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Abstract

The issue of multirisk is coming under increasing scrutiny in the scientific literature and is of great
concern for governments. Multirisk embraces different meanings: domino and cascade effects,
NaTech events and the consideration of several natural hazards and their interactions. Scientific
production relating to multirisk has been growing over the last 15 years. This review, based on 191
articles, proposes a new way of analyzing and presenting bibliographic results by the use of a global
textual analysis. This analysis leads to identify seven main themes of research in the literature: three
concern Domino Effects (46.6 % of the articles), two are dedicated to the assessment of Multi-
(hazard/vulnerability) Risk (28.7 %), one deals with Natech issues (13.5 %) and one concerns Cascade
Effects in critical infrastructures (11.2 %). A cross-issue analysis was performed on the basis of four
criteria: objectives, hazards, the elements at risk considered, and the approaches used or developed in
the articles. It provides general lessons on these items and proposes themes for future research on the

topic of multirisk.

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/
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Highlights

Multirisk embraces domino, cascade, Natech and multi-hazard/vulnerability risks
Distribution and global textual analyses are performed on the abstracts selected
The literature has focused on seven issues since 2004

A cross-issue analysis (objective, hazard, element at risk, approach) is presented

Six themes are discussed of which some could be future research themes
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1. Introduction

A recent United Nations report [1] specifically addressed the exposure of the world's urban population
(cities with 300,000 inhabitants or more) to several natural hazards: for example, in 2014, 100 million
people lived in areas that were highly exposed to multiple types of disaster, and 752 million people
(34 % of the total urban population) were exposed to the medium or low risk of one or more of the six
types of natural disaster. Of course, exposure in smaller cities must be added to these figures. The
consideration of technological risks further aggravates these situations, especially since the distance
between inhabited and industrial areas is rapidly decreasing [2] and the number of infrastructures and
their interrelations are increasing. Natural hazards can trigger technological accidents: these events are
referred to “NaTech” events. In addition, interactions due to the simultaneous or near-time occurrence
(before a system recovers from the first shock) of several independent hazards or even cascades
between events that are technological or natural must be emphasized: for example, the Philippines,
which suffered a volcanic eruption in 1991, followed by a typhoon; the combustion of buildings by
fire caused by an explosion of gas released from a pipeline ruptured by an earthquake, which
happened during the 1994 Northridge earthquake; the tsunamis triggered by earthquakes in the Indian
Ocean (2004) and Japan (2011), leading in the latter case to the accident of the Fukushima nuclear
plant; landslides caused by the occurrence of an earthquake, such as in New Zealand at the end of
2016. These phenomena rarely occur but always have catastrophic consequences: the potential risk
generated by several events is generally higher than the single aggregation of single risks [3], so this
consideration implies adopting quite a different outlook regarding classical single-risk analysis [4].
Finally, due to global changes, exposure has increased due to changes in the amplitudes, frequencies
and spatial distribution of hazards. The urbanization of an area including industries at risk can

transform an event into a disaster.
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The concept of multirisk management emerged in Agenda 21 adopted at the Rio de Janeiro
Conference in 1992 [5], the Johannesburg Plan in 2002 and the Hyogo [6] and Sendai [7] Frameworks.
Taking into account multirisk was then identified as essential in various documents at the European
and global levels [8; 9]. Li et al (2017) demonstrated that, concerning the domino effect, increasing
attention on the topic is related to the growing attention paid worldwide to process safety and to
specific legislation requirements, such as the Seveso Directives in the European Union [10]. Scientific
studies have also reported that stakeholder interest in multirisk assessment is strong [11; 12].
However, there are still bottlenecks, as pointed out in recent OECD (Organization for Economic Co-
operation and Development) and ANR (French National Research Agency) reports, which classify this

issue as an open research question [13; 14].

Currently, there is no clear definition of “multirisk” either in science or in practice; decision-making
under multirisk is a nascent field [11]. In this article, the concept of multirisk refers to a set of different
hazards able to act in combination with or without coincidence over time (heavy rains can generate
floods and landslides; the occurrence of a hurricane in an area already affected by an earthquake but
not overcome by this first shock) and impacting, in a given territory, potentially dependent stakes (the
destruction of a hospital can lead to the over-saturation of other hospitals in the area; the failure of one
infrastructure may lead to the failure of other infrastructures) [15; 4; 16; 17]. Hazards can be natural
(earthquake, seism, flood, etc.) and/or technological (dam collapse, chemical explosion, etc.) and/or
due to anthropogenic processes (vegetation removal, mining, drainage, etc.) [18]. These can threaten
the same elements at risk. Malicious events (terrorism, arson, aspects of warfare, criminal activity) do
not belong to either anthropogenic processes or technological hazards/disasters, but may trigger the
occurrence of other hazards. Elements at risk are composed of human beings and natural or
anthropogenic elements presenting economic, social, technical, human, environmental vulnerabilities,
etc. The consequences can be direct (loss of human lives, destruction of resources, etc.) or indirect
(remote economic damage, etc.). Serious problems of pollution can occurred following the release of
hazardous substances in the environment due to Natech or domino events [19; 20; 21]. Environmental

pollutions can also be due to anthropogenic hazards [22].
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The consideration of interactions is essential in multirisk issues and allows progressing from the
perception of multi-hazard risk toward multirisk management [4]: these interactions include the spatial
and temporal relationships between various hazards and other elements of the risk chain, and
unexpected effects and threats that are not captured by means of separate single-hazard analyses [11;
23; 4]. Different types of interaction can occur [24; 25]: a hazard triggered by another (domino effect);
the probability of a hazard is increased or decreased due to an initial event; events involving the spatial
and temporal coincidence of natural hazards (coupled events); events that increase the vulnerability of
the exposed elements-at-risk. Series and parallel events can occur [26]. Moreover, social and/or
physical vulnerability may progressively change due to the occurrence of events: they could increase,
thus reducing the capacity to cope, or decrease in the case of significant time intervals between
successive events, leading to better community awareness and preparation [18; 27; 25]. The different
situations exhibited in Figure 1 can be chained: a domino effect can be triggered by coupled events for
instance.

A multirisk approach entails seeing things within a multi-hazard and a multi-vulnerability perspective.
Considering such interactions allows better estimation of the final risk, incorporates possible
amplifications due to interaction with other hazards, and avoids significant bias and erroneous risk
hierarchization [28]. The multirisk approaches aim at providing decision support for better risk

management [15; 29; 30; 31].

To summarize, multirisk management is a relatively new field and formulating an integrated
framework for multirisk assessment is still a major challenge, notably due to the need to address
interactions [4; 16; 23]. These challenges have led to scientific production that has been growing over
the last 15 years. The purpose of this paper is to provide an analysis of this production, in particular by
identifying the scientific issues addressed in this body of articles, and ultimately to identify directions
for future research. It is based on a literature review focused on physical vulnerability: the analysis of

social and human vulnerability is a subject in its own right and is not covered here.
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Domino or cascade effect: this corresponds
to a sequence of events triggered by an
initiating event. The occurrence of such
effects greatly increases the severity of
events that propagate in time and space. The
events will occur in series but also in
parallel if one of them affects several
elements at risk.

This was the case with flooding and water
logging ensuing from Hurricane Katrina that
submerged thousands of houses, cut power
off at more than 100 000 houses, led to a
massive transportation and communication
failure, environmental pollution and social
chaos.

Feedback mechanisms may occur between
hazards (the secondary event exacerbates
the primary hazard).

Triggering
event

Events
Level 1

Events
Level 2

\‘

Effect on event probability (increase or
decrease): a primary hazard changes some
conditions of the environment, leading to an
increase or decrease of the occurrence of the
probability of another hazard.

The high temperature in the State of Alaska
during spring 2019 resulted in snow melting
much earlier than expected, the ground
drying up all the faster. This led to many
wildland fires in this region during the
summer.

Event 1

————— >

P1 > Po
or p; < po)

Coupled events: these correspond to the
spatial and temporal coincidence of hazards.
These events can also potentially interact and
the effects on the elements at risk can be
greater than a simple sum of the individual
effects of each event: this was the case in the
Philippines in 1991 with the co-occurrence of
the volcanic eruption of Mount Pinatubo and
the Typhoon Yunya.

Effect on vulnerability: a primary hazard
changes certain environmental conditions,
leading to the increased vulnerability of
elements at risk when exposed to another
hazard.

Hurricane Matthew affected a population that
had not yet recovered from the 2010
earthquake.

Vulnerability

~

-4

? * Time
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Figure 1. Different types of interactions — events are represented as flashes.
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2. Method

2.1 Selection of texts and distribution analyses

To present the breadth of coverage of the literature review of multirisk studies and identify the
relevant papers, an analysis was first carried out of the Web of Science
(https://www.webofknowledge.com) and the SCOPUS databases
(https://www.elsevier.com/solutions/scopus), two comprehensive multidisciplinary content search
platforms for academic researchers. The requests are presented as Supplemental Materials. The
keywords used are (search in the article title): domino effect*, cascade effect*, cascading effect*,
natech, multi-risk*, multirisk*, "multi-hazard* risk*", "multihazard* risk*". Years considered are

2004-2020.

Duplicates were removed after which finer analyses were performed on abstracts and full reviews.
Articles related to other domains such as ecology, medicine, economy and mathematics or forum
articles were removed. This operation led to keeping 191 references. These comprised 13 review
articles [32; 33; 15; 23; 10; 34; 35; 36; 37; 38; 39; 40; 41] that will not be considered in the global
textual analysis (Sections 3 and 4) as this analysis is devoted to identifying the different research
themes present in the literature. Some of these 13 articles will be used further on in the discussion
section (Section 5) to highlight the results.

Distribution analyses were performed by year of publication, journals and keywords.

2.2 Global textual analysis

A textual analysis of the 178 abstracts was carried out using the IRaMuTeQ version 0.7 alpha 2
(Interface de R pour les Analyses Multidimensionnelles de Textes et de Questionnaires) [42]. The
software treats each of these abstracts as a text. The main themes present in these texts were searched:
the software makes distinctions between “full words” such as verbs, noun, adjectives, adverbs and

“tool words” such as pronouns, determents, etc. With this distinction, only full words are included in
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the main analysis. A lemmatization of the text corpus was performed. This consists in replacing a

word by its root term (e.g., ‘risks’ by ‘risk’). This process decreases complexity.

A cluster analysis using the Reinert method was carried out. This method allows the investigation of
links between topics. First, a binary matrix (abstracts in rows, full words in columns) is built. Then a
hierarchical divisive clustering is performed, using bipartition: at each step of the process, the larger
remaining cluster is divided into 2 parts. The texts are grouped according to the co-occurrence of
forms with a homogeneity property into a cluster and a heterogeneity property between clusters. The
results are presented as a dendrogram that represents the quantity and lexical composition of the
clusters arising from the grouping of terms. The software searches for patterns of co-occurrence of
words/lexemes through successive Chi square tests, and organizes themes/clusters based on them.
Forms overrepresented in a cluster appear with a larger character size. To determine the number of
forms to be kept, we sought to optimize the number of abstracts classified in clusters. The analysis was
performed for different values of occurrences: words with at least 10, 20, 30, 40, 45, 50, 60
occurrences were kept. The best result was obtained using the 64 words presenting at least 45

occurrences in the corpus: 100% of the texts are clustered.

Correspondence factorial analysis creates graphs that allow the visualization of classes and their
proximity. This analysis identifies a small number of independent factors representing the main
deviations from independence. Factor 1 represents the largest amount of explained inertia from
independence; Factor 2, the second largest, and so on. This analysis aims at representing the clusters in
a low-dimensional space. Clusters with similar distributions are close in space contrary to clusters with

dissimilar distributions.

The analysis of similarity is a technique based on graph theory that shows co-occurrences of, and
connections between, words and helps to identify the representation structure. Font size is proportional
to the term's frequency of occurrence and line thickness reflects the strength of the relationship

between two forms. The analysis was performed with the same words as the cluster analysis.
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3. Distribution analyses

The dynamics of academic research on multirisk issues are analyzed through their distribution over
time. The number of publications dealing with these issues has increased significantly since 2013 in
comparison to the previous years as they represent 75% of the total number of articles for the period
(2004-2020) and more than 50% since 2016 (cf. Supplementary Material — Figure 1SM).

Sixty-three different journals from various disciplines were included in this literature review. Fourteen
journals contributed at least 3 articles examined in this literature review: 22% of the journals
published more than 65% of the articles. Among these, Journal of Loss Prevention in the Process
Industries is the most significant source, followed by Reliability Engineering & System Safety. To
complete the list, 14 (resp. 35) different journals published 2 (resp. 1) articles. These results are
presented as Supplementary Material (Table 1SM).

The distribution of papers is analyzed following the four keywords used in the survey: Multi-
risk/multirisk/multi-hazard risk; Domino; Cascade Effect; Natech. Domino effect is the main theme
studied, followed by Multi-risk/Multi hazard risk. Cascade and Domino effects can be considered as
similar concepts; however, in the articles studied the former mainly consider infrastructures while the
latter focus on industries or parks of industries. In the literature, the terms “multi-risk”, ‘multirisk” and
“multi-hazard” are used with a territorial meaning. They are more linked to natural hazards and differ
from domino, cascade or NaTech effects. When we mention this type of event in the following, the
term “multi-hazard/vulnerability” will be used (abbreviated as MHV). Conversely, the term
“multirisk” will be kept when considering all types of event: domino, cascade, Natech effects and

MHYV. These results are presented as Supplementary Material (Table 2SM).

4. Global textual analysis
The content of the corpus analyzed was composed of 178 texts. Unsurprisingly, the keywords used for
the search are the top twenty-seven most active frequent forms: risk is the most frequent form (576

occurrences) and cascade the least (98 occurrences) (cf. Supplementary Material — Table 3SM).
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4.1 Analysis of similarity

Figure 2 shows the result of the similarity analysis performed on forms whose occurrence is higher or
equal to 45 (68 forms — this choice was retained as it allows classing all the abstracts with the Reinert
clustering). Five communities are identified based on 64 forms. Four words were removed from the
analysis: Propose, Present, Paper and Result, which are not significant for this study. Three main
themes can be distinguished:
- Domino events in industrial plants, mainly process and chemical ones;
- Cascade effects involving infrastructures;
- Multi-(hazard/vulnerability)risk and Natech events. “Risk” is strongly associated with the
form “Assessment”, revealing that this activity is a specific issue of the scientific research on
multirisks. Two smaller clusters are partially superimposed: one indicates that natural risks are

specifically considered; “case + study” shows that articles often present an example of

application.
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Figure 2. Graph of similarities (only forms whose occurrence was higher or equal to 45 were

considered — Keywords used for the search are indicated).

A deeper analysis relying on clustering is proposed in the next section.
4.2 Reinert clustering

The Reinert analysis retains all the texts. Seven classes were generated that are analyzed based on their
characteristics (cf. Figure 3 — only significative forms are shown). They show the main themes of

research in the literature.

Cluster B Cluster A

| |
I I I

Sub-Cluster C
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area

Figure 3. Dendogram (only significative forms are shown for each class: p<0.05) - Forms

overrepresented in a cluster appeared with a larger character size

The clusters show the main research themes in the literature. The clustering separates two clusters.

Cluster A (classes 3, 4 and 6) represents 46.6% of the texts and gathers the texts dealing with “domino
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effect”. Cluster B (classes 1, 2, 5 and 7) represents 53.4% (cf. Table 1 and Figure 3) and includes
abstracts focusing on Natech issues, cascade effects and MHV issues (Cluster C). Classes 4 is the
largest one and Class 5 the smallest. The main theme concerns Domino Effects (46.6%), then Multi-
(hazard/vulnerability) Risk (28.7 %), Natech issues (13.5 %) and finally Cascade Effects in critical

infrastructures (11.2 %).

From this analysis, it can be stated that 7 main themes are present in the literature (from left to right in
Figure 3). Three articles have been moved from one class to another in order to better correspond to

the categories identified. The 7 classes are:

- Class 2 (25 abstracts): Risk management planning and assessment of territorial vulnerability.
Flooding (present in 17 abstracts — in combination with other hazards) is the hazard studied
most;

- Class 1 (26 abstracts): Proposal of analysis frameworks allowing a multi-hazard/vulnerability
assessment or better knowledge of multi-hazard/vulnerability in territories (identification of
hazards, risks, interactions, etc.). The hazard considered most is earthquake (present in 10
abstracts — in combination with other hazards). Urban areas are studied more particularly;

- Class 5 (20 abstracts): Assessment of cascade effects in critical infrastructures;

- Class 7 (24 abstracts): Crisis and risk management in case of NaTech events. The initiating
hazard of such an event is mainly an earthquake (present in 11 abstracts);

- Class 6 (28 abstracts): Safety measures to prevent domino effects, mainly in the chemical
industry. The word "network" refers to Bayesian network approaches (present in 10 abstracts);

- Class 4 (31 abstracts): Accidents due to domino effects, especially fires and/or explosions, in
tank farms;

- Class 3 (24 abstracts): Modeling of domino effects using probabilistic approaches.

While the terms “domino” and “cascade” seem to be synonymous, the first is largely reserved for

events occurring in an industrial environment while the second is reserved more for applications on
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critical infrastructures (transport, energy, water networks, etc.). The key words "multirisk” and "multi-

hazard risk" are used in the sense of natural hazards impacting a territory (MHV).

4.3 Factorial Correspondence Analysis (FCA)

The FCA resulted in six factors, the first three represent more than 75% of the total variance. The first
factor (F1 — 39.19% of the total variance) discriminates according to the scale of study: territory, urban
scales and associated hazards are represented by negative values (“urban”, “infrastructure”,
“earthquake”, “flood”, etc.) while industrial plants are represented by positive ones (“plant”, “tank”,
“fire”). The second factor (F2 — 19.55% of the total variance) differentiates “one-type” risks, i.e.
industrial or natural ones (positive values) from “compounded” risks, i.e. Natech ones (negative
values) (cf. Figure 4). Finally, the third factor (F3 - 18.89% of the variance) positions critical

infrastructures as specific elements of the territory.
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Figure 4. (a) Projection on the first two factors of the FCA — (b) Projection on axes 2 and 3 (clusters
are indicated by colors: Red: Class 1; Grey: Class 2; Neon green: Class 3; Green: Class 4; Light blue:
Class 4; Dark blue: Class 6; Pink: Class 7) — forms with an occurrence higher or equal to 45 are

analyzed.

5. Cross-class analysis

A comparative analysis of the seven groups obtained by Reinert's classification was performed. Four
issues were addressed: objectives of the work, hazards and elements at risk considered, and methods
implemented. Synthesis tables are presented below (some articles may have been considered in 2
issues, for example, an article with a dual objective oriented towards risk analysis and decision support
— the number of articles per class does not therefore necessarily correspond to the numbers shown

above).
5.1 Objectives of the research

Five objectives can be defined for the works; their distribution following each Reinert class is
represented in Table 2. They mainly concern three fields — risk analysis, knowledge production and
decision support — and consider governance analysis or training very marginally. Knowledge

production corresponds to the modeling of domino or cascade effects or the analysis of past cases.
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Decision-support is linked to risk management through the planning of action plans, crisis measures,
etc. Research focused on risk analysis is more strongly orientated towards MHV and NaTech work;
works focused on knowledge production are mainly oriented towards domino effects. Works on
cascade effects are balanced between risk analysis and knowledge production. Advances in decision-
support concern all these themes. A few articles proposed tools or software (17 in total, shown in

brackets in Table 2).

5.2 Hazards studied

The hazards considered in the corpus are presented in Table 3. Three articles were not included in this
table: they analyze past cases considering different accidents involving domino effects. The natural
hazards studied most are floods and earthquakes, alone or in combination with other hazards. This, of
course, is not surprising: floods and earthquakes are recognized as the natural hazards causing the
most human, material and financial damage [43]. Almost one third of the works in the corpus consider
at least one of these two hazards. Some publications deal with specific accidents such as the
earthquake and tsunami in Japan in 2011, and the Kocaeli earthquake in Turkey in 1999. The other
natural hazards represent 12% of the hazards covered. Natural hazards are taken into account for
research performed on MHV (Classes 1 and 2) and when considering cascade effects involving
infrastructures (Class 5 - floods only) and NaTech issues (Class 7 - floods and earthquakes).
Nascimento et Alencar (2016) also found that these two phenomena overwhelmingly occur in the case
of Natech events [35]. Fires and/or explosions are the two technological hazards that are
overwhelmingly studied in terms of domino events and concern nearly 60% of the abstracts. Again,
this is hardly surprising as these two phenomena represent the majority of causes of accidents in

industrial installations according to past case analyses [43].

Some recent works (between 2014 and 2020) considered acts of terrorism as triggers of domino or

cascade effects.

5.3 Elements at risk
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The different elements at risks studied can be grouped under 8 categories (Table 4).

Most of the articles concern industrial installations (51.3%) and infrastructures and buildings (21.7%),
thus gathering nearly three-quarters of the publications. Industrial installations correspond to chemical
or process plants or complexes. The infrastructures considered are urban networks but also pipelines.
Industrial installations are major issues for the analysis of domino effects (Classes 3, 4 and 6) but also
Natech phenomena (Class 7). Infrastructures and buildings are of interest for the different themes (at
least 2 abstracts per class deal with infrastructures or buildings). Few articles consider population (less
than 7%), the environment (6%) or agriculture (4%). These are addressed in the articles dealing with
MHYV (Classes 1 and 2). Finally, while articles on MHV, Natech phenomena and cascade effects
consider several issues, the articles on domino effects focus on the impacts on other plants in their
vicinity (the analysis of domino effects involving several industrial facilities is provided for in the

SEVESO directives [44]).

5.4 Approaches developed or implemented

The approaches used are presented in Table 5.

Probabilistic (including Bayesian networks) and statistical methods constitute the largest group,
accounting for more than one-third of the total. They are primarily used for work on domino effects in
industrial facilities. In addition, four other types of approach were used, each one counting for about
10% of all the methods. These are analytical frameworks (mainly for works focusing on MHV and to a
lesser extent on Natech effects), risk analysis and operational safety approaches (present in the
different classes but more strongly in studies dedicated to the cascade effects of infrastructures), and
finally the use of geographical information systems for MHV, Natech and cascade effects. Graph
theory and methods based on surveys or interviews each account for about 5% of the total. Finally, the
other types of methods are more marginal (less than 3% each): development of specific metrics,
lessons-learned and knowledge-based systems, analysis of existing tools, economic analysis, multi-

criteria analysis, serious games.
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6. Discussion

Several issues are discussed in this section and they could be the subject of future research.

6.1 Multidisciplinary research is to be encouraged

Three elements that act in favor of multidisciplinary research are highlighted below. Firstly, Table 2
shows that the governance of multirisk is poorly studied. However, risk management actors including
crisis managers are particularly interested in tools capable of managing multiple risks [11]. However,
two observations can been made: on the one hand, there is a lack of integrated practices for multirisk
governance, with little cooperation between communities working on different risk fields [44], and on
the other hand, the clear identification of responsibilities for the implementation of multirisk
approaches is necessary [45]. Secondly, very little work has considered the population, the
environment and agriculture as elements at risk but research has focused on anthropogenic works
(plants, infrastructures and buildings) (Table 4). However, an important subject is the consideration of
eco-socio-technical systems in the management of multirisk events. Thirdly, to address climate change
issues, Gallina et al (2016) indicated that multidisciplinary collaborations (e.g. modelers, natural
scientists, economists) should be promoted to develop a comprehensive multirisk assessment process
[15]. Research can therefore be encouraged in these directions and will be all the richer if it is carried

out by highly multidisciplinary teams.

6.2 Decision support tools should be developed and adapted for different stakeholders

Few tools, even as prototypes, are presented in the work: seven were identified for decision support
issues (Table 2). However, frameworks useful for the implementation of an approach can be added to
this list (23 frameworks were identified). These types of tool can help managers make wiser decisions,
gain better understanding of the various areas of risk in a territory, and support resource management
and emergency planning [46; 47]. As several stakeholders are usually involved in multirisk
management, tools should take this specificity into account and facilitate and improve communication

between them [48; 49]. Moreover, most likely domino scenarios and central events are company
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specific and managers and operational staff need instruments to track the progress of scenarios, and
management tools to ensure the quality of barriers [39]. The development of new tools addressing
escalation effects and multi-level scenarios is needed [36]. It is clear that the development of tools

adapted to different stakeholders is a relevant challenge.

6.3 Research should be oriented towards the necessary consideration of dynamic aspects

The integration of dynamic issues in the different developments is a challenge, as MHV, domino,
NaTech and cascade phenomena occur over time. However, most of the work is mainly based on the
analysis of static vulnerability that assumes there is no change in the elements exposed. Another
challenge is related to the consideration of different temporal hazard scenarios and in particular those
related to global changes [15; 37; 40]. The use of bowtie methods to model MHV events was
mentioned above. This proposal is linked to a challenge: that of including dynamic and temporal

aspects in these approaches in order to fully represent these types of event [40].

6.4 Communication of results is of great importance

Communicating results is a major challenge contributing to successful multirisk management. Indeed,
“the successful implementation of disaster risk reduction options and strategies demand not only
comprehensive risk assessment schemes, but also an appropriate mechanism to communicate and
transfer knowledge on risk and its underlying drivers to the various stakeholders involved in the
decision-making process” [11]. The aim is to improve awareness of the multirisk issue (whether it is
due to domino, cascade, NaTech or MHV events). Communication must be adapted to different risk

management actors, whether they are decision-makers, managers, or the general public.

Spatial information systems are relevant tools: indeed, the spatial dimension is essential for MHV
phenomena as well as for Natech events and cascade effects between infrastructures. This was recently
underlined in particular by Naderpour et al (2019) [34]. The results presented by this type of system
are generally easily understood by different actors. However, a single map for all types of stakeholders

and showing all types of risks in the area concerned will probably not meet the needs of the different
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stakeholders [23] and different representations should be proposed. Specifically, there is a need to
understand how to group and map MHYV results in a way that they are usable, comprehensive and

easily applicable for stakeholders and non-expert users for assessment and management purposes [15].

Another type of representation that seems relevant to us stems from graphical methods such as fault
trees, cause trees and bowtie diagrams stemming from dependability analysis and Bayesian networks.
These methods originate from the industrial world. They have been implemented essentially to
characterize domino effects between industrial installations but seldom for MHV research. However,
these methods allow representing many variables and their interrelationships. Attempts have been
made in this direction [25]. It is thus possible to capture and communicate the breadth of the problem
simultaneously, while focusing on key processes at the local scale [40]. Different fields
(environmental, economic, social, etc.) can interact. Bayesian networks can also be coupled with

spatial approaches [36]. It would be relevant to develop work in this direction.

Moreover, appropriate communication of the uncertainties inherent to risk is crucial. There is a strong
need to present uncertainties so that they can be easily understood by the target audience(s), in order to

avoid decisions based on poorly evaluated information [15].

Finally, very few participatory approaches have been deployed and these have only involved decision-
makers [11; 45]. The involvement of the general public so that it can better understand the phenomena
that can have an impact on it, whether they are MHV, NaTech, cascade between infrastructures or
domino effects in industrial facilities, opens up a relevant avenue of research. This was noted for
example for Natech events [38]. In the same vein, serious games have seldom been used [50; 51] but
they are also a very relevant communication and learning vector. Work could be developed in this

direction.

6.5 The issue of data availability, sharing and interoperability should be raised
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Most of the types of data needed for a multirisk assessment (hazards, vulnerabilities, defense
measures) are lacking in different parts of the world, with uneven quality due to a lack of international
standards and a lack of knowledge and resources in the institutes or agencies responsible for data
collection and management. However, initiatives to harmonize and standardize data are under way,
such as the IRDR (Integrated Research on Disaster Risk), EM-DAT (International Disaster Database)
and GEM (Global Earthquake Model) databases. Some research articles collected data on past events

[33; 41].

The issue of accessibility and data sharing between actors should be raised, especially since the lack of
accessibility has been exacerbated in recent years by the fear that groups might use information for
terrorist purposes [38]. Risk information produced by the insurance and catastrophe modeling industry
is still largely retained as intellectual property within each company and is rarely accessible to
governments, businesses or households [52]. A successful experience of reasoned information sharing
between different infrastructure managers was achieved during the DOMINO project [52] for the

management of cascading events.

Furthermore, information may have undergone transformations (e.g. data from models), and even if
the results are made widely accessible, it will not necessarily be easy to determine how the data has
been transformed and what assumptions were made to generate risk estimates [51]. For example, most
practitioners do not know how to use databases [9]. The question, therefore, is not whether the data are
available, but who uses and interprets the data and for what purpose — or, more fundamentally, who is
able to access and present the information in a meaningful and useful way. Another difficulty is the
inoperability of different data systems [53], making the coupled use of tools from different entities

complicated.

6.6 Validation procedures have to be invented

The question of the validation of the models developed seems interesting to discuss. Indeed, the best

way to carry out validation is a comparison with an independent set of observed data. However, on the
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one hand, multirisk events occur in complex systems characterized by many variables of different
types (hazards, elements at risk, barriers or risk management actions) that must be considered in a
temporal and spatial dimension. On the other hand, especially for MHV, NaTech and cascades
between infrastructures, the events are not necessarily very numerous and, as previously mentioned,
the data are not always accessible. Few studies have identified and analyzed past cases: they are
essentially centered on domino events between industrial installations [54; 55; 56]. Validation must

therefore be thought out in a specific way and particular procedures must be set up.

7. Conclusions

The scientific literature is increasingly focusing on multirisk issues that are of great concern for
governments. Multirisk embraces different meanings: domino and cascade effects, Natech events and
the consideration of several natural hazards and their interactions. This bibliographic review based on
a textual analysis of 178 abstracts proposed a new way of analyzing and presenting bibliographic
results. Using Iramuteq software, it was possible to extract the main themes that have been considered
in the literature for the last 15 last years: risk management planning and assessment of territorial
vulnerability; the proposal of analysis frameworks to perform multi-hazard/vulnerability risk
assessments and obtain better knowledge of multi-hazard/vulnerability in territories; the assessment of
cascade effects in critical infrastructures; crisis and risk management in the case of NaTech events;
safety measures to prevent domino effects, mainly in the chemical industry; accidents due to domino
effects, especially fires and/or explosions in tank farms; and the modeling of domino effects using
probabilistic approaches. Then, the cross-class analysis was carried out on the hazards and elements at
risk considered in the 178 articles and the approaches used or developed in them. These analyses will

allow proposing themes for future research on the topic of multirisk.
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