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ABSTRACT

The construction industry has been one of the most hazardous and waste-generating
industries in the United States for decades, due to the unique nature of work and
high degree of organizational complexity on jobsites. A number of citations against
OSHA (Occupational Safety and Health Administration) 29 CFR (Code of Federal Regu-
lations) 1926 Safety and Health Regulations for Construction, primarily in sections that
address fall protection and safety training in construction, appear in OSHA’s annual
top 10 list of most frequently cited violations consistently. Innovative, science-based,
and technology-driven solutions become more and more utilized in the construc-
tion industry. Examples of these solutions include: situated learning approach to
improve the effectiveness of training, wearable technology to enhance personal pro-
tection, remote-controlled drones to perform various functions specially to improve
site security, prevention through design concept to minimize risks, total worker health
initiative to advance worker well-being, etc. It is imperative that safety, health, and
environmental professionals should attempt to clearly understand the impact of these
emerging technologies on construction safety and health, and be able to apply scien-
tific principles to anticipate, identify, analyze, and control workplace hazards within
the construction industry. Specifically, the pros and cons of each solution need to be
examined and compared in order to identify effective methods to promote sustainable
workforce and improve safety and health in construction.
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INTRODUCTION

Environment, society, and economy are frequently used to describe how sus-
tainability can be incorporated into an organization’s mission, goals, and
operations (OSHA, 2016). Each of the three components is considered essen-
tial for an organization to achieve sustainable outcomes. It has been generally
accepted that the environmental community has effectively leveraged the sus-
tainability movement to advance improvements in environmental outcomes
through typical actions including, but not limited to: usage of renewable
resources, reductions of emissions and pollutions, investment in innovations,
and promotion of transparency, etc.

Yet, the issues that are commonly classified under the social aspect of sus-
tainability, e.g., occupational safety and health, human rights, labor relations,
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safety culture, diversity, equity, inclusion, the organization of work, supply
chains, etc., are either not well understood or have received less attention. As
a result, the models of “environmental sustainability”and “social sustainabil-
ity” have been developed separately instead of being integrated for holistic
sustainable outcomes. This singular focus on any one aspect of sustainability
often results in unintended negative impacts or causing compromises between
goals.

Sustainable organizations strive to balance people, planet, and profit to
achieve long-term success and viability. This means that organizations can-
not be sustainable without protecting the safety, health, and welfare of their
most vital resource: workers. Sustainability is not just about what is done,
but how it gets done. Protecting workers is crucial to good long-term busi-
ness management, as there will not be sustainable organizations without an
engaged, innovative workforce. Occupational safety and health is material to
business, because materiality and human capital management are one of the
critical areas that various business stakeholders are focusing on.

The construction industry has been one of the most hazardous and waste-
generating industries in the United States for decades, due to the unique
nature of work and high degree of organizational complexity on jobsites
(Gambatese et al., 2019). Although construction comprises a small percent-
age of the overall U.S. workforce, about 20% of the total occupational
fatal injuries in the U.S. are associated with construction operations every
year (Abdelhamid and Everett, 2000). In addition, the rates of occupational
injuries and illnesses among construction workers are generally higher than
the average of all industrial sectors every year (BLS, 2016). A number of
citations against OSHA (Occupational Safety and Health Administration)
29 CFR (Code of Federal Regulations) 1926 Safety and Health Regula-
tions for Construction, primarily in sections that address fall protection and
safety training in construction, appear in OSHA’s annual top 10 list of most
frequently cited violations consistently (OSHA, 2022).

Sustainable development is expected to reinforce social equality, health,
and well-being of construction stakeholders to some extent (Gambatese et al.,
2019). The U.S. Green Building Council’s Leadership in Energy and Environ-
mental Design (LEED) rating system is the most widely used green building
rating system in the U.S. construction industry. It is developed to promote
sustainable development. Such a rating system examines the environmental
and economic aspects of sustainability associated with the design, construc-
tion, and use of facilities. But, the rating system has limited coverage on the
social context of sustainability, especially workers’ safety and health (Hinze
et al., 2013). In order to attain a sustainably safe industry, social sustainabil-
ity must be prioritized in the construction industry. According to Karakhan
and Gambatese (2017), social or workforce sustainability in construction can
be described as “a life-enhancing process to accomplish social equity among
all construction stakeholders, including construction workers, in terms of
health, education, economic welfare, and other human rights.”

Aworkforce may exhibit a high or low level of sustainability, depending on
whether it can collaboratively perform its functions safely (Gambatese et al.,



Application of Emerging Technologies to Promote Sustainable Workforce 215

2019). The assessment of workforce sustainability may be conducted no mat-
ter whether the time period is defined or not. In order to perform its desired
functions successfully, a workforce may be self-sustaining or require external
inputs to maintain its presence. Workforce sustainability can be developed
and maintained through employment policies, procedures, and practices that
connect employee work-life balance and well-being to employment experi-
ences during the course of employees’ working lives. This enables workers to
perform well over time while also thriving in their personal and family lives
(Kossek et al., 2014).

Considerations for aspects such as living wage and cultural rights have
been discussed on a global political level. However, the consideration of
worker well-being and life has been largely excluded from current discourses
within the sustainable development in construction (Hinze et al., 2013).
This is a major shortcoming that must be addressed, especially since there
should be no conflict between the goals of preserving all valued resources.
Protecting the environment and human resources should not be viewed as
being mutually exclusive objectives. Workplace safety and health should not
be separated from the need to protect the environment (Mogensen, 2006).
The challenge is how to implement sustainable policy and practices con-
sistently that generates win-win payoffs for co-optimizing growth, energy
efficiency, environmental and consumer protection, and workers’ safety and
health.

ANALYSIS AND DISCUSSION

Over the years, innovative, science-based, and technology-driven solutions
become more and more utilized in the construction industry to address
workplace hazards and issues. Examples of these solutions include: situ-
ated learning approach to improve the effectiveness of training (Machles,
2003), wearable technology to enhance personal protection (Earnest et al.,
2019; The constructor, 2019), remote-controlled drones to perform various
functions specially to improve site security (Howard et al., 2017; Burger,
2019), prevention through design concept to minimize risks (Choi et al.,
2016; CPWR, 2008; Lyon et al., 2016; NIOSH, 2007; Prevention through
Design, 2017), total worker health initiative to advance worker well-being
(NIOSH, 2017; Peters et al., 2020; Tamers et al., 2019), etc.

In general, the construction industry is taking steps to improve the safety
and health of its workforce; nevertheless, continued efforts based through
sustainable approaches are needed to prevent further injuries and fatalities
from occurring. It is imperative that safety, health, and environmental pro-
fessionals should attempt to clearly understand the impact of these emerging
technologies on construction safety and health, and be able to apply scien-
tific principles to anticipate, identify, analyze, and control workplace hazards
within the construction industry. Specifically, the pros and cons of each
solution need to be examined and compared in order to identify effective
methods to promote sustainable workforce and improve safety and health in
construction.
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Situated Learning

Safety training continues to be one of the most important yet challeng-
ing tasks for the construction industry. Employers reply on effective safety
training to not only teach safety and health knowledge and skills but also
instill positive safety culture among employees, especially the newly hired
ones. Eventually a successful training program helps facilitate sustainable
workforce in order to produce safe and quality work. From the new hire
orientation to on-the-job training, various technologies and techniques have
been utilized to help improve the effectiveness of the training. The develop-
ment of an exemplary construction safety training program usually includes
several components: 1) Demonstrating management commitment to safety;
2) Quantifying training needs based on OSHA regulations; 3) Determining
goals and objectives of the training program; 4) Identifying critical elements
and key resources; and, 5) Budgeting for a comprehensive training program
(Fiori and Fanning, 2014).

In order to continually improve the safety training program in construc-
tion, the effectiveness of training must be evaluated. Blair and Seo (2007)
stated that safety and health training is most effective when there is a high
level of engagement. Essentially, training that is highly engaging is conducted
as a conversation or dialogue. One of the best things a trainer can do to
improve his/her effectiveness is to select appropriate stories and include them
in training. Stories grab attention and make trainees more alert. Additionally,
safety training should be viewed as an ongoing process rather than a single
event. Training itself is an activity, whereas performance is a combination of
the training activity and the ongoing achievement of the desired behavior.

With a different focus on learning rather than teaching, situated learn-
ing is one of several social learning theories which implies that people learn
through observation and interaction with others in a social setting (Machles,
2003). Employees might be better served if, instead of training with learning
principles added, the focus were on learning with teaching principles added.
Learning is not necessarily a result of teaching, but instead is a result of liv-
ing and actively participating socially in a community of practice. For most
employees, their legitimate participation within the workplace may be more
significant than their participation in the training classroom.

As an example of promoting situated learning, the research project in the
Construction Safety class that I have been teaching for the Occupational
Safety, Health, and Environment program at Southeastern Louisiana Uni-
versity incorporates an experiential-learning component to supplement the
classroom instruction. Students were first “randomly” assigned in groups to
each construction company. The contact person of each company assigned
a specific topic to each group. The company provided necessary informa-
tion to the students through field trips to the company’s construction site as
well as opportunities of visiting the company’s office, interviewing the com-
pany’s employees, attending the company’s safety and/or project meetings,
etc. The students then conducted quantitative and qualitative analyses on the
assigned topics/issues, and presented the study in the third unit of the class
when the company’s representatives are invited. The contact person presented
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his view of the issue and his evaluation of the student groups’ work. The stu-
dent groups submitted a written report, following the guidelines for research
project. The reports were sent to the companies so they were able to keep a
record as well.

With employees being provided with real-life opportunities to focus more
attention on learning, and by looking at learning as a contextual or situated
experience, the effectiveness of safety, health, and environmental knowledge
and skill acquisitions could become more efficient and effective. The situated
learning approach can help establish a culture that includes the safety, health,
and environment principles and learning opportunities necessary for higher
levels of employee participation and involvement.

Wearable Technology

The construction industry is rapidly evolving with the influence of cloud and
mobile technology (The constructor, 2019). Because there are inevitably high
risks associated with the construction work, it is necessary to get technology
involved keeping in view the safety and health concerns of the workers. This
has led to the innovation of smart wearables or wearable technology that
can be used on construction sites. Wearable devices and the related sensors
are now available in many forms including clothing, helmets eyewear, and
watches (Earnest et al., 2019). The advancement in wireless technologies and
electrochemical biosensors has helped materialize a new generation of smart
personal protective equipment.

Various types of devices have been used to reduce exposures to hazardous
conditions. For example, workers who are near heavy construction equip-
ment reply on the proximity detection and alert systems that are attached to
them for the warning of danger.When workers work outdoor in the hot sum-
mer, physiological status monitors can be used to measure the potential for
heat stress. Air quality, which is negatively affected by substances including
carbon monoxide, hydrogen sulfide, and other environmental stressors, can
be monitored by appropriate sensors. Exoskeletons can be used for reducing
the physical load on a worker’s body and potentially prevent musculoskeletal
disorders caused by manual labor.

Additionally, wearable technologies may be used to measure and monitor
physiological data including heart rate, breathing rate, and posture (Nath
et al., 2017). Automatically monitoring the location and movement of people
can help with the safety, security, and process analysis. According to Earnest
et al. (2019), when wearable devices are used on worksites, they are often
connected to a wireless mesh infrastructure via an IoT (Internet of Things)
network that allows for integration of the physical world into the network.
The IoT network can also be connected to a computer and/or smart phone for
monitoring and analytics. This set-up expands the usage of such a network as
messaging, warnings, and alarms in addition to monitoring location become
available.

Smart wearable technologies have the potential to transform the construc-
tion industry by improving the safety and efficiency of the workers. They
collect, store, transmit and receive information about the worker’s location,
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nearby hazards, biometric signs, and other job-site data. Yet, cost, mainte-
nance, and privacy could negatively affect the wide-range application of these
technologies. Many of the systems, especially the IoT mesh network, require
significant infrastructure spending besides the cost of the wearable devices.

On the other hand, more research is needed to fully understand the impact
that these new technologies have on the workforce. There have been some
concerns that wearables could be used for productivity monitoring or that a
company could use a device to “secretly” track an employee’s location, hours
worked, breaks, and even their number of steps during the day. Fortunately,
in many cases it is possible to set up a system that keeps the user information
anonymous. When the concerns are fully addressed and resolved, wearable
technology proves to be a great tool for improving safety and health among
a sustainable workforce in construction.

Drones

Drones, also called unmanned aerial vehicles (UAVs), are increasingly used
for military, commercial, recreational, and public purposes (Howard et al.,
2017). In recent years, drones have been used in the construction industry to
help with construction project planning through aerial mapping of the con-
struction site as well as the actual building of structures. With the presence
of drones, the way that the construction industry operates has changed sig-
nificantly, and those changes will have continued and lasting effects (Burger,
2019). The common use of drones in construction include the following:
Monitoring and Surveillance: Monitoring a large construction site is prac-

tically challenging. A drone can capture video footage of site conditions and
send the information to the management faster and more efficiently than can
on-the-ground personnel. The progress of the project can be analysed when
such a video is converted into a three-dimensional picture of the site and
then compared to computerized architectural plans (Knight, 2015). Far and
near infrared cameras, radar or laser-based range finders can be attached
to drones to help improve the surveillance and monitoring capabilities at
a construction site (Irizarry and Costa, 2016). They allow companies to
keep track of working conditions and processes, and are considered an
increasingly invaluable tool for supervision. In addition, drones have the
ability to be practically everywhere at the same time. They not only reduce
theft and keep workers safer but also create an around-the-clock, real-time
monitoring system that can improve the overall security of a construction
project.
Surveying and inspection: Drones greatly reduce the labor and time

involved in producing accurate surveys. They eliminate much of the human
error involved in the process and have the ability to capture necessary data in
much less time than traditional methods would take. The aerial photography
helps drones inspect a large worksite more efficiently and effectively. With
drones performing remote site inspections and violation detections of haz-
ardous conditions, materials, and dangerous structures at construction sites,
it is more efficient, safer and less costly than traditional construction site
inspection methods (Ashour et al., 2017; Irizarry and Costa, 2016). Drones
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can also help government conduct inspections of construction sites. Com-
pared to an individual government inspector walking through an extensive
construction site, drones could drastically increase the scope and frequency
of inspections of construction projects (Hosier, 2017). Once aerial imaging
identified potential violations, inspectors could use it as evidence and focus
their investigation on sites where the potential violations were imaged.
Maintenance and transportation: Using drones to perform planned or reac-

tive maintenance inspections of tall structures including bridges, skyscrapers,
and towers, where it is difficult and costly to access and risky for workers to
fall from a great height, presents a significant benefit for construction compa-
nies. Using drones to transport tools, equipment and materials aerially allows
companies to keep track of everything that enters and leaves the job site. It
saves money and time and keeps the site secure. Since drones are generally
small with high levels of maneuverability, they are being used more and more
as an alternative to traditional vehicles.

While the use of drones may present many benefits for construction, it is
imperative to study the potential risks. When a drone flies in close proximity
to a human worker, it can create new hazards at a construction site, although
there is still lack of evidence that supports the hazard potential of drones for
workers. Safety, health, and environmental professionals need to be aware of
the new hazards, evaluate the potential risks, and apply control measures to
reduce the risks. On the other hand, adequate training of drone operators is
essential to ensure the safe operation of the system. The training should be
aimed to produce competent drone operators who are capable of identifying
any potential hazards of operating a drone and are authorized by the con-
struction manager to implement prompt corrective measures to eliminate or
mitigate any hazards associated with operation of the drone. Additionally,
as new FAA (Federal Aviation Administration) rules on the use of drones are
being updated regularly, it is important for the construction industry to follow
the pertinent guidelines in order to safely use drones for various purposes.

Prevention Through Design

Prevention through design was launched as a national initiative by NIOSH
(National Institute for Occupational Safety and Health) in 2007 to pre-
vent occupational injuries, illnesses, fatalities, and exposures by eliminating
hazards and minimizing risks to workers in the design and re-design of facil-
ities; work methods; processes; equipment and tools; and products (NIOSH,
2007). Eliminating hazards and controlling risks to workers “at the source”
or as early as possible in the life cycle of items or workplaces is the goal.
The ways to achieve the goal includes the design, redesign and retrofit of
work premises, structures, tools, facilities, equipment, machinery, products,
substances, work processes and the organization of work, as well as the inclu-
sion of prevention methods in all designs that impact workers and others on
the premises.

Following the prevention through design concept and the hierarchy of
controls model, hazards and risk that can be eliminated, avoided or min-
imized are the first choice in managing construction risks. It is commonly
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agreed among safety, health, and environmental professionals that those
concepts and models should be employed early in the design and planning
stages of construction projects and associated tasks. Effectively communicat-
ing the value of prevention through design interventions can be challenging
for safety, health, and environmental professionals who lack the expertise
or experience in such efforts. The prevention through deign risk assess-
ment methodologies and application tools that are developed and promoted
through different channels, including but not limited to: the construc-
tion solutions database created by CPWR (The Center for Construction
Research and Training) in 2008 (CPWR, 2008); the publication on pre-
vention through design for hazards in construction by Lyon et al. in 2016
(Lyon et al., 2016); and, the non-profitable webpage on prevention through
design founded and maintained by Dr. Mike Toole (Prevention through
Design, 2017), provide examples and guidance of how safety, health, and
environmental professionals can successfully incorporate prevention through
deign in construction-related tasks and the overall risk management and
decision-making processes.

Total Worker Health

Total worker health is defined by NIOSH as policies, programs, and practices
that integrate protection from work-related safety and health hazards with
promotion of injury and illness-prevention efforts to advance worker well-
being (NIOSH, 2017). It is a holistic, organization-wide approach to worker
well-being. Understanding and applying the total worker health principles
can help construction companies move from a compliance focus to a risk-
based approach to safety and sustainability management. These principles
help construction companies consider not only the physical work environ-
ment, but also the psychosocial work environment and their impact on
workers.

According to Tamers et al. (2019), the framework of total worker health,
while rooted in the fundamental principles of promoting worker health, must
be a living, breathing entity, responding to the changing needs of work-
ers, organizations, and the economy as a whole. The enduring challenges
of the work environment, such as safety hazards, work fatigue and stress,
mental health, substance abuse and misuse, and chronic disease, are prime
targets for integrated, holistic approaches rather than the more limited, iso-
lated ones of the past. As the worker health issues cross the boundaries of
work and home, and with home more and more likely becoming part of the
remote-work places, especially during the public health crisis including the
COVID-19 shutdown periods, there are opportunities for the total worker
health strategies to bridge the distance that affects the lives of workers in and
out of the workplace.

Peters et al. (2020) proved that the use of a theory-driven participatory
approach was a suitable model to achieve the important and necessary goals
of developing an integrated organizational total worker health intervention
to improve worker safety, health and well-being for commercial construc-
tion subcontracting companies. Such an approach allowed the researchers to
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consider the empirical evidence as well as relevant theories and tailor them
to meet the needs of construction workers employed through subcontrac-
tors. The lessons learned from the research help address key total worker
health implementation details, and ultimately convey the intervention pro-
cess of increasing worker voice and input in order to resolve issues related to
worker safety, health and well-being.

CONCLUSION

With various innovative, science-based, and technology-driven initiatives and
efforts including situated learning approach, wearable technology, drones,
prevention through design concept, and total worker health principle being
implemented in the construction industry, it is optimistic that the construc-
tion industry is taking significant steps to improve the safety and health of its
workforce. Yet, continued efforts based through sustainable approaches are
still needed to prevent further injuries and fatalities from occurring. The anal-
ysis on the impact of the emerging technologies on construction safety and
health may help safety, health, and environmental professionals apply scien-
tific principles to anticipate, identify, analyze, and control workplace hazards
within the construction industry. Based on the analysis results, effective meth-
ods can be identified and implemented to promote sustainable workforce
with an ultimate goal of improving safety and health in construction.
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