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Summary

This deliverable describes the ensembles of hazard-consistent ground motion records considered in the
METIS project. The first section focuses on a brief summary of the methodology employed for ground
motion selection, as well as all the characteristics and implications. Additionally, the work shows the
results of the record selection at the rock level and the format and organization of the selection sets,
together with some recommendations on record selection. Finally, the selected time-histories at rock
level are used as input motion for site response analysis both under 1D and 2D hypotheses, integrating
the geotechnical model of the METIS case-study site and expected uncertainties on soil layers. The
produced datasets are available for further soil-structure interaction studies.

Keywords

Ground motions, record selection, site response, 2D, plane wave, variability, uncertainty, equivalent
linear, soil column
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1.Introduction

Choosing ground motion records on rock that are appropriate for the site under consideration is crucial
for seismic risk assessment, as it provides a link between the seismic hazard with structural analysis for
site-specific fragility computations.This task is a key aspect of WP5 in the METIS project, aiming to
maintain hazard consistency. It involves selecting appropriate ground motions that are consistent with
the rock hazard at the site of interest (Figure 2), as estimated in the WP4, and then driving these ground
motions through the soil to obtain the corresponding surface motions. This process ensures that the
derivation of reliable fragility curves (in WP6) use ground motions specifically suited for the site in
question.

In the Deliverable D5.1 of the METIS project, it was established that the most convenient and robust
approach for selecting rock hazard-consistent ground motions is the Conditional Spectrum method in
either its original form (CS, Jayaram et al., 2011) or in one of its variants (e.g., CS-MR, Spillatura et al.
2021 and GCIM, Bradley, 2010). This method guarantees hazard consistency and offers realistic ground
motions by assuming a more accurate spectral shape than that obtained through other traditionally
used approaches, such as the uniform hazard spectrum (UHS). Additionally to the Conditional Mean
Spectrum (CMS, Baker, 2011), the CS reflects the variability in the response spectrum, resulting in a
more comprehensive representation of the ground motions that could potentially be experienced at the
site. The ground motions selected for the case study site were obtained through the hazard analysis
performed using the OpenQuake engine and the hazard model provided by WP4 (see METIS D4.6 for
more information on METIS case study PSHA). The reference rock conditions were considered as being
characterized by a /530 of 1000m/s.

In the deliverable D5.3 of the METIS project the strategy for conducting 1D, 2D and 3D site response
analyses were presented together with criteria for choosing the kind of site response analysis adequate
for a given site.

From the criteria applied to the METIS case study site, it was concluded that the site can be considered
a 1D site. General guidelines for standard practice of 1D ground response analysis are given in (Stewart,
Afshari, & Hashash, 2014). Here we implement the approach for the consideration of uncertainty,
variability and attenuation in equivalent linear (EQL) and nonlinear 1D site response presented and
discussed in D5.3. We have proposed a generic framework for uncertainty quantification and
propagation to define a reduced set of 1D columns that would: (i) well represent the mean and standard
deviation of soil surface ground motion variability and (ii) be easily implemented for soil-structure
interaction studies as the framework of the METIS project is oriented in integrating site effects in
structural response analysis. Both the variability of input ground motion on rock as well as the
uncertainty related to site data are considered and propagated. In addition, we perform 2D site response
analysis to corroborate the 1D hypothesis from the site categorization.

The target Conditional Spectrum (CS) was created following the procedure detailed in Lin et al. 2013,
which comprehensively considers all scenarios contributing to the hazard. This procedure has been
recently integrated into the OpenQuake software (see METIS D4.4). Subsequently, the ground motion
record selection was executed using the optimization methodology defined by Jayaram et al. 2011. This
methodology enables the selection of different record sets that best match the target mean and
dispersion within an acceptable tolerance (here measured as the sum of weighted square errors, SSEs),
with multiple groups of ground motions per intensity level. Here, the selected ground motions were
extracted from an extensive database compiled from the Engineering Strong-Motion (ESM) database
(https://esm-db.eu) (Lanzano et al., 2019), NGA-West2 (NGA West 2 | Pacific Earthquake Engineering
Research Center (berkeley.edu)) (Ancheta et al., 2014), New Zealand Strong-Motion database (Home -
GNS Science) (here referred to as GNS) (Van Houtte et al., 2017), and the NEar-Source Strong-motion
(NESS) (INGV/RELUIS NESS flat-file) (Sgobba et al., 2021). The database was described in more detail

GA N°945121 13
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in Deliverable D5.1. The selection was done for the RotD50 combination of the horizontal components.
The vertical component of the ground motion was not included in the selection procedure. It was scaled
by the same amount as the two corresponding horizontal components, without any consideration of
consistency since vertical hazard was not available for the case study site. These time histories are then
considered as input motion for the site response analysis considering both ground motion variability and
soil uncertainty.

In what follows we first present the METIS case study site and data in section 2. Then, in section 3, we
describe the selected rock hazard consistent dataset and provide some recommendations and lessons
learned. In section 4 we apply the site categorization criteria to the METIS case study site and perform
site response analysis using the rock ground motion as input.

2.METIS case study

The METIS case study, illustrated in Figure 1, is located in the Tuscany region of Italy, with site
coordinates of 42° 25' 26.4" N and 11° 12' 7.2" E. This zone is considered a low to moderate seismicity
region, where historical data shows only 32 events with magnitudes above 5. The region has no
information available about active fault structures and future seismicity was modelled via the smoothed
seismicity approach. The full in-depth description of the modelled seismicity in the region can be found
in Deliverable D4.6.

Keutiard Shersei | Aas At 2173 G i /FKG (22005 G

Figure 1: METIS Case study site

For consistency with record selection, hazard calculations at the rock level were performed for the METIS
case study assuming a /30 of 1000 m/s at bedrock level. The analysis was performed for several levels
of intensity, for return periods going up to 100 000 years. This upper bound is considered high enough
to cause strong motions that may damage the NPP structures and components. The detailed results of
the hazard analysis, which can be found in Deliverable 4.6, are summarized here through the hazard
curves for PGA and spectral accelerations at periods of 0.1s and 0.25s, as well as the uniform hazard
spectra at two return periods (Figure 2).
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Figure 2: METIS Case study site (@) hazard curves and (b) Uniform hazard spectra
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Figure 3: Target median (solid) and +20 spectra (dashed) derived from hazard for
record selection. The dots are the conditional PSA values defined for the record selection
procedure.

The target CMS and +2c intervals used for the record selection are shown in Figure 7as a function of
frequency for two of the conditioning IMs, PGA and Sa(0.25s) and for the 10 return periods considered
for record selection.

The soil properties at the site were characterized using borehole data indicating 4 different geotechnical
layers. Table 1 shows the soil characteristics and elastic properties of the layers along their
corresponding depths, neglecting the first 2m of vegetation layer.
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Depth Vs Poisson
(m) (m/s)
2-1 0-5 Sand and gravel 509 0.4 1.75
2-2 5-10 Silt and sand 390 0.475 1.70
2-3 10-15 Sand and gravel 405 0.455 1.80
Layer2 54 1518  Sandysilt and sandy 605 0.425 1.85
clay
2-5 18-25 Gravelly sand 590 0.45 1.90
2-6 25-30 Silty sand and silty clay 489 0.455 1.95
2-7 30-33 Sand and sandstone 805 0.45 1.95
Layer 3 33-64 Silty clay 380 0.45 2.00
Layer 4 64-78 Silty sand and sandy silt 430 0.45 2.05
Layer 5 from 78 Silty clay Vs(z) 0.455 2.00

Table 1: Soil profile at the METIS case study

The geotechnical and geophysical (cross-holes at 100m depth maximum) campaign performed at the
site could not directly identify the bedrock layer. Geophysical down-hole measurements (Figure 4)
identified a nearly flat interface between geotechnical layers previously identified (horizon A
corresponding to the interface between layers 2 and 3 and horizon B the interface between layers 4 and
5). However, identified bedrock interface seems variable along the site, with an estimated maximum
depth around 500-600m. The geological maps identified the bedrock as flysch rock, for which a
reasonable hypothesis of Vs=1000 m/s is considered in this work, which is also in agreement with the
Vs value considered for the PSHA established for the METIS case. Therefore, in this work the Vs profile
at the last layer is defined by the following expression (Parolai, 2022): Vs(z) = V,(1 +2)", with
Vs(78m)=417m/s and Vs(500m)=1000m/s, which gives n= 0.47 and Vo= 51.6 m/s.

Site location

Figure 4: Synthetic view of one down-hole measurement performed at the site.
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3.Ground motion selection on reference rock

3.1. Method and Dataset

This section summarizes the results of the record selection at rock level, performed through the
procedures summarized in the previous subsection. Record selection was performed four times forthe
conditioning IMs of PGA, Sa(0.1s), Sa(0.26s) and AvgSA(0.1:0.4s), which were deemed as the most
relevant ones for structural analysis within the METIS project (Deliverable 6.3). Due to limitations on
the existing variance-covariance matrix of spectral acceleration quantities, the PGA selection was done
for a Sa at the conditioning period of 0.01s, given that this is the lowest period for which the correlation
values are available (Baker and Jayaram, 2008). Additionally, record selection was performed for a
period of 0.25s instead of 0.26s to avoid interpolation errors that can lead to imprecisions in the
calculations of the spectral ordinates. The selection was done for a set of 10 intensity measure levels
(IMLs), which are related to different probability of exceedance (POE) values in 50 years (or, alternative
return periods), as described in Table 2.

Given the scarcity of available rock ground motions for high levels of intensity, simplifications were made
by allowing ground motions recorded at non-rock sites, as well as scaling the amplitude of the signals.
In particular, a lower bound of Vs30 of 400m/s was established, along with a maximum scaling factor
of 10 at all IMLs except for the largest one, where the maximum scaling factor was set to 12. It is
expected that the scaling factors can be reduced when a larger database is available. It is not expected
that the scaling factors and non-rock site ground motion cause any considerable bias in the analysis
results, as discussed in Deliverable D5.1. Additionally, the maximum error tolerance was set as 0.12, a
value established through statistical tests as explained in METIS D5.1.

POE in 50 Return AvgSa(0.1:0.4)
ENE T e

0.7180 0.010 0.021 0.021 0.019
2 0.2855 150 0.025 0.054 0.052 0.049
3 0.0998 475 0.051 0.124 0.103 0.097
4 0.0488 1000 0.079 0.198 0.157 0.147
5 0.0198 2500 0.132 0.343 0.257 0.242
6 0.0100 5000 0.191 0.505 0.367 0.347
7 0.0050 10000 0.271 0.664 0.519 0.491
8 0.0025 20000 0.377 1.139 0.720 0.683
9 0.0010 50000 0.565 1.557 1.079 1.023
10 0.0005 100000 0.752 2.082 1.437 1.364

Table 2: The ten Intensity Measure Levels considered in the case study selection.
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Given that downstream applications may afford different amounts of computational burden, the
selection procedure was done in nine incremental sets, to provide flexibility during the analysis. This
means that for each /ML, there are nine groups of ground motion sets with increasing number of records
per IML, starting with a set of 9 records, and then adding 2 for each group, ending up with a total of
25 records for the largest set. It must be noted that the larger sets contain all the records from the
smaller sets and should not be combined, as the full group is hazard consistent and adding or removing
records would hinder consistency. All these sets are consistent with the target CS within the considered
tolerance. Figure 5 shows an example of the results of record selection at the same /ML5 (corresponding
to 2500yr return period)) for a smaller set (11 ground motions) and for a larger set (25 ground motions).
Note that this procedure was repeated exactly as described for all conditioning IMs with the exception
of Sa(0.1s). For the Sa(0.1s) case, it was not possible to select incremental sets by simply adding two
ground motions at the time to the previous set and obtain response spectra within the desired error
tolerance. Therefore, in this case only, each set contains ground motions different than those selected
for other IMLs.

It must be noted that no target duration was established for the rock record selection, and the
accelerograms were selected with no limitations regarding this IM. This limitation may impact the results
for duration sensitive components, such as those that are pushed into significant nonlinearities or are
susceptible to degradation and damage accumulation. However, long duration ground motions should
not be prevalent in the selection given the imposed spectral shape (as elaborated on in section 3.2).
However, directly disaggregating the duration parameter depends on its availability within the GMPEs
used in the hazard calculation, as well as the presence of a correlation structure to impose it during
selection. The relevant duration can be deduced from then scenario obtained by disaggregation using
available relationships. If duration is deemed critical, it should be included in the selection process. The
record selection via the GCIM framework could also offer a more accurate approach to directly
incorporate it. Alternatively, the CS-MR could also provide some improvements in this regard, as
enforcing the causative parameters would lead to a selection of ground motions that reflect the duration
of earthquakes with magnitudes and distances similar to those found by disaggregation.

Finally, a small number of near-field, pulse-like records can be identified within the selected dataset.
These records, potentially featuring spikes in the velocity time-history indicative of fling effects, are an
inherent aspect of hazard-consistent record selection across multiple intensity levels. Given their limited
presence, their impact on the fragility results is expected to be minor, consistent with findings from
previous studies (e.g., Kohrangi et al., 2018).
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Figure 5: Target mean and dispersion of selected sets for IJML5 of the 11-record group
(Top) and 25-record group (bottom) conditioned at Sa(0.25s).

3.1.1. Repository of the selected records

The selected records have been stored and saved as pickle files (.pkl) in a set of directories and
subdirectories available in the project’s Flexx repository. Additionally, python scripts are available to plot
the results of the record selection procedure. For a better understanding of their format and contents,
their structure and fields are detailed in Table 3. The ground motion acceleration files are stored within
directories named IML_#‘ which contain all the ground motions at the indicated IML for each given
conditioning IM. The different names of each record per set, time steps, scaling factors and other
required data are contained within the mentioned file.

I T e

Periods List of considered periods of the spectrum
Level 1
Poes List of probabilities of exceedance in 50 years
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imls List of intensity measure values (Sa) in g per level
IM_cond Conditioning IM
IM# Directories from 1 to 10, containing the data per IML. Detailed in
level 2
Level 2 Inside each IM directory there are 9 subdirectories, corresponding to the different
number of records considered. Detailed in level 3
group N followed by the number of records per IM in this group
Level 3
cs subdirectories with the data for the group and IML. See /eve/ 4.
Spectra Contains the spectral acceleration values for each record, for the
P periods listed on the periods field
Names of the ground motion record files on the first horizontal
Rec_h1l . )
direction
Names of the ground motion record files on the second horizontal
Rec_h2 A
direction
Rec_v Names of the corresponding vertical acceleration files
SSEs Matching error associated with this group and IML in %
dt Time step for each record
Level 4
nstp Number of points for each record
DB Database of origin for each record file
SF scale factor applied to each record to match the target CS
Mw The magnitude of the earthquake causing the ground motion
Rjb Joyner Boore distance
Vs30 Vs30 of the station at which the ground motion was recorded

Table 3: Description of fields and structure of the record selection files

3.2. Recommendations from D5.1 and comments on
record selection

The recommendations and comments in this section are based on the record selection study described
in Deliverable 5.1, only the main aspects of the tests performed there, and related conclusions are
reported herein.
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In CS-based hazard-consistent record selection, it is of paramount importance to be able to select
ground motions that have the specified joint distributions of spectral accelerations. In an ideal case, an
analyst would be able to choose from a sufficiently large number of ground motions that are naturally
at the amplitude levels requested and have been recorded at sites with similar conditions of those
present at the site. In this study the local soil conditions are selected to be reference rock of
Vs30=1000m/s. Unfortunately, the existing databases of real ground motions do not have enough
recordings to satisfy this request, especially for very high hazard levels. Therefore, one is left with two
choices: either using the few existing ground motions recorded on the desired site conditions without
enforcing hazard consistency or assembling hazard consistent sets of ground motions allowing two
operations that may potentially affect the robustness of the results. These two operations are ground
motion scaling and using ground motions not recorded on the desired site conditions. Previous studies
(e.g. Tarbali and Bradley 2016) have shown that not enforcing hazard consistency has a very negative
effect on the accuracy of the fragility curves that ensue.

In D5.1 we have investigated whether scaling and mixing soil conditions in CS-based record selection
are legitimate operations, when done judiciously, or whether a bias is introduced in the structural
responses by the use of these spurious ground motions. The first battery of tests on record selection
had the objective of assessing the potential bias introduced by using records scaled by large factors
selected according to the CS-based approach. To this end, two sets of 40 CS-based hazard-consistent
ground motions were assembled for a given site: one containing records with exclusively high (7-10)
scaling factors (HSF) and the other set with exclusively low (1-2) scaling factors (LSF). The
accelerograms were selected using different conditioning IMs and ran through a suite of fixed-base
nonlinear SDOF systems with different vibration periods of 0.2, 0.5, 1.0. 1.5 and 2.0s and two material
constitutive laws, an elastic with hardening and a pinching model with degradation. Additionally, an
MDOF system, representing a 5-story RC building was added to the testing set to evaluate any possible
bias coming from MDOF systems, shown in Ifarritu et al. (2023). More details about the modeling
approach and assumptions can befound in Vamvatsikos and Zeris (2010). For all cases, the response
was evaluated in terms of maximum ductility (maximum inter-storey drift in the case of the MDOF). The
ground motions were also subjected to comparative tests, by computing and comparing different
intensity measures (PGA, DSs-75, CAV and AI). Results showed that neither the IMs nor the responses
and resulting fragility curves were significantly biased by using ground motions scaled by large factors,
only observing small differences at severe levels of nonlinearity. Results of the responses for the MDOF
case are summarized in Figure 6, while the rest can be found in D5.1 and Ifarritu et al. (2023). It must
be noted that this investigation is conducted only for SDoF and simple MDOF placed on the ground and
needs to be validated for more general cases.
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Figure 6: Comparison of the response estimates obtained from MSA performed on the 5-
story RC building. The figure shows the data points, the median (solid line) and 5th and
95th percentiles (dashedlines) of the MIDR (First column), PFA (second column), and roof
drift (third column). Note: The first row shows the results obtained from different soil
versus rock classifications, while the second row is related to the different scaling factor
assumptions

Similarly, a second battery of tests, using the same methodology and structures, investigated whether
soil-recorded ground motions could be used with (or in lieu of) rock motions in CS-based site-specific
record selection for rock conditions. This test is dictated by a practical need, namely the necessity to
supplement the scarcely populated databases of existing rock ground motions especially at higher
intensities. The same battery of tests described above was conducted here using two groups of ground
motions: one with exclusively soil ground motions, classified using Vs30-based method and using several
other metrics and proxies (referred to as complex method in D5.1), noted as SV and SC, respectively,
and the other containing exclusively rock (following the same classification schemes) ground motions,
noted as RV and RC. With the V530 method ground motions that had vs30 values below 400m/s were
classified as soil motions and those with /530 values above 800 m/s as rock ones. This strategy
generates two groups of motions that are well distinct. Again, the results (detailed in Deliverable 5.1)
did not show any significant impacts on the response statistics of the two groups. Some differences
were only observed at very severely nonlinear response levels (i.e., high ductility levels). Additionally, it
was important to investigate whether the selected soil ground motion groups exhibited systematically
longer strong motion durations compared to rock motions, as represented by Dss-7s. The results showed
that, as expected, the soil groups had slightly longer median durations across all sets, along with higher
dispersion and greater maximum values in most cases. However, this difference was smaller than the
thresholds commonly used in the literature to differentiate between long and short-duration records.
For instance, Chandramohan et al. (2016) defines short-duration records as those with Dss-75 values
below 25.0 seconds. Interestingly, the selected soil records had a significantly shorter mean duration
compared to the full database. Specifically, the CS-selected soil records exhibited a mean duration of
8.9 seconds, a notable reduction from the 24.4 seconds observed in the full database.

These findings suggest that provided that hazard consistency is enforced via the CS approach one could
apply scaling factors up to 10 and incorporate ground motions recorded at soil sites within the set of
rock ones. Note that this conclusion arises from tests conducted by design for worst-case scenarios,
where the datasets exclusively featured high scaling factors or solely comprised soil-recorded ground
motions. Real applications will not consider such extreme cases. The selections would favour mildly-

scaled rock ground motions that are supplemented by soil ground motions and largely scaled rock
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motions very sparingly and only on an as needed basis. Given that the outcomes for these extreme
scenarios exhibited no notable bias, one can infer that with a meticulous control over hazard consistency
and spectral shape, the responses are expected not to manifest any statistically significant bias even
when scaled ground motions and soil motions are included in the mix. While the simplified structures
considered in these studies do not represent real nuclear structures, they enable us to perform large
scale testing with the multiple ground motion groups considered.

Further details of these studies can be found in Deliverable D5.1.

When selecting ground motion records using CS, the match between the target and the selected sets
should stay within an acceptable tolerance. Based on an additional battery of tests conducted in
Deliverable D5.1, it was found that a sum of square errors below 0.12 can be considered to be an
accurate match to the target CS when 25 periods participate in the computation of the sum of square
errors, as done here. It is acknowledged that for an application to multimodal industrial structures, the
list of frequencies needs to be adapted to the kind structure considered. Here, they were chosen among
those already available in the databases. This threshold value, of course, depends on the number of
vibration periods considered in the matching procedure, as a higher number of points would naturally
yield higher acceptable threshold values of error. However, if so desired, an estimate of the acceptable
tolerance value for different number of vibration periods can be computed by normalizing the values
used for 0.12 (i.e., 0.12/25). As a comment of practical importance, it is recommended to only select
records conditioning on spectral quantities at periods for which spectral ordinates are available in the
database. Interpolation of response spectral ordinates may bias the results of selection. For instance,
this was the case when attempting to select a group for a period of 0.26s, which led to a larger spread
on the SaRotD50 values of the selected records. Herein the choice of the reference frequencies comes
from the available data provided by the record databases (NGA, ESM, NESS), as the databases contain
the RotD50 spectra for a set number of periods. Note, that a perfect match of the period of vibration of
the structure with the period used in the CS approach is not needed to ensure statistically robust fragility
curves.

To conclude, as discussed above, the accuracy of the match of the target joint spectral acceleration
distribution imposed in the CS approach should be the top priority in record selection above scaling
factors bounds or soil type limits of the selected motions. Relaxing those limitations (i.e., allowing some
scaled and soil motions) is preferable to accepting a larger distribution mismatch (i.e., larger errorvalues
with only unscaled rock motions), as the consequences of using a hazard inconsistent set of ground
motions for fragility computations are far worse.

3.3. Further Analysis of rock ground motion time
histories selected for METIS case study and lessons
learned

In this paragraph we provide a few further analyses of the target spectra and time histories selected
for METIS case study and report on some issues encountered in the selection procedure.

In a first application of the record selection described in the previous sections, the Sa(0.26s) was
considered as one of the conditioning IMs. This IM was selected to represent the fundamental frequency
of a typical reactor model, such as the simplified reactor model used for preliminary analysis. For this
conditioning IM the analysis of the time histories revealed significant discrepancies with respect to the
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target. This is shown for the example of IML_7 (10 000-year return period) in Figure 7. For comparison
the same result is also shown for the conditioning IMs PGA in Figure 8.

Additional analysis showed that the large misfit observed for Sa(0.26 s) conditioning was due to the fact
that the Sa(0.26 s) RotD50 values were not available in databases but were obtained by interpolation
between available values. The PGA RotD50 values were not interpolated (they are available in
database), and the error is much smaller (Figure 8). However, there are still some misfits that might
be due to discrepancies in the values provided in the database.

Based on these analyses, the SA(0.26s) results were discarded for further analysis and replaced by
SA(0.25s) as described in section 3.1.1.
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Figure 7: Comparison of the target conditional PSA (median and log-std) to the statistics
of selected records for 10 000-year return period (IML 7) for Sa(0.26 s) as an IM.
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Figure 8: Comparison of the target conditional PSA (median and log-std) to the statistics
of selected records for 10 000-year return period (IML 7) for PGA as an IM.

Scaling factors in the range (0.1-12) were allowed for to fit the target. The histogram of scaling factors
applied to the 25 GMRs selected for the PGA conditioning and 10 000-year return period are shown in
Figure 9 below for illustration. Many time histories are ‘regular’ in overall shape but some exhibit very
special features that might not be in agreement with the site and scenario. This is illustrated in Figure
10 below.

Conditional SaT(0.01) selection

0 2 4 6
Applied Scaling Factors

Figure 9: Scaling factors for 10 000-year return period for PGA (left).
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Figure 10: Examples of time histories selected from the database.

First insights and recommendations drawn from these analyses are:

e Need to compute RotD50 of selected ground motion and check their statistics and agreement
with target, it is not recommended to interpolate the RotD50 values from the database.

e Need to visualize the selected ground motion time histories to assess their suitability to conduct
risk assessment studies for the site under study. Some time histories may require further post-
processing to focus the duration on the strong motion and exclude noise. Similarly, some of the
ground motions coming from the existing databases have been reduced to the strong motion
fase, which may influence the responses without any additional processing, this however, is
only present in a small fraction of the records.

e The required scaling factors are quite high and earthquake scenario and site information could
not be included in the selection process. The additional use of simulated ground motion time
histories could help prevent from high scaling factors and avoid other gm features not in
agreement with site-specific conditions.
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Constraints for the significant duration of the ground motion may be imposed for cases where
severe nonlinearities are expected, as degradation due to cyclic loading may impact the
fragilities. In these cases, hazard calculations should provide the target values of duration at
each return period, and then imposed through other selection methods such as GCIM or CS-
MR.

Some of the records selected have pulse-like features. They represent near-field effects. The
use of such ground motion requires more investigations. In particular, when a small set of
records is selected then their presence could have an impact on nonlinear response.

4. Surface ground motions including site response

For the site response analyses we considered 5 intensity measure levels (IML) equivalent to 5 return
periods: 2500, 5 000, 10 000, 20 000, 50 000 years. PGA and SA(0.25) are chosen as the conditioning
IMs (see section 2).

4.1. Application of the criteria for 1D or
multidimensional site response to METIS case
study

When a site undergoes seismic shaking, local site effects have the consequences in terms of
modifications in amplitude, frequency content and duration of ground-motion. These phenomena can
be rather peculiar, and they vary from site to site depending on the local geologic and topographic site
conditions. Classical approaches often overlook the effects of lateral variations, meaning that when the
hypothesis of a laterally infinite body with horizontal layering vanishes, wave propagation cannot be
modelled correctly as 1D and more sophisticated approaches are needed to capture 2D/3D site effects
(i.e. topographic effects, slopes along with impedance contrasts, the geometry of the soft soil layers,
basin-edge induced surface waves, 2D basin resonance effects). A first step consists in the definition of
criteria that allow to decide whether 1D or multidimensional site response analysis are required for the
site under study and these criteria have been outlined and described in Deliverable 5.3. In summary,
the criteria allow an assessment of sites which are more likely to be affected by multidimensional site
effects indicating that more complex ground-motion modelling is required. The scheme is based on
single-station ground motions at surface stations only. The scheme is benefitting from the fact that no
additional site-specific information nor recordings at nearby reference sites are required.

For the test site, we have selected 26 weak ground motions leading to linear-elastic behaviour of the
ground with the best-possible azimuthal coverage to identify any azimuthal-dependent amplification in
the frequency band between 0.2 and 20 Hz. The sample events cover a distance range between 11 and
106 km. Most of the events are located to the east and north-east of the test site with only few events
covering the western azimuths, leaving an azimuthal gap of around 170°. The events used, however,
reflect the real seismotectonic setting as good as possible. The maximum PGA is ~0.1 m/s. This is
appropriate since here we are mainly interested in the identification of topological or geometrical site
effects such as non-horizontal layering, basin effects etc., and not the nonlinear site response that is
considered in section 4.2.

For the test data, we obtain an index of I = 0.31 (with 0 indicating a fully 1D behaviour while an index
of 1 represents the certainty of significant horizontal variability at this site), meaning that the site tends
to be 1D with some minor influence of 3D effects. A small aggravation factor could be used to consider

GA N°945121 27



D5.4 Hazard-consistent surface ground motions for METIS case study

the occurrence of 2D/3D site effects. Please keep in mind that our approach does not allow us to
distinguish whether the measured 3D effects are caused by topographic or basin effects or, for example,
by basin-edge induced surface waves.

4.2. 1D site response analysis for METIS case study:
data and models

This section describes the modeling approach adopted in this study for integrating uncertainties and
variability on 1D soil columns equivalent linear (EQL) response, following the modeling approach and
recommendations described in METIS D5.3. The EQL is based on an iterative procedure of linear elastic
simulations in frequency domain, soil dynamic properties being updated at each iteration based on 65%
of the maximum shear strain attained during shaking at each soil layer. The 1D soil column hypothesis
consists of vertically propagating seismic shear waves on a laterally stratified soil. Given the large
variability and depth on bedrock interface identified at the site, two bedrock depths are considered on
a parametric basis: 200m and 400m.

The following modelling strategy is considered in this study to obtain soil surface ground motion:

- Deconvolution of rock motions selected at the free-field to the equivalent outcropping rock
motions at different bedrock depths (200m or 400m) by considering a homogeneous rock with Vs
1000m/s and damping ratio of 1%,

- Convolution of the obtained outcropping rock time-histories through a 1D soil column
representing the site to obtain free-field motions to be used for soil-structure interaction analysis.

Both the variability of input ground motion on rock as well as the uncertainty related to site data are
considered and propagated in this study.

4.2.1. Best-estimate model

The dynamic soil properties (variation of normalized secant shear modulus (G/Gmax) and damping (D)
relative to shear strains) were partially characterized (maximum shear strains around 3.10#) by resonant
column tests on soil specimens from layers 2 and 3 (Figure 11, Figure 12). However, as the soil is
expected to be subjected to larger shear strains during extreme shaking, models for both G/Gmax(y) and
D(y) are considered to cover a larger shear strain range, as follows:

e Normalized secant shear modulus: adjustment from a standard hyperbolic model:
G 1
Gmax 1+(;,_T)a

e Damping: adjustment for both Darandeli (2001) and Zhang et al. (2004) models, and the mean
damping curve from these two models is considered.

This study considers the same normalized secant modulus and damping from layer 2 to layer 4, and
from 3 to layer 5, as no data was provided for layers 4 and 5. This hypothesis is based on similarities
on soil nature (Table 1), although these deep layers are not expected to be subjected to large non
linearities during shaking.
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Figure 11: Normalized secant modulus curves for geotechnical layers.
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Figure 12: Damping curves for geotechnical layers.

4.2.2.
propagation

Soil uncertainty quantification and

We adopt a generic framework for consideration of uncertainty and propagation of uncertainties via
Latin Hypercube sampling, see Figure 13 below and Deliverable D5.3 for more details on methods
used on uncertainty quantification and sampling strategy.
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Figure 13: Uncertainty propagation scheme.

The correlated Vs values are modelled by lognormal distribution where the correlation depends on the
vicinity of the layers, i.e. adjacent layers have higher Vs correlation than more distant ones. By, is
chosen at 0.175, which allows associating the deterministic interval (0.5, 2) to 2.3%-97.7% confidence
intervals of the lognormal distribution. Variability in the last layer is parametrized by the variability in
Vs(78m), for which median value is given by Vs(z) previously described and f=0.1. No variability is
introduced for Vs value at the bedrock, as seismic hazard and record selection was established for
Vs=100m/s and includes already the variability in the ground motion. Uncertainty in the layer heights
is not accounted for, as results are not expected to be very sensitive to small variations of layering.
Figure 14 shows a sample of 100 soil profiles together with the median and +-1 sigma intervals for
both H=200m and 400m hypothesis.
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Figure 14: Randomized Vs profiles with bedrock at 200m depth (left) or 400m depth
(right).

A lognormal distribution is assumed for the sampling of the damping (D) curves while a truncated
Gaussian distribution was chosen for the G/Gmax curves due to their specific properties. A negative
correlation of -0.5 is introduced to account for the increasing damping with decreasing modulus. Figure
15 shows the standard deviation from Darendeli (2001) for generic and different specific soil types. We
adopted the lower specific values for layer 3,4 and 5 of our soil profiles. An example of randomized
nonlinear properties for layer 2 is presented on Figure 16.
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Figure 15: Generic and specific soil class standard deviation from Darendeli (2001) layer
numbers refer to METIS case study.
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Figure 16: Example of randomized soil nonlinear properties (layer 2).

For this application we identified a sample size of N=100 to well represent soil uncertainty, as illustrated
in Figure 15 below but this must be assessed for more examples to deduce general conclusions. For
the uncertainty propagation, we pair each of the 100 soil columns with one time history from the set.
Since 100 soil columns for 25 time histories are available (for each horizontal direction), each time
history is used 4 times. The results for this LHS-type design are compared to the full factorial design
where each time history is paired with each soil column. The results confirmed the acceptability of the

reduced design.
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Figure 17: Convergence of median and log-std of the soil layer Vs-values as a function
of N. The different coloured curves correspond to the different layers.

4.3. 1D site response analysis for METIS case study:
numerical results

The 3-direction free-field time histories consistent both with rock hazard and soil column properties
necessary as input data for soil-structure interaction (SSI) studies were computed for all IMLs and
conditioning periods, under hypothesis of soil column depth of 200m or 400m and whether uncertainties
or best-estimate soil properties are considered. A total of 7500 numerical simulations were performed
consisting of:

- 5 1IMLs x 3 directions x 2 conditioning periods x 25 time-histories x 2 bedrock depths = 1500
soil column calculations for best-estimate properties and

- 5 IMLs x 3 directions x 2 conditioning periods x 100 soil columns (4 x 25 time histories) x 2
bedrock depths = 6000 soil column calculations integrating uncertainties.

The output data necessary for soil-structure interaction and fragility analysis have been stored in a set
of directories and subdirectories available on FLEXX repository. Documentation on input data and
hypotheses as well as the output data format is also provided with the data.

4.3.1. Deconvolution strategy

In this section we assess the impact of deconvolution strategy and soil column depth on free-field
signals, both in terms of the uncertainty on bedrock depth (hypothesis of H=200m or 400m) and
bedrock damping. Indeed, bedrock depth and damping have a direct impact on the high frequency
content of deconvolved signals, as reported on Figure 18 (left) for elastic transfer functions for
deconvolution under different damping hypothesis. In turn, the median amplitude of the obtained free-
field spectral accelerations a for one set of free-field motions (X direction and one set of selected time
histories — 2500 years r.p.) are clearly affected by the deconvolution (Figure 18 — right). Smaller
damping on rock compared to the one on soil, specially at the last soil layer (layer 5), leads to higher
differences between H=200 and H=400m soil columns. In this work we choose to keep a physical value
of D=1% for the rock damping, lower than small strain damping on the soil column and therefore
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leading to differences in free-field motion computed for the H=200 and H=400m soil columns
hypothesis.
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Figure 18: Elastic transfer functions for deconvolution on rock (Vs=1000m/s) columns
with H=200m and H=400m and different damping characteristics (left) and response
spectra for convolution on soil columns (right).

The deconvolution results for 2500 years return period on both horizontal components are presented in
Figure 19, and compared to the conditional spectra anchored at PGA and used for time histories
selection (based on RotD50). As previously discussed, the impact of the deconvolution on the obtained
input motions for soil column analysis is mainly relevant for deep soil profiles.
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Figure 19: Pseudo-spectral accelerations a in units of g are plotted for horizontal
components (X: left and Y: right) of deconvolved bedrock input motions for return period
of 2 500 years and a soil columns of H=200m, 400m, considering CMS anchored at PGA.
Solid line: median; dashed line: 15% and 85% quantiles

4.3.2. Best-estimate soil column results

In this section we briefly describe the results for free-field spectral accelerations for both horizontal and
vertical components. The horizontal components are obtained by Linear Equivalent approach, whereas
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the vertical free-field motion is obtained without any soil properties reduction. Figure 20 and Figure
21 presents the results for 2 500 years (left) and 50 000 years (right) return periods, for a soil column
hypothesis of H=200m and CMS anchored at PGA and T=0.25s, respectively. Figure axis are in log-log
to better visualize differences between outcrop rock and soil spectral accelerations at low frequencies.
As expected, pseudo-spectral accelerations for both horizontal directions at the soil follow a consistent
similar response, although the time-histories selection procedure enforced hazard consistency for
RotD50 combination of the horizontal components rather than for each horizontal component
separately. Differences between rock and site pseudo-spectral accelerations are mainly due to: (i) site
amplification at low frequencies (cf. Figure 22 for site amplification function) and (ii) soil damping
which leads to a reduction pseudo-spectral accelerations at the high-frequency range. In this sense,
obtained median PGA values from the 1D soil column model are lower than the PGA at rock.

The vertical component presents a large variability, as: (i) no consideration of consistency with the
vertical ground motion hazard is proposed in this work and (ii) soil modulus reduction and damping are
considered only for horizontal components, the convolution of the vertical one being performed for the
elastic soil column.

PSA IML 5 PSA IML 9

100 4

»»»»

W,
107! 3 5 - T

1071 4

a[g]

— Qutcrop rack 1072 5
= horizontal X
---- Q1l5/85%
= horizontal Y = horizontal Y
---- Q15/85% 10-3 4 - ---- Q1l5/85%
— vertical e — vertical
---- Q15/85% - ---- Q15/85%

= Qutcrop rock
= horizontal X
---- Q15/85%

10-3 4

1074

16“ 161 16“ 161
f[Hz1 f[Hz1
Figure 20: Pseudo-spectral accelerations a in units of g are plotted for horizontal and
vertical components for return period of 2 500 (left) and 50 000 (right) years, considering
best-estimate soil column and CMS anchored at PGA. Solid line: median; dashed line:
15% and 85% quantiles.
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Figure 21: Pseudo-spectral accelerations a in units of g are plotted for horizontals and
vertical components for return period of 2 500 (left) and 50 000 (right) years, considering
best-estimate soil column and CMS anchored at T=0.25s. Solid line: median; dashed line:
15% and 85% quantiles.

For all considered cases, maximum equivalent shear strains for best-estimate soil columns were lower
than 0.35%, although extreme case of IML 9 (50000 years return period) presented 3 out of 50
numerical simulations per anchoring CMS period (2 horizontal directions x 25 TH) with maximum shear
strains larger than 0.15%. Maximum strains are obtained on layers 3 and 4, which are the more prone
to nonlinearity as (i) layer 3 is adjacent to Vs inversion at the interface with layer 2 and (ii) layer 4 has
a rapid G/Gmax reduction with shear strains.

4.3.3. Impact of soil column uncertainties

The numerical simulations performed show that the introduction of uncertainties in the soil column (Vs
profile and nonlinear properties) directly impacts the bedrock to surface transfer function (TF) (Figure
22) as: (i) smaller resonance peaks for the median TF values are observed and (ii) higher TF variability
is obtained in comparison to the best estimate profile only, although differences reduce when
considering high return periods (right-hand side). However, median and 15%/85% quantiles for the
spectral accelerations at the surface are less impacted by the variability at the soil column (Figure 23).
Slight lower median values and consistently lower 15% quantile are obtained for return period of 50
000 years, as higher nonlinearities are attained for some simulations, leading to lower spectral
accelerations. Indeed, including soil variability led to a higher number of soil columns presenting
maximum shear strains larger than 0.15%, or locally higher than 0.5% (6 out of 400 simulations for
20000 years return period and 23 out of 400 simulations for 50000 years return period). Excluding these
extreme cases do not significantly change the median spectral acceleration at the surface (Figure 23),
although 15% quantile increases. In both Figures, the PSA response are shown for the response in x-
direction for illustration.
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Figure 22: Bedrock to surface transfer function for return period of 2 500 (left) and 50
000 (right) years for CS anchored at PGA. Solid line: median; dashed line: 15% and 85%

quantiles.
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Figure 23: Pseudo-acceleration for return period of 2 500 (left) and 50 000 (right) years
when considering uncertainties in the soil column for CS anchored at PGA. Solid line:
median; dashed line: 15% and 85% quantiles.

The relative impact of introducing uncertainties in the soil column compared to the variability of input
time histories only is analysed by comparing the coefficient of variation (ratio between standard
deviation and mean value, COV) value for RotD50 of the horizontal components for all IMLs and both
conditional periods (PGA and T=0.25s). Figure 24 shows that considering soil variability leads to
consistent higher COV values when considering all IMLs for all frequencies. As expected, COV is lowest
at the conditional period/frequency, as the selection procedure described on section 3 imposes to select
time histories by exactly matching the defined rock PSA at that frequency. Figure 25 shows that COV
is consistently larger by at least a factor 2 at the conditional frequency when introducing soil column
uncertainties, this result being directly linked to the B values of lognormal distributions considered for
both Vs profile and nonlinear soil properties.
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Figure 24: Comparison of best estimate and best-estimate + uncertainty case for soil
variability: Mean value of the coefficient of variation of all IMLs for Rotd50 PSA for both

conditioning periods (PGA — left, T=0.25s — right).
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Figure 25: Coefficient of variation of Rotd50 PSA at the selected period (PGA - left,
T=0.25s — right) for all IMLs.

4.4. Comparative studies with 2D site response

In this section we describe and assess an approach that allows for the consideration of multi-dimensional
site effect analysis using the so called Free-Field Boundary Condition (FFBC). It is most common in
practical applications that information concerning the seismicity of the region of interest are constrained
to a PSHA analysis performed for the reference bedrock, while information concerning the form of the
complete wave field is quite scarce. In this context, it is common practice to evaluate site amplification
using a plane wave excitation of vertical incidence generally applied at the bottom of the computational
domain, while the motion along the lateral sides is not known beforehand. A simple solution to introduce
the lateral ground motion, initially proposed by (Zienkiewicz, et al., 1989), is the FFBC, where the
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excitation imposed on the lateral sides is the one obtained from the wave propagation in a 1D soil
column as schematically represented in Figure 26.
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Figure 26: Schematic representation of the free-field boundary condition (FFBC).

The definition of the dynamic excitation in code_aster is ensured via the use of paraxial elements. The
traction vector ¢/’ and the incident velocity field v// are obtained from the 1D soil column wave

propagation. These are the necessary fields needed to correctly construct the free-field excitation on
the lateral boundary (Korres et al. 2022).

It is worth noticing that the 1D columns can be solved prior to the construction of the dynamic excitation
which is then transferred to the lateral boundary for the 2D dynamic analysis. This implies that no
interaction takes place between the 1D column and the 2D profile as information is transferred
unidirectionally from the 1D column to the 2D domain. This implies that the wave field generated in the
2D model does not affect the free-field ground motion of the 1D propagation, a simplifying assumption
that might be too approximate depending on the complexity of the 2D analysis. Nevertheless, it can be

justified in certain cases if the columns are placed at some distance from the central region of the
model.

4.4.1. Overall strategy and assumptions for the 2D
analysis

The aforementioned methodology is applied to the 2D soil profile of the METIS case-study (Figure 4)
by considering the best-estimate soil properties equivalent to the soil column with H=200m. However,
contrary to the 1D analysis, no material damping is considered in this case (cf. §4.4.3 for a discussion
on the influence of soil material damping). The spatial variation of the Young’s modulus for the 2D soil
profile of Figure 4 and the best-estimate properties is presented in Figure 27 (left).

Provided that the efficiency of the FFBC approach is highly influenced by the distance between the
geology of interest and the lateral boundary of the model, a first comparison is performed using a
simplified Ricker excitation to identify the appropriate size for the 2D model. For this purpose, a
hypothesis is made for the lateral extension of 2D soil profile (Figure 27) assuming horizontal layer
stratification in both sides of the model. The latter was mainly motivated from the lack of further
information allowing to extend the 2D profile more appropriately as well as to the fact that the site is
located close to the seacoast and thus the horizontal extension of the model remains plausible.
Consequently, three model sizes are examined as presented in Figure 27: (i) Small model (100 m
length), corresponding to the known 2D profile, and (ii) Medium (500 m length) and Large (900 m
length) model, allowing to evaluate the convergence of the numerical solution at the site of interest.
Finally, it is worth mentioning that provided the complex geological 2D profile, the 1D soil column is
different for the two sides of the model.
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Figure 27: Spatial variability of the Young's modulus for the small model (left), and the
three different sizes of the 2D soil profile (right).

Once the 2D model size is fixed, a comparison is performed between the 1D and 2D site response, using
the previously described ground motion database proposed for the METIS case study. The purpose of
this analysis is to evaluate the “1D character” of the site of interest and evaluate the spatial variability
of the ground motion deriving from the 2D analysis.

4.4.2, Results and comparison with the 1D soil
column

The influence of the size of the model is examined at first. Three models are compared adopting the
same boundary conditions: plane wave excitation with vertical incidence imposed at the base of the
model and the free-field motion obtained from the 1D soil column imposed at the lateral side. The
characteristics of each model in terms of mesh discretization as well as the computational time are
provided in Table 4, along with the characteristics of the 1D column.

Table 4. General information for the different numerical models.

Model Nb of Elements Nb of DOFs CP[l:n-il;:Te
1D Column 200 1K 1
2D Small 5K 28 K 3.5
2D Medium 26 K 151 K 10
2D Large 47 K 280 K 25

Numerical results for the three model sizes are presented in Figure 28, and for a point located at the
site of interest (surface and the center of the model). It is worth noticing that the Sma// model (green
line in Figure 28) provides a different response compared to the other two model sizes for the
convergence in terms of site response. Two main reasons can be the source for this important difference
in terms of site response:
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Accelerationy [g]

The free-field motion imposed at the boundary steams from an 1D propagation on a horizontally
stratified soil column which is incompatible with the wave front generated by the 2D geology.
The applied free-field motion is different on the left and right-hand sides of the model as the
soil 1D profile is not the same. The proximity of the absorbing boundaries to the variable
bedrock profile in depth is an important point and we compare different model sizes to assess
adequacy of the results in the points of interest. Therefore, the proximity of the boundary to

the 2D geological profile plays a negative role on the global response even more due to the lack
of material damping in the present study.

As illustrated in the acceleration wave field presented in Figure 29, the 2D soil profile modifies
locally the vertical incidence of the wave front leading to an inclined wavefront following the
geological profile. Paraxial elements are known to perform better for angles of incident waves
that remain close to 90° (Modaressi et al. 1994). In this context, different angles of incidence
may decrease their absorption capacity and lead to spurious reflections on the domain of
interest. This phenomenon is less present as the boundary remains farther from the complex
geology.
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Figure 28: Horizontal component of the site response and a simplified Ricker excitation:

acceleration time history (left), and 5% damped spectral acceleration (right).
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Figure 29: Acceleration field at 1.68s. The green rectangle at the center represents the

size of the small model.
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Provided the small differences between the Medium and Large size models, the Medium size model is
chosen so as to examine the 2D site response compared to the 1D soil analysis.

Since the 2D analyses are conducted as linear elastic with no material damping, numerical results are
presented here only for the return period of 2 500 years for all 25-acceleration time-histories
corresponding to the x component. Comparison between the undamped 1D and the 2D (point at the
center at the surface) site response is presented on the left-hand side of Figure 30, in terms of mean
value (solid line) and standard deviation (dashed line). According to Figure 30, site amplification is
rather similar between the 1D and the 2D case and thus the assumption of 1D propagation is justified
for the case of interest, confirming the result from section 4.1. There are only slight differences with
higher amplitudes for the 2D case in the range between 10Hz and 20 Hz.

Nevertheless, it is worth noticing that contrary to the 1D analysis, the 2D simulation also accounts for
the spatial variability of the seismic ground motion. At the right side of Figure 30, we compare the
results for one of the seismic signals and different stations at the surface of the 2D profile (see also
right-hand side of Figure 27), where we observe that the response is different depending on the
location of the point at the surface (distance of 300m between point 1 and 4). The latter is an important
element that needs to be considered as the variability of the ground motion may lead to more complex
seismic motion to which the structure will be subjected to, compared to a simplified wave motion
steaming from a plane wave solution and 1D soil column hypothesis.
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Figure 30: Horizontal component of the 5% damped spectral acceleration: Comparison 1D
vs 2D (left), Spatial variability of the seismic ground motion (right).

4.4.3. Influence of the attenuation on the 2D
profile

This part examines the influence of attenuation in the 2D site response. In the traditional 1D linear
equivalent analysis presented in section 4.2.1, soil attenuation is considered through shear strain
dependent damping presented in Figure 12. The present analysis for the 2D soil profile considers soil
attenuation through the use of Rayleigh damping, calibrated for the best-estimated small-strain soil
damping (&; = 1.5%,&, = 2.7%,&; = 1.4%,¢&, = 1% for each layer). Even though it does not consist of
an ideal way to represent soil attenuation, it is used here for demonstration purposes and further work
should consider a nonlinear constitutive law to evaluate energy dissipation in the soil medium.
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Rayleigh parameters (a and B) are calibrated here in a large frequency band between 0.2 and 25 Hz to
cover a larger spectrum for the attenuation. Parameters are calibrated for small-strain damping only
and not to intended to model material damping expressed by D-gamma curves. Numerical results are
summarized in Figure 31 along with the undamped 2D response and the 1D response. As expected, the
influence of soil attenuation led to a generalized decrease of the complete spectrum observed at the
surface and the center of the 2D profile. Similar results are observed on the spatial variability of the
ground motion. The right part of Figure 31, examines the evolution of the difference of the response
spectrum between points 2 and 3 locate at the surface (Figure 27), and for the same scenario presented
in Figure 30 (right). The closer this difference tends to zero, the smaller the spatial variability of the
ground motion. As it can be observed in Figure 31 (right), soil attenuation leads to lower values for the
examined scenario.
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Figure 31. Horizontal component of the 5% damped spectral acceleration. (left),
difference between spectral acceleration of point 2 and 3 (Figure 27).

4.5. Recommendations

e The estimated soil variability should cover the uncertainties related to the soil profile and
nonlinear properties. In this work these are constrained by the available data at the site,
modelling hypothesis (fixed Vs at bedrock) and literature data. A link to usual practice and
deterministically assumed coefficients of variation can also help in the uncertainty quantification
step.

e The conducted analysis highlighted that it is required to have the deconvolution step for better
consistency of bedrock input motion in order to account for the soil column depth. Introducing
the deconvolution decreases inconsistencies when considering different soil column heights in
cases where there is no significant contrast to bedrock. In this work we assumed two different
hypotheses: shallow (200m) and deep (400 m) bedrock depth. Bedrock spectral accelerations
are higher for the deep soil column; nevertheless, rock attenuation being lower than soil, deep
soil columns lead to lower pseudo-spectral accelerations than shallow ones. This work didn’t
directly address the case where there is no identified bedrock depth, but the deconvolution step
seems appropriate in such cases as large differences would be considered for the bedrock depth.

e In cases when evaluating the impact of variable bedrock profile by 2D wave propagation
analysis, free-field boundary conditions should not be placed directly next to the variable
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bedrock profile. In the numerical simulations performed in this work, a model 2 times larger at
each side than the variable bedrock profile is sufficient.

e The choice of using recordings from real earthquakes for time-histories selection invariably leads
to signals with different total duration and possibly different time-steps. The 1D site response
being performed in frequency domain, this was not a main issue and therefore this work didn't
focus in providing recommendations on this point. However, metadata is provided so time steps
can be harmonized among time histories, although total duration would certainly remain
different given the large variability in this point from selected time-histories (Figure 10). Very
long signals are certainly an issue for nonlinear structural time domain analysis, for which the
numerical simulation cost is directly linked to the signal total duration.

5.Conclusions

METIS project implemented the hazard consistent record selection for the case study site. The records
are the input for site response and for fragility and response assessment of structures, systems and
components for METIS case study.

Bedrock record selection for horizontal time-histories was performed using the CS approach, in which a
distribution of spectral shapes is imposed that represent the expected hazard at a given site for a given
return period. This method was applied for the METIS case site, considering a Vs of 1000 m/s, following
the PSHA results. The target spectrum was defined to consider all ruptures and GMPEs, following the
Lin et al., (2013) methodology implemented in OpenQuake. The sets were selected for 10IMLs, for the
IMs Sa(0.01s), used to define PGA, Sa(0.1s), Sa(0.25s), used instead of 0.26s and for AvgSa(0.1:0.4s).
Vertical motions were obtaining by sampling applying the same scaling factor defined for the horizontals,
without any consideration of consistency with vertical ground motion hazard since vertical hazard was
not available for the case study site.

Different sizes, in terms of number of records were selected to give the users more freedom in terms
of number of analyses, with the organization and contents of the record repositories described in section
3.1.1. The adopted selection strategy required rather high scaling factors (0.1-10), the scaling factors
can be considerably reduced when selecting only single sets of ground motion of size 25-30. Here, the
required scaling factors are quite high and earthquake scenario and site information could not be
included in the selection process. The additional use of simulated ground motion time histories could
help prevent from high scaling factors and avoid other ground motion features not in agreement with
site-specific conditions.

However, in D5.1, the authors found that the CS- selected record sets can be allowed to contain some
ground motions with higher scaling factors than those allowed conventional in non CS-based
applications, more so at the highest intensity levels, to achieve a good match of the target spectra.
Similarly, some recorded soil ground motions, corresponding to the target spectrum and distribution
can be included in the set without introducing any bias on the SDOF studied in D5.1. Based on these
tests, the most critical aspect for hazard-consistent bedrock record selection is to match well the mean
and distributions of the target spectra. The results showed that no bias is introduced into the fragility,
and the only slight differences are observed at very high levels of nonlinearity, which is rare for nuclear
SSCs. In some particular cases, additional features, such as strong motion duration or other properties
linked to waveforms can impact strongly nonlinear response. For this purpose, the inclusion of additional
selection criteria such as duration, as well as other seismological parameters related to the scenario and
the site should be included in future studies, provided that the hazard analysis for these parameters is
plausible.

Given the large amount of different components present on a nuclear power plant, with different
sensitivities to several IMs, such as spectral accelerations at different periods, more efficient IMs such
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as AvgSA could be implemented to simplify the selection. This way, a single IM is capable of predicting
the behavior of multiple SSCs.

The bedrock records selected were used as input motion for site response analysis studies based both
on 1D and 2D modelling hypothesis. A geotechnical model for the site was defined based on the available
data and by considering reasonable hypotheses on nonlinear properties and bedrock depth. Following
recommendations from Deliverable D5.3, uncertainties were integrated and propagated on 1D site
response analysis, providing a database with 3-component free-field motions and associated soil
equivalent properties for further soil-structure interaction studies. Although for a reduced dataset
maximum shear strains were locally higher than 0.5% for 50000 years return period, these are not
expected to impact further steps of the METIS case-study using the produced data. The obtained results
confirmed that integrating uncertainties on soil properties lead consistently to higher coefficients of
variation (COV) for the RotD50 free-field motion at the CMS anchoring period for selected rock time-
histories. The large variability obtained for vertical motions at the free-field is a consequence of both
the time-histories selection procedure, which didn't apply any constraint in the vertical motion, and the
hypothesis of obtaining 1D site response with elastic properties for the vertical direction.

In a similar way as the 1D analysis, the selected bedrock recordings were used as input excitation for
the 2D site response analysis. Input excitation is introduced as a Free-Field Boundary Condition as
discussed in Deliverable D5.3 and the influence of the size model on the horizontal response of the 2D
profile is examined at first for a simplified Ricker excitation. Following the definition of the domain size,
the 1D and 2D analysis are compared for the selected records database and the best-estimate soil
profile. Obtained results demonstrate that in the present case the 1D and 2D response are similar for
the horizontal component at the same bedrock depth. This result enforces the conducted 1D numerical
analysis, although the observed spatial variability of the seismic ground motions obtained from the 2D
model cannot be directly accounted for in the 1D analysis. Finally, a 2D analysis using a Rayleigh model
to represent soil attenuation as a first simplified approach is examined in the last part, and as expected
a decrease of the obtained response spectrum is observed in the site of interest. In future work, a
nonlinear constitutive model will be used to represent soil damping more appropriately.
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7.Appendix

7.1. Example of bedrock selected ground motions

The following figures and tables show the case with 15 time histories per stripe for the PGA selection.

RSN9095_14151344_CISDRHHN ITMRR..HNE.D.IT-2012-0032 ACC.MP
0.01 H
0.005 -
0.000 hl 0.00
_0005 i T T T I T _0'01 = I I I T T T T T
C) T 0.005
o 0.00 - h2 - 0.000 A
Y Y —0.005 -
< -0.01 T T T T T < I I T T T T T T
0.005 0.0025 4
0.000 + v 0.0000 4
—0.005
T T T T T _0'0025 - T T T T T T T T
0 50 100 150 200 0 20 40 60 80 100 120 140
Time [s] Time [s]
RSN10538_10370141_CISTCHNN IT.BRH..HNE.D.IT-2012-0008.ACC.MP
0.01 H
0.005 +
0.000 0.00
—0.005 +
T T T T T -0.01 T T T T T T T
G S 0,005 -
Y 0.00 Y 0.000 +
< _0.01 L . . : : < ~0.0057 . . r , : ,
0.005 - 0.0025 +
0.000 0.0000 +
—0.005 1 -0.0025 -
T T T T T T T T T T T T
0 50 100 150 200 o] 25 50 75 100 125 150
Time [s] Time [s]
RSN9633_10410337_U5036360 RSN10508_10370141_CIRPVHNN
0.005 - 0.005
0.000 + 0.000 +
_0005 1 T T T T T _0'005 - I I T T T
& 0.01 A =)
E 2 0.00 -
Y 0.00 o Iv]
{ T T T T T { _0I01 _ T T T T T
0.0025 A 0.005 A
0.0000 0.000 -
—0.0025 H
T T T T T T T T T T
0 10 20 30 40 0 50 100 150 200
Time [s] Time [s]
RSN11434_10275733_CIPLSHLN ITTGG..HNE.D.IT-2012-0008.ACC.MP
0.01 H 0.01 A
0.00 1 —+> 0.00 - +
001 r ; r r -0.01 1 r . r . : .
5 O > 0005
g 0.000 + g 0.000 +
< —0.005 + <C -0.005 A
0.0025 H 0.01 4
0.0000 H 0.00
—0.0025 A
T T T T T —0.01 - T T T T T T T
0 50 100 150 200 0 25 50 75 100 125 150
Time [s] Time [s]

- GA N°945121 48



D5.4 Hazard-consistent surface ground motions for METIS case study

20110222 015029 LBZ x

RSN49_LYTLECR_SADO0O3

0.01
0.00 - —%———ﬁ 0.00 -WWW
_0'01 = T T T T T T T _0I01 | I I T T T T
— — 0.005
o 0.005 4 =
o 0.000 + v 0.000
2 -0.005 A g
< — — < 000 L L
0.005 + 0.0025 A
0.000 + Vv 0.0000 +
—0.0025 A
=0.005 1, T T T T T T T T T T T
0 25 50 75 100 125 150 0 1 2 3 4 5
Time [s] Time [s]
RSN59_SFERN_CSMO095 RSN9644_10410337_U5371360
0.005
0.00 0.000 -
70'01 B T T T T T T T 70'005 i I T T I T
— — 001 A
o 0.005 o =
o 0.000 4 o 0.00 4
o [}
< 7388‘2 ) I T T T T T T < —-0.01 T T T T T
’ 0.0025
0.000 + 0.0000 +
—0.0025
-0.005 T T T T T T T T T T T T
0.0 25 5.0 7.5 10.0 125 150 0 10 20 30 40
Time [s] Time [s]
IT.SPO1..HGE.D.EMSC-20161026_0000095.ACC.MP RSN5853_SIERRA.MEX_03234360
0.01
0.005 -
0.00 - 0.000 A
—0.005 +
E, 0.01 4 ‘ | 5 0.01
v 0.00 ~ o 000+ —*———
O o
< _p.01 L . i . i < 001 Ly . . . : I
0.005 -
0.00 1 0.000
=0.01 T T T T =0.005 - T T T T T T
0 20 40 60 80 0 20 40 60 80 100
Time [s] Time [s]
IT.FLP..HNE.D.IT-2012-0008.ACC.MP
0.01
0.00 4 —%———_
—0.01 4 T T I ; T
@  0.005
o 0.000 A
& —0.005 +
0.0025 +
0.0000 o
—0.0025 T T T T

60
Time [s]

Figure 32: Set of 15 3-component waveforms of the selected ground motions at bedrock
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Figure 33: Set of 15 3-component waveforms of the selected ground motions at bedrock
for PGA (Sa[0.1s]) for IML2
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7.1.3.IML3
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Figure 34: Set of 15 3-component waveforms of the selected ground motions at bedrock
for PGA (Sa[0.1s]) for IML3
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D5.4 Hazard-consistent surface ground motions for METIS case study
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Figure 35: Set of 15 3-component waveforms of the selected ground motions at bedrock
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Figure 36: Set of 15 3-component waveforms of the selected ground motions at bedrock
for PGA (Sa[0.1s]) for IML5
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Figure 38: Set of 15 3-component waveforms of the selected ground motions at bedrock
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Figure 39: Set of 15 3-component waveforms of the selected ground motions at bedrock
for PGA (Sa[0.1s]) for IMLS8
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Figure 40: Set of 15 3-component waveforms of the selected ground motions at bedrock
for PGA (Sa[0.1s]) for IML9

“ GA N°945121
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Figure 41: Set of 15 3-component waveforms of the selected ground motions at bedrock
for PGA (Sa[0.1s]) for IML10
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Table 5: Selected records at rock (record set 15 for PGA) with causative parameters
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7.1.

Hazard consistency verifications of the bedrock
ground motions
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Figure 42: Hazard consistency checks for the PGA (SA [0.01s]) set
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Figure 43: Hazard consistency checks for the SA (0.1s) set
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