chi-squared test was performed using the SPSS v26 software.
If the chi-squared test indicated a difference in industrial accidents based on causes and
accident types between small-scale construction sites and other construction sites, the
critical causes and accident types for small-scale construction sites were identified using
absolute and relative frequencies. In this case, the absolute frequency represents the
frequency of accidents occurring in small-scale construction sites based on the causes or
accident types. The relative frequency indicates the proportion of accident occurrences
in small-scale construction sites compared to the total accident occurrences across all
construction sites. The relative frequency is calculated according to Formula (1):

RF = (Frequency at small-scale construction/Frequency at all construction) (1)

RF represents the relative frequency, where Frequency at small-scale construction
refers to the frequency of causes or accident types in small-scale construction sites, and
Frequency at all construction refers to the frequency of causes or accident types across
entire construction sites. Critical causes and accident types were presented in graph form
by comprehensively considering absolute and relative frequencies. Through the analysis
of the critical causes and accident types, it could be determined whether certain causes
or accident types caused more accidents in small-scale construction sites relative to the
total construction sites or if they were frequent in the entire construction industry. In the
graph, causes or accident types located in the upper right corner frequently occurred in
small-scale construction sites and were particularly hazardous, indicating that they pose a
significant risk compared to the entire construction industry.

Next, to analyze specific trends in industrial accidents related to the critical causes and
accident types identified in small-scale construction sites, latent Dirichlet allocation (LDA)
topic modeling and network analysis were conducted. Topic modeling is a methodology
that involves utilizing statistical and optimization algorithms to extract latent topics from
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large text collections. It identifies topics that constitute the themes within an entire text
collection, categorizing the text into relevant topics [19,20]. In topic modeling, the latent
Dirichlet allocation (LDA) model is commonly used. The primary goal of LDA is to effec-
tively identify latent topic information by analyzing the co-occurrence patterns of words
within documents [21]. Despite the success and popularity of LDA, it has limitations in
terms of capturing relationships between keywords derived from LDA in the way the text
is represented [22]. Therefore, the study of Gerlach et al. [22] suggested that integrating
topic modeling with network analysis could improve this aspect. Network analysis is
a methodology that models complex systems as graphs composed of nodes and edges
to analyze their structure and behavior. It is commonly used in data science to analyze
complex relationships and patterns between nodes [23]. Therefore, this study analyzed the
overview of industrial accidents caused by the most critical causes and accident types using
LDA topic modeling to classify them into several accident types. In this case, the LDA topic
modeling and network analysis were conducted using Python 3.9. Before conducting the
topic modeling, the industrial accident overview data in the Korean natural language were
tokenized as a preprocessing step. Initially, special characters, numbers, and characters
other than Korean were removed. Tokenization was carried out using the Kkma morpholog-
ical analyzer from the Konlpy package. Among the tokens obtained through tokenization,
common Korean stopwords such as postpositional particles and conjunctions, along with
proper nouns, terms related to hospital transfers, and other terms like confirmation, fact,
and incident, which do not significantly impact accident analysis, were mostly removed as
stopwords. After this preprocessing, the documents were transformed into a bag-of-words
format to create a corpus. Next, the LDA topic modeling was performed using various
packages from the Python gensim package, including LdaModel, Dictionary, MmCorpus,
copora, models, TfidfModel, etc. The analysis to identify an appropriate number of topics
was based on a comprehensive consideration of perplexity and coherence scores. Perplexity
and coherence scores are quantifiable metrics that measure the predictability of a given set
of texts. Generally, lower perplexity and higher coherence scores indicate a better prediction
quality [24,25]. Subsequently, the LDA topic modeling was conducted based on the optimal
number of topics. The network analysis using the network package was performed for
each topic to analyze the complex interactions of accidents and extract accident trends.
The network visualization was created using word pairs with the top 50 frequencies. The
size of nodes and the thickness of edges were increased proportionally to the frequency
of nodes and the connectivity of edges. Additionally, it’s important to note that due to
the proximity of certain keywords in the network visualization, there might be an overlap,
causing certain keywords to be obscured. This visual overlap is a consequence of closely
related keywords having a shorter distance between them in the network representation.

4. Results

4.1. Identification of Critical Causes and Accident Types

In this section, the critical causes and accident types leading to work-related fatal
accidents in small-scale construction sites are presented. A comparative analysis was
conducted on the causes and accident types of fatal accidents occurring in small-scale
construction sites and other construction sites. Subsequently, the absolute frequency (AF)
and relative frequency (RF) of accidents that occurred in small-scale construction sites were
calculated to identify the critical causes and accident types contributing to fatal accidents.

4.1.1. Comparing Causes and Accident Types by Construction Scale

The analysis examined the differences in industrial accidents based on causes and
types of fatal accidents between small-scale construction sites and other construction sites.
The results are summarized in Table 1. Among the 1511 work-related fatal accidents in the
construction industry that were analyzed, there were 1013 accidents reported on small-scale
construction sites with construction costs of less than KRW 5 billion, while 498 accidents
occurred on medium-/large-scale construction sites with construction costs of not less
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than KRW 5 billion. Work-related fatalities in small-scale construction sites accounted for
about 67%.

Table 1. Chi-squared test and frequency analysis of accident causes and types in small-scale and
other construction sites.

Category <KRW 50 Billion (n) ≥KRW 50 Billion (n) Total (n)

Accident Causes ( χ2= 76.482, p < 0.001)

Scaffolding and working platforms 190 72 262
Stepped structure and opening 128 61 189
Means of land transportation 138 50 188

Transport and lifting equipment/machinery 99 81 180
Construction/mining machinery 81 66 147

Stairs and ladders 96 22 118
General manufacturing and processing

equipment/machinery 73 28 101

Floors, surfaces, etc. 39 22 61
Molds and supporting post 24 31 55
Electrical equipment, parts 31 17 48

Equipment/machinery, parts, and accessories 19 15 34
Materials 23 7 30

Components and accessories of buildings/structures 15 10 25
Humans, animals/plants 15 2 17

Portable power tools 12 2 14
Chemical products 12 1 13

Non-metallic mineral products 8 1 9
Containers, packaging and devices 5 3 8

Work environment, natural phenomena such as atmospheric
conditions, etc. 2 3 5

Manual mechanical equipment 2 2 4
Hand tools 1 0 1

Fragments, debris, waste 0 1 1
Means of air, water transportation 0 1 1

Total 1013 498 1511

Accident Types ( χ2= 39.582, p < 0.001)

Fall 547 223 770
Collision 109 67 176

Struck by object 59 60 119
Pressed under/overturned 73 30 103

Caught in between 45 30 75
Collapse 42 32 74

Fire 33 18 51
Electrocution 35 14 49

Explosion/rupture 24 5 29
Chemical leakage 14 4 18

Tripping 12 5 17
Fallen in/Drown 12 5 17
Cutoff/cut/stab 4 2 6
Animal injury 3 1 4

Workplace traffic accident 1 0 1
Oxygen deficiency 0 1 1

Abnormal temperature contact 0 1 1
Total 1013 498 1511

A chi-squared test was conducted to determine the statistical significance of the pro-
portional differences in the causes of industrial accidents based on the construction costs.
The chi-squared test results indicated that the p-value was less than 0.001, indicating a
significant difference in the proportion of industrial accident causes based on the construc-
tion costs. Among the twenty-three causes, except for four causes, including ‘Molds and
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supporting post’, ‘Work environment, natural phenomena such as atmospheric conditions,
etc.’, ‘Fragments, debris, waste’, and ‘Means of air, water transportation’, it was analyzed
that accidents caused by all other causes were more frequent on construction sites with
construction costs of less than KRW 5 billion. Next, a chi-squared test was performed to
verify the frequency differences of accident types based on construction costs. The analysis
revealed that the p-value was less than 0.001, indicating a significant difference in the pro-
portion of industrial accident types based on the construction cost. Among the seventeen
accident types, except for three types (struck by object, oxygen deficiency, and abnormal
temperature contact), it was analyzed that all the other types had a higher frequency on
construction sites with construction costs of less than KRW 5 billion.

4.1.2. Analysis of Critical Causes and Accident Types in Small-Scale Construction Sites

Considering the stark disparity in the frequency of industrial accidents, based on
their causes and accident types between small-scale and medium-/large-scale construction
sites, we undertook a comprehensive analysis. Figure 4 delineates the principal causes
of fatal accidents in small-scale construction sites. The absolute frequency (AF) and rela-
tive frequency (RF) for scaffolding and working platforms emerged as the highest, with
AF = 190 and RF = 0.725. This underscores that scaffolding and working platforms were the
predominant factors leading to fatal accidents in small-scale construction sites. Subsequent
to this, the major causes in small-scale construction sites were identified in the following
sequence: means of land transportation (AF = 138, RF = 0.734), stepped structure and
opening (AF = 128, RF = 0.677), and stairs and ladders (AF = 96, RF = 0.813).

Figure 4. Critical causes in small-scale construction sites.

The results of the analysis of critical accident types in fatal accidents at small-scale
construction sites are indicated in Figure 5. The analysis revealed that fatal accidents caused
by falls had an overwhelmingly higher absolute frequency and relative frequency than
other accident types (AF = 547, RF = 0.710). Furthermore, fatal accidents resulting from
collisions were also relatively high compared to other fatal accidents (AF = 109, RF = 0.619).
Following collisions, accidents involving being pressed under or overturned (AF = 73,
RF = 0.709), being struck by an object (AF = 59, RF = 0.496), and being caught in between
(AF = 45, RF = 0.600) were identified as critical factors contributing to fatal accidents.
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Figure 5. Critical accident types in small-scale construction sites.

The analysis of the most critical causes and accident types in fatal accidents at small-
scale construction sites revealed that the most critical cause was scaffolding and working
platforms, while the most critical accident type was falls.

4.2. Presentation of Accident Trends in Small-Scale Construction Sites

An analysis of the accident trends was conducted regarding fatal accidents occurring at
small-scale construction sites, specifically those caused by the critical factors of scaffolding
and working platforms as well as falls. The scope of the analysis encompassed industrial
accident cases reported to the Occupational Safety and Health Agency from 2018 to 2022. In
small-scale construction sites, there were 190 work-related fatal accidents due to scaffolding
and work platform accidents and 547 work-related fatal accidents due to falls. The trends in
fatal accidents were identified through LDA topic modeling and network analysis applied
to the overview of the industrial accident data.

It was recognized that upon an initial review, the network analysis figures for each
topic might have appeared to have overlapping characteristics. This perception was
believed to stem from the broader categorization of accident types. However, upon closer
examination, distinct differences in keyword interrelations across these networks were
observed. These subtleties, while nuanced, were deemed instrumental in understanding the
underlying patterns and causative factors of accidents in unique contexts. The decision to
present these topics in detailed individual figures, instead of consolidating them, was based
on the commitment to ensure that these critical distinctions were clearly communicated. By
delving into the granular details of each topic, a comprehensive overview was intended to
be provided, ensuring that the intricate relationships and patterns intrinsic to each accident
type were distinctly captured and interpreted. A holistic representation of the findings
was considered paramount to convey the multifaceted nature of accidents in small-scale
construction sites.

4.2.1. Topic Modeling and Network Analysis for the Most Critical Cause

Accident trends related to work-related fatal accidents caused by scaffolding and work-
ing platforms in small-scale construction sites were analyzed using LDA topic modeling
and network analysis. Perplexity and coherence scores were calculated on the pre-tokenized
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data to determine the optimal number of topics for fatal accidents related to scaffolding
and working platforms (Figure 6). Based on the calculated perplexity and coherence score,
the optimal number of topics was determined to be five.

Figure 6. Perplexity and coherence score in accidents caused by scaffolding and working platforms.

An inter-topic distance map (IDM) of the topic modeling results is presented in Figure 7.
The IDM visualizes the relationships and distances between different topics derived from
the LDA topic modeling. In the IDM shown in Figure 7, numbers 1 through 5 inside the
circles represent the topic numbers. The size of each circle reflects the prevalence of the
corresponding topic: larger circles indicate topics that are more prevalent in the dataset.
The spatial distance between circles on the map illustrates the relevance between topics:
topics that are closer to each other are more closely related in terms of content, while those
farther apart are less related. The IDM represents the entire set of topics from the learned
topic model on a two-dimensional scale [26]. Topics are depicted as circles, where larger
circles indicate a higher prevalence. Closer distances between topics indicate a higher
relevance, while greater distances imply a lower relevance [27]. The analysis of the IDM
revealed that there was no overlapping area between topics, and the distribution of data
for each topic was appropriately balanced: Topic 1—48 incidents, topic 2—31 incidents,
topic 3—29 incidents, topic 4—41 incidents, topic 5—41 incidents.

Through LDA topic modeling, it was analyzed that accidents in small-scale construc-
tion sites caused by scaffolding and working platforms could be broadly classified into
five distinct types. Next, network analysis was performed to understand the accident trends
considering the interactions between factors within each topic. The results of the network
analysis for topic 1 are indicated in Figure 8. The analysis of topic 1 revealed that 20 nodes
and 50 edges were confirmed. The average degree of connectivity was 5.0, and the network
density was about 0.26. The important nodes identified included ‘Scaffolding’, ‘Floor’,
‘Apartment’, ‘Rope’, ‘Outer wall’, etc. In particular, the high frequency of ‘Scaffolding’
and ‘Floor’ indicates that they were likely to be the main causes of fatal accidents when
scaffolding work was performed with unstable platforms or inadequate floor conditions.
Furthermore, the connections with ‘Apartment’, ‘Rope’, and ‘Outer wall’ point toward
potential risk factors during rope or outer wall operations at apartment construction sites.
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Figure 7. Inter-topic distance map of accidents caused by scaffolding and working platforms.

The results for topic 2 regarding accidents caused by scaffolding and working plat-
forms in small-scale construction sites are indicated in Figure 9. In topic 2, the main factors
related to fatal accidents involving scaffolding and working platforms in small-scale con-
struction sites were analyzed. For the network presented, 21 nodes and 50 edges were
confirmed, exhibiting an average degree of connectivity of 4.76 and a network density of
approximately 0.24. The important nodes identified included ‘Installation’, ‘Floor’, ‘New
construction’, ‘Footing’, and ‘Scaffolding’. In particular, the frequency between ‘Installa-
tion’ and ‘Floor’, as well as ‘New construction’, was notably high. This indicates that the
condition of the floor during the initial stages of scaffolding or platform installation in
new construction buildings can have a significant impact. The analysis of accident trends
revealed that fatal accidents were more likely to occur during the early stages of working
platform installation on new construction buildings with inadequate floor conditions. These
results emphasize the importance of enhancing safety inspections during the installation of
platforms and scaffolding at construction sites.
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Figure 8. Network analysis results for topic 1 in scaffolding and working platforms accidents.

Additionally, it is worth mentioning that Figure 9 also illustrates a secondary network
consisting of the nodes ‘Apartment’ and ‘Rooftop’, which appear separate from the pri-
mary network. This secondary network emerged from our analysis but was deemed less
directly related to the central topic of our study. While we did not provide an extensive
interpretation for this secondary network in the main content, its inclusion in the figure
serves to ensure transparency and provide a complete view of our analytical results.

The network analysis of topic 3 identified complex causes and interactions of fatal
accidents related to scaffolding and working platforms in small-scale construction sites
(Figure 10). In the analysis, 19 nodes and 50 edges were identified, displaying an average
degree of connectivity of about 5.26 and a network density of approximately 0.29. The
important nodes identified included ‘Mobile’, ‘Scaffolding’, ‘New construction’, ‘Floor’,
‘Platform’, and ‘Concrete’. In particular, the high connectivity frequency between ‘Scaf-
folding’ and ‘New construction’ indicates the risks of fatal accidents occurring during
scaffolding work. These results were generally similar to topic 2. However, considering
the strong connections involving ‘Mobile’, ‘Scaffolding’, and ‘Platform’ in topic 3, it can
be inferred that accidents related to mobile scaffolding and working platforms were em-
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phasized. It was analyzed that the nodes ‘Apartment’ and ‘Rooftop’ were connected only
to each other and not to other nodes. This could have two main interpretations: first, the
connection between ‘Apartment’ and ‘Rooftop’ may signify accidents occurring under spe-
cific circumstances or conditions. In this case, these two nodes can be interpreted as related
only under specific conditions and insignificant in more general situations. The second
possibility is data incompleteness. The lack of connections between ‘Apartment’, ‘Rooftop’,
and other nodes could imply that there might not have been enough data collected for
these nodes. The analysis of accident trends associated with topic 3 revealed that in the case
of a newly constructed building with mobile scaffolding installed and the concrete floor
being unfinished, the instability of the working platform follows, resulting in an increased
risk of fatal accidents. This analysis emphasizes the importance of safety checks for mobile
scaffolding and working platforms, particularly re-evaluation after concrete work and floor
conditions are addressed.

Figure 9. Network analysis results for topic 2 in scaffolding and working platforms accidents.

Figure 11 shows the analysis of various causes of fatal accidents related to scaffolding
and working platforms in small-scale construction sites corresponding to topic 4. In the
network containing 26 nodes and 50 edges, the average degree of connectivity was about
3.85, and the network density was about 0.154. The important nodes identified included
‘Scaffolding’, ‘Floor’, ‘Platform’, ‘Outside’, and ‘Handrail’. Among these, ‘Scaffolding’,
‘Floor’, and ‘Platform’ overlapped with other topics, while ‘Outside’ and ‘Handrail’ were
found to play a unique role only in topic 4. The analysis of accident trends revealed
that external environmental factors (e.g., strong winds) and the absence or instability
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of handrails could increase the instability of working platforms, thus elevating the risk
of fatal accidents. These results emphasize the importance of safety checks for external
environmental factors and proper handrail installation. Furthermore, a node labeled
‘Subcontracting’ was identified, which was unlike the other topics. This result indicates
that fatal accidents related to scaffolding and working platforms are also frequent among
subcontracted workers.

Figure 10. Network analysis results for topic 3 in scaffolding and working platforms accidents.

The results of the network analysis for topic 5 are presented in Figure 12. This network
consisted of 20 nodes and 50 edges, with an average degree of connectivity of 5.0 and a
network density of about 0.26. The important nodes identified included ‘Outer wall’ which
refers to the external facade or surface of a building or structure, ‘Floor’, ‘Scaffolding’,
‘Rope’, and ‘Installation’. In particular, the high centrality of ‘Outer wall’ and ‘Rope’
elevated the risk of accidents related to work on the outer wall and the use of ropes. The
analysis of the accident trends revealed that during work on the outer wall using scaffolding
and rope, instability in the rope or installation errors could lead to an increased instability
of working platforms, thereby increasing the risk of fatal accidents. These results emphasize
the importance of thorough safety checks for ropes when using scaffolding for operations
on the outer wall.
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Figure 11. Network analysis results for topic 4 in scaffolding and working platforms accidents.

Figure 12. Network analysis results for topic 5 in scaffolding and working platforms accidents.
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4.2.2. Topic Modeling and Network Analysis for the Most Critical Accident Type

The trends of accidents caused by falls in work-related fatal accidents at small-scale
construction sites were analyzed using LDA topic modeling and network analysis. Perplex-
ity and coherence scores were calculated on the pre-tokenized data to determine the optimal
number of topics for fatal accidents related to falls (Figure 13). Based on the calculated
perplexity and coherence score, the optimal number of topics was seven.

Figure 13. Perplexity and coherence score of fall accidents.

The IDM for accidents caused by falls is presented in Figure 14. In the IDM shown in
Figure 14, numbers 1 through 7 inside the circles represent the topic numbers. The analysis
of the IDM revealed that there was no overlapping area between topics except for topics
2 and 7. While there was some overlapping area between topics 2 and 7, the extent of
the overlap was relatively limited. In terms of the amount of data for each topic, topics
6 and 2 had relatively more data compared to the other topics, and topic 3 appeared to
have less data: topic 1—86 incidents, topic 2—110 incidents, topic 3—49 incidents, topic
4—63 incidents, topic 5—56 incidents, topic 6—122 incidents, topic 7—61 incidents.

Through LDA topic modeling, it was determined that accidents in small-scale con-
struction sites caused by falls could be broadly classified into seven distinct types. Next,
network analysis was performed to understand accident trends considering seven interac-
tions between the factors within each topic.

The results of the network analysis for topic 1 are presented in Figure 15. A network
analysis focused on topic 1, which pertained to accidents caused by falls at small-scale
construction sites, was conducted. Through this analysis, the interaction between key
connecting factors and their importance was identified. The highest frequency of connec-
tions was observed between ‘Floor’ and ‘New construction’. In other words, this suggests
that accidents involving falls from heights to the ground were frequent at construction
sites, particularly in new construction sites. Specifically, accidents falling under topic 1
involved incidents where individuals fell from ‘Scaffolding’, ‘Working platforms’, ‘Molds’,
and ‘Openings’ during the construction of facilities such as ‘Neighborhood living facilities’,
‘Detached houses’, and ‘Apartments’. Operations frequently associated with fall accidents
falling under topic 1 included brick masonry, working while moving, and operations in-
volving the use of ladders. Topic 1 was considered to be the most common type of falling
accident, and to prevent accidents related to topic 1, thorough safety checks during floor
work in newly constructed buildings are crucial. In particular, ensuring stability before
starting work is a crucial measure for preventing “Fall” accidents, which can be concluded
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from the analysis. The network of topic 1 consisted of 29 nodes and 50 edges, with an
average degree of connectivity of about 3.45 and a network density of about 0.123.

 

Figure 14. Inter-topic distance map of fall accidents.

Figure 15. Network analysis results for topic 1 in falling accidents.
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The network for topic 2 consisted of 20 nodes and 50 edges, with an average degree
of connectivity of 5.0 and a network density of about 0.263 (Figure 16). According to the
results of the network analysis, fatal accidents involving falls from neighborhood living
facility construction sites or general house construction sites, similar to topic 1, formed
the central focus. However, in topic 2, a higher frequency of connections was observed
between ‘Scaffolding’, ‘Working platforms’, ‘Outside’, and ‘Installation’. This indicates
that accidents involving falls during the construction process of new buildings where
scaffolding and working platforms were used or during the installation process of this
equipment were frequent. These accident trends highlight the risks associated with the
installation and usage of scaffolding, indicating an increased risk of falling accidents if
the installation status and the safety of workers using scaffolding and working platforms
are not adequately considered. Therefore, to prevent falling accidents related to topic 2,
rigorous safety inspections and management are necessary during the installation and
usage of scaffolding and working platforms.

 
Figure 16. Network analysis results for topic 2 in falling accidents.

The results of the network analysis for topic 3 are presented in Figure 17. The network
for topic 3 consisted of 25 nodes and 50 edges, with an average degree of connectivity of
4.0 and a network density of about 0.167. For topic 3, it was determined that accidents
involving falls during the installation of ladders, scaffolding, working platforms, and
equipment were found to be predominant.

The network analysis results for topic 4 are indicated in Figure 18. The network of
topic 4 consisted of 22 nodes and 50 edges, with an average degree of connectivity of
about 4.55 and a network density of about 0.216. Unlike the other topics, topic 4 indicated
that accidents involving falls from ladders during work were a major topic, in addition to
accidents occurring at construction sites of new buildings. It was determined that accidents
involving falling from ladders frequently occurred during the maintenance and inspection
of infrastructure such as roads and bridges. In general, during maintenance or inspection
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of bridges, there are often multiple instances where site managers are absent and a small
number of workers are involved. Due to these factors, safety and health management may
be lacking compared to regular construction sites, creating an environment that is more
vulnerable to falling accidents than regular construction sites. However, considering these
accidents were identified as the major topics of falling accidents occurring at small-scale
construction sites, it is necessary to enhance occupational health and safety management at
such sites.

Figure 17. Network analysis results for topic 3 in falling accidents.

The results of the network analysis for topic 5 are presented in Figure 19. This network
consisted of 22 nodes and 50 edges, with an average degree of connectivity of about 4.55 and
a network density of about 0.216. The core keywords of topic 5 were ‘Aerial’, ‘Boarding’,
‘Installation’, ‘Vehicle’, ‘Work platform’, ‘Loading’, ‘Painting’, and ‘Outer wall’. Analyzing
the network structure of these keywords revealed that accidents related to vehicles and
other equipment were a major type of accident during aerial operations. In particular, the
connection structure between ‘Boarding’ and ‘Vehicle’, as well as ‘Loading’, indicates high
risks associated with boarding and loading processes on vehicles or other mobile equipment.
The connection between ‘installation’ and ‘Outer wall’ points to falling accidents during
outer wall installation work. Furthermore, the connection structure between ‘Painting’
and ‘Suspended scaffolding’ signifies falling accidents while performing painting works
using suspended scaffoldings. Through this connectivity structure, the risks associated
with operations such as aerial operation, particularly involving the boarding and loading
of vehicles and equipment and painting operations, were recognized on construction
sites. Through this analysis, it can be concluded that accidents related to vehicles and
equipment during aerial operation in construction sites were a major accident type in topic
5. Therefore, the safe usage of vehicles and equipment, providing worker education and
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training, and conducting thorough safety checks during operations are necessary to prevent
such accidents.

Figure 18. Network analysis results for topic 4 in falling accidents.

The network for topic 6 consisted of 23 nodes and 50 edges, with an average degree
of connectivity of about 4.35 and a network density of about 0.198 (Figure 20). According
to the results of the network analysis, the core accident patterns in topic 6 were related
to accidents involving scaffolding and working platforms. In particular, accidents related
to falls from scaffolding installed on the outer walls of apartments, accidents occurring
during the installation of scaffolding and working platforms, and accidents during the
demolition and dismantling processes were identified to fall under topic 6. In comparison
with the other topics, a characteristic feature of topic 6 was the strong network formation of
falling accidents from scaffolding during work on the outer wall of apartments and during
demolition and dismantling operations.

According to the results of the network analysis for topic 7, similar to topic 6, accidents
involving falls from scaffolding during the installation process on apartment and building
outer walls appeared as a major topic (Figure 21). However, for topic 7, in contrast to
the other topics, accidents involving falls while using scaffolding during maintenance
work were found to be predominant in this analysis. The network for topic 7 consisted of
24 nodes and 50 edges. The average degree of connectivity in the network was about 4.17,
and the network density was about 0.181.

The analysis results of topics 6 and 7 highlight the importance of safety and installation
processes for scaffolding and working platforms used in work on the outer wall of apart-
ments and in the general construction of buildings. Moreover, these results emphasize the
importance of safety during maintenance, dismantling, and demolition work, emphasizing
the necessity for proper safety education and thorough safety inspections for workers
involved in such operations.
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Figure 19. Network analysis results for topic 5 in falling accidents.

Figure 20. Network analysis results for topic 6 in falling accidents.
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Figure 21. Network analysis results for topic 7 in falling accidents.

5. Discussion

This study systematically analyzed the causes and trends of industrial accidents
in small-scale construction sites in Korea. In particular, the primary objective was to
provide detailed accident scenarios for fatal accident causes and how these causes lead
to actual accidents. To achieve this objective, various analytical methods were applied
in this study. The results aimed to deeply understand the accident causes in small-scale
construction sites and provide the scientific basis for establishing effective safety and health
management strategies.

The results of this study have revealed several important findings compared to previ-
ous studies [5,9]. First, the proportion of fatal accidents in small-scale construction sites
was found to be higher than that in medium-/large-scale construction sites. This indicates
that workers in small-scale construction sites are exposed to higher accident risks. Second,
it was confirmed that the causes and types of fatal accidents differ between small-scale and
medium-/large-scale construction sites. This disparity is directly related to the scale of
the construction site, allowing for the identification of specific critical accident causes and
types that require particular attention in construction sites of a certain scale.

Through this study, the most critical accident cause on small-scale construction sites
was identified as ‘Scaffolding and working platforms’, and the most critical accident type
was identified as ‘Fall’. For accidents involving scaffolding and working platforms and
falling accidents on small-scale construction sites, topic modeling and network analysis
were conducted to analyze how the various factors interact to cause fatal accidents and to
systematically analyze accident trends. In the analysis of accidents caused by scaffolding
and working platforms, various topics were utilized to understand the main causes and
patterns of accidents occurring in various situations, such as apartment construction sites,
new buildings, and situations involving mobile scaffolding and working platforms. In
particular, the analysis focused on aspects such as the connectivity between apartments and
rooftops, the risks during the initial stages of installing working platforms in newly con-
structed buildings, and the risks associated with mobile scaffolding and working platforms.
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These results are expected to significantly assist construction site safety managers and
workers in recognizing risk factors in specific situations and taking appropriate preventive
measures. Furthermore, in the analysis of accidents caused by falling, a detailed analysis
was conducted on the main causes and patterns of falling accidents in various situations,
including falls in new construction sites, falls during the installation and use of scaffolding
and working platforms, and falls during demolition and dismantling work.

Recognizing the importance of delineating the theoretical contribution, managerial im-
plications, limitations, and future research directions in academic research, we are grateful
for drawing our attention to this aspect. Our study offers a novel perspective on the safety
measures and accident trends in small-scale construction sites, particularly in the Korean
context. It bridges the gap in the existing literature by providing a comprehensive analysis
using statistical tools, LDA topic modeling, and network analysis. This methodological
approach in itself is a significant contribution, as it offers a multidimensional understand-
ing of the data. Our findings can guide construction site managers, policy makers, and
safety trainers in designing more effective safety protocols. Furthermore, while our study
provides valuable insights into small-scale construction sites in Korea, the generalizability
of our findings to larger construction sites or to different cultural contexts might be limited.
Additionally, our analysis was based on data from 2018 to 2022, which, although recent,
might not capture the very latest trends in the industry. For future research directions,
subsequent research can expand on our findings by incorporating qualitative insights,
perhaps through interviews with construction site workers and managers. This can provide
a richer understanding of the on-the-ground realities and the nuances behind the data. A
comparative study with medium- or large-scale construction sites or sites from different
countries can further broaden our understanding of construction site safety.

In conclusion, this study systematically analyzed the main causes and patterns of
various accidents occurring on small-scale construction sites. While previous studies have
generally covered the causes of industrial accidents on construction sites from a general
perspective, this study provided a more specific analysis of the causes of industrial acci-
dents on small-scale construction sites. Through this, it offers a deeper understanding of
the causes of industrial accidents in small-scale construction sites and their corresponding
solutions. These analytical results are expected to greatly contribute to enhancing safety
management and preventive measures on construction sites. Furthermore, these study re-
sults are expected to contribute to establishing a stronger safety culture within construction
sites and to play a crucial role in ensuring the safety of construction workers.

Lastly, this study presents future research directions. First, since this study mainly
focused on small-scale construction sites in Korea, analyzing the causes and trends of
industrial accidents in different countries or on sites of different scales is necessary. Second,
while this study analyzed the causes and trends of industrial accidents, additional time-
series analysis is required to understand how these causes and trends change over time.
Such future research could complement and expand upon the results of this study.

6. Conclusions

This study conducted a systematic analysis on 1511 records from 2018 to 2022, identi-
fying prevalent accident types and causes in small-scale construction sites in Korea using
LDA topic modeling and network analysis. In particular, the primary causes of falling
accidents on construction sites and the associated risk factors were clearly identified, pro-
viding important evidence for establishing prevention and management strategies for
falling accidents. These analytical results provide important evidence for enhancing safety
management and preventive measures in construction sites.

The results of this study have greatly contributed to a comprehensive understanding
of the causes and trends of accidents in small-scale construction sites. Furthermore, these
study results are expected to contribute to establishing a stronger safety culture within
the construction sites. In particular, through the identified major causes and risk factors
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from this study, it will be possible to formulate and implement more systematic safety
management strategies in construction sites.

While this study has extensively analyzed the critical factors leading to fatal accidents
in small-scale construction sites, focusing specifically on ‘scaffolding and working platforms’
and ‘falling’ accidents using LDA topic modeling and network analysis, it’s essential to note
that the scope was limited to specific scenarios. As a result, validation for the applicability
of these results in diverse construction environments becomes crucial [14–17].

In future studies, based on the results identified in this study, it is necessary to analyze
the causes and trends of accidents in construction sites of various scales and types. Further-
more, based on the major causes and risk factors identified in this study, the focus should
be on developing effective safety management strategies and preventive measures.

It is expected that such follow-up studies guided in this direction will significantly
contribute to enhancing overall safety in the construction industry.
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Appendix A

Table A1. Classification criteria and definitions for accident cause.

Main Category
Code

Subcategory
Code

Cause Classification Criteria and Definitions

0 Equipment/Machinery

This category includes equipment powered by energy and
machinery mechanisms and devices used in specific processes. It

includes parts or accessories attached to machinery, forming part of
the machinery structure. This classification also includes cases
where such equipment and machinery were operating for their

intended work purposes and caused an accident during operation.
Appliances like computers, audio and video devices, and

heating/washing/cooling machines are included. Special-purpose
vehicles designed for specific operations rather than transportation

purposes are classified under the same code. However, vehicles
designed for transporting people, goods, etc., are classified as

means of transportation (6).
Portable power machinery is classified as portable

machinery-power (11).
If components were attached to the machine at the time of the

accident or it is suspected to have been so, the entire machine is
classified as the cause. However, if parts or accessories have been
separated from the machine or the entire machine is irrelevant to

the accident, parts/accessories (2) are classified as the cause.
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Table A1. Cont.

Main Category
Code

Subcategory
Code

Cause Classification Criteria and Definitions

00
Equipment/Machinery

with Insufficient
Information

01
General Manufacturing

and Processing
Equipment/Machinery

This category classifies machines that process and handle materials
such as metal, wood, rubber, plastic, non-metallic minerals, etc.,

through cutoff, shaping, crushing, etc., to create
secondary products.

Equipment/machinery in this category refers to industrial
equipment/machinery used in various industries, including

manufacturing and other sectors. Equipment with general-purpose
applications across multiple industries falls under this category.
However, specialized equipment used for specific purposes in
certain industries is classified separately as specialized process
equipment/machinery (02), agriculture, forestry, and fishery

equipment/machinery (04), and construction and mining
equipment/machinery (05) categories.

Inclusions: Bending, Rolling, Shaping Machines; Boring, Drilling,
Planing, Milling Machines; Extrusion, Injection, Molding, Casting

Machines; Grinding, Polishing Machines; Lathes; Presses
(excluding printing); Sawing Machines; Screw Thread and Female
Screw Cutting Machines; Laser Cutting Machines, Fluid Pressure

Cutting Machines, Spot Welding Machines, etc.
Exclusions: Agricultural/Horticultural Equipment (041);

Logging/Woodworking Machines (042); Conveying/Handling
Equipment (03); Construction/Mining Equipment (05); Food

Cutting Machines (02101); Meat Grinders (02102); Paper Machines
(022); Textile, Clothing, Leather Production Machines (024);

Non-Power Hand Tools (13); Portable Power Saws (11102); Portable
Power Surface Finishing Tools (11104)

02 Specialized Process
Equipment/Machinery

This category classifies equipment and machinery not classified
under general manufacturing and processing

equipment/machinery. It includes equipment/machinery
exclusively used for the production of specific products.

03 Transport and Lifting
Equipment/Machinery

Machines used for the transportation and handling of specific
materials.

If it is known whether the related parts were attached to the entire
machine during the accident, the entire machine is classified as the
cause. However, if the parts are separated from the machine or if

the machine is not related to the accident, only the specific parts are
classified as the cause.

Conveying and handling equipment/machinery are often
composed of numerous small parts. For example, hoists, cranes,
lifts, and elevators operate using pulleys and wheels. Such parts

are classified under codes 22 (Machine Components) and 21
(Electrical Parts).

Inclusions: Power Conveyors; Cranes; Hoists; Lifts; Elevators; Jacks
Exclusions: Agricultural and Horticultural Equipment (041);

Construction and Mining Equipment (05); Logging and
Woodworking Equipment (042); Woodworking Machinery (014);

Crane Accessories (22399); Electrical Parts (21); Means of
Transport (6)

04
Agriculture, Forestry,

and Fishery
Equipment/Machinery
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Table A1. Cont.

Main Category
Code

Subcategory
Code

Cause Classification Criteria and Definitions

05 Construction/Mining
Machinery

09 Other
Equipment/Machinery

1 Portable and Manual
Mechanical Equipment

This category includes portable hand tools (both non-powered and
powered) and manually operated mechanical equipment.

If parts causing the accident were attached to a tool, the entire tool
is classified as the cause. However, if the parts were separated from

the tool or if the primary purpose and function of the tool were
unrelated to the accident, the parts are classified separately.

For portable hand tools manufactured with both powered and
non-powered capabilities, if it is unclear whether they were

powered or non-powered at the time of the accident, they are
classified as portable tools with no clear power status (12).

Inclusions: Hand Tools; Portable Power Tools; Portable
Tools-Unclear Power Status; Ladders; Medical Instruments;

Unspecified Sewing Equipment
Exclusions: Containers, Utensils, Furniture, and Equipment (4);
Tool Storage Boxes (43103); Equipment/Machinery (0); Machine

Jacks (03902); Parts, Accessories and Materials (2); Crane
Accessories (223); Electrical Parts (21); Waterproof Sheets (24902),

Drill Bits (22104), Saw Blades (22106)

10

Portable and Manual
Mechanical Equipment

with Insufficient
Information

11 Portable Power Tools

Handheld tools that require an energy source (electricity, gasoline,
diesel, coal, air, steam, etc.) for operation and are held in the hand

while being used.
Portable tools are classified based on their general functions.

Inclusions: Nail Guns; Portable Spray Equipment; Stapling Tools
Exclusions: Equipment/Machinery (0); Agricultural and

Horticultural Equipment (041); Power Lawnmowers (04111); Hair
and Hand Dryers (09401); Vacuum Cleaners (09401);

Hydraulic/Compressed Air Jacks (03902); Metalworking
Machinery (013), Woodworking Machinery (014); Stationary Drills
(01203); Stationary Woodworking Circular Saws (01401); Drill Bits

(22104), Saw Blades (22106); Hand Tools (13)

12 Portable Tools (Unclear
Power Status)

This category is used for classifying portable tools designed to be
powered and unpowered. It is specifically used when determining
whether a portable tool was powered or unpowered at the time of

the accident is difficult.
Exclusions: Hand Tools; Portable Power Tools

13 Hand Tools

This classification encompasses various hand tools operated
manually without relying on power sources such as electricity, fuel

(gasoline, coal), air, steam, fluids, explosives, etc.
Inclusions: Hand Tools for Drilling; Hand Tools for Cutting; Hand

Tools for Mining; Hand Tools for Fastening; Hand Tools for
Measuring; Hand Tools for Striking; Hand Tools for Surface
Treatment; Hand Tools for Cleaning; Crowbars; Hammers;

Pitchfork; Rakes; Stapling Tools.
Exclusions: Worktables (43107); Crane Accessories (223); Fasteners
(Nails, Nuts, Bolts, etc.) (225); Drill Bits (22104); Saw Blades (22106);

Portable Power Tools (11); Carts and Wheelbarrows (14102)
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Table A1. Cont.

Main Category
Code

Subcategory
Code

Cause Classification Criteria and Definitions

14 Manual Mechanical
Equipment

19
Other Portable and
Manual Mechanical

Equipment

2 Parts, Accessories, and
Materials

This classification categorizes components of
equipment/machinery, parts and accessories of automobiles,

subcomponents of buildings/structures, and materials such as
metals, non-metallic minerals, wood, plastics, etc.

When parts and accessories were involved in accidents
independently from the entire machinery/equipment, means of
transportation, buildings/structures, and other objects, they are

classified as causes.
If parts and accessories were attached to machinery, equipment, or

means of transportation, the machinery/equipment or means of
transportation are classified as causes. Even when parts,

accessories, or equipment/machinery were attached, if the primary
function of the equipment/machinery was not related to the

accident, specific components are classified as causes.
Inclusions: Rope; Crane Accessories; Electrical Parts; Metallic and

Non-Metallic Mineral Materials
Exclusions: Chemical Substances and Chemical Products (5);
Containers (4); Furniture (4); Machinery (0); Components of

Buildings/Structures (33); Means of Transportation (6)

20
Parts, Accessories, and

Materials with
Insufficient Information

21 Electrical Equipment,
Parts

Inclusions: Electrical Parts/Accessories for Machinery, Equipment,
and Tools

Exclusions: Machinery/Equipment (0); Hand tools (13); Means of
Transportation (6)

22 Equipment/Machinery,
Parts, and Accessories

This classification includes non-attached parts necessary for
operating and connecting equipment/machinery. It categorizes

products used directly in assembly and other processes without any
alteration in form.

If it is known whether the related parts were attached to the entire
machine during the accident, the entire machine is classified as the
cause. However, if the parts were separated from the machine or if
the machine was not related to the accident, only the specific parts

are classified as the cause.
Power transmission devices used in industrial machinery are

classified under 221 (Parts and Accessories for Machinery/Equipment),
while transmission devices for vehicles are classified under 224

(Parts and Accessories for Means of Transportation).
Electrical equipment used in internal combustion engines or

automobiles (excluding batteries) is classified under 211 (Electrical
Equipment and Parts).

Inclusions: Dies, Molds; Chains, Leather, Fabric, V-belt Power
Transmission Devices; Drums, Pulleys, Sheaves, Cables, Winches;

Engines, Turbines; Clutches; Gears; Rollers.

23 Non-metallic Mineral
Products

This classification categorizes non-metallic mineral products used
directly in the detailed elements of buildings and structures (such

as bricks, tiles, etc.) without any alteration in form. It excludes
components and accessories of buildings (e.g., bathtubs, toilets).
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Table A1. Cont.

Main Category
Code

Subcategory
Code

Cause Classification Criteria and Definitions

24 Materials

This classification categorizes products or materials that are not
limited to specific equipment/machinery or buildings/structures
but can be cut or altered in various forms for general and versatile use.
It is used for cases not classified in other codes, where the product
exists in its initial state, as raw materials, or as unfinished products.
It also includes cases where the product exists as components that

have been installed and then dismantled.

25 Fragments, Debris,
and Waste

29 Other Parts, Accessories,
and Materials

3 Buildings/Structures
and Surfaces

This classification categorizes components of completed or
under-construction buildings, structures (bridges, tunnels, towers,

dams, etc.), provisional structures installed for construction
purposes, and other components of structures, as well as surfaces

like the ground and bedrock.
If an entire structure was affected by a disaster in an independent
state for fabrication or maintenance (where the material became a
cause), it is classified under code 2: Parts, Accessories, and Materials.

30
Buildings/Structures

and Surfaces with
Insufficient Information

31 Scaffolding and Working
Platforms

32 Molds and
Supporting Post

33 Stepped Structure and
Opening

34 Stairs and Ladders

35 Floors, Surfaces, etc.

36 Other Provisional
Structures

37 Other
Buildings/Structures

38
Components and

Accessories of
Buildings/Structures

39
Other

Buildings/Structures
and Surfaces

4
Containers, Utensils,

Furniture, and
Equipment

This category classifies non-industrial items and equipment, such
as containers, packaging, and furniture used for

transporting/handling goods.
It includes protective gear, leisure/sports and corrective equipment,

and wheelchairs.

40

Containers, Utensils,
Furniture, and

Equipment with
Insufficient Information
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Table A1. Cont.

Main Category
Code

Subcategory
Code

Cause Classification Criteria and Definitions

41 Containers, Packaging,
and Devices

42 Household Utensils and
Equipment

43 Furniture and Office
Equipment

44 Clothing/Protective
Gear and Accessories

49
Other Containers,

Utensils, Furniture, and
Equipment

5 Chemical Substances
and Chemical Products

This category classifies various chemical substances and chemical
products in different states, such as liquids, gases, fumes, vapors,

and solids.
Generally, when the specific name of a chemical substance or its

state is known, it is classified under the Chemical Substance code
(Subcategories 51–56). When only the state of the product is known,

it is classified under the code corresponding to that product
(Subcategory 57).

Emissions from vehicles, furnace gases, and gases generated from
kilns are classified under carbon monoxide (55401), while

combustion gases and smoke resulting from fires are classified
under flame/fire smoke (81505).

Inclusions: Acids; Alkalis; Aromatic and Aliphatic Hydrocarbons;
Halogens and their Compounds; Metal Dust and Fumes; Pesticides

and Insecticides; Coal, Natural Gas, Petroleum Fuels and their
Products; Other Chemical Substances and Chemical Products

Exclusions: Metallic Materials (241); Non-Metallic Mineral
Materials excluding Fuels (242); Fragments, Splinters, Debris (25)

50

Chemical Substances
and Chemical Products

with Insufficient
Information

51 Acids

This category classifies various forms of acids.
Inclusions: Acid Gases—Halogens; Inorganic Acids—Halogens;

Inorganic Acids—Others; Organic Acids
Exclusions: Benzoic Acid and Phenylacetic Acid (Herbicides, etc.)
(57104); LSD (Lysergic Acid Diethylamide; Hallucinogen) (57204)

52 Alkalis

This category classifies chemical substances known as alkalis, bases,
and corrosive agents.

For corrosive substances with insufficient information, they are
classified under 520. For cement mixtures, mortars, and lime

(excluding chlorinated lime), these are classified under 521 with
calcium hydroxide and calcium oxide.

For ash solutions and their products (wastewater and oven cleaners
including ash solution), they are classified under 524 with sodium

hydroxide, potassium hydroxide, and potassium carbonate.
Chlorinated lime is classified under 542 as chlorine and

chlorine compounds.
Inclusions: Calcium Hydroxide, Calcium Oxide, Calcium

Carbonate, Sodium Carbonate, Cement, Lime, Lithium Hydroxide,
Sodium Hydroxide, Potassium Hydroxide, Sodium Carbonate

Exclusions: Chlorinated Lime (542); Non-alkaline Oven Cleaners
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Table A1. Cont.

Main Category
Code

Subcategory
Code

Cause Classification Criteria and Definitions

53 Aromatic and Aliphatic
Hydrocarbons

This category classifies non-halogenated substances such as
alcohols, aldehydes, amines, aromatic compounds, ethers, ketones,

and peroxides, with chlorine, fluorine, bromine, iodine, and astatine.
Halogenated compounds are classified under Subcategory 54:

Halogens and Halogen Compounds.
Inclusions: Alcohols, Antifreezes, Aldehydes, Aliphatic Amines,

Aromatic Compounds, Ethers, Ketones, Peroxides.

54 Halogens and Halogen
Compounds

This category classifies halogens such as bromine, chlorine,
fluorine, iodine, astatine, and their compounds.

Compounds containing both fluorine and chlorine are classified
under ‘541 Fluorine and Fluorine Compounds’.

Vinyl chloride and polyvinyl chloride are classified under the
‘57209 Plastics and Resins’ code, but molded or extruded plastic

products are classified under ‘245′.
Chlorinated hydrocarbons used as pesticides are classified under 57105.

Halogen-containing acids are classified under the
‘51 Acids’ subcategory.

Inclusions: Bromine and Bromine Compounds, Chlorine and
Chlorine Compounds, Fluorine and Fluorine Compounds, Iodine

and Iodine Compounds, Carbon Tetrachloride.
Exclusions: Halogenated Acids (51); Pesticides (57105),

Non-chlorine Bleaching Agents (57203), Vinyl Chloride, Polyvinyl
Chloride (57209)

55 Other Chemical
Substances

This category classifies ammonia and its compounds, cryogenic
gases, cyanide compounds, oxygen and specific oxides, sewage and

mine gases, methane, sulfur and sulfur compounds, and other
chemical substances not classified elsewhere.

Inclusions: Ammonia and Ammonia Compounds, Carbon
Monoxide, Carbon Dioxide, Cryogenic Gases, Cyanide and

Cyanide Compounds, Dry Ice, Methane, Mine Gases, Oxygen and
Oxygen Compounds, Sewage Gas, Sulfur and Sulfur Compounds,

Sulfur Dioxide

56
Metal Particles, Trace
Elements, Dust, and

Fumes

This category classifies metal dust, particles, and mists, excluding
dissolved metals.

It also classifies fumes generated during heating/melting/welding
processes.

Accidents caused by metal radiation are classified under
radioactive minerals (24301) or ionizing radiation (81301) codes

based on the exposure/contact method.
Finished metal products are classified under appropriate codes

based on their functionality.
Inclusions: Arsenic, Arsenic Compounds, Beryllium, Beryllium

Compounds, Cadmium, Cadmium Compounds, Lead, Lead
Compounds, Mercury, Mercury Compounds, Aluminum,

Aluminum Compounds, Antimony, Antimony Compounds, Iron,
Iron Compounds, Magnesium, Magnesium Compounds,
Manganese, Nickel, Nickel Compounds, Zinc and Zinc

Compounds, Fumes Generated During Welding or Joining
Exclusions: Finished Metal Products; Dissolved or Solid-State

Metals (241); Radioactive Metals (24301); Coal Dust (57301); Grain
Dust (71405); Non-metallic Dust (24201), Ionizing Radiation (81301)

57 Chemical Products
This category is used for classification when the substance cannot

be categorized under other specific items or when the specific
chemical substance is unknown.
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Table A1. Cont.

Main Category
Code

Subcategory
Code

Cause Classification Criteria and Definitions

59
Other Chemical
Substances and

Chemical Products

6 Means of Transportation

This category classifies means of transportation that move on land,
water, or air and are used primarily for transporting people or

goods (e.g., cars, passenger trains) or leisure (e.g., canoes, bicycles,
jet skis).

Vehicles and machinery used directly for agriculture, construction,
logging, mining, manufacturing, etc., are classified under 0

(Facilities and Machinery). When accidents involve means of
transportation, if a part of the means of transportation causing the

accident was attached to the entire means of transportation, the
entire means of transportation is the cause. If parts of the means of

transportation were detached or separated, or if the means of
transportation was not related to the accident, only specific parts

become the cause.
In other words, unattached vehicle parts and accessories are

classified under 224 (Parts and Components of Means of
Transportation) and unattached trailers under 22403. Unattached

windshields and windows of means of transportation are classified
under 22499, and if the cause was the floor surface of the means of

transportation, it is classified under 31307.
Inclusions: Means of Air, Water, and Land Transportation;

Non-Industrial Transport Vehicles Except for Roads; Means of
Railway Transportation

Exclusions: Machinery (0), Agricultural/Horticultural Equipment
(041), Construction/Mining Equipment (05), Logging Machinery

(042), Transport and Lifting Machinery (03), Street Sweepers
(09999), Vehicle Parts and Accessories (224), Floor Surface of Means

of Transportation (31307)

60
Means of Transportation

with Insufficient
Information

61 Means of Land
Transportation

62 Means of Air, Water
Transportation

69 Other Means of
Transportation

This category classifies means of transportation used outside roads
or not powered by internal combustion or other internal engines.

7 Humans,
Animals/Plants

This category classifies living organisms (including infectious and
parasitic organisms) and products made from them.

HIV related to work is classified under clause 71603 (Virus).
Inclusions: Animals and Animal Products, Raw or Processed Food,

Infectious and Parasitic Organisms, Humans-Victims,
Humans-Humans Other than Victims, Unprocessed Plants,

Trees, Vegetables
Exclusions: Chemical Substances (5); Wood (244)

71 Humans,
Animals/Plants
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Table A1. Cont.

Main Category
Code

Subcategory
Code

Cause Classification Criteria and Definitions

8

Work Environment,
Natural Phenomena
such as Atmospheric

Conditions, etc.

This category classifies the work environment and conditions.
Natural phenomena such as atmospheric pressure, temperature,
and other atmospheric conditions are classified only in limited

cases when they were the only identifiable cause, such as climate,
atmospheric conditions, and geographic events (floods,

earthquakes, avalanches)
Inclusions: Atmospheric Pressure; Avalanches, Landslides;
Earthquakes; Fire, Smoke; Floods; High/Low-Temperature
Environments; Climate and Atmospheric Conditions; Noise

81

Work Environment,
Natural Phenomena
such as Atmospheric

Conditions, etc.

9 Other Causes

Table A2. Classification criteria and definitions for accident type.

Classification Code Type of Occurrence Classification Criteria and Definitions

01 Fall
(person falls from a height)

Incidents where a person falls from an elevated location such as
a building, structure, provisional structure, tree, ladder, etc.

02 Tripping
(person slips or trips)

Incidents where a person slips or falls on a flat surface, sloping
surface, stairs, etc.

03

Pressed Under/
Overturned
(object falls

or overturns)

Incidents where leaning or standing objects are knocked down
and pressed underneath, and construction machinery such as

forklifts or other equipment overturns or tips over during
operation or movement.

04 Collision
(contact with the object)

Incidents where a person’s movement or action results in
contact or collision with an object (cause). It also includes

situations where objects are set in motion (regularly or
irregularly) and collide or make contact due to movement while

not detaching from their fixed position.

05 Struck by object
(struck by falling or flying object)

Incidents where a person is impacted by an object that becomes
dislodged from a fixed position due to forces like gravity,

centrifugal force, inertia, etc., or when material is expelled from
equipment or other sources, causing harm to the person.

06 Collapse
(building or piled material collapse)

Incidents where soil, piled material, structures, buildings,
provisional structures, etc., collapse entirely or when significant

parts break, causing the collapse.

07 Caught In Between
(caught or entangled in machinery)

Incidents where a person gets caught or entangled in machinery
due to movement between two objects. It includes situations

when caught between objects moving linearly, between rotating
parts and fixed components, caught in rotating parts such as

rollers, or entangled in rotating parts or protrusions.

08
Cutoff/

Cut/
Stab

Incidents involving direct contact with sharp objects, such as
knives or blades, that result in a part of a person’s body being

severed or cut. It also includes cases where the body comes into
contact with rotating blade parts of saws/cutting tools.
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Table A2. Cont.

Classification Code Type of Occurrence Classification Criteria and Definitions

09 Electrocution

When a person’s body comes into direct contact with parts of
electrical equipment or is exposed to induced current, resulting

in effects such as muscle contraction, difficulty breathing,
ventricular fibrillation, etc. It also includes cases where a person

comes into contact with special high-voltage sources or is
exposed to arcs due to flash contact, short circuit/mixed contact,

etc.

10 Explosion/Rupture

Explosion refers to a rapid process where a substance
undergoes chemical or physical changes, accompanied by the

sudden release of heat, sound, and pressure. It can occur within
buildings, containers, or the atmosphere, including intentional

and unintentional events.
Rupture, on the other hand, involves the tearing or bursting of
pipes, containers, etc., due to physical pressure without a blast

pressure.

11 Fire Incidents where the unintentional ignition of combustible
materials is due to an ignition source.

12

Imbalance and
Excessive

Action

Incidents where sudden and rapid bodily movements/actions,
without proper handling of objects, result in an accident. This
can also involve situations where excessive muscular force is

exerted while handling objects, leading to an accident.

13 Abnormal Temperature
Contact

Incidents where a person is exposed to high- or
low-temperature environments or objects.

14 Chemical Leakage/Contact Incidents where a person is exposed to hazardous or dangerous
substances through leakage, contact, or inhalation.

15 Oxygen Deficiency
Incidents where a person is exposed to an environment with

insufficient oxygen, regardless of hazardous substances, leading
to inadequate respiratory function.

16 Fallen In/Drown Incidents where a person falls into the water and drowns.

31 Workplace Traffic Accident Accidents that occur on roads within the workplace.

32 Off-site Traffic Accident Accidents that occur on roads outside the workplace.

33 Maritime or Aviation Traffic Accident Accidents related to maritime/aviation activities.

41 Accidents in Sports Events, etc. Accidents occurring in work-related recreational or sports
events/workshops, gatherings, etc.

42 Intentional Violence

Intentional or unclearly intentional risky behavior (influenced
by drugs, mental disorders, etc.) that causes harm to others

through physical violence or assault. This category may also
include threats, verbal abuse, and sexual violence.

43 Animal Injury
Incidents where a worker is injured by an animal

(dog/cow/horse, etc.), including cases where a worker is bitten
or kicked by an animal.

49 Others

Z Unclassifiable
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Abstract: Addressing safety risks in construction is an ongoing priority, and integrating safety
considerations into construction scheduling is a crucial aspect of this effort. A notable challenge is
the safety risk posed by concurrent tasks, which has received limited attention in prior research. This
study aims to address this research gap by introducing a novel Building Information Modeling (BIM)-
based model that assesses the increased hazardousness resulting from overlapping construction
activities. Historically, research has predominantly focused on individual task safety, with less
emphasis on the risks associated with overlapping activities. Our innovative approach introduces the
concept of a ‘source–target’ match, which evaluates the degree of hazardousness escalation when
activities overlap. Drawing on data from the Occupational Safety and Health Administration (OSHA)
and the National Institute for Occupational Safety and Health (NIOSH) fatal accident reports, we
extracted 11 hazardous and 9 susceptibility attributes to build a source–target match table. This
table reveals the characteristics of activities that generate hazardous conflicts when overlapping.
The key contribution of this research is the assessment, prioritization, and visualization of risk
levels in a BIM environment. This framework empowers safety managers to proactively address
safety risks resulting from overlapping construction activities, ultimately reducing accidents in the
construction industry. By shedding light on this overlooked aspect of construction safety, our research
highlights the importance of integrating safety considerations into construction scheduling and
provides a practical tool for mitigating risks, enhancing workplace safety, and ultimately improving
project outcomes.

Keywords: construction safety; overlapping activities; BIM-based model; hazardous conflicts; risk
assessment

1. Introduction

The construction industry faces a concerning statistic: the rate of fatalities is 50%
higher compared to other industries [1]. Despite the stringent safety standards set by
organizations like the Occupational Safety and Health Administration (OSHA) and the
substantial investments made by construction companies in pursuit of accident-free projects,
construction accidents continue to occur at an alarming rate [1]. Addressing the root
causes of safety risks demands advanced techniques and a collaborative, multidisciplinary
approach [2].

While safety procedures often target high-risk situations associated with specific
project activities [3,4], construction sites frequently host numerous small teams, or subcon-
tractors, engaged in diverse tasks in close proximity to each other [5]. However, a critical
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aspect remains unaddressed: the impact of overlapping conflicts between project activities
on safety. When two or more hazardous activities are scheduled concurrently, they not only
accumulate risk [6] but also synergistically heighten safety risks by affecting each other.
Surprisingly, this increased risk factor has received limited attention in prior research.

In bustling construction environments, it is common for multiple tasks to be scheduled
simultaneously, leading to a higher incidence of accidents. Workers may be aware of safety
risks associated with their own tasks but lack knowledge or training to manage safety
hazards arising from other concurrent activities. These overlapping conflicts, while essential
for efficiency, can result in unforeseen safety hazards [7]. For instance, the simultaneous
positioning of surveying instruments and excavation by heavy equipment operators may
lead to accidents [8]. Similarly, activities like pouring column concrete and installing
reinforcement in elevated slabs can overlap, increasing the risk of accidents. Unfortunately,
safety evaluations often focus on individual tasks, leaving the risks from overlapping
activities unassessed [9].

Behm’s study in 2005 revealed that 42% of construction injuries could be linked to
design-related factors [7]. These injuries might have been prevented had safety been a
design consideration. Designing for safety is now recognized as pivotal in mitigating safety
hazards; however, designers do not consistently prioritize safety criteria in their daily work.
Construction managers commonly aim to reduce accidents by addressing hazards similar
to those previously encountered. Integrating safety planning into construction scheduling
can be a proactive approach to identifying potential safety risks before the commencement
of each activity, significantly reducing the accident rate [10].

In the complex realm of construction projects, Building Information Modeling (BIM)
has become an invaluable tool for safety managers to identify and understand risks more ef-
fectively and enhance the dynamic visualization of safety procedures [11,12]. This research
introduces a BIM-based framework to identify a previously overlooked safety risk arising
from overlapping activities. The process involves three key steps: (1) defining conditions
under which overlapping activities intensify the risk, (2) prioritizing risky activities with
overlapping conflicts through risk assessment, and (3) automating and visualizing the
identification process using BIM to enhance accessibility for safety managers.

This paper is organized as follows:

• Section 2 reviews relevant literature on overlapping construction activities, risk assess-
ment, and the role of BIM in identifying safety issues.

• Section 3 introduces the proposed framework, detailing how overlapping activities
are captured and how a BIM model can be implemented.

• Section 4 presents the findings, including a case study illustrating the model’s practi-
cal application.

• Finally, Sections 5 and 6 provide a discussion of our findings and conclude the paper.

2. Literature Review

A significant body of research has addressed unsafe conditions at construction project
sites. Kartam (1997) found construction accidents to be the source of many human tragedies,
delays in activities, and lack of worker motivation [5]. He believed an essential step for
mitigating construction hazards is considering safety at the planning stage. He introduced
a Critical Path Method (CPM)-based system to manage safety activities and predict unsafe
risks. Kartam’s research is one of the earliest research projects that suggests considering
safety in construction scheduling. Zolfagharian et al. (2014) collected information on
high-risk construction accidents to evaluate the risk parameters of every project task [8].
They combined this information with the project schedule in an automated module, which
anticipated the rate of accidents in each activity to assist safety managers before the start
of the activities. Mirzaei et al. (2018) concluded that conflicts frequently occur when the
workspace shared by different activities was not evaluated in the construction time–space
and proposed a time–space conflict model using 4D-BIM to decrease workspace conflicts
among workers’ movements during different stages of construction activities [6]. They
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mainly focused on conflict between two support platform spaces, conflict between two
labor workspaces, and conflict between a labor workspace and a support platform space.
Moon et al. developed a schedule–workspace system to manage workspaces that have
overlaps with each other [13]. They asserted that simultaneous workspaces increase con-
flict between resources; therefore, they implemented a platform using BIM and a genetic
algorithm (GA) to decrease the level of overlap between scheduled workspaces. Yi and
Langford considered the issue of scheduled-based safety risks, to minimize accidents [14].
They believed that in a hazardous environment, they should either pay attention to jobs
related to the hazards or the hazardous environment should be eliminated. They concluded
that to prevent such dangerous activities, they need to be either rescheduled or relocated;
then, using risk assessment of activities, they could identify risky situations where and
when they can happen. Martinez et al. used the unmanned aerial system to minimize job
site conflicts and collisions, after implementing flight tests they could decrease safety risks
probabilities such as worker distraction by more than 40% [15]. Khodabandelu et al. (2020)
developed an Agent-Based Modeling (ABM) simulation to decrease collision possibilities
between cranes [16]. Their model mitigated overlap risks while increasing crane productiv-
ity and schedule time. Guo et al. (2018) highlighted the peer pressure effect and developed
a Behavior-Based Safety (BBS) program to prevent unsafe behavior [17].

Project managers have felt unable to fully identify the safety risks when the tasks
get complicated [18,19]. Mohandes and Zhang asserted there has been always a lack
of comprehensive studies in considering risk parameters, so they conducted a Holistic
Occupational Health and Safety Risk Assessment Model (HOHSRAM), and they could
assess all the crucial risk parameters using the integration of logarithmic fuzzy ANP,
interval-valued Pythagorean fuzzy TOPSIS, and grey relational analysis [20]. Cagno et al.
(2001) asserted that improvements in safety measures were highly dependent on risk
assessments [21]. Sanni-Anibire et al. (2019) confirmed this association by developing a
risk assessment approach and establishing risk scores and weights for every construction
hazard in various projects [1].

Okpala et al. (2020) surveyed the different technologies for mitigating safety risks
throughout the project life cycle. They stated that BIM substantially improves the identifi-
cation of unsafe situations before the beginning of construction [22]. While asserting that
safety management will start from planning to implementation, Chantawit et al. (2005)
found it difficult to analyze what, when, where, and why safety measures are needed.
They introduced 3D and 4D-CAD visualization systems that made hazard prevention
much more convenient for safety managers [23]. At present, growing technologies such
as BIM facilitate planning with more detail and fewer weaknesses. Kassem et al. de-
veloped a 4D tool for workspace management to identify spatial and temporal conflicts
in site activities [24]. Lu et al. developed a quantitative method in order to automati-
cally assess the safety risks using BIM, which helps architects and structure engineers to
use alternative designs easily [25]. They calculated risk assessments using three indexes:
likelihood, consequences, and exposure. Nekouvaght Tak et al. conducted a 4D crane
simulation framework in the BIM environment to detect potential spatial conflicts related
to the crane [26]. The frameworks were verified using three case studies in Alberta, Canada.
Recent advancements have further expanded this potential through the introduction of
the 8D BIM concept [27]. The eighth dimension of BIM revolves around the integration
of health, safety, and well-being of the building’s occupants into the modeling process.
This dimension aids in creating a holistic view of safety, mapping the risks associated with
both the construction phase and the end-user phase into the BIM model. By doing so,
the entire lifecycle of a construction project, from inception to decommissioning, is taken
into consideration, ensuring that every potential risk is accounted for. This way, 8D BIM
not only provides an in-depth visualization of potential spatial conflicts but also ensures
the building’s design is ergonomically sound and safe for its end-users. The emphasis
here is on predicting and eliminating risks even before they manifest, making proactive
safety measures an integral part of the construction process. Therefore, as the construction
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industry evolves, 8D BIM is anticipated to play an increasingly pivotal role in merging
technological advancements with a strong commitment to safety [28].

Previous studies mainly focused on conflict of either time or space between activities
but did not adequately consider the hazardous impact of one activity on another [5,6].
This research introduces a new BIM-based approach to the identification of activities that
overlap with each other, occur at the same location, and interfere with each other in a way
that intensifies risky accidents in the construction industry.

3. Methodology

3.1. Degree of Hazardousness from Overlapping Activities

The degree of hazardousness from overlapping activities will be first discussed in
this section. As shown in Figure 1, a Fault Tree Analysis (FTA) was used to logically
describe the anticipated degree of hazardousness from overlapping construction activities.
As shown in Figure 1, the three main factors that have an impact on the anticipated degree
of hazardousness resulting from two overlapping activities are (1) the activities’ spatial
overlap, (2) the activities’ concurrency, and (3) the activities’ source–target match, which is
a newly introduced parameter that is described later. It should be noted that the absence
of any of these factors will eliminate the hazardousness that may result from the two
overlapping activities.

 

Figure 1. Fault Tree Analysis of overlapping conflicts.

On the other hand, if the three factors co-exist, Equation (1) can be used to determine
the degree of hazardousness. An activity that poses risks to workers performing another
activity that coincides in time, place, and height generates an overlapping conflict with that
activity according to Equation (1), where F (i, j) = overlapping conflict of activity i and j. The
overlapping conflict is explained in the three steps below.

F (i. j) = Spatial overlap × Concurrency × Source/Target Match (1)
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3.1.1. Source–Target Match

Source–target match seeks to examine the degree to which two overlapping activities
will affect each other. A construction activity has characteristics that may increase the safety
risks of all overlapping activities. These characteristics are referred to in this research as
“Hazardous” attributes. For example, “exposure to debris and unstable situations” and
“possible falling from height” are “Hazardous” attributes associated with the excavation
activity. Excavation typically involves loading trucks with debris, which can fall while
loading and pose a danger to workers engaged in other close-by activities and passersby.
At the same time, construction activity may be susceptible to external factors caused by
other activities that increase the safety risks of the activity. These characteristics are referred
to in this research as “Susceptibility” attributes. For example, “lack of site space” and “dis-
traction” are “Susceptibility” attributes associated with the construction surveying activity.
When there is limited space to work and various distractions are present, the safety of
surveyors and other workers can be compromised because of the increased risk of collisions,
limited visibility, tripping hazards, workplace stress, and communication challenges. The
Source–Target Match concept encompasses a comprehensive table meticulously developed
through an exhaustive analysis of OSHA and National Institute for Occupational Safety
and Health (NIOSH) reports. This table includes both hazardous and susceptible attributes,
providing a thorough overview of potential safety risks in overlapping scenarios. Each
attribute is accompanied by an associated severity and probability value, facilitating a
more precise assessment of the risk factor associated with overlapping conflicts. Further
elaboration on this process will be provided in Section 3.2.

3.1.2. Concurrency of Two Activities

The pivotal chain contributing to increased safety risks among construction activities is
the concurrency, which occurs when two or more activities on a construction site take place
simultaneously within a shared timeframe. To quantitatively assess concurrency, project
management tools, such as Microsoft Project, are often employed to meticulously schedule
and organize project activities. This scheduling approach facilitates the determination
of the precise start and end dates of each activity, allowing project managers and safety
professionals to identify instances of overlap. In the context of our study, we examine two
activities, denoted as activities i and j, and classify them as concurrent if they share at least
one working day in common. This definition of concurrency provides a foundation for
evaluating the potential risks associated with activities that overlap in time.

The duration of overlapping activities plays a crucial role in assessing safety risks.
As illustrated in Figure 2, there exists a fundamental correlation between the duration of
overlap and the nature of the risks involved. A short period of concurrency between a
hazardous activity (i) and a susceptible activity (j) offers limited time for potential mishaps
to occur. However, it also implies less time for the workers in the two activities to become
familiar with each other’s presence and get prepared for potential hazards. Conversely, a
longer concurrency duration allows more time for mishaps to potentially take place but also
increases the familiarity between the activities, potentially leading to a reduction in safety
risks. It is essential to clarify that our current research does not delve into the intricate
dynamics of how risk probabilities shift with varying durations of overlap. This question
remains open: Does a longer concurrency period significantly elevate the probability of
accidents, or does the increased familiarity between tasks effectively mitigate the dangers
posed by overlapping activities? These intriguing aspects of safety risk assessment warrant
further investigation.
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Figure 2. Concurrency of two activities: (a) short concurrency (1 day overlap); (b) long concurrency
(7 day overlap). Letters in grey represent days of the week.

3.1.3. Spatial Conflict

Spatial conflict is another condition that must be present for an overlap conflict to
occur, and it includes both elevational and horizontal conflict. The elevational category
involves activities such as machinery or equipment operations at varying heights, which
can cause distractions or obstructions to other tasks. For instance, elevated operations, such
as crane movements, may interfere with ground-level tasks, creating a vertical conflict.
This interference can disrupt the workflow and pose safety hazards, particularly when
elevated equipment crosses paths with activities on the ground. Elevational conflict does
not simply mean being at the same height; two activities with different heights may also
influence each other. As it is shown in Figure 3, on a concrete framed building, when the
“rebar welding” activity, represented by a red circle, is taking place in level 2, it may cause
a distraction for the “rebar installation” activity taking place in level 1 and represented by a
blue circle. Thus, it is necessary to consider the elevation of activities and also the height
effect of hazardous attributes.

 

Figure 3. Three-dimensional elevation hazard spread. On a concrete framed building, when the
“rebar welding” activity (red circle) is taking place in level 2, it may cause a distraction for the “rebar
installation” activity taking place in level 1 (blue circle).
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As seen in Equation (2), to identify an elevational conflict, the elevation ranges of the
susceptible activity (j) and the hazard produced by the hazardous activity (i) must coincide;
that is, the result of Equation (2) must be positive. Otherwise, there will be no interference
and thus no conflict. The parameters used in Equation (2) are:

Zmin (j) = minimum height of susceptible activity, Zmax (i) = maximum height of hazardous
activity, Zmax (H) = maximum height effect of hazardous attribute, Zmin (H) = minimum height
effect of hazardous attribute.

Min (Zmax (j), Zmax (i) + Zmax(H)− Max (Zmin (j), Zmin (i)− Zmin(H) > 0 (2)

The second condition of special conflict is horizontal conflict. Horizontal conflicts
pertain to activities with extensive spatial demands that conflict with tasks in adjacent zones
or overlap workspace, leading to equipment or personnel obstructing neighboring zones.
For example, large machinery operations may conflict with tasks in nearby areas, impeding
the smooth progress of work and potentially causing safety risks. These horizontal conflicts
result from the spatial overlap of activities and the limited physical space available on
construction sites. A construction site can be divided into zones to assess the hazard spread
from an activity, say activity (i), to which activity (j) is exposed if placed in the same zone as
activity (i) or the hazard is able to spread over other zones. The activity shown in zone 7 of
Figure 4 spreads its hazard over other zones except zone 13. In fact, not only two activities
in the same zone could have horizontal conflict, but hazardous activity that can spread over
other zones can be considered as horizontal conflict. Therefore, to assess the horizontal
conflict, we need to divide the construction site into different zones.

Figure 4. Hazard spread.
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3.2. Data Gathering

A database of hazardous and susceptible attributes was extracted from three primary
sources: (1) the vivid narrations provided by the National Institute of Occupational Safety
and Health (NIOSH) [29], named Fatal Accident Circumstances and Health Epidemiology
(FACE), which contains over 200 reports; (2) 70 reports with a similar approach to that of
NIOSH FACE which was provided by the Occupational Safety and Health Administration
(OSHA) [30], called Fatal Facts; and (3) many scientific papers with accident causation
analysis were also reviewed [31–42]. The adequacy of the number of accidents was verified
when evidence of data saturation appeared as recommended by Malekitabar et al. [18]
and Eisenhardt [43]. An example can clarify how the hazardous and susceptible attributes
were extracted from the reports. The NIOSH FACE report number 2005-11 states that on
13 August 2005, in the US state of North Carolina, a worker was hit by a bulldozer traveling
in reverse [29], despite all the alarms and warnings sent to the worker and vehicle, the
worker is died from multiple blunt force injuries. By reviewing this report, we can extract
“machinery with moving parts” as a hazardous attribute and “exposure to heavy materials
and equipment” as a susceptible attribute. Another accident took place on 19 April 2012,
from NIOSH FACE (2012-02), where a Spanish worker fell from 13.5 feet off the roof onto
asphalt; it was reported that the worker had been distracted. From this report, we can
extract “distraction” as a hazardous attribute and “exposure to falling from the height” as a
susceptible attribute for roofers.

Not all overlapping conflict attributes impose the same, certain level of risk on each
other [20]. When excavators are operating, surveyors are exposed to a higher risk level
than truck drivers. The truckers, in contrast, are more susceptible to electric shocks as their
vehicle might cut a temporary overhead line the electricians have installed. Therefore, the
probability and severity of each conflict need to be assessed separately. Considering two
activities nominated for a conflict assessment, a source–target match table evaluates the
concordance probability of every hazardous attribute in one activity with every suscep-
tible property in the other. In the absence of quantitative measurements, the probability
that a hazardous attribute matched a susceptible one was determined using an expert
group panel. In this study, ten panelists participated, as Adler and Ziglio suggested that
a reasonable result can be achieved with 10–15 experts [44]. This panel included an aca-
demician well-versed in construction safety, an expert in Building Information Modeling
(BIM), and industry professionals with substantial experience in overseeing safety proto-
cols on construction sites. In addition to these, we also integrated perspectives from site
managers, safety inspectors, and construction planners. Each participant brought unique
expertise and perspectives, ensuring a well-rounded understanding and robustness of our
research findings. All participants possessed four characteristics based on the research of
Tersine and Riggs [45]: 1—having a high-performance record, 2—having adequate time,
3—putting in enough effort, and 4—having high rationality. Severity was scored from 0
to 10, where 0 represents the lowest severity and 10 represents the highest severity, and
scoring probability from 0 to 5, where 0 represents the lowest probability and 5 represents
the highest probability.

3.3. Implementation

As stated by Perlman et al. (2014) [19] and Chantawit et al. (2005) [23], safety risk
identification is difficult without new technologies when data are complicated. BIM is
thus used to automate the decision process introduced in this research and to visualize the
conflicts in the four stages summarized in Figure 5.
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Figure 5. From Data to Output Out: The BIM Workflow.
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In the input model stage, a building will be modeled using Autodesk Revit® software
(2021 Version) with all construction components including architectural, structural, and
Mechanical, Electrical, and Plumbing (MEP) information as well as their element IDs to
visualize the conflicts. The model is then imported into Navisworks Manage software
(2021 Version) to capture all the activities related to the project; duration, start date, and
finish date will be captured as well to evaluate concurrency of activities in the next stages.
The other things that need to be captured in this stage to measure the spatial conflict are
the height of each activity, which is called Zmin/Zmax (i) and Zmin/Zmax (j) based on
Equation (2), and the zone of each activity, which will be defined by min and max of x,
y, z using the Application Programming Interface (API) according to their coordinates.
Then an operator with general construction knowledge links the 3D components to the
activity types. In this way, a 4D model is developed, providing a graphical overview of the
involved processes and activity dependencies.

The Pre-Process stage reviews the overlapping conflict essentials that appeared in
the first FTA level shown in Figure 1. Firstly, susceptibility and hazardousness attributes,
together with their probability and their severity are needed. After extracting them using
three sources which are explained in Section 3.1.1, severity and the probability of suscepti-
bility and hazardousness attributes for each activity will be assigned. A hazardous activity
imposes one or many hazards, each with severity as an integer, an indicator of whether it
spreads over other zones as a Boolean, and relative elevational range above or beneath the
host activity as two numbers referred to as Zmax (H) and Zmin (H) based on Equation (2).
In fact, all characteristics of overlapping conflicts including spatial conflict, concurrency,
and source–target match are assigned at this stage for analysis in the next step.

The main process stage assigns a Risk Factor (RF) to each conflict and couples them
with the element ID, activity ID, and zone ID to facilitate the visualization. This process
goes through all the activities and calls the routines stated before to check for any overlap-
ping conflicts between the concurrent activities. All calculations are implemented by the
API; Figure 5 shows the main module workflow. The evaluation of risk factors depends
on the probability and severity of the conflicts, the likelihood of a hazard’s potential that
results in damage defined as probability, and the extent of the damage which could be
related to accidents defined as severity [8,46,47]. Equation (3) measures spatial overlap,
concurrency, and source–target match where i = hazardous activity, j = susceptible activ-
ity, F (i, j) = overlapping conflict of activity i and j, Xi = severity of hazardous activity,
Yj = severity of susceptible activity, Pij = probability of hazardous and susceptible match-
based source–target match table, Tij = concurrency of the activities, Eij = elevational expo-
sure, Hij= horizontal exposure. It is worth mentioning that spatial overlap and concurrency
are Boolean, and the risk factor rate is measured by using the severity and probability of
the source–target match table. Equation (4) calculates and sums the RFs of every ID set
where x* = the conflict’s score between each two activities. Using the summation risk level
of each activity, the model is able to prioritize overlapping conflict using Table 1, where an
activity with a scale of 1 and risk level of 0–0.2 is considered “Insignificant” conflict, which
means it has minimal impact on the project; however, an activity with the scale of 5 and
risk level of 0.8–1.00 is considered a “Catastrophic” conflict which brings a large number
of fatalities.

Table 1. Priority of activities’ risk levels.

Scale Risk Level Description Priority

1 0–0.2 First aid injuries only and/or minimal impact Insignificant
2 0.2–0.4 Minor injuries and/or short-term impact Minor
3 0.4–0.6 Serious injuries and/or significant impact Moderate
4 0.6–0.8 Fatalities and/or major short-term impact Major
5 0.8–1.00 Large number of fatalities and/or major long-term impact Catastrophic
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Finally, in the output stage using the total RF, date, element IDs, and a light color
code, based on Table 1, of each conflict, to ensure clarity and specificity in visualizing
safety risks within the BIM model, a comprehensive visualization protocol is employed.
Once the risk factors are meticulously calculated for every activity, the model’s elements
are color-coded, providing an immediate visual cue to the associated risks. This not only
makes it straightforward for stakeholders to immediately discern the severity of potential
conflicts but also facilitates swift decision-making. Using a gradient color scheme, risks are
depicted on a spectrum, ranging from minimal (green) to significant or catastrophic (red).
The color intensity increases with the potential severity of the hazard. Hovering over or
selecting a particular element can display a detailed risk analysis tooltip, providing more
in-depth information about the associated risks. This dynamic approach ensures that all
project stakeholders, from site managers to workers, can intuitively understand and act
upon the risk data encapsulated within the model, ensuring enhanced safety protocols and
efficient risk management throughout the project lifecycle.

Risk Factor = Probability × Severity

F (i. j) =
Source
Target

Match × Concurrency × Spatial overlap = ∑ i ∑ jXi Yj × Pij × Tij × Eij × Hij (3)

i = hazardous activity
j = susceptible activity
F (i, j) = overlapping conflict of activity i and j
Xi = severity of hazardous activity
Yj = severity of the susceptible activity
Pij = probability of hazardous and susceptible match-based source–target match table
Tij = concurrency of the activities
Eij = elevational exposure
Hij = horizontal exposure

Risk Level of each activity = ∑n
0 x∗ Risk Level of Each Activity (4)

3.4. Validation of the Model

Given the uncertain and potentially hazardous nature of accidents in the construction
industry, conducting direct tests to determine whether the identified high-priority conflicts
would lead to actual accidents is both impractical and ethically questionable. As such, our
validation approach primarily relied on expert judgment. We consulted with two industry
experts, each possessing substantial experience and expertise in construction safety and
project management. These experts were presented with our model and the identified
high-priority conflicts. Their task was to evaluate the model and confirm whether the
conflicts we identified align with the most dangerous events commonly observed in the
construction industry. The experts’ unanimous agreement that our identified conflicts
correspond to the industry’s most perilous occurrences serves as a form of face validity [48]
and initial validation for our model.

4. Results

4.1. Hazardous and Susceptible Attributes

After reviewing accident reports from OSHA, NIOSH, and reviewed papers, it was
found that evidence of data saturation in repeating accidents occurred after the first hun-
dred reports. However, the remaining reports and papers were reviewed to ensure a
comprehensive analysis. The main themes found in the reviewed accident literature and re-
ports can be summarized in terms of an activity’s “Hazardous attributes,” and an activity’s
“Susceptible attributes” refer to the characteristics of the activity that pose a risk or danger
to safety, health, the environment, or other aspects of well-being to workers performing an
overlapping activity. We identified 11 “Hazardous attributes” in this research as shown
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in Table 2, and nine “Susceptible attributes” shown in Table 3, where the first column
shows the attribute which is extracted, and the second column shows the description of
the attribute. Then, the probability of their match was assessed in Table 4 by the expert
group panel as explained in Section 3.2. They ranked the probability from 0 to 5 where 0
represents the lowest probability and 5 represents the highest probability. For example,
“site slipperiness” as a hazardous attribute has the highest probability with “exposure to
falling from height” as a susceptible attribute, while it has the lowest probability with
“exposure to electric shock” as shown in Table 4. Using hazardous and susceptible at-
tributes and their probability match table, we are able to identify the type of conflict an
activity has with another one and also calculate the risk factor of each activity containing
overlapping conflict.

Table 2. Hazardous attributes.

Attribute Description Studies

Construction equipment hazards Hazards caused by heavy equipment and sharp angles
used in construction activity Li. et al. (2019) [49]

Sparks and lights Activity generates sparks and lights that reduce
visibility and cause distraction Zhao et al. (2015) [50]

Heavy materials and equipment at site
Heavy materials used in the activity can intentionally or
inadvertently fall or fly, posing risks to workers at the

same elevations
Li. et al. (2019) [49]

Lack of site space Activity increases space congestion, causing additional
safety risks to workers performing another activity Mirzaie et al. (2018) [6]

Electric shock
Activity involves electric installation which if not

completed correctly can increase risk of electric shock
for workers performing another activity

Zhao et al. (2015) [50]

Sharp materials Activity generates materials cut at sharp angles with no
caps or covers Lee et al. (2020) [2]

Severe impact Activity involves moving objects that can pose safety
risks to workers performing another activity Lee et al. (2020) [2]

Distraction
Activity generates extra noise, vibration, smell, or any

other feature that distracts or unnecessarily attracts
workers performing another activity

Hamid et al. (2008) [51]

Heavy materials and equipment at height Materials or objects at higher level falling on people at
lower levels. Li. et al. (2019) [49]

Displacement of wide and long and large
materials

Their installation, transportation, and inertia, and the
space they occupy Li. et al. (2019) [49]

Site slipperiness Creating slippery surfaces as oil or paint leak Hamid et al. (2008) [51]

Table 3. Susceptible attributes.

Attribute Description Studies

Exposure to distraction Workers need to be focused and any distractions may
result in accidents. Hamid et al. (2008) [51]

Exposure to slipperiness Workers can easily experience imbalance or lack
of control Hamid et al. (2008) [51]
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Table 3. Cont.

Attribute Description Studies

Exposure to falling from height Proximity to the areas that increase the probability of
falling, such as working on scaffolding Kartam and Bouz (1998) [52]

Exposure to debris and
unstable situations Unmanaged debris and poor housekeeping Tam et al. (2004) [53]

Exposure to heavy materials
and equipment

Workers have to work unprotected, or walk or stay
close to unstable heavy objects Li. et al. (2019) [49]

Exposure to light and sparks Workers are not given light and spark protection
equipment as per their standard work procedure Zhao et al. 2015 [50]

Exposure to displacement of heavy
materials

Workers find their way onto the path of
moving materials Li. et al. (2019) [49]

Exposure to sharp equipment Workers with body parts unprotected against
sharp material Lee et al. (2020) [2]

Exposure to electric shock Workers untrained or unprotected against electricity Zhao et al. 2015 [50]

Table 4. Source–target match table.
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Hazardous Code A B C D E F G H I

Construction equipment hazards 1 4 3 3 2 4 4 5 3 3

Sparks and lights 2 3 3 2 2 4 4 5 2 0

Heavy materials and equipment
at site 3 0 0 0 0 5 4 2 0 0

Lack of site space 4 0 0 0 0 4 5 2 0 0

Electric shock 5 0 0 0 0 4 2 0 0 0

Sharp materials 6 0 2 4 5 0 0 4 0 0

Severe impact 7 2 2 0 0 1 1 0 5 0

Distraction 8 0 0 0 0 4 4 0 0 3

Heavy materials and equipment
at height 9 2 0 3 0 3 2 3 0 4

Displacement of wide and long
and large materials 10 0 3 0 0 4 2 0 0 0

Site slipperiness 11 0 3 5 0 2 2 3 0 0
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4.2. Case Study

The proposed model analyzes a seven-story residential concrete building as shown in
Figure 6, the construction schedule of which comes from Navisworks, and the AEC and
MEP from Revit. The LOD 300 in this framework is sufficient since it allows us to link the
work breakdown structure to it. Each roof is divided into four zones, A, B, C, and D, and for
simplicity, general activities such as surveying, material handling, demolishing, excavation,
paving, formwork installation, reinforcement installation, column concrete pouring, rebar
welding, roof installation, MEP installations, and interior finishes have been considered
as follows:

• Surveying involves measuring and mapping the land to determine boundaries and
elevations, which is crucial for planning and designing.

• Material handling indicates the transporting of the materials, equipment, and waste to
and from the construction site.

• Demolishing refers to the process of removal of existing structures and preparing the
site for new construction.

• Excavation refers to removing soil and rocks to create a foundation for the building.
• Paving is the process of laying a smooth surface to create driveway and sidewalks
• Formwork installation is a temporary structure used to shape fresh concrete until it

gains its strength.
• Reinforcement installation refers to steel bars placed within formwork as part of the

roof installation
• Rebar Welding is the process of joining metal bars within roofs by melting them

together using heat.
• Column concrete pouring refers to pouring concrete into the formwork for vertical

structure columns.
• Roof installation is the process of installing an upper covering of the building using

various materials; in this project, a mixture of concrete and metal bars was used
• MEP installation refers to setting up the heating, air conditioning, electrical systems,

and plumbing within the building
• Interior finishes refer to painting, ceiling finishing, drywalling, and installing fixtures

 

Figure 6. Sample project modeled in Revit.
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After running the process using the proposed model, 75 overlapping conflicts among
activities were found, as shown in Table 5. Six catastrophic conflicts were marked as
priority 5 and 22 insignificant overlapping conflicts were marked as priority 1. Examples of
different conflicts are shown in Table 6, indicating that activities such as roof installation,
column concrete pouring, and rebar welding, which typically happen at height, are riskier
than activities like material handling and paving. This may be due to the high number
of accidents that occur due to the falling from height. It is worth mentioning that while
the proposed model can be implemented in all kinds of projects, the type of conflict varies
based on the type, scheduling, and size of the project. Therefore, overlapping conflicts
identified in this case study cannot be considered a rule of thumb for other projects.

Table 5. Risk profile in the case study project.

Risk Level Priority Conflicts

0.8–1.0 5 6
0.6–0.8 4 23
0.4–0.6 3 10
0.2–0.4 2 14
0–0.2 1 22

Sum = 75

Table 6. Some examples of overlapping conflicts.

Activity i Zone Activity j Zone Risk Level Priority

Column concrete pouring A, B, C, D Roof Installation A, B, C, D 0.8 5
Formwork installation C, D Roof installation C, D 0.87 5

Excavation A, B, C, D Material handling A, B, C, D 0.6 4
Reinforcement installation B Rebar welding B 0.67 4
Reinforcement installation D Rebar welding C 0.47 3

Formwork installation A, B Material handling A, B 0.28 2
Material handling A, B, C, D Reinforcement installation A, B, C, D 0.17 1

To understand how the RF for each conflict has been calculated, Table 7 represents
overlapping conflicts between “column concrete pouring (i)” as a hazardous activity that
matches the “roof installation (j)” susceptibilities. A construction activity involving pouring
concrete in columns can increase safety hazards for another construction activity involving
roof installation in elevated slabs, especially if both activities are happening concurrently
or in close proximity. The increased safety hazards can result from falling objects, concrete
overflow or spillage, dust, and debris, noise distraction, vibrations, limited workspace,
material handling, etc. Using Equation (3) by knowing the parameters of each activity
such as scheduling for evaluating the concurrency (Tij), zone, and height to evaluate the
elevational and horizontal exposure (Eij, Hij), as well as the probability of each attribute
(Pij) from Table 4 and their severity (Xi, Yj), the risk factor for each overlapping conflict can
be calculated. The severity of each hazardous and susceptible attribute is in the range of 0
to 10 and their probability of matching is in the range of 0 to 5; therefore, the minimum RF
score for each conflict can be zero and the maximum can be 500 (10 × 10 × 5 = 500). Since
all conflicts correspond to 11 hazardous and 9 susceptible attributes, there are 99 types of
conflicts that can occur between each pair of activities with the maximum summation RF of
49,500 (500 × 99 = 49,500). It is shown that there are 36 different types of conflicts that can
occur between column concrete pouring and roof installation activity. The most probable
conflict with an RF of 450 out of 500, labeled “1-G” and represented by a yellow box in
Table 7, refers to “machinery with moving parts” being hazardous to workers susceptible
to “exposure to the displacement of heavy things”. After checking concurrency and spatial
conflict among these two attributes, a severity of 10 for machinery with moving parts, and
a severity of 9 for exposure to the displacement of heavy things, with a probability match of
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5, results in an RF of 450. The reason for the high number of hazardous conflicts involving
machinery with moving parts could be due to crane buckets used for transferring concrete
to columns which can cause many accidents. Other overlapping conflicts include “4-F”,
that is, “lack of site space”, which is hazardous to workers susceptible to “exposure to light
and sparks”. The sum of all overlapping conflicts in Table 7 using Equation (4), is the RF of
column concrete pouring and roof installation activities which is 8030 out of 49,500.

Table 7. Conflict of Column Concrete Pouring and Roof Installation at Zone C.
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Hazardous Code A B C D E F G H I

Machinery with moving parts 1 0 270 216 144 360 360 450 162 162

Sparks and lights 2 0 120 64 64 160 160 200 48 0

Heavy materials and equipment
at site 3 0 0 0 0 400 320 160 0 0

Lack of site space 4 0 0 0 0 320 400 160 0 0

Electric shock 5 0 0 0 0 0 0 0 0 0

Sharp materials 6 0 60 0 0 0 0 0 0 0

Sever impact 7 0 0 0 0 0 0 0 0 0

Distraction 8 0 0 0 0 200 200 0 0 90

Heavy materials and equipment
at height 9 0 0 240 0 300 200 300 0 240

Displacement of wide and long
and large materials 10 0 240 0 0 320 160 0 0 0

Site slipperiness 11 0 180 240 0 120 120 180 0 0

The nature of the conflicts and how the model captures and evaluates them are better
understood through the example in Table 8. A matrix of hazardous (i) and susceptible (j)
activities is analyzed to assess the RF of two selected activities for each overlapping conflict.
The first column represents hazardous activity (i) with 20 activities which have been divided
into four different zones (A, B, C, and D). The first row represents susceptible activities
(j), similar to hazardous activity, with 20 activities divided into four zones. Note that the
activities listed in Table 8 pertain exclusively to the sixth floor and do not encompass
all activities within the entire project. All activities are checked against each other to
find the overlapping conflict among them. For this purpose, spatial conflict, concurrency,
and source–target match of each pair of activities that have been selected are analyzed to
calculate their RF. The sixth floor, for example, reflects 16 overlapping conflicts. Column
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concrete pouring and roof installation activities are represented by a yellow box shown in
Table 8, marked as a priority 5, which indicates “catastrophic” severity. It means safety
managers should pay attention to these two activities more than lower priorities; however,
activities such as formwork and reinforcement installation in zones A and C have an RF of
4620 marked as “moderate” overlapping conflict with column concrete pouring in zone A
and C, so they are in the third place of importance compared to “catastrophic” conflicts;
interior finishing activities have least overlapping conflict, and only interior finishing
activity in zone C have “moderate” risk with framing and drywall activity at zone C.
Because the maximum RF score of conflicts in this case study is 8737 out of 49,500, using
Table 1, the first 20% of conflicts are marked as priority 1 and the last 20% RF scores are
marked as priority 5. For example, an RF of 8030 out of 8737 falls to the upper 20% of RF
levels, so it is given a priority 5, or an RF of 688 out of 49,500 falls to the range of 0–20% risk
levels and is given priority 1. It should be noted that missing one of the essential conditions
of overlapping conflicts will result in an RF of zero.

The output model shown in Figure 7 visualizes the conflict between column concrete
pouring and interior finishing (drywalling) in zone C. The slider below the model area
assists the safety manager in performing a day-by-day review of every project step to
decide about possible safety conflicts between the activities. It mainly gives the safety
reviewer information like hazardous and susceptible activities, date of conflict, zone, and
risk level. All possible conflicts have a background assessment accessible as in Table 7, the
summary of which shows more details to the safety reviewer than the report.

While this study was limited to identifying conflicts, some safety measures could be
implemented to reduce hazards. These measures include:

• Scheduling: If possible, schedule these activities at different times or in separate
areas of the construction site. Ensure that the installation of reinforcement in elevated
slabs is completed or temporarily halted before concrete pouring begins to avoid
potential clashes.

• Safety training: Ensure that all workers involved in these activities receive appropriate
safety training and are aware of potential hazards resulting from overlapping activities.

• Zoning: Establish safety zones to prevent workers from entering areas where concrete
is being poured.

• Environmental controls: Implement measures to control dust and debris generated
during concrete pouring, such as water spraying or dust collection systems.

• Personal protective equipment (PPE): Require all workers to wear appropriate PPE,
including helmets, safety glasses, and high-visibility vests, to enhance their safety and
visibility on the construction site.

• Temporary Access: Provide safe and clear temporary access routes for workers on the
elevated slab to reach their work areas, even during concrete pouring activities.

• Communication: Implement effective communication protocols and systems, such
as radios or hand signals, to maintain clear communication between workers in both
activities. Emphasize the importance of communication and situational awareness.

• Supervision: Assign competent supervisors to oversee both activities and ensure that
safety protocols are followed. Conduct regular safety inspections and audits to identify
and address potential hazards.

• Barriers and safety nets: Install physical barriers or safety nets beneath the columns
being poured to catch falling objects or concrete spillage. This helps protect workers
on the elevated slab
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Figure 7. High-risk conflicts highlighted using the Navisworks API.

5. Discussion

While the construction industry has long been aware of the inherent risks associated
with individual activities, overlapping construction activities introduce another layer
of complexity to safety assessment. Many authors have diagnosed the accident-prone
construction industry with a wide variety of working groups from different trades who
may be unaware of hazards from neighboring activities [3,5,8]. Authors believe that
unfamiliarity of workers with the hazards around them predispose them to higher numbers
of accidents. Accident causation models and safety standards substantially evaluate the safe
methods for every construction activity, and research is needed to identify how workers
are exposed to hazards from activities other than what they have been trained in.

This research developed a model to identify “overlapping conflicts” between activities.
We believe overlapping conflicts are expected when simultaneous activities with a physical
influence path suffer from a third parameter called the source–target match. A review
of 300+ accident synopses led us to a summary of 11 hazardousness and 9 susceptibility
attributes a construction activity might have. For example, “distraction” as a hazardous
attribute can create extra noise, light, vibration, smell, or any other attribute that distracts or
unnecessarily attracts other people, or “exposure from falling from a height” as a susceptible
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attribute can alert proximate workers to the areas that increase the probability of falling such
as working on scaffolding. We used the probability of each hazard matching a susceptibility
to assess the probability of every cell of the source–target match table. Using the activities’
characteristics such as start and end dates, height, location (zone), and their hazardous and
susceptible attributes, conflicts are then given priority based on their total RF. Finally, an
automated BIM tool visualizes the model so that a safety expert or manager can decide
the most worrying conflicts. It is worth mentioning that the integration of cutting-edge
technologies such as BIM, machine learning, and AI has significantly streamed the decision-
making process, allowing for more accurate accident prediction in the construction industry,
infrastructure management, roads, and bridges [54,55].

The model was implemented on a sample building model, and the results revealed
75 conflicts that were neglected before. These overlooked conflicts can be considered blind
spots in traditional evaluations, underscoring the need for a more comprehensive approach
like the proposed research. Pouring concrete in columns and roof installation in elevated
slabs are two critical construction activities that often occur sequentially or concurrently in
building construction. The safety hazards associated with one activity can indeed increase
the risks for the other. Activities such as roof installation and column concrete pouring,
rebar welding and reinforcement installation, excavating, and material handling are always
considered the most dangerous activities that can take place at the same time, and many
injuries happen when these activities occur together. Focusing on the hazards pertaining
to each activity without considering hazards stemming from neighboring activities can
expose workers to unforeseen hazards. For example, column concrete pouring and roof
installation activities are two separate activities that can take place at the same time and
in the same location. Each activity has its own hazards that need to be prevented, but
considering safety risks stemming from both activities showed that machinery with moving
parts as a hazardous attribute from column concrete pouring activity can make workers
susceptible to exposure to the displacement of heavy things from roof installation activity.
This risk could be overlooked without considering overlapping conflicts. Efficiency of
visual tools, like BIM, can make the decision much easier for safety managers. Prioritizing
and visualizing the overlapping conflicts aid in intuitive understanding of safety risks.
As the construction industry progresses, the projects become increasingly intricate and
complex [26]. Addressing the challenges of today and anticipating those of tomorrow
requires innovative approaches to safety. Our research not only proposes a pioneering
method for assessing overlapping conflicts, but also paves the way for a more integrated and
technologically advanced future in construction safety, ensuring both improved efficiency
and enhanced safety of workers.

After implementing the proposed model, it becomes evident that while numerous
studies have delved into identifying and categorizing individual construction risks, few
have holistically approached the issue of overlapping conflicts. Kartam (1997) and others [3,
5,8] emphasize the importance of understanding individual construction risks, particularly
during the planning phase. However, our study uniquely underscores the significance
of simultaneous activities and their compound risks. For instance, while Mirzaei et al.
(2018) proposed models to decrease workspace conflicts [6], our research extends beyond
the singular scope of spatial and concurrent considerations to factor in the hazardous
impacts that one activity might have on another. Similarly, while Zolfagharian et al. (2014)
and Moon et al. integrated safety measures into project scheduling [8,13], we further this
paradigm by integrating overlapping risks into BIM visualizations. The introduction of
the “overlapping conflict” concept, as we have proposed, fills a notable gap in the current
literature, emphasizing overlapping conflicts where activities intersect in time, space, and
hazard potential. Our model not only aligns with the sentiments of Okpala et al. (2020) and
Chantawit et al. (2005) regarding the significance of BIM in safety management [22,23], but
also pioneers an innovative methodology that enhances the depth and breadth of hazard
analysis within the BIM environment.
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6. Conclusions

In this study, a specific type of conflict, called “overlapping conflict” was proposed,
which had been neglected by previous research and could increase the number of accidents
in the construction industry. This research developed a framework for defining overlapping
conflict among activities using not only time–space conflict but also source–target matching
of those conflicts. Our finding can be summarized as follows:

• This research introduces the concept of overlapping conflicts, which broadens our
understanding of safety risks in the construction industry

• A meticulous analysis resulted in identification of eleven hazardous and nine suscepti-
ble attributes; moreover, the probability and severity of their matches were assessed.

• To provide a practical dimension to this study, a case study was used to verify the process
• The risk factor associated with each overlapping conflict was assessed and then

prioritized to further analyze the conflicts
• This research provides an actionable framework using BIM, proposing a real-world

tool for supervision and evaluation of overlapping construction activities

Although this research investigates a new type of construction hazard, its core concept
can unveil the main reason for accidents in many other industries. The model presented here
equips safety supervisors with a BIM-based monitoring tool whose decision on decoupling
or distancing unsafely conflicting activities goes beyond the scope of this research.

This study is limited to identifying and prioritizing the conflicts, while the treat-
ment, safety mitigation strategies, and monitoring updates and communications of which
can be a good topic for future research. Integrated management of all overlapping and
multiple-node influences that make the nature of construction complex is possibly the
next service BIM will offer to the industry. Moreover, as previously noted, this study did
not evaluate the duration of concurrent conflicts; therefore, it can be a valuable area for
future research. A more refined analysis of hazardous and susceptibility attributes presents
a potential topic for future research. We also recognize the need to further explore and
integrate a comprehensive range of factors, including types of activities, workforce expe-
rience, regulatory compliance, and communication dynamics, to develop holistic safety
management strategies that encompass hazard identification and mitigation across the
construction industry.
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Abbreviations

pt API Application Programming Interface
BIM Building Information Modeling
CPM Critical Path Method
FACE Fatal Accident Circumstances and Health Epidemiology
FTA Fault Tree Analysis
LOD Level of Development
MEP Mechanical, Electrical, and Plumbing
NIOSH National Institute for Occupational Safety and Health
OSHA Occupational Safety and Health Administration
RF Risk Factor
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Abstract: Monitoring workers’ safety compliance is critical to construction accident prevention.
However, most of the previous research focuses on checking the entry of workers wearing safety belts
and the monitoring of the fastening action of safety rope screw buckles has not yet been considered.
In this paper, a reconstruction method for the safety rope fastening behaviour of workers is proposed
based on inertial measurement units (IMU) and a time series approach to monitor safety belt use.
The proposed method was applied and evaluated through on-site construction experiments. The
experimental results show that the acceleration, angular velocity, and magnetic induction intensity
data obtained by the inertial measurement unit exhibit clear behavioural characteristics during safety
rope fastening. The trajectory of the safety rope can be reconstructed and monitored through inertial
measurement units and a time series approach. The results of this study will contribute to the
reconstruction and monitoring of safety rope attachment trajectories for scaffolding workers working
at heights in order to prevent falls at construction sites.

Keywords: unsafe behaviour; falls from height; inertial measurement unit; quaternions; motion
trajectory reconstruction

1. Introduction

The construction industry is particularly hazardous due to its dynamic work environ-
ment [1,2]. According to the Bureau of Labour Statistics (BLS) in the United States, falls,
slips, and trips accounted for a substantial portion of the fatalities in construction. There
were 370 fatalities in 2021 in construction and extraction occupations due to falls, slips,
and trips, accounting for a 7.2% increase from 2020 [3]. From 2017 to 2021, there were
1919 incidents of falling from heights in China, accounting for 53% of the total housing
and municipal engineering safety accidents [4]. These casualties not only cause irreparable
economic losses but also restrict the sustainable development of the construction industry
to a certain extent. The safety belt is a personal protective device for workers to be used
at various heights; it can prevent casualties and is praised as lifesaving by construction
workers. The safety belt is composed of a lanyard (composed of a strap and metal acces-
sories, which are worn by workers), a safety rope, a buffer bag, and metal accessories, and
is generally known as a fall suspension belt. The safety belt must be hung high and used
low, and the opposite should be avoided [5,6]. The safety rope should be fastened to a
strong body part. However, sometimes, the workers’ safety awareness is poor or workers
are negligent and fail to attach the belt’s safety cord to a fixed structure, which can increase
the risk of falling.

In order to reduce risk when scaffolding workers are working at heights and ensure
their safety, it is crucial to accurately predict the trajectory of scaffolding workers wearing
safety belts. Motion trajectory monitoring plays a key role in achieving this, as it allows col-
laborative robots to proactively respond and anticipate human movements, reducing safety
risks for workers [7,8]. Motion trajectory monitoring refers to the process of forecasting
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the positions of a human body determined by a previous series of its movements with the
highest possible accuracy [9]. Early work on human motion prediction employed methods
such as clustering, Kalman filters, linear regression, autoregression, and nonlinear Gaussian
processes. However, these methods were typically only effective in laboratory settings
and simple scenarios [10]. In contrast, the time series approach is traditionally performed
using data-based models that simulate potential human motion using a manually created
trajectory. These models construct motion trajectories from data [11], in contrast to the first
approach. The primary reason for using data-driven learning methodologies in motion
prediction is that it is more practical to forecast an object’s movement based on observable
data than to use a standard algorithm [11,12]. This is because the movement of an object is
varied and unpredictable.

With the advancement of deep learning algorithms and graphic processing units,
vision-based behaviour recognition has been applied to recognise unsafe behaviour in
construction [13]. Han et al. [14] detected unsafe actions of construction workers using
vision-based depth sensors. Detecting personal protection equipment (PPE), such as safety
harnesses, using a vision-based approach was also studied by Fang et al. [15]. In addition,
motion sensors such as inertial measurement units (IMU) have a high suitability due to their
high durability, availability in low-visibility conditions, and low power usage [16–18]. With
these advantages, IMU is one of the most widely used sensors in the construction indus-
try [19–21]. Joshua and Varghese [22] showed that IMU data can classify the characteristics
of activities. Yoon et al. [23,24] attempted to examine the gait stability of ironworkers based
on IMU data. These studies validated the feasibility of using IMU sensors to extract the
subtle characteristics of workers’ activities. Although these studies focused on classifying
each activity using IMU data and extracting unsafe behaviours from their task sequence, it
is also essential to identify whether a worker’s behaviour follows the safety regulations.

The above literature shows that the unsafe behaviours of scaffold workers working
at altitude can be guided and managed. With the help of IMU, we can monitor the safety
harness fastening behaviour of scaffold workers, which can effectively reduce the number
of safety accidents caused by unsafe human behaviour and greatly promote the automation
and intelligence of construction management. Therefore, to ensure the safety of scaffolding
workers working at altitude, a method based on IMUs and quaternions [25] is proposed to
reconstruct the motion trajectories and buckling behaviours of scaffolding workers working
at altitude. In this paper, based on IMUs used to collect safety rope fastening action data for
scaffold workers working at altitude and quaternions used to establish a trajectory model
of safety rope fastening movement, the safety belt fastening actions of scaffold workers
working at altitude are reconstructed to ultimately realize the intelligent monitoring and
management of construction safety information.

The remainder of this paper is organized as follows. The specific reconstruction
method of the safety harness screw fastening movement of scaffold workers working at
altitude based on IMU and quaternions is explained in Section 2. In Section 3, the feasibility
of the proposed method is verified. In Section 4, the innovations and limitations of this
paper and suggestions for future work are discussed. Section 5 presents the conclusions of
this research.

2. Methods

To ensure the safety of scaffolding workers working at height and prevent falling,
scaffolding workers must wear safety belts (and straps; Figure 1), attaching one end of
the safety rope to the horizontal scaffold pole. According to the operating procedures and
on-site observations, the steps of safety rope use can be divided into several stages. First,
the safety rope is placed around the waist. Second, the safety harness screw is tightened
around the horizontal bar of the scaffold, and the connecting ring is then attached to create
a hanging support, which is very important. The safety belt is not functional unless this
step is completed. To facilitate workers performing tasks at height and not affect these
operations, in this paper, an IMU is fixed at the position where the turnbuckle and the safety
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rope are connected. The IMU is used to collect action data, and the data are transmitted to
a receiver. Quaternions are used to express the attitude changes of the turnbuckle, and a
spatial motion trajectory model of tie behaviour is established to monitor tie movement
behaviour in combination with the safety belt (Figure 1c).

Figure 1. Schematic diagram of IMU-based scaffolding worker safety tethering action data acquisition.

2.1. Quaternions Represent the Action Position of the Safety Harness Screw

The safety harness screw is wrapped around the horizontal bar and attached to the
connecting ring. The completion of this action confirms the belt fastening behaviour of
the scaffolding workers working at altitude. To monitor this behaviour, the first step is to
determine how to describe the gesture of the behaviour [26]. Mathematically, attitude refers
to the parameters of the angular position of the coordinate system of a rigid body and a
reference coordinate system. The action attitude angle represents the change in the spatial
angle of rotation in the carrier coordinate system relative to the reference coordinate system.
The yaw angle, pitch angle, and roll angle are commonly used to describe the rotation
angle of a carrier. A quaternion is an expression of the attitude angle, which can describe
the change in the motion angle of a rigid body and can effectively avoid the generation of
Euler angle singularity. A quaternion consists of a solid unit and three imaginary numbers
�i,�j, and�k, as shown in Equation (1).

q = q0 + q1�i + q2�j + q3�k (1)
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In this paper, a quaternion expression is used to describe the position of the safety
harness screw. The rotation angle is adjusted by changing the quaternion correlation matrix,
and attitude variations are based on changes in the rotation angle. In this work, the safety
harness screw is regarded as a rigid body, and an IMU is fixed at the turnbuckle position
for data acquisition. The IMU and the safety harness screw share a spatial rotation system:
the yaw angle ψ is around the z axis, pitch θ is in the y direction, and roll φ is in the x
direction. The coordinate system is defined as follows. The IMU is fixed in the carrier
coordinate system, and the carrier coordinate system is a front–left–up (xyz) right-handed
coordinate system. The geographic coordinate system is a west–north–sky coordinate
system. If the rotation axis is defined by the directional cosine of the reference coordinate
system and the quaternion norm is unitized, the rotation motion of the safety rope hook can
be conveniently represented. The cosine angle in each direction is based on the yaw angle
ψ, pitch angle θ, and roll angle φ, and the rotation angle is δ. n is the unit vector along the
rotation axis. Mathematically, any vector u changes the angle around the rotation axis n of
the unit vector, and the vector v after rotating an angle δ is determined from Equation (2).

v = q · u · q−1 (2)

where q−1 is the inverse matrix of the quaternion q.
Based on the IMU of the wearable device, we can acquire the three-axis acceleration

sensing data, three-axis gyroscope sensing data and three-axis magnetic sensing data for
the same time interval. The above data are used as the inputs of the algorithm, and the
attitude angle of the safety harness can be calculated with the attitude angle algorithm and
expressed in quadratic form. The attitude angle algorithm is shown below.

In the geographical coordinate system, gravitational acceleration and the geomagnetic
field are g and m, respectively, as expressed in Equations (3) and (4).

g =
[
0 0 g0

]T (3)

m =
[
mx my mz

]T (4)

where g0 is gravitational acceleration and mx and my are the components of the geomagnetic
field corresponding to different coordinate axes. In the carrier coordinate system composed
of the safety harness screw and an IMU, gravitational acceleration and the geomagnetic
field can be expressed as shown in Equations (5) and (6), respectively.

gf = Mf g · g (5)

m f = Mf g · m (6)

where gf and m f are the vectors of gravitational acceleration and the geomagnetic field in
the carrier coordinate system, respectively. Mf g is the coordinate transformation matrix
from the geographic coordinate system to the carrier coordinate system, as shown in
Equation (7).

Mf g =

⎡⎣ cos θ cos ψ cos θ sin ψ − sin θ
sin φ sin θ cos ψ − cos φ sin ψ sin φ sin θ sin ψ + cos φ cos ψ sin φ cos θ
cos φ sin θ cos ψ + sin φ sin ψ cos φ sin θ sin ψ − sin φ cos ψ cos φ cos θ

⎤⎦ (7)

After obtaining the initial geomagnetic field m and gravitational acceleration g data
at a construction site, Equations (3), (5) and (7) are applied. By combining the results
with g f and m f obtained by the IMU in the carrier coordinate system, Equation (8) can be
established, as shown below. ⎡⎣gx f

gy f
gz f

⎤⎦ =

⎡⎣ − sin θ
sin φ cos θ
cos φ cos θ

⎤⎦g0 (8)
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where gx f , gy f , and gz f are the acceleration readings in different axis directions in the
carrier coordinate system of the IMU fixed on the safety harness screw. Equation (8) can be
used to determine the pitching angle θ and roll angle φ, as shown in Equations (9) and (10),
respectively.

θ = arcsin(− gx f

g0
) (9)

φ = arctan 2(gy f , gz f ) (10)

By applying Equations (4), (6) and (7) with mx f , which is the reading from the magnetic
induction sensor (on the IMU fixed on the safety harness screw) along the x-axis of the
carrier coordinate system, as the input, Equation (11) is obtained. Additionally, the yaw
angle is determined as shown in Equation (12).

mx f = mx cos θ cos ψ + my cos θ sin ψ − mz sin θ (11)

ψ = arcsin(
mx f + mz sin θ

cos θ ·
√

mx2 + my2
)− arctan 2(mx, my) (12)

Through the above derivation, Equations (9), (10) and (12) are used to determine the
attitude angles (pitch, roll, and heading) of the safety harness screw, and the attitude angles
are expressed in the form of a quaternion, as shown in Equation (13). The quaternion norm
above is unitized and expressed with a trigonometric function, as shown in Equation (14).
The quaternion represents the rotation change in the direction of each axis of the carrier
coordinate system based on the IMU; that is, it represents the active attitude of the safety
rope buckle when it is attached.

q =

⎡⎢⎢⎣
q0
q1
q2
q3

⎤⎥⎥⎦ =

⎡⎢⎢⎢⎣
cos ψ

2 cos θ
2 cos φ

2 − sin ψ
2 sin θ

2 sin φ
2

sin ψ
2 sin θ

2 cos φ
2 + cos ψ

2 cos θ
2 sin φ

2
cos ψ

2 sin θ
2 cos φ

2 − sin ψ
2 cos θ

2 sin φ
2

sin ψ
2 cos θ

2 cos φ
2 + cos ψ

2 sin θ
2 sin φ

2

⎤⎥⎥⎥⎦ (13)

q = cos
δ

2
+ x sin

δ

2
�i + y sin

δ

2
�j + z sin

δ

2
�k (14)

where n =
{

x�i, y�j, z�k
}

represents the rotation axis of the unit vector and δ represents the
rotation angle of an action.

2.2. Spatial Motion Trajectory Model of Safety Rope Buckle Fastening Behaviour

In the above subsection, the action attitude of the safety rope buckle when it is attached
is described based on a quaternion approach. With the aim of increasing the representa-
tiveness of quaternion action data, the next step is to establish a spatial motion trajectory
model of the safety rope fastening behaviour of workers working at height.

The specific steps used for safety rope tethering behaviour monitoring are as follows.
(1) A virtual space coordinate system is created, and one part of the human body is set

as the coordinate origin. Considering the action characteristics of the safety rope hanging
behaviour and that the relative position of the waist of a worker performing actions barely
changes, we set the waist as the origin of the spatial coordinate system.

(2) The initial coordinates of the IMU fixed to the safety harness screw are (a, b, c), and
the corresponding coordinate system is established (in a right-hand Cartesian coordinate
system, the front of the person is the x direction, and from the foot to the head is the z
direction).

(3) Then, through the quaternion rotation algorithm in three-dimensional spatial
coordinates, the relative coordinates of the IMU during the safety rope fastening movement
are obtained, and the motion trajectory with the worker’s waist position as the origin is
recorded.
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Starting from the initial state, we monitor and track the fastening of the safety harness
screw and represent the process in a time series [27,28]. By collecting data at each discrete
time point, a series of safety rope fastening actions for scaffold workers working at heights
is established.

The algorithmic flow of the time series approach is as follows.
(1) The natural state point A0 when the IMU is first fixed on the safety harness screw is

regarded as the initial state of action, and the waist position of the scaffold worker working
at altitude is selected as the origin of the reference coordinate system, i.e., (0, 0, 0). Then,
the initial position of the wearable IMU is A0 (0, 1, 1) (assuming that the distance from the
waist to the shoulder is 1 and that the length of a worker’s arm is 1).

(2) A0 is converted to a quaternion, expressed as A0 = 0 + 0�i + 1�j + 1�k.
(3) The quaternion at each discrete time point of the time series {1, 2, 3, . . . , t} is

expressed as {B1, B2, B3, . . . , Bt}. Bt represents the rotation angle of the IMU in this state at
time t, that is, the change in the attitude angle (the change is represented by a quaternion).

(4) At time t, the coordinate of the IMU relative to the initial point A0 is the imaginary
part of the quaternion At = Bt · A0 · Bt

−1.
Based on the complex method of quaternions for matrix operations, the spatial coordi-

nates of the IMU of the safety rope screw fastener fixed at a given moment in the time series
are obtained. Based on the constructed spatial coordinate system and the quaternion data,
the spatial motion trajectory of the fastening action of the safety rope buckle is determined.

2.3. Evaluation of Model Performance

For the evaluation of motion trajectory reconstruction, the final displacement error
(FDE) is often used as an evaluation metric [9,29]. The FDE takes into account the difference
between the predicted point and the true final point. The FDE metric is computed as
Equation (15).

FDE =
∑k

i=1

√(
Ŷt

i − Yt
i

)2

k
(15)

where k is the number of target points, Yt
i and Ŷt

i are the true and predicted locations of
target point i.

Yi =
√

x2
i + y2

i + z2
i (16)

Since in this study the prediction is in 3D space, the location is calculated by distance
formula as Equation (16) using corresponding x, y, and z .

3. Experiment

3.1. Experimental Design

To verify the feasibility of the reconstruction method of safety rope attachment for
scaffold workers based on an IMU and quaternions, the research team conducted field tests
involving field workers and fastening operations. The IMU was fixed at the lower end of
the safety harness screws, and turnbuckle movement data were transmitted to a computer
application that used a practical timestamp to store the data. The test was conducted at
the Harbin Daowai Hospital construction site operated by the China Construction Eighth
Engineering Bureau. There are many scaffolds used in this construction project. Scaffold
workers usually need to climb high to work, so they are exposed to more danger than
others working at ground level. In order to ensure that the individual behaviours of the
different workers were taken into account, 20 workers participated in this field trial, each
of them following the safety rope procedure to attach the safety rope. In this experiment,
the scaffold workers fastened their safety belts according to the actual standard operation
process. When the workers wearing the safety belt were working at height on the scaffold,
they uncoiled the safety rope at their waist, lifted the end of the safety rope with the
buckle slightly higher than the horizontal bar of the scaffold, wound the rope around the
horizontal bar, and then returned the rope down to hook the connecting ring on the safety

120



Buildings 2024, 14, 219

harness. Then, the buckle was pushed up near the lower part of the horizontal scaffold bar
of the scaffold. Finally, the safety rope fastening action was completed (Figure 2). It was
observed in the field test that the workers tied the safety rope to the scaffolding, and one of
the most important actions is to wrap the safety rope with a screw buckle on the horizontal
pole, and this action indicates that the safety rope is in a safe state. An IMU was used to
collect and transmit acceleration, angular velocity, and magnetic induction strength data,
and the action data for the safety rope fastening action were stored in an application on a
computer with a USB receiver.

Figure 2. Field test of safety rope fastening.

3.2. Data Generation

The collection of original data is the most important step in this research, and all data
in this study were collected with the IMU. The frequency of data collection was 50 Hz.
Workers maintained a normal attitude and acted naturally during the process of data
collection. Additionally, they did not deliberately change their behaviour due to the test,
which would affect the authenticity of the measured data. Based on the IMU data, scaffold
workers’ safety belt use when working at heights was monitored, and some collected test
data are shown in Table 1.

Table 1. Some of the raw data collected using the IMU. (Time (ms), Acc(0) [G], Gyr(0) [deg/s],
Mag(0) [uT]).

Time AccX(0) AccY(0) AccZ(0) GyrX(0) GyrY(0) GyrZ(0) MagX(0) MagY(0) MagZ(0)

0 −0.14 −0.412 0.37 −79.6 20.5 −74.1 24.5 72.3 −10.2
0.02 −0.198 −0.213 0.423 −76.9 −5.1 −56.2 23.2 73 −8.6

0.038 −0.262 −0.172 0.363 −98.8 −21.2 −39.4 22.6 73.6 −7.2
0.058 −0.263 −0.304 0.316 −107.1 −19.8 −27.7 21.7 74 −6.2
0.079 −0.199 −0.471 0.361 −98.2 −9.7 −14.8 20.9 74 −4.4
0.099 −0.259 −0.562 0.414 −78.2 −1.6 −26 19.6 73.9 −2.9
0.12 −0.319 −0.573 0.437 −98.2 16.6 −35.4 18.5 73.7 −1.5

0.138 −0.314 −0.523 0.478 −138.1 28.6 −40.2 16.9 73.5 0.3
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Table 1. Cont.

Time AccX(0) AccY(0) AccZ(0) GyrX(0) GyrY(0) GyrZ(0) MagX(0) MagY(0) MagZ(0)

0.159 −0.238 −0.655 0.516 −85.7 51.9 −6.5 15.8 73.2 2.3
0.179 −0.318 −0.981 0.598 −3.4 66.2 32.7 15.5 72.8 3.1

0.2 −0.393 −1.127 0.53 −22.3 54.2 73.2 15.1 72.2 3.4
0.22 −0.363 −1.085 0.408 10.8 55.9 67.6 15.7 71.7 3.7
0.24 −0.583 −0.958 0.516 4.4 0.2 31 16.8 71.4 3.6
0.26 −0.479 −0.639 0.595 −59.2 −37.5 −29.1 17 71.6 3.8
0.28 −0.065 −0.277 0.61 −131.7 −2 −6.9 16.4 71.3 5.4
0.29 −0.09 −0.114 0.614 −111.6 17.3 71.8 17.2 69.7 7.6

3.3. Data Analysis

The safety rope fastening behaviours of scaffold workers working at heights varied.
Data collected by the IMU were visualized. Figure 3 shows the three-axis acceleration
change curve for the safety rope buckle fastening action, and Figure 4 shows the change in
the angular velocity monitored by the three-axis gyroscope during the hooking action of
the safety rope. Figure 5 shows the three-axis magnetic induction intensity curve of the
safety rope hook during the fastening action.

The abscissas in Figures 3–5 are time, and the ordinates are physical components
corresponding to the three axes of the carrier coordinate system, where blue represents the
x-axis component, red represents the y-axis component, and black represents the z-axis
component. Figure 3 shows that the change in the three-axis acceleration data collected
by the IMU is relatively stable in the initial stage, and a variation occurs at approximately
1.5 s. The curve fluctuates significantly between 1.5 s and 3 s, producing two prominent
peaks, and then enters a relatively stable state at approximately 3.5 s. The curve of the
three-axis angular velocity change measured by the gyroscope (Figure 4) and the curve
of the three-axis magnetic induction change (Figure 5) display similar characteristics as
the three-axis acceleration curve. First, the curves are relatively stable; then, they fluctuate
sharply between 1.5 s and 3.5 s before returning to a stable state.

Figure 3. Three−axis acceleration curve.

In order to reduce the influence of external factors, e.g., the deployment location of the
IMU and the data transmission process on the raw collected data, the Euclidean distance of
3D data, which enables the provision of the most intuitive characterisation of the safety rope
tightening action data, is utlized. Figure 6 shows the three-axis curve of the acceleration
change during the safety rope buckle fastening action, Figure 7 shows the three-axis curve
of the angular acceleration change during the safety rope fastening action, and Figure 8
shows the curve of the three-axis composite magnetic induction intensity during the safety
rope hook fastening action. Figures 6–8 illustrate curves with similar trends; the curves
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are initially stable, fluctuate sharply from between 1.5 s to and 3.5 s, and finally return to a
stable state.

Figure 4. Angular velocity curve based on three−axis gyroscope data.

Figure 5. Three−axis magnetic induction curve.

Figure 6. Three−axis resultant acceleration.
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Figure 7. Three−axis resultant angular velocity.

Figure 8. Three−axis composite magnetic induction.

4. Results and Discussions

This section provides an overview of the trajectory results of scaffolding worker safety
rope screw buckle fastening based on a time series approach and experimental data, and
explores the advantages and limitations of this study.

In Section 2.1, the use of quadratic expressions was proposed to describe the tethering
action and position of the safety rope screw buckle. This approach can express the change
in the rotation angle based on the change in the quaternion correlation matrix and express
attitude based on rotation angle change. The acceleration data and magnetic induction
intensity data can be used to obtain the attitude angle for the safety harness screw by
using the attitude angle calculation formulas (Equations (9), (10) and (12)); the result can
be expressed in the form of quadratic numbers (Equation (13)). Figure 9 shows the curve of
the attitude angle corresponding to the safety rope fastening action data from construction
workers; specifically, the attitude angle changes over time, as demonstrated based on the
data collected by the IMU on the buckle of the safety belt. Figure 10 shows the curve of
the safety harness screw rotation vector, that is, the curve of the rotation vector based on
quaternions. Figure 10 shows the change in the rotation angle in the established coordinate
system during the movement of the safety harness screw. Figure 11 shows the projection
changes along the three axes during unit vector rotation in the quaternion approach. As
shown in Figures 9 and 11, the data fluctuations in the range of approximately 1.5 to 3.5 s
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are prominent, with obvious characteristics of fastening action. Figure 10 shows the curve
changes associated with the screw buckle fastening process.

Figure 9. Attitude angle of the safety rope buckle fastening action.

Figure 10. Changes in the safety harness screw rotation vector.

Figure 11. Projection changes of the unit vector along three axes during the rotation process.
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Through the collection of the above data, although it is found that the safety rope
screw buckle fastening action and position display obvious fluctuations and characteristics,
the quaternion-based characterization of the initial screw buckle angle changes is clear,
but other detailed actions are difficult to differentiate. To monitor specific actions and
not just assess fluctuations in the data, it is necessary to correlate the data features with
detailed actions. The acquired IMU data were processed and transformed based on a
quadratic correlation approach from raw data containing a single fluctuation feature to
three-dimensional spatial coordinate data with multiple feature attributes. Then, they
were plotted with the spatial motion trajectories in the safety rope screw buckle attachment
process, as shown in Figure 12. Figure 12 shows the trajectory of the entire safety rope screw
buckle fastening action. The safety rope screw buckle moves upwards, and a loop-like
trajectory appears at the uppermost end of the upwards trajectory, which characterizes
the action of the safety rope screw buckle being wound around the horizontal bar of the
scaffold. Such an action trajectory indicates that the scaffold worker has attached the
safety rope and that the worker is in a safe state. The safety rope attachment trajectory
provides real-time monitoring information for construction site safety management. The
final displacement error (FDE) was used to evaluate the model for performing kinematic
trajectory reconstruction, and the FDE value was 3.8%, and the accuracy of kinematic
trajectory reconstruction reached 96.2%, which proved the reliability of the model. Figure 13
shows the schematic diagram of the safety rope attachment motion trajectory in each
dimension. Similar data fluctuation characteristics as described previously were again
observed in the range of 1.5 to 3.5 s.

Figure 12. Movement diagram for safety rope attachment.

Existing research mostly focuses on identifying the behaviour of workers wearing
safety belts on construction sites, with little attention paid to monitoring this behaviour
during high-altitude operations. Through the analysis of experimental data, it can be
determined that the acceleration, angular velocity, and magnetic induction intensity data
obtained by the inertial measurement unit exhibit identifiable characteristics during the
safety rope hanging action. In order to reduce the influence of external conditions, such as
the fixed position of the inertial measurement unit and data transmission, on the collected
raw data, three-dimensional acceleration, angular velocity, and magnetic induction intensity
data can be summed by square root processing and then synthesized into one-dimensional
data. These data can intuitively describe the characteristics of the safety rope hanging
action. On the other hand, the attitude angle changes corresponding to the data of the
safety rope tying action can also be used to indicate the completion of the tying action.
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A spatial motion trajectory model of the safety rope screw buckle fastening behaviour
was established based on a time series approach, and the reconstruction of the safety rope
attachment actions of scaffold workers was achieved.

Figure 13. Diagram of safety rope attachment trajectories in each dimension.

The above results show that it is possible to monitor the safety harness fastening
action of scaffold workers with the help of IMU and a time series approach. The current
research, which involves a state-of-the-art approach for monitoring the movements of
workers at height, has some limitations, mainly regarding the insufficient amount of data in
the studied sample. Additionally, the physical conditions of construction workers are not
the same, and workers’ operation behaviours, although based on set standards, can vary in
practice [30]. In future studies, additional physical and operational data associated with
the actions of high-altitude scaffold workers will be obtained to reveal the characteristics
of safety rope fastening and support construction management and worker safety and
security. In the future, the combination of artificial intelligence and machine learning will
be explored, and unsafe action recognition and real-time behaviour assessments will be
performed, thus facilitating improved construction safety management through data safety
management measures involving wearable devices.

5. Conclusions

To improve the efficiency of the safety inspection process and effectively avoid
working-at-height accidents, a method based on a combination of IMU and a time se-
ries approach was proposed to establish a spatial movement trajectory model of safety rope
screw buckle fastening. The research results show that (1) the IMU approach is simple to
apply, and an IMU can be fixed directly to the safety rope hook. Additionally, the safety
rope screw buckle fastening action displayed obvious data fluctuation characteristics in the
construction site test. (2) A quaternion approach can be used to describe the attitude of the
safety harness screw fastening action and to develop an algorithm for modelling and recon-
structing the spatial movements of safety harness screw fastening. (3) The reconstruction
method for scaffold worker fastening actions based on IMU and a time series approach
is feasible. By analysing the relationship between the data collected by the IMU and the
worker fastening actions, a spatial movement trajectory of the fastening behaviour is estab-
lished. Ultimately, scaffold workers’ fastening behaviour is reconstructed and a coupled
movement technique is provided for monitoring safety belt fastening, thus contributing to
construction safety management in practice and theory.
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28. Ligęza, P. Reconstructing the trajectory of the object’s motion on the basis of measuring the components of its velocity. Measurement
2023, 221, 113546. [CrossRef]

29. Alahi, A.; Goel, K.; Ramanathan, V.; Robicquet, A.; Li, F.; Savarese, S. Social LSTM: Human Trajectory Prediction in Crowded
Spaces. In Proceedings of the 2016 IEEE Conference on Computer Vision and Pattern Recognition (CVPR), Las Vegas, NV, USA,
27–30 June 2016; pp. 961–971. [CrossRef]

30. Karamoozian, A.; Wu, D.; Luo, C. Green Supplier Selection in the Construction Industry Using a Novel Fuzzy Decision-Making
Approach. J. Constr. Eng. Manag. 2023, 149, 04023033. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

129



Citation: Wu, T.-L.; Chu, T.-F.;

Liu, H.-T. Causal Model Analysis of

the Effect of Policy Formalism,

Equipment Insufficiency and

COVID-19 Fear on Construction

Workers’ Job Burnout, and Insomnia

during the Epidemic. Buildings 2024,

14, 265. https://doi.org/10.3390/

buildings14010265

Academic Editors: Mariusz Szóstak

and Marek Sawicki

Received: 30 November 2023

Revised: 9 January 2024

Accepted: 16 January 2024

Published: 18 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Causal Model Analysis of the Effect of Policy Formalism,
Equipment Insufficiency and COVID-19 Fear on Construction
Workers’ Job Burnout, and Insomnia during the Epidemic

Tsung-Lin Wu 1, Tsai-Feng Chu 2 and Hsiang-Te Liu 3,*

1 Department of Sports Technology and Leisure Management, I-Shou University, Kaohsiung 84001, Taiwan
2 Office of Occupational Safety and Health, Taipei City Hospital, Taipei 108, Taiwan
3 Department of Public Affairs and Administration, Ming Chuan University, Taoyuan 333, Taiwan
* Correspondence: lback@mail.mcu.edu.tw

Abstract: During the epidemic, construction site workers suffered from COVID-19 fear, job burnout,
and job insecurity due to insufficient personal protective equipment. This study mainly explores the
effect of policy formalism, equipment insufficiency, COVID-19 fear, and job insecurity on construction
workers’ job burnout and insomnia during the epidemic. The main contribution of this article is to
introduce policy formalism into the exploration of the causes of insomnia among construction site
workers during the epidemic. This study collected 733 valid samples of construction site workers.
We tested the established hypotheses using confirmatory factor analysis and structural equation
modeling. The research results found that equipment insufficiency positively affects COVID-19
fear. Policy formalism and COVID-19 fear positively affect job burnout. Social support negatively
affects job burnout. Job burnout and job insecurity positively affect insomnia. The government
should establish clear policy evaluation standards and implement policies to reduce construction
site workers’ perceptions of policy formalism. The government should prepare sufficient personal
protective equipment so that workers on construction sites can cope with the spread of the epidemic.

Keywords: policy formalism; equipment insufficiency; COVID-19 fear; job burnout; insomnia

1. Introduction

During the epidemic, construction sites were considered places where the virus spread
rapidly [1]. There were many workers at construction sites, including directors, engineers,
supervisors, administrators, technical staff, and workers. This study refers to all the
categories listed above as construction site workers. Many workers at construction sites are
at risk of COVID-19 infection [2]. Social distancing policies, personal protective equipment,
and video conferencing have all changed worksite operations [3,4].

Construction site workers are prone to industrial safety accidents due to negligence
and fatigue when operating machinery and equipment. During the pandemic, construction
workers at primary sites faced mounting fears, insecurities, job burnout, and insomnia.
The COVID-19 fear, job burnout, and job insecurity of construction site workers during the
epidemic are worth exploring. The negative emotions of these construction site workers
profoundly affect the effective operation and safety of construction sites. Insomnia is
characterized by interrupted sleep, difficulty falling asleep, and poor sleep quality, which
negatively affect normal body functions and health and in turn affect daily life routines [5,6].
Insomnia can be caused by stress, anxiety, and traumatic events [7]. Studies have found
that stressors related to work, family, and health—including work overload and lack of
support—are the main causes of insomnia; more recently, COVID-19 anxiety has also been
confirmed as a cause [8]. The current study explored whether job burnout and insecurity
have an impact on insomnia among workers.
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Many studies have confirmed the occurrence of severe sleep disorders during the
COVID-19 pandemic [9,10]. Severe insomnia led to subsequent physical and psychological
problems among frontline workers [11]. Many researchers have identified hyperarousal as
a major cause of insomnia [12]. Insomnia is mostly caused by stressful situations [13]; when
individuals are unable to cope with the challenges of stressful events, it can be difficult
to fall asleep. The COVID-19 outbreak inevitably also contributed to job burnout and
insomnia among construction site workers.

Job burnout is a symptom of prolonged work stress [14]. It can cause emotional
exhaustion, depersonalization, and diminished personal accomplishment. Emotional
exhaustion causes employees to feel unmotivated to work [15]. Depersonalization occurs
when an individual is blamed for problems at work and therefore feels negative emotions
and attitudes [16]. Diminished personal accomplishment is a negative evaluation of one’s
ability to perform tasks and interact with people, along with feelings of dissatisfaction
and unhappiness [17]. Employees who suffer from job burnout are prone to anxiety and
depression [18]. The sudden onset of COVID-19 affected many aspects of the economy, and
it impacted many part-time and full-time workers [8]. Although most natural disasters
are short-lived, the COVID-19 pandemic lasted 2–3 years, and during that time, one out of
every five frontline workers was confirmed to have experienced job burnout [19].

Zhang found that group support reduced job burnout for psychological counselors [20].
In a study of healthcare workers, Zhao et al. found that social support enhanced workers’
self-efficacy, which in turn reduced job burnout [21]. A nursing study in South Korea
found that social support was beneficial for frontline personnel to face the hardships of the
pandemic [22]. Multiple studies have noted that frontline workers faced anxiety, depression,
and burnout during the pandemic [23]. Job demands require employees to be committed
to their work, which creates psychological and physical stress [24].

From the perspective of the conservation of resources theory, individuals who have so-
cial support resources are more likely to effectively cope with stress and reduce burnout [25].
Conversely, when individuals lack personal, social, and material resources, it is more diffi-
cult for them to cope with stress [26]. According to the conservation of resources theory,
individuals will strive to acquire and conserve the physical and psychological resources
they value [27]. The loss of these valuable resources can cause individuals to feel stressed.
Economic crises, natural disasters, and the spread of disease can all cause individuals to
feel a sense of loss in terms of resources.

According to the job demand–resources model, job demands are job requirements
that tend to create job stress for workers, whereas job resources are the provision of job
skills and resources that help to reduce job burnout [28]. The job demand–resources model
stipulates that when job demands exceed job resources, employees are prone to burnout
and health problems [29].

The outbreak of the pandemic in 2019 led to changes in working hours and workloads
for many frontline workers, in addition to contributing to job burnout [30]. Furthermore,
the lockdown policy during the pandemic containment period disrupted social support
for workers. Some studies have demonstrated that social support during outbreaks can
reduce job burnout [31]; conversely, a lack of social support can cause anxiety, depression,
and insomnia in workers [32].

Many studies have emphasized the importance of personal protective equipment
during a pandemic. A study by Gallop et al. revealed that the greatest fear among
caregivers for HIV patients was that of being infected [33]. During the severe acute
respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) outbreaks,
the WHO found that failure to ensure the proper use of personal protective equipment
contributed to the spread of the diseases [34]. Inadequate personal protective equipment
also led to a high risk of infection during the 2014 Ebola virus disease (EVD) outbreak [35].
Therefore, the lack of personal protective equipment increased the fear of COVID-19 among
frontline workers [36]. Frontline workers were also concerned about transmission to their
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families as a result of their work [37]. Construction workers also faced fears of COVID-19
infection while working at construction sites.

Job insecurity is the feeling of powerlessness to maintain a stable job in dangerous
situations [38]. Job insecurity is recognized as a source of stress in the work environment,
and it has a negative impact on the physical and mental health of workers [39]. The
COVID-19 pandemic created a sense of uncertainty and insecurity about future construction
site work. In addition to feeding insecurities about future job stability, the COVID-19
outbreak necessitated increased safety behavior in the workplace, i.e., the need for workers
to comply with protocols in the face of risky situations [40]. Being asked to conduct
temperature checks, wear masks, and practice social distancing at the worksite during the
pandemic were all causes of stress for workers. At the same time, high environmental
stress, work overload, uncertainty, and excessive demands are known to affect the safety
behavior of workers [41].

Job security is the degree to which an existing job is stable or consistently threatened [42].
Individuals’ feelings of uncertainty about job security can increase their stress levels [43]. The
perception of job insecurity can lead to insomnia, and the self-regulatory resource theory
suggests that insomnia affects self-recovery [44]. When individuals lack sufficient resources to
cope with hazardous environments, they can develop sleep disorders and sleep impairments.
Economic depression, travel restrictions, and material shortages caused by the COVID-19
pandemic all affected individuals and negatively impacted the work and life aspects of
construction site workers.

The main contribution of this study is to introduce policy formalism into the study of
job burnout of construction site workers during the epidemic. Riggs’ formalism asserts that
culture has a profound impact on institutions and administration [45]. The introduction
of Western laws and systems will be affected by local culture [45]. Policy formalism is an
important feature of Riggs’ ecological administration. The formalism in the formulation
and implementation of epidemic prevention policies has caused more job burnout for
construction site workers.

This study mainly explores the fear of COVID-19 caused by insufficient equipment
among construction site workers during the epidemic. COVID-19 fears among construction
site workers have further caused job burnout, job insecurity, and insomnia. How job
burnout among construction site workers is affected by social support and policy formalism
is investigated. This study mainly explores how construction site workers’ social support,
policy formalism, and COVID-19 fear affect their job burnout, job insecurity, and insomnia.

2. Literature Review and Hypothesis Development

2.1. Theoretical Basis
2.1.1. Policy Formalism

The main contribution of the current study is the incorporation of Riggs’ formalism
into the COVID-19 study of construction site workers. When there is a discrepancy between
pandemic prevention regulations and their implementation, it can lead to anxiety and
job burnout among workers. Riggs described the formalism of administrative agencies
mainly in the context of developing countries [45]. His criterion of using American society
as a diffracted society has been challenged by scholars who argue that, although the
United States is the benchmark for developed and industrialized societies, it is a mistake
to claim that American society is totally devoid of formalism [46]. Some scholars have
argued that prismatic societies not only exist in underdeveloped countries but are also
common in countries with different levels of development [46]. Taiwan is also gradually
emerging from its status as a developing country; however, due to the influence of Asian
and Chinese cultures in the past, studies have also confirmed the existence of formalism in
Taiwan [47–49].

Formalism as proposed by Riggs involves ritualistic methods, a lack of authorization,
and centralization. Ritualistic methods create a gap between the norms of law and their
effective implementation, along with a gap between administrative norms and realities.
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The absence of objective evaluation standards and the lack of pressure on civil servants to
implement programs allow formalism to develop easily [45]. Riggs therefore concluded
that there is a difference between administrative ritualistic procedures and the rationalistic
procedures of developed countries. Ritualistic procedures are not implemented in practice,
and thus leave a gap between administrative requirements and actual implementation
performance. When epidemic prevention measures are not implemented in practice, work-
ers’ psychological exhaustion and burnout increase. In countries with higher levels of
formalism, the lack of shared values at the administrative level and inconsistency between
governmental and social values creates a gap between administrative planning and peo-
ple’s expectations [50]. Workers’ job burnout therefore increases due to dissatisfaction with
epidemic prevention measures at work.

2.1.2. Conservation of Resources Theory

Conservation of resources (COR) is a psychological theoretical framework proposed
by Stevan E. Hobfoll [27]. Stress occurs when individuals perceive a net loss of their own
resources. Individuals use coping mechanisms to deal with these stressors. They also seek
social support to reduce stress and burnout [25,26]. Construction site workers feel the loss
of resources under the pressure of COVID-19 and will look for social support to reduce
work burnout.

2.1.3. Job Demand–Resources Model

The job demand–resources (JD-R) model is a theoretical framework in organiza-
tional psychology. JD-R is used to explain the impact of job characteristics on employee
health [28,29]. Job demands include high workload, time pressure, complex tasks, and
uncertainty. These job demands can lead to employee stress and burnout [28,29]. Sufficient
job resources will help improve employee happiness and job satisfaction. Construction
site workers do face many job requirements during the COVID-19 pandemic, including
wearing personal protective equipment, virus testing, and social distancing policies. This
study also applies the job demand–resources model to explain the relationship between job
resources and job burnout during the epidemic period for construction site workers.

2.2. Hypotheses Development
2.2.1. The Relationship between Equipment Insufficiency and COVID-19 Fear

During the first 2 years of the COVID-19 pandemic, rapid transmission and ease of
infection led to fear among frontline workers, who were at high risk of infection due to their
exposure to patients and inadequate personal protective equipment [51,52]. Early in the
outbreak, frontline workers had yet to determine the route of transmission; therefore, many
became infected [53]. In Spain, the lack of personal protective equipment at the beginning
of the outbreak increased the risk of infection, leading to a fear of contact between frontline
workers and patients [54,55]. Studies at the time confirmed the link between infection and
lack of personal protective equipment for frontline workers [56], so the lack of effective and
adequate personal protective equipment for workers during the pandemic naturally led to
increased fear.

One study noted a relationship between personal protective equipment and psycho-
logical stress and fear [57]. Wearing personal protective equipment has been recognized
as a key measure to prevent the spread of COVID-19. Personal protective equipment can
protect frontline workers from droplet infection [58]. However, when personal protective
equipment becomes contaminated, frontline workers discontinue its use, which increases
the risk of infection for patients and workers alike [59]. Workers at construction sites
experienced increased fear due to inadequate protective equipment and infections.

Hypothesis 1. Equipment insufficiency positively affects COVID-19 fear.
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2.2.2. The Relationship between Social Support and Job Burnout

Many studies have confirmed that burnout is a negative outcome of prolonged ex-
posure to stressful events [60]. Job burnout can be summarized as emotional exhaustion
caused by physical and psychological exhaustion. Maslach and Jackson defined job burnout
as a syndrome of ineffectiveness, exhaustion, and ridicule that occurs in the workplace [61].
Heavy workloads and high levels of work stress can lead to job burnout [62].

Social support is recognized as a resource for dealing with stressful events [63]. In-
dividuals who perceive higher levels of social support demonstrate more optimism and
motivation when faced with difficult situations [64]. Therefore, social support is negatively
correlated with job burnout [65]. Social support is characterized as interpersonal interac-
tions and relationships that provide care and emotional attachment [66]. Individuals feel
social support when they are helped by others. Social supporters are mostly coworkers,
family members, and friends. Some studies have demonstrated that social support can
alleviate the stressful feelings of frontline workers [67]. A study by Dir et al. suggested that
social support can mediate the relationship between job burnout and stigmatization [68].
Anxiety and burnout caused by frontline work at construction sites necessitates immediate
social support.

Social support is the moral or material support provided by organizations, supervisors,
and coworkers. Social support reflects the quality of an individual’s social relationships
and affects their physical and mental health [69]. The more social support an individual
receives, the more likely it is that they will be able to cope with difficult problems. Lee et al.
discovered a negative correlation between social support and job burnout [70]. In a study
on transportation industry employees, Feldman et al. found that family support reduced
job burnout [71]. The job demand–resources (JD-R) model is a theory that was developed
to explain job burnout. Job stress and social support are important factors in the JD-R
model [72]. Job stress can cause internalized tension and frustration in individuals, which
in turn can lead to job burnout. Social support is a work resource that can reduce job stress
and job burnout.

Frontline workers faced many job demands related to outbreak screening and con-
trol. Many frontline workers felt weary due to outbreak screening [73]. The workflows at
many worksites were altered due to the outbreak, resulting in job burnout due to reduced
autonomy [74]. Job resources are believed to assist in achieving goals and reducing the physi-
cal and psychological stress caused by job demands. Job resources are also thought to increase
work engagement while reducing health threats caused by job demands [75]. Job demands
at construction sites during the pandemic were higher than usual, and the social distanc-
ing, protective equipment, disinfection, and temperature-taking protocols implemented at
construction sites due to the pandemic increased the job demands of workers.

Hypothesis 2. Social support negatively affects job burnout.

2.2.3. The Relationship between COVID-19 Fear and Job Burnout

Fear is a functional emotion that occurs when an individual perceives a threat. How-
ever, fear of COVID-19 infection is a dysfunctional fear that can be physically and psy-
chologically harmful at high levels [76,77]. Furthermore, fear of COVID-19 is thought to
increase job burnout, as indicated by the first responders who experienced higher levels of
job burnout during the pandemic [78].

Fear is a psychological response to environmental stressors. The social distancing
policy and demands for virus screening during the pandemic increased individuals’ per-
ceived fear [79]. Quarantine, job insecurity, lifestyle changes, and the death of loved ones all
contributed to this heightened sense of fear. Fear of COVID-19 is thought to be associated
with job burnout as well [80]. At construction sites, workers’ first job was to face the
fear of COVID-19 infection. When individuals have more resources and experience in
facing situations of uncertainty, their feelings of fear can be reduced. Conversely, when
individuals have low tolerance for uncertainty, they are prone to fear and anxiety [81].
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COVID-19 is a novel coronavirus, having only been discovered in 2019, and this led to a
high sense of uncertainty.

The lack of personal protective equipment, uncertainty surrounding the outbreak, and
the lack of an effective vaccine all contributed to the fear felt by frontline workers [82].
The most worrying aspect of the COVID-19 virus was its spread by asymptomatic carriers,
which was a source of stress and fear for frontline workers. At construction sites, as well,
fear among workers further contributed to job burnout [82]. During the COVID-19 pan-
demic, the rising number of infections and the lack of resources resulted in job burnout. The
risk of death from COVID-19 infection led to many psychological problems including stress,
anxiety, and fear [83]. Many frontline workers experienced these negative physical and
psychological problems [80]. Increased workloads, deaths of colleagues due to infection,
and lack of social support all contributed to anxiety and burnout.

Hypothesis 3. COVID-19 fear positively affects job burnout.

2.2.4. The Relationship between Policy Formalism and Job Burnout

The gap between formal power and effective power has resulted in a highly for-
malistic administration that centralizes power but lacks administrative efficiency. The
COVID-19 pandemic came on quickly, and government agencies were often unable to
respond to it accordingly, leaving construction site workers with a higher sense of job
burnout. Thompson found that developing countries had a relatively large number of
generalists [84], and that they emphasized hierarchy and procedures while forgetting their
purely instrumental origins; generalist civil servants would incorporate programmatic
procedures into the law, forgetting that they were merely tools. Even scholars have pointed
out that the generalists in developing countries are superior to the professionals [85].

Bureaucracies with a high degree of formalism are full of pathological behavior, such as
lack of authorization, over-emphasis of control, red tape, indifference, and fear of innovation.
Most civil servants wait for orders from the top and lack a sense of personal security [86].
When faced with the inaccurate implementation of epidemic policies, workers are prone to feel
a higher level of job burnout. Burns and Stalker argued that in organizations with an organic
model, the responsibilities and duties of professionals are not clearly defined; work content is
generated through continuous interaction with colleagues, and not everything is decided by
the supervisor [87]. In a mechanistic system, the supervisor decides whether the work of the
professionals aligns with the goals of the organization. Most formalist government agencies
belong to the mechanistic system. During the pandemic, the influence of administrative
generalists exceeded that of professionals, which made it easier for a gap to form between the
pandemic prevention laws and their actual implementation. It is difficult for a developing
country to implement organizations with an organic model [88] because the flexible design
causes anxiety for executives [87]. Organic systems require a sense of trust among members,
which developing countries often lack [89].

Countries with a low degree of formalism encourage creativity and motivate civil
servants to achieve their goals. However, countries with a high degree of formalism are
characterized by authoritarianism and inherent work practices that inhibit creativity [90].
Administrations in developing countries are characterized by “irrational management”.
Due to the lack of authorization, many minor decisions must be made by administrative
executives. Many civil servants in developing countries set themselves apart from the
general public—they are mainly concerned with their own interests, and care little about
the public interest [90]. During the COVID-19 outbreak, many delays in handling the
crisis were attributable to civil servants waiting for orders from their superiors. When
construction site workers feel higher policy formalism, this will increase their job burnout.

Hypothesis 4. Policy formalism positively affects job burnout.
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2.2.5. The Relationship between COVID-19 Fear and Job Insecurity

For the general public, concerns about COVID-19 infection could be attributed to the
high infection and mortality rates [76]. Later studies also associated fear of COVID-19 with
job insecurity, psychological stress, and anxiety [76]. Job security is an important tool for
securing personal resources [91]; therefore, job insecurity can easily lead to fear of poverty,
stigmatization, and social exclusion [92]. Literature has confirmed the association of job
insecurity with anxiety, depression, and mental health [39].

Frone found that in times of economic downturn, individuals experience job insecurity
through pay cuts, reduced hours, and physical and mental anguish [93]. During the
early stages of the pandemic, the rapid spread of COVID-19 led to urban lockdowns and
increased remote work. Company closures caused by the pandemic caused employees to
experience job insecurity [94]. Furthermore, uncertainty about the future of the economy at
the time caused many people to worry about their family finances.

Sudden destabilizing events can cause social, economic, and psychological disruptions
to an individual’s life. The COVID-19 pandemic affected paychecks and employment
and sparked family–work conflicts [95]. It led to a decrease in job opportunities, and the
resulting financial stress caused individuals to become anxious. Indeterminate stressors
increased job insecurity, which in turn created anxiety, restlessness, and depression in indi-
viduals. The economic downturn caused by the pandemic also contributed to psychological
depression among workers [96].

Depression and anxiety caused by the pandemic affected the mood in the workplace.
Work tasks and priorities were altered following the escalation of the outbreak. Fear of
the pandemic, insecurity, and loss of income all contributed to the loss of psychological
resources [97]. From the perspective of the conservation of resources theory, job insecurity
makes it necessary to expend energy to cope with stressful situations. Herzberg asserted
that job security is the combination of a stable work environment and employment pro-
tection, i.e., retirement security, stable salary, and opportunities for self-development and
advancement [98]. Therefore, job security encompasses the provision of financial, economic,
and social security within an organization [98]. Fear of COVID-19 is thought to influence
the relationship between job insecurity and depression [99].

Hypothesis 5. COVID-19 fear positively affects job insecurity.

2.2.6. The Relationship between Job Burnout and Insomnia

High levels of emotional and physical exhaustion tend to cause sleep problems.
Cognitive and emotional demands in the workplace make it difficult for workers to fall
asleep [100]. COVID-19 posed new challenges and threats to the workplace. Frontline
workers faced a high risk of contracting the virus during the pandemic [101]. Their stress
factors included lack of personal protective equipment, high workloads, quarantine, and
loss of loved ones [102].

Prolonged anxiety about the pandemic led to insomnia, stress disorders, and job
burnout [103]. Furthermore, long shifts and working hours were required during this
period, something known to cause work stress, insomnia, and fatigue problems. Working
late shifts can result in poor sleep quality and difficulty falling asleep. Prolonged exposure
to emotionally challenging work can lead to physical and mental health problems [104].
Job burnout occurs when individuals experience chronic stress that is difficult to cope with
in the workplace. The relationship between job burnout and insomnia has been explored,
and it has been determined that increased job burnout causes insomnia and psychological
exhaustion [105]. Workers at construction sites during the pandemic often suffered from
insomnia due to job burnout.

Hypothesis 6. Job burnout positively affects insomnia.
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2.2.7. The Relationship between Job Insecurity and Insomnia

Davy, Kinicki, and Scheck defined job insecurity as an individual’s expectation of
job continuity [106]. Perceived job insecurity is heightened when the job is threatened by
uncertainty. Insecurity is a precursor to long-term personal stress and leaves employees
feeling that they are powerless to determine their own job continuity. Workers’ fear and
dread about their jobs is job insecurity [42]. Such worries and fears can lead to insomnia,
depriving workers of the sleep needed to maintain energy and motivation. Poor sleep
quality makes it difficult to relieve fatigue, and inability to concentrate due to insomnia can
lead to workplace safety problems [107].

Multiple studies have pointed to job insecurity as a source of stress that exacerbates
insomnia problems [108]. Worrying about lack of job continuity leads to stress and insomnia.
Sleep is a way for individuals to regain energy and cognitive clarity, as well as a means
to recover self-regulating resources. Additionally, sleep grants individuals with sufficient
resources to respond to safety regulations [109]. Studies have indicated that people with
sleep problems are more likely to have work accidents [109]. Work stress, work overload,
and role conflicts due to job demands are all factors that contribute to insomnia, and
workers were subjected to greater job demands during the pandemic.

Hypothesis 7. Job insecurity positively affects insomnia.

We drew out the research framework based on the above hypothesis argument (Figure 1).

Figure 1. Research Framework.

3. Materials and Methods

3.1. Samples, Tools, and Procedure

This study takes construction site workers in Taiwan as the research subjects. The
Taiwanese government announced on 1 May 2023 that the epidemic prevention threat had
been lowered. According to statistics from Taiwan’s Ministry of Labor in November 2023,
the number of construction site workers in Taiwan was 11,977 [110]. This study adopted
regional stratified sampling; we obtained a total of 733 valid construction site worker sam-
ples from 2022 to early 2023, with a recovery rate of 48.3%. This study used G*Power3.1.9.7
to calculate the sample size required for the study. We set α err prob = 0.05, Power (1-β
err prob) = 0.95, and G*Power calculates the total sample size = 146. This confirms that
733 valid construction site worker samples are sufficient for inference. Demographic infor-
mation of respondents: males account for 72.0%. In terms of occupation category, directors
account for 3.0%, engineers account for 3.1%, supervisors account for 3.3%, administrators
account for 17.7%, technical staff accounts for 14.9%, and workers account for 58.00% (see
Table 1). This study advocates that all construction site workers are affected by epidemic
prevention policies during the epidemic. Among the respondents, 49.8% of construction
site workers have more than 8 years of experience. A total of 63.6% of the respondents are
married. In terms of informed consent, respondents were informed that responses to the
questionnaire would be anonymous and unidentifiable. Research data will be stored in the
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project leader’s research room until June 2024 and then deleted. Respondents were free
to decide whether to join the study by filling out the questionnaire. Respondents can quit
filling in at any time without feeling pressured.

Table 1. Sample basic information.

Gender Percentage (%) Seniority Percentage (%)

Male 72.0% 1–3 years 34.1%
Female 28.0% 4–7 years 16.1%

Age 8–11 years 13.5%
20–29 years old 25.0% 12–15 years 5.7%
30–39 years old 43.0% 16 years or more 30.6%
40–49 years old 9.1%
50 years old or older 22.9%

Occupation Marriage
Director 3.0% Unmarried 31.2%
Engineer 3.1% Married 63.6%
Supervisor 3.3% Other 5.2%
Administrator 17.7%
Technical staff 14.9%
Worker 58.00%

3.2. Measures

The measurement items in this study all refer to scales with good reliability and validity
in the past. In this study, Cronbach’s α, composite reliability, average variance extraction,
and heterotrait–monotrait (HTMT) were analyzed. Social support was modified with
reference to the scale of Sarason et al. [111]. Example items are as follows: I can share my
most private worries and fears with colleagues. There is someone I can turn to for advice
about handling problems with my job. When I need suggestions on how to deal with a
personal problem, I know someone I can turn to. If a family crisis arose, it would be difficult
to find someone who could give me good advice about how to handle it. Job burnout refers
to the scale of Maslach et al. [14]. Example items are as follows: I feel burned out from my
work. I have become more callous toward people since I took this job. COVID-19 fear refers
to the scale developed by Ahorsu et al. [76]. Example items are as follows: I am most afraid
of coronavirus-19. It makes me uncomfortable to think about coronavirus-19. I worry a lot
about coronavirus-19. Coronavirus-19 is almost always terminal.

Equipment insufficiency refers to the Cohen and Rodgers article [112] and includes
the following items: There are not enough personal face masks at the construction site. I
cannot assign eye protection to every job. Gloves are not easy to obtain. Personal epidemic
prevention equipment is a scarce resource. Job insecurity refers to the scale developed by
Vander Elst and others [113] and includes the following items: Chances are, I will soon
lose my job. I am sure I can keep my job (R). I feel insecure about the future of my job.
I think I might lose my job in the near future. Insomnia refers to the Pittsburgh Sleep
Quality Index [114] and includes the following items: I could not fall asleep within 30 min.
I would wake up suddenly in the middle of the night or early in the morning. I would have
nightmares while sleeping.

Based on the definition of policy formalism and questionnaires used in the past,
the following items were included: I believe that the actual implementation of epidemic
prevention regulations and construction sites will not be exactly the same. I think it is
sometimes difficult to implement anti-epidemic protocols on construction sites. I think
many anti-epidemic plans are not so easy to implement. It is believed that there are
differences between anti-epidemic regulations and current construction site practices. The
Cronbach’s α value of each factor in this study ranges from 0.92 to 0.96 (Table 2), which is
higher than the minimum reliability standard of 0.60 set by Nunnally [115].
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Table 2. Item loading and reliability.

Variables Items Lambda Z Values
Composite
Reliability

Cronbach’s
Alpha

Policy formalism

Policy formalism 1 0.90 -

0.95 0.95
Policy formalism 2 0.92 109.8
Policy formalism 3 0.93 108.2
Policy formalism 4 0.90 104.9

Social support

Social support 1 0.80 -

0.94 0.94
Social support 2 0.91 45
Social support 3 0.88 45.5
Social support 4 0.91 45.5
Social support 5 0.81 43.4

Job burnout

Job burnout 1 0.89 -

0.96 0.96

Job burnout 2 0.85 180.4
Job burnout 3 0.94 191.1
Job burnout 4 0.87 191.7
Job burnout 5 0.90 188.8
Job burnout 6 0.93 193.7

Job insecurity

Job insecurity 1 0.83 -

0.92 0.92
Job insecurity 2 0.90 173.3
Job insecurity 3 0.86 173
Job insecurity 4 0.87 180.7

COVID-19 fear

COVID-19 fear 1 0.77 -

0.92 0.92

COVID-19 fear 2 0.82 149.1
COVID-19 fear 3 0.76 147.8
COVID-19 fear 4 0.88 158.2
COVID-19 fear 5 0.88 162.1
COVID-19 fear 6 0.76 154.1

Equipment insufficiency

Equipment insufficiency 1 0.72 -

0.82 0.93
Equipment insufficiency 2 0.83 155.6
Equipment insufficiency 3 0.67 143.4
Equipment insufficiency 4 0.68 146.3

Insomnia

Insomnia 1 0.80 -

0.93 0.93
Insomnia 2 0.86 190.3
Insomnia 3 0.88 196.9
Insomnia 4 0.81 178.6
Insomnia 5 0.89 189.3

Note: The first item of each variable is set to 1, so there is no Z value.

3.3. Detection of Common Method Variance (CMV)

Common method variance (CMV) is considered the variance caused by measurement
error; the internal consistency bias caused by CMV should be controlled [116,117]. The self-
administered questionnaire used in this study is prone to CMV problems. This study used
an anonymous method to fill in the questionnaire and used a mix of 5- and 7-point Likert
scales [116]. The questionnaire was designed according to standard operating procedures,
and the items were designed to be as simple and easy to understand as possible. Items that
were difficult to understand, easy to misunderstand, and difficult to answer were deleted.

Harman’s one-factor test is considered a tool for subsequent testing [118]. In the
exploratory factor analysis without rotation, the explained variance of the first factor
extracted was 46.79%. The explained variance of the first factor does not exceed 50%,
indicating that the CMV problem in this study is not serious.

3.4. Validity and Reliability Analysis

Confirmatory factor analysis (CFA) is used to measure the relationship between latent
factors and observed variables. Structural equation modeling (SEM) can simultaneously
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estimate complex relationships among latent factors [119]. This study used confirmatory
factor analysis with SEM software lavaan version 0.6-17 to test the reliability and validity
of constructs [119]. Among overall model fit measures, the SRMR of the conceptual model
was 0.081. Although the SRMR is higher than the critical value of 0.05, it is still within the
acceptable range. GFI = 0.98 is higher than 0.90. The NNFI = 0.97, NFI = 0.97, CFI = 0.97,
IFI = 0.97, and RFI = 0.97, all higher than the specified 0.90. These indicators confirm that
the hypothetical model of this study is good. In the model parsimonious fit measures,
PNFI = 0.89, and PGFI = 0.81; both are higher than the critical value of 0.50. This confirms
that the conceptual model and data of this study fit.

The factor loading λ values of all the constructs in this study ranged from 0.67 to 0.94,
which is higher than the 0.5 recommended by Hair, Anderson, Tatham, and Black [120].
This means that the individual items in this study have good reliability and validity. The
item loading t-values of all factors have reached statistically significant levels, which also
confirms the construct validity and convergent validity of this research construct. The
composite reliability (CR) of the latent constructs can measure the consistency of the items
in the construct. Previous scholars have proposed that the CR value must be greater
than 0.7 [120]. The CR values of the latent constructs in this study ranged from 0.92–0.96.
This indicates that the latent constructs in this study have good internal consistency.

The average variance extraction (AVE) is the percentage of latent constructs that can
be measured by observed items. AVE can test the reliability, discriminant validity, and
convergent validity of research variables. The AVE values of latent constructs in this study
range from 0.66 to 0.84, all greater than 0.5. It means that the latent constructs in this study
have good discriminant and convergent validity.

The square root of the average variance extracted (AVE) must be higher than the corre-
lation coefficient between constructs and is considered to have discriminant validity [121].
The lower left corner of Table 3 is the matrix of correlation coefficients between the con-
structs, and the diagonal is the square root of the constructs’ AVEs. The square roots of
the constructs’ AVEs in this study ranged from 0.53 to 0.83, which are all higher than
the correlation coefficients between constructs. The upper right half of the table is the
heterotrait–monotrait (HTMT) ratio of correlations. The HTMT values of this study are
lower than 0.90, which also confirms the discriminant validity between constructs [122].
AVEs are larger than MSVs and ASVs, which again confirms the discriminant validity of
this study [115].

Table 3. Square root of AVE and inter-correlations.

1 2 3 4 5 6 7 ASV MSV AVE

Policy Formalism (1) (0.91) 0.12 0.46 0.43 0.39 0.78 0.41 0.20 0.54 0.83
COVID-19 Fear (2) 0.44 (0.87) 0.08 0.06 0.10 0.13 0.10 0.39 0.65 0.75
Social Support (3) 0.16 0.08 (0.82) 0.82 0.88 0.62 0.79 0.01 0.02 0.67
Job Burnout (4) 0.42 0.78 −0.02 (0.90) 0.69 0.64 0.82 0.36 0.60 0.81
Job Insecurity (5) 0.37 0.81 0.11 0.65 (0.86) 0.53 0.67 0.31 0.65 0.75
Equipment Insufficiency (6) 0.73 0.58 0.15 0.61 0.49 (0.73) 0.60 0.30 0.53 0.53
Insomnia (7) 0.38 0.74 −0.08 0.77 0.62 0.55 (0.85) 0.33 0.60 0.73

Note: The figures in parentheses indicate the square roots of AVEs of the study constructs. The lower left table on
the diagonal is the Pearson correlation coefficient, and the upper right table is the heterotrait–monotrait (HTMT)
ratio of correlations. MSV = maximum share variance, ASV = average share variance.

The correlation matrix allows for observing preliminary relationships between con-
structs. Policy formalism is negatively related to job burnout and insomnia, and their
coefficients are 0.42 and 0.38. COVID-19 fear negatively affects job burnout and job insecu-
rity; the coefficients are 0.78 and 0.81. This indicates that when the fear of COVID-19 among
construction site workers is high, their job burnout and job insecurity will also increase.
Social support negatively affects job burnout (−0.02). This means that high social support
for workers can reduce their job burnout. The correlation coefficients of job burnout, job
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insecurity, and insomnia are 0.77 and 0.62. This represents the high degree of job burnout
and job insecurity of workers, which will cause insomnia.

This study first defines the research problem and then conducts literature review and
formulates research hypotheses (see Figure 2). This study collects raw data, performs
statistical analysis, and finally draws conclusions and suggestions.

Define research problem 

Conduct literature review 

Formulate research hypotheses 

Collect data 

Interpret results 

Conclusions & suggestions 

Figure 2. Research Process Flowchart.

4. Results

This study uses lavaan (latent variable analysis) in the R statistical programming
language for path coefficient analysis and hypothesis testing [119]. The lavaan package
version 0.6-17 is a package for structural equation modeling (SEM) in the statistical software
R. It can be easily integrated with other statistical packages in R. It can be seen from Table 4
that equipment insufficiency positively affects COVID-19 fear and path coefficient = 0.63,
which supports the argument of Hypothesis 1. Insufficient personal protective equipment
can easily put workers on construction sites in fear of infection. Such findings are similar to
previous research results conducted by Zhan et al. [8].

Table 4. Path coefficients.

Causal Path
Path

Coefficient
Standard

Error
Z Value p Value

H1 Equipment Insufficiency -> COVID-19 Fear 0.63 *** 0.00 113.40 <0.001
H2 Social Support -> Job Burnout −0.17 *** 0.01 −33.80 <0.001
H3 COVID-19 Fear -> Job Burnout 0.80 *** 0.01 118.90 <0.001
H4 Policy Formalism -> Job Burnout 0.16 *** 0.01 29.00 <0.001
H5 COVID-19 Fear -> Job Insecurity 0.84 *** 0.01 148.50 <0.001
H6 Job Burnout -> Insomnia 0.77 *** 0.01 82.00 <0.001
H7 Job Insecurity -> Insomnia 0.13 *** 0.01 14.30 <0.001

Note: *** represent statistical significance at p < 0.001.

Social support negatively affects job burnout, with a causal coefficient of −0.17, sup-
porting Hypothesis 2. As observed from the JD-R model, social support is regarded
as a resource that can reduce job burnout. During the epidemic, many virus tests, pro-
cess changes, and work requirements can easily cause job burnout among construction
site workers. This empirical finding is similar to the research results of Psychiatrist and
Bearman [73,74]. Social support can reduce job burnout among construction site workers.

COVID-19 fear positively affects job burnout, with a causal coefficient of 0.80, support-
ing Hypothesis 3. Fear of COVID-19 infection is considered dysfunctional fear during the
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epidemic [76]. There were no existing drugs to treat COVID-19 in the early stages of its
spread. Increased work demands, infections, and deaths of relatives and friends can easily
cause job burnout among construction site workers.

This study found that policy formalism positively affects job burnout, with a causal
coefficient of 0.16, which supports Hypothesis 4. When workers experience disparities
in epidemic prevention policies and implementation at work sites, they are exposed to
long-term work fear and stress. Countries with high formalism are full of pathological
behavior, such as lack of authorization, over-emphasis of control, red tape, indifference,
and fear of innovation. These irrational management characteristics can easily lead to gaps
between epidemic prevention policies and implementation [87]. Construction site workers
suffer from job burnout due to inaccurate epidemic prevention.

COVID-19 fear positively affects job insecurity, with a causal coefficient of 0.84, which
supports Hypothesis 5. Construction site workers’ fear of COVID-19 makes them also
worried about the continuation of work due to the epidemic. Construction site workers’ fear
of COVID-19 also makes them worried about the continuation of work due to the epidemic.
The COVID-19 epidemic has caused disruptions in social, economic, and personal lives [95].
COVID-19 fear not only causes physical signs of fear among construction site workers but
also makes them feel unsafe at work.

This study confirms that job burnout positively affects insomnia, with a causal coef-
ficient of 0.77, which supports Hypothesis 6. Continuous emotional exhaustion among
construction site workers can easily lead to sleep disruption and insufficient sleep. Such
empirical findings are similar to the research results obtained by Lee [103]. Changes in
shift systems, increased worksite safety inspections, and social distancing policies have all
caused worksite workers to experience burnout. Long-term stress and work burnout can
cause insomnia problems.

Job insecurity positively affects insomnia, with a causal coefficient of 0.13, which
supports Hypothesis 7. Past research has found that job insecurity contributes to insomnia.
Social isolation, economic disruption, and job instability caused by the epidemic can easily
cause insomnia among construction site workers.

5. Discussion

This study used path coefficient analysis and structural equation modeling (SEM)
to verify all research hypotheses. First, this study confirms that insufficient protective
equipment will increase COVID-19 fear among construction site workers. The problem of
insufficient personal protective equipment has arisen during the COVID-19, severe acute
respiratory syndrome (SARS), and Middle East respiratory syndrome (MERS) epidemics.
These diseases all have the characteristics of sudden appearance, rapid spread, and lack
of vaccines and drugs. These characteristics can easily cause COVID-19 fear among con-
struction site workers when they lack adequate personal protective equipment [55,57].
Construction sites are inherently workplaces where dangerous accidents occur. Workers’
fear due to insufficient personal protection is more likely to cause industrial safety incidents.

This study confirms that social support can reduce job burnout among construction
site workers. From the perspective of the conservation of resources theory, social support
can help construction site workers cope with work stress and burnout [25]. The job demand–
resources model regards job resources as a kind of job skills and resources, which can reduce
job burnout caused by job demand [29]. Construction site workers during the epidemic
face many work demands and new work processes, and they need more social support
to reduce work burnout. According to the JD-R model, social support can alleviate job
burnout caused by excessive job demand for construction site workers during the epidemic.

COVID-19 fear among construction site workers has caused physical and psycholog-
ical burdens on construction site workers [77]. COVID-19 fear among construction site
workers further contributes to burnout [78]. Insufficient personal protective equipment at
construction sites creates greater fear and burnout among construction site workers [82].
The COVID-19 fear scale is a measurement questionnaire developed in recent years due to
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the COVID-19 epidemic. This study confirms that COVID-19 fear among construction site
workers causes job burnout.

Natural disasters and epidemics require government agencies to make quick decisions
and effectively implement policy plans. However, institutions in developing countries will
make people feel that policies and implementation are inconsistent. Agencies in developing
countries often view compliance with work processes as the primary goal, rather than using
work processes as a tool to achieve policy goals [84]. Pathological behaviors with high
formalism include: over-emphasis on process, red tape, lack of concern for public interests,
and fear of innovation [90]. Construction site workers feel that the failure to implement
epidemic prevention policies will increase their emotional exhaustion. In the past, research
on policy formalism was all qualitative discussion and analysis [45]. This study not only
explores the formalism of the epidemic policy through quantitative research but also finds
that the formalism of the policy will increase the job burnout of construction site workers.

The high infection and mortality rates of COVID-19 can create a sense of fear among
construction site workers [76]. The epidemic has caused factory closures, economic stag-
nation, and remote work, all of which have increased job insecurity among construction
site workers [94]. Reductions in work and financial pressure can create perceptions of job
insecurity among workers on the job site. Job insecurity is the pressure that construction
site workers have felt due to the epidemic in recent years.

Long-term emotional and physical exhaustion among construction site workers can
easily lead to insomnia [103]. Shift changes and increased epidemic prevention work during
the epidemic can easily cause burnout and insomnia among construction site workers. This
study confirms that job insecurity of construction site workers affects their insomnia. The
self-regulatory resource theory suggests that sleep allows individuals to restore energy.
Insomnia can lead to more accidents and injuries among construction site workers [109]. It
can be seen that the job insecurity caused by the epidemic has a negative impact on the
safety of construction site workers.

6. Conclusions

6.1. Theoretical Implications

The greatest contribution of this study is to introduce policy formalism into the
physical and psychological exploration of construction workers during the epidemic. Con-
struction site workers feel that failure to implement epidemic prevention policies will
increase their job burnout. This article uses empirical data to confirm the negative impact
of formalism on construction site workers.

Secondly, this study applies and supplements the conservation of resources theory and
job demand–resources model. This study confirms that policy formalism is a negative an-
tecedent of job burnout. Construction site workers’ formalistic perceptions of public policies
will increase their job burnout. The physical and psychological cognition of construction
site workers during the epidemic has rarely been studied. It is even rarer to incorporate the
macro-psychological perceptions of public policy into research on construction site workers.

6.2. Practical Implications

If government agencies want to avoid construction site workers’ awareness of the gaps
in epidemic prevention policies and implementation, they should create a fair and trans-
parent performance evaluation system that links civil servants’ performance to rewards.
This can motivate civil servants to engage in job performance rather than just respond to
external pressures. Secondly, government agencies should actively establish a positive and
pragmatic organizational culture. Let civil servants truly care about the interests of the
people while shortening the gap between policy and implementation. Some studies in the
past have confirmed that formalism has a negative impact on both civil servants and the
public [47–49].

After the COVID-19 epidemic, government agencies can foresee and plan the masks,
gloves, protective clothing, and inspection equipment needed during future epidemic
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disasters. Obtaining trustworthy epidemic information, using social media cautiously, and
seeking professional psychological support can all reduce the COVID-19 fear of construction
site workers. During the epidemic, construction site workers need to stay in touch with their
organizations, families, and friends and also seek support from medical and psychological
professionals. Worksite workers also need to adapt to shift changes and uncertainty about
working hours during the pandemic. Construction site workers should try to maintain a
regular schedule, limit the use of electronic products, and continue healthy exercise. These
activities can reduce the insomnia problem of construction site workers during the epidemic.

7. Further Study

Most of the past research on policy formalism was qualitative, resulting in insuffi-
cient citations of causal relationships. This study did not adopt a longitudinal approach,
which requires a lot of time and cost. It is recommended that future researchers perform
longitudinal studies to discover causal relationships in depth. This study has collected
733 samples for analysis, and it is recommended that future researchers collect more sam-
ples for exploration. The self-reported questionnaire used in this study may have problems
with recall bias, social desirability, question understanding, and selective responses. We
look forward to researchers adopting more diverse research designs and methods in the
future. The administrative agencies of many developing countries have obvious policy
formalism attributes. This quantitative research result on policy formalism should have
many implications for these countries. However, this study still has problems of cultural
differences and bias. Extrapolating the empirical research in Taiwan to the world may still
have problems with external validity. We look forward to more researchers from different
regions around the world collecting different samples to explore in the future.
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Abstract: Safety officers have been underlined as key individuals in the implementation of safety
programmes at construction sites. However, previous research mentioned that some project managers
predominantly focus on other aspects, such as the productivity of construction and the management
of time and cost. Such emphases may potentially demotivate safety officers from fully engaging in
safety initiatives for construction projects. Moreover, scholars have devoted piecemeal discussions to
the motivation of such practitioners. These problems were addressed in the current work through the
development of a conceptual paradigm that captures the actual situation between project managers
and safety officers. To this end, four constructs were extensively examined: (1) autonomy-oriented
support from project managers; (2) the motivation of safety officers; (3) the engagement of safety
officers in safety programmes (covering four major categories of safety-related tasks); and (4) safety
performance. From August to September 2022, valid data from 195 safety officers working in con-
struction projects were considered, after which the proposed paradigm was analysed via structural
equation modelling. The results showed that the autonomous motivation of safety officers was acti-
vated by autonomy-oriented support from project managers (β = 0.520, sig. = 0.000). Such motivation
significantly affected their safety performance (β = 0.231, sig. = 0.007) and levels of engagement
with safety initiatives (β = 0.529, sig. = 0.000). These findings indicate that in the implementation
of safety programmes, the autonomous motivation of safety officers serves as the engine, while
autonomy-oriented support from project managers functions as the ignition key. Policymakers in
construction companies can use the results as a reference for decision-making on initiating safety
policy that highlights methods of training project managers in supporting safety officers.

Keywords: autonomous motivation; self-determination theory; safety management; safety
performance; structural equation modelling

1. Introduction

The implementation of safety programmes in the construction industry has improved
to some extent over the last few decades, but it continues to rank the lowest among
all sectors in terms of safety performance. For example, the US construction industry
revealed that accidents among construction practitioners have gradually increased since
2016. A report released by the Bureau of Labour Statistics indicated that the industry
was plagued with a nearly 50% incidence of fatal occupational injuries from 2016 to 2018,
earning it a place alongside agriculture, mining, and manufacturing as one of the riskiest
workplaces in commerce [1]. These problems occur equally in Asia, with the Chinese
construction industry accounting for 35% of work-related incidents in 2015 [2] and the Thai
construction industry accounting for the highest number of accidents among 131 industries
from 2001 to 2011 [3]. In Thailand as well, the construction industry accounted for the
highest rate of injury and illness (26.40%) among the most dangerous sectors in the country
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in 2016, according to the Social Security Office’s historical data on occupational injury and
illness [4].

To resolve the abovementioned issues, researchers have proposed essential strategies
for helping stakeholders enhance safety performance in construction projects [5–16], such
as cultivating sufficient commitment among management, providing safety training, and
setting clear safety goals. Many analyses have also been conducted on success and failure
factors, that is, what should and should not be done. However, limited research has focused
on the individuals responsible for supporting these success factors to ensure the effective
management of construction safety. An important challenge in addressing the ‘who’ and
‘how’ of construction safety appears to be the disparity between espoused values and the
assumptions that characterise the culture of construction organisations [17]. Another prob-
lem is that the stakeholders of construction projects sometimes operate without a uniform
agreement on site safety responsibilities [18]. Furthermore, although the slogan ‘safety
first’ is commonly heard on construction sites, its practical implementation is often denied
the emphasis that it deserves, with many project managers predominantly concentrating
on matters such as construction productivity. This predilection leads to the occasional
oversight of safety programmes.

The difficulties described above are poised to be resolved by safety officers, who
are one of the primary stakeholders in construction initiatives. Their integral role in the
execution of safety programmes, which are crucial to project success, was emphasised in [5].
This research suggested that safety officers have the opportunity to influence the various
dimensions constituting the quality of safety programmes, including, but not limited to,
empowering workers to safely perform construction activities, clearly communicating
safety concerns to involved parties, and continuously monitoring the performance metrics
of safety initiatives [5]. Nevertheless, the aforementioned propensity to prioritise facets
such as construction productivity gives rise to the potential to inadvertently demotivate
safety officers from wholeheartedly pursuing safety.

In a study that underscored the essentiality of autonomous motivation among safety
officers involved in construction projects [19], the researchers differentiated these profes-
sionals based on their motivational profiles. The authors found that highly motivated
practitioners consistently manifest a substantially greater degree of organisational commit-
ment than their counterparts [19]. However, research focusing on both the contributions of
safety officers and their autonomous motivation has been fragmented. Thus, there is an
exigent need for a comprehensive consideration of the contributions of safety officers to con-
struction safety management. Specifically, the issues that remain inadequately examined
are as follows:

(1) The contributions of safety officers to safety performance at construction sites;
(2) The motivation of safety officers to ensure safety in these workplaces and its influenc-

ing factors;
(3) The interrelationship between items 1 and 2.

With regard to item 1, because safety officers are responsible for carrying out various
tasks related to safety, it is necessary to collectively and exhaustively describe such duties,
but accurately representing safety performance at construction sites remains challenging.
Moreover, enquiring into the strengths and limitations of previous analyses and proposing
new methods by which to improve existing safety approaches necessitate the consider-
ation of various related aspects. As for item 2, noteworthy issues include autonomous
motivation and support for autonomy from project managers. Additionally, well-educated
safety officers are required to work diligently in challenging situations. On these bases,
two hypotheses can be put forward: safety officers are likely to have high autonomous
motivation, and maintaining such motivation requires autonomy support from project
managers. With respect to item 3, if the aforementioned hypotheses are valid and the
features highlighted therein are contributory to excellent safety performance, then various
stakeholders can enjoy the following benefits: increased confidence among safety officers,
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opportunities to change and refine contractors’ perceptions of safety officers, and more
effective development and implementation of safety laws and regulations.

In consideration of the matters discussed above, this research developed a novel
paradigm that captures the actual situation between project managers and safety officers,
as well as the essential roles of the latter and their autonomous motivation. To this end,
four constructs were extensively examined: the autonomy-supportive behaviours of project
managers, the motivation of safety officers, their levels of engagement in safety initiatives,
and safety performance. The proposed paradigm was used to quantitatively explore
the issues of interest to satisfy three objectives: (1) to assess the effects of autonomy-
oriented support from project managers on the motivation of safety officers and safety
performance in the construction industry; (2) to evaluate the impact of safety officers’
motivation on engagement in safety-related tasks and safety performance; and (3) to assess
the relationship between safety officers’ levels of engagement in safety tasks and safety
performance. The findings are expected to empirically improve the understanding of safety
officers’ autonomous motivation in the safety programmes currently implemented in the
construction industry. They can also help company management and project managers
formulate strategies for enhancing safety performance by superseding conventional views
in favour of a new approach: developing an environment in which safety officers can work
with a tremendous sense of value, responsibility, and enjoyment instead of having their
activities constrained.

2. Hypothesis Development

2.1. Self-Determination Theory (SDT)

SDT is a broad meta-theory maintaining that humans possess three types of motiva-
tion: amotivation (lack of motivation), controlled motivation, and autonomous motiva-
tion [20]. Individuals with high amotivation lack the drive to perform or engage in activities.
People with controlled motivation take part in an activity to receive an external reward,
avoid punishment, and protect their egos. Autonomously motivated individuals engage in
a particular activity because of their interest in it and their perception of its importance.

2.2. Basic Psychological Needs

The theory of basic psychological needs states that human beings have three funda-
mental psychological requirements [21] to live in society: autonomy, competence, and
relatedness. Autonomy concerns perceived feelings of volition, congruence, and integra-
tion, which enhance a person’s sense of independence. Competence pertains to the desire
of individuals to recognise that they can capably engage in a given activity, and relatedness
refers to a person’s perception of social connection and belonging. Theoretically, fulfill-
ing these needs enhances the autonomous motivation of individuals to participate in a
particular activity.

Studies have examined the positive relationship between autonomy-supportive leader-
ship and the autonomous motivation of followers in other contexts, such as child education
(e.g., the autonomous motivation to do homework) [22], the sciences (e.g., the participation
of students in mathematics homework and the intrinsic motivation of students majoring in
agricultural science) [23,24], and the hospitality industry (e.g., the autonomous motivation
of employees in international hotel chains in China) [25]. Some researchers have found that
support for autonomy, competence, and relatedness is positively associated with introjected
regulation (controlled motivation) among elementary school students in Japan [26], while
others have reported that amotivation and autonomy-oriented support are negatively
related [27]. Assuming that autonomy-oriented support from project managers affects the
autonomous motivation of safety officers, we established Hypothesis 1.
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Hypothesis 1a: Autonomy-oriented support positively affects autonomous motivation.

Hypothesis 1b: Autonomy-oriented support positively affects controlled motivation.

Hypothesis 1c: Autonomy-oriented support negatively affects amotivation.

Studies have also uncovered that managers with considerable autonomy exhibit excel-
lent information system planning [28] and that support for autonomy from local authorities
directly and positively affects the outcomes of a waste separation programme [29]. A simi-
lar situation can occur with respect to safety programmes for construction projects, with
improved autonomy-oriented support from project managers potentially engendering
superior safety performance. On this basis, Hypothesis 2 was formulated.

Hypothesis 2: Autonomy-oriented support positively affects safety performance.

Previous research in various domains has confirmed that autonomous motivation
significantly affects engagement levels [30–35]. In [19], for example, the researchers probed
into the positive impact of autonomous motivation on the engagement levels of safety per-
sonnel in construction projects, and in [34], the authors confirmed that construction workers’
autonomous motivation significantly affects their levels of engagement in enhancing con-
struction productivity. In the context of chemical factories, the safety motivation of company
crews considerably influences their levels of engagement in safety programmes [35], and
research on an international airline verified that perceptions of the importance of a safety
programme affect levels of participation in and compliance with safety management [30].
In the industrial sector, the autonomous motivation of employees was found to be positively
associated with their safety-related behaviours [32]. Finally, researchers have emphasised
that the autonomous motivation to participate in health-related activities significantly
affects the intentions and behaviours of individuals [31].

From a conventional view, the literature has reflected a positive association between
controlled motivation and intention with regard to other issues, such as the intention
of managers in medium-sized manufacturing companies to use computers [36] and the
prediction of workaholic behaviours [37]. Conversely, amotivation negatively affects levels
of engagement [27,37]. Correspondingly, under the assumption that the motivation of
safety officers affects their levels of engagement in cultivating the conditions conducive to
the implementation of safety programmes, Hypothesis 3 was established.

Hypothesis 3a: The autonomous motivation of safety officers positively affects their levels of
engagement in cultivating the conditions conducive to safety programme implementation.

Hypothesis 3b: The controlled motivation of safety officers positively affects their levels of engage-
ment in cultivating the conditions conducive to safety programme implementation.

Hypothesis 3c: Amotivation among safety officers negatively affects their levels of engagement in
cultivating the conditions conducive to safety programme implementation.

Studies have identified a positive link between motivation and outcomes in different
fields. An example is research on educational institutions, which has emphasised that
enhancing the motivation of employees has become one of the top priorities in ensur-
ing successful institutional performance [38]. Scholars have suggested that autonomous
motivation among undergraduate students is essential to achieving a desirable grade
point average [39]. Other researchers have discovered that identified regulation (a type
of autonomous motivation) significantly affects construction labour productivity [40] and
that the greater autonomous motivation of villagers to cooperate in a waste separation
programme leads to enhanced waste separation weights [29]. Investigations have also
reported that external and introjected types of regulation (types of controlled motivation)
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drive construction productivity but that considerable amotivation diminishes it [40]. The in-
sights from the studies discussed here imply a positive relationship between safety officers’
autonomous and controlled motivation and safety performance and a negative relationship
between their amotivation and safety performance.

Meanwhile, limited discussions have been devoted to the direct effects of motiva-
tion on outcomes. Of the few studies conducted in this respect, that of Tam et al. [34]
documented the effects of workers’ autonomous motivation on construction productivity
and worker engagement. As discussed in Section 2.3, the activities carried out by safety
officers were identified on the basis of a literature review and represented in safety officers’
engagement. However, safety officers may engage in tasks other than those identified
in the succeeding section, which can uncover the direct impact of motivation on safety
performance. This possibility was therefore investigated on the grounds of Hypothesis 4.

Hypothesis 4a: Autonomous motivation positively affects safety performance.

Hypothesis 4b: Controlled motivation positively affects safety performance.

Hypothesis 4c: Amotivation negatively affects safety performance.

2.3. Influencing Factors in Safety Management

A literature review was conducted to identify factors that can affect the implementa-
tion of safety programmes in construction projects. Such identification can facilitate safety
performance improvement by reducing accidents and promoting a positive safety culture.
Researchers have examined five insufficiently pursued measures that affect safety perfor-
mance in the Chinese construction industry [15]. These measures are safety awareness
among top management, sufficient training, safety awareness among project managers, the
accumulation of adequate resources, and careful operation. Scholars have also pinpointed
four categories of factors for safety programme management at construction sites [7]:
worker involvement, safety prevention and control systems, safety arrangement, and man-
agement commitment. In the Saudi Arabian context, seven such crucial factors have been
explored: management support, clear and reasonable goals, personal attitudes, teamwork,
effective enforcement schemes, safety training, and suitable supervision. A study deter-
mined safety management commitment, subcontractor and personnel selection, safety
supervisors, safety plans, employee involvement, and safety evaluation as significant
safety-related factors [9], while another delved into management commitment, worksite
analysis, hazard and prevention control, and health and safety training as four important
constructs linked to safety programmes [10]. On the grounds of the literature review, we
selected 19 potential influencing factors as the foundation for the development of the con-
ceptual paradigm presented in Table 1. Given the scope of these factors, previous studies
organised them into four categories [7,8]. Those relevant to and adopted in the current
work are (1) worker involvement, (2) safety prevention and control systems, (3) safety
arrangement, and (4) safety commitment [7] (Table 1).

The first category, worker involvement, focuses on the encouragement of workers
to participate in safety programmes [7]. It comprises continuing participation among
construction workers, worker motivation, positive group norms, and personal attitudes [7].
In this category, Al Haadir and Panuwatwanich added safety meetings [8]. The final
composition in the present study thus encompassed five factors that represent how well
workers are involved in safety endeavours. The next category, safety prevention and control
systems, emphasises managing the quality of safety programmes and safety regulations.
It covers eight factors: programme evaluation, personal competence, enforcement schemes,
safety equipment acquisition and maintenance, effective supervision, safety education and
training, safety promotion policy, and safety knowledge [7,41]. The third category, safety
arrangement, pertains to the positioning and organisation of resources through effective
communication. Three factors are grouped under this category: communication, delegation
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of authority and responsibility, and sufficient resource allocation [7,8]. The final category,
safety commitment, highlights the ambition and determination to achieve safety goals,
and it incorporates three factors: management support, teamwork, and clear and realistic
goals [7,8].

2.4. Safety Officers’ Contributions to Cultivating Conditions Conducive to Safety
Programme Implementation

In a construction project, safety officers are responsible for promoting safety-related ac-
tivities, which include, but are not limited to, establishing safety measures, enforcing safety
policies to lessen the risk of accidents, and responding to workers’ safety concerns [42,43].
Such professionals are therefore tasked with contributing to the cultivation of the conditions
(i.e., the influencing factors) presented in Section 2.3. Assuming that these conditions collec-
tively and exhaustively cover all the necessary tasks of safety officers, Table 1 presents how
these practitioners can leverage such conditions to guarantee safety on construction sites.

While safety officers contribute to a variety of aspects of safety programmes, project
managers are supposed to encourage safety officers as they manage safety programmes.
This entails activities such as supporting safety officers in fostering a decent safety climate
at a construction site, allocating sufficient budgets to safety programmes, and supporting
safety officers in delivering essential messages to involved individuals.

Table 1. Engagement of safety officers in cultivating conditions conducive to safety programme
implementation (influential factors).

Conditions (Factors) References Engagement Details

1.
W

or
ke

r
in

vo
lv

em
en

t

Continuing participation
of workers [5,7,8,41,44,45]

Safety officers obtain feedback from workers to help improve
safety programmes. Constructive criticism from construction
workers should be taken into consideration to determine ways to
enhance safety performance.

Personal motivation [7,8,35,45]

Safety officers increase the motivation of workers in different
ways, such as by providing them with an opportunity to express
their opinions, arranging celebrations after a successful safety
programme, and encouraging construction workers to report
unsafe behaviours.

Group norms [7]

Safety officers focus on the following aspects: positively
encouraging open communication as a platform for everyone to
criticise the implementation of safety programmes; and educating
construction workers on safety. The modification of this
statement is expected to fortify the establishment of an exemplary
group norm.

Personal attitudes [5,7,8]

Safety officers highlight the importance of safety and health
issues to increase awareness of safety, encourage workers to obey
safety regulations, and motivate them to update their knowledge.
This initiative is anticipated to positively influence the cultivation
of favourable attitudes among workers concerning safety.

Safety meetings [8,15,45]
Safety officers are responsible for arranging regular safety
meetings. They also attend these meetings and encourage
construction workers to participate during these sessions.
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Table 1. Cont.

Conditions (Factors) References Engagement Details

2.
Sa

fe
ty

pr
ev

en
ti

on
an

d
co

nt
ro

ls
ys

te
m

s

Programme evaluation [5,7,8,45,46]

During the construction phase, safety officers are responsible
mainly for tracking the progress of safety programmes. They
arrange regular safety evaluations to identify sensitive aspects,
track improvement in relation to these aspects, and analyse safety
progress against safety plans.

Personal competence [7,8]

Safety officers encourage either site engineers or foremen to
support construction workers in several aspects, such as
assigning suitable construction activities and ensuring that these
activities suit workers.

Enforcement schemes [7,8,35,46]

Safety officers regularly establish safety measures for a
construction site, such as punishment for violating safety rules
and procedures for using safety equipment. The direction of
safety programmes should be well established by safety officers
as the threshold for implementing safety programmes.

Safety equipment
acquisition and

maintenance
[7,8,44–47]

Safety officers provide safety equipment, such as protective
helmets, eyewear, ear plugs, dust masks, protective boots, safety
gloves, and high-visibility clothing. They ensure the quality of
such equipment. This enables construction workers to implement
their tasks with a certain level of safety.

Appropriate supervision [7,8]

At construction sites, safety officers encourage safety behaviours
among either site engineers or foremen. These include
encouraging them to obey the same safety regulations, providing
site engineers/foremen with beneficial information to support
construction workers, and encouraging site engineers/foremen to
establish appropriate examples of safety-related practices.

Appropriate safety
education and training [5,7,8,35,44–46]

Safety officers mainly provide safety training to construction
workers. New construction workers should be prepared through
adequate training classes to develop their fundamental
knowledge of safely implementing construction-related activities.

Safety promotion policy [35,44]

Safety officers determine ways to promote safety programmes,
such as arranging celebrations of successful safety initiatives or
other safety promotional activities to establish awareness of
safety and provide construction workers with appropriate
rewards when safety programmes are well implemented.

Safety knowledge [35]

During site inspections, safety officers can educate workers about
some cautionary processes to be noted. They can encourage
workers to update regulations, standard work procedures, and
emerging instructions on how to use equipment.

3.
Sa

fe
ty

ar
ra

ng
em

en
t

Communication [5,7,8,44,47]
Safety officers encourage communication at construction sites in
several ways, such as conveying major concerns regarding
safety-related practices and regularly encouraging open exchange.

Delegation of authority
and responsibility [7,8,44,45]

Sufficient authority contributes to increased safety performance
at construction sites. Thus, safety officers can assist in allocating
sufficient safety staff tasked with inspecting construction sites
and emphasising sensitive work areas.

Sufficient resource
allocation [7,8]

Safety officers can encourage site engineers/foremen to provide
workers with adequate resources. They can encourage assigning
an appropriate number of workers to a specific task, providing
sufficient and well-conditioned machines, and allocating
sufficient time to practice.
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Table 1. Cont.

Conditions (Factors) References Engagement Details

4.
M

an
ag

em
en

tc
om

m
itm

en
t

Clear and realistic goals [7,8,44]
Safety officers can determine safety goals, which include, but are
not limited to, minimising accidents and providing construction
workers with a safe work environment.

Management support [7,8,44,45,47]
Safety officers can support construction workers in different
ways, such as by regularly inspecting construction sites and
enthusiastically following the same safety regulations.

Teamwork [7,8]

Safety officers are the key contributors to teamwork in safety
programmes. They address coping with safety-related issues and
communicate that safety programmes require intensive
involvement from all parties.

2.5. Influence of Engagement on Safety Performance and Measurement of Performance
2.5.1. Influence of Engagement on Safety Performance

Previous studies demonstrated that greater efforts in implementing safety-related
activities can engender better safety performance in construction projects [5,7,8,15,41,44].
Although researchers have identified the effects of such implementation, some have disre-
garded safety performance indices in their analyses [8,15], while others have used limited
samples for data analysis [7,9]. Investigations of the link between safety performance and
the effort to engage in safety activities are valuable when both sufficient samples and safety
performance indices are covered. Accordingly, we crafted Hypothesis 5.

Hypothesis 5: The levels of engagement of safety officers in cultivating the conditions conducive
to safety programme implementation are positively associated with safety performance.

2.5.2. Measurement of Safety Performance

Past studies employed diverse indicators to assess safety performance within construc-
tion sites, including safety climate, safety orientation, management commitment to safety,
near-miss events, job site audits, and accident occurrences. Notably, a perspective revolving
around safety climate offers comprehensive coverage of multiple aspects of safety manage-
ment practices within an organisation [48,49]. Accident occurrence has been widely used
worldwide since it is recognised as a fundamental measure of safety performance [7,50,51].
Consistent with these orientations, we used two dimensions of safety performance as
indicators: safety climate [45,52–54] and the frequency of construction accidents [45,55,56].

Safety climate is defined as the perception of individuals towards safety policies, safety
procedures, and safety practices in the workplace [57]. In other words, it reflects individuals’
impressions regarding the safety management efforts exerted by an organisation [45,54].
The safety climate at a construction site has been measured by employing questions based
on a Likert scale [49], with the issues addressed including how safety resources are provided
in the workplace and the extent to which the company cares about the health and safety
of people.

In the present study, the direct employment of safety climate presented a challenge.
Safety climate is related to safety officers’ engagement in cultivating the conditions con-
ducive to safety programme implementation (Section 2.4): The former stems from the
viewpoints of all safety-related parties, whereas the latter derives from the perspectives
of safety officers. It is therefore possible to interpret the safety climate as encompassing
engagement. Hence, a different performance measure should be identified to prevent an
overlap in coverage and potentially inaccurate results.

Construction accidents are the unintentional circumstances that abruptly occur as
negative consequences of endeavours to perform construction-related activities. In multiple
studies, statistics on construction accidents are used as a safety performance measure. This
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approach is advantageous in that it lends itself easily to statistical analysis, but it suffers
from certain drawbacks. As revealed in an evaluation of statistical records focusing on acci-
dents in construction companies, many cases are undocumented for various reasons [58].
For instance, project managers are afraid that disclosing mishaps might ruin their compa-
nies’ reputations and call attention to their irresponsibility towards safety. Consultants
would enforce stricter on-site safety procedures, which would be excessively extravagant
for construction companies. Reporting accidents also disrupts work progress. Construction
companies refrain from issuing such reports because of an acceptance among practitioners
that construction is a dangerous occupation. Given this reality, safety performance should
be cautiously measured because practitioners may be engaged in malpractice, leading to
fraudulent information. In some situations, performance indicators (e.g., accident rate,
near-miss historical record, and fatality rate) grounded in historical records are difficult to
obtain because of confidentiality issues.

In addition to safety climate and construction accidents, satisfaction has been increas-
ingly used as a performance index in the construction industry [59]. The major conception
of satisfaction is to measure the difference between how much of something there should be
and how much there actually is [59]. The former represents people’s expectations, whereas
the latter denotes their actual experiences after associated activities have been performed.
If an expectation is greater than an actual experience, satisfaction is at an inferior level.
Conversely, an actual experience greater than or equal to expectations leads to superior
satisfaction. In measuring the success of a construction project, the satisfaction of stake-
holders refers to the gratification ensuing from their interactions with other parties [60] as
a perceived holistic view of cost, quality, and schedule. Measuring satisfaction has been
substantiated as an effective approach to gauging performance in a construction project [59]
because it can be used to ascertain the quality of practice and represent inner reality [61].

To improve conventional measurements, we put forward a new method of measuring
safety performance. This method has three characteristics: (1) it incorporates the views
of three parties: clients, project managers, and safety officers; (2) it entails the evaluation
of the parties’ views by a safety officer; and (3) it involves the use of satisfaction as a
representation of these parties’ perspectives.

First, to represent safety performance, the views of clients, project managers, and safety
officers were determined. Project success generally means different aspects to different
people [60,62]. It is an intangible perceptive feeling that can vary from individual to
individual [63]. Similarly, safety performance may be defined in different ways by each
stakeholder in a construction project. Contractors may desire only a pleasant historical
record, such as few reported accidents and low fatality rates, to maintain their companies’
reputations, whereas project owners may aim to secure all possibilities, from minimal
accidents and fatalities to a pleasant safety climate. The literature has indicated that clients
can impose several requirements in the workplace and should therefore be highlighted as
essential parties in a construction project [59]. Project managers affect improvements to
a safety programme [16], while safety officers are the main contributors to safety [19,64].
Evaluating the views of each party separately and then synthesising them clears the way
for acquiring a holistic picture of the safety situation in construction.

Second, safety officers were asked to evaluate the other two parties’ views. It was
infeasible to collect data on the satisfaction of clients and project managers, and resorting to
the aforementioned evaluation rendered the collection of sufficient data and their statistical
analysis feasible. Safety officers are the main actors who bridge the gap among associ-
ated parties during the implementation of safety programmes. They interact primarily
with project managers and project owners and are therefore assumed to have sufficient
information on these parties’ perspectives regarding safety performance.

Third, to represent the views of each party, their satisfaction levels were considered.
Satisfaction includes components of safety climate and accident occurrence. There are three
reasons for incorporating these two components into this study. To begin with, previous
research confirmed the significant relationship between these two aspects, indicating that
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if safety climate is well achieved, then accident occurrences will be low [41,48,49]. This
implies that accident records are not necessarily unreliable measures. In addition, since
many of the respondents seemed to perceive favourable assurances and expectations re-
garding this study, they appeared willing to provide accurate information on accidents.
This reduced the respondents’ anxiety and increased the guarantee that they would disclose
accident information. Furthermore, this study represented the feelings of safety officers,
which have been minimally illuminated. On this issue, we received encouragement and
appreciation from many of the respondents, implying an increase in their positive expec-
tations towards this study and an enhancement of their willingness to provide accurate
accident information. Finally, incorporating components of safety climate and accident
occurrence enabled the safety officers to more appropriately evaluate the satisfaction levels
of all parties, including their own, because each party focused on different aspects of perfor-
mance. Notwithstanding this justification, however, trade-offs arose. Although integrating
the three parties’ views and conducting statistical analyses were beneficial, the reliability of
the safety officers’ evaluation of satisfaction among clients and project managers may have
been low. This matter is discussed in Section 5.

Figure 1 illustrates the connections between the developed hypotheses. The conceptual
model was used as the basis for developing the survey instrument and data collection, as
described in the next section.

 

Figure 1. Hypothetical model of the enhancement of safety programmes in construction projects.

3. Survey Instrument

3.1. Questionnaire Design

The questionnaire was created by referencing the literature, and it was divided into
five major sections: (1) general information; (2) autonomy-oriented support from project
managers; (3) the motivation of safety officers; (4) safety officers’ levels of engagement
in safety programmes; and (5) safety performance. The first section is intended to obtain
demographic information on construction projects, including the types of projects pursued,
the educational levels of respondents, years of experience, and gender. The second sec-
tion (nine items) is meant to determine perceptions regarding the support for autonomy
received by safety officers from project managers, with the factors of interest being au-
tonomy, competence, and relatedness. The third section (18 items) is concerned with the
degree of motivation held by a safety officer at the time of involvement in a construction
project [65,66]. The types of motivation covered are autonomous motivation, controlled
motivation, and amotivation. The fourth section (45 items) pertains to potential success
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factors, which are used to determine the efforts exerted by safety officers in implementing
the safety-related tasks categorised into four major groups [7,8]. The last section (three
items) is designed to measure safety performance in a construction project on the basis of
respondent, contractor, and owner satisfaction with actual safety practices (safety climate
and accident occurrence). The questionnaire also includes a blank space for respondents to
share additional perspectives on safety programmes.

3.2. Questionnaire Evaluation through Item–Objective Congruence (IOC)

IOC was ascertained to evaluate whether each question was pertinent to a particular
objective. This concept was introduced to help researchers confirm the efficacy of a designed
questionnaire before commencing with data collection [67]. At this stage, the important
task is to evaluate whether questionnaire items and objectives are correspondent [67].
In this study, 75 items were evaluated during the IOC stage. Three experts were selected to
assist in the evaluation, with each instructed to rate a question using three scales: +1 for
appropriately measuring an objective, 0 for ambiguously measuring an objective, and −1 for
not clearly measuring an objective. The IOC index of each objective was then calculated for
each question, with the acceptable value being 0.60 [67,68]. Considering the expertise of the
professionals involved, the experts selected were those who possessed extensive experience
in both academia and the practical application of safety management. In these respects,
each of the experts had more than a decade of experience. This careful selection was aimed
at ensuring that the experts were qualified to evaluate the devised questionnaire. Two
rounds of evaluation were conducted. In the first round, 80% (60 items) of the questionnaire
items had IOC indices greater than 0.60, confirming their relevance to the objectives. The
remaining 20% (15 items) were adjusted in accordance with the experts’ suggestions. The
insights provided by the experts covered four principal dimensions: (1) questions for
accurately measuring factors of interest; (2) the identification of ambiguous questions that
could hinder a comprehensively informed response; (3) lengthy questions that potentially
impose a burden on respondents’ time; and (4) recommendations for additional questions
to enhance the effective measurement of targeted factors. The revised questions were
subsequently resubmitted to the experts for further assessment to ensure their appropriate
redesign. The evaluation outcome revealed a satisfactory IOC index exceeding 0.60.

3.3. Pilot Survey and Questionnaire Reliability

After the IOC assessment, 15 professional safety officers were invited to voluntarily
participate in a pilot survey to ensure both the practicality and reliability of the instrument.
They were also asked to provide us with minor recommendations for enhancing the
questionnaire’s practicality. The reliability of the questions revolving around soft data was
tested on the basis of the responses of the volunteers; a Cronbach’s alpha greater than 0.70
was regarded as indicative of reliability [67,69]. Accordingly, the four major categories
of factors (autonomy-supportive encouragement from project managers, the motivation
of safety officers, their degree of participation in implementing safety-related tasks, and
safety performance) were subjected to a reliability test. The Cronbach’s alpha values of
these factors varied from 0.74 to 0.95, confirming that all the items were consistent and
pertinent [67,69].

4. Data Collection and Data Profiles

The country selected for survey administration was Thailand, where ministerial regula-
tions require professional safety officers to have a Bachelor of Science degree in occupational
health and safety or an equivalent. This requirement guarantees that safety officers are
properly trained by the educational system, through which they acquire relevant knowl-
edge, such as that on laws and the ethics governing public health professions, engineering
for occupational health and safety, and the management of occupational and environmental
health issues. Upcoming safety officers also undergo on-the-job training through intern-
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ships, ensuring their familiarity with both theory and practice. These qualifications reflect
their instrumentality in improving safety in the industry.

The questionnaire was targeted towards professional safety officers who have experi-
ence working on construction projects in Thailand. The total population size was estimated
using data from the 2013 to 2021 Yearbook of Labour Protection and Welfare Statistics,
which documents a survey conducted by the Department of Labour Protection and Wel-
fare [70]. In Thailand, the construction projects required to employ professional-level safety
officers are those with a workforce of no fewer than 100 individuals. With the statisti-
cal records spanning the past nine years (2013–2021) as bases, the analysis encompassed
four primary sizes of construction projects: (1) 684 projects with 100 to 299 employees;
(2) 111 projects with 300 to 499 employees; (3) 57 projects with 500 to 999 employees;
and (4) 18 projects with 1000 or more employees. Thus, the research sample comprised
870 construction projects. The essential sample size was computed using Equation (1),
yielding an approximate requirement of 274 respondents for this research.

n =
N

1 + N(e2)
(1)

In the equation above, n denotes the sample size, N indicates the total population, and e
refers to precision at a 95% confidence level (e = 0.05), following [71]. We secured permission
to conduct the survey from the leaders of an official line group of safety professionals in
Thailand. The questionnaire was created in an online form to facilitate the completion of
the survey, which was administered to 290 randomly selected safety professionals. Within
the questionnaire, three screening questions were embedded to ensure the selection of
appropriate respondents: (1) Are you a safety officer at the professional level? (2) Have you
served as a contractor for a construction project? (3) Do you hold a full-time safety officer
position within a construction project?

In the primary research phase, 224 respondents (77%) actively completed the ques-
tionnaire, whereas the remaining 23% were unable to reveal project data because of confi-
dentiality concerns. Among the 224 questionnaires received, 195 were considered valid,
constituting the complete project data required for subsequent data analysis. The 195 re-
spondents worked on three categories of construction projects: commercial building ini-
tiatives (88 respondents, 45.10%), infrastructural projects (56 respondents, 28.70%), and
industrial facilities (51 respondents, 26.20%). Of these respondents, 99 (50.80%) were male
and 96 (49.20%) were female. They were also grouped into three categories of experience:
less than or equal to five years of experience (112 respondents, 57.44%), more than five
but not over 10 years of experience (48 respondents, 24.61%), and more than 10 years of
experience (35 respondents, 17.95%). As regards literacy/education, only three levels of
education were considered: bachelor’s (178 people, 91.3%), master’s (16 people, 8.20%),
and doctoral (1 individual, 0.50%) degrees.

5. Data Analysis and Results

5.1. Data Screening

This study integrated the responses of the participants as a single view to represent
a perspective encompassing the entire construction industry. First, the collected data
were screened via a one-way analysis of variance (ANOVA) to ensure the compatibility
of the data from all the project types examined [72,73]. In relation to the three groups of
construction projects, we tested six major constructs, namely, autonomy-oriented support,
autonomous motivation, controlled motivation, amotivation, engagement level, and safety
performance. The mean values of these constructs were regarded as representative of the
situation in each type of construction project. The one-way ANOVA was conducted to
compare the average values of the constructs across the three groups of respondents and
determine statistical significance at a 95% confidence interval [72–74]. Table 2 presents
the results of the comparison of the mean values of the constructs under the three project
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types (the extent to which each of the constructs is experienced by the respondents at
construction sites).

Table 2. Mean values of the six constructs from the three project types.

Variables

(1)
Commercial

Buildings

(2)
Infrastructure

Projects

(3)
Industrial
Facilities Sig.

X SD X SD X SD

Autonomy-oriented support 3.845 0.901 4.026 0.793 4.144 0.720 0.107

Autonomous motivation 4.372 0.524 4.462 0.484 4.326 0.547 0.379

Controlled motivation 3.252 0.872 2.908 0.953 2.944 1.065 0.059

Amotivation 1.913 1.108 1.304 0.529 1.693 1.105 0.002

Engagement level 4.353 0.646 4.520 0.431 4.525 0.496 0.107

Safety performance 3.898 0.777 4.006 0.662 4.078 0.662 0.336

The groups significantly differed only in terms of one construct—amotivation (p = 0.002).
The p-values generated in the other comparisons were greater than 0.05, indicating no
significant difference between the average values of the different types of construction
projects [72,73]. This analysis confirms that the collected data on project types can be
integrated into a holistic representation of views regarding construction projects in the Thai
industry. We therefore integrated the responses revolving around these project types into
the analysis of the hypothesised model [74].

5.2. Data Characteristics

To identify the characteristics of the data, the mean values and standard deviations of
seven major factorial groups were computed for each type of construction project (Table 3).
These groups were demographic information, autonomy-oriented support from project
managers (autonomy, competence, and relatedness), autonomous motivation, controlled
motivation, amotivation, safety officers’ levels of engagement in safety activities (worker
involvement, safety prevention system, safety arrangement, and commitment to safety),
and safety performance (respondent, contractor, and owner satisfaction). Correlation
coefficients were also calculated (Table 4).

Three noteworthy results were obtained. First, the mean value of the respondents’
autonomous motivation was significantly higher than that of their controlled motivation.
These values were compared using an independent sample t-test (p = 0.000). Second,
amotivation and controlled motivation were significantly positively correlated (Table 4).
Third, the mean values of satisfaction among the three stakeholders mostly followed a
descending order—project owner > safety officer > project manager—for each type of
project and the overall initiative. The project owners always showed the highest satisfaction
levels. The results of the one-way ANOVA indicated that the mean satisfaction of the project
owners (clients) and project managers (contractors) with the overall project significantly
differed (p = 0.004). The implications of the first and second characteristics are discussed in
the succeeding chapter. Those of the third are presented here.

The third characteristic may be attributed to the fact that before a client (an owner’s
representative or consultant) commences site inspection, a general contractor regularly
receives an oral or written notification, which helps the contractor prepare a flawless
construction site. Thus, clients are possibly exposed only to the best parts of safety manage-
ment on each site. Few contractors, represented as project managers, focus on construction
productivity, particularly when they work under tight schedules and budget constraints.
This inclination becomes even stronger when they face considerable uncertainty from
developments such as natural disasters or continual rain. In these cases, implementing
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proactive and reactive safety measures is perceived by project managers to be nothing more
than a time-consuming and costly endeavour. This tendency implies that project managers
having the lowest satisfaction is caused by the circumstances in which they find themselves.
This issue should be analysed and discussed in detail in future research.

Table 3. Analysis of the mean values of associated variables.

Variables

(1)
Commercial Buildings

n = 88

(2)
Infrastructure Projects

n = 56

(3)
Industrial
Facilities

n = 51

(4)
Overall Project

n = 195

X SD X SD X SD X SD

Demographic information

Gender 1.534 0.502 1.482 0.504 1.431 0.500 1.492 0.501
Education 1.102 0.340 1.036 0.187 1.137 0.348 1.092 0.307
Experience 1.568 0.828 1.446 0.658 1.843 0.758 1.605 0.775

Autonomy-oriented support 3.845 0.901 4.026 0.793 4.144 0.720 3.975 0.832

Autonomy 3.856 0.881 4.030 0.842 4.176 0.668 3.990 0.826
Competence 3.795 0.953 3.988 0.814 4.105 0.776 3.932 0.876
Relatedness 3.883 0.963 4.060 0.858 4.150 0.847 4.003 0.907

Autonomous motivation 4.372 0.524 4.462 0.484 4.326 0.547 4.386 0.519

Intrinsic regulation 4.159 0.734 4.250 0.766 4.013 0.830 4.147 0.770
Integrated regulation 4.405 0.514 4.482 0.561 4.458 0.508 4.441 0.525
Identified regulation 4.642 0.519 4.750 0.357 4.598 0.640 4.662 0.516

Controlled motivation 3.252 0.872 2.908 0.953 2.944 1.065 3.073 0.958

Introjected regulation 3.322 0.934 3.024 1.029 2.935 1.414 3.135 1.112
External regulation 3.182 1.013 2.792 1.046 2.954 1.037 3.010 1.037

Amotivation 1.913 1.108 1.304 0.529 1.693 1.105 1.680 1.005

Lack of motivation 1 1.909 1.274 1.286 0.706 1.627 1.232 1.656 1.153
Lack of motivation 2 1.716 1.203 1.214 0.706 1.588 1.186 1.538 1.095
Lack of motivation 3 2.114 1.236 1.411 0.733 1.863 1.312 1.846 1.170

Engagement level 4.353 0.646 4.520 0.431 4.525 0.496 4.446 0.557

Worker involvement 4.400 0.626 4.579 0.434 4.545 0.532 4.489 0.556
Safety prevention 4.395 0.651 4.523 0.443 4.516 0.529 4.464 0.567
Safety arrangement 4.201 0.758 4.405 0.595 4.429 0.564 4.319 0.672
Safety commitment 4.417 0.643 4.574 0.434 4.611 0.489 4.513 0.555

Safety performance 3.898 0.777 4.006 0.662 4.078 0.662 3.976 0.717

Safety officer satisfaction 3.898 0.885 4.000 0.688 4.137 0.693 3.990 0.786
Contractor satisfaction 3.761 0.884 3.893 0.779 3.961 0.799 3.851 0.833
Owner satisfaction 4.034 0.837 4.125 0.740 4.137 0.693 4.087 0.772

Notes: Gender served as a dummy variable that was assigned a value of 1 when a subject was male and 2 when
female. Education was a dummy variable that took a value of 1 for a bachelor’s degree, 2 for a master’s degree,
and 3 for a doctoral degree. Experience was a dummy variable that was given a value of 1 for respondents with
experience less than or equal to five years, 2 for those with experience spanning more than five years but not over
10 years, and 3 for respondents with more than 10 years’ experience.

As described in Section 2.5.2, a trade-off exists in the evaluation of satisfaction among
clients, project managers, and safety officers. We initially attempted to acquire reliable
responses by employing three practitioners in the safety profession from both academic
and practical fields to ensure that the respondents understood the intended meaning of
the questions and that the designed questions were pertinent to the measurement of safety
performance. During the survey, we received positive feedback on the benefits of this
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research, implying that the respondents were willing to provide pertinent project data,
thereby presenting reliable responses. In addition, the results (Table 3) indicated that the sat-
isfaction of the owners and project managers with each project was evaluated consistently,
albeit this was assessed by the same safety officer. Therefore, the advantages of integrating
the three parties’ views and conducting statistical analysis outweigh the disadvantage of
the potentially low reliability of the evaluation. Furthermore, the application of confirma-
tory factor analysis (CFA), statistically confirmed the reliability of the assessment of safety
performance by the safety officers. The factor loadings corresponding to the satisfaction
of the safety officers, contractors, and owners were 0.871, 0.840, and 0.822, respectively.
These findings contribute to the validation of the measurement model and underscore the
robustness of the safety performance evaluation by the specified entities.

Table 4. Mean scores, standard deviations, and correlation coefficients of associated variables.

Variables X SD (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

(1) Gender 1.492 0.501 1.000

(2) Education 1.092 0.307 −0.163 * 1.000

(3) Experience 1.605 0.775 −0.452
** 0.283 ** 1.000

(4) Project type 1.810 0.825 −0.085 0.029 0.124 1.000

(5) Autonomy-oriented
support 3.975 0.832 −0.010 −0.083 −0.034 0.151 * 1.000

(6) Autonomous
motivation 4.386 0.519 −0.048 −0.031 0.000 −0.022 0.424 ** 1.000

(7) Controlled motivation 3.073 0.958 −0.127 0.003 −0.006 −0.146 * −0.012 0.108 1.000

(8) Amotivation 1.680 1.005 −0.129 −0.010 −0.026 −0.123 0.007 −0.075 0.522 ** 1.000

(9) Engagement level 4.446 0.557 −0.006 −0.020 −0.033 0.137 0.525 ** 0.431 ** 0.017 −0.021 1.000

(10) Safety performance 3.976 0.717 −0.091 0.018 0.005 0.106 0.630 ** 0.481 ** 0.195 ** 0.098 0.540 ** 1.000

Notes: Gender served as a dummy variable that was assigned a value of 1 when a subject was male and 2 when
female. Education was a dummy variable that took a value of 1 for a bachelor’s degree, 2 for a master’s degree,
and 3 for a doctoral degree. Experience was a dummy variable that was given a value of 1 for respondents with
experience less than or equal to five years, 2 for those with experience spanning more than five years but not over
10 years, and 3 for respondents with more than 10 years’ experience. Project type is a dummy variable that takes
the values of 1 for commercial buildings, 2 for infrastructure construction, and 3 for the construction of industrial
facilities; * p < 0.05; ** p < 0.01.

5.3. Causal Relationships among the Factors in the Proposed Model

The proposed model was analysed mainly through a measurement model and struc-
tural equation modelling (SEM) [75,76].

5.3.1. Measurement Model for Six Constructs

The measurement model consists of six latent variables, namely, autonomy-oriented
support from project managers (detailed questions presented in Appendix A, Table A1), the
autonomous motivation of safety officers, their controlled motivation, their amotivation,
their levels of engagement in implementing safety programmes, and safety performance.
The p-value derived using Bartlett’s test of sphericity was 0.000, indicating that the cor-
relation matrix was not an identity matrix and that it was ideal for conducting factor
analysis [77]. The Kaiser–Meyer–Olkin (KMO) measure of sampling was used to ensure
the plausibility of the collected data. The KMO value was 0.903, reflecting the suitability of
the data for factor analysis [77]. As shown in Table 5, CFA was performed to ensure that
the observed variables were ideal for each construct, with a factor loading of 0.50 regarded
as acceptable [75,76].

The observed variables with standardised factor loadings greater than 0.5 were re-
tained in the measurement model [78,79]. The model was verified with appropriate fit
indices (p = 0.397, X2/DF = 1.017, goodness-of-fit index [GFI] = 0.89, normed fit index [NFI]
= 0.923, Tucker–Lewis index = 0.998, comparative fit index [CFI] = 0.999, and root mean
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square error of approximation [RMSEA] = 0.009). The analysis confirmed that the observed
variables were ideal representations of each construct in the conceptual model.

Table 5. CFA results on the six constructs.

Constructs and Observed Variables Factor Loadings CR AVE

Autonomy-oriented
support

Autonomous support from project manager 1 0.798

0.961 0.734

Autonomous support from project manager 2 0.875

Autonomous support from project manager 3 0.876

Competence support from project manager 1 0.860

Competence support from project manager 2 0.820

Competence support from project manager 3 0.844

Relatedness support from project manager 1 0.864

Relatedness support from project manager 2 0.877

Relatedness support from project manager 3 0.892

Autonomous
motivation

Intrinsic regulation of safety officers 1 0.591

0.830 0.384

Intrinsic regulation of safety officers 2 0.600

Intrinsic regulation of safety officers 3 0.705

Integrated regulation of safety officers 1 0.717

Integrated regulation of safety officers 2 0.710

Integrated regulation of safety officers 3 0.555

Identified regulation of safety officers 1 0.530

Identified regulation of safety officers 3 0.505

Controlled
motivation

Introjected regulation of safety officers 1 0.552

0.809 0.416

Introjected regulation of safety officers 2 0.690

Introjected regulation of safety officers 3 0.728

External regulation of safety officers 1 0.686

External regulation of safety officers 2 0.594

External regulation of safety officers 3 0.599

Amotivation

Lack of motivation of safety officers 1 0.808

0.860 0.673Lack of motivation of safety officers 2 0.886

Lack of motivation of safety officers 3 0.762

Engagement level

Worker involvement 0.950

0.963 0.867
Safety prevention and control systems 0.980

Safety arrangement 0.903

Safety commitment 0.889

Safety
performance

Safety officer satisfaction 0.871

0.882 0.713Contractor satisfaction 0.840

Owner satisfaction 0.822

The composite reliability (CR) values of the constructs (autonomy-oriented support,
autonomous motivation, controlled motivation, amotivation, engagement level in safety
programmes, and safety performance) were 0.961, 0.830, 0.809, 0.860, 0.963, and 0.882,
respectively, which exceeded the acceptable value of 0.60 [80,81]. Their average variance ex-
tracted (AVE) values were 0.734, 0.384, 0.416, 0.673, 0.867, and 0.713, respectively. Although
most researchers have argued that the AVE should be more than 0.50, other scholars have
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suggested that a value of approximately 0.40 is still acceptable [82]. Furthermore, if an
AVE less than 0.50 is derived but the CR is well above the recommended level, then the
internal reliability of measurement items can be considered adequate [80,81]. In the present
research, autonomous motivation had an AVE of 0.384.

5.3.2. Structural Model

In the SEM, the final model was constructed by considering the model that was justified
using the superior fit indices. The hypotheses regarding the structural model were tested
to measure the degree to which each exogenous variable affected the endogenous variable.
Figure 2 depicts the hypothetical model with the effect size underlying the relationships of
the variables [73,75,76,83].

 

Figure 2. Results of the analysis of the structural model of assumptions.

To begin with, autonomy-oriented support from project managers positively affected
both the safety officers’ autonomous motivation and safety performance, with the standard-
ised coefficients of these variables being 0.520 and 0.449, respectively. In addition, the safety
officers’ autonomous motivation positively influenced safety performance (βH4-A = 0.231)
and their efforts to engage in safety programmes (βH3-A = 0.529). The same favourable effect
on safety performance was observed with regard to controlled motivation (βH4-B = 0.188).
Furthermore, the degree of engagement among the safety officers in crucial activities was
positively linked to safety performance, with the standardised coefficient being 0.257.

The fit indices were explored to ensure the effectiveness of the proposed model in
capturing actual safety situations at construction sites. The fit indices included the p-value,
X2/DF, CFI, GFI, NFI, RMSEA, and the Akaike information criterion (AIC) [73,75,76,83],
whose values should satisfy the statistical criteria indicated in Table 6 [84]. The fit indices
were at acceptable levels, demonstrating the compatibility of the hypothesised model with
the empirical data.

This compatibility implies that the constructed hypotheses are pertinent to real-world
practice. This compatibility, together with the advantages presented by the research find-
ings, is discussed in the succeeding section.

In SEM, a consensus regarding appropriate sample sizes is notably absent. Although
the literature has proposed a minimum of 200 as a sample size for such analysis, the
195 respondents in the current research closely approach this threshold. A study suggested
that an appropriate sample size for SEM should include a minimum of five cases per
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variable [85]. Considering the parameters dealt with in the present study, which involved
33 observed variables within the proposed model, adhering to this guideline requires that
the minimal number of samples be 165. Consequently, our sample was deemed suitable for
the execution of SEM.

Table 6. Results on the fit indices of the conceptual model (adapted from [84]).

Fit Indices Criteria Initial Model Final Model

p-value Greater than 0.05 0.000 0.087

X2/DF 1 to 2 1.905 1.102

CFI 0 (no fit)–1 (perfect fit) 0.907 0.992

GFI 0 (no fit)–1 (perfect fit) 0.778 0.895

NFI 0 (no fit)–1 (perfect fit) 0.824 0.923

RMSEA Less than 0.05 0.068 0.023

AIC Small value 1076.001 791.356

6. Discussion

Table 7 presents each hypothesis, along with its standardised coefficient (β) and
p-value. As previously stated, this research delved into four major aspects linked to
safety implementation at construction sites: (1) the key role of autonomy-oriented support
from project managers (H1a and H2); (2) the essential role of safety officers’ autonomous
motivation (H3a and H4a); (3) the impact of controlled motivation (H4b, H1b, and H3b);
and (4) the engagement of safety officers in safety performance (H5).

Table 7. Details on each hypothesis, with estimated standardised coefficients.

Hypotheses Descriptions β Sig.

H1

H1a autonomy-oriented support → (+) autonomous motivation 0.520 ***

H1 b autonomy-oriented support → (+) controlled motivation −0.038 0.635

H1c autonomy-oriented support → (−) amotivation 0.004 0.956

H2 autonomy-oriented support → (+) safety performance 0.449 ***

H3

H3a autonomous motivation → (+) engagement level 0.529 ***

H3b controlled motivation → (+) engagement level −0.038 0.582

H3c amotivation → (−) engagement level 0.003 0.961

H4

H4a autonomous motivation → (+) safety performance 0.231 0.007

H4b controlled motivation → (+) safety performance 0.188 0.003

H4c amotivation → (−) safety performance 0.034 0.561

H5 engagement level → (+) safety performance 0.257 ***

Note: *** = p < 0.001.

6.1. Essential Role of Autonomy-Oriented Support from Project Managers (H1a and H2)

The results showed that autonomy-oriented support from project managers signif-
icantly affected the safety officers’ autonomous motivation (βH1-A = 0.520). Specifically,
it was reinforced and maintained through autonomy-supportive behaviours, as indicated in
the comments of multiple respondents. Some of the respondents stated that receiving such
support would help them achieve certainty in their roles. Another participant shared an
experience with a reputable company where the project manager paid extensive attention
to supporting the safety programme, which in turn contributed to the success of such an
initiative in the project. This situation may have enhanced the autonomous motivation of
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the safety officer to engage in safety practices. Note, however, that the high βH1-A means
that undesirable situations also existed. One respondent asserted that safety management
in Thailand has thus far been ineffective and that this problem stems from project managers’
lack of intention to enhance safety programmes. This deficiency can drive safety officers
to view safety programmes in the workplace as unimportant. Regardless of the presence
of desirable or undesirable situations, autonomy-oriented support from project managers
enhanced the autonomous motivation of the safety officers. These findings are similar to
those of previous studies [23–25].

Autonomy-oriented project management significantly affected safety performance
(βH2 = 0.449), which can be attributed to the following reasons: First, every action from
project managers as leaders of construction projects can directly influence performance.
Second, apart from affecting the autonomous motivation of safety officers, project manager
support can be mediated by other relevant parties, such as site engineers and construc-
tion labour.

6.2. Essential Role of Safety Officers’ Autonomous Motivation (H3a and H4a)

This research acknowledged the key role of autonomous motivation in successful
safety programmes. The βH3-A of the effects of the safety officers’ autonomous motivation
on their degrees of participation in safety initiatives was 0.529; that is, the higher the
autonomous motivation, the more intensive the effort exerted towards safety-related activi-
ties [19]. Some of the respondents from whom positive survey results were derived declared
that they attempt to extensively manage safety programmes, given that they view these as
their most important task. A number of the participants added that, as safety professionals,
they are obligated to cautiously discuss safety issues with construction practitioners before
construction is commenced to ensure their understanding of safety. This empirical evidence
confirms that higher autonomous motivation among safety officers translates to greater
engagement in safety-related activities. These findings are consistent with the literature on
other matters, such as health-related behaviours [31], safety management in a Taiwanese
international airline [30], safety management in a coal carbonisation company in China [32],
the management of construction worker productivity [34], and the safety practices of a
manufacturing factory in Turkey [33].

The results of the analysis pointed to a direct impact of autonomous motivation on
safety performance (βH4–A = 0.231). Put differently, the autonomous motivation of the
safety officers also significantly influenced safety performance. This result is ascribed to
two factors: negotiations with project managers and/or the proposal of recommendations
to regulators, and the conduct of health-related activities. With regard to the first factor, the
scope of safety officers’ engagement in this work is a set of activities involving workers,
foremen, and site engineers. Suppose that the safety conditions on a construction site
are undesirable and that highly autonomous safety officers propose a new method to
project managers or clients or express their honest opinions to government regulators. The
considerable contribution of these efforts to improvements in safety programmes counts as a
direct influence of autonomous motivation on safety performance. As for the second factor,
a respondent shared an experience at the early stage of the COVID-19 pandemic. Given
undeveloped regulations at a site, the officer autonomously established additional health
regulations, provided test kits and alcohol sprays to workers, and acquired temperature
measurement equipment to protect the workers from illness. These two factors may be
beyond the job descriptions of safety officers. It is possible that these ‘invisible’ efforts
also support site safety in Thailand. Comprehensive discussions should be devoted to
the mechanisms by which the autonomous motivation of safety officers directly elevates
safety performance.

The mean autonomous motivation of the safety officers was significantly higher than
their mean controlled motivation. Thai safety officers acknowledge the importance of safety
programmes over external rewards and egos. As mentioned in the introduction section, they
undergo thorough training and are familiar with both theory and practice. They seem to
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recognise the importance of safety programmes during these training sessions and enter the
industry with a strong sense of responsibility. One of the respondents declared that every
step of safety programme management should be cautiously performed. Furthermore, they
provided support-related information that they had to intensively discuss with construction
practitioners regarding safety practices before the initiation of construction-related activities.
Thus, such practitioners are likely to value safety management as aligned with their
major goals.

6.3. Roles of Controlled Motivation (H1b, H3b, and H4b)

As mentioned previously, the mean value of the controlled motivation of the safety
officers was significantly lower than that of their autonomous motivation. The influence of
autonomy-oriented support on controlled motivation (H1b) and the influence of controlled
motivation on engagement level (H3b) were not validated. However, controlled motivation
had a βH4–B of 0.188 with a p = 0.003, showing that the controlled motivation of the safety
officers also played a role in enhancing safety performance.

Controlled motivation comprises external and introjected regulation, and the extent
to which each regulation was exercised in this work was represented by the mean value
of three variables. The three variables pertinent to external regulation are the following
reasons for engaging in safety programmes: (1) receiving a sizeable salary; (2) receiving
external rewards; and (3) avoiding punishment. Introjected regulation covers (1) protecting
the ego; (2) avoiding judgement from others; and (3) feeling like a failure under a disregard
for safety programme management yet simultaneously dismissing the value of a safety
initiative. The coefficient of correlation between safety performance and external regulation
was 0.228 (p < 0.01). The coefficients of correlation between safety performance and salary
and rewards from project managers were 0.250 (p < 0.01) and 0.215 (p < 0.01), respectively.

Section 6.2 presents a hypothesis that we developed for future study, which states
that the direct impact of autonomous motivation on safety performance originates from
negotiations with project managers and/or recommendations provided to regulators and
the performance of extra health-related activities. These are beyond the job descriptions
of safety officers. If this is true, the direct impact of controlled motivation on safety
performance can be interpreted as a desire for an appreciation of the additional challenging
tasks that safety officers undertake. As previously suggested, then, the mechanisms
by which the motivation of safety officers directly affects safety performance should be
identified and thoroughly explored in the future.

Another noteworthy result was that the coefficient of correlation between controlled
motivation and amotivation was 0.522 and was statistically significant (Table 4). This result,
as well as the significant value of βH4-B, implies that enhancing controlled motivation is a
double-edged sword. If controlled motivation is inappropriately promoted, safety officers
may feel demotivated, consistent with Ryan and Deci’s (2000) argument that excessively
elevating such motivation may be harmful because it possibly hinders the enhancement of
autonomous motivation. Thus, promoting controlled motivation through external rewards
should be cautiously strategised to ensure that it does not affect autonomous motivation.
In sum, project managers should not neglect the promotion of controlled motivation, but
neither should it be a top priority.

6.4. Engagement of Safety Officers and Safety Performance (H5)

As demonstrated by the analytical results, the degree of engagement of the safety
officers in safety-related activities positively affected safety performance (βH5 = 0.257).
This confirms that increased efforts to conduct safety-related tasks contribute to successful
safety performance [20,86]. The results on this aspect also validated the idea that safety
officers’ levels of engagement are positively associated with safety performance [5]. The
findings are similar to those of other research on, for example, the implementation of waste
management programmes [29] and health-related behaviours [31].
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It is worth noting that the present study did not delineate the motivational levels of
safety officers across distinct characteristics. This limitation can be addressed by alternative
statistical models, including cluster analysis and latent profile analysis (LPA), which repre-
sent person-centred approaches designed to aid researchers in the exploration of potential
subpopulations within a sample. As a conventional person-centred technique, cluster anal-
ysis exhibits certain limitations: First, it lacks formal criteria for evaluating optimal solution
fit, and second, an individual is forcedly classified into only one cluster, which contradicts
the reality that individuals can be allocated to various clusters [19,87]. These deficiencies
can be addressed in LPA, which provides fit indices that facilitate the evaluation of model
adequacy [19] and relies on diverse criteria, including likelihood (i.e., probability). Notably,
LPA accommodates the allocation of individuals to multiple clusters. A comprehensive dis-
cussion of the potential and limitations of both models was presented by Gabriel et al. [87].
The findings derived from the application of these statistical models can offer a construc-
tion company with insightful perspectives, facilitating an exhaustive understanding of
the diverse motivational profiles exhibited by safety officers. This understanding, in turn,
may inform the formulation of a well-defined strategic framework aimed at supporting the
motivational needs of safety officers operating within the construction industry.

7. Conclusions

Securing construction safety remains a considerable challenge, which stems fundamen-
tally from, among other factors, the gap between espoused values and the assumptions that
typify the culture of construction organisations [17]. ‘Safety first’ is a slogan heard on every
site, but in reality, project managers focus primarily on other issues, such as construction
productivity, and consequently neglect safety programmes at times.

One of the key parties who can bridge the abovementioned gap is safety officers.
However, the following issues were not necessarily clarified in previous research: how
the motivation of safety officers can be enhanced, whether motivation leads to augmented
engagement, and whether engagement among safety officers improves safety performance.
To shed light on these matters, we first hypothesised that autonomous motivation, with
emphasis on value, responsibility, or interest in work, plays a vital role in safety. Without
these characteristics, safety professionals cannot continue working diligently to address the
aforementioned gap. In a worst-case scenario, these practitioners might end up resigning
and leaving the construction industry, which would lead to a loss of valuable human
resources. We then constructed a hypothetical model consisting of four major components:
autonomy-oriented support from project managers, the motivation of safety officers, their
levels of engagement in safety programmes, and safety performance. A survey was
administered to 195 safety officers who had worked on construction projects in Thailand,
and the hypothetical model was analysed via SEM.

First, a noteworthy result was that the mean autonomous motivation of the safety
officers was significantly higher than their controlled motivation. Thai safety officers ac-
knowledge the importance of safety programmes over external rewards and egos. Second,
autonomous support from project managers positively affected the autonomous motivation
of the safety officers, indicating that the former was instrumental in enhancing the latter’s
autonomous motivation. In reality, many project managers follow their companies’ policies.
Thus, the real key party in providing support to safety officers is company management.
Third, the autonomous motivation of the safety officers significantly affected their engage-
ment and safety performance. Fourth, the engagement of the safety officers significantly
influenced safety performance. Fifth, controlled motivation significantly affected safety
performance. Note, however, that controlled motivation was significantly correlated with
amotivation, implying that the former has two sides: it is not a negligible issue but can be
harmful if addressed inappropriately. These results mean that in the implementation of
safety programmes, the autonomous motivation of safety officers serves as the engine, and
autonomy-oriented support from project managers and company management functions
as the ignition key.
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The findings elucidated the salient interrelationship among the four constructs related
to the activities of safety officers in Thailand on the basis of self-determination theory.
To the best of our knowledge, this research represents the first systematic definition and
investigation of the specific interrelationships concerning safety officers. It has the potential
to augment the extant literature on safety management in construction projects.

From a pragmatic perspective, the outcomes provide indispensable insights for both
project managers and organisational leadership. Notably, a considerable proportion of
project managers adhere to their firms’ established policies, positioning organisational
management as the pivotal entity in proffering support to safety officers. The defined model
can serve as a foundational framework, enabling project managers to devise strategies that
augment the efficacy of safety programmes, especially for critical frontline stakeholders
such as safety officers. As a result, the responsibility of embracing an autonomy-supportive
approach, which encapsulates the incorporation of diverse perspectives, the provision of
constructive feedback to safety officers, and the cultivation of an inclusive milieu, lies in
the hands of project managers. Additionally, the research outcomes present a strategic
blueprint for construction enterprises. Such firms can leverage these insights to either
establish training programmes that underscore autonomy-supportive methodologies for
project managers or formulate explicit guidelines ensuring the systematic integration of
autonomy-centric strategies in construction endeavours.

A notable limitation of this study is its exclusive focus on safety officers operating
within Thailand. The observed heightened autonomous motivation among these officers
suggests an intrinsic attraction to the sector. This stems from a genuine interest, a com-
mitment to implementing safety protocols, and an acknowledgement of the importance of
safety measures. Moreover, even after entering the industry, they continue to maintain a
strong sense of autonomous motivation. However, whether these attributes are ubiquitous
among safety officers globally or are specific to those in Thailand remains inconclusive.
Pursuing comparative analyses across nations would be a worthwhile endeavour. Combin-
ing the findings from such cross-national studies could further enrich our understanding
of the support, motivation, and contributions inherent to the activities of safety officers.
Furthermore, understanding the different characteristics of safety officers may provide a
construction company with valuable guidelines on decision-making regarding appropriate
strategies for supporting safety officers.
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Appendix A

The Appendix presents the measurement of autonomy-oriented support from project
managers as perceived by the safety officers (Table 6). It covered support for autonomy,
competence, and relatedness. Each respondent denoted their perception of the autonomy-
oriented support from project managers using a five-point Likert scale (1 = no support at
all, 2 = slight support, 3 = moderate support, 4 = high support, and 5 = extensive support).
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Table A1. Questions on autonomy-oriented support and examples of evaluation.

Variables Questions 1 2 3 4 5

Autonomy support 1 To what extent does a project manager encourage safety officers to
have alternative choices when managing safety programmes?

Autonomy support 2 To what extent does a project manager attempt to understand the
conditions and responsibilities of safety officers?

Autonomy support 3 To what extent does a project manager attempt to understand safety
officers’ perspectives before suggesting an alternative choice?

Competence support 1 To what extent does a project manager convey their confidence in a
safety officer’s ability to manage safety?

Competence support 2 To what extent does a project manager encourage safety officers to
ask questions and provide suggestions relating to safety issues?

Competence support 3 To what extent does a project manager provide safety officers with
positive feedback when safety is well performed?

Relatedness support 1 To what extent does a project manager make safety officers feel
accepted by the company?

Relatedness support 2 To what extent does a project manager encourage safety officers to
be an important part of the organisation?

Relatedness support 3 To what extent does a project manager help safety officers develop
trust in project managers?
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Abstract: Since the beginning of the COVID-19 pandemic, a major impact on the mental health of
the population has been observed, with women being one of the most affected groups. From the
lockdown to “de-escalation” phases, sex differences have been recognised as significant determinants
of mental health. Thus, equally ensuring physical and mental protection at work remains one of the
challenges faced by industrial companies, especially in the construction sector, where the percentage
of employed women has increased in recent years. This study aims to examine the impact of sex
differences on psychological distress and work engagement in the productive construction sector, as
well as related variables. For this, a cross-sectional descriptive study was performed. Descriptive
statistical analyses were completed, and non-parametric Mann-Whitney U and Chi-squared tests
were used to identify differences between men and women. This was followed by logistic regression
analysis by sex. Psychological distress is more prevalent among women, even after controlling for
most variables. Both sexes receive equal preventive measures and training from the companies, yet
women still experience higher levels of psychological distress. At the beginning of the pandemic,
women reported higher levels of anxiety and fear of COVID-19 and of perceived danger associated
with the pandemic than men. However, these differences were not present by 2023. For men, work
engagement appeared to be a determining factor for a stable mental health, while for women, health
and physical status seemed to be more influential. In both sexes, psychological distress was found
to be conditioned by mental and emotional well-being. In a sector where women are increasingly
present, the differences observed in terms of how physical and mental health are affected across the
two sexes justify the need to promote data analysis that acknowledges this reality.

Keywords: mental health; construction workers; construction industry; sex; work conditions; anxiety;
stress; fear; COVID-19; public health
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1. Introduction

The COVID-19 health crisis has caused a severe global economic downturn, leading to
psychological insecurity [1]. This has had a disproportionate impact on the most vulnerable
groups [2], and has required significant technical and lifestyle adjustments [3]. Since its
onset, the World Health Organization (WHO) has classified the COVID-19 pandemic as a
public health concern due to its association with occupational exposure and close contact
between co-workers [4]. Consequently, many governments authorised a gradual return to
work in various sectors, including construction, as part of the ‘de-escalation’ process after
lockdown restrictions [5]. The construction industry, known for its high number of health
hazards and one of the highest occupational accident rates globally [6,7], faces occupational
health and safety challenges [8]. Certain working conditions in the construction sector, such
as stress, anxiety, and fear, have been linked to mental health issues among workers, leading
to a higher incidence of workplace accidents [9]. Additionally, prolonged working hours
have been associated with certain physical ailments, like musculoskeletal disorders [10].
Technical staff may experience pressure to expedite building projects, resulting in decreased
productivity and increased absenteeism [11,12]. Moreover, small companies may perceive
COVID-19 risk-reduction measures as less effective compared to their effect in larger
companies [13]. Highly educated workers have shown greater satisfaction with their
organisation’s response to the pandemic, yet they experienced heavier workloads and
increased anxiety and depression, particularly among labourers [14,15]. Similarly, stress
related to workplace safety measures can affect participation, with psychological factors
acting as moderators [16].

The construction sector is predominantly male-dominated worldwide, although in
Spain the percentage of women has increased since 2016 and reached 11.1% in 2022. Women
are more likely to be found in administrative positions (46.8%) and professions requiring
higher education, especially architecture, engineering, and urban planning (12.2%), as
well as in cleaning activities. Women are predominantly employed in large and medium-
sized companies, with the majority working in building construction (30.5%) and to a
lesser extent in civil engineering (4.1%), with the majority aged between 30 and 54 and
74.3% working full-time [9]. In 2020, the percentage of women in building construction in
Andalusia, southern Spain, was 11.75%, while the sector as a whole had a female share of
8.03% in 2022 [17], with a greater growth rate over the last 13 years (3.95%) than for men
(2.43%) [18].

As stated before, from the onset of the COVID-19 pandemic, a major impact on the
mental health of the population was observed [19], with women being one of the most
affected groups [20]. Sex differences are recognised as significant determinants of mental
health inequalities. However, recent studies indicate that public policies are still lacking, re-
sources are scarce, bureaucratisation is high, and women’s participation in decision-making
is still limited, thus showing that the implementation of sex-sensitive policies, which are
essential for achieving sex equality in health, is poor [21]. These differences in mental
health status by sex have been noted by WHO [22], with women having experienced higher
levels of mental distress than men during the pandemic [23]. Additionally, variations exist
throughout the different stages of the pandemic, particularly when preventive measures,
social distancing, or isolation became commonplace among the workforce [24,25]. It has
been already observed that psychological distress was significantly and negatively corre-
lated with work engagement [26], and that work engagement moderated the direct and
indirect effects of the stress related to job insatisfaction [27].

These facts, together with the increase in the percentage of female workers in the
construction sector [28], led to the research question of this study, which was aimed to
know what differences in the effects of COVID-19 on psychological distress and work
engagement exist between male and female construction workers.

In this context, this study aimed to investigate disparities in the impact that the
COVID-19 pandemic has had on the psychological distress and work engagement of
construction workers of both sexes in southern Spain and to correlate these impacts with
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socio-demographic and health-related factors. These findings may help identify the risk
factors that influence the mental well-being of women and men in the construction industry
during pandemics. This will in turn facilitate the establishment of preventive measures,
including safeguards for mental health, by establishing the respective pathways.

2. Materials and Methods

2.1. Study Procedure

A cross-sectional descriptive study using online questionnaires was carried out. The
study population comprised workers in the construction sector in the autonomous region
of Andalusia, Spain. The government was interested in understanding the situation of the
construction sector and any differences in its workers based on sex. Thus, the research
team worked in collaboration with the Andalusian Observatory of Occupational Diseases
of the Andalusian Institute for the Prevention of Occupational Risks [29].

Considering a population size, whatever their occupation within the sector, for the year
2023 of 204,100 subjects, of which 8.03% were women [17], a total sample of 384 individuals
was estimated with a confidence level of 95%, precision of 3.5%, and adjustment for losses of
10%. However, using non-probability convenience sampling, the final sample size obtained
was 857 participants, of whom 154 were women (17.9%). The study was conducted from
March to May 2022.

A pilot study was conducted on a sample of 50 participants to identify comprehension
errors, test the data collection tool, and estimate the mean total completion time. Following
the pilot study, no errors were identified, and the mean completion time was 9 min.

The questionnaire was distributed online by sending emails to companies in the sector
located in Andalusia (southern Spain), as well as to workers’ unions, sector associations, and
construction material distribution companies. To this end, an application was made to the
Spanish Government’s Register of Accredited Companies and Workers Associations [30],
specifically for companies in the construction sector in Andalusia. After obtaining a list of
21,000 companies, the research team contacted all of them by e-mail presenting the project
and the objectives of the study, and requesting their collaboration in disseminating the link
to the data collection tool among their employees. Thus, the companies that accepted the
collaboration disseminated by e-mail the objectives of the project and the link to the data
collection tool among those employees who had agreed to be contacted for training and
research purposes in their work affiliation with that company.

A fact sheet outlining the research project, including its objectives, and a leaflet with
the link to the data collection tool and a QR code were included. All participants were duly
informed of the voluntary nature of their participation, the confidentiality of their data, and
that they were free to withdraw from the project at any time. To participate, participants
had to be 18 years or older, an active worker in the construction sector in Andalusia, and
give their informed consent (Figure 1).

2.2. Instruments

The Emotional Impact Questionnaire COVID-19 (EIQ COVID-19), previously validated
by Gómez-Salgado J. and collaborators [28] and which includes questions adapted from
previous studies [31], was used. This questionnaire had been previously used in numerous
studies in Spain, and in Brazil to assess the emotional well-being of its population about
COVID-19 [32].

This instrument was supplemented with other variables specific to the construction
sector. Thus, the questionnaire included socio-demographic data such as age; sex; province;
employment status (self-employed, full-time employee, part-time employee, temporary
redundancy procedure, unemployed); professional category (manager, skilled worker,
intermediate manager, manual worker, administrative or cleaning staff); type of work; type
of construction project (building, industrial, or civil engineering); place of work (outdoors
or indoors); economic income (sufficient to make ends meet or not, and euros earned per
month in the household); persons living with them; the size of the dwelling in square
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metres; and use of company canteens (yes, no, or only when there were few people, they
did not exist, or they were closed during the pandemic).

Figure 1. Research methodology flowchart.

Data on COVID-19 disease were also included: diagnosis; isolation; severity; hospi-
talisation; vaccination and side effects; availability and use of preventive measures; and
training received. Perceptions of being protected at work and whether their work had been
affected by the pandemic were also included.

As in the case of the EIQ COVID-19, two more questionnaires were selected and
validated in Spain, which had already been used to assess psychological distress concerning
COVID-19 in Spain in previous studies [23,33]. To measure psychological distress, the
Goldberg General Health Questionnaire (GHQ-12) was used, which consists of 12 items
with 4 response options and a total score ranging from 0 to 12 points [34]. This is a
self-administered instrument that evaluates psychological well-being and identifies non-
psychotic disorders. The cut-off point used was >3, following the cut-off point used in
national surveys in Spain and adhering to the authors Rocha et al. [35]. The GHQ-12 has
shown good reliability in the different studies, with Cronbach’s alphas varying between
0.82 and 0.86 [34]. The internal consistency index obtained was α = 0.905, being higher than
0.7 and demonstrating good reliability.

Work engagement (WE) was measured using the short version of the Utrecht Work
Engagement Scale (UWES-9) [36]. The UWES-9 scale, based on the Job Demands-Resources
model, has been empirically validated in various work contexts including industry, sup-
porting its usefulness. It is an instrument designed to be self-administered and consists
of nine items, with Likert-type response options ranging from 0 (Never) to 6 (Always). It
consists of three dimensions, namely vigour, dedication, and absorption. The score for
each of the different dimensions is obtained by adding the items of each dimension and
dividing the result by the number of items that compose each dimension. The Spanish
version of the instrument achieved the following Cronbach’s internal consistency indices:
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vigour (α = 0.82), dedication (α = 0.86), and absorption (α = 0.8), being higher than 0.7 and
demonstrating good reliability concerning the construct measured by each scale [37].

To measure anxiety and fear of COVID-19, four ad hoc items were designed to assess
perceived level of anxiety and fear and level of danger on a scale ranging from 0 to 10 points
at the onset of the pandemic and at the time of data collection for the present study. In
addition, the Anxiety and Fear of COVID-19 (AMICO) scale, designed and validated
in previous studies by Gómez-Salgado et al. in 2021 [38], was also included. The scale
obtained an internal consistency index of α = 0.92, and the established cut-off point was
6.4 points [34]. The response options of the AMICO scale range from 1 to 10 points, where
1 corresponds to strongly disagree and 10 to strongly agree. The total score of the scale is
obtained by calculating the mean score of the self-reported responses.

2.3. Data Analysis

The statistical analyses were carried out using SPSS version 27 [39].
A descriptive analysis of the variables used in the study was performed, providing

frequencies, means, and standard deviations according to the type of variable. Subsequently,
the normality of the data distribution was analysed using the Kolmogorov-Smirnov test,
which showed the non-normality of the sample. To determine the existence or not of
significant differences depending on the presence of distress and between men and women,
non-parametric tests such as the Mann-Whitney U test or the Chi-squared test were used.
Specifically, the chi-squared test has been used for categorical variables, while the Mann-
Whitney U test was used to compare two independent groups of an ordinal variable [40].

A binary logistic regression analysis was also carried out to assess sex differences [41]
on the presence or absence of psychological distress and to identify those variables among
the ones studied that played a relevant role. The variables were included based on statistical
significance tests. In this sense, UWES score, AMICO score, current level of anxiety and fear
of COVID-19, effect of the pandemic on mental/emotional well-being, and the score for
health and physical status were entered. ORs were estimated and confidence intervals were
provided for this measure of association. To verify the adequacy of the model, different
goodness-of-fit measures were used, such as the Hosmer-Lemeshow test, the percentage of
correctly classified values, or the sensitivity and specificity.

2.4. Ethical Considerations

The 2013 Declaration of Helsinki was considered [42]. Participants were required
to explicitly provide informed consent before their participation, which was voluntary
and confidential, and the data collected were processed following the current laws on
personal data protection and digital rights of 2018 [43] and the Spanish Biomedical Research
Act [44]. The project was approved by the Research Ethics Committee of Huelva, part of
the Andalusian Ministry of Health (PI 036/20).

3. Results

3.1. Socio-Demographic Characteristics by Sex

The percentage of women in the study (17.9%) was lower than that of men (81.7%),
in line with the number of workers in the sector in Andalusia in 2023, which was 8.03%,
according to data from the Andalusian Institute of Statistics and Cartography [17].

The mean age of women, 38.96 (SD = 9.98), was lower than that of men, 43.56 years
(SD = 10.4), p < 0.001, as was the percentage of women with a partner (42.2%) lower than
that of men (63.3%), p < 0.001. Regarding socio-economic level, the percentage of women
who stated that their household income was over 1200 euros per month (63.6%) was lower
than that of men (78.0%), p < 0.001. No statistically significant differences were found
regarding the question of whether they considered that they had sufficient income to make
ends meet nor regarding the size of the dwelling (Table 1).
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Table 1. Socio-demographic characteristics by sex.

Variable Total Men Women X 2 Test GFI

n (%) n (%) n (%) p-Value

Sex 857 703 (81.7%) 154 (17.9%)

Age [mean (SD)] 42.7 (10.4) 43.56 (10.3) 38.96 (9.98) <0.001 *

Marital status
Married or cohabiting 524 (61.1%) 459 (63.3%) 65 (42.2) <0.001 0.967

Other situations 333 (38.9%) 244 (34.7%) 89 (57.8)

0–50 m2 28 (3.3%) 21 (3.0%) 7 (4.5%) 0.734 0.999
51–75 m2 154 (18.0%) 123 (17.5%) 31 (20.1%)

76–100 m2 310 (36.2%) 258 (36.7%) 52 (33.8%)
101–125 m2 169 (19.7%) 143 (20.3%) 26 (16.9%)
126–150 m2 105 (12.3%) 85 (12.1%) 20 (13.0%)

More than 151 m2 91 (10.6%) 73 (10.4%) 18 (11.7%)

Yes 373 (43.5%) 299 (42.5%) 74 (48.1%) 0.211 0.998
No or depending on the month 484 (56.5%) 404 (57.5%) 80 (51.9%)

Between 0 and 1200 euros 211 (24.6%) 155 (22.0%) 56 (36.4%) <0.001 0.984
More than 1200 euros 646 (75.4%) 548 (78.0%) 98 (63.6%)

Self-employed 104 (12.1%) 87 (12.4%) 17 (11.0%) <0.001 0.994
Full-time employee 673 (78.5%) 563 (80.1%) 110 (71.4%)
Part-time employee 51 (6.0%) 30 (4.3%) 21 (13.6%)

Temporary Redundancy Procedure 5 (0.6%) 4 (0.6%) 1 (0.6%)
Unemployed 24 (2.8%) 19 (2.7%) 5 (3.2%)

Degree of responsibility
Managers and skilled workers 207 (24.2%) 147 (20.9%) 60 (40.0%) <0.001 0.939

Intermediate management 135 (15.8%) 114 (16.2%) 21 (13.6%)
Manual workers 409 (47.7%) 392 (55.8%) 17 (11.0%)

Others (administration staff, cleaning. . .) 106 (12.4%) 50 (7.1%) 56 (35.4%)

Type of project
Building work 489 (57.1%) 411 (58.5%) 78 (50.6%) 0.033 0.997

Civil Works 158 (18.4%) 117 (16.6%) 41 (26.6%)
Industrial Works 123 (14.4%) 102 (14.5%) 21 (13.6%)

More than one type of work 86 (10.0%) 73 (10.4%) 13 (8.4%)

Place of work
Outdoors 357 (41.7%) 319 (45.4%) 38 (24.7%) <0.001 0.974

Indoors (of buildings, facilities. . ..) 500 (58.3%) 384 (54.6%) 116 (75.3%)

Use of canteens
Yes 122 (14.2%) 111 (15.8%) 11 (7.1%) 0.003 0.996

Yes, only when there were not many workers 85 (9.9%) 74 (10.5%) 11 (7.1%)
No, they have been closed during the pandemic 61 (7.1%) 42 (6.0%) 19 (12.3%)
No, there are no canteens in the places I work in 184 (21.5%) 145 (20.6%) 39 (25.3%)

No, I never use them 366 (42.7%) 302 (43.0%) 64 (41.6%)
Other cases 39 (4.6%) 29 (4.1%) 10 (6.5%)

*: Mann-Whitney U test; GFI: Goodness-of-Fit Index.

In terms of employment status, there were significant differences between men and
women (p < 0.001), with a higher percentage of part-time workers among women (13.6%)
than among men (4.3%) and higher percentages of full-time workers among men (80.1%)
than among women (70.4%). Similarly, there were differences concerning the degree of
responsibility at work p < 0.001, with 40.0% of the women occupying managerial or skilled
positions, compared to 20.9% of the men. On the other hand, while 55.8% of men held
manual labour positions, the percentage was 11.0% for women. It should also be noted that
women occupied 35.4% of the ‘Other’ section (administration, cleaning, etc.) and men, 7.1%
(Table 1).
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Regarding the type of work, differences were found between women and men p = 0.033,
with a higher proportion of both sexes working in ‘Building works’, whereas a higher pro-
portion of women were engaged in ‘Civil engineering’ (26.6%) than men (16.6%). Regarding
the place of work, the proportion of women working outdoors (24.7%) was lower than that
of men (45.4%). It was also observed that women were less likely to use canteens (p = 0.003)
(Table 1).

3.2. Psychological Distress by Socio-Demographic Characteristics and Differentiated by Sex

Overall, 29.2% of respondents had psychological distress (GHQ > 3), with statistically
significant differences by sex, i.e., higher among women (37.7%) than among men (27.3%)
(p = 0.37). In terms of marital status, among those without a partner, women (43.8%) were
more likely to have psychological distress than men (31.1%) (p = 0.031) (Table 2).

Table 2. Psychological distress by socio-demographic characteristics and differentiated by sex.

Men Women

No
GHQ < 3

Yes
GHQ > 3

No
GHQ < 3

GFI χ2 Test GFI

Cases % Cases Cases % Cases % p-Value

Total 511 72.7% 192 27.3% 62.3% 58 37.7% 0.037 *

Marital status

Married or cohabiting 343 74.7% 116 0.999 46 70.8% 19 29.2% 0.495 0.999

Other situations 168 68.9% 76 0.986 50 56.2% 39 43.8% 0.031 0.986

Approximately how many square metres (m2) does your dwelling have?

0–50 m2 11 52.4% 10 4 57.1% 3 42.9% N/A

51–75 m2 89 72.4% 34 0.984 18 58.1% 13 41.9% 0.122 0.984

76–100 m2 198 76.7% 60 0.979 31 59.6% 21 40.4% 0.010 0.979

101–125 m2 97 67.8% 46 0.982 13 50.0% 13 50.0% 0.079 0.982

126–150 m2 66 77.6% 19 0.998 17 85.0% 3 15.0% 0.467 0.998

More than 151 m2 50 68.5% 23 0.999 13 72.2% 5 27.8% 0.759 0.999

Do you consider that your income is sufficient to make ends meet?

Yes 232 77.6% 67 0.991 50 67.6% 24 32.4% 0.072 0.991

No, or depending on the
month 279 69.1% 125 0.992 46 57.5% 34 42.5% 0.044 0.992

How much income do you receive in your household every month?

Between 0 and 1200 euros 103 66.5% 52 0.997 34 60.7% 22 39.3% 0.441 0.997

More than 1200 euros 408 74.5% 140 0.992 62 63.3% 36 36.7% 0.022 0.992

Employment situation

Self-employed 60 69.0% 27 0.996 13 76.5% 4 23.5% 0.536 0.996

Full-time employee 419 74.4% 144 0.982 64 58.2% 46 41.8% <0.001 0.982

Part-time employee 15 50.0% 15 0.929 16 76.2% 5 23.8% 0.059 0.929

Temporary Redundancy
Procedure 2 50.0% 2 0.0% 1 100.0% N/A

Unemployed 15 78.9% 4 3 60.0% 2 40.0% N/A
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Table 2. Cont.

Men Women

No
GHQ < 3

Yes
GHQ > 3

No
GHQ < 3

GFI χ2 Test GFI

Cases % Cases Cases % Cases % p-Value

Degree of responsibility

Managers and skilled
workers 104 70.7% 43 0.982 34 56.7% 26 43.3% 0.051 0.982

Intermediate management 86 75.4% 28 1.000 13 61.9% 8 38.1% 0.197 1.000

Manual workers 287 73.2% 105 1.000 13 76.5% 4 23.5% 0.766 1.000

Others (administration
staff, cleaning. . .) 34 68.0% 16 0.998 36 64.3% 20 35.7% 0.687 0.998

Type of project

Building work 296 72.0% 115 0.997 51 65.4% 27 34.6% 0.237 0.997

Civil Works 98 83.8% 19 0.942 25 61.0% 16 39.0% 0.003 0.942

Industrial Works 70 68.6% 32 0.992 12 57.1% 9 42.9% 0.309 0.992

More than one type of
work 47 64.4% 26 1.000 8 61.5% 5 38.5% 0.844 1.000

Place of work

Outdoors 233 73.0% 86 0.976 19 50.0% 19 50.0% 0.003 0.976

Indoors (of buildings,
facilities. . ..) 278 72.4% 106 0.997 77 66.4% 39 33.6% 0.211 0.997

Use of canteens

Yes 139 75.1% 46 0.993 14 63.6% 8 36.4% 0.246 0.993

No 351 71.8% 138 0.992 75 61.5% 47 38.5% 0.027 0.992

*: Chi-squared test; GFI: Goodness-of-Fit Index; N/A: not available.

At the socio-economic level, among the respondents who reported that their income
was not enough to make ends meet, or was sometimes not enough to make ends meet, the
percentage with psychological distress was higher among women (42.5%) than among men
(30.1%) (p = 0.044). Similarly, among participants who reported a household income of
more than 1200 euros per month, psychological distress was higher in women (36.7%) than
among men (25.5%) (p = 0.022), with no statistically significant differences observed among
those with an income below 1200 euros (Table 2).

With regard to the work situation, the percentage of female full-time employees
with psychological distress was higher (41.8%) than that of male employees under the
same conditions (25.6%) (p < 0.001). There were no differences between men and women
regarding the degree of responsibility. In the group of managers and skilled workers, the
higher percentage of psychological distress among women was not found to be statistically
significant (p = 0.051). The higher proportion of women reporting psychological distress in
relation to the type of work they did was only statistically significant in the case of ‘civil
work’, where it was 39.0% for women and 16.2% for men (p = 0.003). Women working
outdoors were found to be more likely to experience psychological distress (50.0%) than
men under the same conditions (27.0%) (p = 0.003). Women who did not use the canteen
were more likely to have psychological distress (38.5%) than male workers who did not use
it either (28.2%) (p = 0.027) (Table 2).
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Psychological Distress, Working Conditions and COVID-19 Pandemic by Sex

The higher percentage of overall psychological distress among women (37.7%) than
among men (27.3%) (p = 0.037) was also observed when specifically analysing cases where
it was stated that the companies provided means of protection to avoid infection: 39.4%
among women versus 24.0% among men (p < 0.001); when they had received specific train-
ing from the company on ways of infection, routes of transmission, prevention measures,
or warning signs of COVID-19: 40.1% among women and 23.1% among men (p = 0.001);
and when they felt safe and protected from infection during the performance of their work
duties: 33.3% of women with psychological distress and 19.3% of men (p = 0.006); also when
they had been vaccinated against COVID-19: 37.3% of women with psychological distress
and 27.2% of men (p = 0.013), as well as when they reported side effects after vaccination:
44.2% of women with psychological distress and 31.7% of men (p = 0.041) (Table 3).

Table 3. Psychological distress, working conditions, and COVID-19 pandemic by sex.

Men Women

No GHQ < 3 Yes GFI Yes GHQ < 3 Yes GHQ > 3 χ2 Test GFI

Cases % Cases Cases % Cases % p-Value

Total 511 72.7% 192 27.3% 62.3% 58 37.7% 0.037 *

Have you been diagnosed with COVID-19?

Yes 199 69.1% 89 0.999 47 66.2% 24 33.8% 0.637 0.999

No 312 75.2% 103 0.982 49 59.0% 34 41.0% 0.003 0.982

Has anyone in your circle been diagnosed with COVID-19?

Yes 446 72.9% 166 0.995 88 64.2% 49 35.8% 0.043 0.995

No 65 71.4% 26 0.964 8 47.1% 9 52.9% 0.049 0.964

Has anyone in your circle died from COVID-19?

Yes 57 69.5% 25 1.000 17 68.0% 8 32.0% 0.886 1.000

No 454 73.1% 167 0.980 79 61.2% 50 38.8% 0.007 0.980

Have you been isolated for having the disease or been in contact with a positive person?

Yes 268 70.5% 112 0.977 65 62.5% 39 37.5% 0.117 0.977

No 243 75.2% 80 0.995 31 62.0% 19 38.0% 0.049 0.995

Have you been hospitalised for COVID-19?

Yes 4 33.3% 8 1 100.0% 0.0% N/A

No, but I had
mild symptoms 180 69.2% 80 0.998 45 64.3% 25 35.7% 0.430 0.998

No 327 75.9% 104 0.983 50 60.2% 33 39.8% 0.003 0.983

Have your working conditions been affected by the pandemic?

Yes 222 62.2% 135 0.995 50 53.2% 44 46.8% 0.113 0.995

No 289 83.5% 57 0.996 46 76.7% 14 23.3% 0.197 0.996

Have your managers or your company provided and do they provide you with the means of protection to avoid contagion
(masks, gloves, gels, eye protection)?

Yes 389 76.0% 123 0.982 66 60.6% 43 39.4% <0.001 0.982

No 117 63.2% 68 1.000 26 63.4% 15 36.6% 0.984 1.000

Other 5 83.3% 1 4 100.0% 0.0% N/A
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Table 3. Cont.

Men Women

No GHQ < 3 Yes GFI Yes GHQ < 3 Yes GHQ > 3 χ2 Test GFI

Cases % Cases Cases % Cases % p-Value

Did you receive or have you ever received specific training on COVID-19 disease (transmission routes, self-protection
measures, warning signs) organised by your managers or your company?

Yes 299 76.9% 90 0.981 42 60.0% 28 40.0% 0.003 0.981

No 207 68.1% 97 0.998 48 62.3% 29 37.7% 0.338 0.998

Other
(self-employed,
other means of

training. . .)

5 50.0% 5 6 85.7% 1 14.3% N/A

In general, do you feel safe and protected from infection in the performance of your job duties?

Yes, totally safe 305 80.7% 73 0.983 54 66.7% 27 33.3% 0.006 0.983

Somewhat safe 195 67.0% 96 0.992 39 56.5% 30 43.5% 0.101 0.992

No, not safe at
all 11 32.4% 23 3 75.0% 1 25.0% N/A

Have you been vaccinated against COVID-19?

Yes 504 72.8% 188 0.993 94 62.7% 56 37.3% 0.013 0.993

No 7 63.6% 4 2 50.0% 2 50.0% N/A

Have you had any side effects after vaccination?

Yes 200 68.3% 93 0.989 43 55.8% 34 44.2% 0.041 0.989

No 311 75.9% 99 0.997 53 68.8% 24 31.2% 0.193 0.997

Do you think that the situation experienced during the COVID-19 pandemic has negatively affected your mental/emotional
well-being?

Yes 215 56.9% 163 0.998 56 52.3% 51 47.7% 0.404 0.998

No 296 91.1% 29 0.995 40 85.1% 7 14.9% 0.196 0.995

*: Chi-squared test; GFI: Goodness-of-Fit Index; N/A: not available.

As can be seen in Table 3, this greater incidence of psychological distress in women
was seen in cases where they had not been diagnosed with COVID-19, nor had people
around them been diagnosed with COVID-19, had not had to isolate themselves because
of illness or contact with a positive person, and had not been hospitalised because of
COVID-19. In contrast, there was no difference by sex in terms of greater occurrence of
psychological distress when asked whether the situation experienced during the COVID-19
pandemic had negatively affected their mental/emotional well-being.

3.3. Psychological Distress Related to Anxiety and Fear of COVID-19 by Sex

As can be seen in Table 4, the mean age of women with psychological distress was
lower (mean 36.6 years old) than that of women without it (mean 40.3 years old), and no
such difference was observed among men (43.9 years old vs 42.6 years old; p = 0.125). The
results also showed that women in the sample were younger than men (38.9 years old
vs. 43.56 years old; p < 0.001). Health and physical status were reported to be worse in
both women (p = 0.004) and men with PD (p < 0.001), but the difference by sex was not
statistically significant (p = 0.075).

The level of anxiety and fear of COVID-19 at the start of the pandemic (p < 0.001)
and perceived anxiety and fear at the time of answering the questionnaire were higher
among participants with PD, for both women (4.03 vs. 2.79; p < 0.001) and men (4.31 vs
2.86; p < 0.001). Again, there was a difference by sex, with more women reporting anxiety
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and fear at the start of the pandemic than men (p < 0.001), but this difference by sex was
not statistically significant in terms of perceived anxiety and fear of COVID-19 at the time
of answering the questionnaire.

Table 4. Psychological distress related to anxiety and fear of COVID-19 by sex.

Men (n = 703) Women (n = 154)
Men-

Women

Total
No

GHQ < 3
Yes

GHQ > 3

Mann-
Whitney U

Test
Total

No
GHQ < 3

Yes
GHQ > 3

Mann-
Whitney U

Test

Mann-
Whitney U

Test

Mean
(SD)

Mean
(SD)

Mean
(SD)

p-Value
Mean
(SD)

Mean
(SD)

Mean
(SD)

p-Value p-Value

Age
43.56
(10.3)

43.91
(10.33)

42.64
(10.15) 0.125 38.96

(9.98)
40.35

(10.07)
36.66
(9.56) 0.027 <0.001

General health and
physical status *:

7.85
(1.59)

7.98
(1.53)

7.49
(1.70) <0.001 7.69

(1.22)
7.93

(1.19)
7.31

(1.15) 0.004 0.075

What level of anxiety
and fear of COVID-19
did you perceive at the
start of the pandemic?

*

7.05
(2.67)

6.73
(2.69)

7.89
(2.43) <0.001 8.41

(2.19)
8.07

(2.42)
8.97

(1.58) 0.019 <0.001

What level of anxiety
and fear of COVID-19

do you currently
perceive? *

3.25
(2.10)

2.86
(1.90)

4.31
(2.25) <0.001 3.26

(1.94)
2.79

(1.68)
4.03

(2.07) <0.001 0.631

How dangerous did
you consider

COVID-19 to be at the
beginning of the

pandemic? *

7.81
(2.46)

7.68
(2.47)

8.17
(2.41) <0.001 8.69

(2.12)
8.40

(2.34)
9.19

(1.53) 0.026 <0.001

How dangerous do
you consider

COVID-19 to be at
present? *

3.92
(2.37)

3.62
(2.27)

4.72
(2.42) <0.001 3.82

(2.21)
3.38

(2.05)
4.55

(2.25) 0.001 0.786

AMICO mean score *
4.10

(1.65)
3.76

(1.47)
5.02

(1.77) <0.001 4.30
(1.71)

3.87
(1.58)

5.00
(1.68) <0.001 0.157

* Score from 1 to 10.

The mean score of the AMICO questionnaire (anxiety and fear of COVID-19) was
higher among those who perceived PD (5.02 in men; 5.00 in women) than among those
who did not (3.76 in men; 3.87 in women), for both women and men (p < 0.001), with no
statistically significant differences by sex (p = 0.157) (Table 4).

The perceived level of danger of COVID-19 at the start of the pandemic was higher
among those who had PD than among those who did not have it, for both women and men,
and this difference was also found to be greater among women (p < 0.001). The perceived
level of danger of COVID-19 at the time of answering the questionnaire was also higher
among those with PD for both women and men (p < 0.001), but there was no statistically
significant difference by sex (p = 0.786) (Table 4).

Psychological Distress Related to the Level of Work Engagement (UWES) by Sex

It was found that men with psychological distress had lower levels of work engage-
ment than those who did not report psychological distress, both in the total score (UWES)
and in its three dimensions (vigour, dedication, and absorption), a difference that was
not observed for women. Differences by sex were indeed found for the global level of
work engagement (UWES), which was lower for women (M = 38.60; SD = 13.12) than for
men (M = 41.3; SD = 12.32) p = 0.010; these differences were maintained across the three
dimensions of the scale (Table 5).
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Table 5. Psychological distress related to the level of work engagement (UWES) by sex.

Men (n = 703) Women (n = 154)
Men-

Women

TOTAL
NO

GHQ < 3
Yes

GHQ > 3

Mann-
Whitney

U Test
Total

No
GHQ < 3

Yes
GHQ > 3

Mann-
Whitney

U Test

Mann-
Whitney

U Test

Mean
(SD)

Mean
(SD)

Mean
(SD)

p-Value
Mean
(SD)

Mean
(SD)

Mean
(SD)

p-Value p-Value

Vigour
13.56
(4.23)

14.18
(3.87)

11.91
(4.66) <0.001 12.64

(4.39)
12.79
(4.40)

12.40
(4.32) 0.667 0.011

Dedication
13.88
(4.39)

14.42
(4.09)

12.45
(4.81) <0.001 12.92

(4.60)
12.99
(4.64)

12.81
(4.48) 0.706 0.007

Absorption
13.86
(4.26)

14.24
(3.96)

12.84
(4.81) <0.001 13.03

(4.56)
13.19
(4.53)

12.78
(4.56) 0.524 0.025

UWES
mean
score

41.30
(12.32)

42.84
(11.36)

37.20
(13.73) <0.001 38.60

(13.12)
38.97

(13.14)
37.98

(12.94) 0.574 0.010

3.4. Logistic Regression of Psychological Distress Differentiated by Sex

Psychological distress in women was identified in 72.1% of cases based on ‘effect of the
pandemic on mental/emotional well-being’ (OR = 5.457; 95% CI = 2.101–14.178), ‘current
level of anxiety and fear of COVID-19′ (OR = 1.390; 95% CI = 1.137–1700) and ‘health
and physical status’ (OR = 0.630; 95% CI = 0.453–0.876), with a specificity of 83.3% and a
sensitivity of 53.4%. In men, psychological distress was identified in 78.7% of cases based
on the variables ‘effect of the pandemic on mental/emotional well-being’ (OR = 5.942;
95% CI = 3.766–9.373), ‘current level of anxiety and fear of COVID-19′ (OR = 1.137; 95%
CI = 1.167–1.271), ‘the AMICO model’ (OR = 1.347; 95% CI = 1.167–1.551) and ‘level of
work engagement (UWES)’ (OR = 0.966; 95% CI = 0.952–0.981), with a specificity of 91.0%
and a sensitivity of 45.8% (Table 6).

Table 6. Logistic regression of psychological distress (GHQ) by sex.

Psychological Distress Men Women

Odds Ratio (Confidence
Interval at the 95% Level)

Odds Ratio (Confidence
Interval at the 95% Level)

UWES 0.966 ** (0.952; 0.981)

AMICO 1.347 ** (1.167; 1.556)

Current level of anxiety and
fear of COVID-19 1.137 * (1.167; 1.271) 1.390 ** (1.137; 1.700)

Effect of the pandemic on
mental/emotional well-being

(Ref. NO)
5.941 ** (3.766; 9.373) 5.457 ** (2.101; 14.178)

Health and physical status 0.630 ** (0.453; 0.876)

Sensitivity (%)/Specificity (%) 45.8/91.0 53.4/83.3

Correctly classified percentage 78.7% 72.1%

Nagelkerke’s R2 0.336 0.294

Hosmer-Lemoshov test χ2 = 11.029 (p = 0.200) χ2 = 9.409 (p = 0.309)

Omnibus test χ2 = 185.670 (p < 0.001) χ2 = 37.411 (p < 0.001)
* p < 0.005; ** p < 0.001.
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4. Discussion

4.1. Contributions of This Research

The findings have allowed to meet the objectives of the study and to identify sex
differences in mental health derived from the COVID-19 pandemic, in particular psycho-
logical distress and work engagement. By analysing differences by sex, this study fulfils
the ethical commitment to investigate the behaviour of women in a sector where they are a
minority; failure to do so would constitute discrimination. It is widely known that there
are differences in health between women and men and, as the World Health Organization
states, it is necessary to investigate in this area to move towards a more gender-sensitive
model [22].

4.2. Differences Regarding Sociodemographic Variables

In 2023, the percentage of women in the construction sector in Andalusia, southern
Spain, was 8.03%, according to official data [17]. However, the Labour Foundation for
Construction reports a higher proportion of 11.1%, indicating a substantial increase since
2016 [45]. The increasing number of women being hired in the construction sector highlights
the importance of including them in any study aimed at analysing their working conditions,
as it is well known that there are differences in health between men and women, and for
ethical and efficiency reasons, in the preventive measures that companies should adopt.
It has been previously suggested that there is a need to have studies of this kind in place
during health crises [46], and that one of the possible explanations for the lack of such
studies is the low proportion of female researchers in certain scientific fields, even though
women now outnumber men in terms of graduates in these fields [47].

The ageing of the population is an internationally identified concern and one of the
most important socio-economic challenges faced by developed countries in Europe and
Asia [48] which may have an impact on the productivity of companies [49]. The recent
increase in the number of women in the construction sector may justify the statistically
significant differences found in terms of age, with women being younger in this study. This
may contribute to reducing the ageing of the sector and increasing its productivity. Besides,
the methodology used in the study required internet access, which may have resulted in a
higher participation rate of young people of both sexes.

The higher percentage of women not living with a partner in this study may also be
explained by the younger age of the women in this study, which has been associated with
the presence of PD [50,51] and with reduced well-being [46], although other studies have
not found such an association [31].

4.3. Working Conditions

According to the data, the proportion of men in full-time employment (80.1%) was
higher than that of women (71.4%), yet full-time employment was predominant in both
sexes. Moreover, among full-time employees, women were found to have a higher level of
PD than men. The higher percentage of women working part-time was not unexpected,
as women globally account for 75% of all part-time contracts, according to the Spanish
National Statistics Institute’s Labour Force Survey. It is worth noting that in this study, 53%
of women reported that they had been unable to find a full-time job, while only 14% had
chosen such a part-time contract to be able to look after children or elderly relatives [52].

The study found that psychological distress was more prevalent in women than in
men, regardless of their family income level. This is consistent with the well-established
link between financial situation and psychological distress [53]. This is in line with the
global economic crisis generated by the pandemic, which has had a greater impact on
women [54].

Similarly, the degree of responsibility in the job could be a reason for the lower salary,
as women were more likely to be engaged in ‘Other’ occupations (administration, cleaning,
etc.) and less likely to be employed as ‘Manual workers’. However, the proportion of
women in the ‘Managers and skilled workers’ group (40.0%) was higher than that of men
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(20.9%). This study found no statistically significant difference by sex regarding the degree
of responsibility at work and the development of PD, but greater PD was found in women
working in civil works or outdoors. Yet, no hypotheses have been found to explain this
finding. In Spain, the pay gap in the sector was reduced in 2023 compared to previous
years, with a mean salary of 19,122 euros. This was higher than the salary in the commerce,
repairs and transport sector, but lower than that in the industry, social services, and finance
and insurance sectors, the latter being the sector that pays women the most [55]. It may be
surprising that, despite the fact that women in general seem to receive lower salaries than
men [56], no sex differences were found when asked whether they had problems making
ends meet, which may be due to their younger age compared to that of men, or to the fact
that they have obtained a job in a sector that was almost inaccessible to women until a few
years ago.

4.4. Preventive Measures against COVID-19

Although no differences have been observed between male and female workers in
terms of the preventive measures or specific training provided by companies to prevent
contagion, the percentage of PD was higher among women than among men when com-
panies did offer these preventive measures, showing that the impact on mental health
can differ according to sex when faced with similar preventive measures. Similarly, the
proportion of women with PD was higher than among men, especially amid those who
reported feeling safe and protected from infection while performing their job duties, having
been vaccinated, having experienced side effects from vaccination, or not having had to
isolate themselves.

Even though no discernible disparities were noted between male and female employ-
ees in terms of the preventative measures or specific training provided by companies to
mitigate contagion, the incidence of PD was notably higher among women compared to
men in instances where companies did implement such preventive measures. This high-
lights the possibility of a difference in the impact on mental health based on sex, even in the
face of similar preventive measures. In addition, the prevalence of PD was higher among
women than men. This was especially true for women who felt secure and protected from
infection while performing their job duties, those who had been vaccinated, those who
experienced side effects from the vaccine, or those who had not required isolation.

A plausible explanation for the increased psychological distress experienced by women
during the most severe phases of the pandemic lies in the fact that during the most severe
phases of the pandemic, women may have experienced increased psychological distress as a
result of the double burden of balancing work responsibilities with domestic and/or family
responsibilities. Despite societal progress, women still retain the burden of housework,
childcare and caring for family members [18]. Managing time becomes increasingly chal-
lenging for women employed part-time, which exacerbates their burden. Therefore, factors
such as family protection, income levels, and concerns regarding family finances have
emerged as mediators of women’s psychological distress during the COVID-19 pandemic.
These disparities in social protection policies for women during the pandemic underscore
the urgent need to examine the impact of role overload on women’s access to personal
protective equipment, safety at work and at home, and personalised health care [57].

4.5. Psychological Distress, Anxiety and Fear

The greater level of psychological distress among women is consistent with what was
observed in a systematic review [9], as previous studies had found a positive association
between family members’ fear of COVID-19 and psychological distress, fully mediated by
individual fear, and a negative association between family well-being and psychological
distress, moderated by income level [49]. These results may contradict the absence of
sex differences when people were asked whether the COVID-19 pandemic had had a
negative impact on their mental/emotional well-being. However, studies have shown that
during critical situations, such as the COVID-19 pandemic, during which strict movement
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restrictions were imposed, a large proportion of people were able to adjust to the situation
and maintain their lifestyle favorably [58,59].

The effects of teleworking are an interesting example of the impact that the pandemic
has had, with known negative effects on sleep, reported to be greater for women and young
people [60]. Yet, there are also positive effects such as men taking on more responsibilities
in the home, which leads to a more equal distribution of roles in the household [61]. It has
been reported that the effects of developing PD from teleworking are less significant than
those from exposure to infection by essential workers, because of the risk of transmitting
the infection to the family when they return home [23].

Finally, it is worth noting that women initially perceived higher levels of anxiety and
fear of COVID-19 at the beginning of the pandemic, as well as higher levels of perceived
danger associated with the pandemic, but these levels declined significantly, and these sex
differences did not persist in the later phases of the pandemic. This contrasts with previous
studies conducted in Spain, where the differences were more significant during the ‘new
normal’ phase than during the initial phase of maximum restriction [25].

The study identified several factors that appear to have influenced PD to a greater
extent in both women and men, namely ‘the impact of the pandemic on mental/emotional
wellbeing’ and ‘the level of anxiety and fear of COVID-19 at the time of completing
the questionnaire’. In women, these factors were influenced by ‘health and physical
condition’, whereas in men they were influenced by ‘level of work engagement’, giving
rise to hypotheses that should be tested in future studies.

5. Conclusions

In recent years, the proportion of women in the construction sector has increased and
in the case of this study in the south of Spain, they are younger than men, which may help
to reduce the ageing of the sector. Women are mainly engaged in high-skilled activities
such as administration or cleaning and, to a lesser extent, manual labour.

After controlling for most variables, the level of psychological distress remained
higher for women. The preventive measures taken by the companies and the training
received did not differ across sexes, but there was a greater PD among women with equal
preventive measures. For men, work engagement appeared to be a determining factor,
while for women, health and physical status seemed to be more influential. For both sexes,
the impact of the pandemic on mental and emotional well-being and the level of anxiety
and fear of COVID-19 at the time of completing the questionnaire played a role in the
development of PD.

At the start of the pandemic, women exhibited higher levels of fear and anxiety of
COVID-19 and perceived danger of the pandemic, a difference that was not maintained in
2023.

There is a growing need for studies that assess women and men separately, given
the scientific evidence of health variations across sexes and the increasing involvement
of women in the construction sector. This study identified remarkable differences that
would make it possible to define public policies to facilitate progress towards sex equality
in working environments.

Limitations

One limitation of this study was that the proportion of women in the sample was
much lower than that of men (a 17.9% of the final sample were women), which is in line
with current employment data in the construction sector [18]; this may be the reason for the
lack of significant differences in some variables. Nonetheless, this study is focused on the
population of construction workers of Andalusia, one of the biggest and inhabited regions in
Spain, and so, 204,100 subjects have been considered, leading to an over-estimated sample
size of 857 participants. As the study focused on this geographical region, the results do not
allow the conclusions to be generalised to the Spanish population, although it is true that the
interpretations could support the hypothesis that the rest of the Spanish population would
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have behaved in the same way. Likewise, they could also support the approximation of
the results to the international population, given that the adoption of preventive measures
by companies and the levels of fear and anxiety of COVID-19 in workers have been fairly
homogeneous among the working population worldwide [9]. Yet, these data should be
handled with caution due to the design of this study, as discussed below.

Another limitation is the potential over-representation of women with higher edu-
cational level and younger age due to the methodology used to collect the information,
which required access to the internet. Thirdly, this methodology (a cross-sectional study)
does not establish causal associations and, thus, requires the application of other types of
quantitative methods in future studies. However, the present study presents data from the
construction sector in the south of Spain, analysed on the basis of the sex variable, showing
for the first time in quantitative terms the differences between the two sexes.
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Abstract: One in every five occupational deaths occurs in the construction sector. A proactive
approach for improving on-site safety is identifying and analyzing accident precursors, such as
near-misses, that provide early warnings of accidents. Despite the importance of near-misses, they
are frequently left unreported and unrecorded in the construction sector. The adoption of modern
technologies can prevent accidents by automated data collection and analysis. This study aims to
develop near-miss detection metrics to facilitate the automated detection of near-misses through
sensors. The study adopted a mixed method approach including both qualitative and quantitative
approaches. First, a quantifiable definition of near-misses was developed from the literature. Hazards,
accidents, and the causes of accidents were identified. Through empirical and statistical analyses
of accidents from the OSHA repository, combinations of unsafe acts and conditions responsible
for a near-miss were identified. The identified factors were analyzed using a frequency analysis,
correlation, and a lambda analysis. The results revealed twelve significant near-misses, such as
A1—approach to restricted areas and C2—unguarded floor/roof openings, A5—equipment and tool
inspection was incomplete and C8—unsafely positioned ladders and scaffolds, A2—no or improper
use of PPE and C2—unguarded floor or roof openings, etc. Lastly, measurable data required by
sensors for autonomous detection of near-misses were determined. The developed metric set the basis
for automating near-miss reporting and documentation using modern sensing technology to improve
construction safety. This study contributes to improving construction safety by addressing the
underreporting of near-miss events. Overall, the developed metrics lay the groundwork for enhancing
construction safety through automated near-miss reporting and documentation. Furthermore, it
helps for the establishment of safety management schemes in the construction industry, specifically
in identifying near-misses. This research offers valuable insight into developing guidelines for
safety managers to improve near-miss reporting and detection on construction sites. In sum, the
findings can be valuable for other industries also looking to establish or assess their own safety
management systems.

Keywords: near-miss; sensing technology; proactive safety management; accident prevention;
early warnings

1. Introduction

The construction industry has the highest fatality rate due to its temporary, dynamic,
decentralized, and complex nature [1]. The construction site’s ever-changing environment
may result in unlimited hazards—for example, poor layouts, confined spaces, work in
restricted areas, and many others [2]. Due to the high accident rate, researchers and
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professionals constantly seek ways to improve construction safety. One way to enhance
construction safety is to collect and analyze safety indicators or precursors. These indicators
are used by safety personnel to assess if they are taking suitable precautions and controlling
risks in the workplace [3]. Lagging and leading indicators are the most common types
of safety indicators [4]. Lagging indicators commonly used in the construction industry
are after-the-damage safety measures, e.g., injury, fatality, or illness [3]. The disadvantage
of using lagging indicators is that it takes an accident to discover and address an unsafe
act or condition [5]. To address this shortcoming, attention has recently shifted to leading
indicators linked with proactive measures that do not require lagging indicators to predict
future results [6]. Several researchers have proposed programs for gathering, monitoring,
and controlling leading indicators [7–9].

Previous research has highlighted the necessity of investigating accidents to reveal
leading signs or precursors because their numbers are typically higher than the acci-
dents [10]. One of the important leading indicators nearest to the accident’s final state is
near-misses [11]. Near-misses are defined as an unexpected event that did not cause an
accident but may have done so under certain conditions [12]. According to the literature,
increasing the reporting of near-misses significantly reduces the number of accidents; it
helps managers to analyze the data, identify risk factors, and take action to reduce risks,
preventing severe accidents [13,14]. For instance, 75% of lost-time injuries were avoided by
implementing near-miss reporting programs [15]. These reports can help organizations spot
new risks, gain insight into system safety, and spark learning opportunities [16]. Therefore,
a near-miss must be detected, recorded, and reviewed to decide the best course of action
for preventing accidents [17].

Various initiatives have been undertaken in the construction sector to increase near-miss
reporting due to the evident importance of near-misses. For example, Cambraia et al. [18]
performed a case study to identify, analyze, and disseminate near-miss information in the con-
struction industry. Construction industry institute (CII) members created and implemented
near-miss reporting programs based on workers’ feedback [13]. Other strategies include
safety audits and governmental initiatives [19,20]. Despite these efforts, the construction
industry still lacks the efficient use of near-miss information because near-misses are often left
unreported and undocumented on construction sites [21]. Since most of the reporting systems
are mainly reliant on manual reports [22], the reporting of near-misses directly depends on
workers’ feedback [23]. The construction workers may fail to report near-misses due to a
lack of awareness regarding near-misses [24], the reporting process, or how organizations use
near-misses [25]. Even if near-misses are collected, the existing reporting mechanism fails to
assure that the data are accurate and reliable or that they offer valid event information [26] due
to their dependence on workers, which brings subjectivity into the reporting process. Despite
technological advancements, very few organizations presently use systematized near-miss
management systems [27]. More specifically, the conditions in developing countries are the
worst in term of recognizing and reporting near-misses in the construction industry [28]. How-
ever, a few studies have shown improvements in safety in some sectors such as manufacturing,
services, and chemical ones, following the implementation of incident learning systems [29].
These improvements include increased engagement in safety improvement, heightened aware-
ness of safety issues, reduced fear of corrective measures, and greater confidence that reported
incidents are utilized to enhance the system.

Real-time methods that can consistently and reliably collect and monitor near-misses
from construction sites are needed. Some of the technologies present in the literature are
promising but have limitations in terms of advancement and applicability; for example,
Shen and Marks [30] contributed to the visualization of near-misses by developing a BIM-
based near-miss visualization tool. The limitation of the developed tool was its dependence
on manual reporting. Automated monitoring systems can collect, process, and deliver
meaningful data to users in real-time. However, progress in the automated detection
and real-time monitoring of near-misses has not been fully explored [21]. Despite the
growing attention to incident reporting, there is limited understanding of its effectiveness
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in enhancing construction safety within the construction industry. Although there are
numerous reports in the near-miss incident construction literature, it has been challenging
to quantify its impact on automatic detection. Therefore, this research study put forward a
mechanism to develop a near-miss detection metric that could serve as a foundation for
deploying sensors to predict future accidents by real-time monitoring of near-misses.

The rest of the paper is organized as follows: First, an overview of the near-miss
definitions found in the literature is presented, followed by the research approach used in
this study. Then, according to the technique, a near-miss detection metric is established.
The Discussion and Conclusion are presented at the end based on the developed metric.

2. An Overview of Near-Misses

2.1. Near-Miss Definition: Worldwide Perspective

The idea of near-misses is vastly expanding from numerous industries, including avia-
tion, medical, retail, chemical, construction, and manufacturing industries. This widespread
belief underscores the importance of reporting near-misses for enhancing safety. According
to the WHO, near-misses are defined as a severe mistake with the potential to inflict harm
but not due to luck or interception [31]. The OSHA defines a near-miss as an incident
which could have led to severe injury or sickness but did not [32]. Another study defines a
near-miss as “an unintended incident which, under different circumstances, could have
become an accident” [33]. Jones et al. [33] suggested two concepts for near-misses based on
the incident’s consequences: major near-miss and near-miss. The first concept defines near-
misses as incidents that might lead to a significant accident with long-term implications. In
the second concept, near-misses are risky situations that lead to accidents. According to
Phimister et al. [27], a near-miss is an occurrence that indicates a system flaw that, if not
addressed, could have severe effects in the future [27]. From the chemical and hospital
sector perspective, Vanderschaaf [34] and Caspi et al. [23] described a near-miss as a safety
effect that does not result in accidents, but there is a risk of injury. In the railway industry,
Ritwik [35] defined a near-miss as an unsafe condition with the potential for damage.
All these worldwide definitions combined reveal that a near-miss results in a successful
outcome, where no harmful result takes place. Accidents are widely acknowledged to
be the tip of the iceberg. An estimate shows that 300 near-miss incidents exist before a
workplace accident [36].

2.2. Near-Miss Incidents in the Construction Sector

Researchers in the construction sector have used near-misses, close calls, near hits, and
other terms to describe near-misses relevant to their fields. These definitions center on the
observer’s perceptions, risk tolerance, experiences, and how organizations see near-miss
incidents. For ease of comprehension, some have defined a near-miss as an unsafe act or
condition with the potential for injury or property damage [37], and others have defined
it as an unsafe act linked to some action (e.g., the release of energy) [18]. Near-misses are
often considered accident precursors [38], warnings of prospective accidents when out
of luck [39], or close signals of accidents [11]. Cambraia et al. [18] defined a near-miss as
an unanticipated event that requires a rapid burst of energy and may end in an accident.
Williamsen [40] stated that near-misses occur when there are no injuries, property damage,
or other proof that they had taken place.

There is no standardized definition of a “near-miss”. The existing definitions focus
on using near-miss information to improve safety management rather than reporting
near-misses. Previous definitions have viewed a near-miss as merely an event-driven
occurrence requiring an energy burst, with identification relying on subjective judgment.
In these definitions, there is much reliance on the observer’s perspective. Workers on the
construction sites are the primary source of discovery of near-misses, but some factors
may prevent workers from reporting near-misses: (a) an apprehension of administrative
action; (b) risk acceptance; (c) a lack of knowledge about how data reports are used, and
(d) data collecting is complex and time-consuming [25]. Since the management efficiency
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of near-misses depends on the accurate identification of near-misses, a complete and
easy-to-understand definition of near-misses is required.

2.3. Measures for Detecting Near-Miss Incidents in the Construction Industry

Prominent indicators serve as a proactive approach to safety metrics, focusing on eval-
uating the processes, events, and conditions that are indicative of safety performance and
have the potential to forecast future outcomes [3]. A prime example of such an indicator is
the reporting of near-misses. A significant benefit of tracking near-misses lies in the ability to
collect and scrutinize data that can inform safety improvements without the occurrence of
actual injuries [33,36]. Understanding the causation of accidents may facilitate quantifying
near-miss definitions, as near-misses and accidents have the same causation model [41–44].
Based on this recognition, analyzing the underlying causes of accidents can assist in identify-
ing previous near-misses, reducing uncertainty regarding the possibility of an accident. For
example, falls are the predominant cause of worker deaths in the construction industry [45].
The detection of near-misses is vital for halting and averting the events that lead to falls.
However, traditional methods for recognizing near-miss events rely on the self-reporting
of workers, which can lead to inconsistent data. The adoption of modern technologies can
prevent accidents by automated data collection and analysis. Therefore, this study aimed
to develop near-miss detection metrics to facilitate the automated detection of near-misses
through sensors.

3. Research Approach

This research intended to establish a technique for automating near-miss data collec-
tion from construction sites by implementing sensing technologies. Figure 1 depicts the
layout of the research methodology adopted in this study.

 

Identification Hazards Accident Causes 

Data Collection Accident record Data base OSHA & HSE 

Data Analysis 

Investigation Categorization 
Accident 
frequency  

Correlation 
analysis 

Frequency 
analysis 

Near misses 
identification 

Near-miss 
Detection 

Near-miss 
Detection 

Figure 1. Layout of research methodology.

The research methodology included four major stages, including identification (i.e., haz-
ards, accidents, and causes), data collection (accident and hazard records from the OSHA and
HSE), data analysis (frequency analysis and correlation), and near-miss detection (establish-
ing a near-miss metric). In the identification process, first, the authors identified significant
hazards and accidents associated with these hazards. Then, they investigated the summary of
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the accidents to identify the underlying causes and performed a correlation analysis to find
the significant causes responsible for these accidents. The authors subsequently created a
well-designed near-miss data repository in terms of underlying causes identified from the
summary of historical accidents. Lastly, they developed near-miss detection metrics consisting
of quantifiable data required to autonomously detect near-misses. The detection metrics of-
fered a strategic approach for selecting and deploying relevant sensors to collect and evaluate
near-miss data. In the end, the key findings of this study are presented in the Discussion, and
a conclusion is derived. The data required for near-miss identification were acquired based on
the specified definition, and the near-miss detection metrics were established.

3.1. Developing Near-Miss Detection Metrics
Near-Miss Definition

Sensor-based safety management systems can be established more efficiently if each
accident precursor is well investigated and quantitative metrics are defined [21]. Therefore,
a quantifiable definition of near-miss is required to select and employ sensing technologies
for autonomous near-miss data collection. Understanding the causation of accidents may
facilitate quantifying near-miss definitions, as near-misses and accidents have the same
causation model [33,36,43,44]. Near-misses share common causes with accidents, but unlike
the latter, the effects of a near-miss are negligible because the opportunity factor is absent
(Equation (1)) [37]. Ritwik [35] defined an opportunity factor as an uncertainty factor
beyond control that decides the event’s consequences. Based on the above recognition,
analyzing the underlying causes of accidents can assist in identifying their previous near-
misses, reducing the uncertainty regarding the possibility of an accident.

Nearmiss = Accident − Uncertainty factor (1)

Heinrich [36] found that workers’ unsafe activities combined with unsafe conditions
were responsible for 88% of construction accidents. A recent systematic study of accidents
also stated that the causes frequently responsible for accidents consist of combinations of
unsafe behaviors and risky situations [43]. An unsafe working space (unsafe conditions)
and weakness in safety practices result in an inadequate safety performance (unsafe act) [46].
For example, risky behavior such as not wearing personal protective equipment (PPE) in
an unsafe situation, like working near unprotected machinery, may increase the risk of
being struck by sharp objects.

Since near-misses have the same causation model as accidents, the preceding facts
conclude that, similar to accidents, the frequency of near-misses caused by an unsafe
act and conditions is much higher than near-misses caused by either an unsafe act or
unsafe conditions. Defining near-misses through a full breakdown of each accident will
facilitate identifying quantitative metrics for developing sensor-based near-miss monitoring
systems. A near-miss can be defined as an occurrence that lacks an opportunity factor
and mainly consists of unsafe acts and unsafe conditions that did not result in an injury.
Therefore, identifying and tracking the interaction between unsafe acts and conditions aids
in near-miss autonomous detection.

3.2. Data Collection

As mentioned above, near-misses mainly consist of unsafe behaviors and unsafe
working conditions. To identify significant near-misses that occur on construction sites, the
underlying causes of these near-misses need to be identified and collected in a database.
Three types of data, including hazards, accidents, and their causes, were collected and
analyzed. Figure 2 illustrates the overall flow of data collection.
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Figure 2. Overall flow of data collection.

3.2.1. Hazards

As the primary source of accidents, hazards are considered the basis for collecting
relevant data. Organizations such as the Occupational Safety and Health Administration
(OSHA) and the Health and Safety Executive (HSE) preserve accident data and analyze
them to find their sources. According to the OSHA, the following hazards frequently
contribute to fatal accidents: fall, electrocution, struck-by or -against, and caught-in or
-between. In 2014, there were 782 fatal incidents reported in Europe. Among these acci-
dents, falls (26%), breakage/fall/collapse (20%), and loss of control (19%) were the most
common sources [44]. Falls and struck-by were two significant hazards responsible for
45% of fatal injuries in the United Kingdom in the last five years [47]. According to a
survey, the most frequent causes of fatalities among construction workers in North Car-
olina between 1988 and 1994 were vehicles (21%), followed by falls (20%), machines (15%),
electrocution (14%), and falling objects (14%) [48]. Another study on construction acci-
dents discovered that substantial accidents occurred due to falls and contact with a fixed
machine’s moving parts [49]. Swuste et al. [45] stated that the most prevalent hazards
were falls, struck-by, electric shock, and caught-in or -between. Naveen Kumar et al. [50]
carried out a study in Bangalore stating that between 2014 and 2016, 41.1% of fall fatalities
were related to construction activities. There were 1102 construction worker deaths in the
United States in 2019, including 401 deaths from falls, 170 deaths from struck-by, 79 deaths
from electrocution, 59 deaths from caught-in, and 393 deaths from other hazards [51].
Considering the available records and literature analysis, the leading hazards this study
addressed were fall, struck-by, electrocution, and caught-in or -between.

3.2.2. Accidents

An accident demonstrates the effects of hazards or how a hazard will affect a worker’s
safety. The leading hazards identified in the preceding step were responsible for significant
construction accidents. Accidents like falling from height [52], being hit by falling ob-
jects [53], slip and trip [54], machine-related accidents [55], exposure to electricity [56], and
others may frequently occur on construction sites. Much research and various reports have
identified construction accidents. Ale et al. [49] conducted a study to determine accidents.
The findings revealed that non-fatal accidents involved tools and machinery, working at
height, and being struck by flying objects, while fatal accidents were due to enormous
falling objects, explosions, and heavy vehicles.

Fall is the leading cause of fatality on construction sites [57]. An increasingly common
fall-related accident is falling from the roof, structures, and other falls [57]. The leading fall-
related accident in the Indonesian construction industry is falling from height [58]. Other
fall-related accidents include falls from openings, trenches, service pits, and falling at the
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same level. In the construction industry, struck-by accidents are the second most common
cause of fatalities [59]. Accidents due to struck-by-equipment are 58% and falling objects are
42% of all accidents [59]. Wang et al. [60] stated that working with heavy machines (17.1%),
working under elevated weights (15.6%), working on foot (13.5%), and moving equipment
(13.5%) are risky elements that play a role in struck-by accidents. Haslam et al. [61] stated
that 17% of construction accidents are caused by being struck by a falling or moving object.
Caught-in or -between has been the leading cause of permanent injuries [62]. Most of
the caught-in or -between accidents occur in activities that involve machinery, vehicles,
cranes, and elevators [62]. Following falling from heights, vehicle accidents, and being
struck-by, contact with electricity is fourth among the top ten accident scenarios that lead to
construction fatalities [63]. The five electrocution accident patterns are worker or equipment
contact with a power line, vehicle collision with an electrical power line, and incorrectly
installed equipment [64].

Studies have identified a variety of accidents but have not grouped them into broad
categories for simple recognition and comprehension. Correct and massive amounts of
accident data are required to accurately identify near-misses. Accident data from various
industries, including construction, are collected and stored by the OSHA. This study
utilized an OSHA-provided data pool of historical accidents to identify major accidents on
construction sites. The authors collected 8598 accidents over the past ten years between
2010 and 2020. The accident data were only related to the construction of residential
buildings by screening the standard industrial classification (SIC) provided by the OSHA.

The final data set comprised 6663 accidents, among which 4532 were fatal and
2131 were non-fatal. The accidents included 4489 (67.4%) fall-related accidents, 933 (14.1%)
struck-by-related accidents, 574 (8.61%) electrocution-related accidents, and 667 (10.2%)
caught-in- or -between-related accidents. Figure 3 summarizes the statistical results of the
OSHA accident records [65]. According to the occupational codes provided by the OSHA,
the victims involved in these accidents were masons, carpenters, electricians, painters,
plasterers, plumbers, roofers, duct installers, welders, cutters, and machines operators, and
other workers.

Figure 3. Categories of accidents.

From the detailed investigation, accidents with high occurrence rates were identified.
The investigation was called off when no new accident was discovered. Accidents were
categorized into the following four sources: (1) fall, (2) struck-by, (3) caught-in or -between,
and (4) electrocution (see Table 1).
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Table 1. Frequent accidents on construction sites.

S. No Fall Struck-by or -against Electrocution Caught-in or -between

1 From roof By equipment Contact with exposed
wires Collapse of structure

2 From scaffold By falling or flying object Contact with a damaged
tool or machinery Collapse of a trench (cave in)

3 From ladder By object (other than
falling, e.g., moving)

Electric shock by
unknown cause Trapped in or between objects

4 From building
girders or other structures

Against a fixed or
stationary object

Contact with overhead
power lines

Pinned workers against other
objects or the ground

5 On the same level (slip
and trip)

Contact with underground,
buried power lines

Contact of hand tools with an
electrified wire

6 From openings
(e.g., trench) By heavy equipment

3.2.3. Unsafe Acts and Conditions

Identifying near-misses and implementing preventative actions before they become
a problem requires determining their underlying cause. Primary causes were divided
into workers’ unsafe behavior and exposure to unsafe conditions. Some of the workers’
unsafe acts found in previous research included non-compliance with work and safety
procedures [66], inadequate or no use of PPE [67], unauthorized use of equipment [68], de-
liberately risking one’s life [66], inadequate knowledge of hazardous situations [67], unsafe
working posture [69], failure to use equipment safely [67], and a lack of experience [66].
Similarly, the primary unsafe conditions included poor site layout [70], excessive and loud
noise [71], unsafe working procedures [72], defective PPE or equipment, insufficient sup-
ports or guards, poor warning systems, clothing hazards [72,73], task complexity [74], and
poor lighting and weather [75]. The OSHA’s original accident summaries and investigation
reports [76] were reviewed to accurately view the unsafe acts and conditions responsible
for the previously identified accidents. Summaries provided by the OSHA were entered
into a spreadsheet along with accidents, inspection IDs, date, and occupation code, and
the probable cause was determined by personally examining the summaries. Table 2 il-
lustrates the methodology used to identify unsafe acts and conditions from the OSHA’s
accident summary.

Table 2. Investigation of accidents.

ID Date Occupation Accident

316268895 15 February 2013 Construction Laborers Fall from Scaffold

Summary Causes

The employee was working on a two-story scaffold. The scaffold was not fully planked. The
employee was not wearing any fall protection. The employee fell from the scaffold.

Working at height/Not wearing
PPE/Unsafely positioned scaffold

The accidents where the causes were ambiguous were neglected. Out of 6663 accidents,
5725 accidents were carefully analyzed. Twelve (12) unsafe acts and twelve (12) unsafe
conditions were identified. Table 3 summarizes the unsafe acts and conditions identified.
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Table 3. Summary of identified unsafe acts and conditions.

Unsafe Acts Unsafe Conditions

A1—Approach to restricted areas C1—Poor site layout

A2—No or improper use of PPE C2—Unguarded floor or roof opening

A3—Inappropriate equipment usage C3—Defective PPE

A4—Unsafe posture and position C4—Unprotected excavations and trenches

A5—Equipment and tool inspection was incomplete
or non-existent C5—Unsuitable weather conditions

A6—Operating at an unusually high altitude C6—Missing or defective warning sign

A7—Operating close to moving vehicles and equipment C7—Places under unfixed materials/tools towards the edges

A8—Ignoring alarms and warning signages C8—Unsafely positioned ladders and scaffolds

A9—Working close to overhead power lines C9—Lack of training and poor experience

A10—Running heavy equipment near edges C10—Lack of machine guards

A11—Worker carrying a heavy load C11—Defective or damaged equipment

A12—Unauthorized use of equipment C12—Unsuitable working conditions

4. Results and Discussion

4.1. Near-Miss Identification

Accident causation studies have concluded that risky behavior, combined with unsafe
conditions, is the primary cause of accidents and near-misses. This study intended to find
the relationships between unsafe acts and conditions that contribute to construction near-
miss incidents through statistical analyses. Figure 4 illustrates the near-miss identification
process. The process aimed to use a correlation analysis to identify the influential unsafe act
and condition combinations responsible for significant near-misses on construction sites.

Figure 4. Near-miss identification process.

Because most accidents occur when an unsafe act and condition are combined, the
authors performed a frequency analysis to identify the number of unsafe acts and conditions
responsible for construction accidents among the unsafe acts and conditions previously
identified. The 5725 construction accident cases were analyzed. Figure 5 shows the frequency
of accidents caused by a particular combination.
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Figure 5. Results of the frequency analysis.

When determining major near-misses, dealing with highly correlated combinations
would be more efficient than relying on frequencies, as combinations can have high fre-
quencies and weak correlations. A correlation analysis was performed to identify the
most effective combination that causes near-misses. The correlation analysis included the
chi-square test and a lambda analysis. The chi-square analysis was used to determine
whether there was a relationship between unsafe acts and conditions. On the other hand,
a lambda analysis was used to determine how strong of a relationship existed between
unsafe acts and conditions.

The SPSS 29 (IBM, Armonk, NY, USA) analysis software was used to perform this
statistical analysis. No cell had an expected frequency of zero, and only 20% of the cells
had an expected frequency of less than five. As a result, the data were eligible for the
chi-square test. The chi-square test was performed at a significance level (p-value) of
0.01 (1%). The null hypothesis that “there is no association between the unsafe act (A) and
unsafe condition (C) under test” was rejected when the estimated p-value was less than the
accepted significance level, implying a strong correlation between the two variables. Only
combinations that passed the chi-square test were considered for the lambda test. Figure 6
summarizes the results of the correlation analysis.

A lambda analysis was performed on the 24 combinations that passed the chi-square
significance level of 0.01. The value of lambda is usually between 0 and 1, and the closer
it is to 1, the more cohesive the variables are thought to be. The criteria to consider a
combination as an effective combination is that the lambda value must be greater than 0.20.
After deduction, twelve (12) significant near-misses were identified (see Table 4).

Table 4. Major near-misses on construction sites.

S. No Near-Misses

1 A1—Approach to restricted areas and C2—Unguarded floor or roof openings

2 A5—Equipment and tools inspection was incomplete or non-existent and C8-Unsafely positioned ladders and scaffolds

3 A2—No or improper use of PPE and C2—Unguarded floor or roof openings

4 A2—No or improper use of PPE and C11—Inappropriately installed or defective tools and equipment

5 A6—Operating at an unusually high altitude and C11—Inappropriately installed or defective tools and equipment
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Table 4. Cont.

S. No Near-Misses

6 A7—Operating close to moving vehicles and equipment and C1—Poor site layout (congestion and overcrowding)

7 A8—Ignoring alarms and warning signages and C12—Unsuitable working conditions (e.g., limited visibility and
excessive noise)

8 A7—Operating close to moving vehicles and equipment and C12—Unsuitable working conditions
(e.g., limited visibility)

9 A12—Unauthorized use of equipment and C10—Lack of machine guards

10 A9—Working close to overhead power lines and C1—Poor site layout (congestion and overcrowding)

11 A9—Working close to overhead power lines and C5—Unsuitable weather conditions (heavy rain, poor lightning, high
temperature, etc.)

12 A10—Running heavy equipment near edges and C4—Unprotected excavations and trenches

Figure 6. Correlation between unsafe acts and conditions.

4.2. Near-Miss Detection Metrics

The development of efficient real-time monitoring systems relies on a detailed under-
standing of specific accident precursors and quantitative measures for evaluating risky
behaviors or situations [77]. The construction site risks, accidents, and causes discussed in
the previous section were used to identify quantitative parameters that sensing technologies
can collect and analyze to measure and monitor near-misses. Analyzing each near-miss
in Table 4, the data required for autonomous near-miss detection were determined (see
Table 5).

While analyzing the near-miss cases, an early warning system for employees operating
in unsafe conditions can be constructed if the real-time location is estimated. As a result,
worker position was required in N1, N5, and N3; relative positions of workers and equip-
ment were required in N6 and N8; relative positions of workers and fixed powerlines were
required in N10 and N11; and real-time location of equipment and vehicles was required in
N12. Along with the location, these near-misses also required hazardous locations to spot
workers’ interactions for near-miss detection. N1 and N3 required the location of unsecured
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edges, N6 and N10 required updated site layouts, including equipment placement, and
N12 required the location of unprotected excavation and trenches; these conditions were
pre-programmed into the system. Similarly, N7 and N8 required environment information
that included lightning, noise, visibility, etc. Real-time PPE information that included
PPE status and a brief description of how to utilize PPE correctly was required in N3
and N4. N9 required real-time worker information that included the workers’ experience,
operators’ working certificates, workers’ training details, and others. Weather information
was required by N11. Real-time information on equipment or tools included a summary
of the most recent inspection reports, other information regarding their placement, and a
correct procedure guide was required in near-misses N2, N4, N5, and N9.

Table 5. Data required for near-miss detection.

S. No Near-Misses Data Required

N1 A1—Approach to restricted areas and C2—Unguarded floor or
roof openings

Real-time worker location and location of the
mentioned unsafe condition

N2 A5—Equipment and tool inspection was incomplete or
non-existent and C8—Unsafely positioned ladders and scaffolds Real-time information on equipment/tools

N3 A2—No or improper use of PPE and C2—Unguarded floor or
roof openings

Real-time worker location, real-time information on
PPE status, and location of the mentioned
unsafe condition

N4 A2—No or improper use of PPE and C11—Inappropriately
installed or defective tools and equipment

Real-time information on PPE status and real-time
information on equipment/tools

N5
A6—Operating at an unusually high altitude and
A5—Equipment and tool inspection was incomplete or
non-existent.

Real-time worker location and real-time information
on equipment/tool inspections

N6 A7—Operating close to moving vehicles and equipment and
C1—Poor site layout (congestion and overcrowding)

Real-time worker and vehicle location and
construction site layout

N7 A8—Ignoring alarms and warning signages and
C12—Unsuitable working conditions Real-time environment information

N8 A7—Operating close to moving vehicles and equipment and
C12—Unsuitable working conditions

Real-time worker and vehicle location and real-time
environment information

N9 A12—Unauthorized use of equipment and C10—Lack of
machine guards

Real-time information on equipment/tools and
real-time information on workers

N10 A9—Working close to overhead power lines and C1—Poor site
layout (congestion and overcrowding)

Real-time worker location, location of the mentioned
unsafe condition, and construction site layout

N11 A9—Working close to overhead power lines and
C5—Unsuitable weather conditions

Real-time worker location and location of the
mentioned unsafe condition and real-time
information about weather

N12 A10—Running heavy equipment/vehicles near edges and
C4—Unprotected excavations and trenches

Real-time location of equipment/vehicles and
location of the mentioned unsafe condition

The data required in Table 5 revealed four divisions of near-miss detection metrics:
location (i.e., worker, vehicle, or equipment location), environment (e.g., temperature, noise
level, light intensity, rain, and wind), real-time identity information (e.g., workers’ informa-
tion), and proximity (e.g., for locating the interaction to unsafe conditions, e.g., unguarded
edges) (See Table 6). These detection metrics quantized all the previously reviewed unsafe
acts and conditions required for near-miss detection. These measurable metrics provided
a foundation for the proper deployment of sensing technologies (i.e., GPS, IMU, light
sensors, anemometers, proximity sensors, RFID, etc.) to collect and monitor these metrics
for real-time monitoring of near-misses.
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Table 6. Near-miss detection metrics.

Detection Metrics Parameters Device/Sensor Remarks

Location Worker, vehicle, or
equipment location

Geometric
coordinates GPS, IMU

Sensor-based system for
monitoring environmental
conditions in confined workspaces

Environment

Temperature Celsius Temperature sensor

Sensor-based system for
monitoring environmental
conditions in confined workspaces

Noise level Decibel Sound meter

Light intensity Lumens Light sensor

Rain Mm Rain gauge

Wind Windspeed Anemometer

Proximity
Distance from unsafe
conditions such as from
unguarded edge

Distance Proximity sensor,
distance sensor, cameras

Near-miss/proximity analysis;
proximity monitoring for
struck-by hazard identification

Identity Worker information Name, gender, age,
experience, trade RFID cards, database

Assessing workers’ perceived risk
through monitoring workers’
physiological and emotional
response; awkward posture
recognition, work-related
musculoskeletal disorders
(WMSDs), ergonomics

5. Practical Implications and Future Research

Effective accident prevention necessitates a proactive approach to monitoring hazards
by focusing on leading indicators [4]. This study focused on near-misses, an important
leading indicator often left unreported and undocumented. Regularly collecting and pro-
cessing leading indicators can help improve safety decision-making [78]. Similarly, if the
near-miss data are rapidly collected and updated, in that case, it will allow safety personnel
to make quick decisions. This can be done by adopting modern sensing technologies that
continuously collect and analyze data. This study developed a technique for facilitating the
deployment of sensors for the autonomous monitoring of near-misses. This study’s main
findings included the near-miss detection metrics. The near-miss detection metrics con-
sisted of measurable parameters that could be sensed and analyzed by sensing technology.

This research study was only the beginning of future research into using sensors for au-
tonomous collection and analysis of near-misses and other precursors in preventing future
accidents by providing early warnings. Although advanced sensing technologies have the
potential to reveal construction safety improvement opportunities [79], compared to other
industries, the use of sensors is limited in the construction industry. The advancement of
promising digital technologies, such as cloud computing, RFID, wireless sensor networks
(WSNs), and the Internet of Things (IoT), has sparked interest in researching their use in
construction. Simultaneously, significant attempts have begun to automate the construction
safety management process through sensors. Sensor technology offers safety managers
measurements of the subjects’ status on construction sites, allowing them to make more
informed decisions on the efficacy of ongoing treatments and, if necessary, to make quick
changes to the approach. A few applications of sensors include proximity detection and
generating alerts when workers are present in unsafe zones [60,80,81]. Despite various
research studies, the construction sector has been extremely slow to adopt sensors; there is
much room for sensing technology for tailored construction safety management.

The developed detection metrics provided the data required by sensors for near-miss
identification and data collection without relying on workers’ feedback. Once the data were
collected, they could be analyzed, processed, and used to predict accidents and provide
other on-demand services. There are numerous commercially available sensor systems,
each with their strengths and weaknesses, that can be effectively managed by combining
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two or more sensing devices to generate complimentary benefits. The findings of this study
will enable future researchers to select suitable sensors as well as integrate several sensors
and systems per the required metrics to detect near-misses on construction sites. Further,
this research suggested that technology developers should concentrate their efforts on
obtaining valuable data from many sensors merged into a single device that is simple to
deploy and can measure all the required metrics.

In addition, sensor-based technologies hold the promise of continuously tracking
exposures to safety risks, which can be used as a proactive indicator for near-misses. To
ensure that these proposed systems are embraced by industry professionals, they must be
seamlessly integrated into current practices, requiring minimal expertise and maintenance.
Moreover, such systems should be merged with Building Information Modeling (BIM) to
create comprehensive solutions. Presently, the focus of many studies has been on creating
monitoring systems that gather and analyze specific types of data from different sources on
construction sites, such as workers’ movements, health statuses, activities, environmental
conditions, and more. An integrated framework that consolidates this diverse information
would be a valuable addition. Future studies should determine the most effective ways to
convert this collected data into practical, actionable insights. Further research could also
look into the development of data-driven platforms that support safety decisions for site
managers, which could significantly encourage the industry to adopt sensor-based safety
management practices.

6. Conclusions

Near-misses in the construction sector have long been seen as a great way to improve
safety performance. Existing near-miss data collection practices are manual and face
significant accuracy, interpretation, and efficiency challenges. Modern sensor technologies
offer a non-intrusive solution for gathering and delivering real-time data that can be used
to make proactive and efficient decisions. It is time for construction stakeholders and
experts to fully embrace these rapidly evolving technological advancements in order to
considerably improve safety performance.

The study proposed a quantifiable near-miss definition that defined a near-miss
as an interaction of unsafe behaviors and conditions. Twelve significant near-misses
were identified in terms of unsafe acts and conditions responsible for severe construction
accidents through a correlation analysis. These near-misses were investigated to develop
a detection metric that consisted of quantitative parameters for automatic detection and
the documentation of near-misses. The detection metric was further divided into location,
proximity, environment, and identity information. Based on the metric requirements,
the best suitable sensors from a wide range of sensors could be chosen to collect the
metrics by going over each division in detail. This research intended to shift the interest of
researchers towards deploying advanced sensors to predict future accidents and generate
early warnings by the real-time monitoring of near-misses.

This study contributes to improving construction safety by addressing the under-
reporting of near-miss events. It developed near-miss detection metrics for automated
detection using sensors. The study established a quantifiable definition of near-misses and
identified combinations of unsafe acts and conditions leading to near-misses through an
empirical analysis. Additionally, it determined the measurable data needed for autonomous
near-miss detection. Overall, the developed metrics lay the groundwork for enhancing
construction safety through automated near-miss reporting and documentation. Further-
more, it helped for the establishment of safety management schemes in the construction
industry, specifically identifying near-misses. This research offers valuable insight into
developing safety guidelines for managers to improve near-miss reporting and detection
on construction sites.
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