
Chapter 7
European Exposure and Vulnerability
Models: State-of-The-Practice,
Challenges and Future Directions

H. Crowley

7.1 Introduction

Initiated as a Joint Research Activity of the European Commission’s Horizon 2020
Project SERA (www.sera-eu.org), a European Seismic Risk Model (ESRM20)
(Crowley et al. 2019) is being developed using open/publicly available data on all
components of seismic risk fromcatalogues, to active faults, building data and vulner-
ability models. This model will be released by the European Facilities for Earthquake
Hazard and Risk (EFEHR) Consortium (www.efehr.org) under the following general
principles for open, transparent and reproducible hazard and risk models:

• Reproducibility. Reproducibility of an experiment—or of a complex model—is
one basic and unavoidable principle of modern science (Popper 2002).

• Transparency. Transparency ensures that all aspects of scientific methods and
results are available for critique, checking, compliment, or reuse.

• FAIR principles (European Commission 2016). The data and models used or
produced should be Findable, Accessible, Interoperable and Reusable.

• Respect of the intellectual property and clear scientific ownership. A proper recog-
nition (and citation) of data support or scientific contribution is indispensable.

An update to the 2013 European seismic hazard model (ESHM13:Woessner et al.
2015) together with a regional site amplification model (based on the methodology
presented inWeatherill et al. 2020) will provide the probabilistic estimates of surface
ground shaking for this risk model. This chapter summarises the current status of the
exposure and vulnerability components of this seismic risk model, addresses where
the key modelling challenges presently lie, and looks towards the future directions
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that are being explored to address those shortcomings and move towards improved
European seismic risk and lossmodelling under the general principles outlined above.

7.2 Exposure Modelling

7.2.1 Summary of European Exposure Model

A European exposure model describing the spatial distribution of residential,
commercial and light industrial buildings in terms of building count, population,
and replacement cost, and classified in terms of building classes, is being developed
for 44 European countries (Crowley et al. 2020a).

These residential and non-residential exposuremodels have been derived based on
the latest national population and dwelling censuses, socio-economic indicators (e.g.
labour force, population and floor area per worker per economic sector), mapping
schemes (to map the available data to building classes) developed together with
local experts, as well as engineering judgment. All of the source data that has been
collected, as well as the assumptions used in the development of each version of the
model, are being openly released on a GitLab repository1 with a Creative Commons
license. This repository will also be used to store the final exposure models for all
European countries, which will be released towards the end of 2020.

The European exposure model contains a total of around 145 million buildings
with a total replacement cost (of structural, non-structural elements and contents) of
around 45–50 Trillion EUR, of which 20% is attributed to industrial buildings, 20%
to commercial buildings and 60% to residential buildings. The top 10 countries in
terms of number and value of buildings is shown in Fig. 7.1.

Around 70% of the total buildings in Europe are found in these top 10 countries,
whereas about 80% of the value is concentrated in 10 countries. Poland, Turkey and
Romania, which have a large number of buildings and are found in the first figure are
replaced by the Netherlands, Sweden and Switzerland in the second figure because,
despite having a lower number of buildings, they have a higher total replacement
value due to the much higher construction costs in these countries. It has also been
found that around 35% of the European population is exposed to moderate levels of
seismic hazard (>0.1 g) (Crowley et al. 2020a).

Maps of the exposure models, and associated web services following Open
GeoSpatial Consortium (OGC) standards, are being made available through a web
platform (see https://maps.eu-risk.eucentre.it/ and https://eu-risk.eucentre.it/web-ser
vices/) thus allowing the exposure data to be easily integrated within other web
applications and platforms. Figure 7.2 presents one of these maps which shows the
the distribution of total replacement cost on a hexagonal grid, with a spacing of

1https://gitlab.seismo.ethz.ch/efehr/esrm20_exposure.

https://maps.eu-risk.eucentre.it/
https://eu-risk.eucentre.it/web-services/
https://gitlab.seismo.ethz.ch/efehr/esrm20_exposure
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Fig. 7.1 Top 10 European countries in terms of number of buildings (left) and replacement cost
(right)

Fig. 7.2 Screenshot of the gridded exposuremodel viewer showing the distribution of total replace-
ment cost on a hexagonal grid (https://maps.eu-risk.eucentre.it/map/european-exposure-gridded-
data)

0.30 × 0.34 decimal degrees (approximately 1000 km2 at the equator) (using the
methodology described in Silva et al. 2020).

https://maps.eu-risk.eucentre.it/map/european-exposure-gridded-data
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7.2.2 Challenges and Future Directions in Exposure
Modelling

There are, however, a number of shortcomings of the approach used above to model
the buildings at risk over large regions.Many assumptions are required to compensate
for the lack of open/public data on buildings (e.g. the assumptions needed to convert
dwellings to buildings, or the use of labour force statistics to spatially distribute
commercial buildings), and often the model uncertainty in not explicitly estimated
or documented, nor propagated through the risk/lossmodel. Some initial explorations
of the uncertainty in the European exposure model have been undertaken, whereby
the coefficient of variation in the replacement cost has been estimated to be of the
order of 40–50%. Further sensitivity studies are however still needed, in particular
related to the impact on the distribution of the building classes, which is often based
on expert judgment.

Some countries in Europe (Italy, Portugal and Greece) have undertaken a building
census in conjunction with the national population and dwelling census, and they
have classified the buildings already into classes that correlate with the seismic
performance of buildings, thus reducing the uncertainty in this part of the exposure
model. The main attributes that are collected include the main construction material,
total number of storeys, age and presence of soft storeys (‘pilotis’). Ideally such an
effort would be carried out in more countries across Europe, and whilst there are
ongoing efforts within some countries to lobby for such censuses to be carried out
as input to the National Risk Assessments, required by the European Commission in
support of the Sendai Framework for Disaster Risk Reduction (Veronika Sendova,
personal communication), it is unlikely that the next round of censuses in 2021 will
differ significantly from those undertaken in 2011. Given the significantmanual work
used to develop these models (which needs to be repeated when the new round of
census data will be collected and made publicly available in each country across
Europe), the resulting models are “static” and are unlikely to get regularly updated.

The resolution of the data varies significantly from country to country and between
residential, industrial and commercial buildings. For most countries the distribution
of buildings in the industrial exposuremodel is based on the 30 arcsec (approximately
1 km at the equator) grid of industrial built-up area developed by Sousa et al. (2017)
and is thus available at a very high resolution. The residential and commercialmodels,
on the other hand, depend on the resolution at which the census data for dwellings,
buildings or labour force statistics is publicly available. Figure 7.3 shows the variation
in the resolutions (in terms of highest administrative boundaries) for all countries,
which shows how much the resolution varies and highlights that the commercial
resolution is quite poor in most European countries.

As commonly known, the uncertainty in the location of assets introduces a bias in
the level of ground shaking and, consequently, the level of damage (see e.g. Bal et al.
2010). Moreover, the bias can be magnified by the various site conditions at different
locations. A study to investigate the impact of the spatial resolution of the exposure
on the risk metrics being developed for the European Seismic Risk Model has been
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Fig. 7.3 Highest administrative level resolution of the exposure models for residential (left) and
commercial (right) buildings

initiated (see Crowley et al. 2020b). The residential and commercial occupancies
have been disaggregated to six resolutions 30, 60, 120, 240, 480 and 960 arcsec. In
this process, buildings are redistributed using remote sensing information at 38 ×
38 squared metre resolution and then aggregated to the different grid resolutions.
More details on the disaggregation methodology can be found in Dabbeek and Silva
(2020). In addition to the gridded exposure models, three additional workflows (wf)
were investigated: (1) locations based on the centroid of administrative unit and the
closest site conditions, (2) locations based on the centroid of administrative unit and
average site conditions weighted by the density of built-up areas across the unit,
(3) locations based on the maximum density of built-up areas and the average site
conditions weighted by the density of built-up areas across the unit.

The risk metrics have been calculated using the probabilistic event-based calcu-
lator of the OpenQuake-engine (Pagani et al. 2014; Silva et al. 2014) with stochastic
event sets covering 100,000 years for all modelling cases. Figure 7.4 presents the
change in the national average annual loss (AAL) between the different exposure
modelling cases and the benchmark model (30 arcsec). For the gridded exposure, the
results indicate relatively stable losses up 240 resolution with a maximum difference
of 3%. After this, the results become inaccurate, reaching a maximum difference of
25%, which can be seen in the case of Iceland and Turkey. Similar analyses were
undertaken for the riskmetrics at the sub-national level (aggregated to the first admin-
istrative level). These analyses illustrated that at the national level, the AAL is better
estimated with the second workflow described above (wf2). The percentage change
is likely to be proportional to the size of the administrative boundary, population
distribution and the attenuation of ground motions and plots to demonstrate this will
be produced in future versions of the study. These relationships could then be used to
help identify the lowest resolution that could be used in regional/national exposure
modelling in a given country to ensure a balance between computational efficiency
and accuracy.

To address some of the limitations described above, the future of exposure
modelling is likely to focus on producing dynamic high-resolution exposure models
with the necessary tools and web services that will allow them to be automatically
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Fig. 7.4 Change in national average annual loss (AAL) due to changes in exposure resolution
for nine European countries with low exposure resolution. Results are provided relative to the
benchmark case (30 arc-second exposure)

updated. Within the European Horizon 2020 RISE project (www.rise-eu.org), an
effort led by GFZ Potsdam is being undertaken to develop a high-resolution Global
Dynamic

Exposure (GDE) model. The GDE aims to describe exposure on the building
level of every building on Earth employing a fully open big-data approach including
open geographic data such as OpenStreetMap,2 open remote-sensing data, machine
learning, and other open data like cadastral data-services. The GDE provides a server
infrastructure to automatically compute exposure indicators for ~375 million build-
ings at a global scale (a number which is growing by approx. 150,000 buildings
daily as more buildings are mapped in OpenStreetMap). Some of these indicators are

2https://www.openstreetmap.org.

http://www.rise-eu.org
https://www.openstreetmap.org
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shown on the OpenBuildingMap3 and its 3D version.4 Currently, the high-resolution
building data from GED is being combined with the building classifications from
the European exposure models described above as a first step to producing a high-
resolution European exposure model that can be used for earthquake loss assessment
under specific scenario events.

7.3 Vulnerability Modelling

7.3.1 Summary of European Vulnerability Model

Whilst vulnerability models can be developed directly from empirical loss data (e.g.
Jaiswal et al. 2009), often the resolution and quality of groundmotion and loss data in
public databases is not sufficient for this purpose, and vulnerability models are thus
commonly developed by combining fragility functions with consequence models,
which define the probability of loss, conditional on the level of damage.

Fragility models for the elements at risk within an exposure model provide the
probability of reaching or exceeding a set of damage states, conditional on the level
of ground shaking. Whilst these models can be developed using observed damage
data, the large uncertainties in the ground shaking to which the buildings have been
subjected often mean that the resulting functions are flatter and highly uncertain
(e.g. Ioannou et al. 2014). Analytical modelling is thus preferred as hazard consistent
ground shaking at the site can be considered, the relative difference between building
classes (some of which may not yet have experienced earthquake damage in past
events) canbe explicitlymodelled, anddata on the characteristics of specific buildings
(when available) can be used to update the models. The latest developments, as well
as limitations, in analytical vulnerability modelling has been covered in Silva et al.
(2019).

A European vulnerability database, comprising capacity curves, fragility func-
tions, damage-loss models and vulnerability functions has been compiled within the
SERA project and is available on a GitLab repository (Romão et al. 2020). This
database currently has 828 models from 63 separate studies obtained from the litera-
ture. Such a database is particularly useful for sanity checking new fragility models
as it allows modellers to compare their models with those from the literature (see
Crowley et al. 2020b).

In addition to collecting existing vulnerability models, a new set of models for the
building classes in the European Seismic Risk Model is being developed. As part of
this effort, the spatial and temporal evolution of design codes for reinforced concrete
buildings across Europe has been studied (Crowley et al. 2021) and the basic princi-
ples of seismic design according to four main categories of design (pre-code—CDN,

3https://www.openbuildingmap.org.
4https://obm3d.gfz-potsdam.de.

https://www.openbuildingmap.org
https://obm3d.gfz-potsdam.de
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low—CDL, moderate—CDM and high—CDH) has been used to design prototype
buildings, which have then been numerically modelled to obtain their lateral strength
and deformation capacity. Buildings of design class CDNwere typically designed to
older codes (from before the 1960’s) that used allowable stresses and very low mate-
rial strength values and considered predominantly the gravity loads. Buildings of
design class CDL were designed considering the seismic action by enforcing values
of the design lateral force coefficient (defined as the lateral force applied as a frac-
tion of the weight of the building). Structural design for these codes was typically
based on material-specific standards that used allowable stress design or a stress-
block approach. Seismic design including modern concepts of ultimate capacity and
partial safety factors (limit state design) was the basis of the CDM category of codes.
The seismic action was also accounted for in the design by enforcing values for
the lateral force coefficient. Finally, the CDH class refers to modern seismic design
principles that account for capacity design and local ductility measures, similar to
those available in Eurocode 8 (CEN 2004).

Numerical models of the MDOF designed buildings are produced and pushover
curves are obtained in the two orthogonal directions and these are transformed into
SDOF systems (or, for building classes which are not explicitly designed and numer-
ically modelled, the SDOF systems are directly inferred following the approach of
Martins and Silva 2020) and these SDOF models are then subjected to a range of
ground motion recordings (through dynamic nonlinear analysis) to model the rela-
tionship between ground shaking intensity and displacement response, using the
censored cloud approach described in Crowley et al. (2017) and Martins and Silva
(2020). Uncertainties in the characteristics of the buildings (geometrical and mate-
rial), the design parameters, the quality of construction (and thus adherence to code),
the displacement thresholds to damage, and the record to record variability can all
be accounted for in the procedure and are modelled as aleatory variabilities repre-
sented in the final dispersion of the fragility functions, constructed from the cloud
as illustrated in Fig. 7.5.

The fragility functions are then converted into vulnerabilitymodels using damage-
loss models which provide loss ratios for each damage state (slight, moderate,

Fig. 7.5 Construction of a fragility function following the cloud analysis approach (Martins and
Silva 2020)
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extensive and complete). For losses due to the repair of damage, the loss ratios
are inferred from a number of existing studies (e.g. Di Pasquale and Goretti 2001;
FEMA 2004; Kappos et al. 2006; Bal et al. 2008). For loss of life, the probability
of collapse given complete damage is first estimated by combining the proposals
from FEMA (2004) with engineering judgment, and comparing these with observed
damage data available in databases such as the Italian Department of Civil Protec-
tion’s Da.D.O. database (egeos.eucentre.it/danno_osservato/web/danno_osservato,
Dolce et al. 2019), and the Cambridge Earthquake Impact Database (https://www.
ceqid.org). Fatality ratios (i.e. the probability of loss of life given collapse for different
building classes) are still being developed through the evaluation of fatality data from
a number of past damaging earthquakes.

7.3.2 Challenges and Future Directions in Vulnerability
Modelling

Whilst the latest approaches for vulnerability modelling account for a wide range of
uncertainties, modelling uncertainty is typically not considered, where the latter is
defined herein as the uncertainty associated with the selected modelling approach,
rather than the commonly considered ‘parameter uncertainty’ which is the uncer-
tainty associated with the parameters of a particular modelling approach. As more
experimental tests of components and full-scale buildings become available, there is
scope to quantify the bias or lack of precision of the structural modelling method-
ology used in the development of analytical fragility functions (e.g. Bradley 2013).
However, even when the selected modelling approach is tested/calibrated against
some experimental tests, blind prediction exercises show that results from plausible
models can still vary significantly (see e.g. Terzic et al. 2015). The buildings for
which the fragility functions are the being developed will not necessarily have the
same characteristics as those for which the numerical modelling approach has been
calibrated against. Sensible variations of the model should thus still be undertaken
when developing fragility functions for a given structural typology, or the impact
should be applied ex post through engineering judgment, based on the normalised
results of other similar studies intomodelling uncertainty – ofwhichmore are needed.
An example publication that proposes values for modelling uncertainty is FEMA P-
58 (FEMA2018). Such variations in themodelmight include, for reinforced concrete
buildings, varying the assumptions regarding rigidity of the beam-column joints, the
bondbetween rebars and concrete, the contact between infill panels and the frame, and
for masonry buildings the interlock between orthogonal walls, connection between
slabs, roof and walls or assumptions on the equivalent frame discretisation. The
modelling of this epistemic uncertainty should thus become standard practice in
future analytical fragility modelling, and might be based on a backbone approach
with the aleatory model uncertainty represented through a logic tree (Crowley et al.
2017), an approach that is being increasingly used for ground motion modelling (e.g.

https://www.ceqid.org
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Fig. 7.6 Illustrative example of the representation of the model uncertainty in fragility functions
as a three-point distribution used for the logic tree

Atkinson et al. 2014; Douglas 2018). Figure 7.6 shows an example of how the epis-
temic uncertainty in the fragility models (by producing a large number of fragility
functions due to the variations in the modelling approach) can be transformed to a
three-point distribution that is used for the logic tree. The advantage of including
the model uncertainty as an epistemic uncertainty, rather than an aleatory variability,
allows the correlation of this uncertainty across building classes that are based on
similar modelling approaches to be more readily accounted for in the risk model.

In order to improve the transparency and reproducibility of fragility models and
to render more explicit the uncertainties that have been modelled, it is recommended
that, in addition to providing the parameters of the models through vulnerability
databases such as the one described above, the underlying data (e.g. SDOF model
parameters, selected records, damage thresholds) and the software used to develop
the models should also be made openly available. The Global Earthquake Model
(GEM) is currently developing open source Python scripts and tools (the ‘vulnera-
bility modeller’s toolkit’) that follow the vulnerability methodology used by GEM
in their Global Seismic Risk Model (Silva et al. 2020; Martins and Silva 2020).
These tools will allow users to produce fragility models that are based on a common
methodology and can be readily compared, and advanced users will be able to make
modifications to the scripts that can be openly shared.

Another effort that is being undertaken to improve the reliability of future vulnera-
bility modelling is the formalisation of a testing framework for risk models (Crowley
et al. 2020b, c). Simple sanity checks, so-called ‘unit tests’ can be included in soft-
ware for developing fragility functions (such as the one described above) to ensure
the median and dispersion values are within sensible ranges, and to compare with
existing functions from the literature. However, it should be considered when under-
taking such comparisons that many of models from the academic literature have not
been calibrated or tested using past earthquake damage and loss data.Hence, although
comparisons with existing models is an important test, it is even more important to
ensure that the proposed models are tested against empirical data. Useful, and openly
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Fig. 7.7 Example tests of the European vulnerability model: comparison with the PAGER vulnera-
bility model (left), comparison of estimated and observed damage for the L’Aquila earthquake using
damage data from the Da.D.O. database (https://egeos.eucentre.it/danno_osservato/web/danno_oss
ervato) (right)

available, data for this purpose includes the empirical vulnerabilitymodels developed
by PAGER (Jaiswal et al. 2009; Jaiswal andWald 2013), as well as fatality, economic
loss and damage data fromvarious databases including theCentre for Research on the
Epidemiology of Disasters (CRED)’s EMDAT database (EMDAT 2019), the Italian
Department of Civil Protection’s Da.D.O. database (Dolce et al. 2019), NOAA’s
Significant Earthquake Database (NGDC/WGS), and the Cambridge Earthquake
Impact Database (www.ceqid.org). Despite the current availability of damage and
loss data for the verification of seismic risk models, continued efforts to standardise
and harmonise the collection of open and publicly available consequence data is still
needed. Efforts to combine these data sources with the USGS ShakeMaps for all
earthquakes in Europe above magnitude 4 since 1960 are currently being undertaken
by the author to produce an open standardised data source that can be used for the
testing of European risk models.

Figure 7.7 shows two examples of tests that have been undertaken with the Euro-
pean vulnerability model (Crowley et al. 2020b). In the first example, a mean vulner-
ability function calculated through an exposure-weighted combination of all the
building classes in the country has been produced and compared with the empir-
ical models developed by PAGER, following conversion of the spectral ordinates
to macroseismic intensity (with the associated uncertainty in the conversion shown
by the mean and +/1 standard deviation vulnerability curves in Fig. 7.7). In the
second example, the INGV ShakeMap for the 2009 L’Aquila earthquake has been
used together with the exposure and vulnerability models to estimate the damage
distribution and this has been compared with the damage reported in the Da.D.O.
database (using the method outlined in Silva and Horspool 2019).

https://egeos.eucentre.it/danno_osservato/web/danno_osservato
http://www.ceqid.org
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7.4 Concluding Remarks

This chapter has presented the latest status of the exposure and vulnerability compo-
nents of the European Seismic Risk Model (ESRM20) which is under development
and will be released in autumn 2020 by the risk services of the European Facilities
for Earthquake Hazard and Risk (EFEHR) Consortium.5 These models follow the
state-of-the-practice of large-scale, regional exposure and vulnerability modelling.
Some of the challenges in the current practice, such as limited access to public data,
manual updating, difficulties in reproducing current models, and lack of testing, have
been discussed herein and the future directions being taken to address these issues
have been outlined. On the whole, it is believed that a move towards releasing all
underlying data sources of the components of risk models in an open and transparent
manner, together with the software used to develop them, will ensure the continued
improvement of European risk modelling.
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