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ABSTRACT 
 
The significance of dealing with multiple risks has become increasingly clear given the 
rising frequency of disasters caused by natural and man-made hazards impacting 
metropolitan areas. The current study focuses on an urban structural compound within 
the Lisbon Metropolitan Area (LMA) and the primary goal is to evaluate the vulnerability 
and risk associated with both earthquakes and flooding, respectively. It includes multi-
vulnerability models that are adapted to specific threats, taking into consideration 
elements like water depth and earthquake damage. Subsequently, the study involves 
the development of typological fragility curves and explores the correlation between 
seismic and rainfall-induced damages. The main outcomes of this research provide an 
opportunity to enhance emergency preparedness by fostering increased collaboration 
among rescue organizations and government agencies involved in disaster 
management. Furthermore, the research highlights the limitations of the proposed 
approach and provides important insights for future developments regarding the 
interdependence of the considered hazards. 
 
 
KEY-WORDS: Multi-risk assessment, Earthquake vulnerability, Flood vulnerability, 
Fragility curves, Loss estimation. 
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1.  INTRODUCTION 
 
Disasters have risen in importance in recent decades since they represent severe 
concerns all over the world, leading to an increase not just in monetary losses, but also 
in service interruption and mortality. These disasters are expected to become more 
frequent and severe in the next decades, due to factors such as climate change, growth 
in population, uncontrolled urbanisation, and inadequate governance at all levels [1], 
[2].To provide some context, [3] reported that, between 1985 and 2014, disasters 
increased yearly economic losses from $14 billion to more than $140 billion. The same 
document reported that throughout the decade 2005-2015, weather-related events 
caused the highest economic loss, with floods accounting for 30.5% of total losses, 
followed by multi-hazard catastrophes (14.4%) and earthquakes (12.5%), indicating that 
earthquakes and floods are two hazards that must be addressed. The term risk can be 
defined as “the combination of the probability of an event and its negative consequences” 
[4] and it can normally be evaluated as a convolution of hazard (H), vulnerability (V) and 
exposure (E) [5]. However, it has been recognised by several authors [1], [6]–[9] that, 
when a site is frequently struck by multiple hazards, an effective disaster risk reduction 
may be achieved if all threats are evaluated jointly, giving rise to a multi-hazard 
perspective. The interest in multi-hazard began with the Agenda 21 Conference in Rio 
de Janeiro [10] and the Johannesburg Declaration of Sustainable Development [11], 
which started to highlight the importance of a comprehensive multi-hazard approach 
aimed at risk reduction that includes vulnerability and risk assessment, as well as all 
phases of disaster management, including prevention, mitigation, preparedness, 
response, and recovery, as depicted in [7]. Later on, these concepts were reaffirmed in 
the Hyogo Framework for Action, HFA [12], and in the UN Sendai Framework for Disaster 
Risk Reduction 2015-2030 [13]. However, risk awareness and risk assessment are 
critical not only for preventing losses and protecting ecosystems and human lives but 
also for preserving historical city centres. Indeed, city centres must be protected given 
their blend of tangible and intangible values: their economic worth, but also for the 
historical importance, social identity, and immaterial significance to communities [2], [14]. 
While there are multiple methods for measuring vulnerability and risk due to the 
importance of risk mitigation, only a few examine multiple hazards at the same time, and 
even less address the specifi issues of historical centres [2], [6], [15]. Addressing this 
multi-hazard problem and developing the necessary metrics to estimate vulnerability and 
losses involves several technical and financial challenges. Furthermore, there are 
additional issues related to the interrelationships generated by the spatial and temporal 
overlap of distinct hazards that will alter the global level of risk. Hence, the multi-hazard 
effects are likely to differ from the sum of the single-hazard impacts. All of these issues 
are amplified in old city centres, where the complexity of the physical environment 
accentuates the challenges to achieve their preservation [1], [2], [6], [16]. Given the 
difficulty of the topic, several literature studies on multi-hazard approaches have 
attempted to clarify the general framework of the multi-hazard context [1], [6], [8], [15], 
[16]. Following the subdivision made by [6], existing methods can be grouped into multi-
hazard analysis, vulnerability to multiple hazards analysis, and multi-hazard risk 
analyses. In multi-hazard analysis, the likelihood of several hazards occurring is 
estimated [17], [18]. As seen in [19], and [20], the vulnerability to multiple hazards is 
calculated taking into account that one hazard can change the vulnerability for the 
subsequent one or that the same vulnerability characteristics can contribute differently 
to different hazards. The multi-hazard risk analysis is a combination of the two preceding 
processes [5], [21]. 
 
In light of these considerations, the goal of the current study is to develop a 
comprehensive multi-risk assessment method that is particularly designed for historical 
centres. Specifically, the case study will assess the vulnerability and risk of typical 
unreinforced masonry structures (URM) to floods and earthquakes in a neighbourhood 
of Lisbon that has already experienced these types of events [22], [23]. The exposure 
model was developed using remote sensing methods and then integrated into the GIS 
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environment. Seismic and flood vulnerability were evaluated using the Risk-UE approach 
and existing flood state-damage curves, respectively. 
 
Next, damage scenarios for different return periods were simulated to provide a global 
overview of the assets exposed to risk. Finally, a comprehensive multi-risk assessment 
was carried out, which included an evaluation of the building's economic losses. This 
method provides a comprehensive view of evaluating the global economic impact 
induced by the above-introduced hazards on the case study building stock. 
 
 
2.  CASE STUDY AREA 
 
As previously mentioned the case study focused on a specific neighbourhood of Lisbon, 
notably the downtown area. Lisbon, the capital of Portugal, is situated in the country's 
southernmost region along the north bank of the Tagus River estuary. The Lisbon 
downtown, namely Baixa Pombalina, is a riverfront neighbourhood that has historical 
relevance in the city’s disaster history. To this day, it is a tourist attraction where tourists 
can learn about the cultural identity and history of the city [24], and it has been subjected 
to a historical preservation plan known as Plano de Pormenor de Salvaguarda da Baixa 
Pombalina (PPSBP) since 2011, as depicted in [25]. The focus of the case study (Fig. 
1), is an area enclosed by the Rua Nova do Almada (West), Praça Dom Pedro IV and 
Praça da Figueira (North), Rua da Madalena (East) and Praça do Comércio (South). 
 

 
 

Fig. 1 – Case study area. Adapted from [26]. 
 
This area holds particular historic significance due to its association with the "Great 
Lisbon earthquake" that occurred on November 1st, 1755. This devastating earthquake 
led to the area's destruction, which was further exacerbated by the subsequent tsunami 
and urban fires. In the aftermath of this tragedy, the Marquis of Pombal took charge of 
the area's reconstruction. Notably, this reconstruction introduced the distinctive 
"Pombalino" architectural style, characterized by its emphasis on sturdiness, uniformity, 
and regularity, all designed to enhance seismic resilience [23], [25]. The structural 
configuration of buildings in the Pombalino style included the so-called "Gaiola 
Pombalina", which can be described as a structure made up of a series of internal walls 
called "frontal" walls that have a three-dimensional timber structure forming a triangular 
geometry filled with poor quality masonry and are connected to the orthogonal walls by 
vertical studs in the corners. Typically, the façades and walls between two consecutive 
buildings are constructed using ordinary stone masonry. The structure, along with the 
timber flooring, ensures the bracing of the outside stone masonry walls and the 
resistance to forces in any direction [23], [25], [27]. The aforementioned area is made up 
of 393 ordinary buildings organized in aggregates. The analysed buildings sample in the 
area are unreinforced masonry structures (URM) erected in the "Pombalino" style (82%), 
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with several others (18%) in reinforced concrete (RC) as a consequence of interventions 
throughout the years. According to [25], the occupancy of these buildings is mostly 
mixed, with commercial activity on the ground floor and residential uses on the higher 
floors. 
 
 
3.  EXPOSURE MODEL 
 
The exposure is defined as "people, property, systems, or other elements present in 
hazard zones that are thereby subject to potential losses" [4]. Exposure, together with 
the vulnerability, and capability of the exposed assets must be integrated to evaluate 
risks associated with a given hazard in the area of interest [28]. People, properties, 
economic activities, and private and public services are all examples of assets exposed 
to risk and they can all be affected directly or indirectly by a catastrophic occurrence in 
a particular location [29]. Building exposure is often characterized by its location and 
monetary value [2], and it is one of the most important spatial data layers to be employed 
for risk assessment [29]. When analysing risk, all assets that are potentially exposed to 
hazards must be identified, categorised, and organized in a georeferenced inventory that 
contains all their relevant attributes. In the current study, the exposure model was 
considered by gathering data about the investigated buildings that were subsequently 
used to develop a complete inventory in the QGIS environment [30]. The statistical 
distribution of the main building attributes, i.e. building typology, number of floors and 
physical condition, is reported in Fig. 2.  
 

  
 

a) b) c) 
 

Fig. 2 – Spatial distribution of main attributes for the study area: a) building typology; b) number 
of floors; c) physical condition. 
 
Figure 2 illustrates that 82% of the building samples are URM, while 18% are made of 
RC. These buildings are from 2 to 9 floors in height, with a majority (96%, i.e. 376 
buildings) having 5 to 7 floors. Concerning the physical condition, 53% of the sample is 
classified as good or very good, while a considerable percentage (42%) is in a moderate 
to very poor condition. In terms of aggregate location, which normally consists of an 
average of 8 buildings per aggregate, the intermediate category has the biggest 
proportion (58%), followed by the corner (37%), and a lower fraction of buildings 
categorised as head (5%). Regarding the monetary exposure of the buildings, it was 
calculated using the market values available at [31], which were 5200 €/m2 for 
commercial areas and 3788 €/m2 for residential areas. The following equation is then 
used to compute the monetary exposure of each building (Ei), where term Aj is the floor 
area, term Vm,j is the market value, and term nj is the number of floors: 
 

��  =  � ��,	



	��
 ∙  �	  ∙  �	 (1) 
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4.  HAZARD MODEL 
 
A hazard is “a process, phenomenon or human activity that may cause loss of life, injury 
or other health impacts, property damage, social and economic disruption or 
environmental degradation” [28]. Hazard models need to represent hazards using a 
measure of their intensity.  
 
For earthquakes, seismic intensity can be described in various ways, with the most 
common metrics being macroseismic intensity or Peak Ground Acceleration (PGA) [32]. 
In the case of floods, the intensity measure is generally defined by adopting the water 
depth and the inundation extent that may be achieved during the flood event [2]. 
Therefore, in the current work, the seismic scenario was simulated using macroseismic 
intensity as the intensity measure.  Concerning the flood scenario, it involved analysing 
the spatial extent of inundation and the corresponding water depths resulting from heavy 
rainfall-induced flood events. 
 
 
4.1.  Seismic hazard 
 
Portugal has a moderate to high seismic hazard and has undergone high-intensity 
seismic activity throughout its history, resulting in the loss of many lives and buildings 
[23], [27]. Specifically, the city of Lisbon has experienced several devastating events due 
to its position on the border between the Eurasian and African plates, including the 
earthquake on 26th January 1531 (estimated magnitude 6.0<Mw<6.6); the Benavente 
earthquake (1909), with an estimated magnitude Mw of 6.0; and the Algarve earthquake 
in 1969, an offshore earthquake with a magnitude Mw of 7.8 [23], [33], [34]. However, the 
most significant earthquake in Portugal was "The Great Lisbon Earthquake" in 1755 with 
an estimated magnitude of roughly 8.5 on the Richter scale, followed by the subsequent 
tsunami and fire events. In Lisbon, this event damaged around 85% of the structures, 
causing the loss of 30,000 to 40,000 lives [23]. The seismic hazard characterization of 
the city of Lisbon in the current study was based on the results of other seismic hazard 
studies. In particular, [35] defined a mean hazard map for Portugal with PGA in rock for 
a 10% exceedance probability in 50 years (i.e. return period of 475 years) ranging from 
0.05g to 0.20g, with the highest PGA in the Lisbon and Algarve regions. Therefore a 
PGA of 0.20g for a return period of 475 years was chosen for Lisbon, and then all the 
associated PGA for other return periods (i.e. 5, 10, 20, 50, 100 years) were calculated 
through correlation equations reported in [36]. 
 
 
4.2.  Flood hazard 
 
In terms of flood hazard, the country has already seen some significant flood 
occurrences, such as those in November 1967, November 1983, and February 2008 
[22], [37]–[39]. All of these events set a daily rainfall record that substantially surpassed 
the corresponding normal monthly averages. These occurrences had several severe 
consequences, including urban flooding and landslides, which resulted in significant 
socioeconomic losses, loss of life, as well as disruption of many road and train 
connections [22], [37]–[39]. Using a proper pluvial flood model generated with the HEC-
RAS software [40], flood depth maps for different return periods (2, 5, 10, 20, 50, 100, 
and 500 years) have been simulated for the area under study. The hydrological model 
was formulated using a digital elevation model (DEM) integrated with the STRM (Shuttle 
Radar Topography Mission) in QGIS [30], along with observed rainfall data for Lisbon 
[41]. The data acquired was used to generate the IDF curves (intensity-duration-
frequency) for Lisbon, which served as a basis for calculating hydrographs according to 
the Soil Conservation Service-Curve Number (SCS-CN) method [42]. The hydrographs 
were then used as boundary conditions for the HEC-RAS rainfall model. 
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5.  VULNERABILITY MODEL 
 
Vulnerability can be defined as a measure of the consequences caused by a specific 
hazard. Vulnerability is often represented as a percentage of loss (ranging from 0 to 1) 
of a specific element at risk, [29]. Since the two hazards have independent metric 
systems, two separate approaches were used to compute the percentage of losses for 
seismic and flood vulnerability [2]. 
 
 
5.1.  Seismic vulnerability 
 
The seismic vulnerability of buildings was modelled using the index-based methodology 
proposed in the Risk-UE project [43]. In this methodology, a building typology is assigned 
to each building, starting from the Building Typology Matrix (BTM) proposed by the 
project, and the corresponding vulnerability index V�I is then calculated through the 
following equation: 
 

��� = ��∗ + ∆�� + ∆�� (2) 
 
where VI* is the most probable value of the vulnerability index associated with the 
macroseismic building class; ∆VR is the regional vulnerability factor i.e. a measure of how 
susceptible a region is to damage from a natural hazard. Specifically, the regional 
vulnerability factor ∆VR considers the specific quality of certain building types at the 
regional level so, the vulnerability index is then adapted based on expert judgement or 
based on the observed vulnerability. Concerning, ∆Vm is intended as the sum of 
behaviour modifiers that alter the vulnerability index taking into account specific 
characteristics of the analysed building, i.e. the plan regularity, type of foundations, state 
of preservation and so on. All of these modifiers depend on the attributes of the structure 
as provided in [43]. Based on the features of Pombalino structures, the 324 Pombalino 
URM buildings were examined and assigned an M3.1 BTM class (i.e. wooden slabs URM 
with VI,BTM

*
=0.74) as reported in Table 1. 

 
Table 1- M3.1 building vulnerability index from [43]. 

 
Category 

(BTM) VI,BTM
min  VI,BTM

-  VI,BTM
*  VI,BTM

+  VI,BTM
max  

M3.1 0.46 0.65 0.74 0.83 1.02 
 
After identifying the vulnerability index ��� , the mean damage grade (μD) was estimated 
using a semi-empirical formulation that relates the expected mean damage, to the 
macroseismic intensity (I), as proposed by [44]. To gain insight into the expected 
consequences of the given scenario, 6 damage thresholds (Dk=0, 1, 2,..., 5) were chosen 
according to the EMS-98 damage scale [45]. The letter k represents the damage 
threshold, which ranges from 0 to 5: D0 (no damage); D1 (negligible damage); D2 
(moderate damage); D3 (substantial damage); D4 (near collapse); D5 (collapse). Based 
on these assumptions, the probabilistic evaluation may be calculated in terms of both 
damage distributions and fragility curves. Consequently, to represent the damage 
scenario related to the building typology under consideration, a beta distribution function, 
pb(x), may be used, as suggested in [43]: 
 

���� = !�" 
!�" − $ ∙ �� − % &'��( − � )'&'�

�( − % )'� , % ≤  � ≤ ( (3) 

 
where it is assumed that a=0; b=6; t=8 and $ = " �0.007345  −  0.052348  +  0.2875 34 . 
The discrete damage distribution was then calculated as follows: 
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�9 =  :; �< + 1  −  :; �<  (4) 
 
The typological fragility curves (see Fig. 3) were obtained directly from the cumulative 
probability beta distribution as follows: 
 

: �> ? >9 =  1 − :;  �<  (5) 
 

  
a) b) 

 
Fig. 3 – Vulnerability estimation: a) Fragility curves for M3.1 typology and b) corresponding 
discrete damage distribution. 
 
 
5.2.  Flood vulnerability 
 
The proposed study adopted the stage-damage curves reported by [46] which allowed 
to assess the damage by classifying the structures with or without a basement and with 
two or fewer floors and three or more floors. Furthermore, according to [2], it was 
assumed that for a water level less than 0.25m, no damage is experienced by the 
buildings. Indeed, due to the variable ground elevations in the area, 0.25m represents 
the average height of the building's entry door above the road level. Thus, as an 
indicative example a worst-case scenario, i.e. 500-year, for the Baixa Pombalina are 
shown in Fig. 4. 
 

 2.5  
a) b) 

 
Fig. 4 – Flood vulnerability estimation for a return period of 500 years: a) Water depth; b) Flood 
damage. 
 
It is worth noting that water levels rising beyond 2.5 meters can be attributed to the 
simulated rainfall flooding. These floods are triggered by heavy rainfall, causing a gradual 
increase in the gradient of water levels based on the area's topography. This 
phenomenon continues until buildings are inundated. 
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6.  MULTI-RISK MODEL 
 
The multi-risk assessment was carried out with the two hazards considered independent 
(i.e. with no interactions). As a result, the entire risk may be considered as the sum of 
earthquake and flood losses, which might represent the condition where two separate 
events occur within a short period [21]. The total seismic building losses were determined 
by multiplying the monetary exposure by the damage levels reached by the structures in 
the simulated scenario. The monetary exposure (Ei) is equivalent to the value derived by 
equation (1) (refer to Section 3), whereas the damage level (Di= 1, 2,...5) indicates the 
extent of losses (D%) experienced by the building as provided by [47] and reported in 
Table 2. 
 

Table 2- Earthquake building losses depicted according to [47]. 
 

Damage level (Dk) % Cost of Replacement 
D0 0% 
D1 1% 
D2 20% 
D3 40% 
D4 80% 
D5 100% 

 
Consequently, the global losses represent a smaller percentage of the total 
reconstruction cost, estimated to be equivalent to the market value due to a lack of 
available data. The calculation of total flood building losses involved multiplying the 
monetary exposure (Ei) by the physical damage derived from the stage-damage curves  
(D%) [46] as reported in Figure 5.  
 

 
 

Fig. 5 – Stage-damage curves adopted from [46]. 
 
The Loss Exceedance Curves (see Fig. 6) relate expected losses to the corresponding 
mean annual frequency of exceedance of a given hazard (Fig. 6a) and the return period 
(Fig. 6b), through the following formulation [21]: 
 

v �p =  � Pr�P > p |
Events

i=1
Eventi ‧ FA�Eventi  (6) 

 
where v �p  is the exceedance rate of loss, p; FA�Eventi  is the annual frequency of 
occurrence of the Eventi; and Pr�P>p | Eventi  is the probability of the loss to be greater 
than or equal to p, conditioned by the occurrence of Eventi.  
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Fig. 6 – Multi-hazard curves: a) Loss-Annual exceedance; b) Loss-Return periods and c) 
dependency damage increment induced by floods. 
 
The multi-hazard curve, as illustrated in Figure 6b, implies that larger return periods 
result in higher building losses. For example, for a 500-year scenario, building losses are 
around 1150 M€ for earthquakes and 21 M€ for floods, but for a 2-year return period, 
earthquake losses are approximately 76 M€ and flood losses are 14 M€. Subsequently, 
Figure 6c depicts the correlation of how the flood damage contributes to the increase of 
corresponding seismic damage. This analysis illustrates the extent to which flood-related 
losses increase earthquake losses for different return periods. In cases where both 
hazards occur nearby, flood losses enhance seismic losses by approximately 7%-20% 
for return periods of 2, 5, and 10 years. However, for longer return periods (20, 50, 100, 
475/500 years), the increment is around 2%-5%. These data are essential for a 
comprehensive assessment of potential losses due to the hazards under consideration, 
providing valuable insights to better understand strategies for risk reduction. 
 
 
7.  CONCLUSION 
 
This research introduces a multi-risk model for Lisbon, considering the vulnerabilities 
posed by both seismic and rainfall-induced flood hazards. Much like numerous urban 
areas globally, Lisbon has encountered various perils that jeopardize its inhabitants, 
infrastructure, and economic well-being. This particular study concentrates on evaluating 
typical unreinforced masonry (URM) structures situated within a specific area known as 
Baixa Pombalina. The ensuing section outlines the key findings derived from this study: 
 
• The exposure model, utilising remote sensing and GIS data, provides crucial 
information about the characteristics of the surveyed buildings. Notably, it reveals that 
82% of these buildings are of the Pombalino type, while 18% are constructed with 
reinforced concrete. The majority, accounting for 96% of the sample, consist of buildings 
with 5-7 floors. In terms of condition, 53% are in good or very good condition, while 42% 
are in moderate to very poor condition. These buildings have different positions, with 
58% in intermediate positions, 37% in corner locations, and 5% at head positions. 
• The outcomes obtained through the Risk-UE method indicate that 75% of URM 
buildings possess a vulnerability index (VI) exceeding 0.8 (very high vulnerability). 
Meanwhile, 25% of these buildings exhibit VI values falling within the range of 0.6 to 0.8, 
signifying a high vulnerability. For a return period of 475 years, the damage distribution 
is as follows: 38% of buildings are classified as D3 (with damage levels between 2 and 
3), 57% fall into the D4 category (damage levels ranging from 3 to 4), and the remaining 
5% are categorized as D5 (with damage levels between 4 and 5); 
• Regarding the flood scenario, vulnerability assessment relied on stage-damage 
curves sourced from existing literature. In the context of a 500-year return period, it was 
found that 61% of unreinforced masonry (URM) buildings experienced water depths 
below 0.25 meters, while only 4% encountered depths exceeding 2.50 meters; 
• For a 475/500-year return period, the estimated seismic building losses were 
approximately €1150 million and €21 million the flood losses. The higher earthquake 
losses can be attributed to a larger proportion of structural damage compared to the 

   
a) b) c) 
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damage that floods normally generate, which is, in mostly, related to contents. Future 
research could explore this further by considering content damage. Regarding the 
increase in damage, it's noteworthy that flood events boost seismic losses by 
approximately 7%-20% for return periods ranging from 2 to 10 years, while the increase 
is notably lower (2%-5%) for longer return periods (ranging from 20 to 500 years). 
 
The methodology herein proposed offers a well-structured framework for prioritizing 
future risk reduction efforts in urban areas to effectively confront potential threats. This 
methodology brings several advantages, including improved decision-making 
processes, the targeted allocation of resources to reduce specific risks and the 
reinforcement of community preparedness and resilience. Ultimately, the adoption of this 
methodology plays an important role in minimizing the potential impacts of future risks, 
while simultaneously fostering sustainable and resilient urban development. However, it 
is essential to point out the limitations of the study, notably the absence of a model 
addressing interactions among the examined hazards. The presented data should be 
considered as an initial phase, with the potential for a more comprehensive risk analysis 
in the future. An enhancement could involve integrating a multi-criteria analysis to 
manage probabilistic dependencies among hazards and assess their combined impacts. 
Moreover, in the absence of information on reconstruction costs in the study area, the 
conducted analysis, while conservative, takes into account the reduction in the market 
value of assets exposed to risk due to the impact of the two considered hazards. 
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