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Summary 

When dealing with earthquakes, the need for a tool to aid decision-making based on 
quantitative, real-time seismic risk assessment becomes primary. Real-time seismic risk 
assessment could be used to assess the risk to the population at any given time, based 
on the forecast seismicity. This requires a cross-cutting approach that combines real-
time probabilistic forecasting of the site-specific, time-varying seismic hazard with 
detailed information on the vulnerability of the structures and exposure at risk. 
 
This report summarizes: 

 a framework developed by VCE that uses the results achieved in related NERA 
activities (as well as in other research projects as SYNER-G and IRIS) and enables 
real-time seismic risk assessment; 

 two case studies  on time-varying seismic risk estimation: one developed by ETH 
and inspired by a hypothetical replica of the 1356 M6.6 earthquake in the city of 
Basel, Switzerland, and one developed by Eucentre as a hypothetical replica of 
the M6.9 earthquake in Calabria district, Italy; 

 the comparison between the results obtained with the two different methods (ETH 
and Eucentre) for the same case study corresponding to the simulation of the 
2012 Emilia Romagna earthquake. 
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1 Framework developed by VCE 

1.1 Introduction 

For risk-based decision making, risks have to be quantified. Derived from the various 
international approaches to condition assessment of structures, a multi-dimensional risk 
framework has been erected. It produces an index allowing intuitive quantified 
recognition of risk situations. The quantification procedure is a combination of the 
individual assessment of identified key performance indicators (KPIs). 
Risk is described in a simple formulation as a combination of hazard, vulnerability and 
consequences. The individual information used is targeted towards these elements. 

 
Figure 1. Risk as the convolution of hazard, vulnerability and consequences. 

The determination of the final risk index is symbolized by the following figure showing 
how the individual results of the risk components led to an individual risk index. (Wenzel, 
2013). 

 
Figure 2. Individual risk index. 

When dealing with earthquakes, the need for a tool to aid decision-making based on 
quantitative, real-time seismic risk assessment becomes primary. 
 
A definition of contributing factors needed to quantify seismic risk is given in Figure 3. 
The intrinsic characteristic of the risk framework is that any of those elements is 
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characterized with a certain level of uncertainty. As defined in ISO 31000, risk is the 
effect of uncertainties on objectives and thus reducing the uncertainties allows reducing 
the risk. That is to say, applying the framework to a poorly defined case with a high level 
of uncertainty yields a higher risk level than for a case when hazard, vulnerability and 
consequences have minimal uncertainties. 
 

 
Figure 3. Seismic risk framework: contributing factors and associated 

uncertainties. 

It is therefore essential to characterize all those elements to reduce the level of 
uncertainty. In the follow paragraph, a method to reduce those uncertainties and enable 
real-time seismic risk assessment is presented. 

1.2 Real-time seismic risk 

After earthquakes quick decisions are necessary, and they should be based on reliable 
and economical approaches. 
The consequences of earthquake hazards are difficult to assess in a top-down approach. 
Earthquakes can trigger secondary effects (like landslides, floods caused by dam breaks, 
liquefaction, and tsunamis resulting from submarine quakes in sea basins) and local 
amplification (local soil conditions that amplify the seismic motion and cause more 
destruction), for which local knowledge is necessary. 
Furthermore, to assess the potential risk for infrastructure and population, local 
knowledge is required on vulnerability and exposure, including the location and 
structural characteristics of buildings, the applicable zonation and building codes, and 
the level of compliance with the codes as well as the socio-economic elements involved 
(European Commission, 2014). 
 
Such data are generally not available at national or European level, neither for national 
civil protection agencies. 



NERA | D14.3 
 

4  

Recent events such as the earthquake that hit the city of L’Aquila in 2009, give an 
exemplary illustration: increased seismicity was registered weeks before the mainshock 
but the civil protection agency did not have appropriate quantitative tools to monitor and 
forecast the time-variable risk. 
 
A general framework that can be used as a support for a proper risk treatment is shown 
in Figure 4: 

 Monitoring refers to the hazard: it foresees a permanent on-line measurement of 
seismic activity. 

 Identification refers to vulnerability and therefore to the structural 
characteristics/performances and exposure of buildings and infrastructures. 

 Action is the risk treatment, once the damage has been assessed by means of 
reliable computational engine. 

 

 
Figure 4. Monitoring, Identification and Action for risk assessment. 

Simple measurements could provide a basis for decisions on the first level: a variety of 
real-time data streams from permanent and temporary seismic and structural monitoring 
sensor networks can be used to continuously calculate the seismic risk to buildings 
within a given region. 
 
The key elements involved in a real-time seismic risk assessment are: 

 building and infrastructure inventory 

 fragility functions, adequately calibrated to the structures and infrastructures  

 wide-spread network of sensors to register seismic acceleration 

 reliable computational engine able to quickly assess damage level (as well as to 
estimate other relevant consequences i.e. casualties, economical losses,…) 
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Figure 5. Key elements for a real-time seismic risk assessment. 

1.2.1 Building and infrastructure inventory 

The identification of the elements at risk and in specific of their structural characteristics 
can be done using key performance indicators (KPIs). 
The theoretical background for this procedure is well documented in literature (Pichler, 
2005; Wenzel, 2009). The KPIs are derived from performance parameters which can be 
monitored. The selection of parameters relevant for a given structure is indicated in 
Figure 6 (refer also to Figure 4). 

 
Figure 6. Used Key Performance Indicators (KPIs). 

In order to evaluate those parameters, a series of investigations is required. 
 
Visual inspection is the first means to collect structural information. Depending on the 
type of inventory under analysis, different approaches can be used: 
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 In case of buildings, a user-friendly application set-up at VCE allows quick 
identification of relevant structural characteristics and defects such as: resisting 
mechanism, material, regularity in elevation and in plan, roof and floors 
elements, presence of cracks. On the basis of this information, the application 
automatically generates the corresponding taxonomy according to NERA criteria. 
Figure 7 presents the application developed in house to enable effective collection 
of building information (Figure 7). 

This information, once saved, are automatically loaded into the central building-
database and made accessible on-line (Figure 8). 

 For infrastructures like bridges, the visual inspection of the critical elements with 
detailed assessment is performed according to well-established guidelines. As an 
example, VCE uses the Austrian RVS 13.03.11 that regulates quality assurance 
for structural maintenance, surveillance, checking and assessment of bridges and 
tunnels. 

 

 
Figure 7. Building visual inspection form (VCE in house app). 
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Figure 8. On-line database of buildings (VCE database). 

System identifications by means of field monitoring: dynamic characteristics of the 
structures can be directly obtained from in-situ measurements. The induced free-
vibration response of the building is recorded by capacitive accelerometers connected to 
an A/D converter, controller and data logger. The frequency response exhibits 
pronounced peaks at distinct frequencies that correspond with the natural frequencies of 
the structure. The eigenfrequencies are essential parameters for the description of the 
vibration behavior of a structure in the linear elastic field. The mode shapes are the 
vibration forms corresponding to the eigenfrequencies that establish the actual vibration 
of the structures; they are the second essential value for the description of the dynamic 
behaviour of a structure. All real structures have a damping that results in a continuous 
decay of vibrations after excitation until a state equilibrium is reached. The damping 
properties are dependent on frequencies and represent a significant value for system 
identification. In particular they are an indicator of the current degree of exploitation of 
the load-bearing capacity of a structure. 
Once the dynamic parameters of the structure are derived, the calibration procedures 
will lead to a finite element model of which the linear properties correspond to the 
recorded current-state characteristics of the structure. More detailed explications can be 
found in NERA Deliverable D15.1 (2013) and NERA Deliverable D15.2 (2013). 

 
Figure 9. Example of system identification: identification of the natural 

frequencies from ambient vibrations and associated FEM model. 
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Fragility functions 

The damage conditions of a building can be described using fragility functions which 
describe the probability of exceeding different limit states (such as damage or collapse 
levels) given a level of ground shaking. 
Different methods can be used to estimate a fragility function. It is possible to classify 
them into four generic groups: 

 Empirical fragility curves are constructed based on statistics of observed damage 
from past earthquakes, such as from data collected by post-earthquake surveys. 

 Expert opinion-based fragility curves depend on judgment and information of 
experts. These experts are asked to provide an estimate of the mean loss or 
probability of damage for different types of structures and several levels of 
ground shaking. 

 Analytical fragility curves are constructed starting from the statistical elaboration 
of damage distributions that are simulated from analyses of structural models 
under increasing earthquake intensity. It is worth noting that the application of 
the analytical methods might be limited by the computational effort of the 
analyses. 

 Hybrid fragility curves are based on the combination of different methods for 
damage prediction. Often, the aim is to compensate for the lack of observational 
data, the deficiencies of the structural models and the subjectivity in expert 
opinion data. (SYNER-G Deliverable D3.1, 2011) (Development of seismic 
vulnerability assessment methodologies over the past 30 years, 2006). 

 

Referring to the definitions of the fragility functions (in particular in the case of 
analytically determined fragility functions) as the probability of the occurrence or 
exceedance of a specific damage state by the structure under a certain level of ground 
motion, equation (1) will yield the values hereafter referred to as the fragility of the 
building. 

   (1) 

In the equation above, P refers to the probability function, RS the structural response, 
LDS the defined damage state limit corresponding to the type of the structural response 
evaluated and HLG is the ground motion hazard level. 
In addition, the discrete fragility values are turned into a continuous function for each 
damage state, using a normal distribution density function for the obtained structural 
responses at each hazard level with the specific calculated mean and standard deviation. 
The following expressions formulate the statistical description mathematically. 

    (2) 

   (3) 
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    (4) 

   (5) 

In the equations above f and F denote the probability density and the cumulative 
probability distributions, respectively. Moreover, μ and σ represent the mean and the 
standard deviations of the obtained structural responses in each defined hazard levels 
and the terms ϕ and erf refer to the cumulative distribution probability and error 
functions (Risk Based System Identification and Seismic Capacity Rating of Masonry 
Buildings in the Vienna Basin, 2014). 
For evaluating equations (2) to (5), reference numerical values are required (for 
example inter-story drift ratios at  certain limit state LDS). Values taken from the HAZUS 
method by FEMA (Federal Emergency Management Agency, 2003) are usually 
considered. 
 
Ad hoc fragility functions can then be created for every structure once the KPIs are 
known. Different approaches can be used as explained in a detailed way in 
(Development of seismic vulnerability assessment methodologies over the past 30 years, 
2006). The final result is a collection of curves that describe the probability of exceeding 
different damage states given a level of ground shaking as represented in Figure 10. 

  
Figure 10. Examples of fragility curves. 

Knowing the seismic acceleration, by means of the fragility curve it is possible to 
estimate the probability of exceeding a certain damage level (for example the probability 
of having high level of damage or collapse). 
Due to progressive damage, structural characteristics as well as structural performances 
worsen. 
The possibility to update building capacity (and therefore fragility functions) during an 
earthquake sequence (as presented in NERA Deliverable D14.2, 2013) enables a realistic 
assessment of structural performances during a shaking sequence. 
 

Network of accelerometers 

For a real-time seismic risk assessment, seismic acceleration records should be available 
in real-time. An extensive work has been done in NERA NA3 and NA4 in particular aiming 
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at improving accelerometric data exchange in Europe after a major seismic event (NERA 
Deliverable D3.2, 2012) and deployment of joint rapid response seismic networks (NERA 
Deliverable D4.2, 2012).  
Rapid response networks are an important element to respond to seismic crises. In areas 
where permanent networks have poor detection capabilities, temporary networks 
improve seismic monitoring. The development of a guiding tool for the deployment of 
joint rapid response seismic networks will help during emergencies to achieve a more 
effective station geometry that could improve the earthquake locations—avoiding 
common inefficiencies. This tool has been designed to be available from the European 
Rapid Response Networks (ERRN) portal (http://nera-ern.gfz-potsdam.de) as a web 
service accessible even from portable devices and to be compatible with GIS open 
standards to be easily used as an information layer in more complex GIS processing. See 
Figure 11 for an example run (NERA Deliverable D4.2, 2012). 

 
Figure 11. Example run of the tool for the deployment of joint rapid response 

seismic networks in the Pollino area. The triangles are the active stations in the 
area (green are the active stations, blue are those used by the Experimental 
Design). White stars are the sources used. Green squares are the best sites 

selected in the simulation. Grey diamonds are the sites on a regular grid tested 
during the simulation, for each point a quality factor is computed. We turned 
this information in a contour map useful for guiding field operator (color goes 

from yellow: low quality to purple: high quality). (NERA Deliverable D4.2, 
2012). 
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Real-time damage assessment 

To perform a real-time damage assessment,  the engine requires that 

 starting from the accelerometer records, calculate spatially varying real-time 
seismic hazard 

 use the collected data (building inventory, associated fragility curves) to assess 
structural vulnerability 

 convolve this vulnerability with the exposure to calculate the possible 
consequences in terms of social and economic loss. 

 
An example of such assessment is presented in Figure 12 referring to the city of Vienna. 
Structural data (building and infrastructure inventory) are stored in a local database; for 
each structure, a calibrated fragility curve can be determined. Once values of the hazard 
are made available (for example by means of acceleration), the engine calculates the 
expected damage scenario. 
 

 
Figure 12. Damage assessment: buildings (left), roads (right). Red color is for 

higher damage level, green is for lighter damage. 

The simulation represented in Figure 12 uses EQvis software, an advanced seismic loss 
assessment and risk management software based on the Mid-America Earthquake 
Center software tool MAEviz (MAEviz, 2013). 
EQvis allows damage calculation as well as casualties and economical losses assessment.  
It is open source and extensible (additional user-defined packages can easily be 
integrated into the main core). 
In addition, its visualization tool plays a major role when dealing directly with 
stakeholders. 
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2 Basel case study 

2.1 Introduction 

We forecast the short-term seismic risk for an earthquake sequence that simulates a 
repeat of the 1356 Basel earthquake, one of the most damaging events in central 
Europe. The scenario is related to an earthquake exercise, SEISMO-12, to explore how 
authorities might react in a seismic crisis. 
When we forecast seismic risk, we are not interested in the effect of earthquakes that 
have already happened, but rather of those that may happen in some specific future 
period. An earthquake occurrence model (or, specifically, a probabilistic aftershock 
forecast model) provides an estimate of the number of earthquakes that are, on 
average, likely to occur in the near future. These models are a relatively recent 
development intended to benefit society in case of a large, damaging earthquake. To 
obtain a more direct expression of the socioeconomic impact (i.e., seismic risk), we 
translate aftershock probabilities to time-varying seismic hazard using a hazard model 
and combine these probabilities with time-invariant loss estimation using models of 
building stock, damage, and loss. Compared with van Stiphout et al. (2010), we use an 
advanced aftershock forecasting model and more detailed settlement data to allow us 
spatial forecasts and district-wise risk assessment. We quantify the risk forecast in terms 
of human loss. 

2.2 Method 

To estimate the potential losses at a given shaking intensity, we adopt the loss 
estimation procedure of QLARM (Trendafiloski and Wyss 2009), a tool used to quantify 
losses after disastrous events, or to model deterministic scenarios. We use QLARM 
because it is freely available and it allows us to use the vulnerability and exposure data 
that we have for Basel without major conversion. The PAGER tool developed by the 
USGS is an alternative loss estimation tool that can be applied globally, but it is not 
openly available. QLARM models the building damage using the buildings' vulnerability, 
Vj, to ground shaking, Ik, and then applies empirical relations based on the magnitude, 
M, to translate damage states, Dn, to fatality estimates, F(I), (Eq. 6): 
 

     (6) 
 
with C5 being the fraction of people dying and N the population. 
The vulnerability of the building stock is described by damage probability matrices 
(DPMs) which contain the distribution of damage grades among the vulnerability classes 
as a function of intensity—essentially discretized fragility functions stated in a different 
way. DPMs are modeled from vulnerability indices using the European Macroseismic 



NERA | D14.3 
 

13  

Method (EMM, Giovinazzi and Lagomarsino, 2004)—a simplified vulnerability method 
based on linguistic (qualitative) definitions in EMS-98 (Grünthal, 1998). 
Based on information of the continuous seismic activity, an earthquake occurrence model 
produces a seismicity rate forecast for any future period. Subsequently, a ground motion 
model converts the rate forecast into probabilities of exceeding distinct shaking levels, 
i.e., EMS-98 intensities, and we obtain a probabilistic hazard forecast (Figure 13). With 
the loss estimation and the short-term hazard issued for the same shaking levels, we 
construct so-called loss exceedance curves (Crowley and Bommer 2006). 
 

 
Figure 13. 24-hour forecasts for the Basel region using earthquake data 
available at the specified time. a) Rate forecasts, showing the number of 

earthquakes above magnitude three that STEP forecasts in each bin over the 
next 24-hour period. The model estimated a fault after 100 aftershocks (not 
illustrated); 598 aftershocks occurred 24 hours after the M6.6 (large image).  
b) Short-term hazard forecasts. We use PSHA (probabilistic seismic hazard 
assessment) to convert the forecast rates into the probability of exceeding 
various EMS intensities within the next 24 hours. EMS VI was chosen as an 

example; the scattering results from site amplification data. 

Loss exceedance curves allow risk statements in various terms: for instance, the integral 
of each curve equals the expected number of fatalities, E[f], in the respective 
municipality for the next day. Furthermore, dividing E[f] by the respective district 
population yields the probability of an individual dying, Pindv, during this period. We 
constructed a total loss exceedance curve that represents the regional view of risk by 
convolving the loss curves for each locale. 
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Figure 14. Probabilistic Loss Curve (PLC)—also known as loss exceedance 

curve—for one locale in Basel as calculated one minute after the mainshock. 
These allow to combine hazard and loss estimation as calculated for distinct 

EMS intensities; hence, these curves can be regarded as a junction of the 
different models—and the starting point of expressing the risk in various ways. 

The smoothing results by accounting for uncertainty bounds from the loss 
estimation within QLARM. 

2.3 Data 

The scenario sequence was generated by an ETAS (Epidemic Type Aftershock Sequence) 
simulation and complemented with some manually added events. The synthetic 
earthquakes (Figure 15) ought to match the 15–20 km long Basel-Reinach fault south of 
the city of Basel (Meghraoui et al., 2001; Fäh et al., 2009)—one of many fault systems 
in this region. 
We used relatively high-resolution settlement data in our analysis: Baisch et al. (2009) 
published the population and building inventory for each of the 19 districts of Basel and 
60 surrounding municipalities. The building data contains residential units distributed in 
Risk-UE building classes with redefined vulnerability values to account for specific 
building parameters in the Basel region. To use this classification, we converted the Risk-
UE typology to EMS vulnerability classes. Therefore, we compared the most probable 
vulnerability values and assigned the matching EMS class (see Figure 16). Because the 
distribution of people among the building classes is not given, we make the simplifying 
assumption that it matches the distribution of building classes. 
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Figure 15. Map-view of the Basel region and the simulated earthquake 

sequence for a M6.6 mainshock (red). In addition to an ETAS simulation (gray), 
we added several events manually: foreshocks (orange) and aftershocks (blue 

and green). The temporal evolution is shown in Figure 17. 

 
Figure 16. Map-view of processed building inventory information for all 79 

locales: we converted the original data set to EMS-98 vulnerability classes to 
serve as input for the loss estimation. The map reveals varying building 

vulnerability (with only classes B–E present). The city of Basel is enclosed by 
the thicker red boundary. 
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2.4 Results 

The loss information shown in Figure 17 was derived from loss exceedance curves. Since 
we separated the locales of the city of Basel from the surrounding region, we see in 
Figure 17 that an individual is at higher risk in the urban area than in the rural area 
(twice as high). Although only 30% of the population in the region lives in the city of 
Basel, we calculated that this subregion contributes to almost half of the losses (in terms 
of expected fatalities). This observation is likely caused by the following facts: first, the 
ratio of older masonry buildings (and thus higher vulnerability) is higher in the city than 
in the rural region; secondly, the city districts are, on average, more proximate to the 
simulated fault zone. 
One minute before the mainshock, the sum of E[f] among all locales is two fatalities and 
the mean of Pindv is about 4*10-6 (Figure 17). One minute after the M6.6, the values are 
205 fatalities and 4*10-4 (0.04%), respectively. Hence, the probability for an individual 
to die within the next 24 hours is 4 orders of magnitude higher than the long-term 
average; but the absolute value remains far below one per mille. 
 

 
Figure 17. Time-varying probability of hazard and loss before and after the 

M6.6 event using information available at that time (retrospective). The loss 
curves indicate the probability that any inhabitant will die in the next 24 hours, 
separated for the city of Basel (orange), the surrounding region (blue), and the 

whole region (brown). The hazard curves denote the average probability of 
exceeding shaking intensity EMS VI (light gray) and EMS X (dark gray) in the 
whole locality area. The loss and hazard forecasts were issued each hour and 

apply to the following 24 hours. To track the seismicity during this time, stems 
at the bottom represent all simulated and manually added earthquakes with the 

same color scheme as in Figure 15. 

Another way of expressing the risk is directly extracting a value from the loss 
exceedance curve: for the whole region we found that the probability for exceeding 10 
fatalities in the first 24 h after the mainshock is 99.9% (before the mainshock this 
chance is 4%). Likewise, there is a 76% chance that more than 100 fatalities occur in 
the first 24 h (0.4% before the mainshock). 
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Figure 18 demonstrates an alternative risk statement using a single value from the loss 
exceedance curve of each locale: it maps the number of fatalities to be exceeded for a 
fixed exceedance probability. Since these values deliver a spatial and relative impression 
of the risk, they might be useful for properly allocating support and resources (e.g., 
evacuation and rescue teams). 
 

 
Figure 18. Spatial 24-hour time-varying loss forecast for each locale one minute 

after the M6.6 (white star). The mapped fatality number will not be exceeded 
by a chance of 90% in 24 hours; the values in the lower right result from 

treating corresponding locales as one unit (which is not the sum). 

 



NERA | D14.3 
 

18  

3 Calabria case study 

3.1 Introduction 

A real-time risk assessment procedure useful for emergency management has been 
created. The main goals of the procedure are: using a method for assessing the seismic 
vulnerability that takes progressive damage into account and implementing this 
procedure within a WebGIS platform. 
 
In this chapter, we present the application of the procedure to a case study. The flow 
chart of the procedure is shown in Figure 19. The building vulnerability is calculated 
using the capacity curves, also known as "pushover curves". The pushover analysis is a 
static procedure used to determine the non-linear behaviour of a structure as a result of 
a certain applied action (force or displacement). It consists of "push" the structure to 
collapse or until the control deformation parameter reaches a predetermined limit value.  
The "push" is obtained by applying incrementally monotonous profile of forces or 
displacements. The pushover analysis is used to define a force-displacement relationship 
characteristic of the studied system, called “capacity curve”. The capacity curve (or 
pushover curve) of the structure is the force-displacement curve expressed in terms of 
base shear and displacement on the top which represents the capacity of the system to 
deal with a certain external action. 
 
Initially, all the buildings are undamaged and they are associated with the undamaged 
capacity curves. Then, as a function of what happens, the procedure can follow two 
paths: 

 if you calculate the seismic risk using a time dependent hazard (left path), then 
the capacity curves are not updated because the shaking did not really occur and 
therefore the capacity of the structure remains the initial one; 

 otherwise, if a real event has occurred of which you know the earthquake 
parameters (right path), after calculating the damage scenario the capacity curve 
of the building is updated as a function of performance point that has been 
reached during the event. 

 
As mentioned before, the flow chart shown in Figure 19 has been implemented in a 
WebGIS platform, as a support tool to compute time-varying seismic risk and damage 
scenarios accounting for progressive damage. A screenshot of the platform is shown in 
Figure 20. 
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Figure 19. Workflow of the procedure to account for progressive damage. 

 
Figure 20. Screenshot of the WebGIS platform. 
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3.2 Time-varying Hazard 

For the case study presented here, a sequence following the occurrence of an event 
similar to the Mw6.9 earthquake occurred in Calabria district (Southern Italy) in 1783 
has been simulated. The epicentral coordinates are (16.47E°, 38.78N°), the local 
magnitude is ML7.1 and the focal depth is 10 km. For the scenario in Calabria, more than 
1500 events above magnitude 2 (Figure 21) with a stochastic point process model have 
been simulated: these events are taken to represent a six-month long sequence, 
including a strong aftershock. The sequence is simulated by means of a spatio-temporal 
version of the Epidemic-Type Aftershocks Sequence (ETAS) Model (Lombardi and 
Marzocchi, 2010). For each of the first fifteen days after the M6.9, a new forecast for the 
next month is produced. The forecasts are given as probabilistic displacement response 
spectra. The predicted rates have been combined with the ground motion attenuation 
law of Cauzzi and Faccioli (2008). Displacement response spectra for a damping ratio ζ 
of 5% and for vibration period T from 0.05 to 5s have been calculated. Figure 22 shows 
the forecast calculations for the first day of the sequence. 
 

 
Figure 21. Map of the simulated events of the sequence. The star marks the 

epicenter of the main event. 
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Figure 22. Map of the expected number of events with ML≥4.0 in a cell of 
0.1°x0.1° in the first month after the mainshock. The blue star marks the 

epicenter of the main event. The white circles mark the epicenter of aftershocks 
occurred in the first day of the sequence. 

3.3 Vulnerability 

In the Calabria case study, the vulnerability is modeled through the SP-BELA method. 
This method has been originally published in the technical literature to define fragility 
curves of reinforced concrete (Borzi et al., 2008a) and masonry structures (Borzi et al., 
2008b). Since SP-BELA describes the structural performance through a pushover curve, 
the need to account for progressive damage requires to modify the pushover curve 
parameters like initial stiffness, base shear resistance and displacement capacity. This 
approach was followed by FEMA (Federal Emergency Management Agency) research 
groups that had, as major inspiration, to provide professionals with practical guidance on 
how to take into account the pre-existing damage of a structure. In 1998, two 
documents were published on the evaluation of earthquake-damaged concrete and 
masonry wall buildings: a basic procedure manual (FEMA306, 1998) and a technical 
resource manual (FEMA307, 1998). 
The modified SP-BELA method includes the FEMA coefficient to account for progressive 
damage has been described in the NERA D14.2 (2013) deliverable. The effects of 
damage on component behavior are modeled as shown in Figure 23 and the acceptability 
criteria for components are illustrated in Figure 24. 
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Figure 23. Component modeling criteria (FEMA306, 1998). 

 

 

Figure 24. Component acceptability criteria (FEMA306, 1998). 

The factors used to modify component properties are defined as: 

 λK: modification factor for idealized component force-deformation curve 
accounting for change in effective initial stiffness resulting from earthquake 
damage; 

 λQ: modification factor for idealized component force-deformation curve 
accounting for change in expected strength resulting from earthquake damage; 

 λD: modification factor applied to component deformation acceptability limits 
accounting for earthquake damage; 

 RD: absolute value of the residual deformation in a structural component, 
resulting from earthquake damage. 

The values of the modification factors depend on the behaviour and the severity of 
damage of the individual component. They are tabulated in the Component Guides in 
FEMA 306 (1998) and described in the previous NERA D14.2 (2013) deliverable. 

3.4 Results 

For the Calabria case study, a mainshock with Mw of 6.9 similar to the 1783 earthquake 
has been considered (Figure 25). Then the sequence that follows the occurrence of the 
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main event in terms of displacement spectra has been simulated. In particular, the 
results shown in this report refers to what happened in the first 3 days after the 
mainshock. On the fourth day, the occurrence of an aftershock with a local magnitude 
6.0 at 16.565E°, 38.932N° and a focal depth of 10 km has been assumed (Figure 26). 
The damage has been quantified through the 5 damage levels of the EMS-98 scale 
(Grünthal, 1998). Since the SP-BELA method uses numerically identified limit states to 
measure the damage, a relationship between the limit states and the damage levels has 
been calibrated using the observed damage data considered in the study of Lagomarsino 
and Giovinazzi (2006). 
In order to account for progressive damage, we use FEMA coefficients (FEMA307, 1998) 
for bare frames, frames with infill wall, and masonry panels. The coefficients applied to 
the pushover curves are linearly interpolated between light damage and collapse limit 
conditions as a function of the performance point corresponding to the previous shaking. 
The pushover curve is not modified if the building does not exceed the light damage limit 
condition. 
 

 
Figure 25. Mainshock in the WebGIS platform. 
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Figure 26. Aftershock in the WebGIS platform. 

We used a radius of 30 km around the epicenter which means that the results include 
municipalities that have a distance smaller than 30 km from both the epicenters. 
Figure 27 shows that during the simulations and the aftershock, the number of buildings 
reaching or exceeding the five damage levels is greater than after the mainshock. This is 
the effect of the damage accumulation: the occurrence of a real event, mainshock or 
aftershock, changes the building capacity. So if at the beginning (time zero) the capacity 
is represented by undamaged pushover curves, after the mainshock the curves are 
modified to account for the building damage. The seismic risk calculations for the 
simulations are then based on these modified capacity curves. Figure 27 shows that the 
number of buildings reaching or exceeding the five damage levels after the aftershock is 
correctly higher than after the mainshock. 
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Figure 27. Number of buildings reaching or exceeding a certain damage level, 
considering all municipalities that are less than 30 km from both epicenters. 

The maps in Figure 28 and Figure 29 show the percentage of buildings reaching or 
exceeding damage level 1 and 3 in each municipality, respectively. We can see that the 
percentage of damaged buildings increases particularly near the epicenter of the 
aftershock. 

  
Figure 28. Percentage of buildings reaching or exceeding the damage level 1 in 

each municipality. 
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Figure 29. Aftershock in the WebGIS platform. 
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4 Comparison for the Emilia Romagna 2012 earthquake 

4.1 Introduction 

The two methods developed by ETH and Eucentre, illustrated respectively in Section 2 
and 3, have been adopted in order to compare the results for a common case study: the 
Emilia Romagna 2012 earthquake. The two models have been running using common 
parameters for the mainshock, the aftershock, the forecast simulations and adopting 
common exposure data. The main differences between the approaches are: 

 the seismic vulnerability evaluation method: ETH uses damage probability 
matrices (DPMs), whereas Eucentre uses capacity curves (pushover); 

 ETH doesn’t include the progressive damage because the used vulnerability 
method (EMM, see Section 2) has not been designed for including progressive 
damage—corresponding empirical data are scarce. Nevertheless, we present 
results to demonstrate and discuss the behavior of our loss forecasting 

 Eucentre modifies the capacity curve of a building using the FEMA coefficients 
(FEMA 306 1998) to account for progressive damage. 

 
Figure 30 and Figure 31 show the input data for the two ground shaking happened in 
May (2012) in Emilia Romagna district. ETH has been calculating  the forecast simulation 
for ten days after the mainshock. Eucentre has been providing the exposure data in 
terms of number of buildings in each vulnerability class (with reference to the EMS-98 
scale). 
 

date 20-05-2012

Mw 6.1

lon 11.25

lat 44.89 

depth 10 km

attenuation law Cauzzi e Faccioli (2008)

radius 40 km
 

 
Figure 30. Mainshock input data and map of the municipalities within the 40 km 

radius. 
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date 29-05-2012

Mw 6.0

lon 11.09

lat 44.85

depth 15 km

attenuation law Cauzzi e Faccioli (2008)

radius 40 km
 

 
Figure 31. Aftershock input data and map of the municipalities within the 40 km 

radius. 

The comparison between the two methods has been made considering: the main shock, 
3 days of simulation and the aftershock (Figure 32). 
 

• Mainshock

• Simulation day 1

• Simulation day 2

• Simulation day 3

• Aftershock
 

Figure 32. List of the considered events. 

4.2 Comparison of the results 

Figure 33 shows for the Eucentre method the number of buildings reaching or exceeding 
the five damage levels for those municipalities that are less than 40 km from both the 
epicenters. The number of buildings increases as a result of the damage accumulation. 
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Figure 33. Number of buildings reaching or exceeding the five damage levels 

for those municipalities that are less than 40 km from both the epicenters 
(Eucentre method). 

In ETH's method (Figure 34), due to the lack of progressive damage in the model, the 
loss estimations for the later aftershock scenario (yellow) are smaller than for the 
mainshock (brown). The forecasts (blue) represent the expected damage for the next 
day—again, without accounting for progressive damage; hence, assuming as “nothing” 
has happened before—just having the information about the expected aftershock activity 
(and hazard) due to the mainshock. Surprisingly, the damage distribution of the 
forecasts differs from the scenario distributions—not only in terms of the absolute 
numbers, but also in terms of the relative amount (i.e., the ratio between D1 and D2, D1 
and D3, and so on): the scenario distribution is “steeper” than the one for the forecasts. 
This behavior is due to how we combine hazard and the potential losses: low intensity 
consequences (small numbers across all damage grades) are weighted high(because 
they are more likely to occur), and high intensity consequences (tending towards high 
number of D5 buildings) are weighted low (because they are less likely to occur). In 
total, this sums up to the results seen in Figure 34. However, D5 is most interesting for 
us because collapsed buildings cause almost all fatalities. 
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Figure 34. Damage distributions using ETH's method. They correspond to 

vulnerability index 3 (most probable value). 

Note, that all damage estimations refer to a rock site (vs30 >= 800m/s). The damage 
estimations will change dramatically if assuming a soft soil, which is actually present in 
the sedimentary basin of the Po valley. 
 
Figure 35, Figure 37 and Figure 39 show maps with the percentage of buildings reaching 
or exceeding damage level D1, D3, and D5 (collapse) using the Eucentre method while 
Figure 36, Figure 38 and Figure 40 show the same percentages calculated using the  
ETH method. 



NERA | D14.3 
 

31  

mainshock

aftershock

simulation day 1 simulation day 2

simulation day 3

 
Figure 35. Maps for damage level D1 (Eucentre method). 

Mainshock M6.1 Forecast day 1 Forecast day 2

Forecast day 3 Aftershock M6.0

 
Figure 36. Maps for damage level D1 (ETH method). 
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mainshock

aftershock

simulation day 1 simulation day 2

simulation day 3

 
Figure 37. Maps for damage level D3 (Eucentre method). 

Mainshock M6.1 Forecast day 1 Forecast day 2

Forecast day 3 Aftershock M6.0

 
Figure 38. Maps for damage level D3 (ETH method). 
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mainshock

aftershock

simulation day 1 simulation day 2

simulation day 3

 
Figure 39. Maps for damage level D5 (Eucentre method). 

Mainshock M6.1 Forecast day 1 Forecast day 2

Forecast day 3 Aftershock M6.0

 
Figure 40. Maps for damage level D5 (ETH method). 
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Note, that for comparing absolute values, the color scaling between the two methods is 
not consistent. However, provided numbers and percentage ranges can be used for 
comparison. 
 
First, comparing the two different approaches, we see that the spatial distribution is 
especially similar for DG3+ and DG5+. For DG1+, however, the spatial distribution 
varies: the region appears differently affected in terms of the distance from the 
mainshock. This observation is largely determined by the different hazard models used; 
these define the attenuation of the expected ground shaking. For example in the 
Eucenter's maps, the highest ratio of DG1+ buildings for the mainshock is 55%—in ETH's 
approach, it reaches a ratio of ~81% (e.g., in Finale Emilia). Hence, ETH's damage 
estimations for less severe damage grades are spatially more widespread. 
In both methods, the forecasts depend on the mainshock's parameters until a larger 
aftershock occurs. Thus, these forecast maps appear similar to the ones for the M6.1 
mainshock (although values differ). This can be observed especially in ETH's approach. 
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5 Conclusions 

The practice of estimating seismic losses in the wake of a large earthquake is relatively 
new. The practice of forecasting seismic risk as an earthquake sequence happens is even 
newer and forecasting risk is inherently a more difficult problem. With our work, we 
contribute to forecast short-term seismic risk during an aftershock sequence at any 
time—and with sufficient data anywhere. This ability is the first step of personal 
decision-making and raises public risk awareness. 
Due to the still limited forecasting skill of the available short-term forecasting models, it 
is worth mentioning that these models do not yet allow decision-makers to plan any 
rational strong risk mitigation action, such as evacuating areas that are affected by 
seismic sequences. In fact, using a first order cost benefit analysis, Van Stiphout et al. 
(2010) showed that the costs of evacuations would not be justified by the small 
probabilities provided by the available short-term forecasting models. Nonetheless, it is 
clear that many other more “light” mitigation actions could be made; for instance, 
assisting rescue teams to minimize their exposure inside vulnerable buildings, or simply 
informing residents about the current risk level. However, for the latter purpose, the 
right choice of action depends, most importantly, on values and beliefs of the individual 
(Fischhoff et al., 1981) who perceives risk in his own way. Therefore, Woo and Marzocchi 
(2014)’s suggestion seems reasonable to us: “provide different warnings to the public 
without imposing any specific mitigation action”; essentially “’nudging’ people to adopt 
their own mitigation strategy”. 
 
Used methods could be improved by a number of ways in future studies. For example, 
more efforts are needed to calibrate and validate each involved component, e. g., 
forecasting, hazard, and risk (damage and loss) models. Another important objective is 
to reduce involved uncertainties, which we discuss in the following subsection 

5.1 Sources of uncertainty in real-time risk assessment 

Uncertainties arise from limited information and knowledge, ultimately resulting in error 
bounds in the loss assessment (Choun and Elnashai 2010). Their identification and 
quantification are important in science, and require utmost care and attention (Crowley 
and Bommer 2006). This is particularly true for the considerations in the accomplished 
work, where decisive measures will eventually depend on obtained results. Things get 
even more complicated if uncertainties are communicated to non-experts (Nature 
Geoscience 2013). 
Unfortunately, “uncertainties are included in all steps of the earthquake impact 
assessment procedure” (Choun and Elnashai 2010) and cannot be avoided. 
Consequently, it is top priority to do what we can to reduce them. Probabilistic 
approaches generally improve the consideration of uncertainties. An example is the 
sigma value (the shaking distribution) within the seismic hazard calculation. 
All these uncertainties may not be reduced substantially in the near future. 
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Moreover, we neglected many uncertainties in all methods, and based our results on 
simplified assumptions (e. g., that all residents would behave the same). As of today, 
reliable loss estimates are mostly impeded by limited data availability (e. g., rare big 
earthquake events, especially in central Europe) and insufficient scientific knowledge of 
the involved (physical) processes. Therefore, identifying and quantifying the vast 
number of uncertainty origins is one of the most important aspects of constructing an 
earthquake loss model (Choun and Elnashai 2010). Since the outcome of risk 
assessment is ultimately of public interest, they need to be incorporated and treated well 
in risk communication. 
Reducing uncertainty means to approximate the real world better. In seismology, this 
either means to wait for a long time (e. g., until a large event happens from which we 
can draw certain conclusions), or to increase the resolution and quantity of 
measurements. The latter approach applies also to the engineering part of risk 
assessment. Processing and combining huge amounts of data by creating sophisticated 
frameworks will allow us to understand several physical processes much better. 
However, exact estimates are still not possible due to aleatory uncertainty, but this 
remaining uncertainty may be assessed over time as well. 
It may be questionable to put extreme effort in collecting data and create models to 
“only” estimate the loss. Effective loss mitigation also requires to increase the 
community’s resilience as fast as possible—although fast actions may not be efficient, 
though. 

5.2 Guidelines for implementing real-time risk assessment during 
earthquake emergencies 

In short, we want to echo our thoughts, expectations, and wishes of how we see a 
usable and helpful tool that can eventually benefit society. 
First, we address the term “risk assessment,” which depends on the current state of 
knowledge from many different research fields. Hence, a modular approach is inevitable 
and facilitates that different ideas can be brought together, exchanged, improved, and 
updated once new insights become available. Even more so, a modular approach enables 
hybrid models; that is to ensemble and weight diverse models (e. g. using multiple 
ground motion prediction equations that provide an average value of ground shaking and 
associated uncertainty bounds). As a side effect, model ensembling also permits to 
assess uncertainties. On the contrary, a modular approach does not necessarily ensure 
compatibility between all involved components, which may result in impractical risk 
assessments—especially on short-term. Consequently, testing (short-term) risk models 
(apart from already ongoing testing of forecast and hazard models) should be considered 
in future agendas. 
To address the term “real-time”, an universal (short-term) risk assessment tool has to 
be—first and foremost—connected to a real-time seismic catalog (which should be as 
accurate and complete as possible). This ensures that a ShakeMap can be generated as 
quickly as possible and forecast models can learn from the ongoing sequence, making 
the forecast more skillful. Routine exercises in using our developed risk tool might be 
convenient to assure quick response in case of emergency. With “response,” we 
understand that these tools could help decision-makers to get a clue about the situation 
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in a region, without waiting for (eyewitness) reports. Not to forget that such a risk tool 
might be even feasible before a damaging earthquake—by making use of forecast 
models that use precursory information (e. g., foreshocks) to notify the public about 
increased risk (and possible counter-measures). Then, certain statements might be 
given to the public before a potential catastrophe. 
 



NERA | D14.3 
 

38  

Reference List 

Baisch, S., Carbon, D., Dannwolf, U.S., Delacou, B., Devaux, M., Dunand, F., Jung, R., 
Koller, M., Martin, C., Sartori, M., Secanell, R. and Vörös, R. 2009. SERIANEX - 
Deep Heat Mining Basel, Technical report. 

Borzi, B., Pinho, R., Crowley, H. 2008a. Simplified Pushover-Based Vulnerability Analysis 
for Large Scale Assessment of RC Buildings. Engineering Structures, 30(3): 804-
820. 

Borzi, B., Crowley, H., Pinho, R. 2008b. Simplified Pushover-Based Earthquake Loss 
Assessment (SP-BELA) Method for Masonry Buildings. International Journal of 
Architectural Heritage, 2(4): 353-376. 

Cauzzi, C., Faccioli, E., 2008. Broadband (0.05 a 20 s) prediction of displacement 
response spectra based on worldwide digital records. Journal of Seismology, 3, DOI 
10.1007/s10950-008-9098-y. 

Choun, Y.-S., Elnashai, A. S. 2010. A simplified framework for probabilistic earthquake 
loss estimation. In: Probabilistic Engineering Mechanics 25.4, pp. 355–364. 

Crowley, H., Bommer, J.J. 2006. Modelling Seismic Hazard in Earthquake Loss Models 
with Spatially Distributed Exposure. Bulletin of Earthquake Engineering, 4(3), 249-
273. 

European Commission. 2014. The post 2015 Hyogo Framework for Action: Managing 
risks to achieve resilience. Brussels : s.n., 2014. Commission staff working 
document. 

Fäh, D., Gisler, M., Jaggi, B., Kästli, P., Lutz, T., Masciadri, V., Matt, C., Mayer-Rosa, D., 
Rippmann, D., Schwarz-Zanetti, G., Tauber, J., and Wenk, W. 2009. The 1356 
Basel earthquake: an interdisciplinary revision. Geophysical Journal International, 
178 (1), 351–374, doi:10.1111/j.1365-246X.2009.04130.x. 

Federal Emergency Management Agency. 2003. FEMA. HAZUS-MH MR3 Technical 
Manual. Washington : s.n., 2003. 

Federal Emergency Management Agency  306 1998. Evaluation of Earthquake Damaged 
Concrete and Masonry Wall Buildings. Basic Procedures Manual, Washington DC. 

Federal Emergency Management Agency 307 1998. Evaluation of Earthquake Damaged 
Concrete and Masonry Wall Buildings. Technical Resources, Washington DC. 

Fischhoff, B., Lichtenstein, S., Slovic, P. 1981. Acceptable Risk. Cambridge University 
Press. 



NERA | D14.3 
 

39  

Giovinazzi, S. and Lagomarsino, S. 2004. A macroseismic method for the vulnerability 
assessment of buildings. Proc. of 13th World Conference on Earthquake 
Engineering, Paper No. 896, Vancouver, Canada. 

Grünthal, G. 1998. European Macroseismic Scale 1998. European Seismological 
Commission, Luxembourg. 

Lagomarsino, S., Giovinazzi, S. 2006. Macroseismic and mechanical models for the 
vulnerability and damage assessment of current buildings. Bulletin of Earthquake 
Engineering, 4, 415-443. 

Lombardi, A.M., Marzocchi, W. 2010. The ETAS model for daily forecasting of Italian 
seismicity in the CSEP experiment. Ann. Geophys., 53, 155-164. 

MAEviz. 2013. [Online] 2013. http://mharp.ncsa.illinois.edu/. 

Meghraoui, M., Delouis, B., Ferry, M., Giardini, D., Huggenberger, P., Spottke, I., and 
Granet, M. 2001. Active normal faulting in the upper Rhine graben and paleoseismic 
identification of the 1356 Basel earthquake. Science (New York, N.Y.), 293 (5537), 
2070–2073, doi:10.1126/science.1010618. 

Nature Geoscience 2013. Communication at risk - The L’Aquila earthquake trial 
tragically highlights that risk communication is integral to Earth science training. In: 
Nature Geoscience 6.2, p. 77. 

NERA Deliverable D14.2. 2013. Updating building capacity during an earthquake 
sequence. ETH; Eucentre. 2013. 

NERA Deliverable D15.1. 2013. Developed integrated field monitoring. VCE, EUCENTRE, 
AIT, AUTH, KU Leuven. 2013. 

NERA Deliverable D15.2. 2013. Data collected for common European building typologies 
using field monitoring technologies. VCE, EUCENTRE, AIT, AUTH. 2013. 

NERA Deliverable D3.2. 2012. Centralised accelerometric station book, definition for a 
web interface for viewing and updating accelerometric station metadata. 2012. 

NERA Deliverable D4.2. 2012. Guiding tool for deployment of joint rapid response 
network. INGV, ETHZ, CNRS, GFZ. 2012. 

Pichler, D. and Wenzel, H. 2005. Ambient Vibration Monitoring. Chichester : John Wiley 
& Sons, Ltd, 2005. ISBN 0-470-02430-5. 

Pinho, R., Magenes, G., Bommer, J.J., Restrepo-Vélez, L.F., Crowley, H. 2006. 
Development of seismic vulnerability assessment methodologies over the past 30 
years. ISET Journal of Earthquake Technology, Bd. 43, S. 75-104. 



NERA | D14.3 
 

40  

Wenzel, H., Bekö, A., Boroumand, P., Achs, G. 2014. Risk Based System Identification 
and Seismic Capacity Rating of Masonry Buildings in the Vienna Basin. Earthquake 
Engineering & Structural Dynamics. submitted. 

SYNER-G Deliverable D3.1. 2011. Fragility functions for common RC building types in 
Europe. UPAV, UPAT, JRC, METU. 2011. 

SYNER-G Fragility Functions Manager. http://www.vce.at/SYNER-
G/files/downloads.html. [Online]  

Trendafiloski, G., Wyss, M. 2009. Loss estimation module in the second generation 
software QLARM. In: Second International Workshop on Disaster Casualties, 15–16 
June, University of Cambridge, UK, Cambridge. Available at 
http://www.wapmerr.org/publication/QLARM_Trendafiloski_Cambridge.pdf. 

Van Stiphout, T., Wiemer, S., and Marzocchi, W. 2010. Are short-term evacuations 
warranted? Case of the 2009 L’Aquila earthquake. In: Geophysical Research Letters 
37.6, pp. 1–5. doi: 10.1029/2009GL042352 

Wenzel, H. 2009. Health Monitoring of Bridges. Chichester : John Wiley & Sons, Ltd, 
2009. ISBN 978-0-470-03173-5. 

Wenzel, H. 2013. Industrial Safety and Life Cycle Engineering - Technologies, 
Standards, Applications. Vienna : VCE Vienna Consulting Engineers ZT GmbH, 
2013. 

Woo, G., Marzocchi, W. 2014. Operational earthquake forecasting and decision-making, 
in Early Warning for Geological Disasters. edited by F. Wenzel and J. Zschau, chap. 
Scientific, pp. 353–367, Springer Berlin Heidelberg, doi:10.1007/978-3-642-12233-
0 18. 


	Summary
	1 Framework developed by VCE
	1.1 Introduction
	1.2 Real-time seismic risk

	2 Basel case study
	2.1 Introduction
	2.2 Method
	2.3 Data
	2.4 Results

	3 Calabria case study
	3.1 Introduction
	3.2 Time-varying Hazard
	3.3 Vulnerability
	3.4 Results

	4 Comparison for the Emilia Romagna 2012 earthquake
	4.1 Introduction
	4.2 Comparison of the results

	5 Conclusions
	5.1 Sources of uncertainty in real-time risk assessment
	5.2 Guidelines for implementing real-time risk assessment during earthquake emergencies

	Reference List

