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Summary 
The work presented in this Report is part of WP5, which focuses on a selection of earthquake ground 

motion record sets both consistent with the hazard at the site of interest, as estimated by WP4, and 

also adequate for structural response analysis, performed by WP6. The previous Deliverable D5.1 

addressed the hazard consistency for the mainshock-only case and investigated some long-standing 

issues vexing the selection of ground motion records for fragility analysis, such as mixing soil and rock 

motions, mixing synthetic and real motions, and using scaled motions to different extents. In this Report, 

we focus on the record selection in the context of clustered seismicity.  

We outline the state-of-the-art record selection methods for clustered seismicity and describe the 

framework proposed by (Papadopoulos et al., 2020). This framework ensures that the selected 

aftershock records have characteristics consistent (in terms of causal parameters and spectral shape)  

with the selected mainshock records. The suites of mainshock-aftershock records selected via the 

proposed methodology will then be used in WP6 to estimate the structural response and derive fragility 

curves for systems, structures and components (SSCs) of nuclear power plants (NPPs) that are 

dependent on the damage observed after the mainshock event.  
 

 Keywords 
Ground motion record selection, hazard consistency, clustered seismicity, correlation coefficients 
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Introduction 
Performance-Based Earthquake Engineering (PBEE) (Cornell & Krawinkler, 2000) focuses on the 

probabilistic assessment of the performance of structures subjected to earthquakes and separates the 

contributions from seismic hazard analysis and structural analysis. Within that framework, the seismic 

hazard at a site is defined by the Mean Annual Frequency (MAF) of exceeding certain levels of a 

conditioning ground motion (GM) Intensity Measure (IM) from all seismic scenarios that contribute to 

the hazard. This procedure is usually referred to as Probabilistic Seismic Hazard Analysis, or PSHA (e.g., 

McGuire, 2004). The structural response assessment is traditionally carried out via sets of fragility 

functions, which are conditioned on a specific IM, for different limit states. In the absence of empirical 

data to derive fragility curves from either the field or shake table tests, it is common to perform nonlinear 

response history analysis (NLRHA) using selected sets of ground motions. For these fragility curves to 

be robust and fit for purpose, such record sets should be statistically consistent with the motions that 

the structure may experience at the site in its intended lifetime. Loosely speaking, this concept is referred 

to as “hazard consistency” (Lin et al., 2013). If that does not happen, the ensuing fragility curves may 

be affected by an unknown bias large enough to render them unsuitable for practical application 

(Kohrangi et al., 2017). Hence, to ensure hazard consistency, sets of records should be carefully selected 

to avoid inaccurate or biased fragility curves, and in turn, risk estimates.  

The objective of WP5 in the METIS project is to ensure that hazard consistency is attained by selecting 

appropriate ground motions representative of the hazard at the site on rock conditions following the 

outputs of WP4. The set of selected ground motions is then used as input for site response analysis to 

obtain ground motions at the soil surface for the specific site under consideration (Task 5.3). This results 

in unbiased and robust estimates of fragility curves (WP6) tailored for the given site.  

 

In the past, several seismic sequences (e.g., Christchurch 2011, Central Italy 2016-2017, Turkey 2023 

to mention only the most recent) showed that the earthquake sequences pose an additional risk to 

society as the financial losses increase when compared to cases characterized by only one main event 

(i.e., mainshock only cases). Traditional approaches for seismic risk assessment focus solely on 

mainshocks, a practice that can lead to a significant underestimation of seismic risk. This is the case 

especially in the aftermath of major events that invariably are followed by a cluster of aftershocks, 

several of which could be damaging. This issue has been long recognized and several researchers have 

been studying how to incorporate clustered seismicity into risk assessment both in terms of hazard and 

vulnerability. The increase in seismic hazard due to the consideration of seismic sequences is studied in 

the WP4 (Task 4.4.2) and, therefore, it will not be discussed here. The potential underestimation of 

structural vulnerability comes as a consequence of the damage accumulation during the sequences. To 

quantify this effect, the concept of fragility functions conditioned on the damage experienced after the 

mainshock (MS) has been introduced1. To derive damage-dependent fragility curves analytically, 

NLRHAs have to be performed by subjecting the structure to both the MS and aftershock (AS) ground 

motions in a back-to-back fashion.  

Due to the scarcity of MS-AS ground motions (particularly in the high-intensity range) recorded at the 

same station, several authors decided to use MS ground motions to represent the shaking caused by 

                                                 
1 In a cluster of earthquakes, the first damaging earthquake may not be the largest magnitude event (namely the mainshock) of 

the sequence. For example, in the Central Italy sequence of 2016-17 the first damaging event, the M6 on 08/24/2016 that leveled 
the town of Amatrice, was a foreshock of the M6.5 earthquake that occurred on 10/30/2016, which can be considered as the 
mainshock of the sequence.  

SEISMIC 
HAZARD 

WP4 

GROUND MOTION AND 
SITE RESPONSE 

WP5 

STRUCTURAL 
RESPONSE 

WP6 

Figure 1: WP5 in the METIS workflow 
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both the MS and the AS events (e.g., Amadio et al., 2003; Raghunandan et al., 2015; Wen et al., 2017). 

To make these scenarios more realistic, various studies have attempted to enhance the accuracy of the 

simulations by either randomly pairing mainshock ground motions or scaling down the aftershock ground 

motion (Aljawhari et al., 2020; Jeon et al., 2015; Ryu et al., 2011). Some of the first efforts to construct 

MS-AS sequences consistent with the aftershock recurrence were made by (Sunasaka & Kiremidjian, 

1993), and later extended by (Li & Ellingwood, 2007). (Goda & Taylor, 2012) developed a methodology 

that uses the generalized Omori model (Reasenberg & Jones, 1989) to model aftershock recurrence, 

sampling AS magnitudes and inter-arrival times to select a compatible record. The importance of using 

real ground motions has been studied by (Ruiz-García & Negrete-Manriquez, 2011), who concluded that 

using artificial seismic sequences could lead to overestimations in maximum lateral drift demand and 

record-to-record variability. (Li et al., 2014) considered and compared three approaches: (1) the use of 

as-recorded mainshock-aftershock sequences; (2) the use of repeated seismic sequences, where the 

same mainshock ground motion is used as aftershock; (3) the use of randomized seismic sequences 

which are generated while taking into account the differences in ground motion features of the 

mainshock and aftershock. The study showed that the variation in collapse capacity may be 

underestimated unless real MS-AS sequences are used.   

While the importance of site dependency in selecting ground motions for response analysis has been 

recognized and studied by several researchers (Bradley, 2010; Kohrangi et al., 2017; Lin et al., 2013), 

as discussed in Deliverable 5.1 (D5.1), there is comparatively less research on this topic concerning 

seismic sequences. Given the correlation between the MS and AS causal parameters, as well as the 

“similarity” in the spectral shape of MS and AS ground motions at the same station, it is reasonable to 

assume that site dependency is also relevant for clustered seismicity. Nevertheless, to the authors'  

knowledge, there are only a few studies on this topic (Ghotbi & Taciroglu, 2020; Papadopoulos et al., 

2020; Zhu et al., 2017). (Ghotbi & Taciroglu, 2020) proposed a new framework for aftershock 

probabilistic seismic hazard analysis (APSHA) and computed aftershock hazard curves for the given 

mainshock scenario. They used information from hazard disaggregation for a site in California to select 

hazard-consistent aftershock ground motion records using the generalized intensity measure (GCIM) 

approach (Bradley, 2010). (Zhu et al., 2017) developed a method for generating aftershock Conditional 

Mean Spectrum (CMS) using a copula technique, NGA-West2 (NGA West 2 | Pacific Earthquake 

Engineering Research Center (berkeley.edu)) ground motion database and (Abrahamson et al., 2014) 

ground motion prediction model (GMPM) to model the correlation between the MS and AS spectral 

ordinates. However, they only provide the correlation coefficients at the same period (T A S=TMS). In 

contrast, (Papadopoulos et al. 2020) empirically derived correlation coefficients by investigating the 

correlation of MS-AS spectral accelerations at different periods and proposed a pragmatic procedure 

that can be applied for the selection of MS-AS ground motion pairs using consistent causal parameters 

and accounting for the correlation between their spectral accelerations.  

This report provides an upgrade of the Papadopoulos' methodology. We use a large database of ground 

motion recordings compiled in D5.1 to identify seismic sequences and investigate the proposed spectral 

acceleration correlation coefficient matrix. Finally, we present an example of how this MS-AS record 

selection methodology can be applied to a test site in Central Italy. 

1. Definition of ground motion “site-specific 

rock-hazard-consistency” for clustered 

seismicity 
 

As mentioned earlier, the proposed hazard-consistent record selection technique for clustered seismicity 

follows the work of (Papadopoulos et al. 2020) and it involves four main steps, as described below.  

https://peer.berkeley.edu/research/nga-west-2
https://peer.berkeley.edu/research/nga-west-2
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1. Mainshock record selection 

The first step involves selecting MS records using the CS approach. One can adopt the methodology 

proposed by (Bradley, 2012) as explained in Section 1.2 of D5.1. With this approach, records are 

selected to match the target distribution in terms of spectral ordinates conditioned on the chosen 

intensity measure IM* (e.g. Sa(T1), AvgSa) for the hazard level of interest extracted from the 

corresponding hazard curve. Seismic hazard disaggregation is then performed to identify the 

scenarios (in terms of magnitude M, distance R and residual ɛ for the chosen IM* level) that 

contribute to the exceedance of that IM* level. For every scenario, we can then compute the mean 

and standard deviation of the natural logarithm of the spectral ordinates as:  

𝜇𝑙𝑛𝑆𝑎|𝑙𝑛𝑆𝑎(𝑇∗)
𝑖 = 𝜇𝑙𝑛𝑆𝑎(𝑇)

𝑖 + 𝜌(𝑇 ∗)𝜀𝑖𝜎ln(𝑆𝑎)
𝑖  (1) 

𝜎ln(𝑆𝑎)|𝑙𝑛 𝑆𝑎(𝑇∗)
𝑖 = 𝜎ln(𝑆𝑎)

𝑖 √1 − 𝜌(𝑇 ∗)2 (2) 

where 𝑖  represents the scenario, 𝜇𝑙𝑛𝑆𝑎(𝑇)
𝑖  and 𝜎ln(𝑆𝑎)

𝑖  are the unconditional logarithmic mean spectral 

accelerations and associated standard deviations obtained from the GMPM, 𝜌(𝑇 ∗) represents the 

correlation coefficient between the residuals of the IM* and Sa(T) across all periods of interest, 

which can be calculated with (Baker & Jayaram, 2008) or (Abrahamson et al., 2014) correlation 

structure. Every 𝑖th scenario is associated with a weight, pi, obtained from the disaggregation, which 

is then used to compute the target conditional mean and standard deviation of spectral accelerations 

Sa(T) given IM*, by combining all scenarios as follows:  

 𝜇𝑙𝑛𝑆𝑎|𝑙𝑛(𝐼𝑀 ∗) = ∑
𝑝𝑖

𝑝̅
[𝜇𝑙𝑛𝑆𝑎

(𝑇)|𝑙𝑛(𝐼𝑀 ∗)
𝑖 ]

𝑖

 
(3) 

𝜎𝑙𝑛𝑆𝑎|ln (𝐼𝑀∗) = √∑
𝑝𝑖

𝑝̅
[𝜎 2

ln(𝑆𝑎)|𝑙𝑛(𝐼𝑀∗ )
𝑖

+ (𝜇𝑙𝑛𝑆𝑎(𝑇)|𝑙𝑛 (𝐼𝑀∗)
𝑖 − 𝜇𝑙𝑛𝑆𝑎|𝑙𝑛(𝐼𝑀∗ ) )

2
]

𝑖

 (4) 

where the quantity 𝑝̅ is the sum of all the weights for the considered scenarios.  

For every record that we want to select (for a total of, say, Nrec), we then randomly draw a rupture 

scenario (M and R) from the seismic disaggregation probability mass function for that IM* level, 

and for the given 𝑖𝑡ℎ rupture we create the conditional spectrum with mean 𝜇𝑙𝑛𝑆𝑎
(𝑇)|𝑙𝑛(𝐼𝑀∗ )

𝑖  and 

standard deviation 𝜎𝑙𝑛𝑆𝑎|𝑙𝑛(𝐼𝑀 ∗)
𝑖 . We then generate a random realization by sampling correlated lnSa 

values from the multivariate normal distribution and select a record (usually scaled) from an 

available database that best matches this realization. The process is repeated for every record r, 
ensuring that each one is associated with the previously drawn rupture scenario. This is crucial 

information for the next step of the framework, and it is the main reason why we do not use the 

procedure proposed by (Jayaram et al., 2011) described in Section 1.1 of D5.1. The simulation 

procedure is repeated several times and the set of records that best matches the target (given by 

Equations (3) and (4)) is selected. The accuracy of the matching to the target is calculated using 

the following 𝑆𝑆𝐸𝑠  metric: 

𝑆𝑆𝐸𝑠 =  ∑ [(𝑚𝑙𝑛𝐼𝑀𝑘
 − µ𝑙𝑛𝐼 𝑀𝑘

)
2

+ 𝑤(𝑠𝑙𝑛𝐼𝑀𝑘
− 𝜎𝑙𝑛𝐼 𝑀𝑘

)
2

]

𝑝

𝑘=1

 (5) 

where 𝑚𝑙𝑛𝐼 𝑀𝑘
 is the sample mean of 𝑙𝑛𝐼𝑀𝑘  and 𝑠𝑙𝑛𝐼𝑀𝑘

 is the sample standard deviation of 𝑙𝑛𝐼 𝑀𝑘 

values of the selected motions. The quantities µ𝑙𝑛𝐼𝑀𝑘
 and 𝜎𝑙𝑛𝐼𝑀𝑘

 are the target conditional means 

and standard deviations, 𝑝 is the number of oscillator periods of interest, and 𝑤 is a weight factor 

that assigns relative importance to the mismatches in the mean versus standard deviation values. 

Once the initial set of records is selected, one can perform the so-called “greedy” optimization 

(Jayaram et al., 2011) to improve the match to the target by following the steps below: 

a) Calculate the SSEs metric for the initial set of selected records; 

b) Set j=1 
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c) Sample N new rupture scenarios from the disaggregation probability mass function, 

generate N corresponding realizations of response spectra and match a new record rnew  to 

every realization; 

d) For every rnew , replace record rj in the initial set with it and re-calculate the SSEs metric. If 

the match has improved (i.e., the SSEs  is lower) keep the new record and replace the stored 

M and R associated with the record rj with the M and R associated with rnew . 

e) Set j=j+1 and repeat the previous steps as long as j≤Nrec. 

This method, however, has a caveat. The M and R values of any mainshock response spectrum are 

indeed consistent with the M-R probability mass function extracted from the seismic hazard 

disaggregation but the M and R of the record selected to match it are not. Therefore, this procedure 

leads to records that have hazard-consistent spectral contents but are not necessarily consistent 

with the hazard in terms of other ground motions characteristics, such as duration, that may also 

affect the structural response.  

To solve this issue, an alternative CS-MR method proposed by Spillatura et al. (2021) could be used 

for record selection. The CS-MR method selects the ground motions that not only match the target 

CS but are also faithful to the M-R distribution derived from hazard disaggregation. The selection 

process ensures that the percentage of ground motions from a given M-R bin chosen to match the 

target CS corresponds to the contribution of that bin to the hazard. For example, if 40 ground 

motions are sought to match a Sa(T) – based CS and the contribution to the occurrence of that 

Sa(T)  level is 20% from M-R bin 1, 50% from bin 2 and the remaining 30% from bin 3, then the 

algorithm will pick 8, 20 and 12 records from bins 1, 2 and 3, respectively. In this manner, CS-MR 

effectively discards ground motions from earthquake scenarios that are unlikely to occur at the site, 

resulting in a set of response spectra that not only match the target distribution of spectral ordinates  

but also represent the ground motions that may actually occur at the site. Furthermore, IMs other 

than spectral ordinates are accounted for implicitly by the CS-MR method. The limitation of the 

method is the often limited number of records available in certain M-R bins. Additionally, one should 

keep in mind that selected ground motions are usually scaled which means that there might be a 

discrepancy between the scaled spectrum and the spectrum of the ground motions that are naturally 

produced by earthquakes with the given causative parameters.  

2. Generation of aftershock sequences 

The second step involves generating realistic aftershock sequences using the M and R values of 

each selected MS ground motion. There are different ways to accomplish this . Following 

(Papadopoulos et al. 2020) one can use the Epidemic-Type Aftershock Sequence (ETAS) model 

(Ogata, 1988) to generate sequences assuming that the MS is the parent event. Then one can 

sample the number of direct offspring from the productivity function (Poisson distribution with the 

mean number of offspring events k given in Equation (6) for the mainshock with magnitude mi), 

their location from the spatial distribution estimating the distance r from the mainshock with 

magnitude mi, and the angle θ (the polar coordinate) with Equation (7) and inter-arrival time Δt 
between parent and offspring event from Equation (8). The magnitude of each sampled aftershock 

event is sampled using the Gutenberg-Richter (GR) law and Equation (9).  

The quantities A, a, p, c, D, q, γ and b are ETAS parameters whose values can be estimated using 

the maximum likelihood estimation method (MLE), ur, uθ, um and ut are uniformly distributed random 

variables over the range (0, 1), while mmin is the minimum magnitude considered. Once we have 

the first generation of triggered events, we assume that these events can trigger offspring of their  

own using the same set of Equations (6) – (9).  The simulation is repeated until the process dies 

out, i.e. until there are no new events triggered or the triggered events are outside the 

spatiotemporal window of our interest (say, one month or one year).  

𝑘(𝑚𝑖
) = 𝐴𝑒𝑎(𝑚𝑖 −𝑀𝑚𝑖𝑛)  (6) 

𝑟(𝑚𝑖
) = 𝑑 𝑒(𝑚𝑖 −𝑀𝑚𝑖𝑛) √𝑢𝑟

1
1−𝑞 − 1,  𝜃 = 2𝜋𝑢𝜃  

(7) 
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∆𝑡 = −𝑐 + 𝑐(1 − 𝑢𝑡
)1/(1−𝑝) (8) 

𝑚𝐴𝑆 = − ln
(1 − 𝑢𝑚

)

𝑏𝑙𝑛10
+ 𝑚𝑚𝑖𝑛  (9) 

A simpler option would be to use the generalized Omori model (Shcherbakov et al., 2005) to simulate 

the sequences based on the number of events, their magnitude, and time stamp for the given 

mainshock record and associated causal parameters. To perform the simulation, the number of 

triggered events is drawn from the Poisson distribution with the mean number of events given in 

Equation (10).  

𝑘(𝑚𝑖
) = 10𝑎 +𝑏(𝑚𝑖 −𝑚𝑚𝑖𝑛)

𝑐(1−𝑝)/(𝑝−1)  (10) 

The timestamp and magnitude of the triggered events are computed using Equations (8) and (10), 

respectively. As in most cases mainshocks are identified as the events with the largest magnitude 

in the cluster, for consistency, the maximum aftershock magnitude is set not to exceed the 

magnitude of the triggering mainshock.  

In the case of the Omori model, the parameters that have to be estimated are a, c, p, and b. It is 

worth noting that the literature provides different values of the ETAS and Omori parameters, which 

depend on the region of interest and the quality of the available data used for calibration (Seif et 

al., 2017; Šipčić et al., 2022). It is crucial to highlight that the values of the set of Omori parameters 

differ from those estimated in the ETAS model because the values of the Omori parameters 

embedded in ETAS are applied locally to every generation of aftershocks. On the other hand, in the 

generalized Omori law model, all aftershocks are assumed to be triggered by a single MS event and, 

therefore, the parameter values refer to entire sequences.  

To simplify the process even further, one can assume that the entire sequence of events can be 

represented by a single aftershock with, on average, a magnitude mA S=mMS -1.2 (Båth, 1965). Since 

the generalized Omori law and Bath’s law models do not consider the spatial distribution of 

aftershocks, one can assume that aftershocks occur within a circular area around the mainshock 

with a radius equal to three rupture lengths estimated using the scaling law of (Wells & Coppersmith, 

1994). Alternatively, one can assume that the epicenter locations of the mainshock and aftershock 

are the same, as done in previous studies (e.g., Goda & Taylor, 2012; Yeo & Cornell, 2009).  

3. Derivation of the mainshock consistent target aftershock spectrum (MSAS-CS) 

For the given MS and AS ruptures (obtained in the first two steps), to select the AS GMs it is first 

necessary to find the distribution of the AS spectral accelerations at different periods of vibration 

that are conditional on the spectral accelerations of the specific MS record. To do so we use the 

MSAS-CS technique developed by (Papadopoulos et al., 2020). As shown by (Baker & Jayaram, 

2008) for individual records and confirmed later by (Papadopoulos et al., 2019) for MS-AS pairs, the 

joint distributions of spectral accelerations at multiple periods is well represented by a multivariate 

lognormal distribution. The unconditional mean and variance-covariance matrix of the joint MS-AS 

log-spectral acceleration distribution are found using Equations (11) and (12). The conditional (on 

the MS spectral ordinates) mean and variance-covariance matrix for the AS ground motion are given 

by Equations (13) and (14).  

𝜇0 =  𝜇01|𝜇02 = [𝜇𝑙𝑛𝑆𝑎(𝑇1
𝐴𝑆 ),𝜇𝑙𝑛𝑆𝑎(𝑇2

𝐴𝑆), … 𝜇𝑙𝑛𝑆𝑎(𝑇𝑛
𝐴𝑆)] | [𝜇𝑙𝑛𝑆𝑎(𝑇1

𝑀𝑆),𝜇𝑙𝑛𝑆𝑎(𝑇2
𝑀𝑆), … 𝜇𝑙𝑛𝑆𝑎(𝑇𝑛

𝑀𝑆)] 
(11) 

Σ𝑜 = [
Σ11|Σ12

Σ21 |Σ22

] 
(12) 

𝜇𝑐
′ = 𝜇01

′ + Σ12 Σ22
′ (xMS − 𝜇02

′ ) 
(13) 

Σ𝑐 = Σ11 + Σ12 Σ22
′ Σ21  

(14) 

where xMS is the vector of observed MS logarithmic spectral accelerations, 𝜇𝑙𝑛𝑆𝑎(𝑇𝑖) and 𝜎𝑙𝑛 𝑆𝑎(𝑇𝑖) are 

unconditional mean and standard deviation of the spectral accelerations extracted from the GMPM. 

To find the covariance matrix it is necessary to have 𝜌(𝑇𝑖 , 𝑇𝑗),  which represents the correlation 
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coefficient between the logarithmic spectral accelerations at Ti and Tj of either MS or AS GM. More 

specifically, to find Σ11 and Σ22  it is necessary to have 𝜌(𝑇𝑖
𝐴𝑆 , 𝑇𝑗

𝐴𝑆) and  𝜌(𝑇𝑖
𝑀𝑆 , 𝑇𝑗

𝑀𝑆), respectively, 

and such quantities can be found using the model proposed by (Baker & Jayaram, 2008) or 

(Abrahamson et al., 2014), similarly as done in the first step of the process. To evaluate Σ12 and 

Σ21  we need 𝜌(𝑇𝑖
𝐴𝑆 , 𝑇𝑗

𝑀𝑆),𝜌(𝑇𝑖
𝑀𝑆 , 𝑇𝑗

𝐴𝑆), which that can be found using the correlation structure 

described in Section 3 of this Report. For more details regarding the MSAS-CS procedure briefly 

discussed here, see (Papadopoulos et al. 2020). 

4. Selection of the aftershock GMs 

Having the MS-consistent AS target, a realization of the AS response spectrum is sampled from the 

joint AS Sa distribution followed by the selection of the ground motion (which is usually scaled) that 

best matches the target spectrum (i.e., it has the lowest sum of the squared errors across periods).  

For computational simplicity, only one realization of the AS ground motion is drawn. As many 

selected AS ground motions will have very low intensity, one can set a threshold below which all 

sampled GMs are discarded and the simulation is repeated. As shown by (Papadopoulos et al. 2020) 

the potential bias is not expected to be of importance as long as the intensity threshold for discarding 

is kept reasonably low, i.e., the small magnitude and/or large distance MS ruptures are not forced 

to produce AS sequences with unrealistically large M and associated ground motions.  

 

In the following sections, we first use the database of GMs assembled in Task 5.1.4 of WP5 to identify 

the seismic sequences (MS-AS recording pairs). Subsequently, we compare the spectra of the real 

recorded sequences from our assembled database with those determined by the (Papadopoulos et al., 

2019) correlation structure. Section 3 of this report provides an example of the record selection 

framework described above using CS for MS record selection and the Omori model for generating seismic 

sequences for the given mainshock causative parameters. 

2. Assembling the database of ground motion 

sequences 
To form the mainshock-aftershock ground motion pairs we make use of a database that was compiled 

as described in D5.1. Figure 2 shows the epicenters of the earthquakes that caused the ground motions 

included in the database while Figure 3 depicts the structure of the mat file that contains all ground 

motions (34107 3-component records).  

 

Figure 2: Map of epicenters of the earthquakes that caused the ground motions included 

in the assembled dataset, color-coded based on the original databases. 
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Figure 3: Schematic structure of the MAT file that contains all considered ground motions.  

As a part of our analysis, we explored three declustering methods available in the literature, namely 

(Gardner & Knopoff, 1974), (Reasenberg, 1985), and (Zaliapin et al., 2008). The most used and simplest 

technique for identifying seismic sequences is the window-based (Gardner & Knopoff, 1974) method. 

The algorithm identifies the largest magnitude event in a sequence and removes all other events within 

a window with M-specific pre-specified temporal and spatial parameters centered at the identified event. 

A more complex declustering approach was later proposed by (Reasenberg, 1985) who expanded on 

the work of (Savage, 1972). Their idea was to link every event to a cluster via a spatiotemporal proxy. 

Every event linked with the prior one joins its cluster and subsequently, clusters grow by association. 

Thus, the spatiotemporal window does not solely depend on the mainshock magnitude but instead 

varies with events’ behavior. More precisely, the spatial extension is based on the stress distribution 

pattern, which is assumed to depend on the cluster’s last and largest event. The temporal extension is 

developed based on the probabilistic model and Omori law. More details about the model can be found 

in (Molchan & Dmitrieva, 1992; Reasenberg, 1985; Stiphout et al., 2012). Finally, we use the nearest-

neighbor proxy defined by (Zaliapin et al., 2008) to identify the sequences, the largest magnitude event 

of which is kept as the mainshock. We developed Python scripts that can be used to classify events as 

either foreshock, mainshock, or aftershock with these three different methods.  

One should bear in mind that the results of these declustering methods are affected by the values of 

the parameters utilized to define them, whose values are calibrated based on a particular region and, 

often, based on a limited amount of data. These values may or may not be the optimal set of parameters’  

values for regions different from those were they were created but are nonetheless used extensively 

and somewhat ubiquitously in the literature. Besides the three considered here, several other methods 

for identifying sequences can be found in the literature, from simple deterministic ones to more 

advanced stochastic ones such as (Llenos & Michael, 2020; Zaliapin & Ben‐Zion, 2020; Zhuang et al., 

2004). This high number of available declustering methods clearly reflects the true difficulties and 

somewhat the arbitrariness implicit in the classification of earthquake events.   

After categorizing the events as either MS or AS, we extracted the MS-AS ground motions pairs that are 

identified as those belonging to the same sequence and are recorded at the same station. Figure 4 

shows the peak ground acceleration (PGA) of the identified MS-AS pairs, obtained with the (Gardner & 

Knopoff, 1974) algorithm. In only 7% of the cases the PGA of the AS is higher than that of the MS. 

Events illustrated are from different databases, namely: the Engineering Strong-Motion (ESM) database 

(https://esm-db.eu) (Lanzano et al., 2019), NGA-West2, Ridgecrest sequence (Rekoske et al., 2019) 

and New Zealand Strong-Motion database (here referred to as GNS) (Van Houtte et al., 2017). 

MAT 

file 

Intensity measures: PGA, 

PGV, Sa(T), SaRotD50, 

CAV, D5-75, D5-95 

Station metadata: station 

code, proximity code, 

𝑉𝑠30 , 𝑉𝑠30  type 

(measured or calculated) 

Event metadata: 
eventID, event depth, 

magnitude, magnitude 

type (𝑀𝑤  or 𝑀𝐿) 

Source metadata: rake, 

dip 

Waveform metadata: low 

pass filter frequency, 

high pass filter frequency 

Source to site distance 

metrics: Rjb, Rrup 

https://esm-db.eu/
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Figure 4 – PGA of the identified MS-AS recording pairs identified using the (Gardner & 

Knopoff, 1974) algorithm 

3. Statistical correlation between the IMs of 

mainshock – aftershock ground motion pairs 
(Papadopoulos et al., 2019) developed the correlation model between the spectral accelerations of MS 

and AS ground motions by utilizing the NGA-WEST2 database and the GMPM of (Abrahamson et al., 

2014) (ASK14) to extract the residuals. After identifying sequences, as explained in (Wooddell & 

Abrahamson, 2014), they assembled 1146 MS-AS recording pairs from 48 sequences. Their study 

investigated the inter-period spectral acceleration correlation coefficients of AS ground motions and 

compared them to estimates derived from MS recordings, finding some mild differences that could not 

be attributed to the intrinsic differences between AS and MS ground motions. That study also estimated 

empirical correlation coefficients between MS and AS spectral accelerations, including the cross-

correlation between MS spectral accelerations at TMS  and AS spectral accelerations over the entire period 

range of interest, and provided parametric predictive equations for their computation. The results 

showed that AS spectral accelerations are mildly correlated with their mainshock counterparts for 

closely-spaced periods of vibration and weakly correlated over the rest of the period range. They showed 

that assuming the bivariate normality of MS and AS residuals is a reasonable choice.  

Figure 5 compares the unconditional and conditional mean aftershock spectra with the spectra of the 

recorded aftershock ground motion for two cases, one extracted from the ESM database and the other 

from the GNS database. The effect of the positive correlation between the spectral acceleration of the 

MS and the AS recordings is clear. Figure 6 shows instead the error term, defined as the ratio of the 

difference between predicted and observed lnSa over the observed value of lnSa. It is apparent that the 

discrepancy between the spectrum of the real aftershock motion and that of the ground motion predicted 

using the proposed methodology is significantly reduced compared to the discrepancy of the aftershock 

motion predicted based only on the M and R of the aftershock (i.e., calculated using the GMPM only). 

Even though the error is reduced it is still higher than one might have expected. This is likely related to 

the fact that (Papadopoulos et al., 2019) calibrated the correlation coefficients based on the NGA-West2 

database where some characteristics of the ground motions (e.g., V s30, depth at which the profile 

reaches a velocity of 1.0 km/s (Z1.0), etc. ) are often either completely missing or have values that differ 

significantly from the ones in ESM and GNS database.  
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(a) 

 

(b) 

 

Figure 5 – Comparison between recorded (MS and AS), unconditional (obtained with only 

the GMPM), and conditional AS spectra (MSAS-CMS) of ground motions for MS-AS pairs 

from (a) Darfield sequence and GNS database and (b) Central Italy 2016 sequence and ESM 

database. The shaded area corresponds to ±2 standard deviations.  

 

(a) 

 

(b) 

 

Figure 6 – Distribution of the error calculated as the ratio of the difference between the 

predicted and observed (recorded) lnSa over the observed value of lnSa. For comparison, 

predicted values are calculated with the proposed MS-consistent CS and with the ASK14 

GMPM only. (a) GNS and (b) ESM database. Legend: median CS=median error based on the 

conditional approach used here; median GMPM= median error based on the GMPM 

prediction. 

4. Ground motion hazard consistency for 

clustered seismicity – example  
 

To illustrate the MS-AS record selection procedure, we selected a site in Perugia, Central Italy (Figure 

7), located at 43.11°N and 12.39°E on the rock with Vs30=800 m/s. We defined 10 intensity measure 

levels (IMLs) of increasing intensity that correspond to values ranging between 0.2% probability of 
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exceedance (poe) in 50 years (i.e., return period of 25000 years) to 70% poe in 50 years (i.e., return 

period of 40 years) using Sa(0.26s) as conditioning IM. We performed PSHA for the selected site to 

identify the IMLs  corresponding to the desired poe’s (Table 1). For the calculations, we used the (Boore 

& Atkinson, 2008) GMPM, the area source model developed for the SHARE2 project, and the OpenQuake 

software (Pagani et al., 2014). We then performed the seismic hazard disaggregation analysis to identify 

the events (in terms of their magnitude and distance) contributing to the hazard at each intensity level.  

 

Figure 7 - Location of the site used as a 

case study 

 

 

IML 
poe in 50 

years [%] 
𝐒𝐚(𝟎. 𝟐𝟔𝒔) 

1 70 0.16 

2 50 0.22 

3 30 0.29 

4 10 0.50 

5 5 0.68 

6 2 0.98 

7 1.5 1.10 

8 1 1.27 

9 0.6 1.52 

10 0.2 2.13 

Table 1: Values of the Sa(0.26s) at the 10 

poe levels at the Perugia site. 

 

For each IML we selected 22 MS GMs to match the target CS spectrum, following the methodology 

described in Section 1. Each MS record is associated with rupture parameters M and R. Note that CS-

MR was not used here because some M-R bins did not contain enough records to match the target 

spectrum well.  

For each record associated with a MS earthquake, a sequence of AS events is simulated using the Omori 

model, Equations (8) – (10), and parameters calibrated for the region in Central Italy (Šipčić et al., 

2022). The location of the aftershocks is modeled using the (Wells & Coppersmith, 1994) scaling law. 

For every AS in the sequence, we defined the target spectrum of the ground motion at the Perugia site 

using the Papadopoulos et al. methodology. We consider only AS events that are triggered in the period 

of one year after the MS and within a radius of 100 km. Only ground motions with Sa(0.26s) higher 

than 0.2g are retained. As an example, let us consider the IML4 and the 22 MS records selected for that 

hazard level. Table 2 shows the magnitude (Mw) and distance (Rjb) of each MS event, the number of 

simulated AS events, the maximum AS magnitude and the corresponding distance from the epicenter 

to the site.  

MS ID MS Mw MS Rjb # of AS Max AS M AS Rjb 

                                                 
2 www.share-eu.org 
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1 7.25 25 7 7.1 35 

2 5.25 5 4 5.1 2 

3 6.25 5 7 6.1 5 

4 6.25 5 2 5.5 3 

5 7.25 5 2 6.5 16 

6 7.25 45 1 5.6 42 

7 6.25 55 1 5.5 54 

8 7.25 15 1 5.0 3 

9 6.75 5 4 6.2 3 

10 6.75 15 1 5.3 8 

11 6.75 25 8 6.0 23 

12 6.25 5 7 6.2 25 

13 6.25 5 1 4.3 5 

14 6.75 15 2 5.8 5 

15 6.75 35 31 6.6 33 

16 6.25 5 5 6.0 15 

17 6.25 35 8 6.2 32 

18 5.75 5 2 5.4 3 

19 7.25 5 1 5.2 5 

20 7.25 15 15 6.7 18 

21 6.25 15 2 5.5 5 

22 7.25 5 5 6.2 2 

Table 2: MS records selected for IML4, their magnitude M, distance R, number of simulated 

aftershock events, maximum magnitude of the simulated aftershock events and 

corresponding distance to the site.  

Figure 8a shows the response spectrum of the first selected MS record for IML4 with Mw  7.25 and Rjb of 

25km, which triggered seven AS events. The spectrum of the AS with the largest magnitude (Mw  7.1 

and corresponding distance Rjb 35km) is illustrated in the same figure. As one can see, the spectrum of 

the MS ground motion is above the median spectrum predicted by the GMPM for that M and R and, 

therefore, the target AS spectrum is also above the median AS GMPM spectrum due to the MS-AS Sa 

positive correlation.  
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Figure 8 – Response spectra of the selected MS and AS ground motions, the median 

prediction of the MS and AS ground motion spectra based on GMPM only and the median 

prediction of the aftershock ground motion spectrum MSAS-CS conditional on the MS 

rupture and MS ground motion. The figure displays the first selected MS record from Table 

2 and the AS GM corresponding to the largest triggered AS (i.e., M7.1 at 35km).   

5. Conclusions  

To support ground motion record selection in the METIS project, in the context of clustered seismicity, 

we recommend implementing the mainshock-consistent aftershock record selection scheme proposed 

by (Papadopoulos et al., 2020). We described the recommended framework that includes the following 

three steps: 

1. the selection of mainshock ground motions (using the Conditional Spectrum approach),  

2. the generation of realistic aftershock events for the given mainshock rupture, using the ETAS 

or Omori model. One should keep in mind the former is more sophisticated, but the latter is 

consistent with the hazard model developed within WP4; and  

3. the derivation of the mainshock-consistent aftershock target ground motion spectrum (using 

the correlation coefficients between the mainshock and aftershock ground motion spectral 

ordinates and the causative parameters of the associated mainshock and aftershock events). 

The selection of mainshock ground motions is performed individually and different approaches can be 

used as long as the M and R information are stored for each selected ground motion, as they are used 

to generate AS events in Step 2 above. That said, we described two methods that can be used for MS 

ground motion selection: the one proposed by (Papadopoulos et al., 2020) and the CS-MR method 

proposed by Spillatura et al. (2021). To generate realistic AS events for the given MS event models 

such as ETAS, modified Omori or simple Bath’s law can be utilized.  

As an illustrative example, we applied the described methodology to a case study in Perugia, Central 

Italy, for which the seismic hazard was computed via OpenQuake. We considered ten levels of ground 

motion intensity covering values corresponding to a range of 0.2% to 70% poe in 50 years at the site. 

In the illustrated example we used Sa(T1) as the conditioning IM, however, other IMs could also be used 

(e.g., AvgSa) without significant changes in the methodology. In this example to select MS ground 

motions we applied the (Papadopoulos et al., 2020) methodology, while the AS events were generated 

using the Omori model with parameters’ values calibrated for the Central Italy region.  

It is important to note that while the proposed methodology ensures consistency between the MS and 

AS ground motions, there is no target distribution when it comes to selecting AS ground motions, i.e., 

we are sampling random AS ruptures and selecting corresponding AS ground motions. Therefore, to 

obtain robust response estimates for deriving damage state dependent fragility curves, it might be 

necessary to carry out a large number of analyses. However, we believe that using the proposed 

framework is a reasonable compromise because deriving a target AS ground motion distribution would 

require performing either vector (MS-AS) PSHA or aftershock PSHA for every selected MS record, which 
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are time-consuming tasks that we feel are unnecessarily complicated for the purpose of this NPP -

centered study. 

When the hazard results will become available for the NPP site in central Italy (see WP3), this procedure 

will be repeated for that site. The selected mainshock-aftershock suites of records that will be obtained 

for that site can then be used in WP6 to estimate the damage-dependent fragility curves of systems, 

structures and components of nuclear power plants for the METIS case study.  
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