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1 Executive Summary 
A number of the key limitations with respect to earthquake hazard assessment for 
decommissioned nuclear power plants in Europe have been explored as part of these analyses 
examining the previous hazard assessments done and examining some of the key differences 
with respect to the German cases. Given the large amount of literature in this field included in 
the background reading section, a key focus has been made on some more innovative and 
improved analyses for various topics. 
Here we see that much insight is needed into the: 

• Mmax (Maximum (Max. Magnitude) assumptions associated with low seismicity 
locations 

• Earthquake catalogue cleaning and uncertainty calculations of major events including 
magnitude conversions  

• Seismotectonic zonation 
• Declustering methodologies 
• Seismic source models from offshore, nearfield sources 

The second part of the deliverable examined selected key secondary hazard types in terms of 
aftershocks and fault rupture. Liquefaction and landsliderequire site-specific data, thus the 
methodologies have not been explored in this deliverable. In terms of fault rupture and 
displacement, the possibility of fault rupture at a site given a certain magnitude event is 
required, and can often only be defined via scaling relations. Probabilistic Fault Displacement 
Hazard Analysis (PFDHA) is generally undertaken. The latest datasets are discussed as part 
of this section including the key issues with uncertain sources. A quick analysis into fault 
displacement potential as well as the current seismotectonic fault state-of-art in European 
conditions was done, given the need for such knowledge in the wake of events like the 2016 
Kaikoura earthquake in New Zealand where 24 faults ruptured in one sequential earthquake 
causing mixtures of ground shaking at respective sites. The assumption of various fault models 
as well as the scale of different models has been critically examined.  
The damaging potential of aftershocks with lower ground motion but high probability of 
occurrence have been analysed and models developed that can interact with fragilities of intact 
structures and components. These in turn subsequently modify these fragilities via the impact 
of the ground shaking of the main event and evaluate the probability of exceedance of limit 
states for the subsequent aftershock activity (for Japanese earthquakes see Goda et al., 2015).  
Here, there is also a link to the tsunami work produced in D1.2 which will be further explored 
as part of the multi-hazard deliverables.  
The challenge is to define a design ground motion in terms of return periods which take the 
primary and secondary effects (aftershocks, tsunami) into account. The characterisation of 
aftershocks in terms of duration is key for the definition of interactions for operational time 
windows after earthquake events. In addition, earthquake forecasting methodologies are 
discussed as background, given the potential use for operational time window definition, or 
within certain parts of the pre-seismic chain.  
The final part of the deliverable discusses the application of CMS (conditional mean spectra) 
and the potential use as part of the characterisation of the spectra. This method has not been 
widely used in NPP settings with the UHS (uniform hazard spectra) generally being the more 
conservative option. However, the use of a CMS is important in terms of potential scaling 
factors of the spectra as well as for not overestimating along the entire chain of the PSHA. 
Two different CMS analyses were compared for similar settings. 
The first step before being able to move towards a risk-targeted hazard definition as used in 
the US International Building Code (IBC. 2015) and the ASCE/SEI 43-05 Seismic Design 
Criteria for NPPs (NRC. 2007) which could be a feasible approach for adaption is the hazard 
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characterisation in a total context, however a potenital target spectra needs an end-to-end 
approach where interactions occur, and with significant uncertainties on defining the scenarios 
which can cause a certain ground motion to cause a damage state, more work would be 
needed before this is practical especially in the context of constraining the uncertainty of a long 
return period event in a low seismicity region such as Germany.  
The resulting target spectra in a risk-targeted ground hazard definition represent ground 
motion for a given return period or equivalently, for a uniform hazard level. The conditional 
spectra approach allows to define realistic ground motion from the given target uniform hazard 
spectrum (for a given return period) for the purpose of probabilistic structural analysis (Lin et 
al. 2013b). This methodology has been implemented in case studies for Biblis and Trino 
Vercellese. 
Here, care was taken as to the chosen sites, as a NPP would not make sense to be sited 
anywhere, and thus creating a generic set of locations is considered outside of the scope of 
this project. To this end, sites which have been considered previously for NPP siting, or NPP 
sites are considered around Europe as for the whole WP1. 
With the ESHM20 model becoming available as well as multitude of new datasets and insights, 
a lot of changes to the hazard models will become available over the coming few years, and 
are required for updating as well as potential NPP hazard analyses as well as the addition of 
potential methods for aftershocks given a certain ground motion, or for fault displacement 
applications.  
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2 Background and Introduction 

2.1 Scope and Objectives of the Deliverable 

Earthquake ground motion from an extreme event can have aggravated implications if viewed 
in the context of accompanying phenomena such as tsunami and aftershocks. Tsunami impact 
on a pre-damaged structure can be much more severe than on an intact one, however this 
has been examined with Deliverable D1.2.  
The damage potential of aftershocks with lower (or higher) ground motion but high probability 
of occurrence will be analysed and models developed that interact with fragilities of intact 
structures and components, and subsequently modify these fragilities via the impact of the 
ground shaking of the main event and evaluate the probability of exceedance of limit states for 
the subsequent tsunami or aftershock activity (for Japanese earthquakes see Goda et al., 
2015). The challenge is to define a design ground motion in terms of return periods which take 
the primary and secondary effects (aftershocks, tsunami) into account. The characterisation of 
aftershocks in terms of duration is key for the definition of interactions for operational time 
windows after earthquake events. The first step is the hazard characterisation before being 
able to move towards a risk-targeted hazard definition as used in the US International Building 
Code (IBC, 2015) and the ASCE/SEI 43-05 Seismic Design Criteria for NPPs (US NRC, 2007) 
which could be a feasible approach for adaption, however the target spectra needs an end-to-
end approach where interactions occur. 
The resulting target spectra represent ground motion for a given return period or equivalently, 
for a uniform hazard level. The conditional spectra approach allows to define realistic ground 
motion from the given target uniform hazard spectrum (for a given return period) for the 
purpose of probabilistic structural analysis (Lin et al. 2013). This methodology will be 
implemented and allows to define hazard consistent load for the fragility analysis. 

2.2 Organisation of the Deliverable 

The first part of the deliverable examines some of the key uncertainties along the process of 
European seismic hazard and the characterisation of interactions between different 
geophysical hazards in terms just earthquake interactions and correlations with other hazards 
(using ASAMPSA_E as the basis) and duration of geophysical hazards. 
The second part of the deliverable examines selected key secondary hazard types in terms of 
aftershocks and fault rupture. Liquefaction and landslide require very specific site data, thus 
the methodologies will not be explored in this deliverable. In terms of fault rupture and 
displacement, the possibility of fault rupture at a site given a certain magnitude event is 
required, and can often only be defined via scaling relations. Fault displacement probabilistic 
hazard analysis is generally undertaken. The latest datasets are discussed as part of this 
section. In addition, earthquake forecasting methodologies are discussed as background, 
given the potential use for operational time window definition, or within certain parts of the pre-
seismic chain.  
The final part of the deliverable discusses the application of CMS (conditional mean spectra) 
and the potential use as part of the characterisation of the spectra. This method has not been 
widely used in NPP settings with the UHS generally being the more conservative option. 
However, the use of a CMS is important in terms of potential scaling factors of the spectra as 
well as for not overestimating along the entire chain of the PSHA. Two different CMS analyses 
are compared for similar settings. 
Here, care was taken as to the chosen sites, as a NPP would not make sense to be sited 
anywhere, and thus creating a generic set of locations is considered outside of the scope of 
this project. To this end, sites which have been considered previously for NPP siting, or NPP 
sites are considered around Europe as for the whole WP1. 



NARSIS Project (Grant Agreement No. 755439) Del 1.5 

 

- 13 - 

 

2.3 Existing Guidance: Key Documents 

There exist a large number of documents, which are key reading for this analysis pertaining to 
the various earthquake analyses as part of extended PSAs and hazard assessments in 
general.  
The following ASAMPSA-E deliverables (www.asampsa-e.eu/deliverables-library) are seen as 
important: 

• PDF – D30.7 vol 1 Extended PSA and its Use in Decision Making (summary) 
• PDF – D30.7 vol 2 Methodology for Selecting Initiating Events and Hazards for 

Consideration in an Extended PSA 
• PDF – D50.15 vol 1 Report 1 – Guidance document on practices to model and 

implement EARTHQUAKE hazards in extended PSA (final version)- Volume 1 
• PDF – D50.15 vol 2 Report 1 – Guidance document on practices to model and 

implement EARTHQUAKE hazards in extended PSA (final version)-Volume 2 
• PDF – D40.7 vol2 ASAMPSA_E guidance for level 2 PSA- Implementing External 

Events in Level 2 PSA 
• PDF – D21.1 Bibliography – Existing Guidance for External Hazard Modelling 
• PDF – D22.1 Summary report of already existing guidance on the implementation of 

External Hazards in extended Level 1 PSA 
• PDF – D40.2 Summary report of already published guidance on L2 PSA for external 

hazards, shutdown states, spent fuel storage 
A list of international and national standards including various IAEA reports is included in the 
bibliography. In particular, the following key documents summarise the state-of-art for 
earthquake: 
 

• IAEA, 2003. Consideration of external events in the design of nuclear facilities other 
than nuclear power plants, with emphasis on earthquakes. Tecdoc 1347, 113pp. 

• IAEA, 2003. Earthquake experience and seismic qualification by indirect methods in 
nuclear installations. Tecdoc 1333, 98pp. 

• WENRA-RHWG, 2013. Report Safety of new NPP designs. Study by Reactor 
Harmonization Working Group RHWG, 52pp. 

• WENRA-RHWG, 2014. WENRA Safety Reference Levels for Existing Reactors. 
Update in Relation to Lessons Learned from TEPCO Fukushima Dai-ichi Accident. 
52pp. 

• WENRA-RHWG, 2015. Guidance Document Issue T: Natural Hazards Head 
Document. 26pp. 

• INTERNATIONAL ATOMIC ENERGY AGENCY, 2010a, Development and 
Application of Level 1 Probabilistic Safety Assessment for Nuclear Power Plants, 
IAEA Safety Standards Series No. SSG-3, IAEA, Vienna (2010). 

• IAEA, 2010b. Seismic Hazards in Site Evaluation for Nuclear Installations. Specific 
Safety Guide No. SSG-9, Vienna. 

• IAEA, 2015. Site Survey and Site Selection for Nuclear Installations, Specific Safety 
Guide - SSG 35 

• IAEA, 2016. Site Evaluation for Nuclear Installations, Safety Requirements NS-R-3 
(Rev. 1). 

• INTERNATIONAL ATOMIC ENERGY AGENCY, Site Evaluation for Nuclear 
Installations, IAEA Safety Standards Series No. SSR-1, IAEA, Vienna (2019). 

http://www.asampsa-e.eu/deliverables-library
http://asampsa.eu/wp-content/uploads/2014/10/ASAMPSA_E-D30.7-vol1_Extended-PSA_applications.pdf
http://asampsa.eu/wp-content/uploads/2014/10/ASAMPSA_E-D30.7-vol-2-initiating-events-selection.pdf
http://asampsa.eu/wp-content/uploads/2014/10/ASAMPSA_E-D30.7-vol-2-initiating-events-selection.pdf
http://asampsa.eu/wp-content/uploads/2014/10/ASAMPSA_E-D50.15-REPORT-1-EARTHQUAKE-PSA-vol1.pdf
http://asampsa.eu/wp-content/uploads/2014/10/ASAMPSA_E-D50.15-REPORT-1-EARTHQUAKE-PSA-vol1.pdf
http://asampsa.eu/wp-content/uploads/2014/10/ASAMPSA_E-D50.15-REPORT1-EARTHQUAKEPSAvol-2.pdf
http://asampsa.eu/wp-content/uploads/2014/10/ASAMPSA_E-D50.15-REPORT1-EARTHQUAKEPSAvol-2.pdf
http://asampsa.eu/wp-content/uploads/2014/10/ASAMPSA_E-D40.7-vol2-External-Hazard-in-L2PSA.pdf
http://asampsa.eu/wp-content/uploads/2014/10/ASAMPSA_E-D40.7-vol2-External-Hazard-in-L2PSA.pdf
http://asampsa.eu/wp-content/uploads/2016/06/ASAMPSA_D21_1_External_Hazards_Bibliography.pdf
http://asampsa.eu/wp-content/uploads/2016/06/ASAMPSA_E-WP22-D22.1-extended-L1PSA-bibliography.pdf
http://asampsa.eu/wp-content/uploads/2016/06/ASAMPSA_E-WP22-D22.1-extended-L1PSA-bibliography.pdf
http://asampsa.eu/wp-content/uploads/2016/06/ASAMPSA_E-WP40-D40_2-extended-L2PSA-summary-on-published-guides.pdf
http://asampsa.eu/wp-content/uploads/2016/06/ASAMPSA_E-WP40-D40_2-extended-L2PSA-summary-on-published-guides.pdf
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The PEGASOS project by the Swiss Federal Nuclear Safety Inspectorate HSK was carried out 
in compliance with SSHAC Level 4 as seen in NUREG/CR-6372 (1997). This methodology 
should be background reading as it provides an insight into a European Level 4 procedure 
(however onerous this was) as seen in Table 1. 

Table 1: Different study levels of SSHAC Level Hazard as of NUREG-2117 

ISSUE DEGREE DECISION 
FACTORS 

STUDY LEVEL 

A: Non-controversial; and/or 
insignificant to hazard 

Public 
Perception 

1: models weighted based on literature review 
and experience with estimation of community 

distribution 
B: Significant uncertainty and 

diversity; controversial and 
complex 

Regulatory 
Concern 

2: Interaction with proponents and resource 
experts to identify issues and interpretations; 

estimations of community distribution. 
C: Highly contentious; 

significant to hazard and highly 
complex 

Resources 
Available 

3: Proponents and resource experts brought 
together for debate and interactions. Debate is 

focussed, alternative interpretations are 
proposed, and community distribution is 

estimated. 
  4: Panels of experts are organised to interpret 

and evaluate hazards; focussed discussions, 
uses expert elicitation; builds picture of 
evaluators estimate of the community 

composite distribution. 

 
• NUREG-2117 (Practical Implementation Guidelines for SSHAC Level 3 and 4 Hazard 

Studies) should also be examined as part of the background reading.  
• NRC, 2016. The United States of America Seventh National Report for the 

Convention on Nuclear Safety (No. NUREG-1650, Revision 6). US NRC. 
• SWISSNUCLEAR, 2014. Probabilistic Seismic Hazard Analysis for Swiss Nuclear 

Power Plant Sites – PEGASOS Refinement Project (No. Vol. 1 to 5, Rev. 1).  
• SWISSNUCLEAR, 2004. Probabilistic Seimic Hazard Analysis for Swiss Nuclear 

Power Plant Sites (PEGASOS project): Final Report Volume 4 - Elicitation 
summaries, Seismic Source characterization (Final Report). Wettingen. 

In terms of background reading, the following provide a useful review of key issues pertaining 
to shortcomings in earthquake risk assessment.  

• Bommer, J. J., & Abrahamson, N. A. (2006). Why do modern probabilistic seismic-
hazard analyses often lead to increased hazard estimates?. Bulletin of the 
Seismological Society of America, 96(6), 1967-1977. 

• Crowley, H. (2014) “Earthquake risk assessment: present shortcomings and future 
directions,” Proc. of 2nd European Conference on Earthquake Engineering and 
Seismology, Istanbul, Turkey, pp. 1–10. 

Given the focus on earthquake shaking in this deliverable, the following key tsunami references 
should be read when examining maximum magnitude assumptions from offshore sources in 
Europe, in conjunction with deliverable D1.2. 

• Basili, R., Brizuela, B., Herrero, A., Iqbal, S., Lorito, S., Maesano, F.E., Murphy, S., 
Perfetti, P., Romano, F., Scala, A., Selva, J., Taroni, M., Thio, H.K., Tiberti, M.M., 
Tonini, R., Volpe, M., Glimsdal, S., Harbitz, C.B., Løvholt, F., Baptista, M.A., Carrilho, 
F., Matias, L.M., Omira, R., Babeyko, A., Hoechner, A., Gurbuz, M., Pekcan, O., 
Yalçıner, A., Canals, M., Lastras, G., Agalos, A., Papadopoulos, G., Triantafyllou, I., 
Benchekroun, S., Agrebi Jaouadi, H., Attafi, K., Ben Abdallah, S., Bouallegue, A., 
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Hamdi, H., Oueslati, F. (2018) NEAM Tsunami Hazard Model 2018 (NEAMTHM18): 
online data of the Probabilistic Tsunami Hazard Model for the NEAM Region from the 
TSUMAPS-NEAM project. Istituto Nazionale di Geofisica e Vulcanologia (INGV); 
http://doi.org/10.13127/tsunami/neamthm18. 

• Schaefer, A.M. (2018). “Development of a global tsunami model”, PhD Thesis, 
Karlsruhe, Germany. 

In addition the recent NEA/CSNI/R(2019)1 project report, provides insights into the 
CompPSHA project with a survey of different countries. Their questionnaire provides insights 
into the PSHA process applied in each country as well as a really quick insight into PEGASOS, 
SHARE and SIGMA. Chapter 6 insights provide a view of siting criteria, data and methods for 
PSHA, logic trees, source zones, GMPEs, PSHA outputs, treatment of uncertainties, PSHA 
outputs. 

 
  

http://doi.org/10.13127/tsunami/neamthm18
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3 Large-Scale methodologies for Earthquake 

3.1 Background and Interactions 

Some innovations in large-scale methodologies for earthquake and geophysical hazards have 
been made, which are important for the purposes of the interconnected system dynamics in 
the operational time window of an earthquake disaster, however given the amount of work 
done in existing projects for earthquake, only innovations with potential applications will be 
examined. An NPP is designed generally under a PSA where a particular set of assumptions 
as to GMPEs, maximum possible events, historic catalogues and fault uncertainties. Many 
issues have been explored via the key documents described in the existing guidance, therefore 
only some key issues will be explored in this deliverable for potential use within future PSA 
frameworks. 
A key focus on duration of events is examined within this project, given the overlap time 
windows, which are of interest for operations in a multi-hazard sense. Figure 1 is the correlation 
matrix for geophysical hazards, of which the focus in this deliverable is on the ground shaking 
aspect with tsunami having been covered separately in D1.2.  

 

 
Figure 1: Interactions and correlations between geophysical hazards adapted from ASAMPSA_E 

Hazard 2 Description
Hazard 1 Hazard 2 is a prerequisite for Hazard 1
Hazard 1 Hazard 2 may cause Hazard 1
Hazard 1 Associated hazards 1 and 2 derived from a common root cause
Hazard 1 Hazard 1 may cause Hazard 2
Hazard 1 Hazard 1 is a prerequisite for Hazard 2
Hazard 1 Hazards 1 and 2 are mutually exclusive
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Each of the hazard types has a duration associated with the event. These event overlaps 
form the basis for the possible interactions of the hazards. Unfortunately, there exists no 
historical database with enough completeness to cover secondary hazard interactions as 
discussed in D1.1 and D1.6 for earthquakes. In terms of duration of the different geophysical 
hazards, the interaction times between the disaster types for coinciding events are important 
with respect to operational time windows and can be seen in Figure 2. 

 
Figure 2: Typical duration of geophysical hazards 

During the discussion of assessment methods for extreme values and hazard combination, 
two methods are commonly used. The IAEA Fault Sequence Analysis methodology (Kuzmina 
et al., 2013) and the ExtremeEventAnalyzer (EEA) tool of the Lloyds Register with IAEA. Both 
are explained with an extended methodology for earthquake as part of ASAMPSA_E D50.15 
where the guidance to model seismic hazard for extended PSA was undertaken as well as 
concurrent hazards. The concurrent hazards were examined in Step 1 in Figure 3 for 
earthquake hazards (Figure 4). 

 
Figure 3: Typical extended PSA process for earthquake (from ASAMPSA_E) 
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Figure 4: Hazard interactions and correlations with all hazard types for earthquake 
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N1 Vibratory ground motion 
N2 Vibratory ground motion induced or triggered by human activity
N3 Surface faulting (fault capability)
N4 Liquefaction, lateral spreading
N5 Dynamic compaction (seismically induced soil settlement)
N6 Permanent ground displacement subsequent to earthquake
N7 Tsunami (seismic, volcanic, submarine landsliding, meteorite impact)
N8 Flash flood: flooding due to local extreme rainfall
N10 Flooding due to off-site precipitation with waters routed to the site
N11 High groundwater
N12 Flooding or low water level due to obstruction of a river channel
N13 Floods or low water level resulting from changes in a river channel
N15 Flood and waves caused by failure of water control structures
N16 Seiche
N18 Seawater level: high tide, spring tide
N24 Underwater debris
N47 Snow avalanche
N54 Crustacean or mollusc growth (shrimps, clams, mussels, shells)
N57 Infestation by rodents and other animals
N60 Subaerial slope instability
N61 Underwater landslide, gravity flow
N62 Debris flow, mud flow (including seismically triggered events)
N63 Ground settlement (natural or man-made by extraction)
N68 Volcanic hazards: phenomena occurring near the volcanic centre
N69 Volcanic hazards: effects extending to areas remotely
N72 Meteorite fall

Hazard 2 Description
Hazard 1 Hazard 2 is a prerequisite for Hazard 1
Hazard 1 Hazard 2 may cause Hazard 1
Hazard 1 Associated hazards 1 and 2 derived from a common root cause
Hazard 1 Hazard 1 may cause Hazard 2
Hazard 1 Hazard 1 is a prerequisite for Hazard 2
Hazard 1 Hazards 1 and 2 are mutually exclusive
Hazard 1 Hazard 1 may cause Hazard 2 or Hazard 2 may cause Hazard 1.
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3.2 Benchmarking PSHA Results and their uncertainties 

3.2.1 European Modelling 
There are a number of datasets for PSHA covering the locations across Europe as shown in 
Table 2. Models have been developed by various entities over the last few decades taking into 
account the faults and uncertainties close to NPPs, such that they are usable for analysis and 
should be compared in terms of mean and median results in order to identify the large-scale 
uncertainties in the model results.  
The work of PEGASOS, identified the component issues within PSHA during the expert 
elicitation, so this will not be examined in this deliverable.  
Compared to GSHAP and Jiménez et al. (2001), the STR 10/04 Grünthal et al. (2010) model 
has lower ground motion levels at return periods of around 475-years (even after taking into 
account resolution and site effects), however for the purposes of NPPs, the assumptions at 
longer return periods are more important).  

Table 2: European seismic hazard models for comparison (PSHA) 

Name of Model Reference Year 
GSHAP Global Hazard Map of the Global 

Seismic Hazard Assessment Program 
(GSHAP, Giardini 1999) 

1999 

ESC-SESAME Seismotectonics and Seismic Hazard 
Assessment of the Mediterranean 
Basin (Jiménez et al., 2001) 

2001 

European model 
for GEM1 

STR 10/04  2010 

SHARE (ESHM13) 2013 European Seismic Hazard Model 
(ESHM13, Woessner et al., 2015) 

2013 

GAR2015 Global Assessment Report (Smoothed 
Seismicity) 

2015 

ESHM20 2020 European Hazard and Risk 
Model developed within the SERA 
JRA3 and JRA4 (Basili et al., 2020) 

2020, in preparation 

SIGMA France and Northern Italy PSHA 2010-2016 
PEGASOS Localised 2009 (Swiss) – PSA Level IV 
SuiHaz15 2015 Swiss Hazard Model (SuiHaz15, 

Wiemer et al., 2016) 
2015 (Swiss) 

EQ-Haz16 2016 German Model PSHA (Grünthal 
et al., 2018) 

2016 (Germany) 

DIN-19700 DIN19700:2005 (Grünthal et al., 2009) 2005, 2013 (Germany) 

 
The SHARE model as part of the Global Earthquake Model is the most common model, which 
can be used as part of site-specific studies. Important at the sites is of course the site effects 
data, where it is only possible to use Vs30 as a proxy without much more detailed data. This 
part of the model will thus not be examined as site interactions through borehole testing and 
site analysis are far in advance of large scale models and have been  employed as part of the 
WP2 deliverables. The PGA and spectral ordinates have been derived for each of the locations 
for the various return periods (73, 102, 475, 975, 2475, 4975 years) along the same modelling.  
 
A useful first comparison is at a European level in order to give an insight into the difference 
across Europe spatially. For this, we will use the ESHM13 model, which is currently the most 
advanced European model before the ESHM20 model is released later in 2020 or early in 
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2021. Such models often are not of the detail in terms of local scale logic trees for results, 
however can show us an order of the results for different locations based on PSHA.  
The 5000-year RP in terms of the 95th percentile fractile are presented as the baseline for PGA 
from SHARE (ESHM13). On a European scale there is also the GAR model as well as GSHAP 
(at 475 years). GSHAP was the precursor to ESC-SESAME and then ESHM13, whereas GAR 
was more of a smoothed seismicity model. 

 
Figure 5: Spatial distribution of 95th percentile of expected ground motions with a return period of 5000 

years based on the SHARE model 

A comparison of the GAR2015 (Figure 7) smoothed seismicity model is made with the more 
detailed PSHA model of ESHM13 (Figure 6), for PGA at 2475 years return period. Here it can 
be seen that there are huge differences of at least 100% for many locations indicating the need 
for a view of detail as compared to broad scale dynamics. It can be seen in the stable northern 
Germany differences of over 5 times are present, whereas the broader scale model seems to 
underestimate the Upper Rhine Graben area between Karlsruhe and Basel comparatively. The 
model seems to miss the potential seismicity in central France, which is present in the SHARE 
model as seen in Figure 8.  
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Figure 6: Spatial distribution of mean PGA of expected ground motions with a return period of 2500 years 

based on the SHARE model 

 
Figure 7: Spatial distribution of mean PGA of expected ground motions with a return period of 2500 years 

based on the GAR2015 model 

 
Figure 8: The ratio of the GAR2015 model results vs. SHARE (ESHM13) at a 2475 year RP - mean PGA. 
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Local scale analyses are of course of more interest. A particular focus will now be made on 
Germany in order to illustrate the differences between models and the background in terms of 
a comparison of the latest German hazard model (Grünthal et al. (2018)) vs. ESHM13 for 
different RPs and spectral periods is made to indicate the uncertainty in low seismicity regions. 
It should be noted that other authors have done studies like this as well – such as Drouet et 
al. (2020) who have examined the PSHA for France with a comparison of the 2002 and 2017 
PSHA versions in France including the 2010-2016 results through the SIGMA project (Ml-Mw 
conversions to a homogenised Mw catalogue, max. magnitude redefinitions, and 
seismotectonic redefinitions for France and Northern Italy; compared to the ESHM13.  
They found that the 2017 version led to lower hazard than the ESHM13.   
 

3.2.2 Case Study: Germany – National Source Models 
In examining Biblis and Mülheim-Kärlich as two decommissioned sites, a focus will now be 
made on modern national models as compared to the European models.  
Here, there have been various iterations of models including the DIN4149 updates through 
1955, 1957 and 1981 as well as 1992 and 2005. Some other models included Ahorner and 
Rosenhauer (1986), Rosenhauer and Ahorner (1994) and Grünthal et al. (2004) early on.  
Safety regulations for hydraulic structures as part of the Grünthal (2008) model allowed for a 
detailed PSHA giving UHS for up to 2500 years at any site, taking into account epistemic 
uncertainty and aleatory variability for the various models.  
For the sites of Biblis (Figure 9) and Mülheim-Kärlich (Figure 10), the following response 
spectra are produced using the DIN19700. 

 
Figure 9: The acceleration response spectra for the median (50%) ground motion at Biblis using DIN19700 

by Grünthal et al. (2009, 2013) 
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Figure 10: The acceleration response spectra for the median (50%) ground motion at Mülheim-Kärlich 

using DIN19700 by Grünthal et al. (2009, 2013) 

 

The newest update to the Germany models is Grünthal et al. (2018) which was an updated 
model for the EC8 DIN EN 1998-1/NA National Annex. Here we examine a comparison of 
some of the key parameters associated with specifically German settings, as they have a lot 
of comparisons to other locations with low seismicity where generally siting for NPPs occurs.  
Figure 11 includes the 2475 year mean PGA due to Grünthal et al. (2018). 

 
Figure 11: PGA at 2475 year return period (mean fractile) using Grünthal et al. (2018) 

A comparison is now made between Grünthal et al. (2018) and the ESHM13 models for the 
2475 year return period (mean - Figure 13, 84th percentile - Figure 12) for PGA and at T=1.0 s 
(mean - Figure 14). It can be seen that the low seismicity locations are much higher through 
the ESHM13 model than for Grünthal et al. (2018). 
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Figure 12: PGA at 2475 year return period (84th percentile fractile) as a comparison of ESHM13 as a ratio 

of Grünthal et al. (2018) 

 
Figure 13: PGA at 2475 year return period (mean fractile) as a comparison of ESHM13 as a ratio of 

Grünthal et al. (2018) 

The comparison between PGA and T=1.0 sec shows that ESHM13 has higher ratios compared 
to Grünthal et al. (2018) and that T=1.0sec has a greater overestimation than at PGA. Given 
that both models are very different, they show somewhat comparable results for the southern 
2/3 of Germany. 
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Figure 14: Sa (T=1.0 sec) at 2475 year return period (mean fractile) as a comparison of ESHM13 as a ratio 

of Grünthal et al. (2018) 

 
Within this comparison, 4 key issues will be presented with the models rather than a pure 
evaluation of the models themselves. 
3.2.2.1 Earthquake catalogues, magnitude conversions and their effect on PSHA 

results 
Earthquake lists such as EKDAG, Grünthal, KIT, Sieberg, BGR (Leydecker), ECOS have been 
reviewed in order to check the completeness and spread of the historical earthquakes and 
have significant differences depending on the catalog in Table 3. An earthquake catalog 
contains events from Germany, as well as outside of Germany in zones with the potential to 
inflict damage on German properties at high magnitudes. All mining induced events are 
removed from the catalogue given that these do not follow Gutenberg-Richter (G-R) generally.  
The main earthquake events in Germany are preferred via EKDAG which has the most 
transparent method for determination of magnitude and intensity from major historic events in 
the German territory, however other seismologists. This is constantly updated with it based on 
the original Ahorner catalog and then on the work by Schwarz, Beinersdorf (2011) and others.  
For the Swiss events, ECOS is preferred in most cases except for events such as Basel 1356, 
where in-depth studies have been undertaken. 

Table 3: Selected catalogues used and checked for the historic catalogue 

Catalogue Name Study Year 
EKDAG Ahorner catalogue for Germany (1996, 2006) 2010,2013 

Leydecker et al. From 800AD onwards - BGR 2011 
ECOS Switzerland Catalogue (SED) 2009,2013 
ZAMG Austrian Catalogue (ZAMG) 2010,2013 

SisFrance French Catalogue (SisFrance) 2013 
CENEC/EMEC European catalogue using Mw from 1000AD 2008,2012 

NGDC Combined German Catalogues up to 1995 1995 
Alexandre Older earthquakes in Europe 1990 
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Grünthal et al. Maps of epicentres of the German Democratic 
Republic 

1981 

Sponheuer Built primarily from Lersch 1952 
Sieberg Built primarily from Lersch for EQs from 58-1799AD 1940 
Lersch Compilation of 7000 pages from 1000BC to 1897 1897 

 
Older earthquakes have intensities as there were no ground motion recordings to measure the 
magnitude directly (using S wave amplitudes for Ml, or energy for Mw). The intensities at 
various locations are then converted via regression techniques and what we have seen today 
in earthquakes to produce a magnitude. An example of this is the BOXER technique of 
Gasperini et al. (2001). As an example of Ml-Mw adjustments for low magnitude stable tectonic 
locations, such relationships are often one of the largest uncertainties. When examining the 
difference between the past records in Australia, the difference between the 5 year cycles of 
the NSHA (national seismic hazard map), large differences of up to 70,000 years RP were 
seen for the 2475 year RP ground motions at singular locations compared to previously from 
the model before as seen in Table 4. 

Table 4: Seismic design factors equivalent to PGA for various locations within Australia showing the 
difference between codes (AS1170.4), NSHM12 and NSHA18 (Allen et al., 2018, 2019) 

 
Similar orders of results have been derived in Europe through sensitivity analysis of experts, 
however not for the same median estimates. The NUREG-2117 report published the following 
range of annual exceedance from 5 of the experts involved in the PEGASOS project in 
Figure 15.  
This shows the importance of the underlying data quality and improved methods as new 
research becomes available. One such update for Ml-Mw relations is Bindi et al. (2019) who 
looked at attenuation coefficients and station corrections for harmonized local magnitude 
scales in Europe. 
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Figure 15: Examples of sensitivity analysis from 5 GM experts during the PEGASOS Project process 
(NUREG-2117, Rev. 1) 

 
Another example of the analysis of important historic earthquakes, is one that defines the 
characterisation in a very important seismotectonic zone near Stuttgart in the 1655 Tübingen-
Stuttgart earthquake and could be seen as being representative of past events in other 
locations within Germany and abroad with very few events. 

Table 5: The various catalogue values for the 1655 Tübingen earthquake 

 
 
It can be seen in Table 5 that there is a range from Mw4.2 to 5.8 for the same historic 
earthquake, which makes it difficult to assign a return period and G-R relation. In order to 
characterise the G-R relation for each source zone for the stochastic analysis, a completeness 
estimate is required for the historic catalog as it is assumed that the historical record is 
incomplete for certain magnitude earthquakes. Therefore, the historical record is only 
considered complete for a certain amount of years when calculating this rate. This is taken into 
account by adding limits for the completeness. For example in the Rhine Graben, there were 
historic cities like Speyer and Strasbourg so we can be very confident that we have every 
M5.5+ earthquake in this area since the year 1250AD recorded. On the other hand, we cannot 
be sure that we have every M4 earthquake recorded as they may have been in smaller towns 
and not been recorded in the major historic centers. 

An example is shown from Grünthal and Bosse (1997) of the completeness periods for 
magnitude (Table 6) and intensity (Table 7).  
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Table 6: Magnitude completeness for large zones via Grünthal and Bosse (1997) 

 
Table 7: Intensity completeness for large zones via Grünthal and Bosse (1997) 

 
 
3.2.2.2 Declustered Catalogues 
The declustering of the catalogue for the purposes of the Gutenberg-Richter relationship can 
be done through the relationship of Reasenberg (1985). This removes events based on spatio-
temporal limits in order to recreate a catalogue only consisting of mainshocks. Declustering of 
an earthquake catalogue allows for individual events to be characterised that fall in the 
aftershock window with a certain time, space and magnitude. This is the difference between 
dependent vs. independent seismicity. This is important to produce the Gutenberg-Richter 
relation to get the best possible estimate of mainshock rate. The declustering algorithm of 
Reasenberg (1985) was examined in the PEGASOS (Swiss Nuclear Project) for German and 
Swiss declustering. The seismic moment release however reduced is less than 2% - given that 
many small events have been removed including many of the swarm earthquakes in Vogtland 
in 1903 and 1908 as well as some later swarm earthquakes - Figure 16. However, for the 
context of aftershock sequences, these swarms are also important in determining the potential 
temporal length of certain magnitude events. Of course, declustering vs. non-declustering is 
important in terms of aftershock sequences which is explained further as part of the aftershock 
methodology proposed in Section 3.5. 

 
Figure 16: Reasenberg (1985) applied to earthquakes in Germany from 1800-2015 
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3.2.2.3 Seismotectonic Zoning 
Many different zonations have been proposed over the years based on seismotectonic zoning 
in Europe. The zonations are as determined via the SESAME project below in Figure 17, 
however GSHAP, ESHM and other projects use different zonations. The ESHM13 (after 
SESAME) is generally used due to the wide usage globally and that it suited our historical 
earthquake catalogue when visually inspecting the earthquake rates in each zone. It should 
be noted that the seismotectonic zone should not be so large that a high magnitude earthquake 
could occur where not seen historically or not geologically possible. Given a historic catalogue, 
the rate of earthquakes (b-value) and the number of events (a-value) can be looked at by sight, 
and via MLEs. Experts over the years have proposed many different options and these were 
examined in order to define the final earthquake zonation. 

 
Figure 17: Left: Source zones from various sources (GFZ, Ahorner and D-A-CH) (Grünthal and Wahlstrom, 

2001), as well as Right: EU (Jiménez et al. (2001) and the Grünthal et al. (2010) zonations. 

The zoning determines the spatial extent in which the same seismicity relations will be used 
(as well as hazard parameter determination such as Mmax). Boundaries for the source zones 
are made as polygons often, as there are no known fault sources with enough earthquakes to 
justify the inclusion of a singular fault source in the seismotectonic zone. 
Other models have been proposed and these are also looked at like in PEGASOS or in the 
other models. The EU Standard zones are the best to characterise given their ability to 
characterise historic events through the Rhine Graben, Albstadt and seem to fit well the 
expected locations of the same seismicity. 
3.2.2.4 Mmax (maximum magnitude calculation) and different models in a region 
For each seismotectonic zone, a maximum magnitude is generally required, as there is a 
physical limit to the magnitude based on the faults. For maximum magnitudes that can occur 
in each zone often the maximum magnitude historically + 0.5 was used, or certain intensity 
shifts pertaining to a maximum intensity leading back to a certain maximum plausible event 
depending on the site.  
Due to a lack of knowledge about return periods, palaeoseismic records and the unknown 
nature of the G-R or characteristic relationship, any assumption is extremely uncertain and 
many models exist (Figure 18).  
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Figure 18: Mmax assumptions from existing models: Top Left: PEGASOS zonations, Top Middle: ESHM20 
Preliminary Results (Basili et al., 2020), Bottom Left: Expert Opinion of PEGASOS (Burkhard et al., 2009; 

Musson et al., 2009; , Right: Grünthal et al. (2010) model 

The minimum Mmax in any location was deemed to be Mw5.4-Mw5.7 from the studies. The 
maximum Mmax in any location was calculated as Mw7.5. The large zone Mmax has generally 
been Mw6.6 given the Basel 1356 event being around this magnitude (although likely was 
Mw6.2 – Lambert et al., 2005). For ESHM20, it appears that the maximum magnitude is 
between 6.0 and 6.9 for most of the Upper Rhine Graben, with one scarp with a Mw6.9-7.2 
and around 0.1-0.5 mm/yr slip. This would be equivalent to 1 m slip every 1000 years (although 
no event has been presumably recorded in the last 2,000 years through the historic record) 
and the original work of Chartier et al., 2017 gives a value of 0.07-0.18 and undefined for 2 out 
of 3 sections making up this part of the fault, with only a slip rate for PSHA of 0.05-0.15 mm/yr. 
This shows the inherent uncertainty with such Quaternary and Miocene fault segment 
estimations. Of course, issues like this have been discussed as part of the PSA process and 
are the attempts made under Level 3 and Level 4 processes to make the best decision. 
It has been stated that the uncertainty on the slip rate of the Rhine River fault gives a 40% 
variability at 10,000 years (see Figure 19).  
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Figure 19: A 10,000 year RP UHS, based on two slip rates and the Rhine River fault model (using a 
seismogenic depth of 15 km, steepest dip and G-R frequency-magnitude distribution of faults), where 

PSA (g) is Pseudospectral Acceleration (Chartier et al., 2017) 

Beyond Mmax, the depth at which earthquakes can occur influences the epicentral intensity 
and ground shaking as well as the spatial extent of the GM field. All historical earthquake 
catalogues (EKDAG, Leydecker, SisFrance, ECOS etc.) were reviewed as well as the detailed 
geological work done by Burkhard et al. (2009) as part of the PEGASOS project in order to get 
the deepest and shallowest earthquakes in each seismotectonic zone. The maximum depth is 
always greater than 20 km, the minimum depth is 3 km. Grünthal et al. (2010) uses 12 km for 
all locations. 
Earthquake depths are preferred in the order of the catalogues with EKDAG and GERCAT 
(Leydecker et al., 2011) being the preferred depth sources, brought in through a logic tree but 
within all of these catalogues there are massive uncertainties as characterised in the 
PEGASOS. It is unknown what ESHM20 will use, however for the study location in Germany, 
the likely uncertainty is 10 to 15% when examining Chartier et al. (2017). 
When examining the other active faults further north and within France than those studied by 
Chartier et al. (2017), Jomard et al. (2017) produce a robustness index to aid their use within 
a PSA process showing a very little amount of faults are robust in terms of evidence.  
Moving to around Biblis, the fault catalogue gives many parameters including this robustness 
index of 5.5 for the east flank, and 11 for the west flank, given a better age and historical index 
data. Both are under 15 which is defined as the cutoff for being classified as a robust result.  
The parameters can be read in the supplement to the paper of Jomard et al. (2017), however 
the Robustness index, modified from Baize et al. (2013) shall be mentioned as this gives a key 
method for assessing the quality of fault scarp for inclusion in PSHA.  

IR = (TI + 0.1) • (TI + IAN + GI + 3HIST + 4INST + 2IGDR) 
Where in Table 8, 

Table 8: Robustness Index parameters via Jomard et al. (2017) 

Parameter Abb. Description 

Age index IAN 

It values the age of the last deformation associated with 
faulting: 3, 2, 1, and 0 are the standards permitted. They 
correspond to Quaternary, Pliocene, Miocene, and 
Undetermined age reported  

Trace Index TI 

It values the degree of knowledge of the fault trace through 2 
values: if any description and features exist, the trace is 
associated to 0. Trace observed, mapped or indirectly 
established (geophysical) returns the value of 1, instead. Cf. 
TRA field 

GDR index IGDR 

It questions if a geodetical measurement is (positively) related 
to a fault segment. Two standards are permitted: 1 and 0 if 
relationship is founded or not, respectively (cf. GDR field) 

Historical seismicity HIST 

It questions if historical seismicity could be associated with 
segment fault trace. Two values are permitted: 1 indicates 
epicenter(s) and segment are proximal (located less than 
5 km); 0, any link appears as eligible, instead 

Instrumental seismicity INST  

It questions if instrumental seismicity could be associated with 
segment fault trace. Two values are permitted: 1 indicates 
epicenter(s) and segment are proximal (located less than 
5 km); 0, any link appears as eligible, instead 

Geomorphological 
Index GI 

Relate geomorphological features and landscape over different 
scales (fault scarp, hydrological pattern, etc.). Two values are 
permitted: 1 and 0 indicates that correspondence between 
geomorphological signature and neotectonic is eligible or not, 
respectively  
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Robustness index IR 

It attempts to standardize fault’s activity following an empirical 
expression modified from Baize et al. (2013): IR = (TI + 0.1) • 
(TI + IAN + GI + 3HIST + 4INST + 2IGDR)  

 
Figure 20: The closest fault scarps to Biblis NPP, Germany (yellow circle) including the two closest fault 

parameters including Robustness Index and other fault parameters 

The question from this case study is to what level of analysis and with what uncertainty 
constraints that palaeoseismics, fault parameters and Mmax can be brought into a NPP site 
analysis as seen in Figure 20. 
The complexity of a Level IV PSA posed during the ASAMPSA_E and PEGASOS process 
presented the large differences in opinions from experts. The German case however shows 
the need for detailed evidence in low seismicity regions and it would be expected that it would 
have to come into account through a logic tree as part of the PSHA process and that often a 
logical conclusion cannot be found as part of the expert elicitation process if there are too many 
underlying differences in the models (i.e Upper Rhine Graben data with the robustness index 
above). This will need to be further examined in future projects or nuclear studies. 
  



NARSIS Project (Grant Agreement No. 755439) Del 1.5 

 

- 33 - 

 

3.3 Seismic source modelling for earthquakes from offshore, nearfield 
sources 

A scoping analysis for tsunami around Europe in D1.2, determined that there are no sites 
where significant impacts will occur. This was undertaken using two models – 1) the model of 
Schäfer (2018), and 2) the model using the TSUMAPS NEAM project. Such scenarios can be 
created and probabilistic modelling was also done but no further discussion will be made in 
this deliverable. The ESHM20 provided more information about the subduction interfaces such 
as the Gibraltar Arc (Figure 21), however the full model will only be available in late 2020 or 
early 2021. 

 
Figure 21: Subduction interfaces as a part of the modelling in ESHM20 (Basili et al., 2020) 

A short description of the NEAM Tsunami Hazard Model 2018 (NEAMTHM18) will now be 
made from Basili et al. (2018) given that is a probabilistic hazard model for tsunamis generated 
by earthquakes. It covers the coastlines of the North-East Atlantic, the Mediterranean, and 
connected Seas (NEAM). The hazard results are provided by hazard curves calculated at 
2,343 Points of Interest (POI), distributed in the North-East Atlantic (1,076 POIs), the 
Mediterranean Sea (1,130 POIs), and the Black Sea (137 POIs) at an average spacing of 
~20 km. For each POI, hazard curves are given for the mean, 2nd, 16th, 50th, 84th, and 98th 
percentiles.  
Maps derived from hazard curves are Probability maps for Maximum Inundation Heights (MIH) 
of 1, 2, 5, 10, 20 meters; Hazard maps for Average Return Periods (ARP) of 500, 1,000, 2,500, 
5,000, 10,000 years. These have been then extrapolated to onshore locations to check the 
hazard compared to the plant height. The TSUMAPS NEAM project modelled inundation 
height around Europe from 2016-2018 allowing for inundation heights (peak coastal 
amplitudes) – see Figure 22. 

 

Figure 22: The TSUMAPS-NEAM hazard curve for the offshore point leading to Hinkley Point A NPP etc. 
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3.4 Fault displacement 

There are a number of relationships for calculating the length of a fault break given the 
magnitude for finite faults. The relationships that were looked at were those of Wells and 
Coppersmith (1994) as well as Leonard et al. (2010). The estimates of the PEGASOS Expert 
Opinion groups were also examined as seen in Figure 23. The lengths differ significantly given 
the different type of fault regime. 

 
Figure 23: Relationships used by the 4 expert opinion groups within PEGASOS for Magnitude vs. Rupture 
Length. 

However, for identifying fault displacement, this is generally taken into account using PFDHA 
(Probabilistic Fault Displacement Hazard Analysis) and IAEA (2010) provides a framework for 
such analyses where faults are identified anywhere near the site.  
This uses calculation methods associated with IAEA (2015), Takao et al. (2013) and Petersen 
et al. (2015) which use approaches looking at the primary displacement of the fault (surface 
rupture) and secondary fault displacement over a wider zone. 
The work of Takao et al. (2013) uses 34 historical Japanese earthquakes to create the 
relationships, taking into account the following calculation: 
 

𝑣𝑣(𝑑𝑑)𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑃𝑃0 ∗ 𝑃𝑃1𝑝𝑝 ∗ 𝑃𝑃2𝑝𝑝 ∗ 𝑃𝑃3𝑝𝑝 

For the master fault, 𝑣𝑣(𝑑𝑑)𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = annual frequency of master fault displacement exceeding a 
displacement, d;  
P0: activity rate of the earthquake source fault (per year);  
P1p: probability that the fault displacement due to the master fault occurs at the ground surface 
when the earthquake source fault becomes active; 
P2p: probability that the fault displacement occurs at the analysis point when fault 
displacement due to the master fault occurs at the ground surface; 
P3p: probability that the fault displacement exceeds a certain value “d” when fault 
displacement due to the master fault occurs at the analysis point. 
 

𝑣𝑣(𝑑𝑑)𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠 = 𝑃𝑃0 ∗ 𝑃𝑃1𝑝𝑝 ∗ 𝑃𝑃2𝑝𝑝𝑝𝑝 ∗ 𝑃𝑃3𝑝𝑝𝑝𝑝 

For secondary faults adjoining the main fault or scarps, 𝑣𝑣(𝑑𝑑)𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑠𝑠 = annual frequency of 
secondary fault displacement exceeding d;  
P0: activity rate of the earthquake source fault (per year); 
P1p: probability that the fault displacement due to the master fault occurs at the ground surface 
when the earthquake source fault becomes active; 
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P2ps: probability that the fault displacement due to the secondary fault occurs at the ground 
surface at the analysis point when the earthquake source fault becomes active; 
P3ps: probability that the fault displacement exceeds a certain value “d” when fault 
displacement due to the secondary fault occurs at the analysis point. 
 
There are a number of new databases beyond the work of Takao et al. (2015) which has been 
quoted in the NPP work associated with ASAMPSA_E.  
The SURE database of Baize et al. (2020) investigates 45 earthquakes from Mw5 to 7.9 with 
over 56,000 fault rupture segments associated with the work. 20 earthquake cases are from 
Japan, 15 from United States, 2 from Mexico, Italy, and New Zealand, 1 from Kyrgyzstan, 
Ecuador, Turkey, and Argentina. Twenty‐four earthquakes are strike‐slip faulting events, 11 
are normal or normal oblique, and 10 are reverse faulting. There are more than 15,000 
coseismic surface deformation observations (including slip measurements).  
Another important aspect for predicting the behaviour of future earthquakes is the analysis of 
the faults causing the earthquakes in the investigated region.  
The database of Billion (2007) contains information on 300 surface ruptures, including 
earthquake magnitude, maximum displacement Dmax, surface rupture length L and rupture 
width W. Most of the earthquakes in this database have magnitudes of more than Mw6.0. as 
seen in Figure 24. 
To get an impression of the relation between magnitude and fracture behavior, Figure 25 
shows the maximum displacement Dmax and the surface rupture length L depending on the 
magnitudes. According to Billion (2007) the connection between the surface rupture length L 
and the maximum displacement Dmax can be described with the following equation: 

log10Dmax = −1.38 + 1.02log10L. 
 
To make this connection visible, the logarithm of Dmax is plotted over the logarithm of L. 
Furthermore, the relationship between the surface fracture length and the fracture aspect ratio 
is shown. 
 

  

Figure 24: Left: Relation maximum displacement Dmax and magnitude; Right: Relation maximum surface 
rupture displacement L in km and magnitude based on Billion (2007) 
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Figure 25: Left: Relation maximum displacement dmax and rupture length, L; Right: Relation surface 
rupture length L and rupture Aspect ratio, based on Billion (2007) 

An example for additional magnitude-length relationships for different seismotectonic zones 
are as follows in Figure 26 for the median length ruptured. 

 
Figure 26: Relationships between magnitude-rupture length relationships for various magnitudes in the 
tectonic regimes indicated from Wells and Coppersmith (1994), PEGASOS (2014) and Leonard et al. (2010). 

It can be seen that the variation on such fault rupture models is large, and thus needs to be 
incorporated into any fault assessment. For duration purposes, the rupture itself is generally 
only part of the mainshock, thus the direct effects are likely only in the order of seconds to 
minutes, however, depending on the location of the rupture, effects such as river blockages, 
direct damage to the facility and/or interruption of transport and power networks may also be 
present and affect the operations post-event.  
Currently the ESHM13 in Figure 27 work of Basilic et al. (2013) on the European Database of 
Seismogenic Faults (EDSF) compiled in the framework of the Project SHARE, provided an 
insight into active crustal faults in NW Europe which have been characterised as part of the 
hazard model. 
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Figure 27: The ESHM13/SHARE seismotectonic fault model used. 

Although the ESHM20 is unavailable at the time of writing, meaning that a new comparison on 
the European scale is unavailable, the active crustal faults have been released, and show 
some significant differences, such as the extension of the Upper Rhine Graben sources, 
French sources and some additional sources in Northern Italy, both of which would affect the 
Biblis and Trino Vercellese site, respectively. The BDFA database of Jomard et al. (2017) is 
present for France and adjoining Upper Rhine Graben, the work of LRGM from Vanneste et 
al. (2013) for the Lower Rhine Graben is present in ESHM20 (Figure 28). 
The annual earthquake rates are based on the moment-balanced paradigm according to the 
EGU2020 presentation of Basili et al. (2020). 

 
Figure 28: The ESHM20 seismotectonic fault model used. 

The ESHM20 model faults once fully released will give new insights into potential fault 
displacement analysis, which can be done in Germany as well as other locations in Europe. 
However, it must be noted that these faults may only be applicable for long return period siting, 
and more evidence will be required to judge the validity of these faults for use in PSHA. 
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3.5 Aftershocks 

3.5.1 Background 
For a long time, earthquakes have been modelled under the assumption of being independent 
from each other, which results in a Poissonian distribution of events. This is the standard 
assumption in earthquake hazard assessment (Abrahamson (2006); Cornell (1968)) and time-
independent earthquake forecasting (e.g. Kagan and Jackson (2007) or Nanjo et al. (2010)). 
However, earthquakes cluster in space and time and simple statistical models are not 
sufficient, especially if the complexity associated with rupture processes is considered. Thus, 
large parts of seismic catalogues can be modelled as a Poisson process (e.g. Anagno and 
Kiremidjian 1988)) but a significant amount of seismicity shows spatial and temporal clustering. 
Earthquakes occur correlated in space and time with special characteristics in both 
dimensions.  
Earthquake clusters concentrate along tectonic expressions like fault lines (e.g. Utsu (2002)) 
or follow a temporal decay pattern after strong events, quantified by Omori (1894) and Utsu 
(1961) and significant relations of maximum magnitudes are in place (Bath (1965)). Mogi 
(1963) identified earthquake clusters temporally as the successive occurrence of elastic 
shocks and thus derived 3 different classes; Type 1, which consists of an initial mainshock 
followed by a number of aftershocks. Type 2, which is similar to type 1, but the mainshock is 
preceded by one or more foreshocks and type 3, where no significant mainshock can be 
identified and the temporal occurrence is characterised by a more-or-less smooth rise and fall 
of seismic activity.  
However, the quantification of such sequences and inter-event dependencies, is often 
problematic (Molchan and Dmitrieva (1991)). In seismic hazard assessments the Poissonian 
characteristics of seismicity is enforced by declustering, which does the opposite of identifying 
clusters for analysis, it identifies them to remove dependent seismicity, based on window 
methods (Gardner and Knopoff (1974); van Stiphout et al (2012)) and cascading clusters 
(Reasenberg (1985)). Also, stochastic epidemic methods (Zhuang et al (2002)) are in use to 
remove the aftershock bias in return period estimates. Similarly, it is possible, instead of 
removing the dependent events, to directly classify them and to link them based on a 
spatiotemporal neighbourhood to individual groups of earthquakes, called clusters. Boyd 
(2012) has shown that clustered seismicity, including foreshocks and aftershocks in time-
independent seismic hazard assessments will increase the hazard especially in seismically 
active regions and should not be neglected. 
 
The following sections describe the application of the Smart Cluster Method (Schaefer & 
Wenzel, 2017) to identify historic earthquake sequences and to quantify the potential ground 
shaking rate and exceedance for different time intervals after relevant mainshock events. 
These statistics can be used to describe scenario event sequences and the succeeding ground 
motion time history. This approach helps to identify potential effects on downtimes and damage 
cascades. 

3.5.2 Methodology 
The Smart Cluster Method (SCM) consists of various components to steer the search for 
spatio-temporal groups of earthquakes, so-called clusters. Here, of special interest are 
mainshock-aftershock sequences. The core feature of this methodology is an adaptive search 
algorithm in space and time which is loosely based on the OPTICS search algorithm of Ankerst 
et al. (1999) which was originally derived from the DBSCAN methodology (Ester et al. 1996). 
The whole methodology can be lined out by the following structure: 

1. Isotropic search 
2. Anisotropic search 
3. Sequence splitting 
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First, an isotropic search takes place. This initial step assesses the space-time neighborhood 
of each event in a given earthquake catalogue. If a minimum number of earthquakes can be 
found in a magnitude-dependent radius in space and time around an event, a cluster is 
identified. Afterwards, each event initially associated to this cluster continues to search is 
space-time neighborhood as well within a magnitude-dependent radius. This process keeps 
cascading from event to event until the number newly identified earthquakes drops below a 
minimum threshold. This threshold Nmin_i can be defined by the following equation. 

 
With Mi being the magnitude of the current event and Mc the magnitude of completeness of 
the whole catalogue. The magnitude dependency of the search radii in space and time are 
defined by the following equations. 

 
Here, εs describes the spatial search distance in km around the earthquake and εt is the 
temporal search distance forward in time in days.  

In a second step, the spatial anisotropy is reviewed. The spatial distribution along longitude 
and latitude is quantified by search for a dominant angle along which the clustered earthquakes 
occurred. This can be linked to earthquakes occurring along a distinct tectonic fault. If such a 
dominant angle can be found and the distribution along the fault is much more dominant than 
perpendicular to it, the search gets repeated. However, this second search takes the 
anisotropy into account. Instead of search uniformly in any direction, which reflects a search 
circle, the algorithm adjusts the search in an elliptic way along the major axis of the assumed 
fault structure. This step allows to better reflect the actual spatial distribution of fault ruptures 
and its aftershocks as seen in Figure 29.  

 
Figure 29: Difference in cluster identification between anisotropic and isotropic search for the 2010 Baja 

California earthquake, from Schaefer & Wenzel (2017) 
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The third step takes place within each identified earthquake sequence. In many cases, like the 
Landers sequence of 1992 in California or the Christchurch sequence in New Zealand of 
2010/2011, various large earthquakes occurred close in space and time together triggering 
their own distinct aftershock sequences. Initially, the algorithm would group such events into 
one large cluster. To keep those sequences apart for better quantifying the direct aftershock 
activity of each mainshock individually, the algorithm can split such conglomerate sequences. 
This split utilizes peaks in temporal and spatial clustering to keep these events apart. Details 
on this process can be found in Schaefer and Wenzel (2017) and in Figure 30. 

 
Figure 30: Evolution of cluster identification for the 1992 – 1995 Landers sequence in California. Top row 

describes the 5-day earthquake count within the Mw=7.3 Landers earthquake sequence. (a) shows the 
initial result of the cluster identification, while (b) and (c) show the effect of cluster splitting in space and 

time, from Schaefer & Wenzel (2017) 

 

3.5.3 Application 
The SCM is used to identify historic earthquake clusters in various regions around the world 
to provide the necessary statistics to identify average expected ground motion exceedance 
curves of aftershocks from relevant earthquakes and their expected probability of reoccurrence 
in certain time windows after the mainshock. 

The calculation of aftershock statistics shall help to estimate the maximum expected ground 
motion from aftershocks after great earthquakes and the number of reoccurrences of certain 
exceedance ground motions within certain time intervals. So far, such estimates were only 
possible using stochastic modelling based on Omori-Utsu statistics. However, those also need 
a lot of input data and are highly variable on the given seismic sequence. But, the following 
paragraphs follow a different approach. Instead of estimating the aftershock sequence based 
on the mainshock magnitude and subsequently estimating the individual ground motions. The 
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following statistics are based completely on the peak ground acceleration of the mainshock at 
the site of interest. Thus, it is independent of the mainshock event. This approach can ignore 
the source mechanism or distance to the mainshock. A purely ground motion-based 
methodology is much more robust and can rely on a wider data foundation. 

For a sufficiently robust data foundation, earthquake catalogues from various parts of the world 
have been used. Each catalogue was treated equally. Using catalogues from Greece, Italy, 
Spain, the United States, China and Chile with earthquakes roughly since 1980 and a minimum 
magnitude of 3.5 allowed to assess a wide variety of sequences. Applying this methodology to 
only one country with one catalogue would be insufficient and especially statistics for large 
mainshock ground motions would become uncertain due to the small number of large events 
within a single country compared to a more global dataset. The following catalogues have 
been used: ANSS (NCDEC, 2014) for the continental US, CNSN (CNSN, 2016) for Chile, CSN 
(CSN2016) for China, NOA (Makropolous et al., 2012) for Greece, INGV (INGV, 2020) for Italy, 
GNS (GNS, 2020) for New Zealand, SACAT (Nath et al. 2017) for South Asia and IGN (IGN, 
2020) for Spain. While most datasets have been used to cover the time period from 1980 to 
2017, the remaining years for 2018 to 2020 were completed by the EMSC catalogue (EMSC, 
2020).  

Only earthquake sequences with a minimum maximum magnitude of 5.0 were considered 
which produced at least 10 aftershocks with magnitude larger than 3.5. Only earthquakes 
shallower than 100 km were used. From all those catalogues, only 172 sequences were 
identified. To simulate a representative set of ground motions, the ground motion predictions 
equations for active shallow crust of the SHARE model (Giardini et al. 2014) were used. Those 
combine the equations of Akkar and Bommer (2010) with 0.35 weight, Cauzzi and Faccioli 
(2008) with 0.35 weight, Zhao et al. (2006) with 0.1 weight and Chiou and Youngs (2008) with 
0.2 weight. Since the whole approach is location-independent, a uniform set of distances from 
the earthquake sequence centroid was used. Those distance covered a range of 2 to 150 km. 
All motions are assumed to occur on a rock site. In total, 25800 mainshock – aftershock ground 
motion histories were used to resolve the following statistics.  

3.5.4 Results 
Here, mainshock ground motions of up to 0.5 g have been assessed for 8 different time 
windows from 1 day to 1 week and up to 120 days which correspond to about 4 months. For 
each condition, a normal probability was resolved to assess the maximum expected aftershock 
ground motion with respect to time window and mainshock ground motion. The resulting 
probability parameters can be found in Table 9 below.  
The conditional probabilities for the expected number of ground motion exceedance and 
aftershock exceedance ground motions were developed using a normal cumulative distribution 
function defined by a distribution mean and variance. 

 
While the aftershock exceedance ground motion only uses one distribution function per 
condition, the exceedance reoccurrence uses several conditional distribution functions like 
fragility curves (Tarbotton et al., 2015) used to assess different damage states of structures 
seen in Figure 31.  
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Table 9: Normal probability parameters for the maximum expected aftershock ground motion with respect 
to time window and mainshock ground motion. 

Time 
Window 

 0 - 
0.05g 

0.05 - 
0.1g 

0.1 - 
0.15g 

0.15 - 
0.2g 

0.2 - 
0.25g 

0.25 - 
0.3g 

0.3 - 
0.35g 

0.35 - 
0.4g 

0.4 - 
0.45g 

0.45 - 
0.5g 

1 day µ 0.0064 0.0250 0.0488 0.0743 0.0978 0.1167 0.1544 0.1718 0.1521 0.1666 

σ 0.0051 0.0159 0.0292 0.0395 0.0480 0.0522 0.0656 0.0700 0.0463 0.0546 

2 days µ 0.0069 0.0269 0.0523 0.0806 0.1044 0.1236 0.1616 0.1803 0.1657 0.1666 

σ 0.0054 0.0163 0.0298 0.0416 0.0517 0.0557 0.0661 0.0719 0.0647 0.0546 

5 days µ 0.0074 0.0286 0.0552 0.0837 0.1104 0.1308 0.1734 0.1857 0.1728 0.1708 

σ 0.0056 0.0175 0.0311 0.0419 0.0524 0.0573 0.0672 0.0690 0.0574 0.0509 

7 days µ 0.0076 0.0296 0.0577 0.0874 0.1158 0.1368 0.1741 0.1875 0.1837 0.1713 

σ 0.0057 0.0180 0.0323 0.0437 0.0535 0.0601 0.0665 0.0665 0.0509 0.0506 

14 days µ 0.0081 0.0311 0.0605 0.0912 0.1186 0.1457 0.1803 0.1943 0.1837 0.1719 

σ 0.0059 0.0177 0.0318 0.0435 0.0539 0.0625 0.0689 0.0697 0.0509 0.0514 

30 days µ 0.0084 0.0322 0.0620 0.0937 0.1206 0.1496 0.1808 0.1959 0.1847 0.1733 

σ 0.0061 0.0182 0.0318 0.0443 0.0539 0.0654 0.0683 0.0683 0.0508 0.0539 

60 days µ 0.0087 0.0331 0.0632 0.0952 0.1211 0.1498 0.1808 0.1959 0.1847 0.1733 

σ 0.0063 0.0189 0.0330 0.0454 0.0537 0.0655 0.0683 0.0683 0.0508 0.0539 

120 days µ 0.0089 0.0340 0.0648 0.0965 0.1221 0.1513 0.1823 0.2021 0.1879 0.1808 

σ 0.0064 0.0189 0.0329 0.0444 0.0532 0.0648 0.0687 0.0714 0.0532 0.0555 

 
Figure 31: Conditional probabilities for the expected maximum aftershock ground motion with respect to 
difference mainshock ground motions at the same site and different time windows after the mainshock. 

In addition to the maximum aftershock ground motion probabilities, the aftershock ground 
motion exceedance rate was also quantified using normal probabilities. Here, data was only 
sufficient to mainshock events of up to 0.4 g. Reoccurrence probabilities for different 
aftershock exceedance ground motions have been computed and can be found in Table 10. 
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Table 10: Normal probability parameters for the expected recurrence rate for aftershock ground motions 
with respect to time window and mainshock ground motion. 

Aftershock 
PGA 

Time 
Window 

 Mainshock PGA 

Paramete
r 

0.05 - 0.1 
g 

0.1 - 
0.15 g 

0.15 - 
0.2 g 

0.2 - 
0.25 g 

0.25 - 
0.3 g 

0.3 - 
0.35 g 

0.35 - 
0.4 g 

≥ 0.075 g 1 day μ -0.30095 -0.15591 0.32579 1.00284 1.90327 2.92279 4.21256 
σ 0.87212 1.16414 1.87070 2.02712 2.24875 2.59619 3.45295 

2 days μ -0.30120 -0.12924 0.53135 1.25299 2.21910 3.61472 6.02074 
σ 0.87685 1.24060 2.05348 2.21408 2.43175 3.10562 5.96108 

5 days μ -0.29914 -0.09178 0.64514 1.51230 2.53668 5.35876 7.68792 
σ 0.87869 1.32985 2.19745 2.44541 2.53241 5.26004 7.52113 

7 days μ -0.29782 -0.05270 0.75296 1.66152 2.65387 6.03944 8.85531 
σ 0.88332 1.34098 2.15925 2.42909 2.51944 6.08693 8.62570 

14 days μ -0.29741 -0.01668 0.89369 1.89951 3.02730 7.08762 10.1201 
σ 0.88897 1.40265 2.27017 2.52328 2.77363 7.11717 9.24094 

30 days μ -0.29764 0.01472 1.04856 2.09202 3.41321 7.42868 10.6148 
σ 0.89602 1.44524 2.40748 2.67142 3.33437 7.46710 9.41009 

60 days μ -0.29642 0.04911 1.11393 2.14115 3.51456 7.47857 10.9163 
σ 0.90592 1.54840 2.51332 2.71569 3.50774 7.60385 9.65154 

120 
days 

μ -0.29549 0.08709 1.19341 2.28388 3.69705 7.69308 10.9149 
σ 0.90977 1.61483 2.65091 2.73956 3.66781 7.75145 9.47852 

≥ 0.10 g 1 day μ  -0.25793 -0.10999 0.24836 0.76408 1.59135 2.15583 
σ  0.95235 1.36222 1.60633 1.83627 1.99243 2.38209 

2 days μ  -0.25207 -0.02890 0.38983 0.93842 2.00813 2.57370 
σ  0.97467 1.42115 1.75156 1.94624 2.34803 2.50121 

5 days μ  -0.24373 0.02290 0.52033 1.16124 2.52719 3.19306 
σ  0.99333 1.54143 1.85796 2.04567 2.60574 2.78595 

7 days μ  -0.23351 0.08291 0.64244 1.30643 2.69832 3.38990 
σ  1.00832 1.53076 1.85917 2.02172 2.78404 2.94251 

14 days μ  -0.22190 0.14661 0.75070 1.54857 2.95966 3.65971 
σ  1.03635 1.59184 1.98961 2.13097 3.11879 3.23438 

30 days μ  -0.21791 0.20814 0.85262 1.79977 3.10477 4.89375 
σ  1.06128 1.63283 2.00714 2.29871 3.27229 5.17594 

60 days μ  -0.20864 0.24514 0.87586 1.81405 3.09447 5.42915 
σ  1.11233 1.66816 2.02472 2.32434 3.27185 5.99751 

120 
days 

μ  -0.20124 0.31182 0.94255 1.89713 3.20600 5.74558 
σ  1.12357 1.76557 2.03214 2.32385 3.38925 6.23079 

≥ 0.15 g 1 day μ   -0.28543 -0.19168 -0.06861 0.30085 0.64096 
σ   0.90450 1.08074 1.19076 1.59584 1.84972 

2 days μ   -0.28094 -0.16084 -0.01459 0.42890 0.83539 
σ   0.91115 1.09179 1.20982 1.68014 1.90370 

5 days μ   -0.27848 -0.13462 0.04962 0.72712 1.21335 
σ   0.91954 1.11907 1.27564 1.92269 2.22656 

7 days μ   -0.27693 -0.10704 0.10993 0.76048 1.24922 
σ   0.92293 1.12869 1.30199 1.96464 2.30987 

14 days μ   -0.26661 -0.08808 0.19534 0.90316 1.34960 
σ   0.94017 1.13947 1.35829 2.08872 2.39741 

30 days μ   -0.25685 -0.08214 0.28744 0.94248 1.41341 
σ   0.95191 1.16515 1.44675 2.11671 2.39337 

60 days μ   -0.24868 -0.07927 0.29281 0.94248 1.43394 
σ   0.95500 1.16388 1.46141 2.11671 2.33642 

120 
days 

μ   -0.24858 -0.07147 0.30415 0.97198 1.56512 
σ   0.96018 1.19268 1.47282 2.19666 2.45034 
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Figure 32: Conditional probabilities for the expected number of aftershock ground motion exceedances 
with respect to difference mainshock ground motions at the same site and different time windows after the 
mainshock.  
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These statistics can be used to estimate the relevant ground motions from aftershocks after 
strong earthquakes. The only two necessary input parameters are the ground motion of the 
mainshock at the site of interest and the look-ahead time as seen in Figure 32.  
First, the expected maximum aftershock ground motion is estimated. Afterwards, the maximum 
aftershock ground motion provides the maximum aftershock ground motion interval to be 
drawn from the statistics above. Here, first the number of aftershocks within each ground 
motion bin is estimated. Finally, for each event within each ground motion bin, the actual 
ground motion is estimated based on a uniform probability distribution between the lower and 
upper bounds of the bin. The only exception is the highest bin, which is limited by the expected 
maximum aftershock ground motion. If only one event is expected in this bin, its ground motion 
is equal to the maximum expected aftershock ground motion. If more events are expected, all 
but one are smaller than the maximum expected aftershock ground motion, and the final one 
is again equal the maximum expected aftershock ground motion.  
Taking for example a scenario for the Mülheim-Kärlich site. Here, among the worst case 
scenarios, ground motions of up to 0.55 g can be seen. Taking this worst-case scenario, the 
expected maximum aftershock ground motion can be found to be 0.18 g ± 0.07 g with an 
absolute maximum of 0.4 g with the number depending on look-ahead time – 1 day (Table 11), 
7 days (Table 12) and 120 days (Table 13). 

Table 11: Expected number of aftershocks for various ground motion intervals for a look-ahead time of 
1 day and a mainshock ground motion of 0.55 g 

PGA 0.075 - 0.1 0.1 - 0.125 0.125 - 0.15 0.15 - 0.175 0.175 - 0.2 >0.2 
Count 5.9 ± 3.3 3.6 ± 2.6 2.4 ± 2.2 1.3 ± 1.6 0.7 ± 1.0 0.5 ± 0.8 

Table 12: Expected number of aftershocks for various ground motion intervals for a look-ahead time of 
7 days and a mainshock ground motion of 0.55 g 

PGA 0.075 - 0.1 0.1 - 0.125 0.125 - 0.15 0.15 - 0.175 0.175 - 0.2 >0.2 
Count 13.0 ± 7.5 5.8 ± 2.9 4.1 ± 2.6 2.5 ± 2.1 1.4 ± 1.6 0.7 ± 1.1 

Table 13: Expected number of aftershocks for various ground motion intervals for a look-ahead time of 
120 days and a mainshock ground motion of 0.55 g 

PGA 0.075 - 0.1 0.1 - 0.125 0.125 - 0.15 0.15 - 0.175 0.175 - 0.2 >0.2 
Count 16.6 ± 8.0 9.3 ± 4.8 4.7 ± 2.9 3.0 ± 2.3 1.8 ± 1.8 0.9 ± 1.1 

 
This example lines out well the typical characteristics of aftershock distributions. First, the 
majority of aftershock events occur soon after the mainshock. Increasing the look-ahead time 
arbitrarily won’t necessarily enhance the statistics. Thus, most events need to be expected in 
a short amount of time.  
In addition, the largest aftershocks can also be expected soon after the mainshock. However, 
as it is especially visible for strong aftershocks, the event occurrence is a heavy-tailed 
distribution, with a variance larger than the mean. This indicates that in some event sequences 
relevant events can also occur much later than expected and in some cases, aftershock 
ground motions can be almost as strong as the mainshock ground motions.  
Even though, aftershock occurrence can be characterised by various statistical models, like 
the one shown here or by Omori-Utsu or epidemic-type models, each aftershock sequence is 
unique. Many sequences may behave as expected within the average expected activity. 
However, there is still a small chance for extraordinary activity and strong aftershocks leading 
to additional damage patterns, which may become relevant for pre-damaged structures by the 
mainshock.  
This type of study has the potential to be included in operational forecasting, and post-event 
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planning for repairs. 
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3.6 Earthquake Forecasting Methods 

Methods to give a forecast on future earthquake occurrence or for direct earthquake prediction 
have been developed during the last decades with different basic assumptions. From these 
assumptions it is possible to derive three different groups of methods: 

- Time-independent methods 

- Time-dependent methods 

- Hybrid methods 
The first group is called time-independent if future earthquakes occur in regions with previous 
seismic activity. These models apply the statistics of an observed time history of earthquake 
events to develop a forecast model or map. The second category assumes variations in 
earthquake occurrence by taking phenomena, e.g. like earthquake frequency patterns or 
earthquake clustering, into account. The third category, Hybrid methods, applies physical 
aspects like the rate-and-state friction law or tectonic observations and uses in general 
additional data sources like focal mechanisms or geodetic data or just combines elements of 
basic time-independent and time-dependent approaches. 
Two large projects have been assessed to evaluate methods and models for earthquake 
predictability and forecasting. The first project is set up by the Regional Earthquake Likelihood 
Models (RELM) (Zechar et al., 2013) working group for California and adjacent regions. The 
second project was developed as a successor to the first one as a global testing center for 
earthquake forecasting approaches and is known as the global Collaboratory for the Study of 
Earthquake Predictability (CSEP) (Werner et al., 2010a,b). 
RELM was designed to evaluate and test different forecasting methods under predefined 
conditions. One of these testing ranges emphasized a 5-year experiment to forecast the 
number, spatial distribution and magnitude distribution of subsequent target earthquakes.  
Both projects defined discretely the spatial location where the methods are applied. In addition, 
the CSEP project predefined the datasets, which can be used. Method developers are free to 
choose which of the proposed datasets they want to implement into their forecast and also the 
timespan of the dataset. The final forecast, which method shall provide is defined over a certain 
period, commonly a period of 3-months, 5-years and 10-years. The forecasts are tested within 
a common testing range, which is based on the likelihood principle. The likelihood is tested 
versus real occurring earthquakes during the testing period in terms of the total number of 
events, the magnitude range of the forecasted events, the spatial distribution and other 
parameters. 
The following paragraphs provide some more details on various forecasting methods reviewed 
here. The full list of all assessed methods and publications can be found in Table 14. 

Table 14: Overview of reviewed methods and algorithms 

Time-independent Relative Intensity (RI) 
 (e.g. (Nanjo, 2010)) Smooth seismicity 

 Asperity-based Likelihood Method (ALM) 
 (e.g. (Gulia, et al., 2010)) 

Smooth seismicity,  
local b-value 

 HAZGRIDX  
(e.g. (Akinci, 2010)) Smooth seismicity 

 Adaptively Smoothed Seismicity (ASS) 
 (e.g. (Werner, et al., 2010)) Smooth seismicity, dynamic 

 Simple Smoothed Seismicity (SSS) 
 (e.g. (Zechar & Jordan, 2010)) Smooth seismicity 

Time-dependent Pattern Informatics (PI)  
(e.g. (Holliday, et al., 2005)) Pattern Search 

 Reverse-Tracing of Precursors  (RTP) 
 (e.g. (Shebalin, et al., 2006)) Pattern Search, Alarm-based 



NARSIS Project (Grant Agreement No. 755439) Del 1.5 

 

- 48 - 

 

 Epidemic-Type of Aftershock Sequences 
(ETAS) 
(e.g. (Zhuang, 2012)) 

Epidemic, Aftershocks 

 Double-branching Method (DBM) (e.g. 
(Lombardi & Marzocchi, 2010)) 

Epidemic, Aftershocks,  
long vs. short-term 

 Every Earthquake a Precursor According 
to Scale (EEPAS) 
 (e.g. (Rhoades, 2007)) 

Epidemic, Precursor, Aftershocks 

 Epidemic-Rate-Strain (ERS) 
 (e.g. (Console & Catalli, 2006)) Epidemic, Rate & State Friction 

 Short-term Earthquake Probabilities 
(STEP) 
 (e.g. (Schorlemmer, et al., 2007)) 

Aftershock, Alarm-based 

 Early Aftershock Statistics (EAST) 
 (e.g. (Shebalin, et al., 2011)) Aftershock s, Alarm-based 

 M8-Algorithm  
(e.g. (Kossobokov, et al., 1999)) Pattern Search, Alarm-based 

 Artificial Neural Networks (ANN) 
 (e.g. (Reyes, et al., 2013)) Machine-Learning, Alarm-based 

 RTL/RTM Algorithm  
(e.g. (Nagao, et al., 2011)) Pattern Search 

 MARFS/MARFSTA Model 
(e.g. (Smyth & Mori, 2011)) Time-Delay, Precursor 

 CN-Algorithm 
(e.g. (Keilis-Borok & Rotwain, 1990)) Time-Delay 

Hybrid Fault Slip and Smoothed Seismicity 
(FSSS) 
 (e.g. (Hiemer, et al., 2013)) 

Smooth Seismicity, Focal 
Mechanisms 

 Hybrid Seismicity Method (HSM) 
 (e.g. (Chan, et al., 2010)) 

Smooth Seismicity, Coulomb 
Stress Changes 

 Long-term Stress Transfer (LtST) 
 (e.g. (Falcone, et al., 2010)) 

Coulomb Stress Changes, 
Interevent-time 

 Seismic Hazard Inferred from Tectonics 
(SHIFT) 
 (e.g. (Bird & Liu, 2007)) 

Kinematic Modelling, Fault Model 

 Fault-oriented Earthquake Forecast 
(FoEF) 
 (e.g. (Van Aalsburg, et al., 2010)) 

Virtual Fault Model, Rate & State 
Friction 

Each method used a variety of different base methods to comprise its forecasting and hazard 
quantification approach. Table 15 briefly summarizes it. Most methods used at least some sort 
of Gutenberg-Richter method to estimate the ratio among earthquake magnitudes. Methods 
especially assessing the occurrence of aftershocks also relied on the Omori-Utsu method 
(Utsu, 1956). Those, also often utilized the Bath’s law to estimate maximum expected 
magnitudes within aftershock sequences. Various methods combined the aforementioned 
tools to provide an epidemic framework of aftershock triggering. Alternatively, or in 
combination, other methods used rate-and-state friction laws to include rupture mechanics into 
their forecast. In addition, some methods search for distinct occurrence patterns either in space 
or time to extrapolate future earthquake activity.  

Table 15: Overview of reviewed methods with respect to methodological elements. GR= Gutenberg-
Richter, OU = Omori-Utsu, Ba=Bâth’s law, Ep.= Epidemic-type modelling, RSF=Rate-state 

friction/Coulomb stress changes, PS=Pattern Search, Coded = coded within this study. Class: TI=Time-
independent, TD=Time-dependent, HY=Hybrid. Time: Time window for prediction; long ~ years, medium ~ 

months, short ~ hours/days. 

 
METHOD CLASS TIME GR OU BA. EP. RSF PS 

RI TI long X      
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ALM TI long X      

HAZGRIDX TI long X      

ASS TI long X      

SSS TI long X      

PI TD medium      X 

RTP TD short X     X 

ETAS TD medium X X X X   

DBM TD medium X X X X   

EEPAS TD medium X X X X   

ERS TD medium X   X X  

STEP TD short X X     

EAST TD short  X     

M8 TD medium      X 

ANN TD short X X X    

RTL/RTM TD medium      X 

MARFS(TA) TD medium X      

CN TD medium X      

FSSS HY long X    X  

HSM HY long X    X  

LTST HY long X    X  

SHIFT HY long X    X  

FOEF HY long     X  

 

3.6.1 Time-independent methods 
3.6.1.1 Relative Intensity Method (RI) 
The RI algorithm of Nanjo (2010) uses the fundamental assumption that future events are more 
likely to occur in areas with higher seismic activity during the past. The algorithm presented 
here is progressed development of a former alarm-based version of this method, advanced to 
become a smoothed seismicity model, which uses a simple counting system to calculate the 
number of future earthquakes in a certain region for specified magnitude bins. The smoothing 
algorithm is based on a simple stencil smoothing by using the Moore neighborhood of each 
grid cell. 
The method was applied during the CSEP project and used for regions in Italy and Japan. 
Current results for the Italy analysis showed that the RI-algorithm underestimates the number 
of future events while spatial and likelihood testing of the model lead to relatively good? results. 
3.6.1.2 Asperity Likelihood Method (ALM) 
The ALM of Gulia et al. (2010) assumes that small variations in the b-value influence the 
forecasting of future seismicity significantly. This method was applied during the CSEP project 
for Italy and the RELM project for California. The core of this algorithm calculates local and 
regional b-values and the corresponding a-values. Applying the Gutenberg-Richter relation 
with these values leads to a time-independent forecast. Two different approaches were 
applied, while the first one uses the assumption of a global b-value as a proxy, the second one 
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uses a seismic zonation with a set of b-values depending on the local focal mechanism. This 
relation between b-value and focal mechanism proved for multiple regions around the world.  
Due to the tests of the CSEP method, the ALM results lacked in general likelihood, especially 
in spatial variations. The second approach additionally underestimated the total number of 
events during the testing period. Due to the tests of the RELM project ALM lacks only in the 
spatial likelihood and works well for the general likelihood of forecast. 
3.6.1.3 Adaptively Smoothed Seismicity (ASS) 

The ASS method of Werner et al. (2010) is a complex smoothing method, which applies an 
isotropic adaptive kernel to the earthquake distribution of a declustered event catalogue. The 
fact that the event catalogue is declustered is an essential assumption. Its first application was 
during the RELM project for California and it was further used during the CSEP project in Italy. 
During the first testing in California further adjustments led to the continuous application of an 
adaptive power-low kernel instead of a Gaussian kernel. Additional adjustable parameters are 
related to the overall smoothing intensity depending on the used dataset and its event density.  
The results of the RELM showed that the ASS method has been the most accurate under all 
tested methods. Due to the CSEP project, the ASS method was again under the most accurate 
ones but lacked slightly in the spatial locations of the forecast. The model seems to be not 
smooth enough and underestimates quiet regions, which might become active in the future. 

3.6.2 Time-dependent methods 
3.6.2.1 Pattern Informatics (PI) 

The Pattern Informatics method of Holiday et al. (2007) analyzes changes in seismicity rates. 
These rates are computed for seismically active areas. If a certain threshold in seismic activity 
is reached, the occurrence of a future event is assumed within the testing period. For 
identifying the seismic active zones, a map based on the relative intensity approach is used. 
The seismic event catalogue is then divided into multiple periods for which the rates are 
computed. This leads to so called pixel probabilities for which a Gutenberg-Richter relation is 
applied to finally result in a forecasting map. 
During the RELM project, the PI method generated relatively good results except for the spatial 
likelihood. Nonetheless, the PI method received the second-best score in the testing range. 
3.6.2.2 Reverse Tracing of Precursors (RTP) 

The RTP method of Shebalin et al. (2006) uses short-term spatial and temporal patterns as 
precursors for short-term earthquake prediction. It searches for these patterns, called 
precursory chains, to identify future locations of target earthquakes. In this sense, it is a highly 
time-dependent method using multiple pattern functions and threshold values to identify 
regions of future seismicity. It was successfully applied during a first testing range in Japan, 
California, Italy and the Eastern Mediterranean.  
After multiple evaluations of different testing ranges with the RTP method, it has been proven 
that it does not work as well as supposed. The success rate of the forecast is around 25%, 
containing missed events and failed predictions. Please note that some failed predictions were 
only about a couple of kilometers, because the target earthquakes were slightly outside the 
predicted regions. 
3.6.2.3 Epidemic-type Aftershock Sequences (ETAS) 

The epidemic-type aftershock sequence (ETAS) model is a time-dependent short-term 
forecasting model first lined-out by Ogata (1988) and later-on enhanced e.g. by Zhuang et al. 
(2002), which uses just observed earthquake data. The ‘epidemic’ type indicates that each 
earthquake is a potential triggering event for subsequent events. It combines a calculated 
background seismicity rate with the magnitude-dependent ability of each aftershock to perturb 
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the rate of earthquake production. The model itself consists of multiple stochastic elements 
from Omori’s law of aftershock occurrence to Gutenberg-Richter relations.  
The ETAS formula can be decomposed into the background seismicity rate and the aftershock 
related activity, which is again decomposed in normal distributions for time and space and the 
general magnitude-depending ability to produce a certain number of aftershocks. The 
parameters have to be fitted for each application area by a log-likelihood approach.  
The ETAS model can be advanced by adding an ETAS-derived declustering procedure as an 
additional branching process. The final rate of occurrences is a superposition of both steps, 
this approach is called “The Double Branching Model”. There are several versions of ETAS-
like models, like the ERS (Console et al. 2006) or the EEPAS (Rhoades, 2007) methods. 
3.6.2.4 Short-term Aftershock Probabilities (StAP) 

The model of short-term aftershock probabilities proposed by Gerstenberger et al. (2004) was 
developed to calculate subsequent events after strong mainshocks for the following days. It 
combines basic occurrence laws like the Gutenberg-Richter relation and the modified Omori-
law to define a time-dependent earthquake probability by taking combined aftershock 
sequences into account. A special focus is set to the spatial distribution, which is calculated 
based on a leveled smoothing algorithm, which uses rupture length and aftershock distribution. 
The method was running for several years to estimate earthquake probabilities after large 
events in California. Please note that this method does not generate long-term forecasting 
maps, it is totally focused on aftershock probabilities. 
3.6.2.5 Early Aftershock Statistics (EAST) 

The EAST method (Shebalin et al, 2011) is a short-term prediction method, designed to detect 
locations which are more prone to moderate or large earthquakes within an active fault zone. 
Its main hypothesis assumes that the time delay before the onset of the aftershock decay is 
uncorrelated with the level of stress in the seismogenic crust. It uses the mean of elapsed time 
between long-term aftershocks and short-term aftershocks to the mainshock. Calculating their 
relation, after reaching a certain threshold of the number of aftershocks in each time bin, 
generates a short-term alarm value. The size of the relation between the mean elapsed times 
denotes, which places are more vulnerable to subsequent target events during the next time 
step. Based on first case studies of Californian earthquakes the method showed promising 
results. 

3.6.3 Hybrid methods 
3.6.3.1 Fault-Slip and Smoothed Seismicity (FSSS) 

The FSSS model (Hiemer et al. 2013) is a stochastic earthquake source model for intermediate 
and long-term forecasts. It consists of two type pairs of finally combined density maps. Each 
pair consists of two types of maps. The first type is a classical smoothed probability density 
map while the second one is a map of smoothed focal mechanisms. The first pair is made of 
the data of the historic earthquake catalogue, which therefore must also contain information 
about the focal mechanisms. The second map is constructed by a transformation of the 3D-
geometry of a recent fault map to some kind of density map. Via merging both maps with a 
magnitude-dependent weighting procedure and a tapered Gutenberg-Richter model, future 
areas of earthquakes are determined. 

3.6.3.2 Hybrid Seismicity Method (HSM) 

The Hybrid Seismicity Method (Chan et al., 2010) combines a classic time-independent 
smoothing algorithm based on a power-law kernel with a time-dependent rate-and-state friction 
model, which applies Coulomb stress changes. It was used for the CSEP project in Italy. The 
dataset was both tested for the clustered and declustered case, which resulted in better 
approximations with declustered datasets. In addition, the application of the rate-and-state 
friction model lead only to a marginal improvement, just about less than 10%. It was assumed 
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that the improvement should behave better, the authors suggest to use more detailed 
information for the source fault model, because for this method just estimated scaling laws 
have been applied to retrieve fault parameters better data and scaling laws might lead to better 
results. Due to the results of the CSEP project, the HSM overestimated the total number of 
events during the testing period but passed most of the applied tests and due to magnitude 
likelihood adequately forecasted the observed ML ≥ 7 events. 
3.6.3.3 Hybrid Seismicity Method (HSM) 

The SHIFT model (Bird and Liu, 2007) for estimating long-term average seismicity of a certain 
region uses a local kinematic model of surface velocities and an existing global calibration of 
plate-boundary seismicity. This global calibration is based on former publications of Peter Bird. 
It uses an approximation of the long-term average seismic moment rate and applies it to a 
tapered Gutenberg-Richter model. 
Due to the testing in the RELM project, the SHIFT model overestimated the number of events, 
which was related to the overall rates, which were much too high. 

3.6.4 Summary 
The development of algorithms and methods to model future earthquake activity will proceed 
and some technological trends are visible. For example, the development of the ETAS model, 
which started in the 80s, is now currently one of the most used methods for time-dependent 
seismic hazard modelling especially with regard to aftershock probabilities. In addition, the 
deployment of international testing centres accelerated the development of new methods 
significantly and introduced a large-scale framework for uniform and consistent testing and 
testing methodologies. Still, there is no method proposed yet, which is reliable enough to be 
used for large-scale earthquake prediction, all methods are still in the testing range and will 
most-likely remain there for many more years. However, the results look promising and it is 
not unlikely that a generally reliable method will be developed within years, but it is important 
that this be mentioned within this “innovation” deliverable to give some background on a topic 
that is not often covered. 
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4 New Methodologies for Probabilistic Approaches – Simulation of 
Extreme Events 

4.1 Scenario Based Stochastic Approach 

Seismic risk analysis of structures requires acceleration time histories compatibles with the 
characteristics of the events contributing the most to a given rate of exceedance (for a desired 
level of the intensity measure of interest).  However, in many regions, scenarios of interest 
have not yet been observed nor recorded.  Due to this reason, and a continuously improving 
understanding of source and propagation mechanisms, ground motion simulation methods 
continue to be an active field of research showing great potential in the fields of seismology 
and engineering. 
Amongst the most studied and applied ground motion simulation methods, one could mention 
physics-based stochastic ground motion simulation methods (SGMSM) - Figure 33, such as 
those proposed by (Boore, 2009), (Otarola & Ruiz, 2016), etc.  The aim of these methods is to 
model the Fourier amplitude spectra (FAS) of ground motion observed in a given seismogenic 
source and propagation media.  The FAS (Y) of the simulations are constructed by applying 
filters to a stochastic white noise (𝑆𝑆0), normalized so its mean power spectral density equals 
unity.  The filters represent the source (𝑆𝑆), propagation (𝑃𝑃) and site media (𝐺𝐺), and are defined 
by semi-empirical models, which are in turn defined by commonly employed seismological 
physical parameters.  

𝑌𝑌 = 𝑆𝑆 ∗ 𝑃𝑃 ∗ 𝐺𝐺 ∗ 𝑆𝑆0 

 
Figure 33: SGMSM general formulation 

First SGMSM proposals were conceived based on the idea of a concentrated point source and 
a signal consistent of only SH-waves (Boore, 1983), such assumption proved to be accurate 
for far-field ground motion simulations, but failed to model the FAS of near-field events, 
typically influenced by source geometry and other body-waves. Moreover, point source 
simulations yield quasi-stationary signals, as they are not able to capture the variation of the 
frequency content along the duration of the signal.  To account for the latter, researchers 
introduced the concept of a “finite fault” by simulating an event based on the aggregated effect 
of several smaller events (Motazedian & Atkinson, 2005).  In such cases, the geometry of the 
fault is discretized in point sources whose aggregated seismic moment equals that of the 
simulated event, subsequently the signal is obtained by lagged summation of the individual 
point source’s signals at the site of interest; the lag for each individual point source signal is 
obtained by computing the travelling time from the source to the site. The latter procedure 
produces a more realistic non-stationary process, able to capture the features of a larger range 
of earthquake scenarios and features of such events. 
Continuing with the improvement of SGMSM, Otarola et al (2016) proposed the completion of 
the body-wave field by modelling the FAS of P and SV-waves, thus providing a more realistic 
wave front resulting in a three components simulation. Recent studies have also looked into 
the ever increasing ground motion databases, (Bayless & Abrahamson, 2019) have proved 
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the existence of a correlation structure relating the amplitude of the motion at different 
frequencies, in opposition to original white noise assumption employed methods.  Moreover, 
their work has shown the impact on fragility curves computed with stochastic methods 
assuming non-correlated noise.  To correct this deficiency, and as part of their results, the 
authors proposed empirical models, ready to be included in the stochastic method, allowing to 
take in the natural tendencies noted in the frequency content of ground motion.  Several 
authors such as Bayless et al 2019 or Alvarez et al 2020 have looked at the application and 
limitations of physics-based stochastic methods including the novelty of the latter discussed 
correlation structure, aiming for a better description of ground motion features to a relatively 
low computational cost. 
Another key aspect of SGMSM, and physics-based methods overall, is the integral 
management of uncertainties.  The aleatory uncertainty being represented by the stochastic 
noise model, and the epistemic uncertainty by our knowledge in the physical parameters 
representing the source, propagation and site media.  For this reason SGMSM also represent 
an interesting alternative for the characterization of the seismicity in an area of interest, 
allowing the user to evaluate the range of feasible intensity measure for any given scenario. 
To illustrate the capacity of physics based stochastic ground motion simulation methods, the 
Figure 34 presents the comparison of a magnitude six event (𝑀𝑀𝑤𝑤 = 6.1), recorded at a 
Japanese rock site station located at an epicentre distance of 69.1 km; and a set of simulations 
for a matching source, propagation and site media characteristics. Subfigure (a) compares the 
time histories of the reference event and one simulation, overall one can notice the 
resemblance in the arrival time and amplitude of the different wave arrivals within the signal. 
A comparison of the smoothed FAS of the reference signal and those of the complete 
simulation set is presented in subfigure (b), by comparing the mean of the simulation set with 
that of the reference event one can also notice the resemblance for a broad frequency band. 
 

 
 
 

(a) 
 

(b) 

Figure 34: SGMSM example for a rocksite event. 
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4.2 Extended Methodologies for NPP Site Specific Cases: an application in 
Germany and Italy using conditional mean spectra 

4.2.1 Background 
It is proposed here to apply the conditional spectrum method (Lin et al., 2013) for the selection 
of the input ground motions. This approach has the benefit of enabling a light scaling of a set 
of natural records, while saving the consistency of the associated response spectra. Therefore, 
it is especially suited for the use of spectral values, such as spectral acceleration (SA) at 
various periods. 
The ground-motion selection using conditional spectrum implies the evaluation of the seismic 
hazard at a given site, along with the identification of reference earthquakes at various return 
periods: as a result, this approach leads to site-specific fragility functions, which are well suited 
to the context of NPPs. 
 

4.2.2 CMS Methodology for Biblis, Germany 
The adopted ground-motion selection procedure hinges upon the following steps: 

1. Selection of the studied site: for illustration purposes, the decommissioned NPP site 
of Biblis (Germany) is selected here (see Figure 35). 

 

 
Figure 35: Location of the studied site (red star) and of the surrounding seismic source areas (taken from 

SHARE model). 
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2. Choice of a conditioning period: SA at T1 = 0.5 s (e.g., fundamental mode of a given 
structure or component) is selected as the ground-motion parameter upon which the 
records are conditioned and scaled. 

3. Definition of seismic hazard levels: the hazard levels are arbitrarily defined, and the 
associated annual probabilities of exceedance are quantified with the OpenQuake 
engine (www.globalquakemodel.org), using the SHARE seismic source catalogue 
(Woessner et al., 2015) as an area source model. A logic tree of three GMPEs (i.e., 
Akkar & Bommer, 2010; Campbell & Bozorgnia, 2008; Chiou & Youngs, 2008) is built 
with equal weights. According to the soil conditions reported at the considered site, the 
value Vs,30 = 330 m/s is adopted for the computation of site amplification effects. Data 
associated with the mean hazard curve are summarized in Figure 36 and Table 16. 

 
Figure 36: Mean hazard curve for the selected site, with the ten conditioning levels chosen. 

Table 16: Estimation of the seismic hazard distribution for the studied site. 

Scaling level SA(0.5 s) [g] Annual Probability of Exceedance Return period 
#1 0.0879 4.988E-3 200 y 
#2 0.1369 2.497E-3 400 y 
#3 0.2283 1.000E-3 1 000 y 
#4 0.3219 5.000E-4 2 000 y 
#5 0.4401 2.500E-4 4 000 y 
#6 0.6395 1.000E-4 10 000 y 
#7 0.8271 5.000E-5 20 000 y 
#8 1.0499 2.500E-5 40 000 y 
#9 1.4024 1.000E-5 100 000 y 
#10 1.7154 5.000E-6 200 000 y 

 

http://www.globalquakemodel.org/
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4. Disaggregation of the seismic sources and identification of the reference 
earthquakes: for the studied site, the OpenQuake engine is used to perform a hazard 
disaggregation for each scaling level. A reference earthquake scenario may then be 
characterized through the variables [Mw; Rjb; ε] (magnitude, Joyner-Boore distance, 
epsilon of the ground-motion prediction equation), which are averaged from the 
disaggregation results (Bazzurro & Cornell, 1999). This disaggregation leads to the 
definition of a mean reference earthquake (MRE) for each scaling level (see Table 17). 

 
Table 17: Characteristics of the mean reference earthquake (MRE) for each scaling level. 

Scaling level 
MRE characteristics 

Mw Rjb [km] ε 
#1 5.56 39.4 0.96 
#2 5.59 29.9 1.05 
#3 5.67 21.0 1.18 
#4 5.75 16.6 1.28 
#5 5.83 13.6 1.39 
#6 5.95 10.9 1.53 
#7 6.03 9.4 1.64 
#8 6.11 8.3 1.75 
#9 6.20 7.4 1.90 
#10 6.23 7.4 1.93 

 
5. Construction of the conditional spectra: for each scaling level, the conditional mean 

spectrum is built by applying the GMPE to the identified MRE. For each period Ti, it is 
defined as follows (Lin et al., 2013a): 

𝝁𝝁𝒍𝒍𝒍𝒍𝑺𝑺𝑺𝑺(𝑻𝑻𝒊𝒊)| 𝒍𝒍𝒍𝒍 𝑺𝑺𝑺𝑺(𝑻𝑻∗) = 𝝁𝝁𝒍𝒍𝒍𝒍𝑺𝑺𝑺𝑺�𝑴𝑴𝒘𝒘,𝑹𝑹𝒋𝒋𝒋𝒋,𝑻𝑻𝒊𝒊� + 𝝆𝝆𝑻𝑻𝒊𝒊,𝑻𝑻∗ ∙ 𝜺𝜺(𝑻𝑻∗) ∙ 𝝈𝝈𝒍𝒍𝒍𝒍 𝑺𝑺𝑺𝑺(𝑴𝑴𝒘𝒘,𝑻𝑻𝒊𝒊) (1) 

where µlnSA(Mw,Rjb,Ti) is the mean output of the GMPE for the MRE considered, ρTi,T* is 
the correlation coefficient between SA(Ti) and SA(T*) (Baker & Jayaram, 2008), ε(T*) 
is the epsilon value at the target period T* = 0.5 s (see Table 17), and σlnSA(Mw, Ti) is 
the standard deviation of the logarithm of SA(Ti), as specified by the GMPE. 
The associated standard deviation is also evaluated, thanks to the following equation: 

𝝈𝝈𝒍𝒍𝒍𝒍𝑺𝑺𝑺𝑺(𝑻𝑻𝒊𝒊)| 𝒍𝒍𝒍𝒍 𝑺𝑺𝑺𝑺(𝑻𝑻∗) = 𝝈𝝈𝒍𝒍𝒍𝒍𝑺𝑺𝑺𝑺(𝑴𝑴𝒘𝒘,𝑻𝑻𝒊𝒊) ∙ �𝟏𝟏 − 𝝆𝝆𝑻𝑻𝒊𝒊,𝑻𝑻∗
𝟐𝟐  (2) 

The conditional mean spectrum and its associated standard deviation are finally 
assembled in order to construct the conditional spectrum at each scaling level. The 
conditional mean spectra are represented in Figure 37, along with the uniform hazard 
spectra (UHS) that are estimated from the hazard curves at various periods. As stated 
in Lin et al. (2013), the SA value at the conditioning period corresponds to the UHS, 
which acts as an envelope for the conditional mean spectrum. For a given return period, 
the CMS is always below the UHS (which overestimates potential hazard scenarios by 
merging all contribution form surrounding seismic sources), except at the condition 
period T* where both spectra are equal. 
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Figure 37: UHS and conditional mean spectra for the ten selected scaling levels. 

 
6. Selection and scaling of the ground-motion records: ground-motion records that 

are compatible with the target conditional response spectrum are selected, using the 
algorithm by Jayaram et al. (2011) implemented in a Matlab routine 
(https://web.stanford.edu/~bakerjw/gm_selection.html). The final selection from the 
PEER database (PEER, 2013) consists of 20 records for each of the 10 scaling levels 
(i.e., 200 ground-motion records in total), as illustrated in Figure 38 and Figure 39. The 
goodness-of-fit of the ground-motion selection is also presented in  
Target conditional mean spectra (red curves) and fitted spectra from the selected 
ground-motion records, for scaling levels #1 to #10 are shown in Figure 40 and Figure 
41. 

 

https://web.stanford.edu/%7Ebakerjw/gm_selection.html
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Figure 38: Target conditional mean spectra (red curves) and selected ground-motion spectra (RotD50 of 

horizontal components – black curves), for scaling levels #1 to #6. 
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Figure 39: Target conditional mean spectra (red curves) and selected ground-motion spectra (RotD50 of 

horizontal components – black curves), for scaling levels #7 to #10. 
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Figure 40: Target conditional mean spectra (red curves) and fitted spectra from the selected ground-

motion records, for scaling levels #1 to #6. 
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Figure 41: Target conditional mean spectra (red curves) and fitted spectra from the selected ground-

motion records, for scaling levels #7 to #10. 

 

4.2.3 CMS in Biblis and Trino Vercellese in Italy using stochastic event sets as input 
To estimate the seismic hazard at the site and its inter-event uncertainties, ten 100,000-year 
stochastic earthquake catalogues were simulated in a stochastic process, which allows a 
sufficient estimate of up to 10,000-year return period ground motions closely following the 
model description of the SHARE model (Giardini et al., 2014).  
For this case of the Trino Vercellese site in Northern Italy as well as Biblis, Germany, hazard 
curves, disaggregation and definition of the conditional mean spectra was undertaken to 
provide a comparative analysis.  
The soft soil conditions were set to 380 m/s as estimated via soil samples at the Trino 
Vercellese site. Ground motion return period curves for soft soil site conditions for peak ground 
acceleration and 8 different spectral components from 0.1 to 5.0 s and the general correlation 
among the peak ground acceleration and the 0.5 s spectral component can be seen in 
Figure 42. The softer site conditions lead to an increase of ground motion velocities of about 
10-20% compared to a rock site and a stronger increase of ground motion acceleration for 
longer periods. The latter can be well seen in the comparison for PGA and Sa0.5 s, where the 
median acceleration factor between both periods increased from 50 % to 75 %. 
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Figure 42: Ground Acceleration at Trino Vercellese toy example location for various spectral ordinates, 

assuming soft soil site conditions, and peak ground acceleration for return periods of up to 10,000 years 
(left). Comparison between 0.5 s spectral acceleration and peak ground acceleration. (right) 

The disaggregation for both peak ground acceleration and the 0.5 s spectral component with 
regard to magnitude and distance shows that especially the longer period ground motion is 
dominated by larger (Mw>6) and more distant events (>100 km) while the ground motion 
contribution of peak ground acceleration is received by mostly close (<150 km) and moderate 
(Mw<6.5) events.  
Very strong events of Mw>6.5 still influence the site even when >250 km away which can 
potentially now be seen on the ESHM20 fault model, but this will be examined once available.  
For Italy, the MPS19 model (Meletti et al., 2019) is the newest model, with little changes from 
previous models such as MPS04 as seen in Figure 43. Within Italy, an extensive historic record 
is available which allows for better characterisation of potentially damaging intensities of 
events than in many other regions around Europe. Examples of these catalogues are the DBMI 
and CPTI catalogues from INGV, which have formed the basis for the seismic hazard maps. 
Indeed the ESHM20 (Basili et al., 2020) may however change the longer RP design ground 
motions.  
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Figure 43: 475-year hazard model – MPS19 vs. MPS04 via Meletti et al., showing the location of Trino 

Vercellese as the red circle 

Regardless of these changes, using the current model of ESHM13, the disaggregation plots 
can be seen in Figure 44.  
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Figure 44: Ground Motion disaggregation for peak ground acceleration (left) and 0.5 s spectral acceleration 
(right) for the Trino Vercellese site 

Conditional mean spectra have been computed after the methodology of Baker (2011) and the 
respective conditional spectra after Baker and Lee (2018) using a similar approach to that seen 
above in the Germany example. The used system selects ground-motions from a large 
database of observed earthquake spectra and adjusts those to a synthetic demand spectrum 
based on a conditional period. First, it screens a given database of ground motions and 
identifies those, which match the conditional mean spectrum of a stochastic earthquake 
scenario. To acquire the conditional mean spectrum, the median response spectrum of various 
stochastic simulations of the same earthquake are used and conditional on a target period 
using the equations of Baker (2011). The conditional mean spectrum is also used to compute 
the conditional response spectra. 
In Figure 45, 2 samples for conditional spectra are shown. One represents a strong seismic 
event about 70 km from the site, while the other one highlights the ground motion from a very 
close moderate seismic event. The spectra highlight the variability of individual events and that 
especially for short periods of 0.1 - 0.3 s, the ground motion sigma can be twice as large as 
the average. Thus, it is highly relevant to assess individual event spectra instead of the uniform 
median spectra to avoid underestimation of potential ground motions. 

  
Figure 45: 2 Samples for conditional spectra on a conditional period of 0.5 s for Trino Vercellese site 
computed for 2 representative earthquake scenarios: A distance M7.3 earthquake and a close M4.6 event. 

For the Biblis site, a similar process was undertaken with the first 10 sample events shown 
below in Figure 46. These correspond to the following target PGAs, which were determined as 
using scaling as shown in Annex B – List of selected ground motions for Biblis, Germany from 
the 2nd analysis. 
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Figure 46: 2 Samples for conditional spectra on a conditional period of 0.5 s for the Biblis site computed 
for 10 representative earthquake scenarios pertaining to GMs scaling factors in Annex B where the 10 
sample events are sequentially ordered. X axis is period (T, secs) and Y axis is Sa measured in g. 

4.3 Conclusions 

CMS is currently not undertaken as part of the PSA process and can provide a realistic spectra 
for a certain target spectral period when looking at components. However, the CMS is less 
conservative (but more realistic) than the UHS, and could provide a useful tool in risk-targeted 
ground motions given the need for realistic spectra when examining such reference events. 
In practice, risk-targeted ground motions are only used currently in limited settings with the 
traditional method being that which seismic design codes provide a “constant hazard” 
assumption through maps, and the certain ground motions are estimated in terms of maps at 
a certain uniform exceedance probability (i.e. 10,000 years) such as those models seen above.  
However, risk-targeted ground motions can also be used (Allen et al., 2015) in order to define 
a certain collapse potential in 10,000 years or damage state based on various hazard 
parameters. This relies on the production of the fragility functions for the various component 
states of an NPP and examining the collapse thresholds (or damage thresholds) for each 
component. The ground motions are then computed in order to produce this collapse threshold 
to provide a certain level of risk.  
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5 Conclusions and Recommendations 
Earthquake ground motion from an extreme event can have aggravated implications if viewed 
in the context of accompanying phenomena such as tsunami and aftershocks.  
The first part of the deliverable has examined some of the parameters along the process of 
European seismic hazard and the characterisation of interactions between different 
geophysical hazards in terms just earthquake interactions and correlations with other hazards 
(using ASAMPSA_E project as the basis) and duration of geophysical hazards. 
A number of the key limitations with respect to earthquake hazard assessment for 
decommissioned nuclear power plants in Europe have been explored as part of these analyses 
examining the previous hazard assessments done and examining some of the key differences 
with respect to the German cases. Given the large amount of literature in this field included in 
the background reading section, a key focus has been made on some more innovative and 
improved analyses for various topics. 
Here we see that much insight is needed into the: 

• Mmax assumptions associated with low seismicity locations 
• Earthquake catalogue cleaning and uncertainty calculations of major events including 

magnitude conversions  
• Seismotectonic zonation 
• Declustering methodologies 
• Seismic source models from offshore, nearfield sources 

 
The second part of the deliverable examined selected key secondary hazard types in terms of 
aftershocks and fault rupture. Liquefaction and landsliderequire very specific site data, thus 
the methodologies have not been explored in this deliverable. In terms of fault rupture and 
displacement, the possibility of fault rupture at a site given a certain magnitude event is 
required, and can often only be defined via scaling relations. Probabilistic Fault Displacement 
Hazard Analysis (PFDHA) is generally undertaken. The latest datasets are discussed as part 
of this section including the key issues with uncertain sources. A quick study into fault 
displacement potential as well as the current seismotectonic fault state-of-art in European 
conditions was done, given the need for such knowledge in the wake of events like the 2016 
Kaikoura earthquake in New Zealand where 24 faults ruptured in one sequential earthquake 
causing mixtures of ground shaking at respective sites. The assumption of various fault models 
as well as the scale of different models has been critically examined.  
The damaging potential of aftershocks with lower ground motion but high probability of 
occurrence have been analysed and models developed that can interact with fragilities of intact 
structures and components, and subsequently modify these fragilities via the impact of the 
ground shaking of the main event and evaluate the probability of exceedance of limit states for 
the subsequent aftershock activity (for Japanese earthquakes see Goda et al., 2015).  
Here, there is also a link to the tsunami work produced in D1.2 which will be further explored 
as part of the multi-hazard deliverables.  
The challenge is to define a design ground motion in terms of return periods which take the 
primary and secondary effects (aftershocks, tsunami) into account. The characterisation of 
aftershocks in terms of duration is key for the definition of interactions for operational time 
windows after earthquake events. In addition, earthquake forecasting methodologies are 
discussed as background, given the potential use for operational time window definition, or 
within certain parts of the pre-seismic chain.  
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The final part of the deliverable discusses the application of CMS (conditional mean spectra) 
and the potential use as part of the characterisation of the spectra. This method has not been 
widely used in NPP settings with the UHS generally being the more conservative option. 
However, the use of a CMS is important in terms of potential scaling factors of the spectra as 
well as for not overestimating along the entire chain of the PSHA. 2 different CMS analyses 
were compared for similar settings. 
The first step before being able to move towards a risk-targeted hazard definition as used in 
the US International Building Code (IBC. 2015) and the ASCE/SEI 43-05 Seismic Design 
Criteria for NPPs (US NRC, 2007) which could be a feasible approach for adaption is the 
hazard characterisation in a total context. However, a potenital target spectra needs an end-
to-end approach where interactions occur, and with significant uncertainties on defining the 
scenarios which can cause a certain ground motion to cause a damage state. More work would 
be needed before this is practical especially in the context of constraining the uncertainty of a 
long return period event in a low seismicity region such as Germany.  
The resulting target spectra in a risk-targeted ground hazard definition represent ground 
motion for a given return period or equivalently, for a uniform hazard level. The conditional 
spectra approach allows to define realistic ground motion from the given target uniform hazard 
spectrum (for a given return period) for the purpose of probabilistic structural analysis (Lin et 
al. 2013). This methodology has been implemented in case studies for Biblis and Trino 
Vercellese. 
Here, care was taken as to the chosen sites, as a NPP would not make sense to be sited 
anywhere, and thus creating a generic set of locations is considered outside of the scope of 
this project. To this end, sites which have been considered previously for NPP siting, or NPP 
sites are considered around Europe as for the whole WP1. 
With the ESHM20 model becoming available as well as multitude of new datasets and insights, 
a lot of changes to the hazard models will become available over the coming few years, and 
are required for updating as well as potential NPP hazard analyses as well as the addition of 
potential methods for aftershocks given a certain ground motion, or for fault displacement 
applications.  
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7 Annex A – List of selected ground motions for Biblis site, 
Germany 

 
Table 18: Details of the 200 selected ground-motions records (RSN ID refers to the number in the 2014 

NGA-West2 database), as an output of the CMS procedure. 

Scaling 
level RSN ID EQ name  EQ year Mw Rjb Scaling factor 

1 975 Northridge-01  1994 6.69 53.7 0.707 

4163 Niigata, Japan  2004 6.63 73.5 0.560 

3560 Taiwan SMART1(5)  1981 5.9 25.5 0.472 

2950 Chi-Chi, Taiwan-05  1999 6.2 52.6 0.460 

4213 Niigata, Japan  2004 6.63 25.3 0.166 

2162 Chi-Chi, Taiwan-02  1999 5.9 73.6 2.014 

8843   2008 5.39 27.9 0.638 

2137 Big Bear City  2003 4.92 45.8 3.854 

1002 Northridge-01  1994 6.69 27.9 0.395 

8771   2008 5.39 23.2 0.263 

3352 Chi-Chi, Taiwan-06  1999 6.3 48.4 1.669 

2205 Chi-Chi, Taiwan-02  1999 5.9 96.5 2.594 

3485 Chi-Chi, Taiwan-06  1999 6.3 77.1 0.899 

3017 Chi-Chi, Taiwan-05  1999 6.2 35.1 0.957 

4218 Niigata, Japan  2004 6.63 0.5 0.082 

2210 Chi-Chi, Taiwan-02  1999 5.9 74.8 1.760 

3180 Chi-Chi, Taiwan-05  1999 6.2 45.3 0.881 

8893   2008 5.39 36.1 0.580 

8906   2008 5.39 52.1 1.832 

217 Livermore-02  1980 5.42 27.8 1.225 

2 458 Morgan Hill  1984 6.19 11.5 0.246 

984 Northridge-01  1994 6.69 36.4 0.377 

2950 Chi-Chi, Taiwan-05  1999 6.2 52.6 0.716 

4228 Niigata, Japan  2004 6.63 6.3 0.149 

969 Northridge-01  1994 6.69 48.4 1.315 

4227 Niigata, Japan  2004 6.63 39.2 0.539 

4104 Parkfield-02, CA  2004 6.0 4.8 0.271 

3263 Chi-Chi, Taiwan-06  1999 6.3 89.4 1.501 

8890   2008 5.39 38.8 1.247 

957 Northridge-01  1994 6.69 15.9 0.538 

1087 Northridge-01  1994 6.69 0.4 0.055 

3017 Chi-Chi, Taiwan-05  1999 6.2 35.1 1.489 

3705 Whittier Narrows-02  1987 5.27 29.2 1.086 

3623 Taiwan SMART1(33)  1985 5.8 42.4 2.109 

2093 Nenana Mountain, Alaska  2002 6.7 104.7 3.929 

633 Whittier Narrows-01  1987 5.99 10.5 0.554 
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1750 Northwest China-02  1997 5.93 17.9 0.518 

1752 Northwest China-03  1997 6.1 10.0 0.295 

551 Chalfant Valley-02  1986 6.19 29.4 1.108 

4213 Niigata, Japan  2004 6.63 25.3 0.258 

3 4515 L'Aquila (aftershock 1), Italy  2009 5.6 86.1 2.017 

8893   2008 5.39 36.1 1.506 

2950 Chi-Chi, Taiwan-05  1999 6.2 52.6 1.194 

8843   2008 5.39 27.9 1.656 

2966 Chi-Chi, Taiwan-05  1999 6.2 91.2 2.353 

2982 Chi-Chi, Taiwan-05  1999 6.2 76.1 1.340 

4228 Niigata, Japan  2004 6.63 6.3 0.248 

3017 Chi-Chi, Taiwan-05  1999 6.2 35.1 2.484 

34 Northern Calif-05  1967 5.6 27.4 1.114 

4384 Umbria Marche (aftershock 2), Italy  1997 5.6 19.9 1.409 

486 Taiwan SMART1(33)  1985 5.8 41.5 1.923 

4410 Umbria Marche (aftershock 17), Italy  1998 5.1 18.3 2.152 

149 Coyote Lake  1979 5.74 4.8 0.435 

8890   2008 5.39 38.8 2.080 

4135 Parkfield-02, CA  2004 6.0 6.7 1.092 

968 Northridge-01  1994 6.69 43.2 0.677 

957 Northridge-01  1994 6.69 15.9 0.897 

684 Whittier Narrows-01  1987 5.99 29.4 3.016 

318 Westmorland  1981 5.9 19.3 1.504 

4219 Niigata, Japan  2004 6.63 0.5 0.120 

4 2950 Chi-Chi, Taiwan-05  1999 6.2 52.6 1.683 

3687 Whittier Narrows-02  1987 5.27 9.9 1.618 

9 Borrego  1942 6.5 56.9 2.550 

4104 Parkfield-02, CA  2004 6.0 4.8 0.637 

609 Whittier Narrows-01  1987 5.99 62.6 3.675 

4228 Niigata, Japan  2004 6.63 6.3 0.350 

8890   2008 5.39 38.8 2.933 

8843   2008 5.39 27.9 2.335 

231 Mammoth Lakes-01  1980 6.06 12.6 0.557 

1087 Northridge-01  1994 6.69 0.4 0.130 

94 San Fernando  1971 6.61 61.6 3.441 

633 Whittier Narrows-01  1987 5.99 10.5 1.303 

1750 Northwest China-02  1997 5.93 17.9 1.219 

167 Imperial Valley-06  1979 6.53 13.5 1.293 

2626 Chi-Chi, Taiwan-03  1999 6.2 18.5 0.762 

4219 Niigata, Japan  2004 6.63 0.5 0.169 

8674   2007 5.45 4.3 0.982 

730 Spitak, Armenia  1988 6.77 24.0 0.825 
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517 N. Palm Springs  1986 6.06 1.0 0.629 

4384 Umbria Marche (aftershock 2), Italy  1997 5.6 19.9 1.986 

5 992 Northridge-01  1994 6.69 33.3 1.802 

1087 Northridge-01  1994 6.69 0.4 0.178 

2950 Chi-Chi, Taiwan-05  1999 6.2 52.6 2.301 

3687 Whittier Narrows-02  1987 5.27 9.9 2.212 

968 Northridge-01  1994 6.69 43.2 1.305 

4219 Niigata, Japan  2004 6.63 0.5 0.232 

3578 Taiwan SMART1(5)  1981 5.9 27.5 1.642 

3859 Chi-Chi (aftershock 4), Taiwan  1999 6.2 53.0 2.328 

4384 Umbria Marche (aftershock 2), Italy  1997 5.6 19.9 2.716 

8893   2008 5.39 36.1 2.903 

3221 Chi-Chi, Taiwan-05  1999 6.2 65.8 2.114 

4228 Niigata, Japan  2004 6.63 6.3 0.479 

3700 Whittier Narrows-02  1987 5.27 16.8 3.539 

2626 Chi-Chi, Taiwan-03  1999 6.2 18.5 1.042 

4135 Parkfield-02, CA  2004 6.0 6.7 2.105 

306 Taiwan SMART1(5)  1981 5.9 25.5 1.889 

8843   2008 5.39 27.9 3.193 

3705 Whittier Narrows-02  1987 5.27 29.2 3.493 

548 Chalfant Valley-02  1986 6.19 21.6 1.346 

1035 Northridge-01  1994 6.69 33.6 1.288 

6 4228 Niigata, Japan  2004 6.63 6.3 0.696 

320 Mammoth Lakes-10  1983 5.34 6.5 1.728 

4219 Niigata, Japan  2004 6.63 0.5 0.337 

3559 Taiwan SMART1(5)  1981 5.9 25.5 2.889 

4384 Umbria Marche (aftershock 2), Italy  1997 5.6 19.9 3.946 

4135 Parkfield-02, CA  2004 6.0 6.7 3.059 

3859 Chi-Chi (aftershock 4), Taiwan  1999 6.2 53.0 3.383 

1002 Northridge-01  1994 6.69 27.9 2.873 

149 Coyote Lake  1979 5.74 4.8 1.220 

8886   2008 5.39 2.3 3.303 

4116 Parkfield-02, CA  2004 6.0 8.5 0.300 

2626 Chi-Chi, Taiwan-03  1999 6.2 18.5 1.514 

2734 Chi-Chi, Taiwan-04  1999 6.2 6.0 0.650 

963 Northridge-01  1994 6.69 20.1 0.535 

4213 Niigata, Japan  2004 6.63 25.3 1.207 

3570 Taiwan SMART1(5)  1981 5.9 26.5 2.709 

4285 Basso Tirreno, Italy  1978 6.0 14.6 2.501 

2950 Chi-Chi, Taiwan-05  1999 6.2 52.6 3.344 

8674   2007 5.45 4.3 1.951 

1070 Northridge-01  1994 6.69 38.9 1.719 
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7 4228 Niigata, Japan  2004 6.63 6.3 0.900 

502 Mt. Lewis  1986 5.6 12.4 2.587 

4135 Parkfield-02, CA  2004 6.0 6.7 3.956 

3278 Chi-Chi, Taiwan-06  1999 6.3 45.7 1.701 

1002 Northridge-01  1994 6.69 27.9 3.716 

8674   2007 5.45 4.3 2.524 

3559 Taiwan SMART1(5)  1981 5.9 25.5 3.736 

730 Spitak, Armenia  1988 6.77 24.0 2.121 

1681 Northridge-04  1994 5.93 13.6 3.199 

2626 Chi-Chi, Taiwan-03  1999 6.2 18.5 1.959 

2627 Chi-Chi, Taiwan-03  1999 6.2 13.0 0.976 

1750 Northwest China-02  1997 5.93 17.9 3.132 

4219 Niigata, Japan  2004 6.63 0.5 0.435 

3687 Whittier Narrows-02  1987 5.27 9.9 4.157 

984 Northridge-01  1994 6.69 36.4 2.280 

1035 Northridge-01  1994 6.69 33.6 2.421 

320 Mammoth Lakes-10  1983 5.34 6.5 2.235 

310 Taiwan SMART1(5)  1981 5.9 24.7 3.603 

6060 Big Bear-01  1992 6.46 40.9 2.592 

4116 Parkfield-02, CA  2004 6.0 8.5 0.389 

8 250 Mammoth Lakes-06  1980 5.94 9.7 1.294 

320 Mammoth Lakes-10  1983 5.34 6.5 2.837 

984 Northridge-01  1994 6.69 36.4 2.894 

3578 Taiwan SMART1(5)  1981 5.9 27.5 3.916 

730 Spitak, Armenia  1988 6.77 24.0 2.692 

1035 Northridge-01  1994 6.69 33.6 3.074 

562 Chalfant Valley-04  1986 5.44 24.0 3.373 

2626 Chi-Chi, Taiwan-03  1999 6.2 18.5 2.486 

725 Superstition Hills-02  1987 6.54 11.2 1.265 

960 Northridge-01  1994 6.69 11.4 0.977 

4219 Niigata, Japan  2004 6.63 0.5 0.553 

8674   2007 5.45 4.3 3.204 

633 Whittier Narrows-01  1987 5.99 10.5 4.251 

6060 Big Bear-01  1992 6.46 40.9 3.291 

502 Mt. Lewis  1986 5.6 12.4 3.284 

2627 Chi-Chi, Taiwan-03  1999 6.2 13.0 1.239 

1052 Northridge-01  1994 6.69 5.3 1.029 

1681 Northridge-04  1994 5.93 13.6 4.061 

149 Coyote Lake  1979 5.74 4.8 2.002 

963 Northridge-01  1994 6.69 20.1 0.878 

9 549 Chalfant Valley-02  1986 6.19 14.4 3.162 

502 Mt. Lewis  1986 5.6 12.4 4.387 
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2734 Chi-Chi, Taiwan-04  1999 6.2 6.0 1.426 

2627 Chi-Chi, Taiwan-03  1999 6.2 13.0 1.655 

4228 Niigata, Japan  2004 6.63 6.3 1.526 

136 Santa Barbara  1978 5.92 0.0 4.447 

149 Coyote Lake  1979 5.74 4.8 2.674 

4219 Niigata, Japan  2004 6.63 0.5 0.738 

1035 Northridge-01  1994 6.69 33.6 4.105 

730 Spitak, Armenia  1988 6.77 24.0 3.596 

1005 Northridge-01  1994 6.69 28.8 4.225 

564 Kalamata, Greece-01  1986 6.2 6.5 2.210 

4209 Niigata, Japan  2004 6.63 0.2 0.427 

2626 Chi-Chi, Taiwan-03  1999 6.2 18.5 3.321 

984 Northridge-01  1994 6.69 36.4 3.866 

963 Northridge-01  1994 6.69 20.1 1.173 

4213 Niigata, Japan  2004 6.63 25.3 2.647 

956 Northridge-01  1994 6.69 59.4 3.949 

8771   2008 5.39 23.2 4.195 

223 Livermore-02  1980 5.42 14.3 3.778 

10 2627 Chi-Chi, Taiwan-03  1999 6.2 13.0 2.025 

730 Spitak, Armenia  1988 6.77 24.0 4.399 

320 Mammoth Lakes-10  1983 5.34 6.5 4.635 

2626 Chi-Chi, Taiwan-03  1999 6.2 18.5 4.062 

1005 Northridge-01  1994 6.69 28.8 5.168 

8099 Christchurch, New Zealand  2011 6.2 17.9 3.654 

322 Coalinga-01  1983 6.36 23.8 2.084 

984 Northridge-01  1994 6.69 36.4 4.729 

502 Mt. Lewis  1986 5.6 12.4 5.366 

963 Northridge-01  1994 6.69 20.1 1.435 

136 Santa Barbara  1978 5.92 0.0 5.439 

4116 Parkfield-02, CA  2004 6.0 8.5 0.806 

564 Kalamata, Greece-01  1986 6.2 6.5 2.703 

960 Northridge-01  1994 6.69 11.4 1.596 

149 Coyote Lake  1979 5.74 4.8 3.271 

1052 Northridge-01  1994 6.69 5.3 1.682 

4219 Niigata, Japan  2004 6.63 0.5 0.903 

8771   2008 5.39 23.2 5.132 

725 Superstition Hills-02  1987 6.54 11.2 2.066 

233 Mammoth Lakes-02  1980 5.69 2.9 5.567 
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8 Annex B – List of selected ground motions for Biblis, Germany 
from the 2nd analysis  

Table 19: Details of the 200 selected ground-motions records (RSN ID refers to the number in the 2014 
NGA-West2 database), as an output of the CMS procedure. 

Sample-
Event 

RSN 
ID  EQ name  EQ year  Mw  Rjb  Scaling factor  

1 4853 Chuetsu-oki 2007 6.8 25.68 1.0315 
Mw6.5 1077 Northridge-01 1994 6.69 17.28 0.5947 
d=6km 990 Northridge-01 1994 6.69 35.03 1.4535 
r=6km 3963 Tottori, Japan 2000 6.61 35.15 2.0278 

 978 Northridge-01 1994 6.69 17.82 1.0827 

 987 Northridge-01 1994 6.69 20.36 1.6321 

 4866 Chuetsu-oki 2007 6.8 0 0.8588 

 5780 Iwate 2008 6.9 20.77 0.8778 

 4861 Chuetsu-oki 2007 6.8 10.73 1.1179 

 1158 Kocaeli, Turkey 1999 7.51 13.6 0.6760 

 1107 Kobe, Japan 1995 6.9 22.5 1.2716 

 1042 Northridge-01 1994 6.69 7.89 1.4121 

 2618 Chi-Chi, Taiwan-03 1999 6.2 25.17 1.4784 

 1039 Northridge-01 1994 6.69 16.92 1.2536 

 4737 Wenchuan, China 2008 7.9 19.39 1.8059 

 3908 Tottori, Japan 2000 6.61 28.81 1.5911 

 5262 Chuetsu-oki 2007 6.8 10.99 2.1296 

 508 Taiwan SMART1(40) 1986 6.32 57.66 1.3109 

 995 Northridge-01 1994 6.69 19.73 0.6865 
  864 Landers 1992 7.28 11.03 0.7244 

2 978 Northridge-01 1994 6.69 17.82 1.9748 
Mw=6.2 4866 Chuetsu-oki 2007 6.8 0 0.9931 
d=5km 1107 Kobe, Japan 1995 6.9 22.5 1.4193 
r=7km 1158 Kocaeli, Turkey 1999 7.51 13.6 0.9875 

 990 Northridge-01 1994 6.69 35.03 2.0057 

 995 Northridge-01 1994 6.69 19.73 1.1685 

 987 Northridge-01 1994 6.69 20.36 1.3390 

 1039 Northridge-01 1994 6.69 16.92 2.0725 

 4853 Chuetsu-oki 2007 6.8 25.68 1.2559 

 3908 Tottori, Japan 2000 6.61 28.81 2.6236 

 1077 Northridge-01 1994 6.69 17.28 0.8586 

 2618 Chi-Chi, Taiwan-03 1999 6.2 25.17 2.1865 

 3963 Tottori, Japan 2000 6.61 35.15 2.2567 

 4737 Wenchuan, China 2008 7.9 19.39 1.9808 

 1042 Northridge-01 1994 6.69 7.89 1.9992 

 4861 Chuetsu-oki 2007 6.8 10.73 1.0829 

 5780 Iwate 2008 6.9 20.77 1.3856 

 5262 Chuetsu-oki 2007 6.8 10.99 4.6403 

 706 Whittier Narrows-01 1987 5.99 2.6 1.5445 

 3571 Taiwan SMART1(5) 1981 5.9 26.47 2.9760 
3 978 Northridge-01 1994 6.69 17.82 1.0985 

Mw=6.5 1158 Kocaeli, Turkey 1999 7.51 13.6 0.6707 
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d=7km 1077 Northridge-01 1994 6.69 17.28 0.5060 
r=0km 4866 Chuetsu-oki 2007 6.8 0 0.6860 

 2618 Chi-Chi, Taiwan-03 1999 6.2 25.17 1.5069 

 1107 Kobe, Japan 1995 6.9 22.5 0.9549 

 1039 Northridge-01 1994 6.69 16.92 1.0130 

 990 Northridge-01 1994 6.69 35.03 1.2129 

 4861 Chuetsu-oki 2007 6.8 10.73 0.6537 

 4853 Chuetsu-oki 2007 6.8 25.68 0.7445 

 3963 Tottori, Japan 2000 6.61 35.15 1.8457 

 995 Northridge-01 1994 6.69 19.73 0.8862 

 1042 Northridge-01 1994 6.69 7.89 1.1710 

 5780 Iwate 2008 6.9 20.77 0.9927 

 508 Taiwan SMART1(40) 1986 6.32 57.66 1.4820 

 987 Northridge-01 1994 6.69 20.36 0.8574 

 4737 Wenchuan, China 2008 7.9 19.39 1.2902 

 3908 Tottori, Japan 2000 6.61 28.81 1.4218 

 5262 Chuetsu-oki 2007 6.8 10.99 3.2509 
  864 Landers 1992 7.28 11.03 0.5679 

4 978 Northridge-01 1994 6.69 17.82 0.6491 
Mw=5.5 4866 Chuetsu-oki 2007 6.8 0 0.4041 
d=7km 1158 Kocaeli, Turkey 1999 7.51 13.6 0.3499 
r=2km 2618 Chi-Chi, Taiwan-03 1999 6.2 25.17 0.9009 

 1039 Northridge-01 1994 6.69 16.92 0.6993 

 1107 Kobe, Japan 1995 6.9 22.5 0.5199 

 1077 Northridge-01 1994 6.69 17.28 0.3181 

 3963 Tottori, Japan 2000 6.61 35.15 1.1410 

 995 Northridge-01 1994 6.69 19.73 0.4995 

 1042 Northridge-01 1994 6.69 7.89 0.7090 

 990 Northridge-01 1994 6.69 35.03 0.7853 

 4737 Wenchuan, China 2008 7.9 19.39 0.7795 

 987 Northridge-01 1994 6.69 20.36 0.4773 

 3908 Tottori, Japan 2000 6.61 28.81 0.9285 

 5780 Iwate 2008 6.9 20.77 0.5217 

 4861 Chuetsu-oki 2007 6.8 10.73 0.4033 

 706 Whittier Narrows-01 1987 5.99 2.6 0.5904 

 4853 Chuetsu-oki 2007 6.8 25.68 0.4196 

 725 Superstition Hills-02 1987 6.54 11.16 0.2574 

 864 Landers 1992 7.28 11.03 0.3935 
5 978 Northridge-01 1994 6.69 17.82 1.2445 

Mw=6.5 990 Northridge-01 1994 6.69 35.03 1.1018 
d=6km 4866 Chuetsu-oki 2007 6.8 0 0.5817 
r=12km 1077 Northridge-01 1994 6.69 17.28 0.4365 

 1107 Kobe, Japan 1995 6.9 22.5 0.7451 

 2618 Chi-Chi, Taiwan-03 1999 6.2 25.17 0.9346 

 1039 Northridge-01 1994 6.69 16.92 1.0929 

 987 Northridge-01 1994 6.69 20.36 0.9631 

 995 Northridge-01 1994 6.69 19.73 0.6163 

 4737 Wenchuan, China 2008 7.9 19.39 1.3739 
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 3908 Tottori, Japan 2000 6.61 28.81 1.3094 

 706 Whittier Narrows-01 1987 5.99 2.6 1.0691 

 1158 Kocaeli, Turkey 1999 7.51 13.6 0.5276 

 3963 Tottori, Japan 2000 6.61 35.15 1.7153 

 4853 Chuetsu-oki 2007 6.8 25.68 0.7352 

 4861 Chuetsu-oki 2007 6.8 10.73 0.6570 

 767 Loma Prieta 1989 6.93 12.23 0.3486 

 1042 Northridge-01 1994 6.69 7.89 1.0738 

 725 Superstition Hills-02 1987 6.54 11.16 0.4774 
  5262 Chuetsu-oki 2007 6.8 10.99 3.3086 

6 2618 Chi-Chi, Taiwan-03 1999 6.2 25.17 0.5445 
Mw=5.3 978 Northridge-01 1994 6.69 17.82 0.5149 
d=6km 4866 Chuetsu-oki 2007 6.8 0 0.3036 
r=1km 5780 Iwate 2008 6.9 20.77 0.4118 

 1077 Northridge-01 1994 6.69 17.28 0.2698 

 990 Northridge-01 1994 6.69 35.03 0.6325 

 4861 Chuetsu-oki 2007 6.8 10.73 0.4372 

 1107 Kobe, Japan 1995 6.9 22.5 0.3331 

 3963 Tottori, Japan 2000 6.61 35.15 0.8607 

 1042 Northridge-01 1994 6.69 7.89 0.5437 

 4737 Wenchuan, China 2008 7.9 19.39 0.6937 

 1039 Northridge-01 1994 6.69 16.92 0.5932 

 1158 Kocaeli, Turkey 1999 7.51 13.6 0.2871 

 987 Northridge-01 1994 6.69 20.36 0.4410 

 4853 Chuetsu-oki 2007 6.8 25.68 0.3464 

 995 Northridge-01 1994 6.69 19.73 0.3514 

 3908 Tottori, Japan 2000 6.61 28.81 0.6686 

 508 Taiwan SMART1(40) 1986 6.32 57.66 0.6850 

 864 Landers 1992 7.28 11.03 0.2930 

 5262 Chuetsu-oki 2007 6.8 10.99 1.5447 
7 4866 Chuetsu-oki 2007 6.8 0 0.7008 

Mw=6.3 978 Northridge-01 1994 6.69 17.82 1.1951 
d=8km 990 Northridge-01 1994 6.69 35.03 1.2920 
r=10km 987 Northridge-01 1994 6.69 20.36 0.8206 

 3908 Tottori, Japan 2000 6.61 28.81 1.3622 

 1107 Kobe, Japan 1995 6.9 22.5 0.8409 

 706 Whittier Narrows-01 1987 5.99 2.6 1.0592 

 995 Northridge-01 1994 6.69 19.73 0.7475 

 4737 Wenchuan, China 2008 7.9 19.39 1.4818 

 1039 Northridge-01 1994 6.69 16.92 1.3594 

 767 Loma Prieta 1989 6.93 12.23 0.4383 

 3571 Taiwan SMART1(5) 1981 5.9 26.47 1.9727 

 1077 Northridge-01 1994 6.69 17.28 0.5983 

 725 Superstition Hills-02 1987 6.54 11.16 0.4351 

 2618 Chi-Chi, Taiwan-03 1999 6.2 25.17 1.3530 

 3933 Tottori, Japan 2000 6.61 14.42 0.8098 

 5788 Iwate 2008 6.9 74.08 0.9731 

 4169 Niigata, Japan 2004 6.63 30.55 1.3246 
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 3963 Tottori, Japan 2000 6.61 35.15 1.7497 
  4853 Chuetsu-oki 2007 6.8 25.68 0.6864 

8 978 Northridge-01 1994 6.69 17.82 0.7190 
Mw=5.4 2618 Chi-Chi, Taiwan-03 1999 6.2 25.17 0.7746 
d=4km 1158 Kocaeli, Turkey 1999 7.51 13.6 0.3364 
r=4km 4866 Chuetsu-oki 2007 6.8 0 0.3552 

 5780 Iwate 2008 6.9 20.77 0.5926 

 1107 Kobe, Japan 1995 6.9 22.5 0.4773 

 3963 Tottori, Japan 2000 6.61 35.15 0.9595 

 1077 Northridge-01 1994 6.69 17.28 0.2833 

 1039 Northridge-01 1994 6.69 16.92 0.7306 

 1042 Northridge-01 1994 6.69 7.89 0.6919 

 4861 Chuetsu-oki 2007 6.8 10.73 0.3928 

 508 Taiwan SMART1(40) 1986 6.32 57.66 0.6994 

 4853 Chuetsu-oki 2007 6.8 25.68 0.4862 

 990 Northridge-01 1994 6.69 35.03 0.8861 

 995 Northridge-01 1994 6.69 19.73 0.4176 

 864 Landers 1992 7.28 11.03 0.2854 

 987 Northridge-01 1994 6.69 20.36 0.5160 

 4737 Wenchuan, China 2008 7.9 19.39 0.7608 

 313 Corinth, Greece 1981 6.6 10.27 0.3928 

 3908 Tottori, Japan 2000 6.61 28.81 0.7540 
9 978 Northridge-01 1994 6.69 17.82 0.5679 

Mw=5.9 990 Northridge-01 1994 6.69 35.03 0.7600 
d=5km 4737 Wenchuan, China 2008 7.9 19.39 0.6360 
r=10km 4866 Chuetsu-oki 2007 6.8 0 0.3561 

 2618 Chi-Chi, Taiwan-03 1999 6.2 25.17 0.6914 

 1077 Northridge-01 1994 6.69 17.28 0.2802 

 1107 Kobe, Japan 1995 6.9 22.5 0.4991 

 1039 Northridge-01 1994 6.69 16.92 0.7026 

 1042 Northridge-01 1994 6.69 7.89 0.5804 

 3963 Tottori, Japan 2000 6.61 35.15 0.8768 

 987 Northridge-01 1994 6.69 20.36 0.4765 

 995 Northridge-01 1994 6.69 19.73 0.4480 

 3908 Tottori, Japan 2000 6.61 28.81 0.7057 

 1158 Kocaeli, Turkey 1999 7.51 13.6 0.3145 

 5262 Chuetsu-oki 2007 6.8 10.99 1.4119 

 706 Whittier Narrows-01 1987 5.99 2.6 0.5491 

 4853 Chuetsu-oki 2007 6.8 25.68 0.4553 

 4861 Chuetsu-oki 2007 6.8 10.73 0.3689 

 3571 Taiwan SMART1(5) 1981 5.9 26.47 0.9948 
  767 Loma Prieta 1989 6.93 12.23 0.2133 

10 990 Northridge-01 1994 6.69 35.03 0.4849 
Mw=5.4 978 Northridge-01 1994 6.69 17.82 0.5314 
d=8km 987 Northridge-01 1994 6.69 20.36 0.3616 
r=6km 3908 Tottori, Japan 2000 6.61 28.81 0.5497 

 4866 Chuetsu-oki 2007 6.8 0 0.2636 

 1107 Kobe, Japan 1995 6.9 22.5 0.3489 
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 1077 Northridge-01 1994 6.69 17.28 0.1911 

 995 Northridge-01 1994 6.69 19.73 0.2903 

 4737 Wenchuan, China 2008 7.9 19.39 0.5175 

 5262 Chuetsu-oki 2007 6.8 10.99 1.1789 

 706 Whittier Narrows-01 1987 5.99 2.6 0.3785 

 1039 Northridge-01 1994 6.69 16.92 0.5281 

 767 Loma Prieta 1989 6.93 12.23 0.1386 

 3963 Tottori, Japan 2000 6.61 35.15 0.6094 

 2618 Chi-Chi, Taiwan-03 1999 6.2 25.17 0.4579 

 4853 Chuetsu-oki 2007 6.8 25.68 0.3093 

 1042 Northridge-01 1994 6.69 7.89 0.4678 

 3571 Taiwan SMART1(5) 1981 5.9 26.47 0.8356 

 4169 Niigata, Japan 2004 6.63 30.55 0.4508 
  1158 Kocaeli, Turkey 1999 7.51 13.6 0.2368 
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