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The effective management of the risks posed by natural and man-made hazards requires all relevant threats and their
interactions to be considered. This paper proposes a three-level framework for multi-risk assessment that accounts for
possible hazard and risk interactions. The first level is a flow chart that guides the user in deciding whether a multi-
hazard and risk approach is required. The second level is a semi-quantitative approach to explore if a more detailed,
quantitative assessment is needed. The third level is a detailed quantitative multi-risk analysis based on Bayesian
networks. Examples that demonstrate the application of the method are presented.
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1. Introduction

Many regions of the world are exposed to and are
affected by a number of different types of hazards. The
assessment and mitigation of the risk posed by those
natural and man-made threats at a given location requires
a multi-risk analysis approach that could account for the
possible interactions among the threats (multi-hazard),
including cascading events and interactions at the
vulnerability level (time-variant vulnerability). Perform-
ing quantitative multi-risk analysis using the methodo-
logies available today presents many challenges (e.g.,
Kappes et al. 2012; Marzocchi et al. 2012; Mignan,
Wiemer, and Giardini 2014). The risks associated with
different types of natural hazards, such as volcanic
eruptions, landslides, floods and earthquakes, are often
estimated using different procedures, leading to the
individual results not being comparable (Marzocchi et al.
2012). Furthermore, the events themselves could be
highly correlated (e.g., floods and debris flows could
be triggered by an extreme storm event), one type of
threat could be the result of another (e.g., a massive
landslide that is triggered by an earthquake, a so-called
cascade effect) or several independent events may occur
at around the same time (e.g., hurricanes and earth-
quakes). However, it also needs to be kept in mind that
the potential losses associated with different hazards
when considering their interactions may lead to the
situation where their combination is much greater than
simply the sum of their parts.

It is obvious that a mathematically rigorous approach
to multi-risk assessment that addresses all the challenges

named above, as well as the uncertainties in all steps of
the analysis, will be complicated and requires consider-
able resources and expertise (e.g., Komendantova et al.
2014). On the other hand, in many situations, the
decision-maker in charge of risk management is con-
strained to identify the optimum alternatives among
those options available, without doing a detailed, rigor-
ous multi-risk analysis. Therefore, the framework recom-
mended in this study is based on a multi-level approach
where the decision-maker and/or the risk analyst will not
need to use a more sophisticated model than what is
required for the problem at hand, or what would be
reasonable to use given the available information.

In the following sections, we first outline the concept
of multi-hazard assessment and its various components.
Next, we deal with time-variant vulnerability. This is
followed by a description of the proposed multi-risk
analysis framework and the various levels. The multi-
risk analysis is then presented, including examples as
identified from the EC FP7 Project MATRIX (New
Multi-HAzard and MulTi-RIsK Assessment MethodS for
Europe). MATRIX (October 2010 to December 2013)
set out to develop methodologies and concepts in multi-
hazard and risk assessment, considering hazard and
vulnerability interactions, as well as the issue of intan-
gible and indirect losses in addition to direct losses.

2. Multi-hazard assessment

The concept of ‘multi-hazard assessment’ may be
understood as the process:
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to determine the probability of occurrence of different
hazards either occurring at the same time or shortly
following each other, because they are dependent from
one another or because they are caused by the same
triggering event or hazard, or merely threatening the
same elements at risk without chronological coincidence.
(European Commission 2010)

From this definition, it is easy to recognise that multi-
hazard is a broad concept with different possible inter-
pretations. In general terms, one can split the multi-hazard
concept into two possible lines of applications, where
multi-hazard assessment may be seen as: (1) the process of
assessing different (independent) hazards threatening a
given (common) area and (2) a means of identifying and
assessing possible interactions and/or cascade effects
among the different possible hazardous events.

2.1. Different (independent) hazards threatening a
given (common) area

This interpretation of multi-hazard assessment is the
most commonly found in the literature. In fact, most of
the multi-hazard risk initiatives start from the identifica-
tion of different hazard sources within a given region of
interest and evaluate each individual hazard indepen-
dently, generally using a hazard-specific assessment
methodology. The objective is to identify the spatial
distribution of the effects of the different hazards over a
range of their respective intensities and to estimate their
occurrence probability or return period. The final results,
according to the scale of the specific problem, are
generally presented as single hazard maps, layers (in a
GIS environment), aggregated maps (overlapping all the
maps) and hazard curves (for each hazard) that plot the
probability (or return period) against the intensity meas-
ure of the hazard (e.g., Grünthal et al. 2006; Carpignano
et al. 2009; Schmidt et al. 2011).

The main effort within this multi-hazard perspective,
as found in the literature, is the harmonisation of the
hazard assessment for the different threats. This is
generally considered a fundamental requirement in
multi-risk analysis to make the risks posed by different
threats comparable (e.g., van Westen, Montoya, and
Boerboom 2002; Marzocchi et al. 2012, Garcia-Aristi-
zabal et al. 2015). What differentiates the different multi-
hazard approaches within this context in the manner in
which the harmonisation of the assessment of the
different hazards is carried out.

2.2. Hazard interactions, triggering or cascade effects

Amulti-hazard assessment considering interaction/trigger-
ing effects is, in general, a more demanding process
compared with the independent consideration of different
hazards. In this type of assessment, the occurrence of one

hazardous event could change the probability of occur-
rence of another event (leading to potential cascades). The
typology of interactions that can be grouped under this
name are in fact phenomena in which the physical process
of interest is a pure triggering mechanism in which an
initial event produces a perturbation that, when acting on a
given system, may bring it to an unstable state, forcing it to
find a new equilibrium state that matches the changing
framework conditions (e.g., a new morphological equilib-
rium after a debris flow event). Reaching this new
equilibrium may imply the occurrence of an event that,
in this case, may be said to be triggered by the initial one
(Gasparini and Garcia-Aristizabal 2014). The link between
the intensity of the triggering event (e.g., the ground
shaking caused by an earthquake) and the intensity of the
triggered event (e.g., a volume of mass moving down a
slope) is governed by complex physical mechanisms that
are intrinsically related to the specific triggering and
triggered events. This fact and the ubiquitous random
effects that may affect these processes make probabilistic
approaches the most promising way for the quantitative
characterisation of such interactions (e.g., Garcia-Aristi-
zabal et al. 2015; Gasparini and Garcia-Aristizabal 2014).
In this way, chains of events can be evaluated in prob‐
abilistic terms and can be directly integrated into the risk
analysis process. For example, Nadim and Liu (2013) and
Zhang (2014) approached hazard interactions and per-
formed multi-risk assessment quantitatively using Baye-
sian networks.

Although most of the multi-risk literature mentions
this as an important item to be considered in hazard and
risk assessments, the available studies that explicitly
consider cascade effects and interactions remain rare
(e.g., Marzocchi et al. 2012; Mignan, Wiemer, and
Giardini 2014; Gill and Malamud 2014). A possible
explanation could be that the necessary input data, and
sometimes the complexity of the hazard ‘chains’ that can
be foreseen, often discourage the analyst to consider
such interactions and triggering effects in a holistic
multi-risk analysis. This view is in agreement with the
feedback obtained from civil protection agencies about
multi-risk analysis (Komendantova et al. 2014).

3. Time-variant vulnerability

Time-variant (physical and functional) vulnerability
considers the evolution of the probable damage to an
element at risk over time, including the history of events.
Vulnerability, defined as the probability to experience a
certain level of damage as a result of a given intensity of
a hazard (e.g., peak ground acceleration in the case of
earthquakes), evolves due to both physical effects
(ageing, corrosion, damage accumulation from past
events, etc.) and human actions (reconstruction and
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reinforcement, use changes, population settlement evolu-
tion, etc.).

Time-variant vulnerability can be considered as the
case in which a cluster of hazards (e.g., earthquakes) or
the simultaneous occurrence of two or more hazardous
events (not necessarily with a direct linkage between
them) may imply changes to the vulnerability of the
exposed elements, which in the end may also be
reflected in the interactions considered in the final risk
assessment. Some recent examples in the literature
address the increase in a building’s vulnerability to
ground shaking due to increased structural load follow-
ing volcanic ash fall or heavy snowfall or after being
subjected to a blast (Lee and Rosowsky 2006; Zuccaro
et al. 2008; Asprone et al. 2010; Selva 2013). Another
well-known situation is the increased vulnerability of
structures to successive shaking during an earthquake
cluster or sequence (Jalayer et al. 2011; Iervolino,
Giorgio, and Chioccarelli 2014). Zhang, Nadim, and
Lacasse (2013) proposed a method to estimate the
vulnerability factors for loss of life due to three types
of sequential or concurrent slide hazards (slides, rockfall
and debris flows).

When considering time-variant vulnerabilities in
multi-risk analyses, the process of interest is the additive
effect of different events acting on the same elements.
More specifically, this kind of interaction is referred to in
cases where the occurrence of one event (the first one
occurring in time) may alter the response of the exposed
elements to another event (that may be of the same kind
as the former, but may also be of a different type). In
general, the physical processes of interest are those
related to the response of the system (the exposed
element) to the loads caused by different events, taking
in account their additive or cumulated effects (Gasparini
and Garcia-Aristizabal 2014).

4. Proposed three-level framework for multi-risk
assessment

The proposed multi-risk assessment framework is a
multi-level process. It assumes that the end user
(decision-maker, risk analyst, etc.) has identified the
relevant threats and has carried out an assessment of
the risk(s) (at the level of sophistication required for the
problem at hand) associated with each single hazard(s).
Figure 1 shows the general steps of the multi-risk
assessment framework presented in this work. The
overall multi-risk assessment process comprises the
following stages: (1) risk assessment for single hazards,
(2) level 1: qualitative multi-risk analysis, (3) level 2:
semi-quantitative multi-risk analysis and (4) level 3:
quantitative multi-risk analysis. The details are described
below.

In the first step, it is assumed that the risk assessment
for the single hazard (which may follow a classical
approach) is performed taking into account some harmo-
nisation requirements, as those described by the follow-
ing stages (Figure 2):

. Definition of space/time assessment window (tar-
get area, time window) and the risk metric
quantifying the expected losses;

. Threat(s) identification (earthquake, flood, vol-
cano, landslide, etc.);

. Single hazard assessment (rate of occurrence,
pathway, intensity measure, etc.);

. Assessment of the vulnerability of the elements at
risk (people, buildings, etc.);

. Assessment of the consequences in terms of the
chosen metric (loss of life, economic losses,
environmental degradation, etc.).

Once the results of the single-hazard risk assessment(s) are
available, the user embarks upon the three-level process,

Level 3 analysis
(Quantitative)

R isk assessm ent for
single hazards

Level 2 analysis
(Sem i-quantitative)

C
om

m
unicate and consult

M
onitor and review

End

Level 1 analysis
(Qualitative)

Figure 1. Schematic view of the steps followed in the proposed multi-risk assessment framework.
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which becomes more detailed and rigorous as the user
moves from one level to the next. The user moves to a
higher level of analysis only if the problem at hand requires
a more accurate risk estimate and, equally important, if the
data needed for undertaking the more detailed analysis are
available. The selection of which of these three levels is to
be finally used depends on the outcome of the preliminary
risk assessment for the single hazard(s).

4.1. Level 1 analysis

The Level 1 analysis is comprised of a flow chart type
list of questions that guides the end user as to whether or
not a multi-type assessment approach, which explicitly
accounts for cascading hazards and dynamic vulnerabil-
ity within the context of conjoint or successive hazards,
is required. Each question will be supplied with a

comprehensive list of answers that the user could choose
from. This process is shown schematically in Figure 3.

The flow chart can include, for example, these
questions:

. What is the purpose of the risk assessment
exercise? (possible answers: identifying the most
critical risk scenarios and choosing the optimal
risk mitigation measures, assessing the adequacy
of resources and level of preparedness for post-
event response, etc.)

. Which natural threats are relevant for your area of
interest? (possible answers: earthquakes, land-
slides, volcanic eruptions, tsunamis, wildfires,
winter storms, storm surges and coastal floods,
fluvial floods, snow avalanches, other perils, etc.)

. If the user has chosen only one natural hazard from
the list, how likely is it that the dominant natural
threat could happen more than once during the
time window of concern with an intensity that will
cause significant loss? (possible answers: very
likely, likely, unlikely, very unlikely and virtually
impossible)

Note that at this stage, if the user has chosen only one
natural hazard from the list and chooses very unlikely or
virtually impossible as the answer to the above question,
then there is no need to go any further and a more
detailed multi-risk assessment would be unnecessary:

Hazard identification

Hazard assessment

Vulnerability
assessment

Risk assessment

Definition of target
area and time window

Quantified by
probability and

intensity measure

 

Figure 2. Stages of risk assessment for a single hazard.

Time-variant
vulnerability?

More than
one hazard?

Yes

More than once
during time window?

Hazard
interactions?

Cascade
events

Affects
triggering with
some time lag

Time-variant
vulnerability

No

Yes

No

Yes

No

Yes

End

Level 2 analysisLevel 3 analysis

Level 1 analysis
(Qualitative)

Potential interactions
introduced by mitigation

measures

No

Figure 3. The steps involved in the Level 1 multi-risk analysis.
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. Cascading events: Could a hazard trigger another
hazard in your list (for example: an earthquake
triggering a landslide, landslide debris blocking a
river and causing flooding when the landslide dam
breaks, earthquake causing collapse of flood
defence structures and leading to flooding, etc.)?
(possible answers: yes or no)

. Conjoint events: Could several hazards in your list
occur simultaneously because they are caused by
the same external factors (for example: earth-
quakes and volcanic eruptions are both caused by
tectonic processes, winter storms and storm surges,
fluvial floods and debris flows caused by extreme
precipitation events, etc.), or independently (e.g.,
hurricanes and earthquakes)? (possible answers:
yes or no)

. Dynamic vulnerability: Could the occurrence of
one of the hazards in your list significantly
influence the vulnerability of some of the elements
at risk to another event of the same type or to other
hazards (for example: a building partially damaged
by an earthquake has a higher vulnerability to the
next earthquake or to floods and landslides, ash
fall from a volcanic eruption on roof tops will
increase the mass and hence may increase its
seismic vulnerability, etc.)? (possible answers:
yes or no)

. Dynamic hazard: Could the occurrence of one of
the hazards in your list significantly influence the
occurrence probability of other hazards (for
example, a strong earthquake could weaken the
soil on a slope and increase the probability of a

landslide during extreme precipitation events,
etc.)? (possible answers: yes or no)

Additional questions may, of course, be added, depend-
ing upon the case of interest. If the results of the Level 1
analysis strongly suggest that a multi-type assessment is
required, then the end user moves on to Level 2 to make
a first-pass assessment of the effects of dynamic hazard
and time-variant vulnerability (see Figure 4). If cascad-
ing events are potentially a concern, the user may go
directly to the Level 3 analysis.

4.2. Level 2 analysis

In the Level 2 analysis, the interactions among hazards
and dynamic vulnerability are assessed approximately
using semi-quantitative methods.

To consider hazard interactions and time-variant
vulnerability at this level, we suggest a matrix approach
based on system theory. This kind of matrix has been
used in various fields, including environmental issues
(e.g., Simeoni et al. 1999; de Pippo et al. 2008), rock
engineering (e.g., Hudson 1992) and natural hazard
assessment (Kappes, Keiler, and Glade 2010; Mignan,
Wiemer, and Giardini 2014; Gill and Malamud 2014).
The basis of this approach consists of the comprehension
and description of the relationships among agents and
processes in the evolution of the system.

The matrix approach for the identification of the
interactions between hazards in the Level 2 analysis is
shown in Figure 4. First, a matrix is developed by means
of the choice of pairs of hazards, considered as the basic

H3

H4

H5

H6

H1

H2

Semi-quantitative matrix
coding method

0 – No interaction
1 – Weak interaction
2 – Medium interaction
3 – Strong interaction

TARGET Slides
(H4)

Debris flows
(H5)

River floods
(H6)

No interaction

Erosion/
saturation of

deposits

Remobilisation
of deposits

Deposits
supply

Cut off a flow
in a water

course

Change of river
bed

morphology

Hi

Hj
Influence of

Hj on Hi

Influence of
Hi on Hj

Slides
(H4)

Debris
flows
(H5)

River
floods
(H6)

0

1 1

2 2

2

a

b

c

d

e

Figure 4. Matrix approach for the identification of the interactions between hazards in the Level 2 analysis (modified after de Simeoni
et al. 1999 and Kappes, Keiler, and Glade 2010).
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components of the system (Figure 4a). This is followed
by a clockwise scheme of interaction (Figure 4b), with
the description of the actual influence between one
hazard and another (Figure 4c). More specifically, each
element of the row, which crosses one of the hazards in
the mean diagonal, shows the influence of this hazard on
the system, whereas each element of the column, which
crosses the same hazard analysed, shows the influence of
the system on this hazard. Considering the descriptions
included in each element of the matrix, they are assigned
numerical codes varying between 0 (No interaction) and
3 (Strong interaction) with intervals of 1, as a function of
their degree of the interaction intensity (Figure 4d and
4e). Once all the hazard-interaction combinations in the
matrix are filled, it is possible to verify the degree of the
impact of each hazard on the other hazards and the effect
on it from other hazards. In order to avoid the excessive
weighting of a single hazard, the sum of the codes for the
rows and columns is considered. Table 1 shows the
coding result for each hazard in the example considered.

In the example presented in Figure 5, it can be seen
that landslides have the maximum number of causes and,
therefore, they are the dominant hazard caused by other
hazards (i.e. the main kind of triggered events). On the
other hand, river flooding is in this example the hazard
most influencing other hazards, with the maximum
number of effects (i.e. the main kind of triggering
events).

Using this scoring system, the maximum possible
value of each off-diagonal cell in Figure 5a is 3.
Therefore, the maximum possible value for the total
sum of each row is 3·(n – 1), where n is the number of
hazards. Likewise, the maximum possible value for the
total sum of each column is 3·(n – 1). This means that
the maximum possible value for the total sum of causes
and effects is:

HI ; max ¼ 2 � 3 � n � ðn� 1Þ ¼ 6 � n � ðn� 1Þ ð1Þ
where n is the number of hazards and HI is the hazard
interaction index.

Therefore, for the example considered in Table 1, the
maximum possible value for the hazard interaction index

is HI, max = 36. The hazard interaction index can be used
as a proxy to assess the potential significance of the
interactions; likewise, its value might be used to set a
reference threshold supporting the decisional problem of
moving to a Level 3 analysis. Given the subjectivity,
uncertainties and possible excessive or moderate weight-
ing of single hazards, a subjective threshold hazard
interaction index Hthre can be defined. In general, a
50% of HI, max value can be considered as a conservative
threshold for considering a more detailed Level 3
analysis. If the hazard interaction index is less than this
threshold, Level 3 analysis is not recommended because
the additional accuracy gained by the detailed analyses is
most likely within the uncertainty bounds of the simpli-
fied multi-risk estimates. Otherwise, Level 3 analysis is
recommended. In the example above, the threshold
hazard interaction index calculated by Equation (1) is
Hthre = 18 (50% of 36), while the total value of causes
and effects is 16; hence, in the example, we do not need
to do Level 3 analysis. The logic of the decisional
problem involved in the Level 2 analysis is shown in
Figure 5.

4.3. Level 3 analysis

In the Level 3 analysis, the effects of interactions among
hazards and dynamic vulnerability are assessed quantita-
tively with high accuracy (as high as the available data
allows).

For the Level 3 analysis proposed in this framework,
a new quantitative multi-risk assessment model based on
Bayesian networks (BaNMuR) is introduced to both
estimate the probability of a triggering/cascade effects
and model the time-variant vulnerability of a system
exposed to multiple hazards. The flexible structure and
the unique modelling techniques offered by Bayesian

Table 1. Coding of each hazard in the system.

Number Hazard
Causes
(Rows)

Effects
(Columns)

Causes +
effects

1 Landslides 4 1 5
2 Debris

flows
2 3 5

3 River
floods

2 4 6

Total 8 8 16

Hazard interaction index
is greater than hazard interaction

threshold?

Yes

No

Yes

End

Vulnerability interaction
index is greater than

time-variant vulnerability
threshold?

No

Resources & relevant
data available for
Level 3 analysis

Level 3 analysis

No

Yes

Level 2 analysis
(Semi-quantitative)

Figure 5. The steps involved in the Level 2 multi-risk analysis.
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networks make it possible to analyse interactions and
cascading effects, and to handle uncertainties through a
simple probabilistic framework. The uncertainties in
each hazard/vulnerability and their interrelationships are
represented by probabilities. The prior probabilities can
be updated with information of specific cases by Bayes’
theorem. The uncertainties (mainly epistemic) can be
reduced, and the updated multi-risk results could become
more reliable based on the new information. In particu-
lar, this method is well suited for treating uncertainties
associated with hidden geodynamic variables, which are
not directly observable (e.g., model uncertainty in causal
relationships between unobservable volcanic processes
and surface manifestations or monitoring data).

A conceptual Bayesian network multi-risk model
may be built as shown in Figure 6. To determine the
whole risk from several threats, the network takes into
account possible hazards and vulnerability interactions.
This would include those events that are:

(1) Independent, but threatening the same elements at
risk with or without chronological coincidence
(the column marked in deep orange colour in
Figure 6);

(2) Dependent on one another or caused by the same
triggering event or hazard: this is mainly the case
of ‘cascading events’ (the column marked in green
colour in Figure 6).

The network presented consists of two main sub-net-
works for (1) multi-hazard and (2) time-variant vulner-
ability, as detailed in the following sections.

4.3.1. Multi-hazard analyses

A number of possible scenarios for single hazards and
cascade events have been identified for the case study
examples identified in the MATRIX project (Garcia-
Aristizabal et al. 2012). A Bayesian network as that
shown in Figure 7 may be built to describe the
interactions between hazards. It is obvious that one
hazardous event could trigger a number of other hazard-
ous events.

Once the propagation pattern of the cascade effect is
known, the occurrence probability of the cascade effect
can be estimated. Generally, the probability of the
cascade effect (Pcascade) is calculated as the multiplica-
tion of the probability of the primary event (Pprimary) and
the conditional probability of the impacted events
(Pconditional):

Pcascade ¼ Pprimary � Pconditional ð2Þ
4.3.2. Time-variant vulnerability assessment

Predicting the damage to the elements at risk (e.g.,
buildings) is critical for the evaluation of economic
losses and should be estimated with an acceptable degree
of credibility in order to determine the potential losses
that are dependent upon the performance of those

Source 1
(S1)

Source 2
(S2)

Source 3
(S3)

Source n
(Sn)

Hazard 1
H1=f1(S1)

Hazard 2
H2=f2(S2)

Hazard 3
H3=f3(S3)

Hazard n
Hn=fn(Sn)

Triggering or
cascade effect

Vulnerability 1
V1=g1(H1)

Vulnerability 2
V2=g2(H2)

Vulnerability 3
V3=g3(H3)

Vulnerability n
Vn=gn(Hn)

Risk assessment
(for Source 1)

Risk assessment
(for Source 2)

Risk assessment
(for Source n)

Multi-risk
(Ranking or integration in a single

risk index)

Threatening the
same elements

at risk
(independent)

H1,2=f1*f2

V1
'=g1

'(H1,2)
V2

'=g2
'(H1,2)

Risk assessment
(for Source 3)

Cascade hazard
H3

'=f(S3 S2)

V3
'=g3

'(H3
')

…..

…..

…..

…..

Figure 6. Bayesian network for quantitative multi-risk assessment (modified from Marzocchi et al. 2012).
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elements subjected to various hazard excitations. Fragil-
ity curves represent the cumulative distribution of
damage, which specify the continuous probability that
the indicated damage-state has been reached or
exceeded, and could provide graphical information on
the distribution of damage.

The limit state (LS) probability for a structure
exposed to a single hazard can be expressed in terms
of discrete random variables as follows (Lee and
Rosowsky 2006):

Pf ¼
X1
i¼0

P LS I ¼ ij½ �P I ¼ i½ �

¼
X1
x¼0

P D > C I ¼ ij½ �P I ¼ i½ � ð3Þ

where I is the intensity measure of the hazard and LS
(limit state) is the condition in which the load demand
due to the hazard is greater than the capacity C. The
conditional probability P[LS | I = i] is the probability of
reaching LS at a given hazard intensity level, I = i. The
term P[I = i] is the marginal hazard probability. For
continuous random variables, Equation (3) can be
expressed as:

Pf ¼
ði¼1

i¼0
FrðiÞgI ið Þdi ð4Þ

where Fr ið Þ is the fragility function in the form of a
cumulative distribution function and gI ið Þis the hazard
function in the form of a probability density function.

In the case of a structure subjected to a multi-hazard
situation involving additive load effects (e.g., earthquake
+ landslide), the convolution concept must be expanded.

This multi-hazard form is calculated as:

Pf ¼
X1
i1¼0

X1
i2¼0

:::
X1
in¼0

P LS I1j½ ¼ i1
\

I2

¼ i2
\

:::
\

In ¼ in� � P
�
I1 ¼ i1

\
I2

¼ i2
\

:::
\

In ¼ in� ð5Þ
Equation (4) can also be expressed in terms of continu-
ous random variables, which for the case of independent
hazards read as:

Pf ¼
ði1¼1

i1¼0

ði2¼1

i2¼0
:::

ðin¼1
FrðLS i1; i2:::; inj ÞgI1 i1ð ÞgI2 i2ð Þ

:::gIn inð Þdi1di2:::din
in¼0

ð6Þ
It is worth noting that in the case of dependent hazards,
the hazard terms gInðinÞ in Equation (6) should be
properly considered. For example, in the case of two
dependent events, it is necessary to consider that
pðI2

T
I1Þ ¼ pðI2jI1ÞpðI1Þ (see, e.g., Gasparini and Gar-

cia-Aristizabal 2014).
Figure 8 shows an example of seismic fragility

curves for a low rise, low code RC building at the yield
(green) and collapse (red) LSs versus the peak ground
acceleration (PGA) (Tsionis, Papailia, and Fardis 2011).

For the debris flow fragility curve (Figure 9), we
adopt the example provided by Fuchs, Heiss, and Hubl
(2007), expressed as:

V ¼ 0:11h2 � 0:22h ð7Þ

where V is the debris flow vulnerability and h is
deposition height, in metre.

Figure 7. Possible scenarios of multi-hazard interaction, as
considered during the MATRIX project (redrawn from Garcia-
Aristizabal et al. 2012).

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

PGA (g)

ecnadeecxefo
ytilibabor

P

Figure 8. Seismic fragility curves for a low rise, low code RC
building for the yield (green curve) and collapse (red curve).
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In the case of a system subjected to two hazards (as is
the case with earthquakes and debris flow load considered
in this study), an alternative formulation must be sought
such that the fragility is expressed in terms of the two
demands (hazards). When the vulnerabilities to the
hazards are completely independent, the multi-hazard
vulnerability factor will be one minus the probability
that the building has not collapsed after having been
exposed to the two hazards one after the other:

1� Pf ¼ 1� Pf 1

� �
1� Pf 2

� � ð8Þ

where Pf is the LS probability for the building exposed to
two hazards, and Pf1 andPf2 are the LS probabilities for the
building at given hazard intensity measures due to hazards
H1 and H2, respectively.

Figure 10 shows an example of seismic fragility
surface calculated considering debris flow loads. As can
be seen, these fragilities are presented over three
dimensions, where the x-axis is the peak ground accel-
eration, the y-axis is the deposition height and the z-axis
is the probability of reaching a given LS.

4.3.3. Multi-risk assessment

The expected risk of the exposed elements (e.g., build-
ings) subjected to potential hazards, assuming that the
intensity measure as the hazard parameter is determin-
istic, can be calculated as:

R ¼ P � L ð9Þ

where P is the probability of the occurrence of damage
and L indicates the corresponding loss. The equation
shows that any factor which alters either the probability
or the value of the resulting loss affects the related risk.
Diverse damage states and associated loss values, Li (i =
1 to the number of probable damage states), with a
different probability of occurrence, and Pi, may be
envisaged for the elements at risk. The probable risk of
the system, R, can then be estimated as the summation of
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Figure 9. Debris flow fragility curve.
Source: Fuchs, Heiss, and Hubl 2007.

Figure 10. Fragility surface for a scenario involving a seismic event and debris flow for a low rise, low code RC building.
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the loss of each damage state:

R ¼
X

Pi � Li ð10Þ

5. Example of quantitative multi-risk assessment

The case described here is based on the Virtual City
database, as shown in Figure 11, developed within the
scope of the MATRIX project (Mignan 2013; Komen-
dantova et al. 2014).

The Virtual City (Mignan 2013) considers a 100 km
by 100 km region threatened by various natural hazard
types. The elements at risk consist of 50,000 identical
low rise concrete buildings distributed within a 20 km by
20 km area inside the Virtual Region (Figure 12). The
average rebuilding cost per unit for the ‘collapse’
damage state of these buildings is assumed to be
200,000 Euro, and the average repair costs for the
‘yielding’ damage state as 50% of the unit rebuilding
cost. The earthquake source zone is a 45-km-long linear
source (black line in Figure 12), where the start and end
points are (0.3, 38.8) and (35, 65), respectively.

This case is used to explain how to perform multi-
risk assessment within a complicated system based on
the BaNMuR model described above. Therefore, it is not
a validation of the performance of the model. The case
partly makes use of artificial data (including the earth-
quake source) and partly typical engineering values (as
for the soil parameters and rainfall intensity). The
scenarios consider debris flows triggered by both earth-
quake and precipitation. We take one cell for example,
the central coordinate of which is (40.005, 40.005).

5.1. Constructing causal networks for multi-risk
assessment

A Bayesian network is built with the program Bayes Net
Toolbox (Murphy 2001) on the basis of the MATrix
LABoratory (MATLAB) suite, as shown in Figure 13.
There are 17 nodes and 19 arcs in the network. The
network consists of five main sub-networks for seismic
hazard, cascade effect, debris flow hazard, building
damage and risk assessment.

5.2. Quantifying the networks

5.2.1. Seismic hazard sub-network

To predict peak ground acceleration at a given site, the
distribution of distances from the earthquake epicentre to
the site of interest is necessary. The seismic sources are
defined by epicentres that are assumed to have equal
probability. In the Virtual City, these equal probability
locations fall along the line that defines the fault. Using
the geometric characteristics of the source, the distribu-
tion of the distances can be calculated as shown in
Figure 14.

The distribution of earthquake magnitudes in a given
region follows a distribution observed by Gutenberg and
Richter (1944):

log km ¼ a� bM ð11Þ
where km is the rate of earthquakes with magnitudes
greater than M, and a and b are constants that are
generally estimated using statistical analyses of historical
observations.

Figure 11. Principal sketch of the Virtual City region as developed within the MATRIX project, redrawn from Mignan (2013).
Note: EQ, Earthquake; FL, Flood; SS, Sea submersion; VE, Volcanic eruption; and WI, Wind.
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The above-described Gutenberg–Richter recurrence
law is generally applied with a lower and upper bound.
The lower bound is represented by a minimum magni-
tude mmin below which earthquakes are ignored due to
their lack of engineering importance (usually mmin = 4).
The upper bound is given by the maximum magnitude
mmax that a given seismic source can produce, following
the empirical relationship of Wells and Coppersmith
(1994):

mmax ¼ 5:08þ 1:16log10ðLÞ ð12Þ
where L is the length of the line source. On the basis of
the equation above, the line source can produce a
maximum magnitude of 7.0.

Setting a range of magnitudes of interest, using the
bounds mL and mU , Equation (13) can be used to

compute the probability that an earthquake magnitude
falls within these bounds (Figure 15):

P mL � M � mU mmin � M � mmaxjð Þ

¼ kmL � kmU

kmmin � kmmax

ð13Þ

The conditional probabilities of PGA given the magni-
tude and distance to the epicentre are calculated based on
the ground motion prediction equation proposed by
Ambraseys et al. (2005) and using a Monte Carlo
simulation. The resulting seismic hazard curve is shown
in Figure 16.

Figure 12. Example locations of the 50,000 buildings and the earthquake source in the MATRIX Virtual City region.
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5.2.2. Cascade effect sub-network

Soil properties can be influenced by earthquakes. Post-
earthquake soil strengths may be lower than the pre-
earthquake (static) strengths for zones that are suscept-
ible to strength loss. As time passes, the progression of
soil self-healing will result in increased shear strength
compared to that shortly after the earthquake. According
to Luna et al. (2013), the reduction factor (RF) of soil

shear strength f s can be calculated as:

f s ¼
ðtan/0 ÞAfter
ðtan/0 ÞBefore

¼ csdb� cwdb

csdb� cwdbþ cwdw � 1
1þe�1:3Mþ9:5 �10�70000M�8:1D � e�0:5T

ð14Þ
where /

0
is the effective internal friction angle of the

soil, db is the depth of the failure surface, dw is the water
table depth, cs is the soil unit weight, cw is the specific
weight of water, D is the distance to the epicentre, T is
the time after the earthquake and M is the earthquake
magnitude. The values of these properties for sandy soil
following an earthquake are listed in Table 2.

Using the values listed in Table 2, Equation (14) can
be simplified to become,

f s ¼
2

2þ 0:6 � 1
1þe�1:3Mþ9:5 � 10�70000M�8:1D

ð15Þ

The conditional probabilities of the RF given the
magnitude and distance to epicentre are calculated using
again a Monte Carlo simulation, the results shown in
Figure 17.
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Figure 13. The Bayesian network for a multi-risk assessment considering earthquakes and debris flow.
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Figure 14. Specification of the discrete probabilities of distance.
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5.2.3. Debris flow hazard sub-network

Takahashi (1991) proposed a comprehensive theory
behind the mechanism of debris flow dynamics. The
debris flow deposition height DH can be quantified as:

DH WD;FA; Sð Þ ¼ WD k1
tanFA
tan S

� 1

� �
� 1

� ��1

ð16Þ

where k1 ¼ Cb db � 1ð Þ with db ≈ 2.65, the relative
density of the grains, and Cb ≈ 0.7, the volumetric
concentration of the sediments. The other variables
represent the factors outlined in Figure 13.

The watershed area, channel width, slope angle and
maximum soil water capacity used herein are shown in
Table 3, while the precipitation intensity properties are
listed in Table 4.

The debris flow hazard curve can therefore be
calculated, as shown in Figure 18.

5.2.4. Building damage sub-network

As introduced in Section 4.3.2, the fragility surface for
the RC building subject to earthquake and debris flow
can be obtained. The classes of building examined in
terms of their storeys include low rise, medium rise and

high rise, while the states of structure code are low,
medium and high. In the following, only results for a low
rise, low code building located in the grid specified
above are considered.
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Figure 16. Specification of the discrete probabilities of PGA.

Table 2. Sandy soil properties at a given time following an
earthquake.

Water unit weight
cw (N/m3) 9800 Ground water depth dw (m) 1
Soil unit weight
cs (N/m

3)
20,000 T(year) 1

Failure
depth db(m)

2 Tangent of effective internal
friction angle tan/0

0.9

0.9773

0.0119 0.0047 0.0024 0.0015 0.0022
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Figure 17. Specification of the discrete probabilities of the RF
for sandy soil after an earthquake using the values listed in
Table 2.

Table 3. Detailed information of the debris flow’s initiation
area.

Watershed area
WA (m2) 2,000,000

Maximum soil water
capacityMSWC (m/s)

5 ×
10–9

Channel width
CW (m)

2 Tangent of slope
angle tan S

0.2

Table 4. Precipitation intensity properties.

Return period
(years)

Annual
frequency

Precipitation intensity
(m/s)

1.35 0.7389 0.000002
5 0.2 0.000005
20 0.05 0.00001
100 0.01 0.000015
1000 0.001 0.00002
10,000 0.0001 0.000025
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5.3. Results

Figure 19 shows the loss hazard curves giving the annual
frequency of exceeding various levels of economic loss
in terms of a low rise, low code building when exposed
to earthquake hazard and multi-hazard (earthquake and
potential debris flow hazard) scenarios at selected site. It
is worth noting that the mean expected loss will increase
with respect to the same return period, when taking into
account cascade effects (i.e., sub-network for cascade
effect in Figure 13b). For instance, the 5% probability of
exceedance in 50-year curves shown has loss values of
approximately 77,000 Euro and 100,000 Euro when
considering earthquake hazard and both earthquake and
potential debris flow hazards, respectively.

6. Conclusions

Quantification of all the natural and anthropogenic risks
that can affect an area of interest is a basic factor for the
development of a sustainable environment, land-use
planning and risk mitigation strategies. In this study,

we put forward a consistent framework for multi-risk
assessment. The developed procedure consists of three
levels: (1) Level 1: qualitative analysis, (2) Level 2:
semi-quantitative analysis and (3) Level 3: quantitative
analysis.

The qualitative analysis at Level 1 comprises a flow
chart algorithm and allows the end user to decide
whether or not a more quantitative multi-risk assessment
is required. In the semi-quantitative Level 2 analysis, the
interactions among hazards and dynamic vulnerability
are assessed using qualitative and semi-quantitative
methods. To consider hazard interactions and time-
variant vulnerability at this level, a matrix approach
method based on system theory is suggested. In the
quantitative Level 3 analysis, the effects of interactions
among hazards and dynamic vulnerability are assessed
quantitatively with a high accuracy. In this case, a
quantitative multi-risk assessment model based on Baye-
sian networks is introduced to both estimate the probab-
ility of a triggering/cascade effects and model the time-
variant vulnerability of a system exposed to multiple
hazards. The flexible structure and the unique modelling
techniques offered by Bayesian networks make it pos-
sible to analyse interactions and cascading effects using a
simple probabilistic framework. In this way, multi-risk
assessment can be performed step by step. At the same
time, the interactions among different threats are con-
sidered in a systematic way in a harmonised structure in
the recommended framework.
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