Journal Pre-proof

... . BUILDING
ENGINEERING

Technologies for safety and health management in construction: Current use,
implementation benefits and limitations, and adoption barriers

Chukwuma Nnaji, Ali A. Karakhan

Pll: S2352-7102(19)32856-6
DOI: https://doi.org/10.1016/j.jobe.2020.101212
Reference: JOBE 101212

To appearin:  Journal of Building Engineering

Received Date: 15 December 2019
Revised Date: 19 January 2020
Accepted Date: 21 January 2020

Please cite this article as: C. Nnaji, A.A. Karakhan, Technologies for safety and health management
in construction: Current use, implementation benefits and limitations, and adoption barriers, Journal of
Building Engineering (2020), doi: https://doi.org/10.1016/j.jobe.2020.101212.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier Ltd.


https://doi.org/10.1016/j.jobe.2020.101212
https://doi.org/10.1016/j.jobe.2020.101212

Author Statement

Chukwuma Nnaji: Conceptualization, Methodology, Formal Analy$i&;iting — Original draft
preparation

Ali Karakhan: Conceptualization, Literature Review, Writing-vikawing and Editing



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Technologiesfor Safety and Health Management in Construction: Current Use, I mplementation

Benefitsand Limitations, and Adoption Barriers

Chukwuma Nnajt andAli A. Karakhart
Abstract
The adoption and implementation of innovative sohg is an effective means to improve
construction safety performance. The use of tedgylas a preventive tool for stemming the
observed disproportionate rate of worker injuriesl datalities in the construction industry as
compared with other industrial sectors has gaindgstantial attention over the last two decades.
Previous studies have highlighted the need to amvtre state of knowledge regarding the usefulness
and utility of technologies for safety and healtanmagement in construction as well as factors that
limit and prevent technology use in the constructiodustry. This paper aims to fill this gap in
knowledge and practice by (1) identifying technadsgused for safety and health management in the
construction industry and assessing the curremt oftuse within the construction industry; (2)
highlighting the benefits and limitations of usiteghnologies for safety and health management, and
(3) identifying the critical barriers to adoptingchnologies for safety and health management and
propose strategies to overcome such barriers. chi@ee the research aims, a survey was conducted
to collect relevant data on the topic. 102 consioacpractitioners with pertinent knowledge of
technology as it is used within their organizatiesponded to the survey. Results of the study stigge
that although slight increase in technology foesafind health management in construction adoption
and use transpired due to technology ability toroup safety conditions, a notable resistance
regarding its continuous use remains an issue @dfts industry. The study findings provide
invaluable information for industry practitionersdaresearchers regarding limitations of technology
implementation and barriers of technology adopéienwell as strategies to overcome such limitations
and barriers. Overcoming technology implementaliimitations and adoption barriers is expected to

enhance the adoption of technology for safety mamemt in the construction industry.
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1.0 Introduction

The construction industry is a major contributothe global economy — contributing approximately
$10 trillion to the global Gross Domestic ProdueDP) (McKinsey Global Institute 2017). In 2015
and 2016, the construction industry contributedraximately 6.2% of the US GDP with more than
$650 billion, while this contribution continues row (ABC, 2019). Thus, the construction
workforce is highly important globally, and to théS economy. The welfare of the construction
workforce could lead to improved productivity andrw quality, thereby producing high-performance
buildings and/or civil works. Producing high-perfaance buildings and/or civil works maximizes the
experience of all citizens and boosts the natiesahomy. By contrast, any negative challenge faced
by the construction workforce affect their produityi, the quality of their work, and could eventyal
lead to undesired outcomes on the economy and xperience of the public. Accordingly, the
welfare of the construction workforce should be mmzed. However, such workforce faces unique
challenges that negatively influence their welfgrarticularly their physical safety. The constranti
industry loses hundreds of its workers annually Wueorkplace injuries and fatalities. In 2017, ove
970 construction work-related fatalities were réparin the US construction industry (BLS, 2018).
This high number yields a fatality rate of approately 10 workers killed annually per 100,000 full-
time employees in construction. According to thdednational Labor Organization (ILO),
construction workers in developed countries actbesglobe are 3 to 4 times more likely to have a
fatal accident at work than other industries. Thismber increases to 6 times more likely in
developing countries (ILO, 2014).

To minimize the high number of workplace injuriesdafatalities, numerous practices that
range from behavioral to engineering safety apgreadave been implemented in the construction
industry over the last few decades. Behavioral @ggres (Langford et al., 2000; Gambatese et al.,
2016; Azeez et al., 2019) emphasize the idea ofawipg worker awareness regarding the hazards
and the use of the maximum number of safety prematin the workplace. Engineering controls

(Rozenfeld et al., 2010) include adopting safetst lpeactices (e.g., guard and safety rail systems)
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prevent worker exposure to hazards. However, sgbetjormance in the construction industry
remains poor.

Researchers continuously search for alternativategiies and practices that could
significantly improve safety performance in the stouction industry. An examination of the most
recent publications on construction safety (Awolisal., 2018; Li et al., 2018; Howard et al., 2018
Jebelli et al., 2019; Ahn et al., 2019) reveal eacltrend on the utilization of technology for $gafe
management. Zhou et al. (2013) stated that pulditain the utilization of technology for safety
management has increased by approximately thress tirom the early 2000s to the early 2010s. This
rate has been sustained through the last decad® 22019) as well (Nnaji et al. 2019a; Mihic et al
2019). Research on utilizing technology for saftyl health management has increased because of
technologies can create multiple safety benefitsrdgognizing workplace hazards that are not
typically feasible for workers and eliminating wpté&ce hazards early in the project lifecycle. In
general, this study aims to draw upon current rebeafforts on this topic and maximize the
applications of technology for occupational safetyl health (OSH) management in the construction
industry. In line with previous research (Nnaji at, 2019b), a technology for safety and health
management refers to information technology, digétion, and sensing devices used to monitor and
improve safety and health management and/or sp&fgrmance in the construction industry. These
technologies can be applied as a primary or secgridaction to either protect workers from hazards
(i.e., control or eliminate hazards) or help idBttecognize workforce hazards (i.e., utilizingtual
reality for hazard identification and recognitioRpr instance, technologies such as wearable gensin
devices and exoskeletons are primarily used to ramgh®SH management but can also improve
worker productivity (Awolusi et al. 2018; Kim et.al2019). Similarly, the primary function of
Building Information Modeling (BIM) is to enhancerqauctivity through effective information
sharing and communication, but BIM can also be alan be utilized to improve worker safety and
health management (Martinez-Aires et al., 2018).

2.0 Background

2.1 Occupational Safety and Health Management in Construction
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Managing OSH in construction is a critical factdrtioe success of any construction project. Safety
and health incidents negatively impact schedulality and cost of the project as well as employee
morale, company reputation, insurance premiums,sanfibrth (Asanka and Ranasinghe 2015; Tang
et al. 2004; Leung et al. 2015). Such negativeam&s could not only impact construction workers
and their organization but could also affect ther@muinding community or entire society in a
destructive manner (Asanka and Ranasinghe 201%.higrarchy of controls is typically used in
construction for OSH management. The hierarchyootrols is a system comprising different levels
of control to mitigate workplace hazards and mar@§él (Manuele 2005; Popov et al. 2016).

To be specific, the hierarchy of controls comprisésive levels [elimination, substitution,
engineering, administration, and personal protectaquipment (PPE)] ranging from the most
effective to the least effective in terms of mitigg workplace hazards. Eliminating and substiytin
the hazards e.g., substituting hazardous emittirjenals with zero emitting materials) are
considered most effective because they physicallyowe all or part of the hazards (Manuele 2008;
CDC 2020). Engineering controls (e.g., machine ding; guardrails, barricades, and fall arrest
systems) are considered the second most effeativer@ing to the hierarchy of controls (Manuele
2008; CDC 2020); they isolate workers from the jtaishazards but do not eliminate or reduce the
physical hazards. Finally, administrative contr@sy., safety signage and training) and PPE (safety
footwear and eyewear) are considered least effedtivterms of mitigating workplace hazards
(Manuele 2008; CDC 2020). Administrative controtgprove worker awareness of the hazards but do
not reduce the physical hazards, and PPE is useuhimize the impact of the hazards in case of an
incident without mitigating the physical hazardself (Manuele 2008; Popov et al. 2016). The next
section will discuss how different constructionhteclogies could be used for safety management in
construction. These technologies can provide differtypes of hazard control, ranging from
elimination to administrative, depending on typd &mctionality of the technology used.

2.2 Application of Technology for Safety and Health Management in Construction
The application of technology in the constructiodustry has been receiving great attention in the
last few decades. Most of the technologies wergailyi adopted and used to either improve the

quality of the final product or efficiency of themstruction process, both of which eventually lead
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reduced costs and improved profits. These dayis #pparent that more and more construction
technologies are currently being used for safetyfaalth management (Zhou et al. 2013; Awolusi et
al., 2018; Li et al., 2018; Hasanzadeh et al., 26i®Bvard et al., 2018; Jebelli et al., 2019; Ahmalet
2019; Nnaji et al., 2019b). These technologies lmarused in different construction applications to
mitigate workplace hazards.

As mentioned, several technologies could be usedhelp train workers to recognize
workplace hazards by providing cases similar td-lifsa scenarios. In particular, mixed-reality
simulation is used in practice to train construttigorkers and equipment operators on identifying
and mitigating workplace hazards associated witistaction tasks and machine operation (Cheng et
al., 2019). To provide an example, one could cardide work of Li et al. (2012). Li et al. develadpe
a multiuser-friendly virtual environment trainingol that construction employers could utilize tairtr
their workers regarding safe procedures for towane erection and dismantling. The developed tool
provides a step-by-step procedure to perform enecind dismantling of a tower crane in a safe
manner. All of the training is enabled through aual reality environment which exposes trainees to
minimal- to zero-risk when learning about erectéon dismantling procedure of tower cranes. Such a
tool is an effective administrative control to hetpnstruction workers understand safety risks
inhibited in tower crane erection and dismantlinggesses.

Importantly, utilizing technology for safety managent could provide more effective
controls (e.g., engineering controls) than simpdining workers on how to identify hazards (i.e.,
administrative controls). Qi. (2013) and Ziyu et @019) developed safety tools to identify and
address potential construction hazards early inptbgect lifecycle, that is, during the design phas
Similarly, Zhang et al. (2013) developed a safetg-rchecking platform that examines the building
systems and automatically identify any potentiafkptace hazards. Once the hazard is identified and
categorized, prevention measures are generatetiebplatform to eliminate the hazards from the
design or mitigate the hazards during construadiperations. The tool and platform described above
utilize BIM to design for construction worker safdbefore beginning construction. Designing for

construction worker safety ensures that a sigmfigertion of the physical hazards is removed from
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the construction process which is the most effectivethod of hazard mitigation according to the
hierarchy of controls.

Another technology emerging in the constructiorustdy is wearable safety devices (WSDs);
WSDs are receiving substantial attention withinhbindustry and academia. WSDs are small
wearables that workers can attach to their bodifjiteuor accessories to monitor their health and/o
improve their safety. These devices are highlyatiffe, easy-to-use, and inexpensive safety tools
(Awolusi et al. 2018; Nnaji et al. 2019b). To bessific, WSDs are used in construction to prevent
musculoskeletal disorders of field personnel, pnéveork falls, assess physical workload and fatigue
level of field workers, evaluate hazard recognitimilities of both workers and managers, and
monitor worker mental status (Hasanzadeh et all828hn et al. 2019). Various other technology
applications for safety management exist but, fewiy, they are not described in the present study
Readers interested in more information on technetogised in practice for safety and health
management are advised to review relevant articlése reference list (Hasanzadeh et al., 2018t Li
al., 2018; Jebelli et al., 2019; Gheisari and Esim2@&19; Cheng et al. 2019; Ahn et al., 2019).
3.0 Resear ch Goal and Objectives
As previously stated, this study aims to build amrent research efforts regarding the intersection
between technologies used in construction manageamehsafety, and maximize the applications of
technology for OSH management. Such maximizatiomds possible without understanding the
benefits and limitations as well as the barriersadbpting technology for OSH management.
Although several studies interchange limitationd barriers to represent factors that deter theofise
a technology in the construction industry, thesengeare not constantly synonymous. Barriers are
factors that prevent organizations or individuatsnf adopting a technology (Stewart et al., 2004).
Barriers are typically pre-adoption factors. Comedy, limitations are factors that limits the exted
implementation of a technology - typically observatl the post-adoption phase of technology
integration. These definitions are certainly noh@ymous. To ensure the distinction between
barriers and limitations, this study defines “bensl' as the factors that prevent the adoption aed u
of a safety and health technology, and “limitatioaue factors that limit the use of technology atig

adopted. The factors that prevent people from @dgpiechnologies used for safety and health
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management and those that limit its continuousamskutilization post-adoption should be identified
for the successful implementation of technologiesaoconstruction project for safety and health
management.
To achieve the research goal presented abovehrde primary objectives are set as follows:

1) identify available technologies for OSH management,

2) identify and rank the benefits and limitations @linologies for OSH management, and

3) identify and quantify barriers to adopting techgiés for OSH management and propose

solutions to overcome such barriers.

4.0 Resear ch M ethodol ogy
To address the three objectives of this study, #i-method research approach was adopted. The
approach consists of a structured review and coatealysis of the available literature on the topic
and a survey of industry professionals. Both apgitea used are described in detail below.
4.1 Literature Search Parameters
First, an integrative review of existing literatww@s conducted to identify the technologies culyent
used in the industry to improve worker safety aadlth, their applications, benefits, and limitagon
An integrative review of literature is a compreheasmethodological approach of reviews that
combines data from empirical and theoretical ligm@ to develop a conceptual model, review
evidence-based findings, and analyze concernsiagsavith a particular topic (Souza et al., 2010;
Torraco, 2005). This review process has been addpyeprevious construction-related studies to
identify important factors that affect decision nmgkwhen selecting construction contractors based
on safety performance (Karakhan et al., 2018). ldh\aeg the review process has been implemented
extensively as a tool for identifying barriers abenefits associated with using safety and health
technologies in health-related fields (Bhattaral &hillips 2017; Al-Ghareeb and Copper 2016). The
review process in this study was adopted from Satzd. (2010) and involves six phases, namely,
(1) preparing the guiding questions, (2) samplihg titerature (3) collecting data, (4) analyzing
included studies, (5) discussing result, and (6)senting integrative review. For brevity, the

description of each phase is excluded in this menptsbut could be found in Souza et al. (2010).
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Four primary questions guided the review proceamely, “What technologies are used for
OSH management in the construction industry?” “Wdratthe benefits of using these technologies in
OSH management?” “What are the limitations assediatith using these technologies in managing
worker safety and health on a construction projeet’®d “What are the barriers that prevent
companies from adopting these technologies for O8&hagement?” Subsequently, multiple
databases, including Google Scholar and Scopussfaauific publishers such as American Society of
Civil Engineers (ASCE), Taylor and Francis, Emeradd Elsevier were utilized to search for and
identify useful publications by using keywords asated with the guiding questions (e.g., “consfarct
management”, “construction safety devices,” “safetpvations,” and “construction technologies”, and
“worker safety and health”). For instance, whenrcd@ag Scopus, the following search code was
utilized:

(TITLE-ABS-KEY ("Construction Management” OR “Consttion” OR "Civil Engineering”
OR "Built Environment") AND TITLE-ABS-KEY ("WorkeiSafety" OR " Worker Health" OR "OSH"
OR "Occupational Safety and Health" OR "OSH") ANDTOE-ABS-KEY (“Technology” OR
"Innovation” OR "Device")) PUBYEAR > 2000 AND PUBYAR < 2019.

Afterward, the identified publications were scregiyy focusing mostly on the title, abstract,
and conclusions, as well as the figures and talfles.publication was deemed relevant (that is, it
contained a discussion on the application of séfeffth technologies on a construction project), a
further detailed examination of the content wasgoered to identify potential benefits, limitatioremd
barriers of adopting and using safety and heatthrtelogies. Publications with limited information o
the use of safety and health technology or apphicaif the technology for a different purpose other
than OSH management were disregarded. Sectiorufhinarizes the technologies identified through
this process. Moreover, Sections 6.2 and 6.3 disttgsidentified limitations, benefits, and basier
4.2 Survey Development
After identifying safety and health technologiesuavey questionnaire was developed to investigate
whether these technologies are currently used byractors in practice. The survey also included
guestions to collect information regarding factibrat affect the adoption and use of technologies fo

safety and health management in construction. Theyg consisted of three primary parts.
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In Part 1, the participants were asked to proviéenagraphic information about their
occupation, years of experience, company size,thadonstruction segment they are involved in.
Part 2 provided a list of technologies identifiditough an integrative literature review. The
participants were requested to indicate if thegamizations have used, will use, or have no inenti
to use the reported technologies in OSH managerimeRart 3 of the survey, particular attention was
given to questions that can address the seconthaddbjectives of this study.

To address Objective #2, the survey included sigegifestions pertaining to the benefits and
limitations of implementing available safety andaltie technologies. These questions help identify
the benefits and limitations of implementing tedogees with respect to safety and health
management and ranks them according to the repbegdency (i.e., count). Similarly, the survey
included questions to identify barriers againstddeption of technologies, particularly with regpec
to safety and health management (Objective #3hifncase, the questions were formed using a five-
point Likert scale (where 1 represents “Not Impottand 5 means “Very Important”) to ensure that
the level of importance of each barrier can berdeteed. Determining such importance level can
help construction organizations decide on pricsitiegarding the barriers that must be overcome and
those that could be left for the future. Count dataeneficial for determining the frequency of exal
variables (Azeez et al., 2019), and the Likertacdata provides information on the level of
importance of certain variables (Delgado et al1 20

Prior to the distribution, four knowledgeable ps#®nals vetted the survey questionnaire to
verify content and face validity. The experts hare average of 12 years of experience in the
construction industry and/or research. They pravifiedback about the type of questions used and
the wording of several questions. Their feedback used to revise the survey content before sending
it to the participants. This pilot testing ensutbdt any bias was minimized and that the survey
content is consistent with industry technical terms
4.3 Survey Dissemination
From a statistical standpoint and according to @bilty sampling, the sample size should be
determined before survey distribution. Determinting correct sample size for a study ensures tkat th

selected samples would provide information thatlidcdne generalized to the large population or at
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least provide an indication about a large poputatfeor this study, the sample size was determined
using Equation #1 as reported by Lohr (2008).

Z?% x p * (1-p)
CZ ! E.q

Sample size =
where, z = z-score corresponding to the confiddaeel; p(1 — p) = response variance; and ¢ =
confidence interval or margin of error. The z-scéwe this study is 1.96, which represents 95%
confidence level. A 50% response variance and a 80#fidence level were selected in line with
previous construction safety studies (Tymvios aath@atese 2016; Azeez et al. 2019).

Incorporating all of these values in Equation #lesded that the sample size should be no
less than 97 for the sample to be representatitheofarge population. Accordingly, the researchers
targeted a sample size involving at least 100 @pénts. To guarantee that selection bias is
minimized, the researchers hired a third-party (@@oa Panel) to select the sample size and
administer the survey. Qualtrics Panel is a prodess$ organization that develops and disseminates
surveys. Qualtrics Panel identified a participatpool that included construction managers, project
managers, and safety personnel who work for germmalractors and subcontractors in different
states across the United States. The participatas) limited to these occupations (management) to
enhance the quality of the information gatheredthHeumore, only individuals informed about safety
and health technology used in their organizatiomewalowed to participate in the survey. This
criterion may have presented a selection bias byaltowing individuals familiar with technology to
participate in the study. These participants weathered from diverse construction segments,
including industrial, heavy civil, commercial, rdsntial, and marine sectors. Participation in the
survey was voluntary. Qualtrics Panel distributedra},000 surveys to potential participants, and 15
participants responded to the survey as describdeinext section.

5.0 Survey Participants and Demographics

A total of 157 participants across the United Stagsponded to the survey. The researchers screened
the responses to ensure that only high-quality oesgs were included in the study. First, the
researchers removed all responses from participaitts less than five years of construction
experience. Next, the researchers verified thay amdrkers who are knowledgeable of when their

organization implemented technologies for OSH manant and those with job titles that infer
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management involvement were included. Finally, rdsearchers eliminated responses that showed
signs of straight-lining and responses completattunne-third of the average response time.

Following the quality checks, 102 responses werasicered acceptable. These checks
improved the reliability and validity of the stutdly removing irrelevant responses or responses from
people with little experience on the topic. The tigggants were predominantly from general
contracting organizations (90.20%). In terms of pany size (by revenue), 33% of the participants
are from small enterprises (less than 10 USD milirorevenue), 59% are from mid-sized companies
(11 USD million to 1 USD billion), and 8% are frolarge organizations. California, Florida, and
New York contributed 63% of the responses receivdolever, all regions in the United States
(Midwest, Northeast, South, and West) were reptesernlTable 1 summarizes the demographic
information of the participants.

Prior to asking the participants about their opmion the benefits and limitations of
implementing the identified technologies, the mdpants were requested to indicate if they were
familiar with the technologies used as part of fadety and health management process of their
organizations. All respondents have been exposethéee technologies in some capacity, but
approximately 86% of the respondents indicated thay currently use BIM and WSDs as part of
their safety management process. Fifty-nine pasitis revealed that their organizations use several
automation and robotics to improve worker safetyve@ their level of familiarity with the
technologies, the participants’ responses appede tbacked by first-hand experiences using these
technologies, thereby enhancing the quality ofrtbentributions.

Table 1. Demographic information

Demography % response n
Organization Type General Contractor 90.20 92
Sub-Contractor 3.92 4
Consultants (designers and management) 5.88 6
Total 100 102
Job Title Construction Manager 60.78 62
Project Manager 39.22 40
Total 100 102
Experience (years) 5-10 years 58.82 60
10 - 20 years 31.37 32
More than 20 years 9.81 10
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Total 100 102

6.0 Survey Resultsand Analysis

This section summarizes the key results obtainma the survey questionnaire. Three subsections are
included to correspond to the three research obgscstated above.

6.1 I dentification of Technologiesfor OSH Management in Construction (Objective #1)

This study identified several technologies thatidaomprove worker safety and health as a primary or
secondary function. Safety and health technoloiglestified in the extant literature includeBIM
(Tang et al., 2019), Mobile Devices Onsite (MartiiRojas et al., 2016), Unmanned Aerial Vehicles
(Gheisari and Esmaeili2019, Laser Scanning and LIiDAR (Karakhan and Alsaf2019), WSDs
(Awolusi et al. 2018), Photogrammetry (Tang et 2019), Exoskeletons/Exosuits (Kim et al., 2019),
Artificial Intelligence (Chakkravarthy, 2019), QkicResponse Codes (Tang et al., 2019), Radio
Frequency ldentification (Martinez-Rojas et al.,18)) Augmented Reality (AR) (Kim et al., 2017),
Virtual Reality (VR) (Sacks et al., 2013), Camergtvork Systems (Zhang et al., 2019), Digital
Signage (Karakhan et al., 2018), and Robot and Watmn (Tang et al., 2019A complete list of
the safety and health technologies identified thhothe integrative literature review process can be
found in the supplementary material.

The study participants were asked to indicategf/thre currently using, have plans to use, or
have no intention to use each technology. Tablen2nsarizes the responses to these questions. The
top three technologies used by construction cotramarticipants (in terms of the number of
contractors currently using the technology) for O®kBhagement are BIM (count = 88, rate = 0.86),
WSDs (count = 88, rate = 0.86), and Mobile Devi@sint = 86, rate = 0.84). The technologies least
used by the participants and their companies fi@tysananagement are AR (count = 67, rate = 0.66),

VR (count = 65, rate = 0.64), and Robot and Auteomagcount = 59, rate = 0.58).

12
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Table 2: Technologiesused for OSH management (n = 102)

Technology Abbrv.  Currently using Will use in  No intention to
future use

Count Rate Count Rate Count Rate
Building Information Modelling BIM 88 0.86 4 0.04 10 0.10
Wearable Sensing Devices WSDs 88 0.86 8 0.08 6 6 0.0
Mobile Devices Onsite MDO 86 0.84 7 0.07 9 0.09
Radio Frequency Identification  RFID 81 0.79 11 10.1 10 0.10
Laser Scanning and LiDAR LSL 76 0.75 13 0.13 13 30.1
Quick Response Codes OR 76 0.75 13 0.13 13 0.13
Camera Network Systems CNS 76 0.75 16 0.16 10 0.10
Digital Signage DS 75 0.74 14 0.14 13 0.13
Photogrammetry PG 74 0.73 11 0.11 17 0.17
Exoskeletons/Exosuits EXO 71 0.70 10 010 21 0.21
Artificial Intelligence Al 68 0.67 17 0.17 17 0.17
Unmanned Aerial Vehicles UAVs 67 0.66 15 0.15 20 .200
Augmented Reality AR 67 0.66 19 0.19 16 0.16
Virtual Reality VR 65 0.64 19 0.19 18 0.18
Robot and Automation RA 59 0.58 24 0.24 19 0.19

6.2 ldentification and Ranking of Benefits and Limitations of Construction Technologies Used

for OSH Management (Objective #2)

The researchers identified a list of potential igmeand limitations associated with using these
technologies from multiple studies on the applmatof technology in the construction safety and
health management (Karakhan et al., 2018; Tanb, &04.9; Karakhan and Alsaffar 2019; Awolusi et
al., 2018; Hallowell et al., 2016; Li et al., 2018n et al., 2011; Wang et al., 2018; Zhang et2019;
SmartMarket 2017: Navigant 2016). Tables 3 andstthie benefits and limitations, respectively. In
these tables, NoO and RoO refer to “Number of Qetwes” and “Rate of Occurrences,”
respectively. NoO represents the number of padtgpwho agreed that a given benefit or limitation

is associated with a technology. RoO is the rafiche NoO divided by the total number of
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participants revealing the fraction of responses velgree that a given benefit or limitation is
associated with using a technology.

According to the responses received from the ppatits, improving worker awareness of a
hazard had the highest frequency. Among the ppatits, 81%, which is a figure that is nearly 30%
higher than the second ranked benefit, indicated tising these technologies improve worker
awareness of hazards associated with on-site catisin operations. This finding is consistent with
those of previous studies that showed a notablease in workers’ abilities to identify and recagni
hazards when using VR (Sacks et al. 2013), BIM @Khan and Alsaffar 2019), and AR (Kim et al.
2017). Only four benefits reached a RoO above 5Mése benefits are “improves worker awareness
of hazards” (NoO = 83, RoO = 0.81), “help warn wenkof workplace hazard” (NoO = 55, RoO =
0.54), “eliminate hazards during the design phddeO = 55, RoO = 0.54), and “helps visualize
hazards” (NoO = 55, RoO = 0.54). Although some mebbgies have been credited with enhancing
near-miss reporting (Shen and Marks, 2015), onBb 28 the respondents believe this assertion as
true.

Table 3: Benefits of using technologiesfor OSH management (n = 102)

Benefits of safety and health technology NoO RoO
Improves workers awareness of hazard 83 0.81
Help warn workers of workplace hazard 55 0.54
Eliminate hazard during the design phase 55 0.54
Help visualize hazard 55 0.54
Improves effectiveness of safety training 40 0.39
Enhances accident investigation 39 0.38
Enhances injury reporting 36 0.35
Isolate workers from hazard 35 0.34
Enhances safety planning 35 0.34
Enhances communication between workers 33 0.32
Improves safety inspections 31 0.30
Enhances near miss reporting 26 0.25

Where NoO = Number of Occurence and RoO = Ratecofidence
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The participants were also asked to rate the ltiaita of using technology in safety and
health management. Table 4 summarizes the colleetgabnses regarding the limitations of using
technologies for OSH management in constructiomeNof the identified limiting factors received a
RoO greater than 50%. Evidently, the highest rariRe® was the extra cost associated with using a
technology (NoO = 47, RoO = 0.46), followed closély application inconsistency due to client
demand (NoO = 44; RoO = 0.43). Most identified tations (approximately 70%) were selected by
at least 25% of participants, thereby revealingt tilaey significantly affect technology
implementation. The limitations with the lowest Ra@ related to lack of decision support tools to
help with the integration of these technologies @Ne =13, RoO = 0.13) and the ability of a
technology to create a liability concern for thatactor (NoO = 13, RoO = 0.13).

Table 4: Limitations of using technologiesfor OSH management (n = 102)

Limitations NoO RoO
Extra costs associated with technology a7 0.46
Decision to use varies with client 44 0.43
Required workers training may not be cost effective 32 0.31
Data security is not guaranteed 27 0.26
No central system for managing data captured 26 25 0.
Workers may ignore prompts from devices 23 0.23
Aging workforce is resistant to change 23 0.23
Privacy of workers personal data is not guaranteed 19 0.19
Little or no known standards for operation 16 0.16
Little or no government regulations for use 16 0.16
It does not help in error prevention 16 0.16
Slim profit margins in the industry 15 0.15
Lack of decision support tools 13 0.13
Creates liability concerns 13 0.13

Where NoO = Number of Occurence and RoO = Ratecafi®ence
6.3 Identification and Quantification of Barriers for Adopting Technologies OSH M anagement

(Objective#3)
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Thirteen key barriers to the adoption of technasdior OSH management were identified from the
literature review described in Section 4.1. Surpesticipants indicated that extensive upfront ¢est
the foremost barrier to the adoption of technoldgy safety and health management in the
construction industry (mean = 4, SD = 1.09). “Liitopportunity(ies) to observe and try these
technologies before adoption” had the lowest mealnev(mean = 3.53, SD = 1.25). However, all
identified barriers had a mean rating above 3.®ré&fore, all factors reported could have a sigaiftc
effect on the decision whether to adopt a cereshriology for OSH management (Nitithamyong and
Skibniewski, 2007). To determine the relative impoce of each barrier, the researchers adopted a
mean normalization process from previous reseafcheyaw and Chan 2015; Adabre and Chan,
2019). Normalization generally involves assessimg importance of each factor relative to other

factors being evaluated as shown in Eq. 2 below.

Mean Normalized Value (MNV) = (Actual Value — Mifalue) / (Max. Value — Min. Value). Eq. 2

Following thresholds from previous research (Adadnel Chan, 2019), factors with mean
normalized values (MNV) equal to or above 0.5 amesalered critical barriers. The authors followed
past investigations by using standard deviation) (&ba measure of the variation within responses to
determine the consensus of the responses. Rogdrd.apez (2002) stated that a consensus is
considered reached if the SD is below 1.64, asagx@ll by the probability theory in statistics.
Accordingly, any factor that has a MNV equals togogater than 0.5 and a SD equals to or less than
1.64 is considered a critical barrier to the adwptf technologies for OSH management. Table 5
shows the results of the survey. Consensus wasedaior all factors, and the only factors that
reported MNV of less than 0.5, namely, “Organizatjarefers using existing processes to manage
safety,” “Lack of information on the effectivenest safety and health technology,” and “Limited
opportunity(ies) to observe and try these techriekbefore adoption” are considered less significan
barriers to the adoption of safety and health teldgy in the construction industry. Therefore, 10

critical barriers prevent the adoption of safety &ealth technology in construction (Table 5).
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387
388
389

390 Tableb: Barriersto adopting technologiesfor OSH management (n = 96)

Barriers Mean SD MNV Rank
Extensive upfront investment required 400 1.09001. 1
Need for extensive training before achieving optimu 3.98 1.10 0.96 2
performance

Concerns regarding the technical support avaitgbili 3.87 108 0.72 3
Doubts regarding the reliability of these technasg 386 129 0.70 4
Client rarely demands for their use 386 115 0.70 4
Difficulty associated with interoperability 3.83 12 0.64 6
Limited technology useful life 382 115 0.62 7
Need for extensive technical support to achieveimapnh 3.82 1.08 0.62 7
performance

Limited attributes and features 3.8 1.09 0.57 9
The technologies tend to be complex to use 3.78 9 1.10.53 10

Organization prefers using existing processes toagea safety 3.74 113 0.45 11

Lack of information on the effectiveness of safatyd health 3.71 1.18 0.38 12
technology

Limited opportunity(ies) to observe and try safetyd health 3.53 1.25 0.00 13
technologies

391

392 7.0 Discussion of Results

393  Previous studies have highlighted the relatively level of technology adoption in the construction
394  industry (CII, 2008). In fact, the construction ustry is ranked as the second least digitized imngus
395 in the US (Agarwal et al., 2016). However, to im@@roject performance, there is an increasing
396 impetus to integrate new technologies into consitnc operations (Loosemore, 2014). As
397 technologies become more effective, pervasive dnquitous, stakeholders within the construction
398 industry should embrace the use of technologies deol for enhancing project performance.
399 Moreover, given the increasing need to move tovgasiainable construction practices, the clamor for

400 a safe work environment through enhanced integratidechnology in OSH management is expected
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to increase. To facilitate this integration, thendsfits and limitations of technologies used for OSH
management, as well as the barriers for adoptiegetihechnologies for OSH management, should be
understood. Thus, this study identifies and examthe benefits, limitations, and barriers assodiate
with the use of technologies for OSH managementp®yiding construction stakeholders with a list
of technologies used for OSH management acrosstlustry and identifying and ranking benefits,
limitations and barriers, construction companies daepen understanding and further utilize proper
technologies for OSH management. This understandiongld eventually encourage increased
adoption and usage of technologies on construgtibaites, especially among smaller contractors
who are known to be more resistant to change, blyareproving safety performance throughout the
industry.

7.1 Current Status of Construction Technologies Used for OSH Management

Results indicated that the construction industspeeially relatively large general contractors, is
advancing with respect to the use of technolog@s 3SH management. Based on the survey
responses, BIM, WSDs, and MDOs were used in 2018dre than 80% of the companies surveyed.
Interestingly, these companies are using the afenéioned technologies for OSH management and
for other purposes. This outcome represents sigmifi progress given that previous statistics
indicated low percentages (SmartMarket Report, pOdidwever, this deviation is likely due to the
sample used in the present study. By focusing oticfgants with experience in the adoption and use
of technologies for OSH management, the sampledctel skewed towards more progressive
construction organizations.

The use of these technologies exhibits numerousfiterfior safety and management (Zhang
et al., 2015; Wang, 2017; Cheng and Teizer, 20MplAsi et al. 2018). For example, BIM can be
used to design for safety early in the projectclifde by eliminating hazards from the design and
improving design feature and constructability (Hayet al., 2014; Zhang et al., 2015; Sebastian and
van Berlo, 2010). Moreover, BIM can be applied afiety planning (Sulankivi et al., 2010), thereby
enhancing safety communication (Ganah and Johrg)2@hd safety inspection (Zhang et al., 2013).

Additional benefits attributed to utilizing theszhnologies is discussed in the next section.
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Notably, the same survey revealed that Artificiatelligence, Unmanned Aerial Vehicles,
AR, VR, and Robot and Automation were used by thas 70% of the companies surveyed. Thus,
approximately over half of the companies that dous®g such technologies stated that they will start
using them in the upcoming three years. Multiplad&s have shown the potential of these
technologies to generate radical improvements fietys@erformance in construction (Awolusi et al.,
2018; Gheisari and Esmaeili 2019; Chakkravarthy922&im et al., 2017; Sacks et al., 2013; Tang et
al., 2019). Individuals who stated that their compa lack intention to use these technologies én th
near future were mostly from small- and medium-&ipempanies that have specific scopes and
limited budget for this type of investment.
7.2 Benefits and Limitations of Technologies Used for OSH M anagement
The survey responses indicate several benefitssiofguechnologies for OSH management in the
construction industry. However, not all survey gpants have observed evidence of these benefits
in practice. Therefore, several benefits were replomore frequently than others (Table 3). In
particular, improving worker awareness of hazardsyning workers from potential hazards,
eliminating hazards during design, and visualiziegards were the top four benefits reported by
more than 50% of the study participants. Notabigprioving worker awareness of hazards was
reported by over 80% of the respondents. This peyitentage is likely driven by two factors. First,
most technologies are used after the design is letespand during construction operations. Utilizing
technology for safety after beginning constructroeans that, in most cases, only opportunities to
identify and control workplace hazards are presetopposed to eliminating hazards from the
workplace altogether before beginning construct®econd, many of the technologies reported in the
construction industry are used for training purgogseimprove worker awareness of potential onsite
hazards. In general, given the aforementioned factihis benefit of using technology for OSH
management (i.e., improving worker awareness oéittsl was more frequently reported than other
potential benefits.

By contrast, several benefits were reported onlyely participants. For example, enhancing
near-miss reporting was reported by 26% of theigpaints. The respondents contended that merely

few technologies are being used to report and deation-site near-misses. Based on the majority of
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the responses, mobile devices, such as smartplamlesablet PCs, were used occasionally to report
and document near-misses in construction projéttaddition, the traditional pen-and-paper method
is used in most construction projects instead. Tihéing is consistent with those of previous resha
which showed that when technology is utilized fafety management, smartphones and tablet PCs
are commonly used for near-miss reporting and limatéon (Park and Kim, 2012).

Despite the benefits associated with the use din@logies in managing construction worker
safety and health, several limitations of the regggbttechnologies were also identified. The survey
responses reveal that the cost of continuous ugecbihology, client demand, additional training
needed, and data security are the top four liromatof the use of technology for OSH management in
construction. For conciseness, only the top twaitditions, namely, cost of continuous use of
technology and client demand, which were reportednbre than 40% of the study participants, are
discussed in depth below.

The cost of using and maintaining a technology wa®ncern expressed by approximately
half of the study participants. This cost differsm the capital cost of a technology (i.e., the ayon
paid to purchase or obtain a technology), is rdlatethe use and maintenance of a technology in
practice and could be significant in some casegnidipg on the technology employed. Reportedly,
over 80% of the cost of using a technology occuter &he initial purchase of the technology
(NetworkAlliance, 2019). To demonstrate this fdet,us assume that a construction firm intends to
use VR/AR technology for safety management. Puiogas VR and AR headset with full features
for construction use could cost as low as $500 @Bkpt al., 2020). However, the cost of supporting
systems (e.g., game engine software) and hardwampanents (e.g., a laptop, tablet, and motion
tracker) could easily exceed $5,000. Moreover,\&eldper must be hired to create an immersive test
environment to effectively use the technology de;sand this requirement entails significant costs
(Okpala et al., 2019). The same is true with the eiSWSDs and these devices are inexpensive to
obtain but quite expensive to use and maintain avspecific period. Esola (2018) reported that an
loT-supported wearable device could cost $100 [j@ion device, with an additional networking cost

of $12,000-24,000 per year. These costs may neepte large construction company from using a
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technology, say a VR, but would certainly influertise decision of a small enterprise to use or forgo
the technology in construction safety application.

Lack of client demand was also reported by 43%hefparticipants as a limitation to using
particular technologies for OSH management in ¢angbn. This limitation is mostly due to the fact
that several clients may demand the use of spdeifienologies while discouraging the use of other
counterparts. A few participants reported thatrtloients, either as owners or designers, typically
refuse to participate in safety efforts when uddilyl because of liability concerns that may arise in
case of accidents during the construction phase mbject. This finding is consistent with those of
numerous studies that reported that designergxample, are oftentimes unwilling to participate in
safety efforts because of multiple reasons inclydiear of liability and legal consequences
(Torghabeh and Hosseinian, 2012; Gambatese €2(dl7a, Toole et al., 2017). The use of BIM in
construction is associated with legal issues asid rfFoster, 2008). Given the information discussed
above, client demand seems to highly influence ube of technologies for OSH and clients
occasionally encourage the use of particular telcignes.

7.3 Barriersto Adopting Technologiesfor OSH Management
Section 6.3 and Table 5 reveal 13 barriers to thaption of safety and health technology in the
construction industry. The top five barriers weskated to “upfront investment,” “required trainihg,

“availability of technical support,” “doubt concéng technology performance,” and “clients lack of
demand” are discussed here in depth. These fiveebmmare emphasized because their ratings are
relatively higher than the reminder of the barrigrs., MNV above 0.70). This section also includes
strategies that could be used by industry stakehnsltb overcome the reported key barriers to high
levels of adoption of technologies for OS managénmethe construction industry.

7.3.1 Upfront Investment for Adopting Technologiesfor OSH Management

The upfront investment required to implement a nebbgy was reported as the top barrier against the
adoption of technology for OSH management in tha&straction industry. This outcome is
particularly true for small- and medium-sized comipa that may lack adequate budget for

technology adoption and implementation (Acar et2005; SmartMarket Report, 2017). While some

of the technologies discussed in this study reqliméted capital investment, many of these
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technologies require significant upfront investmerbr example, BIM, Al, and Robots and
Automation necessitate the purchase of requisifewace and hardware components and their
implementation on-site. Before implementation ie ffeld, trials are needed to ensure that the staff
working on/with a technology completely understahe features and limitations of the technology
and whether the technology is suitable for paréicubsks. However, several technologies entail
reasonably low investment in terms of obtaining teehnology itself. For instance, the cost of
obtaining UAVs and WSDs are fairly reasonable. Traigpporting hardware/software components
may be required and could sometimes be quite ekmeras discussed in Section 7.2.

7.3.1.1 Strategies to Reduce Upfront Investment for Adopting Technologies for OSH

M anagement

Respondents indicated that the cost of using tdobies for OSH management is the primary reason
that limits the extended use of these technologesconstruction projects. Although certain
technologies examined in this study are multifuvwl technologies (e.g., UAVS, LIiDAR, and Al)
that create a broad positive effect due to scalesef the initial purchase cost and additionalscost
needed for implementing the technology within tledety domain is a concern for users. The
importance of managing the purchase and implementabst is further exacerbated by the relatively
low profit margin observed in the construction istty and the lack of investment in technology
integration and in research and development. T@wage contractors to use these technologies,
vendors should consider adjusting their businesdemsoto limit the upfront cost of using these
technologies. A subscription-based model or a mypmthyment structure over a given period may be
a preferred model given that contractors can adhestperiodical payments to match their typical
billing cycle — moving most of the cost upstreanowséver, the periodic payments should be
reasonable.

Insurance companies could also provide severahtives to contractors to promote the use
of technologies that will reduce the frequency afrkers drawing on workers compensation. This
incentive could be a direct reduction of the pusifig cost (paying a fraction of the capital costhef
technology) or be applied as an insurance premieftatdr. Apart from developing and implementing

innovative strategies to reduce the cost assochattd using these technologies, previous studies
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suggest that providing information on benefit—costreturn on investment (ROI) plays a role in
encouraging the uptake of safety and health relegelthologies (Nnaji et al., 2019a). Vendors must
provide accurate information on the ROI to contvegt This ROI process should be adaptable and
account for the different characteristics of cottives and implementation strategies. For instance,
Ironhand, a hand exoskeleton, provides an adjwest8ll calculator to help potential clients estimate
the ROI of purchasing their technology (Bioservdl®). Similar to Thiess et al., (2013) and Sun et
al. (2011), researchers should complement venadiw’ts by proposing ROI and cost-effectiveness
frameworks for technologies used for OSH management

7.3.2 Required Training Associated with Adopting Technologiesfor OSH M anagement

Required training for workers prior to using a teclogy was reported as the second barrier against
adopting safety and health technologies in the toactton industry. This finding is consistent with
those in the literature. Furthermore, numerousissuceported that the level of training needed for
workers before they use a technology is one ofptiemary obstacles of technology adoption in
construction (Mitropoulos and Tatum, 1999; Al-Gatitand King, 1999; Mitropoulos and Tatum,
2000; Martinez-Rojas et al. 2016). Martinez-Rojasile (2016) reported that the required training
may present challenges for construction contractdrs intend to adopt construction technologies
such as BIM. Martinez-Rojas et al. found that theisallenges can be significant and not readily
overcome by small- and medium-sized companies Veigs than 100 employees. Notably, such
training must be provided to every single emploj@eing the companies. Additional training may
also be required as the technology is updatedtenddftware components are upgraded.

Certain employees, particularly baby-boomers, nequire additional training due to their
lack of technological and digital literacy (Mey&Q11). Meyer (2011) argued that young workers
(e.g., millennials) require less training hours whiecomes to technology; however, such workers
typically have lower experience levels than old kess. Peansupap and Walker (2005) added that
certain workers, particularly baby-boomers, maydnémining in accessing the internet, storing
collected data, and using supporting software, whdce required in using technologies in OSH

management.
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7.3.2.1 Strategies to Minimize Required Training for Technology Adoption for OSH

M anagement

Several studies have highlighted that constructimmkers are resistant to change, including the
adoption of a new technology (Sardroud, 2012; @esitd and Teuteberg, 2016). This research
highlights the significance of training for infugirand diffusing technology. The study participants
indicated that a key reason for the slow uptakdeohnologies used in OSH management is the
extensive training required before workers acqtive necessary skills to use these technologies.
Furthermore, participants also highlighted thatdbst implication of such an extensive trainingldou
limit the use of a these technology on-site. Pnevitnvestigations on technology adoption have
emphasized the important role of a trained workertloe successful adoption of a technology
(Ozorhon and Karahan, 2016; Nnaji et al., 2019b).

The need for qualified and trained workers is @#nto successful safety and health
technology adoption and implementation. Trainingwti start with educating workers about the
importance and usefulness of the technology. Thiscation should include information on the
effectiveness of a technology (case study exangtiesld be used whenever possible), the potential
effect of a technology on worker safety, and therall impact of a technology on the organization
and their outputs. In addition, workers should ipgrate in a hands-on description of standard
operating procedures. Workers’ knowledge on teagywlimplementation should be evaluated via
written assessment, such as through an exit suwéin a specific period, safety personnel should
appraise each workers comprehension of the starapmchting procedure in using safety tools, for
instance, through behavioral-based safety assessnk@tiowing processes which encourage
continuous learning and improvement would likelywpde the required reinforcement needed to
effectively implement change management.

Moreover, to reduce the impact of the resistancgo@ste with some baby-boomers,
construction companies should strike a balancerdags the structure of the team working in
adopting and implementing technologies to ensurapgmopriate mix of highly experienced workers
(baby-boomers, for instance) and those more familidth technology use (Millennials or

Centennials, for instance).
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7.3.3 Availability of Technical Support for Use of Technology in OSH Management

Concern regarding the technical support availgbiiiom a manufacturer is the third top barrier
against the adoption of technology for OSH managente construction. Previous studies have
reported that the unavailability of round-the-claglchnical support is a significant hindrance that
prevents stakeholders from adopting a technologpgéiRs, 2000; Inan et al.,, 2010). Such
unavailability could lead to improper applicatiori the technology or the cessation of work
operations. Thus, substantial cost, schedule, apdiuptivity implications could occur. Construction
companies are attracted to technology becausenihelp them advance their performance outputs
while minimizing total costs and schedule delayhew a company feels that a technology might
negatively affect performance outputs (time, castl quality), it would most likely stop using the
technology or would not invest in the technologythe first place (i.e., not adopt the technology to
begin with).

7.3.3.1 Strategies to Avoid Unavailability of Technical Support for Technology Use in OSH

M anagement

To ensure that adequate technical support is d@ailkom the technology vendor, construction
companies should obtain all relevant informatiamnfrthe manufacturer before deciding to adopt and
use a technology. Such a process would guararae@dhissues will arise from the unavailability of
technical support for a technology. Any unavailiépicould mean that the company would face
undesired outcomes as reflected in the schedust, @od/or productivity. To reiterate, a technology
is adopted and implemented to improve performantdeomes (time, cost, and quality). Therefore,
when adopting a technology that could negativefgcifthese performance outcomes, no motivation
to adopt the technology would be present in ths pface. If the manufacturer fails to provide 24/7
support services, then in house technical experta ospecialist software support organization
(consultant) should be hired (Peansupap and Wal@®d5). These may be considered as more
expensive option.

7.3.4 Technology Performance Concern (Durability and Effectiveness)

Although the cost of a technology is an importaadtdr that influences adoption, the effectiveness

and reliability of a technology used in managingHO®ays a critical role in convincing workers to
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use it (Nnaji et al., 2018a). Lee et al., (2013) dmi (2017) highlighted the significance of the
perception of technology performance in the sudakssloption and diffusion of that technology.
Widely used technology adoption theories and mosleth as Unified Theory of Acceptance and Use
of Technology, technology acceptance model, antindogy-task-fit hinge on the perception of
technology usefulness (Venkatesh et al., 2003; r8igund Buckland 1998). Given that information
provided by a technology (WSDs, for instance) coukhn the difference between an accident and a
near-miss, it is essential that technologies usedianing devices are effective, exhibit appropriat
features, are devoid of false alarms, and durallej{ et al., 2018a; Awolusi et al., 2018). As
innovation laggards, contractors prefer to userteldgies that have proven performance.

7.3.4.1: Strategiesto Minimize Technology Performance Concerns

To ensure that stakeholders have sufficient evieldncmake informed decisions, practitioners and
researchers must develop detailed use-case stodieach technology. For instance, Novosel (2016),
Marks et al. (2017), Gambatese et al. (2017b),@mdkurat (2019) provided detailed evaluations of
work zone intrusion alert systems. These repousige sufficient depth and breadth of information
that can be used by the decision makers involveeahnology integration. Moreover, reproducible
evaluation methods should be developed to ensumé dkther stakeholders can replicate the
experiments within different contexts (Nnaji et2019a). Information generated from technology use
cases should be disseminated through appropriatenels such as practice-oriented journals or trade
magazines to guarantee that the information reathese individuals involved in technology
integration decision making.

7.3.5 Client Involvement

In line with previous research (Nnaji et al., 201 9thient or owner involvement is considered catic

to adopting technologies used for OSH managemédient€ are vital in setting the safety culture of a
project (Shen et al., 2015). In most cases, camtrai@re compelled to place a premium on things tha
have significant value to a client to guaranteentlisatisfaction and repeat business. Moreover,
contractors are likely to adopt and implement tetbgies for OSH management if the client requires
the use of certain technologies in the contract iantthe project specific safety plan. For instance,

state Department of Transportation commonly requaimatractors (contractually) to use specific
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technologies to help manage the flow of traffictiie work zone. This requirement has led to the
increased use of technologies for safety managersecth as digital safety signs (portable changeable
message signs and variable message signs, fonde$taautomated flagging systems, and portable
traffic signs (Nnaji et al., 2018b; 2019a). Howeva most cases, the client will absorb the cdst o
including such requirements.

7.35.1 Strategies for Improving Technology Use in OSH Management through Client

I nvolvement

To enhance technology use for OSH management ostraction projects, clients should consider
including specific technology requirements in caots or incentivize contractors who adopt
innovative safety solutions. In addition, clientaltl opt to include technology use as a criteridremv
assessing a contractor's safety performance. Karaldt al. (2018) described that the level of
technology implementation in OSH management isyackenponent of a contractor’s safety maturity
and should be assessed by owners prior to selextiogtractor. This finding implies that contrastor
who use effective technologies for managing OSHegarded as having a mature safety program,
thereby reducing risk to accidents that could affee completion time of a project. If clients clseo

to adopt a process similar to the model of Karakdtaal., then contractors will be compelled to adop
and implement additional technologies to increhs& tompetitiveness.

8.0 Conclusions, Limitations and Future Studies

This study aims to provide essential informatioguieed to support the adoption of technologies for
enhancing worker safety and health in the constumcindustry. In addition to identifying the
technologies currently used by participating camgton organizations for OSH management, this
work presents a list of benefits and limitationattimfluence the continuous use of the identified
technologies. Critical barriers that prevent caritves from adopting technologies for OSH
management are also presented. Moreover, a suifivd9 experienced workers within the US
construction industry was conducted to provideiaaitinformation on the factors that affect the
adoption of technology for OSH management The suresults indicate that the main benefits
associated by participants with using technology meanaging OSH are “Improves workers

awareness of hazard,” “Help warn workers of workpl&azard,” and “Eliminate hazard during the
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design phase.” “Extra costs associated with tedyyolise,” “Decision to use varies with client,” and
“Required worker training may not be cost effectivere identified as the primary challenges faced
by participants who use technologies for managi8¢i@n construction projects. The critical barriers
that prevent construction organizations from aduaptiechnologies for OSH management include
“Extensive upfront investment,” “Need for extensivieaining before achieving optimum
performance,” and “Concerns regarding the techrécglport availability from manufacturer.” The
outcome of this investigation provides guidelines fpractitioners and consultants involved in
integrating technology into an organization’'s safetanagement system. Practitioners can focus on
the identified barriers for technology adoption aaeh implement the suggested strategies in Section
7.3 above to overcome such barriers. Manufactuaads vendors, in turn, should take note of the
limitations being observed by users of these teldgies and endeavor to provide solutions to these
challenges.

Similar to any research, this study is subjectedntdtiple limitations that require further
investigations. First, although participation iretktudy was optional, the respondents primarily
consisted of individuals from organizations who ealty implement technologies for OSH
management. This could present a selection biastharkfore, the results of the study may not be
generalized across the industry and may not représe experience of all construction organizations
Future studies should acquire insights from orgatiins with limited use of technology in OSH
management. The case study approach could be emptoyelicit additional detailed information
regarding the challenges faced by these compariens adopting technologies for OSH management.
Nevertheless, this study provides useful infornmatilbat could help construction organizations that
currently consider the use of these technologiesOf8H management. Second, this study did not
identify the causal relationship between the bégsefihallenges, and barriers and the individual or
organizational propensity to adopt a technology. enpirical survey could be conducted to gain
additional insights in this regard. Such relatiopsbould be evaluated using structural equation
modeling (SEM) or similar methods. Third, a simitapocess (SEM) could be adopted to identify the
relationship between using these technologies eapadt on leading and lagging indicators. Finally,

this research focused primarily on the perspedfymanagement employees given the important role
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they play in the decision to purchase and implengenéchnology in safety context. Given that
previous studies suggest that successful technadgption is a hybrid of top-down and bottom up
approach (Nnaji et al 2019c), future studies shaolgcentrate on the perspective of field workers in
order to generate valuable information that wilinpdement the knowledge provided in this study.
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Technologiesfor Safety and Health Management in Construction: Current Use, Implementation

Benefitsand Limitations, and Adoption Barriers

Highlights

15 technologies frequently used for safety and health management in the construction
industry and labeled as effective are identified and investigated in the study.

12 benefits and 14 limitations associated with the use of technologies for safety and
health management are summarized in the study.

13 critical barriersinhibiting the adoption of technologies for construction worker safety

and health management are evaluated in the study.

Effective strategies for overcoming existing adoption barriers are discussed in the study.
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