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Abstract

The main goal of this research project is ad-
vancements in the regional and local seis-
mic hazard assessment in Switzerland with
a particular focus on nuclear facilities. The
project includes an assessment of the local
amplification of ground motions, modelling
of the wave propagation in complex media,
research on induced seismicity, and applica-
tions for deep geological disposal. For sub-
project 1, we developed a method to assess
the ground motion at a depth that can be
used for the seismic hazard assessment of
deep geological disposals such as nuclear
waste repositories. This physics-based meth-
od was mathematically formulated and vali-
dated by empirical earthquake data from Ja-
pan. Then, we started with applications of the
method to instrumented borehole sites in
Switzerland. This is to adjust it to Swiss condi-
tions and open the path for the seismic haz-
ard assessment of the Swiss nuclear waste
repository. Next, a systematic re-assessment
and quality control of the determination of
the local high-frequency attenuation term
Ko at Swiss free-field stations was performed.
We showed the consistency between the es-
timated Ko,Vs30 couples and the parameters
of the Swiss reference rock profile, which is
one of the key “ingredients” of the Swiss sto-
chastic model. Within subproject 2, we fur-
thervalidated a 3-D geophysical model of the
Upper Rhone valley (Wallis) using observed
ambient vibration measurements, and we

applied the model to simulate expected
ground motion amplification during earth-
quakes. It has been deduced that it isimpor-
tant to properly validate 3-D velocity models
originating from geophysical and geologi-
cal methods through numerical modelling
and observations, in order to reliably assess
the site amplification. Next, we tested a hy-
brid modelling method to prepare synthet-
ic broadband waveforms that can be used
for engineering applications. Within sub-
project 3, we focus on understanding the
geo-mechanical response due to canisters
emplacement in terms of fault stability and
potential induced seismicity. After investigat-
ing the role of rock rheology, in the current
reporting period, we have focused on includ-
ing the gas generation as an additional po-
tential effect generating over-pressurization
in the repository.

Project goals
This research project is split into three sub-
tasks with the main goal to improve regional
and local seismic hazard assessmentin Swit-
zerland. The subprojects are:
B Cround-motion attenuation models
and earthquake scaling for Switzerland;
B Modelling wave propagation in complex,
non-linear media and limits of ground
motion;
B Induced seismicity and application for
deep geological disposal.

The focus of subproject 1 lies in the de-
velopment and improvement of earth-
quake ground-motion attenuation and
source-scaling models for Switzerland. We
target ground-motion estimates for sites at
depth and at the surface, in the near field,
for damaging events, and smaller induced
earthquakes aswell. The work is based on ob-
servations in Switzerland and Japan. Study-
ing the near-surface amplification and atten-
uation constitutes a key point in our research.
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The scope of subproject 2 is to improve de-
terministic predictions of ground motion, es-
pecially with respect to near-field, nonlinear
behaviour in sedimentary rocks and soft soils,
and new trendsin modelling complex source
processes. This includes the calibration of
material parametersvia field measurements
and the development of numerical codes to
simulate ground motion in three-dimen-
sional complex media. The results of subpro-
ject 1 will be linked to deterministic simula-
tions from subproject 2, and the results will
be tested and compared to observed data.
In subproject 3, we move towards a realistic
characterization of seismmogenic sources for
induced earthquakes. The goal is to adapt
existing geo-mechanical models to a situa-
tion of deep geological disposal (e.g. nuclear
waste repositories), develop and validate new
modelling methods, and integrate them into
a probabilistic framework for seismic hazard
assessment.

Work carried out and results
obtained

1. Ground-motion attenuation models
and earthquake scaling for Switzerland
Subproject 1 is aimed at improving knowl-
edge of ground-motion attenuation and
amplification at Swiss sites. On the national
scale, the ground-motion prediction equa-
tions and site amplification models were
developed within the previous phase of the
project [1]. On the regional scale, a relation
between site amplification and site charac-
teristics was studied by [2] via site proxies (e.g.
bedrock depth, slope, lithology). Further, the
local effects were studied in detail within this
project phase.

First, the local ground-motion attenuation
and amplification are linked to the near-sur-
face velocity of seismic waves. In previous
years, we developed a Bayesian inversion
method thatis capable to infer the near-sur-
face shear-wave (S-wave) structure including
uncertainties [3]. The approach was tested
with the real data measured near seismic
stations of the Swiss Strong Motion Network
(SSMNet), it was applied to single-station
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ambient vibration data recorded on Mars,
and it is currently applied to a large dataset
in the Basel area to retrieve a 3-D geologi-
cal-seismological model at an urban scale
[4]. As a result, our method developed within
this project framework will help to retrieve a
velocity model of the Basel-Stadt area includ-
ing rigorously evaluated uncertainties. The
3-D model can be used for the evaluation of
ground-motion amplification mapsin terms
of the theoretical SH-wave amplification at
specific locations.

This year, we put a lot of effort into advance-
ments to characterize the ground motion
at depth. This is especially important for
seismic hazard assessment of deep geo-
logical disposals such as nuclear waste re-
positories. To tackle this task, we proposed
a novel stochastic model to characterize the
high-frequency ground motion at depth in
the frequency domain by using a set of ran-
domized SH-wave transfer functions. The
rigorous theoretical background, compari-
son with empirical amplification functions
at numerous Japanese sites, and examples
of its application were published in an inter-
nationalimpactjournal by Hallo et al. (2022a).
The methodisintroduced and thoroughlyin-
vestigated by synthetic tests; then, we vali-
date the method through the comparison
with empirical surface-to-borehole amplifi-
cation curves observed in 144 selected KiK-
net vertical arrays in Japan (equipped with
both surface and borehole seissnometers).
This verification is done in the broad fre-
qguency range of 0.1-50 Hz, and we were able
to identify several sites with a good mutu-
al fit of theoretical and empirical amplifica-
tion curves. This proved that the stochas-
tic model can relate the ground motion at
depth and on the ground surface in a broad
frequency range. In addition, we made the
first attempts to extend the stochastic mod-
el to complex 3-D media (Oprsal et al. 2022).
Next, we demonstrated the performance of
the method in some practical applications:
I. Bayesian inversion of the empirical sur-
face-to-borehole amplification to retrieve
the S-wave velocity model; II. full-waveform
prediction of the ground motion at depth
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from surface earthquake recordings. The lat-
ter is especially important for seismic hazard
assessment because full waveforms include
all parameters needed by engineers for the
design of earthquake-resistant structures.
In particular, the ground-shaking caused
by earthquakes is characterized by the peak
ground acceleration (PGA), peak ground ve-
locity (PGV), cumulative absolute velocities
(CAV), Arias intensity (la), and acceleration
response spectra. The full-waveform pre-
diction of the ground motion at depth was
performed at several KiK-net sites in Japan
and published in Hallo et al. (2022b, 2022c¢).
An example of the full-waveform prediction
of the ground motion at depth from the sur-
face recordings of the 2018 northern Osaka
M. 5.6 earthquake is shown in Figure 1. In-
deed, the theoretical prediction is close to
the real data measured in the borehole at
10 m depth. This applies to all: acceleration
waveform, PGA, PGV, CAV, |5, and response
spectra.

Further, we have already started with the
application of our novel stochastic model
to characterize the ground motion at depth
in Switzerland. In particular, we focus on
BOBI, HAMIK, STIEG, ROMAN, WOLEN, and
SVISP sites equipped with both surface and
borehole seismmometers (NAGRA network,
SDSNet, and SSMNet). We determined sur-
face-to-borehole amplification functions
and performed the prediction of the full
waveform at depth from surface recordings
of the 2017 M, 4.1 Urnerboden earthquake
(Uri). The preliminary results of this research
were presented in Hallo et al. (2022d) and
are planned to be compiled into a scientific
paper next year. The gained knowledge and
developed toolsallow ustodraw a procedure
to evaluate the local seismic hazard for deep
nuclear waste repositories in Switzerland (i.e.
extension for large earthquakes that can oc-
curinthe future). Note, the latter will require
broadband waveform modelling from sub-
project 2.

Next, in continuity with the research car-
ried out in the previous years, a systematic
re-assessment and quality control of the lo-
cal high-frequency attenuation term ko (e.g.

[5]) at free-field and urban free-field stations
in Switzerland was performed. The output is
a dataset of verified ko values obtained for
248 temporary and permanent stations in
Switzerland (Figure 2a). The procedure by
[6], which is routinely applied at SED after
every earthquake to determine the source
and site terms, was verified in its part relat-
ed to the estimation of the high-frequency
attenuation parameter k as follows: The pa-
rameter t* (rate of decay of the acceleration
spectrum amplitudes at high-frequency, e.g.
[5]) was computed for all recordings from the
time-period January 2001 - September 2022
fulfilling the quality criteria listed in [6]. The
eligible earthquakes have to have M| > 2, ep-
icentral distance Repi larger than 5 km, and
a signal-to-noise ratio larger than 3 over at
least one log10 unit along the frequency axis
at both horizontal components of at least 3
stations. The set of horizontal-component
t* values referring to the same station were
linearly regressed versus the Repi of the cor-
responding earthquakesto retrieve the inter-
cept for Repi = Okm, which is the ko (site-relat-
ed high-frequency attenuation). To estimate
Ko consistently with the stochastic model of
[1], the path attenuation was represented
with a homogeneous Q model valid for a ref-
erence halfspace of 3.5km/s (Qp35=1200). The
correspondence between the simplifying as-
sumption of [1] and the overall increment of
™ with Repi Was verified, resulting in a good
agreement.

The result of the above-described procedure
istherobustestimation of ko for 248 stationsin
Switzerland, supplemented by a confidence
interval and relevant earthquake metadata
(Figure 2a). The median of ko is 0.019s, 5t and
95t percentilesare O and 0.053s, respectively.
As generally performed in regional ko studies,
the ko obtained at stations with measured
velocity profiles were cross-referenced with
the corresponding Vszo values (Figure 2b). We
would like to highlight that the fitted expo-
nential line at the Vs = 1100 m/s (i.e. Vsso of
the Swiss standard rock profile, [7]) predicts
a Ko that is very close to that of the reference
profile (i.e. 0.016s). The consistency between
the estimated ko, Vszo couples and the param-
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Figure 1:
Full-waveform
prediction of the
ground motion at
depth from surface
recordings of the
2018 northern Osaka
M,, 5.6 earthquake
(Japan). It shows
empirical data (black
lines) and the
theoretical prediction
by the stochastic
model (red lines) at
the HYGHOS site.
Observed and
predicted accelera-
tion waveforms,
amplitude spectra,
and response spectra
are shown (a) on the

95% conf. interval

X
s &

o

2000

800 1100
(mis)

VS 30

95% conlf. interval

I 71
<10™ 10° 10
Inferred bedrock depth (m), Swisstopo model

150 30
N o ground surface and
% % (b) in the borehole
‘:'_'100 ‘3’20 at 110 m depth.
2 a
"? o
% 201 gm
g
< <
% 0.5 1 15 2 25 % 05 1 15 2 25
Period (s) Period (s)
F 1000 0.05 Figure 2:
a) W station (a) measured values
0.04 of the ko at 248
’€ i ' - (urban) free-field
1007 § = stations of Swiss
a5 E 0.03 < permanent and
%8 E temporary networks
s S 0022 (coloured triangles).
10 g % [0] In the background,
X .04 = the bedrock-depth
: model from [9].
(b) Correlation
) — =1 0 between ko, and
b)0'1 3 VSSO VS Ky, Swiss stations 0)0-1 § Bedrock depth vs Kgr Swiss stations measured Vsso (for
—_ ial fit. = 4 | ——exponential fit, r°=0.09 stations with
0.08 somaperal B r=0,09 0.087 measured Vs profile).

Note that the fitted
exponential line
predicts a ko value
very close to that of
the Swiss reference
rock model (i.e. Koref =
0.016 s) at the V:3o of
the Swiss reference
rock model (Vszorer =
1100 m/s).
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212

eters of the Swiss reference rock profile (i.e.
one of the key “ingredients” of the stochastic
model of [1]) provides a reciprocal validation
for both. Furthermore, the empirical esti-
mates of ko were also correlated with layers of
indirect site-condition information (see ENSI
research report 2018 and the work carried out
for the Earthquake Risk Model Switzerland
project in [2] and [8]). The intended purpose
is to explore the possibility to infer from such
layers the ko term at sites that are not instru-
mented, even in a mapping framework. Fig-
ure 2c displays an example of the correlation
with the bedrock depth as estimated by the
national geological model of [9]. The corre-
spondence between the two parameters is
well represented by an exponential model,
as in Vsso (Figure 2b). The correlation level is
quite low; however, it iscomparable to that of
established correlations with measured geo-
physical parameters (namely Vsso).

2. Modelling of wave propagation in
complex, non-linear media and limits of
ground motion

Within subproject 2, we performed 3-D mod-
el validation using numerical simulations in
the context of reconstructing 3-D geophysi-
cal models for site amplification inference in
the Upper Rhone valley, Valais, Switzerland
(Panzera et al. 2022). The research included
3-D modelling of ambient noise vibrations
using the code by [10] in order to validate a
3-D velocity model around the city of Visp.
Specifically, the modelling of 3-D ambient
vibrations was used to predict theoretical
horizontal-to-vertical spectral ratios and
then compare them to measurements. The
results show an overall good agreement
between synthetic and observed spectral
ratios for most stations involved, especially
in terms of the fundamental resonance fre-
quency. The validated 3-D model was then
used to produce synthetic seismic site am-
plification maps of the area using the stand-
ard spectral ratio method (SSR). To assess
the validity of the synthetic SSR curves, they
were compared to the empirically derived
amplification functions from earthquake
recordings. The comparison reveals a good

agreement for all seismic stations within the
valley, which degrades at borders, likely due
to velocity model inaccuracies. For different
frequencies for which the amplification val-
ues were modelled (Figure 3), it was noted
that the depth of the sedimentary basin and
itsaccurate implementation in the 3-D mod-
el plays a crucial role in the reliability of the
inferred amplifications. It has been deduced
that it is important to properly validate 3-D
velocity models through numerical model-
ling and observations, in order to reliably as-
sess the site amplification and to investigate
the reliability of resulting velocity models de-
rived combining geophysical and geological
information.

Second, afinite-difference wave propagation
code was used to simulate seismic waves in
inelastic media, in order to verify a method
that allows a joint estimate of S-wave velocity
and damping ratios of the near-surface lith-
ological layers from ground motion record-
ings. This method is based on the wavefield
decomposition approach and can be ap-
plied to active seismic surveys. The method
and results were published by Bergamo et
al. (2023). In that study, the role of numeri-
cal modelling was to perform wave propa-
gation simulations and produce synthetic
ground motions for well-defined inelastic
media, which are then used to verify the
performance of the inversion approach. For
real data applications shown in that work, the
proposed method allows for the modelling of
the inelastic local site response.

Further, engineering applications to the
earthquake-resistant design of buildings
usually require response spectra or de-
sign-compatible broadband waveforms. To
this end, we tested and used the Statewide
California Earthquake Center (SCEC) broad-
band platform [11] that allows the modelling
of broadband waveforms using a hybrid ap-
proach. We used this platform in order to
compare synthetic waveforms and spectra
to those obtained from stations in Switzer-
land at sites BOBI, HAMIK and STIEG (NA-
GRA network). The hybrid modelling by the
Graves-Pitarka method [12] was utilised and
we ran simulations for the M,, 4.1 earthquake
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that occurred at Urnerboden (Uri) on 6th
March 2017 [13] with an approximate veloc-
ity model to assess the reliability of predict-
ing acceleration waveforms and amplitude
spectra. However, due to the lack of a de-
tailed Swiss velocity model within the SCEC
broadband platform software, the first com-
parison was only preliminary. To this end, we
will adapt this software in order to properly
account for the velocity structure of Switzer-
land by implementing an existing velocity
model of the Swiss Molasse Basin. In per-
spective, we will simulate past and scenario
earthquakes, of larger magnitudes, to predict
the surface ground-motion waveforms and
spectral parameters at Swiss sites of interest.
The preliminary results of thiswork were pre-
sented by Koroni et al. (2022a, 2022b).

3. Induced seismicity and application for
a deep geological repository

Research activity within subproject 3 focus-
es on understanding the geo-mechanical
response due to canisters emplacement in
terms of fault stability and potential induced
seismicity. We developed simplified mod-
els of a geological repository that simulates
the full thermo-hydro-mechanical response
of the rock mass around the repository. The
simulated stress evolution is then used with
a stochastic seismicity simulator to study po-
tential fault reactivation. After investigating
the role of rock rheology, in the current re-
porting period, we have focused on includ-
ing gasgeneration asan additional potential
effect generating over-pressurization in the
repository.

Figure 3:
Amplification maps
of the Upper Rhone
valley (Switzerland)
modelled for
frequencies 1.0 and
3.3Hz (top and
bottom panels,
respectively). The
amplification values
are referred to the
local reference rock
in the Visp area. This
figure is taken from
Panzera et al. (2022).
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We used the simulator TOUGH-FLAC that
allows modelling a variety of processes, in-
cluding heating, thermal pressurization,
complete equation of state for multi-compo-
nent, multi-phase fluid flow, as well as com-
plex rheology to simulate stress and strain
evolution [14]. In the reporting period, the pa-
per (Rinaldi et al. 2022) presenting the latest
version of the software has been published
in the journal Computational Geosciences.
The paper describes the implementation
method and the code performances, as well
as a base case simulation of nuclear waste
disposal according to the Swiss concept as
reported in the past. The stress evolution
modelled with TOUGH-FLAC is then fed to
a stochastic-geomechanical simulator, re-
ferred to in the literature as seed-model and
extensively used to study induced seismicity
[15], 6], [17]. Such an approach was imple-
mented in previous phases of this project
and adapted to the case of nuclear waste
disposals. Worth noting that a reactivated
seed represents a failure event, but the cur-
rent model does not discriminate between
seismic or aseismic failure.

In the reporting period, we have focused on
understanding the potential effect of gas
generation on the induced failure events
outside the repository. We simulated the gas
generation as a gas injection source for each
element of the emplacement caverns. The
gas generation starts at 3000 years after the
emplacement, and linearly reaches a maxi-
mum of 3.0 x 102kg/s/m at 6500 years. Then
it decreases linearly up to 10,000 years. These
values are consistent with the ones provid-
ed by NAGRA for spent fuel and high-level
waste [18]. The time evolution of heat and
gas generation for each meter of the em-
placement tunnels is shown in Figure 4a. As
shown in Figure 4b, the imposed heat source
will produce immediate thermal pressuriza-
tion, with pore pressure rising up to ~9MPa
in the considered case. Then as the heat de-
creased, the pore pressure tends to stabilize
toward the hydrostatic value (~7MPa), only
to rise again when the gas generation starts,
reaching up to 8 MPa. Such evolution is con-
sistent with more complex simulations re-

ported in [18]. Figure 4c shows the evolution
of the cumulative number of failure events:
for the case with gas generation (blue line
the average and shaded area the stochastic
variation), most of the events are generated
within the first 1000 years, with only a very
minor number of events induced around
3500 years within the active gas generation
phase. The trend is overall very similar to a
case with heat-only (red line and shaded
area), with most of the observed deviation
within the standard deviation of the stochas-
tic realizations.

While the gas generation results in a second
peak in terms of pore pressure, in the cur-
rent model the maximum value reached is
quite below the maximum reached during
the initial repository pressurization. Further-
more, in terms of stress and strain evolution
around the repository, this effect results in
very minor changes. Indeed, as reported in
the past, the long-term evolution is strong-
ly affected by temperature changes rather
than pressurization (see [14], [16]), with the
deformation caused by the heat reaching a
depth of several hundreds of meters below
the repository. These effects motivate the
little difference in evolution compared to a
case with heat-only.

Additionally, the results from field meas-
urements at the Mont Terri Rock Laboratory
about the recent excavation of the Gallery-18
have been published in the current report-
ing period (Hopp et al. 2022). We reported the
deformation observed via various sensors, in
particular fibre-optics measurements. Re-
sults show how the deformation is mostly
confined within the Mont Terri Main Fault

zone.

National Cooperation

We actively cooperated with researchers in-
volved in the Swiss Strong Motion Network
renewal project and the Earthquake Risk
Model for Switzerland and Basel-Stadt pro-
jects carried out at SED of ETH Zurich. The
development and validation of the geophys-
ical model for Visp involved Swisstopo and
the Canton of Wallis. Code developmentand
high-performance computing benefited
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from the infrastructure at the Swiss Nation-
al Supercomputing Centre. We also collabo-
rated with various teams performing exper-
iments at the Mont Terri Underground Lab
(FS-B, GT, CS-D).

International Cooperation
Modelling of the surface-to-borehole ampli-
fication in the complex 3-D media is carried
out with the Institute of Geophysics of the
CAS (Prague, Czech Republic). Modelling of
non-linear soil response is performed in col-
laboration with the French Institute of Sci-
ence and Technology for Transport, Develop-
ment and Networks IFSTTAR (Paris, France).
The broadband waveformm modelling was
discussed with experts from the Statewide
California Earthquake Center SCEC (Los An-
geles, USA), and the National Institute of
Geophysics and Volcanology INGV (Catania,
Italy). Research on induced seismicity during
the operational phaseis currently carried out
in collaboration with the Lawrence Berkeley
National Laboratory LBNL (Berkeley, USA).
We also took part in international initiatives
to benchmark and validate hydro-mechani-
cal models (BENVASIM, DECOVALEX).

Assessment 2022 and

Perspectives for 2023

Lessons learned and results gained in the
third phase 2018-2022 of the project are very
satisfactory. This may be emphasized by a
large number of publications acknowledg-
ing ENSI as the main supporter of research
activities this year. There are also some in-
novations resulting from the project. For in-
stance, the novel stochastic model to char-
acterize the ground motion at depth and
its potential usage in the seismic hazard as-
sessment of deep geological disposals. Re-
garding perspectives for 2023, future work in
subproject 1 will involve applications of the
stochastic model to characterize ground mo-
tion at depth to Swiss sites. In particular, we
will focus on NAGRA monitoring sites instru-
mented with both surface and borehole seis-
mometers, and we will predict full waveforms
at depth for a historical earthquake and an
earthquake scenariothat can occur in the fu-
ture. Next, we will extend the surface-bore-
hole stochastic model to the surface-outcrop
case, which can be used for the theoretical
prediction of the amplification observed
on the ground surface driven by a velocity
model. Further, we plan to implement the

Figure 4:

(a) Generation rates
for heat (blue) and
gas (red) for each
waste element.

(b) Resulting pressure
(blue in MPa) and gas
saturation (red) for a
single element of the
emplacement tunnel.
(c) Comparison of the
simulated number of
failure events for two
cases, with and
without gas genera-
tion (blue model with
gas and heat, the red
base case with only
heat).
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double-corner-frequency source spectra in
the Swiss national stochastic ground-mo-
tion model as a preparation of the next gen-
eration ground motion model. As far as the
study on local high-frequency attenuation
(ko) is concerned, the perspective for 2023
is testing the possibility of its prediction in
a multivariate framework, using as predic-
tor variables measured geophysical param-
eters (Vs profile) and indirect site condition
indicators (e.g. multi-scale topographical
indexes, inferred bedrock depth). In subpro-
ject 2, we will perform complex determinis-
tic 3-D waveform modelling using spectral
elements and high order finite-differences
together with high-performance computing
in order to assess the role of the thickness
of sedimentary basins, interfaces between
bedrock and sediments and account for
complex full wave effects on waveforms of
frequencies up to 10Hz. Next, we plan to de-
velop a hybrid modelling method based on
Generative Models for stochastic simulations
of high-frequency waveforms and high-per-
formance deterministic modelling for lower
frequencies. It will be developed in collabo-
ration with the Swiss Data Science Centre.
This technique will allow us to perform sce-
nario simulations with conditional Genera-
tive Models to site parameters and for large
magnitude earthquakes. In future work, the
subproject 3 will focus on time-dependent
probabilistic seismic hazard assessment for
emergency and communication planning
with regard to nuclear facilities.
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