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Abstract

Fall from height (FFH) in the construction industry has earned much attention among
researchers in recent years. The present review-based study introduced a science mapping
approach to evaluate the FFH studies related to the construction industry. This study, through
an extensive bibliometric and scientometric assessment, recognized the most active journals,
keywords and the nations in the field of FFH studies since 2000. Analysis of the authors’
keywords revealed the emerging research topics in the FFH research community. Recent
studies have been discovered to pay more attention to the application of Computer and
Information Technology (CIT) tools, particularly building information modelling (BIM) in
research related to FFH. Other emerging research areas in the domain of FFH include rule
checking, and prevention through design. The findings summarized the mainstream research
areas (e.g., safety management program), discussed existing research gaps in FFH domain
(e.g., the adaptability of safety management system), and suggests future directions in FFH
research. The recommended future directions could contribute to improving safety for the
FFH research community by evaluating existing fall prevention programs in different contexts;
integrating multiple CIT tools in the entire project lifecycle; designing fall safety courses to
workers associated with temporary agents and prototype safety knowledge tool development.
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'The current study was restricted to the FFH literature sample included the journal articles
published only in English and in Scopus.
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Introduction

In the construction industry, Fall from Height (FFH) is a leading cause of fatalities/injuries
to workers (Hu, et al., 2011). In the year 2013-2017, FFH accounted for 49% of fatal
accidents in Great Britain (HSE, 2018), and in the year 2010-2015, fall deaths in the U.S.
amounted to 35% (BLS, 2016). Hence, FFH has become an emerging research domain.
Earlier, several studies focused on identifying the factors that influence workers to fall. For
instance, a coding system developed by Chi, Chang and Ting (2005) categorized fatal fall in
terms of individual factors, causes of fall, location of fall, and company size and can be used to
recognize causal factors and control measures. A study by Huang and Hinze (2003) identified
root causes based on the OSHA database. It was found that human errors and lack of safety
training were the major contributing factors to fall accidents. Some researchers covered
multiple areas such as workers’ safety behaviour (Kurien, et al., 2018), fall safety programs
(Evanoff, et al., 2016) and safety culture (Kaskutas, et al., 2010) to enhance fall safety in

the construction industry. In recent decades, researchers have started to adopt computer

and information technology (CIT) such as Virtual Reality/Environment (VR/E), Building
Information Modelling (BIM) and ontology to enhance fall safety in terms of hazards
identification (Zhang, et al., 2015; Zhang, et al., 2013), monitoring (Navon and Kolton,
2007), knowledge-based system (Guo and Goh, 2017), etc. It is important to look into the
application of the current approach or technologies in FFH research and also to examine the
possibility of incorporating these approaches/technologies to improve FFH practices in the

construction industry.

A review of literature is a convenient method to gain a detailed understanding of a specific
research area (He, et al., 2017). To date, review based studies such as Hu, et al. (2011) and
Nadhim, et al. (2016), which investigated human factor oriented FFH literature, have been
conducted manually, leaving possibilities for subjectivity and bias (Hosseini, et al., 2018). This
manual review explores trees but do not present a wide overview of the forest (Markoulli,
et al., 2017). To address this subjectivity issue, science mapping approach has been applied in
the domain of Construction Technology and Management (CTM) to study the sources of
journals, author keywords, citations of journals, co-authorship network in the research area
such as construction safety (Jin, Yuan and Chen, 2019a), public-private partnership (Song,
Zhang and Dong, 2016), construction and waste management (Jin, Yuan and Chen, 2019b)
and off-site construction (Hosseini, et al., 2018). Following these articles, it is believed that
the science mapping approach can assist in adopting a more comprehensive review approach
by adding more in-depth discussion. Hence, the science mapping approach was introduced in
this study by analysing journal documents in the field of FFH in construction. The objectives
of this study was to: (1) examine the influential countries, keywords and journals in the field
of FFH through science mapping approach; (2) examine the current research themes in FFH
domain; (3) identify research gaps in FFH domain; and (4) suggest future scholarly and
research work in the FFH domain. This study has followed a systematic three-step approach
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involving bibliometric assessment, scientometric study, and an in-depth discussion to achieve
the objectives.

Data source and Method

A holistic review-based approach was adopted in this study summarizing the recent research
outputs (i.e. 2000-2018) in the FFH domain of the construction industry. The bibliometric
search of FFH publications was the first step to review in Scopus. In comparison with other
sources such as Web of Science, Scopus covers more journals and recent publications (Aghaei,
et al., 2017). The keyword “fall from height” OR “fall prevention” OR “fall accident” AND
“construction fall safety” was the input to search documents published in Scopus. Related
articles published in English during 2000-2018 were identified through a keyword search
engine. Initially, 391 documents were found, further screening was carried out to exclude
conference publications because compared to journal articles, conference papers do not cover
much information (Butler and Visser, 2006). After this initial screening, a total of 293 journal
publications remained in the literature sample. Further screening was carried out in detail
with the 293 articles based on their keywords, abstract, and title. Although the term “fall from
height” used in the abstract of the articles such as Win, Trevedi and Lai (2018), did not target
on FFH issues in construction. Similar articles that did not target FFH issues in construction
were removed. It should also be noted that this review-based study covers the articles which
contributed only to FFH studies in the construction industry. After the final screening, 83
journal documents were selected for scientometric analysis.

To analyse and visualize bibliometric networks, this study used VOSViewer, developed by
(Van Eck and Waltman, 2010). VOSViewer visualizes networks where the distance between
two nodes indicates the proximity to each other (Van Eck and Waltman, 2017). VOSViewer
has special text mining features and suitable for visualizing large networks (Van Eck and
Waltman, 2010). Information about VOSViewer and its working mechanism can be found in
Van Eck and Waltman (2017). Recently, VOSViewer was applied in different fields of CTM
to support the review of literature such as offsite construction research (Hosseini, et al., 2018),
construction demolition and management (Jin, Yuan and Chen, 2019b) and construction
safety (Jin, Yuan and Chen, 2019a). This study adopted VOSViewer for scientometric analysis
in visualizing, computing and analysing the influences of keywords, sources of documents, and
nations in the field of FFH research in the construction industry. Following the bibliometric
and scientometric analysis, the final step was the qualitative discussion that aims to have a
detailed assessment of the three key objectives of research related to the mainstream research

areas in the community of FFH, gaps/limitations in the present research and proposed future

studies in the domain of FFH.

Data analysis

DOCUMENT ANALYSIS

'The 83 journal documents were first summarized based on their year of publication. Figure

1 visualizes the number of journal documents published yearly from 2000 to 2018. It can be
seen from Figure 1 that since 2011, more documents were published. This indicates that FFH
research is having huge interests in the research community. In the upcoming years, more
publications can be expected in the domain of FFH research.
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Figure 1 Publication growth trend in the field of FFH

Author keywords co-occurrence

Key contents of published documents and the kind of areas studied within a specific field
are denoted by the keyword (Su and Lee, 2010). The inter-closeness among the keywords is
demonstrated by its co-occurrence (Van Eck and Waltman, 2017). As per the suggestions
of Hosseini, et al. (2018), this study used “Author Keywords” and “Fractional Counting”

in the analysis of VOSViewer. The minimum number of keyword occurrences was set as

2 Out of 248 total keywords, 54 met the threshold. Among them, common terms such

” o«

as “construction”, “construction industry”, “fall from height”, “construction/occupational

» «e e

safety”, “injury”, etc. were removed. Some other keywords with the same semantic meaning
such as “falls” and “fall” were combined and finally, 20 keywords were selected, as displayed

in Figure 2.
constructionimanagement
risk management
Project management
safety mgflagement /
cohonfistudy bt
residentialgonstruction  labor and pefgonnel issues
safety behavior carp@pters )| p.:tion
> C—_
w fall prevention T Case-based reasoning
foreign-born Injury prevention _ rule c:dcku?g
hisgnic prevention thipough design
safety training
. ding Inf ) )
[@:}VOSwewer building informiation modeling

Figure 2 Keywords co-occurrence in FFH research.
Note: To avoid the over-crowdedness of fonts, keywords such as case-based
reasoning, project management, and injury prevention are represented in
Figure 2 outside the initially generated mapping.
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In Figure 2, the connection lines show the relationship between a pair of keywords. For
example, carpenters are closely related to residential construction which covers the studies
focused on challenges faced by carpenters in residential fall prevention (Lipscomb, et al.,
2008). The nodes colour divides the keywords into several clusters in Figure 2. Keywords
within the same cluster have internal relationships. For example, safety behaviour is repeatedly
co-studied with safety training for fall prevention in the same articles. Figure 2 represents the
inter-relatedness among them. For example, fall protection is found to have close relationships
with case-based reasoning and labour and personnel issues. The sizes of font indicate the
keyword frequency that was used in the selected literature sample. It is seen that terms such as
“fall protection”, “injury prevention”, “residential construction”, and “fall prevention” were often
used in earlier research in the domain of FFH research.

'The influential keywords used by researchers in the FFH articles are listed in Table
1 according to their Average Citations. Rule checking, BIM, and PtD are the keywords
that have received more attention among the FFH research community according to their
average citations. Commonly, the mainstream research keywords with FFH research can be
categorized in terms of hazard recognition and risk management, safety management and

computing and information technologies (CIT).

Data analytics are being widely used in FFH research, specifically identifying factors
contributing to fatal and non-fatal FFH incidents (Cakan, Kazan and Usmen, 2014; Chi,
Lin and Sari, 2014; Lin, Chen and Wang, 2011; Wong, et al., 2009), cost incurred in FFH
(Cakan, Kazan and Usmen, 2014), injury pattern of fatal FFH (Schoenfisch, et al., 2014).
Algorithms are also being used in monitoring and controlling fall hazards (Navon and Kolton,
2006; Navon, 2005). Statistical models have been used in safety risk management, including
predicting safety risk of working at height (Nguyen, Chan and Chandrawinata, 2016) and
comparing risk factors for FFH (Sa, Seo and Choi, 2016).

Training and education are the main components of safety management systems. Human
factors are believed to be one of the major reasons to cause management failures (Kurien, et al.,
2018). Several studies such as Evanoff, et al. (2012); Goh and Goh, (2016); Kaskutas, et al.
(2013); Kaskutas, et al. (2010); Rivara and Thompson, (2000) introduced and evaluated the
effectiveness of site safety programs and training module addressing hazard recognition and

human factors.

CIT (e.g., BIM, Virtual reality and Artificial Intelligence) is playing a vital role in
FFH research, specifically identifying fall hazards (Zhang, et al., 2013), inspections
on fall prevention measures (Fang, et al., 2018a), fall detection (Yang, et al., 2016),
safety harness detection (Fang, et al., 2018b) and measuring workers’ feelings (Jokkaw,
Suteecharuwat and Weerawetwat, 2017). Ontology is linked with CIT to support fall
protection by developing knowledge-based safety systems (Guo and Goh, 2017; Goh and
Guo, 2018).

Table 1 Summary of influential keywords in FFH research
Rule checking 2 166.50
Building information modelling 2 66.60
Prevention through design 3 50.67
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Table 1 continued

Authors Keyword Average citation

Small establishment 2 41.50
Hispanic 2 41.50
Foreign-born 2 41.50
Case-based reasoning 2 37.18
Construction management 2 32
Carpenters 4 31.25
Cohort study 2 25.80
Injury prevention 6 21.67
Residential construction 5 21
Fall prevention 7 12.57
Project management 2 1
Labour and personnel issues 3 11
Safety training 2 9.50
Risk management 2 6.50
Safety behaviour 2 5
Fall protection 11 4.50
Safety management 3 4

Network of journal sources

"The sources of selected articles were summarized here. In VOSViewer, a2 minimum number
of articles and minimum citations were set at 2 and 15 respectively. Thus 70 out of 30 sources
met the threshold. Journal source clusters and their inter-relatedness are displayed in Figure
3. Note that the names of journals that are not fully displayed in VOSViewer can be found

in Table 2. Node and font sizes in VOSViewer digitally indicate the number of documents
from the specific journals, with large sizes of nodes and font representing a large number

of publications. In Figure 3, it is seen that the most influential journals in terms of a large
number of publications are Automation in Construction and Journal of Construction Engineering
and Management (JCEM), followed by Journal of Safety Research and American Journal of
Industrial Medicine. The connection lines and colours represent the closeness among journals
that are cited with each other documents. For example, Automation in Construction, JCEM, and

Journal of Safety Research have mutual citations.

Construction Economics and Building, Vol. 20, No. 1, March 2020



C

UuTs
ePRESS

23

A scientometric analysis and review of fall from height research in construction

applied esgonomics

journal of occupational and

accident analy§is and preventi

american jouffiatof industrial
scandinavian jaurnal of wor

automation‘onstruction

journal of s§fty research

Jrnal of computing in civil

journal of COI‘JCtiOI‘I engine
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Figure 3 Visualizationof influential journals in FFH domain.
Note: VOSViewer may not fully display the journal names.

Quantitative measurement of the influence of journals publishing FFH is listed in Table 2
according to their Average Citations. It is seen that Applied Ergonomics is the most productive
journal in FFH in terms of average citations followed by Automation in Construction and
JCEM. In terms of total citations and number of publications, JCEM and Automation in
Construction are influential journals in the FFH research community. There are also other
journals such as the Journal of Occupational and Environmental Medicine, Journal of Safety
Research that show the most influential in terms of research significance by receiving the
highest average citations.

Table 2 Analysis of journals publishing FFH research

Publication name Total Total Average
publlcatlons citations | citations

Applied Ergonomics 100
Automation in Construction 10 567 51 .58
Journal of Construction Engineering and 1 425 38.64
Management

Accident Analysis and Prevention 4 129 32.25
Journal of Occupational and Environmental 2 63 31.50
Medicine

Journal of Safety Research 9 235 26.56
Journal of Computing in Civil Engineering 2 51 25.50
Safety Science 1 144 24.00
American Journal of Industrial Medicine 7 155 2214
Scandinavian Journal of Work, Environment 2 27 13.50
and Health
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Regions active in FFH research

In VOSViewer, the regions contributed to FFH research were identified and evaluated. The
minimum number of articles and citations of regions was set at 2 and 20 respectively. A total of 9
regions met the threshold, out of 21 nations. The findings of the region’s activity in FFH research
are visualized in Figure 4 and listed in Table 3. The node sizes indicate the number of articles
that regions contributing to the FFH research community. It is seen in Figure 4 that the U.S.is
the most influential region contributing to FFH research followed by South Korea, Taiwan, and
Israel. The connection lines indicate the mutual citations of research among different regions.

singapore

soutigkorea

u ni‘tes
germany

hongkong

austealia

taiwan
istael @

5%, VOSviewer

Figure 4 Visualizationof regions active in FFH research

In Table 3, quantitative measurements of influential regions in FFH research are given. In
terms of total publications and citations, researchers from the United States rank the top
followed by South Korea. It is seen that South Korea and Israel are the highest productive
regions in terms of average citations, although with fewer articles. A developing country
such as South Korea, although not having as many publications as the United States, but in
terms of the average citations it ranks the top. There are also other regions such as Australia,
Singapore, Germany, China and Hong Kong that show the most influential in terms of
research significance by receiving the highest average citations.

Table 3 Regions active in FFH research

Total publications Total citations Average citations

South Korea 3 101.67
Israel 3 200 66.67
Germany 3 163 54.33
Taiwan 7 268 38.29
United States 47 1714 36.47
Hong Kong 6 89 14.83
China 5 74 14.80
Australia 4 4 11
Singapore 4 24 6
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Discussions

Following on the scientometric measurements of sources, keywords, and countries active in
the domain of FFH research, an in-depth qualitative analysis was carried out to summarize
the mainstream research topics within the FFH community, which recognizes current research

gaps/limitations and suggests future directions.

EXISTING STUDIES IN FFH DOMAIN

'The long-lasting research topic in the domain of FFH is the identification of hazards and
assessment of risks. There have been several studies conducted to identify root causes and
factors that influence FFH. Multiple recent studies by Dong, Wang and Daw. (2012); Kang,
et al. (2017); Wong, et al. (2009) and Lin, Chen and Wang (2011) analysed national data to
examine fatal fall patterns in the U.S, Taiwan, and Hong Kong construction industry. Chi,
Lin and Sari (2014) applied a fault tree analysis to illustrate the relationship between events
and causes that lead to falls at workplaces of construction. Similarly, Mistikoglu, et al. (2015)
constructed decision trees to analyse roofer fall accidents in construction using OSHA data.
Recently, Dong, et al. (2017) and Kang (2018) used data from OSHA Integrated Management
Information System (IMIS) and Construction FACE Database (CFD) to investigate fall
protection used in the US construction industry. These studies indicated that there is a

strong correlation between the height of fall and fall protection use. Likewise, Fredericks,

et al. (2005) collected data from U.S BLS online database to determine the tasks associated
with the current fatality/injury trends in the roofing industry. Also, several studies used
statistical approaches to examine the reasons or factors which influence the FFH incidents

at construction workplace in terms of relationships, rates and proportions such as workplace
environment (Chan, et al., 2008), task and activity performed (Bobick, 2005; Cakan, Kazan
and Usmen, 2014; Hsiao and Simeonov, 2001; Kaskutas, et al., 2010; Kines, 2002; Schoenfisch,
et al., 2014), individual characteristics (Gauchard, et al., 2001; Hu, et al., 2011; Huang and
Hinze, 2003), environmental conditions (Peng, et al., 2014), surfaces and platforms (Wong,
et al., 2009; Lombardj, et al., 2011), and organizational characteristics (Adam, Pallares and
Calderon, 2009; Chi, Chang and Ting, 2005; Huang and Hinze, 2003; Moore and Wagner,
2014; Wong, et al., 2009). These factors are correlated with each other, such as the experience
of worker and their skills have an impact on individual status and organization policy affects
shift work timing and training courses (Kines, 2002). In a more recent study, a Human Factor
Analysis and Classification System (HFACS) has been introduced by Wong, et al. (2016) to
help in the classification of the root causes of fatal falls in the construction industry of Hong
Kong. Studies by Adam, Pallarés and Calderdn, (2009) and Sa, Seo and Choi (2016) evaluated
and analysed the risk of fall from height. Recently, the safety risk of working at heights in
building construction was predicted by (Nguyen, Chan and Chandrawinata, 2016) using a
Bayesian network (BN) model.

"The workers” health and safety at workplaces in construction were mainly focused when
applying CITs. For example, Kurien, et al. (2018) developed a system for capturing the
human body’s geometry and joint changes with the aim of eliminating the fall risks faced by
construction workers; Jokkaw, Suteecharuwat and Weerawetwat (2017) measured construction
workers feeling through VE for designing the guardrails by considering guardrails cost and
workers feelings in high rise building projects; Yang, et al. (2017) proposed a gait abnormalities
measurement approach based on Wearable Inertial Measurement Unit (WIMU) to identify
physical fall hazards in a construction environment; Yang, et al. (2016) developed a method
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to automatically detect near-miss fall based WIMU approach; Jebelli, Ahn and Stentz (2016)
analysed workers’ fall risks in stationary-postures using two IMU-based metrics such as
velocity of the bodily centre of the pressure (COPv) and the resultant accelerometer (rAcc).
Multiple studies have been focused on workers characteristics such as demography including
age, gender, weight or immigration workers (Gauchard, et al., 2001), experience Dong et al.,
2014; Hu, et al., 2011), education (Huang and Hinze, 2003) and attitude (Dzeng, Fang and
Chen, 2014). The variation causes in workers’safety perception, safety attitudes, behaviour and
performance have been related to the dimensions within safety climate such as management
methods (Chi, Chang and Ting, 2005; Huang and Hinze, 2003), co-workers attitude and
safety awareness (Wong, et al., 2009) and size of the company (Kines, 2002).

Design for safety (DfS) is one of the suggestions initiated in recent FFH study. Due to
environmental benefits, rooftop vegetation is becoming more popular in the U.S. Behm,
(2012) created design suggestions for better fall prevention measures, and unique building
hazards associated with vegetated roofs. In other study, Cegen, Sertye and Jgj (2013) developed
a set of design criteria to develop a Fall Protection System for High-rise Construction
(FPSFHC). Adopting CITs in the construction industry has been increasing day by day.
Building Information Modelling (BIM) has displayed its significant role in current studies
of FFH, such as identification and elimination of fall-related hazards (Zhang, et al., 2015)
and application of automated rule checking to BIM for detecting the fall-related hazards
(Melzner, et al., 2013; Wang, Zhang and Teizer, 2015; Zhang, et al., 2013) during design
stage of construction project. Besides BIM, a computer vision-based approach has shown its
influence in detecting the safety harness (Fang, et al., 2018a) and aiding safety inspection on
fall prevention measures (Fang, et al., 2018b). Other models such as algorithms, 3D games,
ontology web systems, and virtual prototyping have been used in FFH research for better
safety performance. For example, Navon and Kolton, (2006 and 2007) developed an algorithm
for monitoring and controlling fall hazards aiming to improve performance of safety during
the construction phase of building projects; Dzeng, Fang and Chen (2014) designed an
algorithm to assess how well a smartphone can detect falls and portents in the construction
scenario; Guo and Goh (2017) developed an ontology for the design of active fall protection
system (AFPS) which attempts to facilitate sharing and reusing of knowledge among
professional engineers; Goh and Guo (2018) developed a knowledge-based FPSWizard
system to facilitate knowledge among users to support the design of AFPS; Lin, et al. (2018)
used 3D visualization to train workers’ on fall-related protection and proved that training
through 3D materials can overcome some of the communication barriers, and facilitate
learning processes; Zuluaga and Albert (2018) and Zuluaga, Albert and Arroyo (2018)
proposed a cost-effective and safe approach to assess and select compatible Fall Protection
Supplementary Devices (FPSDs) using virtual prototyping methods for protecting bridge
maintenance workers from falls. Considering workers’ safety during the pre-construction
stages of a project will prevent workers to fall at construction workplaces (Qj, et al., 2014).

Abudayyeh, et al. (2006) indicates that safety performance and management commitment
are significantly correlated. Participation in safety management programs should not be
restricted only to contractors but also to other stakeholders (Huang and Hinze, 2003).
Multiple studies conducted a comprehensive needs assessment to identify limitations in
current apprenticeship fall prevention training for carpenters’ (Evanoff, et al., 2012 and 2016;
Kaskutas, et al., 2013 and 2010) and roofing subcontractors (Hung, et al., 2013) to recognize
training needs that resulted in improving knowledge safety, worksite behaviours, safety climate,

and risks perceptions. For Latino construction workers’, Menzel and Shrestha (2012) used
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a social marketing approach to plan a fall prevention program aiming at increasing the fall
prevention behaviour. Rivara and Thompson (2000) evaluated the efficiency of a fall prevention
program using the electronic database. Similar studies targeted foremen’s intervention to
increase the level of safety communication and hazard recognition at residential construction
workplaces (Evanoff, et al., 2016). In the U.S, a national safety stand-down to prevent falls

was launched in 2012. To examine the reach of the stand-down and to learn lesson from

its implementation among construction groups, Bunting, et al. (2017) conducted a study.

The result showed that the stand-down positively reached the construction industry and the

respondents were actively participated in various activities.

LIMITATIONS/GAPS IN CURRENT FFH RESEARCH

'The number of FFH research in the literature sample focused on examining accident statistics
which are mostly national databases to recognize the causes and factors influencing falls Dong
et al., 2014; Lin, Chen and Wang, 2011; Wong, et al., 2009). Some studies were focused on
constructing decision trees using national data for analysing the causal relationship between
causes and events that lead to falling at the construction workplace. However, these studies
were limited to specific construction trade workers such as roofers’ (Mistikoglu, et al., 2015)
and scaffolders’ (Chi, Lin and Sari, 2014). Besides these studies, decision trees could be
adopted to other construction trades to explore the efficiency of the methodology. CIT tools
are being adopted in the design stage of construction projects in identifying and assessing

fall risks (Zhang, et al., 2013 and 2015; Qj, et al., 2014; Wang, Zhang and Teizer, 2015).
However, there has been a lack of studies in developing a prototype for the safety knowledge
management process and tool to prevent FFH. It is a well-known fact that CIT can assist
workers’ safety in the pre-construction phase of construction projects. Before the construction
begins, there could be a tool incorporating fall-related safety (e.g. fall hazards, risks level of
hazards and controls) of particular construction projects collected through knowledge of
experienced practitioners. Therefore, a safety representative is kept updated with fall-related
safety and work progress. Knowledge-based ontology could be developed for classifying the
working-at-height safety risk based on the types of projects.

There have been several studies of how the internal factors such as demography (Gauchard,
et al., 2001), education (Lipscomb, et al., 2008) and experience Dong et al., 2014; Hu, et al.,
2011) affect workers’ safety behaviour, safety performance, and safety perception. However,
only limited studies have been carried out to answer how the external situations of job sites
such as subgroups, lighting, and environmental factors affect workers’ safety performance,
safety behaviour, and safety perception. CIT tools are being applied in construction projects to
analyse the relationship between workers’ behaviour patterns and the workplace environment.
However, these studies are limited to specific trade workers’ such as ironworkers (Yang, et al.,
2016) and brick workers’ (Kurien, et al., 2018). Future studies could apply CIT tools to analyse
workers’ behaviour patterns with different trades of construction projects such as roofers’and
also diverse activities of a specific trade. Recent studies (Yang, et al., 2016 and 2017) adopted
WIMU to assess the construction workers’ gait constancy to identify fall hazards at the sites.
However, the data for this current study was collected based on laboratory setup which is
likely very different compared to the real-life construction environment. Future studies could
investigate subjects performing various roles and behaviour in a quasi-experimental approach
to a real-life construction environment. This approach could be used further to develop a real-
time fall risk monitoring tool. By using this approach, the postural stability of workers can be

easily monitored when sensors connected to a human body. The data collected through these
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sensors would help to classify workers’ with a higher risk of falling due to different reasons
(e.g. exhaustion, unsafe job tasks) and encourage safety managers to take suitable measures
to prevent fall accidents (Jebelli, Ahn and Stentz, 2016). Furthermore, CIT tools such as
Natural Language Processing (NLP) could be used to analyse cognitive workloads, especially
in workers’ safety perception.

Multiple current studies focused on improving workers’skills through effective safety
management programs. However, these studies focused on limited to a specific group of
workers such as carpenters (Evanoff, et al., 2012 and 2016; Kaskutas, et al., 2013 and 2010)
and project type such as residential construction (Evanoff, et al., 2016). Besides these studies,
safety programs could be adopted with different types of construction projects and with
different trade workers such as roofers, as roofing is one of the riskiest tasks (Kines, 2002).
Exiting fall safety programs could also be tested in different project conditions, different
sizes of the organization in different countries’ situations. Agents such as scaffold and ladder
are a risky task for construction workers which may cause FFH and result in deaths (Wong,
et al., 2009). However, there have been insufficient studies in adopting safety management
programs to workers who are associated with these agents. Construction is a dynamic, complex
system that often makes difficult for the sites to successfully implement formal safety training
program (Hung, et al., 2013). In this case, further research should examine how informal
safety training programs can be implemented at construction sites that could enhance workers’
skills to prevent them when working-at-heights. Compared to conventional safety programs,
learning through a virtual environment could assist workers in better understanding and

communication (Kassem, Benomran and Teizer, 2017).

Some researchers created design platforms for better work-at-height safety practices.
However, these studies are limited to certain boundaries. For example, Behm (2012) developed
a set of design criteria for safe access to workers’ associated with vegetated roofs that targeted
green building concept; Zuluaga and Albert (2018) and Zuluaga, Albert and Arroyo (2018)
proposed a cost-effective approach to assess and select compatible FPSDs that targeted bridge
maintenance work. Hence, a lot of design criteria have to be developed for different trade
works and different construction projects as it is strongly believed by many authors that DS
has major impacts in preventing accidents at construction workplaces. Studies applying CIT
such as BIM in FFH have mainly focused on hazard identification in residential projects
(Melzner, et al., 2013; Zhang, et al., 2013, 2015; Qj, et al., 2014; Wang, Zhang and Teizer,
2015). As there are multiple different projects, such as commercial, industrial and institutional,
more CIT-based platforms could be prolonged to integrate these main projects. Although
other CIT tools such as sensor-based technology, radio frequency identification (RFID) and
GIS/GPS were used in the construction industry for enhancing safety management, only
limited studies have been applied in FFH-related research. However, applications of these
technologies should not be limited to academic research, should also focus on technology
evolution from research into real-life projects. Researchers should also take care of regulations,
laws, and rules while adopting these advanced technologies for fall safety. A step forward,
the established AFPS ontology (Goh and Guo, 2018; Guo and Goh, 2017) could be further
developed for passive fall protection systems (PFPS). Ontology expert systems such as
Bayesian network-based or rule-based could be developed to assist safety experts to manage
hazards in an effective manner (Guo and Goh, 2017). The integration of multiple CIT tools
(e.g., BIM, Game engine, VR) for fall safety in the construction project lifecycle needs to be
further studied (Jin, Yuan and Chen, 2019).
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Conclusions and future directions

'This review-based study in FFH research adopted a science mapping approach composed of
bibliometric search and scientometric assessment, and through qualitative discussion to review
83 journal documents published between 2000 and 2018 in the FFH research community. It
was found that FFH has received much attention among researchers, especially since 2011.
More publications can be expected in the domain of FFH research in the following years. The

scientometric analysis revealed the following findings:

*  Productive journals in the domain of FFH research were identified to be Automation in
Construction, JCEM, and Journal of Safety Research.

* Authors’ keywords within the FFH domain revealed mainstream topics including fall
protection, fall prevention, residential construction, and injury prevention. It was found
that recent studies paid more attention to applying CIT tools especially BIM in FFH
research. Other relevant keywords PtD, Rule checking, and Case-based reasoning had
become more popular within the FFH research community.

* Influential journals, authors’ keywords, and countries were clustered and analysed
by applying the same quantitative measurements (e.g., Average Citation). BIM and
Rule checking were discovered to be the top keywords receiving an average citation,
suggesting that the FFH research community had paid more attention to digital
technologies in fall safety planning and monitoring. PtD is another productive keyword,
meaning that safety in design is a continuing highly studied subject.

*  Also, U.S., Taiwan, and South Korea were found with significant contributions to
the domain of FFH research. The scholars from the U.S. have the highest number
of documents and received total citations, but scholars from South Korea, Germany
and Israel played more productive roles in the FFH community by receiving average

citations.

A qualitative measurement was conducted to summarize the mainstream subjects in FFH
studies and identify current research limitations/gaps and recommend future study direction.
Current gaps from FFH studies include Hazard recognition and risk mitigation, workers’
safety issues, CIT in FFH research and safety management program. The directions of future
research for FFH research are recommended as shown below:

* Based on project types, knowledge-based ontologies could be developed for classifying
work-at-height safety risks.

* Adopting CIT tools such as NLP to analyse the relationship between workers’ cognition
patterns and workplace environments.

* Monitoring the postural stability of workers by attaching sensors to their body through
which safety mangers could take possible actions to prevent fall accidents.

* Identification of how external factors such as lighting, heat stress, structural instability
and workgroups affect the workers’safety perception, behaviour, and performance.

* Safe design criteria must be developed for different trade works and different
construction projects for providing safe access to workers.

* Adopting and evaluating the current fall safety programs in different organizations or
countries or any other contexts.

* Examining how to incorporate informal safety training programs at construction sites
that could improve the abilities of workers to protect them from fall risks.
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* Developing fall safety programs to the workers associated with agents such as ladder and

scaffold using CIT such as VR.

The recommended future directions from this review-based study could contribute to the
FFH research community on safety improvement by applying CITs in safety management for
continuous improvement and developing prototypes, enhancing behaviour analysis, designing
fall safety courses, developing design criteria, and establishing engineering controls. The
current study was restricted to the literature sample. Journal articles, firstly, published only in
Scopus were included. Other sources of articles such as conference proceedings and industrial
magazines were not included. Secondly, articles published only in the English language

were included. The latest articles published in other languages were potentially excluded.

'The approach used in this present study could be adopted in other areas of studies aiming at
various safety management risks in construction. This could have a major impact on the speed

and efficacy of study evaluations and the implementation of interventions.
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