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Abstract: The multi-hazard risk assessment of urban areas represents a comprehensive approach
that can be used to reduce, manage and overcome the risks arising from the combination of different
natural hazards. This paper presents a methodology for multi-hazard risk assessment based on
Spatial Multi-Criteria Decision Making. The PROMETHEE method was used to assess multi-hazard
risks caused by seismic, flood and extreme sea waves impact. The methodology is applied for multi-
hazard risk evaluation of the urban area of Kastel Kambelovac, located on the Croatian coast of the
Adriatic Sea. The settlement is placed in a zone of high seismic risk with a large number of old stone
historical buildings which are vulnerable to the earthquakes. Being located along the low-lying coast,
this area is also threatened by floods due to climate change-induced sea level rises. Furthermore, the
settlement is exposed to flooding caused by extreme sea waves generated by severe wind. In the
present contribution, the multi-hazard risk is assessed for different scenarios and different levels,
based on exposure and vulnerability for each of the natural hazards and the influence of additional
criteria to the overall risk in homogenous zones. Single-risk analysis has shown that the seismic risk
is dominant for the whole pilot area. The results of multi-hazard assessment have shown that in all
combinations the highest risk is present in the historical part of Kastel Kambelovac. This is because
the historical part is most exposed to sea floods and extreme waves, as well as due to the fact that a
significant number of historical buildings is located in this area.

Keywords: risk assessment; multi hazard; multi-hazard risk assessment; multi-criteria decision-
making; GIS; PROMETHEE method

1. Introduction

Natural hazards are threatening the population throughout the world more than
ever. Efficient planning and preparation are vital, since the question “will the disaster
happen?”, has changed into “when will it happen?”. Enhancing the safety and resilience
for disasters requires knowledge about individual territorial hazards, vulnerabilities and
risks. Appropriate multi-risk methodology based on existing data and knowledge should
produce an interactive and easily understanding map that will enable the visualization
of individual and combined risks. Integration of this methodology into the Geographic
Information System gives important information to local and regional authorities for
preventing, managing and overcoming multi-hazard natural disasters [1], such as river and
sea floods, meteotsunamis (or extreme sea waves) and earthquakes. To reduce the possible
loss of life and damage to property caused by hazards [2], it is crucial to conduct risk
assessments and make decisions pertaining to natural hazards before the hazards occur [3].

A common practice in the hazard risk assessment is to focus on the hazard frequency
and intensity in combination with area vulnerability or severity of damage caused by the
hazard [4]. Furthermore, the severity is not just the result of hazard intensity and area
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vulnerability, but it is also influenced by the coping capacity of the emergency units in
the area [5]. Hazard occurs in some periods with particular intensity and causes damage
in relation to area vulnerability and coping capacity. A brief literature survey was made
among scientific and professional papers to investigate what are the common factors used
to calculate the risk of natural hazards (Table 1).

Table 1. Brief literature survey on factors used to calculate the risk of natural hazards.

Factors
Approach : " Output Source
Frequency Intensity = Vulnerability Other
Single hazard Yes No No Damage Risk Di Mauro et al. [6]
Multi-hazard Yes Yes Yes Coping capacity Risk Fleischhauer et al. [7]
Multi-hazard No Yes Yes Coping capacity Integrated risk Greiving et al. [5]
Single hazard Yes Yes No No Risk Kunz et al. [8]
Multi-hazard Yes Yes Yes Consequence (loss) Risk Liu et al. [9]
Multi-hazard Yes No No Aggregated losses Risk Mignan et al. [10]
Single hazard No No Yes Hazard exposure, Risk index Munich Re Group [11]
Exposed value
Single hazard Yes Yes No Area impact Hazard score Odeh En[%lzrieers, Inc.
Elements at risk,
Multi-hazard Yes Yes Yes Temporal/Spatial Risk Van Westen [13]

probability

Table 1 shows that hazard frequency (or probability of occurrence) is the most common
factor used in risk assessment. Some approaches are focused on hazard intensity and
some of them on vulnerability in combination with damage or loss. However, half of the
papers dealing with multi-hazard approach are taking into account all three emphasized
factors—frequency, intensity and vulnerability—including other factors. In the context of
the multi-hazard risk assessment, many factors are used. Since each factor can represent
one criterion, evaluation of these factors can be used as an input matrix for the Multi-
Criteria Analysis (MCA). The reason for using so many criteria (factors) for multi-hazard
risk assessments is due to its complexity. According to the standard for risk assessment
IEC 31010:2009 [14], the risk assessment is the overall following process: risk identification,
risk analysis and risk evaluation, and it is recommended to use multi-criteria analysis or
multi-criteria decision-analysis method for the risk assessment.

The problem of the multi-hazard risk assessment is not just in designing a proper
calculation to aggregate all hazard risks in one area [15,16], but also to take into account
hazards” mutual correlation [9], since one hazard can trigger another one. For instance, fire
is usually spread after earthquakes, and earthquakes can produce tsunamis, thus flooding
the area.

Although the world is dealing with hazards that have an increasing frequency, like
flood disasters that are caused by extreme climate and urbanization processes [17], another
problem of the single-hazard or multi-hazard risk assessment lies in a specific type of
hazards. There are specific hazards, earthquakes, for instance, that can be represented as
low-probability /high-consequence events [10]. This issue represents a large problem, as
earthquakes can have high intensity while their frequency is usually very low, so the risk
calculation of multiplying intensity and frequency will result in a low risk level. Therefore,
additional factors need to be taken into calculation to emphasize the risk from earthquakes
and similar hazards that are low-probability /high-consequence events.

Vulnerability is one of the most important factors in the risk assessment [18]. Namely,
high vulnerability of some areas can result in severe losses during a low-intensity hazard,
and low vulnerability can result in minor losses during a high-intensity hazard. Many
different criteria are used for vulnerability calculation, because the criteria set is also defined
by the type of hazard [4]. However, assessing the vulnerability to natural hazards such as
earthquakes can be characterized as an ill-structured problem or a problem without unique,
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identifiable and objectively optimal solution. A review of the literature indicates a number
of contrasting definitions of what vulnerability means, as well as numerous conflicting
perspectives on what should or should not be included within the broad assessment
of vulnerability in cities [19]. For instance, some authors also include coping capacity
(emergency units) of the area in the vulnerability analysis [5]. But this is not necessarily
a good approach, since coping capacity is something that can dynamically change each
year, and other common vulnerability criteria (building age, building structure, building
height, etc.) are less or more static. Furthermore, it is important to mention that different
vulnerability analyses are used at different scales [20]. The different criteria sets (factors)
are used and sometimes different methods must be used, as well.

The aim of this study is the assessment of multi-hazard risk for Kastel Kambelovac, a
small city placed along the Adriatic Sea near the city of Split, Croatia (Figure 1).

(b)

Figure 1. The City of Kastela: (a) Historical center of Kastel Kambelovac [21]; (b) Coastal flooding
events in the City of Kastela [22,23].

Due to its location in a zone of high seismic risk and considering the large number
of stone-made and several-centuries-old historical buildings, Kastela is a settlement with
pronounced seismic vulnerability and risk [18]. The historical center, built right next to
the low-lying coast, is also threatened by floods due to rising sea levels caused by climate
change. Furthermore, the settlement is exposed to flooding caused by extreme sea waves
generated by severe wind. Therefore, the present multi-hazard risk assessment is aimed at
determining the combined risk of the settlement caused by earthquakes, sea floods and
extreme sea waves. The multi-hazard risk investigation of the Kastel Kambelovac is a part
of the project “Preventing, managing, and overcoming natural-hazards risks to mitigate
economic and social impact” (PMO-GATE) [24].

The main challenge in the multi-hazard risk assessment is to evaluate, use and mutu-
ally compare different mathematical variables that describe the hazard’s frequency, intensity
and vulnerability. In this research, this issue is addressed by using the multi-criteria analy-
sis that is commonly used to evaluate and compare quantitative and qualitative criteria in
completely different units and the order of magnitude. However, a proper multi-criteria
analysis must be selected. An additional challenge in the multi-hazard risk assessment
is the data collection and evaluation, which can become complex on the settlement or
regional level. Therefore, a proper spatial analysis must be used to organize and aggregate
spatial thematic layers. Accordingly, the Geographic Information System is used in combi-
nation with multi-criteria analysis in order to establish a Spatial Multi-Criteria Decision
Making system.

2. Methodology

The methodology used in this research relies on the combination of the Multi-Criteria
Analysis/Multi-Criteria Decision-Making (MCA /MCDM) and Geographic Information
System (GIS) to evaluate and visualize this risk assessment in this particular area. The
advantage of GIS is in its ability to visualize spatial data (Figure 2) and enhance the spatial
decision-making in the risk assessment [25-27].
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Figure 2. An example of multiple-risk map for the Ferrara province [15].

Furthermore, GIS supports the usage of the multi-scale approach and different criteria
sets: the vulnerability analysis can be made for each building, the whole settlement,
the settlement’s municipality, and for the whole region. The multi-scale approach was
discussed in the already-mentioned paper by Vicente et al. [20], but greater contribution was
given by Aubrecht et al. [28] that presented multi-level geospatial modeling of vulnerability
indicators from building level to country level. Another example of a multi-level and
multi-criteria approach is presented in Figure 3.

Building Neighborhood/Settlement | City/Municipality County/Region
Number of Building(s) Settlement(s) Municipality(-ies) Regional
inhabitants 7 vulnerability A vulnerability vulnerability vulnerability
Building structure Comf'n.e.r cial Infrastructure - Population density
activities
Building age Cultural heritage .Economic Natural resources /
/ importance
Other criteria Public builqings ""/ Natural/cultural Other criteria
(schools or similar)  / heritage
Other criteria / Hazardous industry
Other criteria

Figure 3. Vulnerability analysis at different scales with multi-criteria approach.

Regarding the risk assessment, it is usually made for a particular assessment area.
These areas need to be defined by mutual spatial characteristics or by some already defined
urban entity.
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The first and simplest approach is to use some administrative areas as assessment
areas: settlements, municipalities, provinces, counties, etc. This approach was used in
the combined seismic and flood risk assessment for municipalities in the province of
Ferrara [15].

The second approach is the definition of assessment areas as “working units” by using
a grid of blocks. The working unit is the geographical entity in which the calculations will
be computed, hereby controlling the geographical resolution of the study. The definition
of the working unit depends strongly on two factors: the geographical unit in which the
original data is expressed and the scale of the study. For instance, in the urban-scale seismic
risk study for city Almeria, a 200 m squared grid was considered appropriate to cover the
entire city of Almeria, totaling an amount of 400 equal cells or working units [27].

The third approach is to define assessment areas as “homogeneous zones”, which are
generated by intersecting relevant thematic layers in the assessment area. The intersection
of the defined number of layers becomes an assessment area (zone). This approach has been
used in this research for Croatian settlement Kastel Kambelovac, a part of Kastela City.

2.1. Multi-Criteria Analysis and Decision-Making Approach to Risk Assessment

In the analysis of natural hazards, impacts are often expressed in terms of hazard,
vulnerability and exposure. A hazard (H) presents the probability that a harmful event will
appear in a particular area and in a certain time interval. Vulnerability (V) is defined as the
characteristics and circumstances of a community, system or asset that make it susceptible
to the damaging effects of a hazard. Exposure (E) is the totality of people, property, systems
or other elements present in hazard zones that are thereby subject to potential losses.

In this research, the hazard (H) is presented by seismic hazard maps with a Peak
Ground Acceleration—PGA for the earthquake, while, in the case of sea floods and extreme
sea waves, it is based on a flood depth and a wave height in inundation areas, respectively.
The exposure (E) that corresponds to the measure of hazard will be presented by intensity
and Area Impact (e.g., area exposed to earthquake, flood or extreme waves). Furthermore,
vulnerability is evaluated by vulnerability index on multiple levels (for the particular
building, for the settlement, etc.) with the use of additional criteria set which is different
for each level. Therefore, in this research, function f represents mathematical PROMETHEE
(Preference Ranking Organisation METHod for Enrichment Evaluations) method [29] that
will connect all criteria and assess the risk for the observed area.

Obviously, there are many other mathematical methods for multi-criteria analy-
sis and decision-making, but some of them are better accepted and more widely used.
Three of them have recently become the most popular: AHP [25], TOPSIS [26] and
PROMETHEE [30,31]. There is also a need to decide which of the available methods
is the most adequate for a particular problem, but very often, the outranking methods like
PROMETHEE are the most suitable choice [32]. This is especially because PROMETHEE
method can be simplified to be used by non-expert users [33,34].

Furthermore, using the concept of vulnerability makes it more explicit that the impacts
of a hazard are also a function of the preventive and preparatory measures that are em-
ployed to reduce the risk. Depending on the particular risk analyzed, the measurement of
risk can be carried out with a greater number of different variables and factors, depending
inter alia on the complexity of the chain of impacts, the number of impact factors consid-
ered and the requisite level of precision. The scheme of assessment of single-hazard and
multi-hazard exposure for the investigated coastal urban area is shown in Figure 4.
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ASSESSMENT OF MULTI-HAZARD EXPOSURE IN COASTAL AND
URBAN AREA
ASSESSMENT OF SINGLE-HAZARD EXPOSURE IN COASTAL AND
URBAN AREA = Flood vulnerability index for buildings
induced by increasing of sea level rise
= Flood vulnerability index of = Flood hazard
buildings TEERER = Other important criteria for flood risk MULTI-RISK CITY AUTHORITIES /

= Flood hazard

BUILDINGS' =)  CITYAUTHORITIES / BUILDINGS | - mmp URBAN PLANERS
EXPOSURE URBAN PLANERS mutri-crireria.  EXPOSURE
ANALYSIS
) =)
MULTI-RISK EMERGENCY
SINGLE RISk EMERGENCY DECISION =
= Seismic vulnerability index of AREA |:> MAKERS AREA > DECISION MAKERS
buildings EXPOSURE = Seismic vulnerability index for EXPOSURE
= Seismic hazard buildings
= Seismic hazard
= Other important criteria for seismic
risk
(a) (b)

Figure 4. The scheme of the risk assessment for investigated area: (a) single-hazard exposure;
(b) multi-hazard exposure.

2.2. Risk Assessment of Buildings

In this research, the risk assessment is made for different levels, starting from the lowest
level (micro level), i.e., an individual building. At this micro level, the risk assessment of a
single-hazard exposure is based on the calculation of vulnerability indexes of buildings for
individual natural disasters:

- Flood vulnerability index for buildings,
- Extreme coastal waves vulnerability index for buildings,
- Seismic vulnerability index for buildings,

as well as on assessment of the single hazards:

- Flood hazard,
- Extreme coastal waves hazard,
- Seismic hazard.

Seismic vulnerability indexes of the buildings for investigated area are calculated
according to the seismic vulnerability method [35]. The method is based on the evaluation
of 11 geometrical, structural and non-structural vulnerability parameters of the building.
They consider the influence of the type and quality of the structural system, the shear
resistance in two horizontal directions, the position and the foundations, the properties
of floors, the configuration in plan and elavation, the maximum wall spacing, the roof’s
typology and weight, the existence of non-structural elements, and the state of preservation.
Four possibilities for each parameter were decided: from “A”, indicating an optimal state,
to “D”, indicating a poor state. The relative importance of each parameter in the overall
vulnerability is computed by using weight coefficients relating to each parameter. Finally,
the vulnerability index Iy is calculated in a form Iy = }; syjwi, where sy; is the numerical
score for each class, and wj is the weight of each parameter. The vulnerability index is
normalized in a 0-100% range; a low index indicates high seismic resistance and low
vulnerability, while a high vulnerability index is characteristic of the buildings with low
seismic resistance and high vulnerability. Vulnerability indexes of the buildings located in
the pilot area are presented in Figure 5 [35].
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Figure 5. Seismic vulnerability index of buildings divided into 10% intervals.

The flood vulnerability index and the extreme coastal waves vulnerability index are
calculated according to the methodology developed in the PMO-GATE project [25]. This
methodology is based on the approach of Miranda and Ferreira [36], which takes into
consideration different parameters such as building material, overall object condition,
number of storeys, building age, importance of exposed objects and level of exposure.
The approach has been modified for application in the multicriteria analysis, with each
vulnerability index calculated as the weighted sum of set of parameters and evaluated
through vulnerability classes (Figure 6).

Legend b

Kastela buildings - flood
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Flood vulnerability
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S
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Figure 6. Cont.
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Figure 6. Vulnerability index of buildings for: (a) sea floods; (b) extreme sea waves.

The seismic hazard for Croatia is presented with two maps for return periods of 475
and 95 years, expressed in terms of the peak ground acceleration during an earthquake for
a soil class A [37]. According to HRN EN 1998-1:2011 [36], the soil types A, B, C, D and E,
may be used to account for the influence of local ground conditions on the seismic action.
The site can be classified according to the value of the average shear wave velocity vg 3.
An investigation of the deep geology and characteristics of the terrains, performed at pilot
area [38], has shown that shear wave velocity vy 39 is higher than 800 m/s at the wholearea,
which define soil class A. Therefore, local ground conditions do not influence to seismic
hazard in the investigated area, i.e., the seismic hazard for all buildings at the pilot area has
been assumed to be constant [35].

The flood hazard caused by climate-induced sea level rise is estimated according
to IPCC Fifth Assessment Report (AR5) [39] and Strategy for climate change adaptation
for The Republic of Croatia [40], considering changes in the mean sea level. However,
the EU Flood Directive [41] requires an analysis of a high, moderate and low probability
scenario in the flood hazard assessment. The sea level in the Adriatic Sea is dominantly
caused by sea tides and the effect of the barometric pressure [42]. The tidal component
can be represented by the set of periodic functions [43], and the residual sea level can be
represented with a probability distribution due to its randomness and stochastic behavior.
In order to fulfil the Flood Directive requirements, probability scenarios are estimated from
the particular probability distribution, corresponding to the return periods of 25, 100 and
250 years, respectively [44]. Finally, sea level is estimated as a superposition of mean sea
level, maximum estimated tide and each probabilistic scenario. The distribution of the
critical zones most prone to flood due to the impacts of climate change on sea level rise for
the most critical scenario for year 2100 is shown in Figure 7 [45].

The extreme coastal waves hazard is determined based on the evaluation of wave
heights and their propagation toward the coast (Figure 8). The methodology for computing
the wave heights by using values of wind speeds in critical wind directions for the investi-
gated area has been developed [46], where probability distribution function is used to fit
wind speed histograms and to evaluate return period values.
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Figure 7. Distribution of critical zones most prone to flood due to impact of climate changes on sea
level rise: scenario for year 2100.

Legend X
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High probability

Kastela - Extreme waves Zone 4 -
High probability

Kastela - Extreme waves Zone 5 -
High probability

Figure 8. Distribution of critical zones most prone to extreme sea waves exposure.

Vulnerability indexes of buildings for individual natural disasters coupled by the
corresponding hazards are the basis for the multi-hazard risk assessment of the area [47].

2.3. Risk Assessment of Homogenous Zones

At the higher level of analysis, which is the intermediate level, the previously-analyzed
objects are grouped into spatial units (assessment area) that are called “homogeneous
zones” [47]. The process of creation of homogenous zones for the pilot site is presented
in Figure 9. In this case, three different layers are intersected: a layer of specific urban
characteristics, a layer of areas surrounded by the main roads and a layer of terrain height.
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(d)

Figure 9. The creation of homogenous zones: (a) four areas defined by specific urban characteristics;

(b) four areas defined by main roads; (c) three areas defined by terrain (contours 5 and 10 m);
(d) intersection of layers resulted with 15 homogenous zones.

The seismic vulnerability indexes of individual buildings are used to calculate the seis-
mic vulnerability index of a homogeneous zone. In the same way, the other vulnerabilities
indexes are evaluated. However, it is important to highlight that the additional criteria are
very important at this level of analysis. Since homogeneous zones have complex charac-
teristics, additional criteria are used for both single-hazard and a multi-hazard approach,
beside vulnerability and hazard.

The literature review shows that the level of risk to the community depends on a
number of other parameters whose activation in a particular hazard reduces the resilience
to extraordinary events. Each area due to difference in size requires a special approach in
identifying the relevant parameters. For example, the most common parameters (criteria)
for seismic hazard are grouped into area characteristics (geology, soil, slope, historical
earthquake events, fault line, etc.), the characteristics of human intervention in space (land
use, built communal infrastructure and roads, etc.), and social characteristics (housing
density, social purpose of buildings, social structure, etc.).

For the pilot site at the intermediate level, additional parameters that can be quantified
are detected, different for each homogeneous zone. They represent additional criteria
for the risk assessment of homogenous zones: communal infrastructure, road network,
construction density (distance between buildings), inhabitation density, importance factor
(public building, school, etc.), and historical buildings.

3. Results
3.1. Single-Hazard Risk Asssessment of Homogenous Zones

Single-hazard risk assessment is made for 14 homogeneous zones of the pilot site.
Since the flood and extreme waves are affecting only a small coastal area, the seismic risk
assessment will be presented here. The input data are calculated, or expert estimates are
given for the following criteria:

- Seismic hazard—PGA,

- Buildings’ seismic vulnerability,

- Geology,

- Communal infrastructure—electricity supply,

- Communal infrastructure—water supply and drainage,
- Road network,

- Construction density (distance between buildings),
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- Inhabitation density,
- Importance factor (public, school, etc.),
- Historical buildings.

Since seismic hazard (PGA) and geology have the same values in each of the 14 ho-
mogeneous zones, they do not need be included in the numerical processing. The average
seismic vulnerability has been calculated for each homogenous zone (Table 2).

Table 2. The basic data of homogenous zones and average seismic vulnerability index.

Homogenous Area (m2) Number of Seismic Vulnerability Index of
Zone (HZ) Buildings Homogenous Zone
HZ1 58.627 56 0.133
HZ2 21.865 29 0.174
HZ3 57.189 54 0.116
HZ4 30.925 25 0.120
HZ5 26.972 38 0.132
HZ6 7.763 4 0.194
HZ7 7.767 20 0.435
HZ8 16.168 19 0.162
HZ9 60.068 38 0.136
HZ10 38.133 14 0.171
HZ11 24.972 35 0.156
HZ12 12.696 17 0.448
HZ13 24.903 71 0.493
HZ14 40.782 48 0.187

The criterion inhabitation density is generated from a digitized population census. For
all other additional criteria a profound GIS analysis has been made, and criteria evaluations
for each homogenous zone have been calculated or estimated (Figure 10).

(© (d)

Figure 10. Cont.
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Figure 10. GIS analysis of additional criteria: (a) electricity supply; (b) water supply and drainage;
(c) road network; (d) construction density; (e) importance factor (public, school, etc.); (f) histori-
cal buildings.

All the above-mentioned data have been collected into the decision matrix to be used
by the PROMETHEE method with the help of Visual PROMETHEE software (Figure 11).
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M HZ7 O 43,50 5,00 4,00 39,00 0,00 90,00 0,00 0,00
%] HZ8 |3 16,20 7,00 9,00 -137,00 0,00 86,00 0,00 0,00
[0 H29 a 13,60 9,00 7,00 633,00 0,00 171,00 0,00 0,00
M| Hzio O 17,10 7,00 12,00 463,00 0,00 63,00 5,00 0,00
M Hz11 g 15,60 10,00 13,00 283,00 0,00 158,00 2,00 0,00
M HZ12 g 44,80 9,00 15,00 325,00 2,00 76,00 0,00 4,00
M HZ13 a 4,30 15,00 18,00 211,00 9,00 319,00 7,00 15,00
[ 73T a 18,70 9,00 12,00 317,00 0,00 216,00 3,00 0,00

Figure 11. Homogenous zones input data for PROMETHEE method (decision matrix).

The preliminary results of the PROMETHEE method are given in Figure 12, in which
better rank represents higher risk. It means that the best-ranked homogenous zone HZ13
has the highest seismic risk in this case.
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[T PROMETHEE Flow Table - O X

Rank action Phi Phi+ Phi-
1 O 0,393 04104 0,011
2 HI12 O 0,0975 0,1512 0,0537
3 Hz7 O 0,0302 0,1110 0,0808
4 H O 0,0025 0,0684 0,0659
5 HzZ14 O -0,0142 0,0518 0,0659
6 Hz2 O -0,0269 0,0451 0,0720
7 Hz11 O -0,0317 0,0395 0,0713
8 HZS O -0,0318 0,0418 0,0735
9 Hz4 O -0,0401 0,0387 0,0787
10 Hz8 O -0,0420 0,0375 0,075
11 HZ10 O -0,0644 0,0343 0,0993
12 Hz3 O -0,0654 0,0347 0,1000
13 Hz9 O -0,0975 0,0166 0,1141
14 Hz6 O -0,1156 0,0250 0,1407

Figure 12. Results of the PROMETHEE method for 14 homogeneous zones (better rank represents
higher risk).

Visual representation of the results has been made in GIS, where green represents low
risk and red represents high risk (Figure 13).

Figure 13. Seismic risk assessment for homogenous zones (green represents low risk, red represents
high risk).

3.2. Multi-Hazard Risk Asssessment of Homogenous Zones

Three natural-hazards—seismic, flood and extreme waves—are combined and eval-
uated together to assess the multi-hazard risk, and the analysis is made on the level of
homogenous zones.

The two combined risk analysis are made: combination of two risks for seismic and
flood hazard; and combination of three risks for seismic, flood and extreme waves hazard.
Each analysis is made on three levels. The first level of analysis is based on hazard and
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vulnerability data aggregated for each homogenous zone. A second and third level of
analysis are using additional criteria for each homogenous zone (Table 3).

Table 3. Combined risks analysis and criteria for each level of analysis.

Level

Combined Seismic-Flood Risk:

Scenario S-F

Combined Seismic-Flood-Extreme Waves Risk: Scenario S-F-EW

Level 1 criteria

Seismic hazard (1.1)
Seismic vulnerability (1.2)
Flood hazard (1.3)

Flood vulnerability (1.4)

Seismic hazard (1.1)

Seismic vulnerability (1.2)

Flood hazard (1.3)

Flood vulnerability (1.4)

Extreme waves hazard (1.5)
Extreme waves vulnerability (1.6)

Level 2 criteria

Seismic hazard (1.1)
Seismic vulnerability (1.2)
Flood hazard (1.3)

Flood vulnerability (1.4)
Construction density (2.1)
Inhabitation density (2.2)
Importance factor (2.3)
Historical buildings (2.4)

Seismic hazard (1.1)

Seismic vulnerability (1.2)

Flood hazard (1.3)

Flood vulnerability (1.4)

Extreme waves hazard (1.5)
Extreme waves vulnerability (1.6)
Construction density (2.1)
Inhabitation density (2.2)
Importance factor (2.3)

Historical buildings (2.4)

Level 3 criteria

Seismic hazard (1.1)
Seismic vulnerability (1.2)
Flood hazard (1.3)

Flood vulnerability (1.4)
Construction density (2.1)
Inhabitation density (2.2)
Importance factor (2.3)
Historical buildings (2.4)

Electrical infrastructure (3.1)
Water supply infrastructure (3.2)

Road network (3.3)

Seismic hazard (1.1)

Seismic vulnerability (1.2)

Flood hazard (1.3)

Flood vulnerability (1.4)
Extreme waves hazard (1.5)
Extreme waves vulnerability (1.6)
Construction density (2.1)
Inhabitation density (2.2)
Importance factor (2.3)
Historical buildings (2.4)
Electrical infrastructure (3.1)
Water supply infrastructure (3.2)
Road network (3.3)

Therefore, six multicriteria analyses are made on three different levels for each of

the two scenarios. These multi-criteria analyses are classifying homogenous zones in
accordance with multi-hazard risk.

The first analysis is the combined seismic-flood risk (Scenario S-F) on three different
levels. Each level represents different criteria sets. Criteria are grouped in two major
groups: main criteria, which are related to hazard and vulnerability and additional criteria,
which are related to some important spatial data. Each criteria group has its own weight.
In this case, an equal weight is given to each group—50%. An example of distribution
of the criteria weights within the group are presented in Table 4. Criteria weights in this
particular application are estimated comparing the estimated Expected Annual Damage
values for each observed natural hazard. The Expected Annual Damage concept is based
on the combination of occurrence probability and corresponding damage caused by each
natural hazard [48], and it has proved to be an effective method since it enables a practical
comparison of significantly different natural phenomena.
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Table 4. An example of criteria weights for combined seismic-flood risk for Scenario S-F Level 2.

o . — Criteria
Criteria Group Group Weight Criteria Weight
Seismic hazard (1.1) 21.7%
L o Seismic vulnerability (1.2) 21.7%
Main criteria 50% Flood hazard (1.3) 3.3%
Flood vulnerability (1.4) 3.3%

.. L Construction density (2.1) 50/n =12.5%
Additional criteria Inhabitation density (2.2) 50/1 = 12.5%
(n—number of 50% I £ 23 50 /1 = 12.5%

dditional criteria) mportance factor (2.3) /n=125%
a Historical buildings (2.4) 50/n =12.5%

The input data for analysis is presented as a matrix with alternatives, in this case 14
homogenous zones (HZ) and up to 11 criteria depending on the level of analysis (Figure 14).

Short Name 1.1 Seismic vuln. 1.2 Seismic haz. 1.3 Flood vuin. 1.4 Flood haz. 2.1 Constr. dens. 2.2 Inhab. dens. 2.3 Import. fact. 2.4 Histor. build. 3.1 Comm. infr. el. 3.2 Comm. infr. wtr. 3.3 Road net.

HZ 1 133 0.22 0 0 0 252 0 0 1" 8 -216
HZ2 174 0.22 0 0 0 130 0 0 13 7 80
HZ3 116 0.22 0 0 0 243 0 0 1 8 492
HZ 4 12 0.22 0 0 0 112 0 0 9 1 -80
HZ 5 13.2 0.22 0 0 0 17 0 0 8 9 -121
HZ6 194 0.22 0 0 0 18 0 0 2 2 60
HZ7 435 0.22 0 0 0 90 0 0 5 4 39
HZ8 16.2 0.22 0 0 0 86 0 0 d 9 -137
HZ9 136 0.22 0 0 0 7 0 0 9 7 633
HZ 10 171 0.22 4 1.36 0 63 5 0 7 12 463
HZ 11 156 0.22 0 0 0 158 2 0 10 13 283
HZ 12 448 0.22 18.6 1.36 2 76 0 4 9 15 325
HZ 13 493 0.22 15.04 1.36 9 319 7 15 15 18 211
HZ 14 18.7 0.22 1.52 1.36 0 216 3 0 9 12 317

L . )

Level 1
. . )
Level 2
L . ,
Level 3

Figure 14. Input matrix for combined seismic-flood risk (Scenario S-F) multi-criteria analysis with
criteria evaluation for all three levels.

The input data (Figure 14) and criteria weights (Table 4) are imported in a multi-criteria
analysis application based on the PROMETHEE method and results have been calculated
for all three levels of analysis. The first analysis was made for the criteria set defined as
Level 1, a second analysis for Level 2 and a third for Level 3. The criteria for each analysis
were submitted to PROMETHEE method and the results for all three levels are presented
in Figures 15-17, respectively. There are no significant variations in results except zone
HZ 13, which becomes more exposed when additional criteria are used (Level 1 and 2). At
the end, the results are exported into GIS for better visualization and a further analysis of
results (Figure 18).

The second analysis is a combined seismic-flood—extreme waves risk (Scenario S-F-
EW) on three different levels. Again, each level represents different criteria sets, and criteria
are grouped into two groups: main criteria, which are related to hazard and additional
criteria, which are related to some important spatial data. Each criteria group has its own
weight. In this case, an equal weight is given to each group: 50%. Other criteria weights are
presented in Table 5. The input data for analysis are presented as a matrix with alternatives,
in this case 14 homogenous zones (HZ) and up to 13 criteria depending on the level of
analysis (Figure 19).
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Figure 15. Results of risk analysis for seismic and flood hazard for Level 1 (Scenario S-F L1).
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Figure 17. Results of risk analysis for seismic and flood hazard for Level 3 (Scenario S-F L3).
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Figure 18. GIS visualization of risk for seismic and flood hazard for Level 3 (Scenario S-F L3).

Table 5. An example of criteria weights for combined seismic—flood—extreme waves risk for Scenario

S-F-EW Level 2.

. Group o Criteria
Criteria Group Weight Criteria Weight
Seismic hazard (1.1) 19.5%
Seismic vulnerability (1.2) 19.5%
. . Flood hazard (1.3) 2.5%
Main criteria 50% Flood vulnerability (1.4) 2.5%
Extreme waves hazard (1.5) 3.0%
Extreme waves vulnerability (1.6) 3.0%

Additional criteria
(n—number of 50%
additional criteria)

Construction density (2.1)
Inhabitation density (2.2)
Importance factor (2.3)
Historical buildings (2.4)

50/n =12.5%
50/n =12.5%
50/n =12.5%
50/n =12.5%

The input data (Figure 19) and criteria weights (Table 5) are imported in a multi-criteria
analysis application based on PROMETHEE method and results have been calculated
for all three levels of analysis. The first analysis was made for a criteria set defined as
Level 1, a second analysis for Level 2 and a third for Level 3. The criteria for each analysis
were submitted to PROMETHEE method and the results for all 3 levels are presented in
Figures 20-22, respectively. Again, there are no significant variations in results except zone
HZ 13, which becomes more exposed when additional criteria are used (Level 1 and 2). At
the end, the results are exported into GIS for better visualization and a further analysis of

results (Figure 23).
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Short Name 1.1 Seismic vuln. 1.2 Seismic haz. 1.3 Flood vuln. 1.4 Flood haz. 1.5 Extr. wav. vuin. 1.6 Extr. wav. haz. 2.1 Constr. dens. 2.2 Inhab. dens. 2.3 Import. fact. 2.4 Histor. build. 3.1 Comm. infr. el. 3.2 Comm. infr. wtr. 3.3 Road net.

HZ 1 133 0.22 0 0 0 0 0 252 0 0 1 8 -216
HZ 2 174 0.22 0 0 0 0 0 130 0 0 13 7 80
HZ 3 116 0.22 0 0 0 0 0 243 0 0 1 8 492
HZ 4 12 0.22 0 0 0 0 0 112 0 0 9 1 -80
HZ 5 132 0.22 0 0 0 0 0 171 0 0 8 9 -121
HZ 6 19.4 0.22 0 0 0 0 0 18 0 0 2 2 60
HZ7 43.5 0.22 0 0 0 0 0 90 0 0 S 4 39
HZ 8 16.2 0.22 0 0 0 0 0 86 0 0 L 9 -137
HZ 9 13.6 0.22 0 0 0 0 0 171 0 0 9 il 633
HZ 10 171 0.22 4 1.36 0 0 0 63 5 0 7 12 463
HZ 11 15.6 0.22 0 0 0 0 0 158 2 0 10 13 283
HZ 12 448 0.22 18.6 1.36 5.14 1.639 2 76 0 4 9 15 325
HZ 13 49.3 0.22 15.04 1.36 14.82 1.539 9 319 7 15 15 18 21
HZ 14 18.7 0.22 1.52 136 1.52 1.359 0 216 3 0 9 12 317

. T )

Level 1
. . ,
Level 2
. )
T
Level 3

Figure 19. Input matrix for combined seismic—flood—extreme waves risk (Scenario S-F-EW) multi-

criteria analysis with criteria evaluation for all three levels.

Put Vodovoda

Latin |

Figure 20. Results of the risk analysis for seismic, flood and extreme waves hazards for Level 1
(Scenario S-F-EW L1).
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Figure 21. Results of the risk analysis for seismic, flood and extreme waves hazards for Level 2
(Scenario S-F-EW L2).
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Figure 22. Results of the combined risk analysis for seismic, flood and extreme waves hazards for

Level 3 (Scenario S-F-EW L3).
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Figure 23. GIS visualization of risk for seismic, flood and extreme waves hazard for Level 3 (Scenario

S-F-EW L3).

4. Conclusions

The multi-hazard risk assessment of urban areas is an important step in the risk man-

agement process. It can be used to reduce, manage and overcome the risks arising from the
combination of different multiple hazards. This paper uses Spatial Multi-Criteria Decision-
Making based on PROMETHEE method, coupled with the Geographic Information System,
to assess the single-hazard and multi-hazard risk caused by seismic, sea floods and extreme
sea waves. A case study for the application of the method is Kastel Kambelovac, an urban
settlement placed at the Croatian part of the Adriatic coast. The observed area has been
divided into the homogenous zones that have been identified as areas of the test site with
some mutual spatial characteristics. The homogeneity was identified by intersecting spatial
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References

layers in the GIS. The multi-hazard risk assessment method is based on the validation of the
main components of the risk caused by natural hazard phenomena, such us vulnerability
expressed in terms of the vulnerability index, hazard and influence of additional criteria,
to overall risk in homogenous zones. The main specificity of this research is multi-hazard
risk evaluation based on a previous detailed calculation of vulnerability indexes of each
building in the test area for all observed threats.

The methodology ranks the various homogenous zones in terms of the relative prone-
ness to coupled seismic, sea floods and extreme sea waves hazards. It enables a risk analysis
for different scenarios for both single and multiple hazards at the level of buildings and
homogenous zones. In the case study presented here, the analysis has shown that the
seismic risk is a dominant threat in all scenarios. The results of a multi-hazard analysis
for the combination of seismic and sea floods hazard have shown that the area with the
highest risk is related to the historical part of Kastel Kambelovac. This is due to the fact
that this area, along with high seismic risk, has the highest level of exposure to flooding.
Furthermore, the vulnerability of exposed objects in the historical part is highest for both
hazards. Likewise, the results of the multi-hazard analysis for the combination of seismic,
sea floods and extreme waves hazard are analogous to previous ones, showing that the
highest risk is again in the historical part of Kastel Kambelovac. The vulnerability of
exposed objects to extreme waves is the highest in the historical part, and this particular
area is most exposed to extreme waves due its low-lying coast. Performed analyses provide
useful information for decision makers and public authorities to define priorities in future
interventions through the process of risk management planning.
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