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ARTICLE INFO ABSTRACT

Keywords: Safety management systems (SMSs) are widely applied across many industrial sectors, and a large body of liter-
Safety management system ature has been published addressing their design, implementation, effectiveness, and associated challenges. This
B“_’“"metric.s article presents a high-level analysis of the SMS research domain, guided by a set of questions addressing the
\Slcolesr‘ll;:r‘:vl::ms contents, structure, and evolution the research domain, its dominant themes and focus topics, the key scientific
CiteSpace domains and journals contributing to its development, and the key publications serving as an intellectual basis

for SMS related research. The results show a rapidly increasing volume of research outputs and a shift from re-
search based in North America and Europe to Asia and Australia. There is only a limited number of institutions
enduringly contributing to the field, and there are relatively few stable research collaborations, with the number
of Chinese institutions publishing SMS related research fast expanding in recent years. The domain is strongly
interdisciplinary and embedded in applied domains of science, with industrial engineering the most contribut-
ing category, as well as categories focusing on the industrial application domains. A temporal evolution of the
research activity in different application domains is apparent, with an initial focus on occupational health and
safety, followed by process safety, patient safety, food safety, and construction safety. SMS research has a strong
relation to safety culture and safety climate research, and while safety and risk management concepts and theo-
ries form an important knowledge base for most application domains, the dominant views on accident causation
differ between these. Research on SMS in the food industry is relatively separated from the other application
domains. Based on the findings, various future research directions are discussed.

1. Introduction causation, and the variety of applied tools and techniques, SMSs come

in many shapes and forms [8].

A Safety Management System (SMS) is an organizational tool to de-
velop, plan, measure, analyze, and control the overall safety perfor-
mance of an organization, and to guide decision-making for selecting
safety assurance activities [1]. Various industrial sectors have adopted
SMS as a vehicle to improve occupational safety and reduce major acci-
dent risks, for instance the process [2], construction [3], and transport
industries [4,5]. On the one hand, an SMS must meet the requirements of
applicable safety regulations for compliance and certification purposes
[6], while on the other hand accounting for the specific hazard pro-
file of the organization and the accident causation patterns [7]. Given
the differences in the specific regulatory requirements of various indus-
tries, adherence to different safety concepts and theories of accident
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Safety management systems can be seen as a business management
approach to safety, which has been argued to be an important aspect
of bringing safety to the foreground in executive decision-making [9].
However, the increased bureaucratization their implementation entails
may also have negative consequences such as reduced marginal yield of
safety initiatives and stifling of organizational freedom and innovation
[10]. Careful consideration of the role of uncertainty in balancing stabil-
ity, flexibility, accountability, and control, may therefore be conducive
to enhancing safety management [11]. Furthermore, even though there
is some evidence that SMS implementation has a positive influence on
organizational safety performance [12,13], various challenges and bar-
riers exist in their practical implementation [14,15,16].
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It is clear that SMSs are found in many industrial sectors, serving an
integrating function of various safety practices and activities. They ex-
tend to various work environments, often multiple departments within
an organization, and through auditing mechanisms to external actors
such as regulatory bodies and inspectorates. Considering further the
multitude of safety-related concepts, theories, and tools on which they
build, and similarities SMSs have to other organizational management
systems, for instance, related to quality, it is not surprising that a large
body of academic work has been published on this topic. Consequently,
various review articles have been published addressing specific aspects
of this literature. For instance, Robson et al. [12] provide a systematic
review of the effectiveness of SMS interventions, Jacxsens et al. [17] re-
view tools for performance assessment and improvement of food SMS,
while Couto da Silva and Amaral [18] review success factors and bar-
riers to implementing SMS. Li and Guldenmund [8] provide a broad
overview of SMS, addressing their definition, evolution, models, pur-
pose, and common elements. Finally, Swuste et al. [20,97] present com-
prehensive overviews of the development and context of process and oc-
cupational safety management systems, focusing on the development of
this domain in terms of the adopted models, theories, and management
approaches.

Notwithstanding the value of these systematic narrative reviews, the
elaborate volume of research on SMSs makes it very hard to obtain a
comprehensive grasp on the overall structure and development of this
domain of research, on the knowledge sources and key contributions
which have shaped the field, or on the prevalent narrative themes and
trends in focus topics. Scientometric methods and techniques present a
suitable approach to obtaining such high-level insights into a research
domain. By applying mathematical operations on quantitative metrics
and citation-related information about scientific documents associated
with a domain of knowledge, patterns, developments and trends can
be analyzed. By subsequently visualizing and interpreting these using
dedicated tools for graphically representing this quantitative informa-
tion, insights into the research domain can be obtained [21]. Several
scientometric analyzes have been published focusing on safety concepts,
methods, or application subdomains within the safety sciences, includ-
ing safety culture [22], safety leadership [23], road safety [24], resilient
health care [25], risk perception [26] process safety [27] and process
safety in China [28], domino effects [29], construction safety [30], oc-
cupational health and safety management [31], and maritime decision
support systems for accident prevention [32].

In light of this, the aim of this article is to present a scientomet-
ric mapping analysis of the academic research on safety management
systems. The overall aim is to obtain high-level insights into how this
important domain of safety science has developed, who and what has
contributed to this, and what structural and temporal patterns can be
identified. The specific research questions are as follows: (i) what are
the overall publication trends in regards publication outputs; (ii) what
collaborations between countries/regions and organizations exist, and
how do these evolve; (iii) what scientific domains are strongly repre-
sented and what journals contribute to the development of this research
domain; (iv) what are the dominant narrative clusters and how do the fo-
cus topics within these evolve over time; and (v) what are the dominant
knowledge clusters constituting the intellectual basis of this domain, and
what are the key publications within these?

The remainder of this article is organized as follows. In Section 2,
the data retrieval process and resulting dataset are described, followed
by a brief overview of the applied scientometric techniques and tools to
answer the above research questions. The results are shown and inter-
preted in Section 3. A further discussion is given in Section 4, contextu-
alizing the work and providing directions for future research Section 5.
concludes.

2. Data and methods

In scientometric analysis, once research questions are defined, a
dataset needs to be determined to serve as a basis for analysis. The pro-
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cess retrieval process is described in Section 2.1, and a brief summary
of the obtained dataset is provided. In addition, suitable scientometric
techniques and tools are required to detect and visualize the sciento-
metric patterns, which are outlined in Section 2.2. The final step of a
scientometric analysis is the interpretation of the resulting graphs and
maps, which is provided in Section 3.

2.1. Data retrieval process and resulting dataset

In this study, Web of Science Core Collections (WoSCC), the world’s
largest and most comprehensive database of scientific publications, is
applied. Compared to other databases such as Scopus or Google Scholar,
it has a high data quality [21], making it suitable for the current pur-
poses. The following search strategy was applied on 25 April 2020:

Data sources: Science Citation Index Expanded (SCI-EXPANDED)
Social Sciences Citation Index (SSCI)

All years included in the databases: 1900 until
15.04.2020

Full records and cited references

TS = ("safety management system*" OR ("safety

management" AND system*))

Timespan:

Retrieved content:
Search strategy:

A topic search (TS) strategy is adopted, which means that the ti-
tle, abstract, keywords, and keywords plus of the documents included
in the WoSCC are searched for combinations of the search terms. Once
this list of documents is retrieved, the abstracts are inspected, and only
the articles which indeed focus on an aspect of safety management sys-
tems are retained. This results in 2283 identified records meeting the
criteria, so this search strategy enables to obtain a wide sample of ar-
ticles addressing various aspects of safety management systems, in line
with the research objectives stated in Section 1. The full bibliographic
records of these articles are retrieved, including the cited references of
these articles.

Table 1 contains a number of key descriptors of the resulting dataset,
which are derived using the R package Bibliometrix [33]. The dataset
contains 2283 documents, which can be considered the core scientific
body of literature on safety management systems. Research contribu-
tions to SMSs span the period from 1979 to 2020 (up to 15 April, when
the last database update was made before the search was performed),
with 708 publication outlets contributing to the literature. Journal arti-
cles are the dominant document type by far, with conference and review
articles also constituting a significant share. It should be noted that the
‘other’ category only concerns documents included in the above men-
tioned WoSCC databases, and include letters, notes and errata. Books
are not included in this dataset. With 6048 authors contributing to this
domain, it is evident that many researchers have interest in SMS. How-
ever, the high collaboration index (2.96) and the low number of average
documents per author (0.377) indicate that many authors can be con-
sidered more peripheral in this research domain, contributing only to a
limited extent to its development. The 300 authors of single-authored
documents are likely more indicative of the number of scholars with a
more enduring research interest in this topic. With an average number of
citations per document of 14.24, the research on SMS can be considered
to be rather impactful in the safety research community.

2.2. Applied scientometric methods and tools

Scientometric analysis methods implement mathematical functions
to detect patterns, clusters, and trends in textual and meta-information
about academic publications. By visualizing derived quantitative met-
rics representing informational aspects of a research domain, insights
can be obtained into its scope, contents, structure, and development.
Various scientometric analysis methods and visualization tools have
been developed, e.g., Li et al. [66] and Moral-Muioz et al. [34] for an
overview of key concepts, methods, and tools.

An overview of the scientometric analysis and visualization tech-
niques and tools applied in this study to answer the research questions
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Table 1
Key characteristics of the analyzed dataset on safety management systems.
Characteristic Value Characteristic Value
Period 1979-2020" Authors 6048
Sources (journals, books, etc.) 708 Author appearances 7873
Documents 2283 Authors of single-authored documents 300
Journal articles 1916 Authors of multi-authored documents 5748
Conference articles 167 Single-authored documents 334
Review articles 166 Avg. number of documents per author 0.377
Editorials 17 Avg. number of authors per document 2.65
Other (letter, note, etc.) 17 Collaboration index 2.96
Author’s keywords 5977 Avg. citations per document 14.24
Note:.
" Documents included up to 15 April 2020.
Table 2
Summary of applied scientometric techniques and tools applied in this study.
D Research question focus Scientometric techniques and tools Ref.
i Publication output trends Regression analysis -
Publication analysis (Bibliometrix) [33]
ii Collaboration patterns Visualization of similarities (VOSviewer) [35]
iii Scientific categories Visualization of similarities (VOSviewer) [35]
Global science map overlay [36]
Journals knowledge flow Journal distribution analysis (CiteSpace) [37]
Journals dual-map overlay [38]
iv Narrative clusters and topics Visualization of similarities (VOSviewer) [35]
v Knowledge clusters Visualization of similarities (VOSviewer) [35]

listed in Section 1 is given in Table 2. Trends in publication outputs
are based on basic scientometric indicators providing summary insights
into the studied dataset associated with the domain of research. These
summary insights are obtained using the R package Bibliometrix [33],
and are shown in Section 2.1 as part of the dataset description. In ad-
dition, a simple count of the number of publications per year is made,
augmented with regression analysis to estimate the trend type. These
results are given in Section 3.1.

Geographical collaboration patterns are identified using the visu-
alization of similarities technique, as implemented in the VOSviewer
software [35]. This technique is based on a quantitative analysis of the
similarities between documents with respect to a chosen characteristic
of the documents; in the present analysis, the country/region and the
institution with which the document is associated. Documents are rep-
resented as linked nodes in a clustered network, providing insights into
the collaboration patterns and relative importance of contributors. A
visual overlay of the nodes with additional information about the doc-
uments can provide further insights into the domain’s developments. In
this study, the average publication year of documents associated with
a country/region or institution is used as a visual metric to obtain in-
sights into the temporal developments in the collaboration networks.
The results of these analyzes are shown in Section 3.2.

Patterns in the scientific categories with which SMS research has
been associated are identified by mapping the scientific categories on
the global science map by Carley et al. [36], using the VOSviewer soft-
ware [35]. This map provides a very high-level overview of all scientific
disciplines, which is clustered in major thematic areas to facilitate in-
terpretation. Mapping the journal categories of SMS related research on
this map provides insights into what scientific domains actively con-
tribute to the development of this research area, which is presented in
Section 3.3.

The information flow between journals provides insights into how
specific domains of research (citing articles) are influenced by other do-
mains (cited articles). This aids understanding of what scientific commu-
nities and academic fields contribute to the development of the field and
helps unravel the dominant patterns in the use of academic knowledge.
It also facilitates the identification of the main journals supporting the
domain’s development, which can be considered the main knowledge
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carriers. The analysis is performed with CiteSpace software [37], utiliz-
ing the journal dual-overlay map by Chen and Leydesdorff [38], with
the results shown in Section 3.3.

The visualization of similarities technique, as implemented in the
VOSviewer software [35], is applied to construct narrative clusters from
the author keywords provided in the documents in the SMS dataset de-
scribed in Table 1. Such narrative clusters provide high-level insights
into the scope and structure of the research domain, especially in what
topics are related to each other within the research domain, and what
topics are in focus. An overlay of the average publication year in which
the keywords appeared provides further insights into the temporal de-
velopments of the thematic narrative clusters, which is useful to de-
tect trends in the prevalent focus topics over time. These results are
described in Section 3.4.

Knowledge clusters in the SMS literature are identified and visual-
ized using co-citation analysis, as implemented in the VOSviewer soft-
ware [35]. Co-citation analysis was introduced by Small [39] to de-
tect the strength of relationship between articles. Documents are co-
cited when they appear together in another document’s reference list.
If such co-citations occur frequently, this can be taken as an indication
that these documents are in some way related to one another. Aggre-
gating co-citation links between frequently cited documents within a
research domain and clustering these provide insights into documents
that form knowledge clusters driving the developments within the stud-
ied domain. These frequently co-cited clusters can be considered as the
intellectual basis of this domain, in which the most frequent documents
are its key drivers for knowledge development [40]. Results are shown
in Section 3.5.

3. Results
3.1. Trends in research outputs

Fig. 1 depicts the annual trend of the number of publications in the
SMS research domain, as obtained in the dataset of Section 2.1. The
global trend shows that an exponential growth function approximates
the volume of literature on SMS well. After a few early contributions
at the end of the 1970s and early 1980s, and an approximate 10 year
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Table 3
Top 10 highly productive countries/regions in safety management system research.
Countries/Regions NP TC AC APY Degree Cluster
China 390 4156 10.66 2016.20 24 red
United States of America 363 5559 15.31 2012.25 28 red
United Kingdom 254 5516 21.72 2011.53 31 green
the Netherlands 146 3103 21.25 2012.46 25 blue
Australia 128 2482 19.39 2014.54 21 australia
South Korea 116 989 8.53 2014.78 9 red
Italy 103 2357 22.88 2012.59 24 green
Canada 101 1699 16.82 2013.08 26 red
Spain 90 2092 23.24 2013.57 20 blue
Belgium 72 1836 25.50 2013.83 27 blue
Japan 72 657 9.13 2010.61 12 red

Notes: Degree = Number of links of a node | NP = number of publications | TC = total citations | APY = average publication year |
AC = average citations | Cluster = collaboration cluster in Fig. 2.

400 4500
0o 1979-2019
350 - ]5, April, 2020 I 4000
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Fig. 1. Research trends of safety management system research.

period in which no new publications were made, the SMS field started
to see a steady output in scholarly activity from the early 1990s on-
wards, with an average publication rate of around 20 articles per year.
From around the early 2000s onwards, a dramatic increase in research
output volume can be identified, from around 30 articles annually pub-
lished in the early 2000s to well over 200 in recent years. The very first
contributions to safety management systems concern a two-part article
by Ayoub M.A. published in Journal of Occupational Accidents (the fore-
runner of Safety Science), who describes the design of an information
system to record accident and safety records [41], and an optimization
approach to develop optimal inspection plans [42]. This original idea
of developing a bureaucratic system of keeping safety-related records
for directing the allocation of scarce organizational resources is at the
core of the business function served by a safety management system as
described e.g., by Maurifio [9]. Nevertheless, judging by the very low
number of citations these articles by Ayoub have attracted (2 and 0,
respectively), the academic roots of SMS for industrial safety are not
widely known.

3.2. Geographical collaboration patterns

3.2.1. Countries/regions collaboration network

Fig. 2 shows the network of collaboration on SMS related research
between countries/regions. Four clusters are identified. The red cluster
is the largest and contains the United States of America (USA) and China
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as key contributing countries, spanning further across North America,
East and South Asia, and Oceania. Considering the results of Table 3,
other key contributors are Australia, South Korea, Canada, and Japan,
with the strongest collaborations observed between USA and China,
China and Australia, USA and Canada, and USA and South Korea. The
second largest (green) cluster centers around the United Kingdom (UK),
which accounts for all significant research collaboration links in this
cluster and with other clusters. It extends further to central, eastern, and
southern European areas, with Italy, France, and Germany other signif-
icant contributors. The Netherlands is at the center of the third largest
(blue) cluster, which further contains Belgium and Spain as important
contributors as seen in Table 3. The strongest collaboration links ex-
ist between the Netherlands and Belgium, the Netherlands and the UK,
and to a lesser degree, the Netherlands and the USA. The smallest (yel-
low) cluster, which has relatively weak collaboration links, contains the
Nordic countries Sweden, Finland, and Norway as the most significant
contributors, with Iran and Turkey being additional countries grouped
in this cluster.

The temporal evolution of the active countries in SMS related re-
search can be seen in Fig. 3, where the node colours correspond to the
average publication year of its associated documents. Referring also to
Table 3, it is seen that within the largest (North American — Australasian)
cluster, Japan, the USA, and Canada have temporally more distant pub-
lication years. This indicates that these countries were influential at ear-
lier development stages of the SMS research domain but have been com-
paratively less active in recent years. In contrast, Australia, South Ko-
rea, and especially China have become very active in recent years, with
China having become the largest contributor to SMS research as seen
in Table 3. The second largest cluster, with the UK as its figurehead,
has contributed significantly in earlier periods of the research domain,
but is comparatively less active recently. In the third cluster, it is seen
that the Netherlands has been highly influential earlier on, with Spain
and Belgium being more recently active countries. In the fourth cluster,
Finland and Iran are the most recently active countries.

From Table 3, some additional insights can be obtained. First, the
UK is the most connected country in SMS research, followed by the USA,
Belgium, Canada, the Netherlands, China, and Italy. These countries can
therefore be considered the key drivers of collaborative knowledge cre-
ation, as it is known that international collaboration can be instrumen-
tal for increased productivity and higher acceptance of research outputs
[43,44]. Second, in terms of research impact as measured by the average
citation rates of the publications of the countries/regions, it is seen that
research contributions from Belgium, Spain and Italy are significantly
more impactful, with average citation rates of 25.50, 23.24, and 22.88,
respectively, compared to the average document citation rate of 14.24
as found in Section 2.1. Of the top 5 most contributing countries, the
UK and the Netherlands have the highest academic impact, with aver-
age citation rates of 21.72 and 21.25, respectively.



F. Goerlandt, J. Li and G. Reniers

greece

netherlands
bel‘lm f‘

Journal of Safety Science and Resilience 3 (2022) 189-208

.~
malaysia

pakistan

mexico

unite%dom
denmark

new zealand
singapore

southsafrica
senbia
s"n france
india
slowe switzerland
brézily germany
czech republic \ taiwan
I
romania ca*ia
norway sweden
finland iran
6% VOSviewer
turkey
Fig. 2. Countries/regions collaboration network in safety management system research, Number of publications >10, visualized using VOSviewer [35].
malaysia
pakistan
greece
mexico
new zealand
netherlands . . singapore
i united kingdom
belgibim denmark &
southuafrica : :
australia
serbia w
@ france
india
SIOVEQY switzerland
brazily gergany
czech republic Y usa taiwan
italy
romania canada
soutfkoreay
poland
nomway sweden
ﬂr‘nd iran
6% VOSviewer . : :
turkey 2011 2012 2013 2014 2015

Fig. 3. Average publication year of countries/regions collaboration network in safety management system research, number of publications >10, visualized using

VOSviewer [35].

3.2.2. Institutions collaboration network

Fig. 4 shows the collaboration network of institutions, where the
colours indicate clusters of collaborating institutions Fig. 5. shows the
same network with a color overlay corresponding to the average year of
publications originating from these organizations, to indicate the tem-
poral evolution of institutional activity and collaborations Table 4. pro-
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vides further details and additional information about the top 10 most
productive institutions in the SMS research domain.

While Fig. 4 distinguishes nine collaboration clusters, it is seen that
there are relatively few institutions that consistently work together on
SMS research. Notable collaborations can be identified in the blue clus-
ter between Huazhong University of Science and Technology (China)
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Table 4
Top 10 highly productive institutions in safety management system research.

Institution NP TC AC APY Degree Cluster
Ghent University 45 1131 25.13 2013.87 10 light blue
Delft University of Technology 44 879 19.98 2013.61 18 red
Huazhong University of Science and Technology 39 651 16.69 2016.74 13 blue
Wageningen University 39 1039 26.64 2013.51 9 light blue
Hong Kong Polytechnic University 36 655 18.19 2013.36 15 blue
Tsinghua University 26 451 17.35 2015.60 9 green
Queensland University of Technology 21 325 15.48 2016.05 12 blue
Seoul National University 21 339 16.14 2015.19 6 yellow
China University of Mining and Technology 19 59 3.11 2016.94 6 green
City University of Hong Kong 18 289 16.06 2013.71 10 blue
Heriot-Watt University 18 218 12.11 2010.06 4 purple
Norwegian University of Science and Technology 18 213 11.83 2013.67 9 red
Texas A&M University 18 206 11.44 2013.82 1 green

Notes: Degree = Number of links of a node | NP = number of publications | TC = total citations | APY = average publication year |
AC = average citations | Cluster = collaboration cluster in Fig. 4.

on the one hand, and Hong Kong Polytechnic University (China), Pol- gen University (Netherlands) in the cyan cluster, with both having close
ish Academy of Science (Poland), and the University of Maryland (USA) collaboration links with University of Burgos (Spain) and Sokoine Uni-
on the other. A strong collaboration exists as well between Hong Kong versity of Agriculture (Tanzania) as well. Finally, in the green cluster, a
Polytechnic University (China) and Queensland University of Technol- well-developed collaboration between Tsinghua University (China) and
ogy (Australia) in the cluster. In the red cluster, which is dominated by Curtis University (USA) is found. While clearly there are many more
Delft University of Technology (Netherlands), significant collaborations collaboration links within and across clusters, those appear to be less
exist between this organization on the one hand, and Antwerp Univer- regular.

sity (Belgium), Dalhousie University (Canada), University of Hudders- Considering the temporal evolution of the research collaborations on
field (UK), and Leiden University (Netherlands). A very strong collabo- SMS as shown in Fig. 5 and Table 4, it appears that the research cluster
ration is identified between Ghent University (Belgium) and Wagenin- with Ghent University (Belgium) and Wageningen University (Nether-
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Fig. 5. Average publication year of each institution collaboration network in safety management system research, number of publications >5, visualized using

VOSviewer [35].

lands) at its core is a longstanding and steadily active collaboration net-
work, with an average year of publication around 2013.5. These two or-
ganizations have relatively extensive but stable collaboration partners,
with 10 and 9 institutional links, respectively. The cluster around Delft
University of Technology (Netherlands) shows a somewhat different pic-
ture: while this core institution has been steadily active with an average
publication year of 2013.6, it has more collaboration links (18) which
are more dynamic over time. For instance, collaborations with Leiden
University (Netherlands), Dalhousie University (Canada), and Memorial
University of Newfoundland (Canada) are on average more temporally
distant, while collaborations with Antwerp University (Belgium), KU
Leuven (Belgium), Aalto University (Finland), and University of Hudder-
sfield (UK) are more recent. In Asia, there are several highly productive
institutions that have been active in SMS research for a long time, for
instance Hong Kong Polytechnic University (China) and City University
of Hong Kong (China), having average publication years of 2013.4 and
2013.7. However, the institutional picture here displays a high degree
of dynamism, with many institutions becoming active in SMS research
in more recent years. These include, for instance, National University
of Singapore, Seoul National University (South Korea), Yonsei Univer-
sity (South Korea) and Tsinghua University (China) as relatively early
adopters. Huazhong University of Science (China) and Technology and
China University of Mining and Technology have very rapidly become
highly productive institutions despite their very recent average years of
publication (2016.7 and 2016.9, respectively), and many more institu-
tions have recently become active in this domain, for instance China
University of Petroleum, Harbin University (China) and Wuhan Univer-
sity of Technology (China). Referring to Fig. 3, the recent research ac-
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tivity on SMS in Australia is due to highly active institutions such as
Queensland University of Technology and Central Queensland Univer-
sity, with Griffith University an early driver of SMS related research in
Australia.

In terms of research impact as measured by the average citation score
of publications, the most impactful and highly productive institutions
are Wageningen University (Netherlands) and Ghent University (Bel-
gium), followed by Delft University of Technology (Netherlands) and
Hong Kong Polytechnic University (China). Of the most recently active
organizations, the publications of which have had less time to accrue
citations, Huazhong University of Science and Technology (China), Ts-
inghua University (China), and Queensland University of Technology
(Australia) have comparatively more impactful research contributions.

3.3. Patterns in scientific categories and information flow between journals

3.3.1. Scientific categories

The classification of journals in scientific categories in the WoSCC
database serves as a marker of the scientific disciplines and domains on
which the articles published in journals are focused. Aggregating the cat-
egorizations of the dataset of SMS research obtained in Section 2.1 en-
ables a very high-level view of how SMS research is situated within
the body of scientific knowledge included in the datasets obtained from
WoSCC as identified in Section 2.1. It also provides insight in the sci-
entific categories with which the research domain is primarily associ-
ated. The analysis makes use of the global science map by Carley et al.
[36] and is performed using the VOSviewer software [35].
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Table 5

Highly productive scientific categories for safety management system research, categories with at least with 50 papers in the dataset
of Section 2.1.

Web of Science Categories Cluster NP APY AC

Engineering, Industrial 4 456 2013.45 22.12
Operations Research & Management Science 4 367 2013.02 24.71
Engineering, Chemical 2 265 2011.46 10.51
Public, Environmental & Occupational Health 5 255 2012.52 14.16
Food Science & Technology 1 254 2013.30 17.00
Engineering, Civil 3 215 2013.57 14.41
Environmental Sciences 3 167 2011.52 12.58
Ergonomics 5 142 2012.24 20.71
Transportation 5 120 2013.02 22.43
Construction & Building Technology 2 112 2014.61 20.44
Engineering, Environmental 3 95 2010.71 19.61
Social Sciences, Interdisciplinary 5 82 2012.06 28.38
Engineering, Electrical & Electronic 4 68 2013.91 6.99
Engineering, Multidisciplinary 4 62 2011.69 4.84
Transportation Science & Technology 5 60 2011.32 6.30
Health Care Sciences & Services 5 59 2011.97 16.42
Management 5 50 2014.14 12.82

Notes: NP = number of publications | APY = average publication year | AC = average citations | Cluster = high-level clusters on the
global science map of Fig. 6.

The results are shown in Fig. 6, which shows five clusters of the average citation score, giving insights into the temporal dynamics and

global scientific body as proposed by Carley et al. [36]: #1 ‘Biology and relative impact of various focus domains within the research field.

Medicine’, #2 ‘Chemistry and Physics’, #3 ‘Ecology and Environmental Sci- The results show that SMS research is highly interdisciplinary, with
ence and Technology’, #4 ‘Engineering and Mathematics’, and #5 ‘Psychol- scientific categories across all five overall scientific clusters contribut-
ogy and Social Sciences’ Table 5. provides an overview of the categories ing to this research domain. The key scientific categories are ‘Engineer-
represented in the SMS research domain with which 50 or more docu- ing, Industrial’, and ‘Operations Research & Management Science’, indicat-
ments are associated. It also shows the average publication year and the ing that SMS is primarily linked with the improvement of industrial
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processes and operations. While these scientific categories are mapped
within cluster #2 ‘Engineering & Mathematics’, these domains are rather
closely connected to cluster #5 ‘Psychology & Social Sciences’ through a
focus on improvement processes and organizational and human factors
issues. In this context, it note worthy that the very first scientific con-
tributions to SMS by Ayoub [41,42] originate from an Industrial Engi-
neering department at North Carolina State University (USA). The social
science dimension of SMS research is also highlighted by the relatively
high contributions of the scientific categories ‘Ergonomics’ (#5), ‘Man-
agement’ (#5), and ‘Social Sciences, Interdisciplinary’ (#5).

Furthermore, it is apparent that SMS research is very application-
oriented, with several scientific categories associated with various appli-
cation domains significantly contributing to the research domain. These
include, for example, ‘Engineering, Chemical’ (Cluster #2), ‘Public, Envi-
ronmental & Occupational Health’ (Cluster #5), ‘Food Science & Technol-
ogy’ (Cluster #1), and ‘Engineering, Civil' (Cluster #3) are in the con-
text of SMS research mostly the context in which applications for SMS
design and use are developed and tested. This combination of appli-
cation domain-specific knowledge and methodological knowledge for
designing, implementing, and testing SMSs leads to a highly interdisci-
plinary research domain. Apart from a visual appreciation of the inter-
disciplinary nature of SMS research in Fig. 6, where categories across
all five major scientific clusters are represented, the Stirling-Rao diver-
sity index provides further confirmation of its interdisciplinarity. This
metric calculates the aggregate distance between connected scientific
categories, giving more weight to more frequently detected categories
and pairs of more distant categories [45]. For the SMS research domain,
this index is calculated as 0.808, which is a very high score.

Finally, it is observed from Table 5 that there is some variation
in the average publication year of the scientific categories associated
with particular application domains. For instance, ‘Engineering, Chemi-
cal’ (APY = 2011.46) and ‘Health Care Sciences & Services’ (2011.97) are
more temporally distant than application domains such as ‘Engineering,
Civil’ (2013.57) and ‘Construction & Building Technology’ (2014.61). This
suggests that some application domains have adopted SMS later than
others, and/or that the research activity focusing on different domains is
not equally active across time. Likewise, inspecting the average citation
scores in Table 5, it is apparent that the core scientific categories neces-
sary for the conceptualization, development, implementation, and test-
ing of SMS, such as ‘Social Sciences, Interdisciplinary’, ‘Operations Research
& Management Science’, and ‘Engineering, Industrial’ are comparatively
more impactful that application-focused scientific categories. With re-
spective average citation scores of 28.32, 24.71, and 22.12, these are sci-
entifically more impactful than e.g., ‘Engineering, Chemical’ (AC = 10.51),
‘Public, Environmental & Occupational Health’ (14.16), ‘Engineering, Civil’
(14.41), and ‘Food Science & Technology’ (17.00).

3.3.2. Knowledge flow between journal clusters and highly influential
journals

Fig. 7 shows the results a dual-map overlay analysis of the SMS re-
search dataset of Section 2.1. The figure uses the journals dual-map de-
veloped by Chen and Leydesdorff [38], and maps the journals in which
the articles in the dataset are published. The dual-map overlay analy-
sis, performed using CiteSpace [37], then traces the cited journals and
connects the journals in both maps. Hence, the analysis aims to detect
patterns in the knowledge flow from cited to citing journals, providing
high-level insights into what domains of knowledge are used as a basis
for creating new SMS research outputs. To facilitate this interpretation,
labels are provided on the dual-map overlay, which represent clusters
of journals focusing on similar themes. Furthermore, the software con-
structs ovals on the maps, which represent journal clusters in which a
high activity in citing or cited journals is detected within the dataset.
The size of these ovals is proportionate to the number of citing publi-
cations for the citing journals, and the number of citations received for
the cited journals. The upper section of Fig. 7 (part I) shows the citation
links between the journals directly, whereas the lower section (part II)
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further condenses the information by concentrating on the lines linking
cited and citing journals. This is done by creating lines with a width
proportional to the frequency of citation links between citing and cited
domains, using the z-score of the citation links, as explained by Kim
et al. [46].

Fig. 7 shows that SMS research is mainly published in the journal
clusters ‘Veterinary, animal, science’, ‘Medicine, medical, clinical’, ‘Mathe-
matics, systems, mathematical’, and ‘Psychology, education, health’, see also
Table 6. The dominant cited journal clusters in this research domain
are ‘Environmental, toxicology, nutrition’, ‘Health, nursing, medicine’, ‘Sys-
tems, computing, computer’, and ‘Psychology, education, social’. The pat-
terns of the citation links furthermore indicate that it is quite common
that knowledge from different cited journal clusters is applied to create
new research outputs. For instance, knowledge from ‘Systems, comput-
ing, computer’ and ‘Psychology, education, social’ frequently used together
as a basis for advancing SMS research associated with the ‘Mathematics,
systems, mathematical’ journal cluster. Also the clusters ‘Health, nursing,
medicine’ and ‘Psychology, education, social’ are commonly found together
to advance ‘Psychology, education, health’ related SMS research.

Table 7 shows the top 20 most productive journals on SMS research,
whereas Table 8 shows the top 20 journals in terms of citations re-
ceived from publications addressing SMS. It is seen that Safety Science,
Food Control, Journal of Loss Prevention in the Process Industries, and Ac-
cident Analysis and Prevention appear in the top 5 of both lists. This in-
dicates that these journals can be regarded as the core academic jour-
nals within the SMS research field, with Safety Science by far the most
productive and impactful journal. The average publication year sug-
gests that SMS research in process safety originated comparatively early,
with average publication years for Journal of Loss Prevention in the Pro-
cess Safety being 2010.4, for Process Safety Progress 2011.7, for Process
Safety and Environmental Protection 2012.7, and for Journal of Hazardous
Materials even dating back to 2003.8. Other application domains ap-
pear to have become active somewhat later, with for instance food-
related SMS being published in International Journal of Food Microbiology
(APY = 2011.1), British Food Journal (APY = 2012.7), Journal of Food
Protection (APY = 2012.6) and Food Control (APY = 2013.8), transport-
related SMS published in Accident Analysis and Prevention (APY=2013.1)
and Transportation Research Record (APY = 2015.7), and construction re-
lated SMS published in Automation in Construction (APY = 2015.2) and
Journal of Construction Engineering and Management (APY = 2015.8).

3.4. Narrative clusters and trends in focus topics

Author keywords provide essential insights into the main focus topic
of academic publications. A terms co-occurrence analysis of the key-
words associated with the safety management research domain is shown
in Fig. 8. The co-occurrence analysis and clustering are performed us-
ing the VOSviewer software [35], showing what topics are related to
each other. This analysis provides insights into the dominant narrative
patterns in the research domain, i.e., in the kinds of issues which are ad-
dressed in scholarly contributions. An overlay of the average publication
year in which terms appeared is shown in Fig. 9, providing additional
insights into the evolution of focus topics over time Table 9. lists the
most frequently occurring keywords in safety management research per
cluster as identified in Fig. 8, along with the average publication year
associated with the term.

From Fig. 8, it is seen that there are seven dominant narrative clusters
in the research domain. Five of these focus on application domains: pro-
cess safety, construction safety, patient safety, occupational health and
safety, and food safety. The remaining two focus on methods for safety
management systems, and on safety culture and safety climate. Refer-
ring also to Fig. 9 and Table 9, a number of observations can be made
about these clusters. First, considering the weighted average of the key-
words by year of publication (WAKY), it is apparent that there is a tem-
poral evolution in the application domains in which safety management
systems research is in focus. The research domain experienced a first fo-
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Table 6
Citation trajectories of safety management systems research at the level of journal clusters.
No. Citing domain Cited domain z-score color
1 Veterinary, animal, science Environmental, toxicology, nutrition 5.35 yellow
2 Medicine, medical, clinical Health, nursing, medicine 5.48 green
3 Mathematics, systems, mathematical Systems, computing, computer 2.94 red
Mathematics, systems, mathematical Psychology, education, social 2.63 red
4 Psychology, education, health Health, nursing, medicine 1.73 light blue
Psychology, education, health Psychology, education, social 2.99 light blue

Notes: Z-score as calculated in Kim et al [46]. | Colour as in the citation links of Fig. 6.

cus on occupational health and safety applications (WAKY = 2011.6),
with important keywords ‘health and safety’, ‘integrated management sys-
ten?’, ‘audit’, ‘ohsas 18001’, and ‘environmental management’. This cluster
stresses the importance of integrated systems covering health, safety,
and environmental aspects of occupational accident and disease preven-
tion. It has a strong link with certification standards and quality man-
agement. The bulk of research activity on safety management systems
in process and patient contexts occurred largely in the same time pe-
riod, however with different focus topics. Whereas process safety man-
agement (WAKY = 2012.99) initially focused on ‘major accidents’, ‘acci-
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dent investigation’, ‘near misses’, and ‘human error’, more recently there
has been attention to ‘human factors’ and ‘resilience engineering’. Patient
safety management systems research (WAKY = 2012.95) had an initial
focus on ‘database’ and ‘information systems’, ‘medical errors’ and ‘medica-
tion errors’, and ‘incident reporting’. However, more recently topics such
as ‘socio-technical systems’, ‘resilience’, ‘resilience engineering’ and ‘safety-
2’ are in focus. Food safety management research (WAKY = 2013.08) is
the second most recent major application cluster. Important keywords
here are ‘hazard analysis’, ‘haccp’ (hazard analysis and critical control
points), and ‘SMEs’ as early focus topics. With a more recent focus on
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Table 7

Top 20 highly productive journals in safety management research.
Citing journal NP APY
Safety Science 299 2013.85
Journal of Loss Prevention in the Process Industries 99 2010.35
Food Control 93 2013.84
Process Safety Progress 93 2011.70
Accident Analysis and Prevention 47 2013.06
Automation in Construction 45 2015.22
Reliability Engineering & System Safety 42 2008.86
Process Safety and Environmental Protection 36 2012.69
Journal of Construction Engineering and Management 35 2015.83
Journal of Food Protection 27 2012.56
International Journal of Occupational Safety and Ergonomics 24 2014.83
Journal of Hazardous Materials 24 2003.88
British Food Journal 22 2012.68
Journal of Safety Research 21 2010.71
Journal of Cleaner Production 18 2014.94
Sustainability 18 2018.39
International Journal of Environmental Research and Public Health 17 2018.53
Transportation Research Record 17 2015.65
Cognition Technology & Work 15 2015.40
International Journal of Food Microbiology 14 2011.14

Table 8

Top 20 highly cited journals in safety management research.
Cited journal NC
Safety Science 5290
Food Control 2006
Automation in Construction 1421
Accident Analysis and Prevention 1342
Journal of Loss Prevention in the Process Industries 1324
Reliability Engineering & System Safety 1141
Journal of Safety Research 906
Journal of Food Protection 710
Journal of Construction Engineering and Management 684
International Journal of Food Microbiology 661
Journal of Construction Engineering and Management 489
Journal of Cleaner Production 457
Journal of Hazard Materials 445
Applied Ergonomics 419
Trends in Food Science and Technology 374
Journal of Applied Psychology 368
Quality and Safety in Health Care 365
Journal of Computing in Civil Engineering 347
Risk Analysis 344
Process Safety Progress 321

‘ISO 22000, this cluster also recognizes the importance of industrial
certification standards. The most recent research activity in safety man-
agement system research concerns the construction safety application
area (WAKY = 2015.33). With an early focus on ‘accident prevention’ and
‘occupational accidents’, important keywords here are behavior-focused,
e.g. ‘behavior-based safety’, ‘safety behavior’, and ‘unsafe behavior’. Other
significant keywords are ‘data mining’, ‘building information modeling’ and
‘internet of things’.

‘Food safety culture’ and ‘food safety climate’ are among the most
recent keywords in food safety management research. This observation
is interesting because the generic cluster safety culture/safety climate,
which shows strong links with the occupational health and safety, pro-
cess safety, and construction safety management research clusters, is
actually the oldest (WAKY = 2011.57), taking a central position in the
keyword co-occurrence network. This suggests that while application
domains focusing on personal and process safety have considered safety
management systems already for a long time as contributing to the or-
ganizational safety culture, this is only recently the case in the food
safety application domain. Finally, the methods-focused cluster is also
quite recent (WAKY = 2014.02), and includes classical risk assessment
methods as keywords, such as ‘fault tree analysis’, ‘ahp’ (analytic hierar-
chy process), ‘bayesian network’, ‘bowtie’, and ‘fuzzy logic’. The compar-
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atively later focus on methods suggests that research initially focused
on generic principles, mechanisms, and frameworks for safety manage-
ment systems, where more recent research focuses on the applicability
or development of safety management systems with specific modeling
approaches.

3.5. Intellectual basis of sms research: knowledge clusters and key
publications

As outlined in Section 2.2, a co-citation analysis provides insight into
the clusters of sources which collectively serve as a knowledge basis for
the development of a research domain. The networks of influential ar-
ticles (as measured through their citation scores) provide insight into
the main ideas, concepts, theories, and approaches which drive the pro-
duction of new knowledge. A clustering of the networks also provides
high-level insights into how well integrated the overall domain is, as it
can discern subdomains within the overall research domain which re-
main relatively secluded from knowledge clusters lying at the basis of
developments in other subdomains.

The results of this co-citation analysis of the safety management sys-
tem research domain are shown in Fig. 10, with the top 10 most in-
fluential publications listed per cluster in Table 10. It is seen that five
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co-citation clusters can be identified: three generic clusters addressing
more conceptual and theoretical issues, and two applications-focused
clusters concentrating literature on specific industrial sectors in which
safety management systems are applied.

The green cluster is labelled ‘Risk and safety management concepts
and theories’, as it contains several key publications introducing or de-
scribing very influential ideas on how safety can be managed or facili-
tated. It includes very Reason’s influential work on human error [47,48],
Heinrich’s ideas on the accident pyramid and linear accident sequences
[49], Perrow’s systems-focused work on Normal Accident Theory [50],
the multi-level systems-theoretical models focusing on control and feed-
back by Rasmussen [51,98] and Leveson [52], with resilience engineer-
ing [88] as the most recently included conceptual development in safety
management research.

The yellow cluster is labelled ‘Safety culture and safety climate’. As
key documents, it contains the foundational work by Zohar [54], the
review of safety culture theory and literature by Guldenmund [55] from
a social-organizational psychology viewpoint, the reciprocal model of
safety culture based on social cognitive theory [56], and the review of
safety climate measurement scales by Flin et al. [57]. The cluster also
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contains studies in various industry sectors linking safety culture with
safety management systems [58], management practices and accident
statistics [59], and safety behaviors [60].

The purple cluster is labelled ‘SMS evaluation and performance’, and
contains studies and review articles about the effectiveness of safety
management systems in various industries. Influential work in this line
of research is published by Ferndndez-Muiiiz et al. [61] who used sur-
vey research methods in a diverse population of Spanish firms to test
the relation between SMS and safety, competitiveness, and economic
performance. Bottani et al. [62] performed a survey among Italian man-
ufacturing companies focusing on the relation between SMS and vari-
ous safety-related practices. The earlier review article by Robson et al.
[12] on the effectiveness of occupational health and safety management
systems from a safety and economic performance viewpoint is the most
highly-cited work in this line of work. Another impactful area of re-
search in this cluster are analysis of essential components of SMS for
reducing occupational accidents [63] or in process safety contexts [64].
This is closely related to research proposing SMS performance evalua-
tion models or auditing tools, in which work by Teo and Ling [65] and
Chang and Liang [67] is influential.
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Fig. 9. Average publication year of keywords in safety management system research, keywords which appeared at least 5 times, visualized using VOSviewer [35].

The red cluster focuses on the construction application domain, and
is labelled ‘Construction industry safety management systems’. Its most in-
fluential cited publication is a newer edition of Heinrich’s accident cau-
sation theory [68]. The cluster also gives significant weight to studies
detailing contributing factors [69] or root causes [70] of construction
accidents, with theoretical underpinnings in linear accident causation
models such as Heinrich’s domino theory and an associated focus on
unsafe acts and conditions rooted in organizational shortcomings. The
related empirical studies by Tam et al. [71] and Choudhry and Fang
[72], focus on the reasons or mechanisms involved in workers’ unsafe
behaviors at construction sites. Other studies focused on the success
factors underlying construction safety performance, based on accident
records [73] or survey research [74]. Other influential work focuses on
the effectiveness of hazard identification methods to detect ‘all known
hazards’ [75] which led to a proposal of using information technol-
ogy approaches to improve hazard identification, with Carbonari et al.
[76] presenting a prototype system for such proactive safety manage-
ment. Moving away from approaches based on linear accident causation
models, the work by Mitropoulos et al. [77] suggests a new systems-
based accident causation model for construction safety, which takes re-
duction of task unpredictability through production planning and error
management as central tenets. Finally, the work on defining leading in-
dicators for construction safety management by Hinze et al. [96] is also
influential in the construction safety application domain.

Finally, the blue cluster is also focused on a specific application do-
main and is labelled ‘Food industry safety management systems’. Food
safety management systems are based on good hygienic practices and
application of methods such as Hazard Analysis Critical Control Point
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(HACCP) to attain safe levels of microorganisms in food products. Early
influential work focused on the various barriers to implementing HACCP
[78,79], and the development of standards and their associated imple-
mentation challenges [80,81]. Subsequently, influential work has fo-
cused on the development of an instrument to assess the performance
of safety control activities [82] and a microbial assessment scheme to
assess the microbial performance of a food SMS [83]. Thereafter, in-
fluential work focused on elucidating the core assurance activities of
a company’s food SMS [84], on developing performance indicators to
benchmark food safety outcomes of food business without performing
microbiological analysis but instead relying on elements related to the
SMS [85], and on context factors affecting food safety beyond the food
SMS [86].

4. Discussion
4.1. Interpretation of the results and future research directions

The dramatic increase in research outputs on safety management
system research since its inception in the late 1970s is remarkable. This
increase is likely partially due to SMSs having become important mecha-
nisms for safety assurance and certification in many industrial domains,
as observed, e.g., by Li and Guldenmund [8]. Nevertheless, the fast up-
ward trend in SMS research outputs should also be seen in the light of an
overall trend in academic publishing of increased publication numbers
[871, which is also observed in other safety-related topics such as safety
culture [22], construction safety [30], and process safety [21]. More-
over, it is questionable to what extent the dramatic increase in SMS re-
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search volume contributes to changing industrial practices, e.g., Swuste
et al. [19] find that few safety science research insights contribute to
changes in practical knowledge or implementation. Hence, it would be
an interesting area for future research to assess to what extent SMS re-
search developments have impacted industrial practices, how this was
facilitated, and whether this was ultimately successful and why.

The very large body of research on SMS enables obtaining insights
into some high-level trends and developments. First, whereas the re-
sults of Section 3.2.1 show that SMS research originated from the USA,
the UK, and the Netherlands, with associated clusters in North America
and Western and Southern Europe, there is an ongoing shift in highly
productive geographical areas, with China, Australia, and South Korea
the most important recent contributors. However, research from South
America, Africa, and Central Asia is largely lacking, which may be an
area for future scholarship.

Another insight concerns institutional collaborations, as per the re-
sults of Section 3.2.2. While there are some longstanding institutional
research collaborations, especially related to SMS in the food industries,
the overall picture of SMS research is one where many institutions have
been or are active, without having established very strong research col-
laboration links. This observation may relate to the fact that proposing
new approaches for safety management systems, or for performing case
studies in particular organizations, does not necessarily require interna-
tional collaboration. Most institutions moreover have published only a
limited number of articles on SMS, implying that there is little enduring
institutional focus on SMS. This may contribute to the observations by
Swuste et al. [19] in a review of occupational safety management that
there have been no new theories published on accident processes, and
that the quality of SMS research is generally poor. A lack of strong insti-
tutional focus on SMS may also lead to an enduring stasis of the research
domain, where despite the large research volumes published, there are
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no significantly new theories or practices developed, or scientifically
important new insights obtained.

Another view on the evolution of the SMS research domain is ob-
tained by inspecting the contributions of various scientific domains and
journals, and by considering the key contributions. From Section 3.3, it
is apparent that the most contributing scientific categories are in applied
fields of science, with industrial engineering and operations research
and management science the most important ones. Other scientific cate-
gories are mostly associated with the application domains in which SMSs
are studied or for which developments are made, for instance chemical,
food, construction, or transportation industries. This applied and indus-
trial focus of SMS research is of course understandable, but these re-
sults also show that the field is not strongly influenced by contributions
from more basic scientific disciplines. In contrast, for instance the risk
perception [26] and (to a lesser extent) risk communication research
domains [89] are based more directly on scientific categories such as
‘Social sciences, interdisciplinary’, ‘Psychology, multidisciplinary’, ‘Psychol-
ogy, applied’, ‘Psychology, social’, ‘Psychology’, and ‘Management’, i.e. on
more basic science-oriented scholarship. Scientometric analyzes of those
research domains (based on co-citation clusters and associated research
fronts) show that there have been progressive theoretical developments
in these domains over time, apart from applied research focusing on
specific risk issues. This suggests that the SMS research domain may
benefit from drawing more directly from journals and other knowledge
sources associated with such a more basic science orientation, although
in practice that may be hard to achieve [90].

Additionally, the results of Section 3.3.2 show that there are strong
dominant patterns in the knowledge flow between journals, and that the
bulk of the SMS related literature is published in a rather limited set of
journals. The results of Tables 1 and 7 imply that the top 20 most produc-
tive journals (2.8% of all sources) contribute over 44% of all published
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documents on SMS. Such a knowledge concentration can be beneficial to
building a scientific community and for legitimizing and delineating the
scope of academic journals [91], and for establishing a core knowledge
basis e.g. for designing curricula for safety education programs [92,93].
However, such concentration can also lead to a decrease in exposure to
and adoption of new ideas, which is an interdisciplinary domain such
as safety science appears important. Referring again to the observations
by Swuste et al. [19], this provides further weight to directing future
research to incorporate research findings, theories, or concepts from
journals associated with basic science knowledge domains, as this may
reinvigorate the SMS research domain.

Focusing on the narrative clusters as obtained in Section 3.4, it is
noteworthy that SMS research in transportation contexts does not con-
stitute a significant cluster, although ‘Transportation’ and ‘Transportation
Science & Technology’ are moderately productive scientific categories as
seen in Table 5, and even though SMSs are widely used also in air, rail,
maritime, and road transport sectors [94]. Furthermore, from Fig. 8 it is
apparent that there are different dominant conceptual and methodolog-
ical underpinnings in the main SMS application domains (food, health-
care, construction, and process industries). For instance, patient safety
has a recent focus on resilience and safety-2, i.e., understanding safety
as positive capacities as in resilience engineering [88]. In contrast, SMSs
in the process industries focus more on accident and incident analysis,
near misses, and human error, and have stronger links with risk anal-
ysis methods and approaches. Hence, the dominant conceptual under-
pinning of this application domain appears more aligned with organiza-
tional safety management based on complex linear accident causation
models as elaborated by Reason [95]. Referring also to the results of
Section 3.5, SMSs in the construction industry has a somewhat simi-
lar conceptual view on accident causation as in the process industries,
where the work by Heinrich [68] and its legacy in behavior-based safety
appears to have a large influence. These findings suggest that, while
there is a diverse range of risk and safety management concepts and
theories found in these application areas as observed in Fig. 10 and
Table 9, they are not equally integrated in the SMS research of the dif-
ferent application domains.

Research on SMS is an important theme in the development of safety
science [97]. Therefore, it is useful to situate the results of the current
work within a larger context of the development of safety science. Re-
flecting on the results by [108], who presents a scientometric analysis
of the development of the journal Safety Science, one of the core journals
of the discipline, several issues can be highlighted. First, safety manage-
ment has been a top-5 research theme since at least the early 2000s,
within which SMS has been an influential focus topic, with the work by
Robson et al. [12], the most cited one. Second., several key institutions
which are found to be highly involved in SMS research are also very
influential in Safety Science, for instance, Delft University of Technology
(Netherlands), Hong Kong Polytechnic University (China), Queensland
University of Technology (Australia), and Tsinghua University (China).
On a national level, the shift over time in the number of research contri-
butions to SMS originating from the Netherlands, UK, and USA, towards
the recently more productive countries such as China, Australia, and
South Korea is observed as well in Safety Science. Finally, several key
themes associated with SMS as found in Section 3.4 are also found as
key research topics in Safety Science, including safety climate and safety
culture, occupational safety, construction safety, road safety, accident
analysis, and human factors.

Further reflecting on the results of Figs. 8 and 10, the food SMS re-
search appears to be largely separated from the developments in occupa-
tional and process safety SMS research. One marker of this is the signifi-
cantly different keywords in the food safety cluster and its weak links to
other narrative clusters in Fig. 8. Another is its only very recent focus on
safety culture and safety climate as seen in Fig. 9, whereas safety culture
and climate has been highly integrated to the SMS research in occupa-
tional health and safety, process safety and construction safety research
domains. It is also evident from the clear separation of the food SMS
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co-citation cluster in Fig. 10, the highly specific techniques and meth-
ods observed in this cluster’s key publications in Table 9, and from the
information flow between journals in Section 3.3.2. It is understandable
that food safety SMS is somewhat separate as it focuses on the safety
of food products, through microbiological analyzes and control of pro-
duction processes, whereas the other SMS application domains focus on
human safety or the safety of socio-technical systems. Nevertheless, it
may be a fruitful area of future scholarship to make more in-depth com-
parisons of the contents of the SMSs across application domains, their
underlying conceptual and theoretical commitments and their operative
contexts, and to understand the reasons why these differences exist. The
general SMS framework by Li and Guldenmund [8] may be instrumental
to this effect. Such work could lead to a cross-fertilization of ideas, ap-
proaches, or best practices, which could lead to further improving SMS
performance.

Finally, other selected future directions are mentioned here based
on the observations in Section 3. SMSs often rely heavily on bureau-
cratic approaches to organizational management, which may lead to
large safety bureaucracies with negative effects on organizational per-
formance [10]. Hence, future research may focus on approaches and
mechanisms to limit the extent of bureaucratic safety work or to make it
more efficient, e.g., through machine learning approaches as suggested
by Paltrinieri et al. [109] for risk assessment purposes. In construction
safety SMS, keywords such as ‘big data’ may indicate that there is ap-
petite for such developments.

In order to be effective, data-driven approaches likely require an im-
proved understanding of what aspects of SMS design and operation ac-
tually improve operational safety. In this context, it is appropriate to
highlight that despite the fact that there is some overall evidence that
SMS implementation does improve safety performance [12,13], there
are open questions as to what elements actually contribute to this and
why, whether there are observable differences in organizational (safety)
performance for SMSs designed based on different concepts, theories, or
methods, and how to align this selection with organizational manage-
ment styles and work processes, and other contextual (e.g., regulatory)
factors. Such future research directions align with earlier made calls
for more attention to validation in the general safety sciences [90,110],
and in SMS research in particular [20]. In addition, the relevance of
such work is confirmed by views from industrial actors, who raise ques-
tions about what concepts and tools to choose from the nebulous “safety
cloud”, and why [111].

In this context, it is important to consider the function of SMSs as
part of safety work practices on the one hand, as well as to better un-
derstand their role in light of wider organizational objectives and the
associated purposes of engaging in particular work activities [112]. It
also appears fruitful to consider the design, implementation, and effec-
tiveness of SMS and its components in the context of different work
settings characterized by varying levels of flexibility and stability, and
associated approaches to uncertainty management [11]. Further con-
sidering how SMS can benefit from organizational learning and general
management concepts, as well as how organizational change processes
influence their functioning, are also avenues for future research [20].

4.2. Study limitations

While the results of Section 3 provide several new insights into the
development of SMS research, it is important to be aware of the limi-
tations of the work. First, while scientometric analyzes are well suited
to obtain high-level insights into the overall structure and development
of a research domain ([21]), they are not well suited for understanding
the detailed intricacies of the literature. Depending on the purpose, dif-
ferent types of narrative literature reviews are much better suited for
obtaining detailed insights than scientometric techniques [113]. Hence,
this work should be considered complementary to recent review arti-
cles on SMS, such as [8,20,97]. The insights obtained from the pre-
sented analyzes, for instance the development over time of the most



F. Goerlandt, J. Li and G. Reniers

Journal of Safety Science and Resilience 3 (2022) 189-208

Table 9
Frequently occurring keywords in safety management system research, keywords appearing at least 10 times.

Keywords Cluster APY NP Keywords Cluster APY NP
aviation red 2015.18 22 case study yellow 2015.33 13
accident analysis red 2015.13 24 ohsas 18001 yellow 2014.21 24
incident investigation red 2015.08 12 ergonomics yellow 2013.64 11
emergency response red 2015.00 14 road safety yellow 2013.07 15
process safety red 2013.48 34 iso 9001 yellow 2012.73 11
near miss red 2013.41 23 occupational health and safety yellow 2012.66 128
human factors red 2012.67 49 hse yellow 2012.62 13
human error red 2012.55 29 integrated management system yellow 2011.76 25
process safety management red 2011.61 71 health and safety yellow 2011.67 35
root cause analysis red 2011.08 12 iso 14001 yellow 2011.55 11
accident investigation red 2010.86 14 quality management system yellow 2010.67 15
unsafe behavior green 2018.18 11 quality management yellow 2010.50 14
internet of things green 2017.76 18 standards yellow 2008.08 12
building information modeling green 2016.86 22 audit yellow 2006.80 25
construction industry green 2016.42 47 environmental management yellow 2006.55 22
simulation green 2016.10 11 food safety management purple 2014.57 70
systems thinking green 2015.73 15 iso 22000 purple 2014.06 17
construction safety green 2015.49 46 food safety purple 2013.36 99
construction site green 2015.45 12 training purple 2012.82 11
data mining green 2015.40 16 SMEs purple 2012.60 20
safety behavior green 2015.17 12 HACCP purple 2011.59 73
structural equation modeling green 2014.93 15 hazard analysis purple 2011.00 13
safety performance green 2014.73 22 bowtie light blue 2016.64 11
behavior-based safety green 2014.21 14 bayesian network light blue 2015.44 18
hazard identification green 2013.21 14 fuzzy logic light blue 2014.44 18
occupational accidents green 2012.93 14 vulnerability light blue 2014.09 11
accident prevention green 2011.38 21 fault tree analysis light blue 2013.77 13
resilience blue 2016.73 22 AHP light blue 2013.10 20
resilience engineering blue 2015.73 22 reliability light blue 2010.58 12
patient safety blue 2014.68 63 effectiveness orange 2012.91 12
socio-technical systems blue 2014.42 12 certification orange 2012.67 12
health care blue 2013.53 17 safety climate orange 2012.62 29
medication errors blue 2010.86 21 regulation orange 2011.75 12
information systems blue 2010.55 11 safety culture orange 2011.71 77
decision making blue 2010.07 14 organizational culture orange 2009.29 18
medical errors blue 2009.47 19 performance measurement orange 2008.64 11
incident reporting blue 2008.92 12

database blue 2007.91 11

Notes: NP = number of publications | APY = average publication year | Cluster = co-occurrence clusters of Fig. 8.

active countries/regions (Section 3.2.1), the contributions to the safety
management literature from specific disciplines (Section 3.3.1), and the
identified patterns in the references co-citation network with their key
associated publications (Section 3.5), could be used as a basis for future
narrative literature reviews with a specific associated focus.

A common criticism of scientometric analyzes is the reliance on ci-
tation metrics such as the total number of citations to determine impact
and for detecting patterns. There are several issues with this. First, ci-
tations need time to accumulate, so that citation-based methods are not
well suited for detecting more recent development trends, and may lead
to undervaluing possible important publications which have not yet had
time to attract citations. This may for instance affect the relative impor-
tance of keywords in Table 9, especially for subdomains of the research
field which have more recently become active. Furthermore, citation-
based metrics are controversial as a proxy for the significance of research
contributions, see e.g., Garfield [115], because they lend themselves to
various types of manipulation [114]. Hence, where important contribu-
tors or publications are highlighted as in Section 3.2 or Section 3.5, these
results should not be interpreted as an endorsement of the correctness
of the work, or as a positive appraisal e.g. concerning its practical use-
fulness. Instead, it is better to understand the presented scientometric
results as descriptive of the research domain, highlighting what coun-
tries, institutions, scientific domains, and key publications have shaped
the field as it currently is, and how the main narrative patterns and focus
topics have changed over time.

A number of specific limitations of the presented work are
mentioned. First, the adopted topic-based search strategy shown in
Section 2.1 means that a relatively wide set of SMS-related articles is

identified and analyzed. Adopting for instance a title-based strategy, us-
ing other search terms, or applying a different database of academic
publications, will to varying degrees affect the identified literature and
hence the results. However, the authors consider the choice of the SCI-
EXPANDED and SSCI databases well justified based on the fact that these
cover more than 9200 of the world’s most impactful journals across
over 170 scientific disciplines [116]. Importantly, these include the key
safety journals as identified by [117,118], and hence can credibly be
conceived to cover the most significant English-language journals pub-
lishing on safety management systems. Nevertheless, the restriction to
articles published in English can lead to certain biases and blind spots
in the analysis, as there are likely also a significant number of arti-
cles in other major languages, such as Chinese, Spanish, and Hindi. As
these are not included in the analysis, especially the analyzes address-
ing research trends (Section 3.1) and geographical collaboration pat-
terns (Section 3.2) may lead to different results if other data sets are
included as well. This issue of the relevance of the dataset of studied ar-
ticles is further exacerbated by the fact that safety management systems
were originally introduced and conceived as a set of industry best prac-
tices, and only later became an object of academic interest and study
[20,97]. Hence, there is also a significant body of gray literature on the
topic, such as industry and regulatory reports, manuals, guidelines, and
books, which is not considered in the current dataset and analysis of de-
velopment patterns and focus issues. It could be an interesting avenue
for future work to compare the focus topics of gray literature with those
of the English-language academic work presented in this article, for in-
stance to contribute to closing the gap between industrial and academic
actors in safety [119]. Furthermore, an analysis of subsets of the docu-
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Table 10
Top 10 most frequently cited publications in the co-citation clusters of safety management system research shown in Fig. 10.

Cited Ref. Title NC Cluster
[68] Industrial accident prevention: A safety management approach 36 red
[69] Contributing factors in construction accidents 35 red
[76] A proactive system for real-time safety management in construction sites 31 red
[74] Critical success factors influencing safety program performance in Thai construction projects 30 red
[72] Why operatives engage in unsafe work behavior: Investigating factors on construction sites 30 red
[96] Leading indicators of construction safety performance 30 red
[77] Systems model of construction accident causation 30 red
[751] Safety hazard identification on construction projects 29 red
[73] Factors affecting safety performance on construction sites 29 red
[70] Identifying root causes of construction accidents 28 red
[71] Identifying elements of poor construction safety management in China 28 red
[471 Human error 132 green
[95] Managing the risks of organizational accidents 112 green
[51] Risk management in a dynamic society: A modeling problem 93 green
[52] A new accident model for engineering safer systems 63 green
[50] Normal accidents: Living with high-risk technologies 59 green
[88] Resilience engineering: Concepts and precepts 43 green
[48] Human error: Models and management 39 green
[53] Barriers and accident prevention 35 green
[49] Industrial accident prevention: A scientific approach 31 green
[98] Proactive risk management in a dynamic society 30 green
[84] Systematic assessment of core assurance activities in a company specific food safety management system 53 light blue
[82] Comprehensive analysis and differentiated assessment of food safety control systems: A diagnostic instrument 50 light blue
[78] Difficulties and barriers for the implementing of HACCP and food safety systems in food businesses in Turkey 41 light blue
[85] Food safety performance indicators to benchmark food safety output of food safety management systems 40 light blue
[83] A microbial assessment scheme to measure microbial performance of food safety management systems 38 light blue
[79] Technical barriers to hazard analysis critical control point (HACCP) 38 light blue
[99] A tool to diagnose context riskiness in view of food safety activities and microbiological safety output 37 light blue
[801] ISO 22000:2005 food safety management systems - Requirements for any organization in the food chain 34 light blue
[99] A concurrent diagnosis of microbiological food safety output and food safety management system performance: Cases from meat processing industries 33  light blue
[81] Quality and safety standards in the food industry, developments and challenges 32 light blue
[55] The nature of safety culture: A review of theory and research 63  yellow
[54] Safety climate in industrial organizations: Theoretical and applied implications 57  yellow
[57] Measuring safety climate: Identifying the common features 54 yellow
[59] Safety climate, safety management practice and safety performance in offshore environments 41 yellow
[100] The impact of organizational climate on safety climate and individual behavior 41 yellow
[56] Towards a model of safety culture 37  yellow
[58] Safety management systems and safety culture in aircraft maintenance organisations 31 yellow
[101] Perceptions of safety at work: A framework for linking safety climate to safety performance, knowledge, and motivation 29  yellow
[102] Safety culture: Philosopher’s stone or man of straw? 28  yellow
[60] Exploratory analysis of the safety climate and safety behavior relationship 27  yellow
[103] A study of the lagged relationships among safety climate, safety motivation, safety behavior, and accidents at the individual and group levels 27  yellow
[104] Organizational safety: Which management practices are most effective in reducing employee injury rates? 27  yellow
[12] The effectiveness of occupational health and safety management system interventions: A systematic review 71 purple
[63] Safety management system: Development and validation of a multidimensional scale 36  purple
[61] Relation between occupational safety management and firm performance 35 purple
[105] Systematic occupational health and safety management: perspectives on an international development 34 purple
[65] Developing a model to measure the effectiveness of safety management systems of construction sites 26  purple
[64] Reviewing the safety management system by incident investigation and performance indicators 24 purple
[106] Occupational health and safety management in small size enterprises: An overview of the situation and avenues for intervention and research 24 purple
[107] The analytic hierarchy process: Planning, priority setting, resource allocation 24 purple
[62] Safety management systems: Performance differences between adopters and non-adopters 23 purple
[67] Performance evaluation of process safety management systems of paint manufacturing facilities 22 purple

ment types of the dataset, e.g. journal articles or review papers, could
be performed.

Second, in the analyzes of temporal evolutions of the developments
in the research field, such as in Figs. 3, 5 and 9, the average year of
publication of the associated documents is used as a metric to obtain in-
sights. Such averages may hide important information about the shape
of the distribution (variance, skewness, etc.), but in scientometric re-
search such averages are commonly used to obtain high-level insights
for comparative purposes, see e.g. Li et al. [21].

5. Conclusion

In this work, a scientometric analysis of the academic literature on
safety management systems is presented, which spans the period 1979
to 2020 (until April 15). A variety of tools and techniques are applied
to detect geographical, structural, and temporal patterns in the research
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domain. Focus is on contributing countries/regions and institutions, pat-
terns in scientific categories concerned with this research domain, im-
portant journals and information flow between journal clusters, narra-
tive themes and focus topics, and knowledge clusters and key contribut-
ing documents. Based on the obtained insights, several directions for fu-
ture research are discussed. The following main conclusions are drawn:

(i) The volume of research outputs on safety management systems
has grown exponentially since the first contributions in 1979,
with especially since the early 2000s a very significant increase.
The domain was initially strongly dominated by research from
the USA, the UK, and the Netherlands, but in recent years coun-
tries such as China, Australia, and South Korea have become very
active.

Few institutions have a sustained research focus on SMSs, and
apart from the collaborations between Ghent University and Wa-
geningen University on SMS in the food industries, and to a lesser

(i)

(iii)
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extent the collaboration networks of Delft University of Tech-
nology, Hong Kong Polytechnic University, and City University
of Hong Kong, institutional collaboration networks are not very
stable. Especially in China, there is a large number of institu-
tions which have become active in SMS related research in recent
years.

(iv) The SMS research domain is highly interdisciplinary, drawing
mainly on applied domains of science and with little direct knowl-
edge input from basic sciences. The scientific categories ‘Engi-
neering, Industrial’ and ‘Operations Research & Management Science’
contributed most to the development of the domain, in addition
to categories associated with application-specific knowledge do-
mains, of which ‘Engineering, Chemical’, ‘Public, Environmental &
Occupational Health’, ‘Food Science & Technology’, and ‘Engineering,
Civil’ are the most prominent ones.

(v) By far the most influential journal in SMS research is Safety Sci-
ence, followed by Journal of Loss Prevention in the Process Indus-
tries, Food Control, and Process Safety Progress. There are strongly
focused patterns of information flow between journal clusters,
which furthermore show the interdisciplinary nature of the re-
search domain.

(vi) The main narrative clusters in SMS research are associated
with the dominant application domains: occupational health and
safety, process safety, patient safety, food safety, and construc-
tion safety. The academic research of these clusters developed
in the sequence in which these are listed. SMS research is also
strongly tied to safety culture and safety climate research, and a
relatively recent cluster focusing on methods is detected as well.

(vii) While general risk and safety management concepts and theories
are an important knowledge cluster underlying the SMS research
field, there are differences between the dominant concepts and
theories in the different application domains, with for instance
patient safety focusing more on resilience, process safety more
on complex linear accident causation models, and construction
safety more on behavior-based safety.

(viii) The safety culture and climate research has already for a long
time been strongly linked with especially occupational health and
safety, process safety, and to a lesser extent construction safety. In
contrast, SMS research in the food industries have only recently
started to explore safety culture and climate.
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