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Abstract: Without a proper understanding of the potential human and economic losses for a 
given region, the development of risk mitigation strategies is likely to be ill-informed and 
inadequate, and consequently tragic should a damaging seismic event occur. The study 
presented herein sheds light on several problems and limitations in the current practice of 
earthquake loss modelling, and provides recommendations depending on the intended final 
use of the risk analyses. Results using the Metropolitan Area of Lisbon (Portugal) demonstrate 
that distinct assumptions in the loss modelling may lead to considerably different risk results 
(often varying by a factor of two), which highlights the need to fully comprehend the 
implications of following certain modelling approaches. The findings of this study are also 
relevant for institutions that promote the assessment of earthquake risk in various parts of the 
world, such as the Global Earthquake Model Foundation.  
 
Introduction 
Understanding the potential losses due to natural hazards is fundamental for the strategic 
investment in disaster risk reduction. In the last 20 years, about 13.5 billion USD have been 
financed by various institutions and governments (e.g. World Bank, European Commission, 
Japan, Australia) for the implementation of disaster mitigation measures in regions frequently 
affected by natural disasters, such as earthquakes (Kellett and Caravani, 2013). The 
earthquake peril constitutes on average 20% of the total annual losses from damaging hazard 
events, but in some years this portion can be as high as 60%.  
Recognition of the urgent need for reliable and accurate seismic hazard and risk analysis has 
propelled the rapid development of innovative methodologies and numerical tools. These 
advances, however, have resulted in a large number of datasets and models that individually 
might be highly detailed and well-defined, but when poorly combined may lead to problematic 
results. In addition, some of the proposed methodologies and modelling techniques may 
oversimplify certain features of the risk assessment process, thus not allowing a realistic 
characterization of the expected losses.  
Typically, any risk analysis requires an exposure model containing information about the 
inventory of buildings in the given area of study; a set of fragility or vulnerability functions 
establishing the likelihood of suffering damage or loss conditional on a set of ground motion 
levels; and a characterization of the ground shaking throughout the area of interest. Whilst the 
first component can be handled with a sufficient level of certainty, the other two components 
have several modelling issues that might greatly influence the risk results (Crowley 2014). The 
purpose of this study is therefore to investigate caveats and limitations in scenario earthquake 
loss calculations, classical probabilistic seismic risk (PSRA) and probabilistic event-based risk 
(PEBA) analyses. Some important properties such as convergence in risk results, propagation 
of the aleatory and epistemic uncertainties from ground motion prediction models, and 
consideration of vulnerability correlation are explored, and their influence on the final risk 
results are evaluated. 
These critical issues are demonstrated using the Metropolitan Area of Lisbon as a case study. 
Catastrophic earthquakes have affected this area in the past, such as the well-known Lisbon 
earthquake of 1755, which caused severe damages and the collapse of more than 50% of the 
city’s building inventory (Oliveira, 1988). Recent studies on probabilistic seismic hazard (e.g. 
Vilanova and Fonseca, 2007) classify Lisbon as a region with moderate seismic hazard (0.1 to 
0.2 g for a 475 years return period), and the latest Building Census Survey (2011) indicates 
that more than 50% of the Portuguese building stock has not been designed according to the 
most rigorous seismic regulation. For these reasons, and considering that this area is 
responsible for approximately 45% of the Portuguese gross domestic product (GDP), Lisbon 
is clearly an interesting case for risk assessment and catastrophe modelling.  
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CASE STUDY: METROPOLITAN AREA OF LISBON (MAL) 
The Metropolitan Area of Lisbon (MAL) is composed by 18 counties, it covers an area of about 
3000 km2, and it has a population of 2.8 million people according to the latest National Census 
Survey (2011). This section briefly describes the models required for the estimation of 
economic losses considering the residential building stock. 
 
Seismic hazard input 
Scenario loss calculations (considering a single earthquake) and probabilistic event-based risk 
calculations were performed for this region. The definition of the earthquake ruptures (for the 
scenario loss analysis) was performed based on the information regarding the tectonic 
environment comprised in the work of Carvalho et al. (2008). Two seismic events were 
considered for these analyses, one with a moderate magnitude at a short distance, and 
another event with a strong magnitude at a long distance (see Table 1). 
 

Table 1. Characteristics of the selected earthquake ruptures. 

Rupture Magnitude (Mw) Strike Dip Rake 
Onshore 5.5 220 ° 55° 0° 
Offshore 7.6 20° 24° 90° 

 
For what concerns the selection of the probabilistic seismic hazard analysis (PSHA) model for 
the loss assessment considering probabilistic hazard, a decision was made to use the seismic 
source model developed by Vilanova and Fonseca (2007), combined with a set of ground 
motion prediction equations recently proposed for the tectonic environment in the vicinity of 
Portugal by Delavaud et al. 2012 and Vilanova et al. 2012. A large number of epistemic 
uncertainties were considered in the development of the source model, such as the 
consideration of different seismic source zonations, earthquake catalogues, and 
methodologies to derive the parameters of the magnitude-frequency relationship. These 
uncertainties have been considered herein using a logic tree structure. 
 
Exposure model 
The exposure model used for this case study was originally developed by Silva et al. (2014a), 
and relied mostly in information from the Building Census Survey (2011) at the third 
administrative level (parishes), and other building statistics from the Portuguese Statistical 
Office. The number of buildings per parish is illustrated in Figure 1.  

 
Figure 1. Number of buildings per parish in the Metropolitan Area of Lisbon in 2011 

 
In 2011, 450,049 residential buildings were reported in the region of interest, distributed 
across 211 parishes. Amongst the various attributes considered in the development of the 
exposure model, the type of construction, year of construction and number of storeys have 
played an important role for the definition of the building classes. The combination of these 
three factors led to 42 building classes, and for each one a vulnerability function was 
developed as explained in the following section.  
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Physical vulnerability model 
A vulnerability model establishing a relation between probability of loss ratio and a number of 
intensity measure levels has been developed for moment-frame reinforced concrete buildings 
in Silva et al. (2014b). In the latter work, Monte Carlo simulations were employed to capture 
the aleatory variability in the geometric and material properties, and thousands of nonlinear 
time history analyses were performed using a large number of ground motion records. In 
Figure 2, the resulting vulnerability function for post-code reinforced concrete structures with 
two storeys (one of the most common building classes in the region of interest) is presented. 
 

 
Figure 2. Mean vulnerability function and variability at a number of loss ratios. 

 
For what concerns the vulnerability model for the masonry classes, the vulnerability functions 
derived by Silva et al. (2014a) were adopted. These functions were derived through the 
combination of the set of capacity curves developed by Carvalho et al. (2002), with a 
nonlinear static procedure (Capacity Spectrum method - Freeman 2004), resulting in a set of 
24 mean vulnerability functions. It is relevant to mention that this simplified methodology did 
not allow including the aleatory uncertainty in the capacity (i.e. building-to-building variability), 
definition of damage criteria, or record-to-record variability. Thus, a decision was made to add 
a coefficient of variation to each loss ratio, according to the recommendations of Porter (2010) 
and the findings of Silva et al. (2014b). 
 
LOSS ASSESSMENT CONSIDERING A SINGLE SEISMIC EVENT 
The results that may arise from the assessment of the consequences from single events can 
be used in the development of risk mitigation actions, which may include post-disaster 
emergency planning, support for strategic urban planning, and development of aid 
infrastructures (e.g. shelters). For this reason, it is fundamental to provide reliable information 
to decision makers responsible for drafting, implementing and coordinating these measures.  
The single event loss analyses undertaken in this study were performed using the 
OpenQuake-engine (Silva et al. 2014c), the open-source software for seismic hazard and risk 
analysis of the Global Earthquake Model initiative. The calculation of the ground motion 
throughout the region of interest is computed using the scenario-based hazard calculator of 
(Pagani et al. 2014). In order to properly consider the intra- and inter-event variability, several 
realizations of the same event are generated, thus leading to multiple ground motion fields for 
the same event. During the generation of each ground motion field, the spatial correlation of 
the intra-event residuals can be considered according to a correlation model (e.g. Jayaram 
and Baker 2010). The collection of ground motion fields is then used together with the 
vulnerability and exposure models, to compute the losses for each asset, per ground-motion 
field. The correlation in the uncertainty in the vulnerability functions is incorporated such that 
when sampling the loss ratios of two assets from the same building class, the residuals can be 
correlated according to a pre-established correlation factor. The set of loss ratios per asset 
are multiplied by the associated economic value, leading to a distribution of possible losses for 
each asset, with a mean and standard deviation. Moreover, the losses to all assets across the 
region of interest can also be aggregated per ground motion field, to obtain an aggregated 
mean and standard deviation. 
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Convergence in scenario loss estimations 
The employment of a large number of ground motion fields in the characterization of the 
seismic hazard input, rather than simply considering a single ground motion value at each 
location (typically the median), enables the inclusion of the aleatory uncertainty from the 
ground motion prediction model, as well as to consider the spatial correlation of the intra-event 
residuals (Weatherill et al. 2015). This approach, however, has the disadvantage of potentially 
becoming considerably time consuming for seismic events affecting a widespread area. The 
number of simulations (or ground motion fields) employed in the loss assessment should be 
sufficient to guarantee an adequate convergence in the statistics of the results, but not large 
enough to unnecessarily increase the computational time. Considering two seismic events 
(see Table 1), the evolution of the mean ground motion and losses of various assets was 
evaluated for an increasing number of simulations. In Figure 3, the results for the 10 assets 
with the highest variability are displayed.  
 

 

 
 

Figure 3. Mean ground motion (above) and mean loss (below) for 10 assets with increasing number of 
simulations. 

  
Based on the several tests conducted in this study, it is fair to conclude that at least a 1000 
ground motion fields are necessary to respect the 5% tolerance threshold in the ground 
shaking at the location of the assets, and 3000 to attain the same level of convergence in the 
associated losses.  
Besides the statistics of individual losses, the aggregated losses (sum of all of the individual 
losses for each ground motion field) were also evaluated. To this end, the mean aggregated 
losses were calculated for an increasing number of ground motion fields. This process was 
repeated several times and the results for 10 cycles are displayed in Figure 4. 
 

 
Figure 4. Evolution of the aggregated mean and standard deviation for 10 cycles 
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The results concerning the aggregated losses indicate that convergence has been achieved 
for a 1000 ground motion fields, which is a lower number of realizations when compared with 
the statistics for the losses of individual assets. This behaviour can be explained by the fact 
that when considering thousands of assets not necessarily spatially correlated (due to large 
distances) or without any correlation in the vulnerability (due to different vulnerability classes), 
it is expected that for the same ground motion field, some assets will have higher losses (i.e. 
positive sampling of ground shaking and/or vulnerability sigma), whilst others will be 
characterized by lower values of loss (i.e. negative sampling of the same sigma), thus causing 
an averaging effect. For the remaining sections of this study, the number of realizations 
asserted herein to achieve convergence for each hazard and risk metric will be adopted 
 
Influence of the selection of the ground motion prediction equations  
The selection of ground motion prediction equations (GMPE) has been indicated as one of the 
most influencing factors in earthquake loss estimation (Crowley et al. 2005). The selection of 
one or a set of GMPEs might be a very challenging task due to the lack of ground motion 
recordings that could allow a reliable verification of existing models (e.g. Delavaud et al. 
2012). For what concerns MAL, a comprehensive discussion regarding the selection of a set 
of GMPEs for mainland Portugal has been already performed by Silva et al. (2014a). The 
latter study relied on a number of key factors such as the evaluation of the seismogenic 
environment; analysis of hazard disaggregation; recommendations from ground motion 
modelling experts; and comparison between observations from a limited number of seismic 
events (Vilanova et al. 2012). The findings from this study recommended the employment of 
the models Atkinson and Boore (2006) and Akkar and Bommer (2010). However, several 
models were excluded due to their inability to consider directly soil conditions (using Vs30 
values) or to separate the total variability into inter- and intra-variability (which is a 
fundamental requirement in order to properly consider ground motion cross-spatial 
correlation). Since the consideration of these two aspects are not part of this study, a decision 
was made to consider additional GMPEs, according to the recommendations by Vilanova et 
al. (2012) for this region. The selected models are described in Table 2.  
 

Table 2. Characteristics of the GMPEs selected for the earthquake loss estimation. 

Model Tectonic 
environment 

Magnitude 
range (Mw) 

Distance range 
(km) Site effects Variability 

Akkar and Bommer 
2010 - AB10 

Active 
shallow crust 5.0 - 7.6 Rjb <99 3 categories Total, Inter 

+ Intra 
Atkinson and Boore 

2006 - AB06 
Stable 

continental 3.5 - 8.5 1< Rrup 
<1000 

760 m/s and 
2000 m/s Total 

Boore and Atkinson 
2008 - BA08 

Active 
shallow crust 5.0 - 8.0 Rjb < 200  Vs30 value Total, Inter 

+ Intra 
Campbell 2003 - 

C03 
Stable 

continental 5.0 - 8.2 1< Rrup 
<1000 

Adjusted to  
800 m/s1) Total 

Chiou and Youngs 
2008 - CY08 

Active 
shallow crust 4.3 - 7.9 0.2< Rrup <70 Vs30 value Total, Inter 

+ Intra 

Toro et al 2003 -T03 Stable 
continental 5.0 - 8.0 1< Rjb <1000 Adjusted to  

800 m/s1) Total 

Rjb – Joyner Boore distance; Rrup – closest distance to fault rupture. 
1) This model has been adjusted to the generic rock site condition in Europe (Vs30 = 800 m/s), established within 
the framework of the FP7 European project SHARE. 

Considering each of the aforementioned models, the aggregated losses for the two seismic 
events were calculated. For the sake of brevity, only the results for the onshore event are 
presented in Figure 5, but similar findings were observed for the onshore case. It is relevant to 
mention that the purpose of this exercise is not to demonstrate the discrepancies between 
different GMPEs (for this topic readers are referred to Stewart et al. 2013), but rather to 
evaluate the impact that choosing a particular attenuation model might have on the 
assessment of economic losses for a realistic case study. 
 



 
Vitor SILVA 

6 

 
Figure 5. Mean and standard deviation (±σ) of the aggregated losses per GMPE for the onshore event. 
  
The aggregated losses per GMPE have striking differences, with a maximum discrepancy for 
the offshore scenario (BA08 and C03). Ground motion prediction equations developed for 
stable continental regions (C03, AB06, T03) tend to lead to higher losses, which is an 
expected behaviour given the fact that these models attenuate ground motion much slower. 
These remarkable differences are in the same order of the ones calculated by Fiorini et al. 
(2012) for the scenario loss assessment for the L’Aquila (Italy) earthquake. Given these 
results, it is also fair to state that a scenario loss assessment in which only a GMPE was 
employed might be strongly biased, and therefore the consideration of various GMPEs 
simultaneously within a logic tree structure might be preferable (e.g. Silva et al. 2014a).  
 
Aleatory uncertainty in ground motion and vulnerability 
As stated by Crowley et al. (2008), the consideration of the aleatory variability in GMPEs in a 
coherent and meaningful manner is one of the major challenges in loss modelling. The total 
aleatory variability is composed by two components, the first representing the variability 
among earthquakes with the same magnitude and rupture mechanism (inter-event) and the 
second representing the variability within a single earthquake (intra-event). In the generation 
of ground motion fields for the assessment of losses, the intra-event variability assumes 
special importance as it might allow the consideration of the spatial and cross-spatial 
correlation of the ground motion residuals (e.g. Jayaram and Baker 2010; Baker and Cornell 
2006). On the other hand, it is also important to consider the aleatory variability in the 
probabilistic distribution of loss ratio at each intensity measure level (see Figure 2). This 
uncertainty may represent various sources of uncertainty: i) record-to-record variability; ii) 
aleatory uncertainty in the definition of the damage criteria (intra-building); iii) variability in the 
structural capacity of the building class (inter-building); iv) uncertainty in the damage-to-loss 
(consequence) model (e.g. Porter 2010; Silva et al. 2014b).  
Due to the lack of tools capable of modelling these two main sources of uncertainty, frequently 
only a ground motion field (represented by the median field) is employed in loss assessment, 
and no variability is considered in the distribution of loss ratio for each intensity measure level. 
Such strong simplifications will obviously alter the associated loss estimations, and thus it is 
important to understand the variations that can be expected in the results. In this section, 
aggregated losses have been calculated for the two seismic events considering various 
possible combinations between the variability in the ground motion and vulnerability, as 
described in Table 3.  
 

Table 3. Calculation cases for different assumptions in the ground motion and vulnerability variability. 

Case Variability in ground motion Variability in vulnerability 
A Neglected Neglected 
B Modeled without spatial correlation Neglected 
C Modeled with spatial correlation Neglected 
D Neglected Modeled without vulnerability correlation 
E Neglected Modeled with (full) vulnerability correlation 
F Modeled without spatial correlation Modeled without vulnerability correlation 
G Modeled with spatial correlation Modeled with (full) vulnerability correlation 

0 

5 

10 

15 

20 

AB10 AB06 BA08 C03 CY08 T03 

A
gg

re
ga

te
d 

Lo
ss

 (b
ill

io
n 

E
U

R
) 



 
Vitor SILVA 

7 

 
In these calculations, all of the GMPEs considered in the previous section were utilized (when 
possible), but for the sake of clarity only the results obtained with the Boore and Atkinson 
(2008) model are presented in Figure 6 (offshore event). This model allows the consideration 
of spatial correlation and its range of applicability covers the two seismic events being 
considered in this study. 
 

 
Figure 6. Mean and standard deviation (±σ) of the aggregated losses for the offshore event, considering 

different assumption in the ground motion and vulnerability variability. 
  
Through the analysis of the results according to the various modelling options, it is fair to 
conclude that the variability in the ground motion is the most influencing factor. Not 
considering this source of uncertainty led to an underestimation of the losses in the order of 
50%, whilst neglecting the variability in the vulnerability caused minor changes in the mean 
losses. For what concerns the consideration of the spatial correlation in the ground motion or 
correlation in the vulnerability, no significant changes were observed in the mean losses, but 
an important increase in the standard deviation of the loss distribution was observed. 
 
LOSS ASSESSMENT CONSIDERING PROBABILISTIC SEISMIC HAZARD 
The results from probabilistic seismic risk can be useful in the identification of the areas within 
a given region more prone to seismic risk (and thus where risk reduction measures should be 
prioritized), or in the creation of mechanisms to transfer the financial risk from local 
governments to the private sector (e.g. Turkey - Bommer et al. 2002). 
In this section, probabilistic seismic risk is calculated using the OpenQuake-engine. This tool 
uses the seismic source model and the logic tree structure to calculate an earthquake rupture 
forecast (ERF), which represents a list of all the possible ruptures that can occur on all the 
seismic sources, each one with an associated probability of occurrence. Then, two possible 
approaches can be employed to calculate probabilistic hazard and risk. In the first approach, 
the ERF is used to compute seismic hazard curves at the location of each asset following the 
classical PSHA approach (Cornell 1968). These hazard curves are then combined with the 
vulnerability functions of the associated assets to calculate sets of loss exceedance curves.  
In the second approach, the ERF is used by a stochastic event set (SES) calculator to 
generate one or several groups of ruptures. Then, each rupture is used to calculate the 
ground motion at the location of each asset, considering the spatial correlation of the intra-
event residuals. These ground motion fields are combined with the vulnerability model to 
compute the losses for each asset per ground motion field. The list of losses per asset can be 
used to calculate the annual frequency of exceeding a set of loss levels, which can be 
converted into a loss exceedance curve by assuming a Poisson distribution. 
 
Convergence in probabilistic event-based loss assessment 
When following a probabilistic event-based approach, it might be necessary to generate a 
large number of stochastic event sets in order to obtain statistically valid risk results. For 
single assets, this convergence can be simply assessed by comparing the loss curve obtained 
through the event-based approach, with the one attained when considering the Classical 
PSHA-based methodology. This comparison has been performed considering different lengths 
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of the stochastic event set for several assets, but for the sake of clarity the results for only one 
are displayed in Figure 7.  
 

a)      b)  
Figure 7. a) Loss exceedance curves for a single asset considering a Classical PSRA and PEBA, b) 

ratio between the results obtained using a Classical PSRA and PEBA.  
  
Whilst this comparison is possible for single assets, the same does not happen for loss 
exceedance curves representing the whole collection of assets, as the Classical PSHA-based 
risk approach (as currently implemented in the OpenQuake-engine) does not allow the 
calculation of the aggregated loss for all the assets simultaneously. For this reason, the 
convergence in this loss curve has been verified by comparing each curve with the results 
obtained considering a very large event-set (500,000 years), as depicted in Figure 8. 
 

a)           b)  
Figure 8. a) Loss exceedance curves considering the entire portfolio using PEBA, b) ratio between the 

results obtained using a stochastic event set of 500,000 years and other time lengths.  
 
When considering single assets (one location) and a maximum return period of exceedance of 
10,000 years (annual rate of exceedance of 10-4), the results from this study indicate that at 
least 200,000 years should be considered to obtain an adequate convergence. For what 
concerns the estimation of the aggregated loss considering the entire building portfolio, 
100,000 years seems to be sufficient to achieve acceptable results. Thus, it is fair to state that 
the demand in terms of the length of the stochastic event set is half of the one necessary 
when considering single assets.  
 
Derivation of risk maps and aggregation of losses 
Risk maps can provide the spatial distribution of the expected losses for a given return period 
of exceedance, or simply the average annual loss at the location of each asset. Several risk 
maps have been developed in the past years for countries like Turkey, Italy, Portugal, Nepal 
or the United States, following different methodologies. Since these maps provide the 
expected loss at each individual location, it is possible to employ Classical PSRA to derive a 
loss exceedance curve for each asset, which can then be used to either extract the loss 
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corresponding to a given return period, or mathematically integrated to assess the average 
annual loss of each asset. This procedure was employed to derive a loss map for a 475 years 
return period of exceedance, as illustrated in Figure 9a. 
When the uncertainty in the vulnerability model is neglected (i.e. single loss ratio at each 
intensity measure level), this risk map can also be obtained by combining directly the 
vulnerability model with the seismic hazard map for the desired return period. Such approach 
might be quite convenient due to the large availability of hazard maps in the literature, usually 
derived for the purposes of drafting seismic design regulations. However, it is clear that any 
vulnerability model should consider the probabilistic distribution of loss ratio at each intensity 
measure level, and in these cases, the results from each approach can vary considerably. A 
seismic hazard map (475 year return period) for the region of interest was derived, and the 
mean vulnerability functions were used to estimate the losses at the location of each asset. 
These results were compared with the ones obtained using Classical PSRA, and the ratios 
between the two approaches are presented in Figure 9b. 
 

a)      b)  
Figure 9. a) Seismic risk map for a return period of exceedance of 475 years, b) ratio between the 

results derived using Classical PSRA and the ones with the simplified methodology. 
 
The results from Figure 9b include ratios between 0.80 and 1.53, thus indicating regions 
where the losses are either being over- or underestimated. These differences highlight the 
need to employ a methodology that accounts for the uncertainty in the vulnerability 
component, as opposed to combining directly the vulnerability model with the hazard map. 
 
CONCLUSIONS  
For several decades the process of estimating earthquake losses was faced as a simple 
multiplication of three input models: seismic hazard (scenario or probabilistic hazard), 
exposure and physical vulnerability. Such simplification was a fair approach, as these three 
components were often defined in a deterministic manner. However, advances in the fields of 
probabilistic seismic hazard analysis and evaluation of physical vulnerability has led to an 
increase in the reliability, accuracy and complexity of the models, whose combination must be 
performed using a probabilistic framework, and considering a large spectrum of new features 
that did not exist before.  
The results presented in this study using the Metropolitan Area of Lisbon demonstrate that 
important variations in the final results can be observed depending on the assumptions and 
techniques adopted in the loss assessment procedure. In general, the inclusion of methods 
involving a Monte Carlo sampling process requires the definition of a number of realizations to 
achieve stability in the results, and the seismic hazard input seems to be one of the factors 
that influence the most the final risk results. 
Although the conclusions from this study were drawn considering a single region of interest, 
the Author believes that these findings are also applicable to identical built-up environments in 
southern Europe, such as Rome (Italy), Bucharest (Romania) or Nicosia (Cyprus). 
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