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6.1
Assessing the Sensitivity of Site Condition Parameters towards seismic
local Amplification and their potential Use for Site Response Prediction
Paolo Bergamo1, Conny Hammer1, Francesco Panzera1, Vincent Perron1 & Donat Fäh1
1

Swiss Seismological Service (SED), ETH Zürich, Sonneggstrasse 5, CH-8092 Zürich (paolo.bergamo@sed.ethz.ch)

One of the main objectives of the “Site Response” module of the “Risk Model Switzerland” project is the replacement of the
current macroseismic amplification map of the Swiss territory (Fäh et al., 2011), with the ambition of producing several
frequency-dependent seismic response layers. The strategy devised for this purpose involves the extrapolation of the local
amplification experimentally reconstructed at instrumented sites (Edwards et al., 2013), using site condition parameters
(SCPs) as support layer for the extrapolation. Therefore, an extensive dataset of site condition information, or proxies, has
been compiled for the sites hosting seismic stations of the Swiss network (Bergamo et al., 2018); the dataset comprises
parameters from estimated VS profiles (e.g. VS30), from H/V obtained from noise measurements (e.g. f0), topographical
parameters (e.g. slope, terrain class), geological/geophysical parameters and categorizations. The proxy dataset has been
paired with an ensemble of empirical Fourier amplification functions (one from each station), sampled at ten frequencies
(0.5-20 Hz). For data completion and comparison, the Swiss database of SCPs and amplification functions has been
accompanied by an analogous dataset referring to Japanese Kik-net stations (Aoi et al. 2004).
In this work, we have investigated the relation between site condition information and amplification functions using two
parallel approaches:

-

-

In the first method, we use statistical tools to evaluate the sensitivity of the various proxies towards the
corresponding amplification factors at each frequency. For continuous-variable proxies (e.g. VS30), we used
univariate linear regressions (Figure 1a). As for discrete, classification proxies (e.g. the geological categorization),
we evaluated their capability to subdivide the total population of stations into subgroups having significantly
different behaviors (Welch 1947, Figure1b). The systematic application of these tools enabled us to rank the
various proxies in terms of strength of their correlation with amplification, at each frequency. Besides, we assessed
whether the same SCPs behave in a similar way at the Swiss and Japanese sites.
As for the second method, we used a neural network (NN) approach (Bishop 1995) to attempt the prediction of
local amplification from proxies. The Japanese and Swiss databases were subdivided into a training and a
validation subset, so to first calibrate a NN structure and then evaluate its performance in predicting site response
(Figure 1c). With the NN we tested the performance of various typologies and combinations of SCPs.

We highlight the complementarity of the two methods; the first statistical approach provided a list of the most “promising”
proxies for amplification prediction with the NN, as well as the proxies exhibiting similar behavior at Swiss and Japanese
sites (so that the two datasets could be combined, hence improving the robustness of the neural network structure).
The main outcomes from the two approaches are the following: i) as expected, “direct” proxies (from VS profiles, H/V
measurements) perform generally better than “indirect” proxies (from geology, topography). The first group shows stronger
correlation with amplification in the intermediate (1-6.7 Hz) frequency band, the latter at lower frequencies (< 3.3 Hz); ii)
more complete, frequency-dependent parameters (e.g. quarter-wavelength velocity, Poggi et al. 2012) are more effective
than single-value proxies (e.g. VS30); iii) in general, “direct” proxies are related to amplification in a similar way in
Switzerland and Japan (see Figure 1a); “indirect” proxies exhibit different behaviors; iv) the use of NN for the prediction of
amplification from “direct” proxies, although achieving discrete results, has highlighted the need to employ a larger training
dataset (more than the 350 sites available). This issue is less severe for “indirect” proxies, which cover a larger number of
stations.
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Figure 1 a) Example of linear regression of amplification factors at 2.5 Hz vs VS30, Swiss and Japanese data. The scaling of amplification
with the proxy is statistically equivalent at Swiss and Japanese sites. b) Japanese data: collation of mean amplification factors (at 3.33 Hz)
between pairs of stations’ subgroups defined by the geological age categorization. c) Swiss and Japanese data: predictive performance of
NN at 1.0 Hz for different groups of direct proxies.
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6.2
Investigations of the Swiss Molasse basin down to large depth using
passive seismic methods: a case study in Herdern
Dario Chieppa 1, Manuel Hobiger1 & Donat Fäh1
1

Swiss Seismological Service (SED), Zurich Switzerland (dario.chieppa@sed.ethz.ch)

A good way to investigate the subsurface is through the recording of ambient seismic vibrations, because their use makes
us independent of the occurrence of earthquakes, especially in areas of moderate seismicity like Switzerland. Ambient
seismic vibrations mainly consist of Rayleigh and Love waves and allow the investigation of the subsurface at different
scales, from few hundreds of meters to several kilometers. Site characterization studies generally explore the subsurface
down to few hundred meters (Hobiger et al 2016, Maranò et al 2017, Michel et al 2014, Poggi et al 2017), while the deep
structures are often investigated using tomographic techniques. In this work, we show the potential of using surface waves
to investigate the deep subsurface and the possibility to reconstruct the velocity profile down to several kilometers using
passive seismic arrays of sizes up to 30 km diameter.
The study area is the Swiss Molasse basin, a sedimentary basin stretching from Geneva to Constance, whose sedimentary
thickness changes from less than a kilometer in the north to more than five in the south. We will present the final results of
our measurements centered at the village of Herdern (TG), in northern Switzerland, where two arrays of seismic sensors
with minimum and maximum interstation distances of 12.7 m to 900 m and 790 m to 29.6 km, respectively, were deployed.
The small array was aimed at reconstructing the velocities of the shallow layers, as generally used for site characterization
analysis, while the big array pointed to identify the deep structures as, for example, the geological transition between the
sedimentary cover and the crystalline basement. The recorded data were analyzed using single-station (H/V and ellipticity
curves) and array processing (three-component high-resolution FK, SPAC and Wavefield Decomposition) techniques,
interpreted and finally inverted. A joint inversion was performed using the fundamental modes of Rayleigh and Love wave
dispersion curves together with the ellipticity angle curve. The inverted velocity profile shows investigation depth potential
down to 5 km and good fit with all the inverted data (Chieppa et al 2019).

Swiss Geoscience Meeting 2019

Platform Geosciences, Swiss Academy of Science, SCNAT

6.3
Joint probabilistic self-adapting inversion on properties of near-surface
layers from dispersion and ellipticity curves.
Miroslav Hallo1, Walter Imperatori1, Francesco Panzera1, Donat Fäh1
1

Schweizerischer Erdbebendienst (SED), ETH Zürich, Sonneggstrasse 5, CH-8092 Zürich (miroslav.hallo@sed.ethz.ch)

The physical properties of near-surface soil and rock layers play a fundamental role in seismic site response estimate, the
latter being an essential element for reliable seismic hazard analysis. These properties (S- and P-wave velocities, Poisson’s
ratio and density) can be inferred from measured surface wave dispersion and ellipticity curves by applying non-linear
inversion procedures. Nevertheless, the results are known to exhibit significant inherent non-uniqueness, since two or more
very different velocity models may provide a similar fit to data. Standard non-linear inversion techniques (e.g. gradient
methods, optimization neighbourhood algorithm) explore various velocity models in order to find a global minimum of the
data misfit resulting in a single representative velocity model. Other velocity models, which might provide a similar fit,
remain hidden in these standard approaches. Our research is focused on the development and application of a probabilistic
approach to inference of 1D layered velocity models from measured dispersion and ellipticity curves based on the transdimensional parameterization of the model space. This approach efficiently explores various velocity models and produces
an ensemble of models explicitly following the posterior trans-dimensional conditional probability on the models’ properties.
A statistical analysis of this ensemble can highlight which features are reliable (e.g. dominant layers and their boundaries,
etc.), and which are arbitrary because of the non-uniqueness of the problem (e.g. poorly constrained layer boundaries,
layers with uncertain properties, etc.).
In particular, we parameterize the velocity models by utilizing sets of Voronoi nuclei as in Bodin et al. (2012), and we use
the Geopsy software package (http://www.geopsy.org/) for forward computations. Next, we use a Bayesian probabilistic
framework (e.g. Tarantola 2005), where the measured data (i.e. dispersion and ellipticity curves) and model parameters (i.e.
physical properties, thickness and number of layers) are related through multi-dimensional conditional probability density
functions. As the number of layers (i.e. number of Voronoi nuclei) is not constrained, the dimension of the model space (i.e.
number of model parameters) may vary. For exploration of such trans-dimensional model space we utilize a reversible-jump
Markov chain Monte Carlo algorithm (Green 1995). This algorithm is enhanced by the parallel tempering of Markov chains
on multiple deployed computational (MPI) nodes, where each two chains are allowed to perform a temperature swap
(Sambridge et al. 2006, Fig.1). The used algorithm (of birth-death type) explores the model space by a random walk with
three possible move types: 1. “perturb move” - randomly perturb layer parameters; 2. “birth” - introduction of a new layer; 3.
“death” - removal of an arbitrary layer (see Fig.1). The proposed velocity model is then accepted or rejected based on a
generalized Metropolis-Hastings acceptance probability (Green 1995). The velocity models sampled during the random
walk through the model space create an ensemble of solutions drawn from the conditional posterior probability density on
model parameters.
To summarize, our approach provides a rigorous evaluation of the velocity models from dispersion and ellipticity curves
considering the inherent non-uniqueness of this inverse problem. The output includes the most probable values
supplemented with uncertainties of the inferred parameters. This information can be used to evaluate the reliability of the
inferred velocity models and may be relevant for seismic site-response purposes.
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Figure 1. Flowchart diagram of our approach workflow. Arrows shows flow order, red rhomboids indicate inputs and outputs, yellow
diamonds are conditional operations, yellow horizontal bars show main loops, and green rectangles represent operations or subroutines.
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Coseismic landslides and rockfalls are among the most devastating secondary effects of earthquakes. In Switzerland, a
country of moderate seismicity, such effects occured, for example, following the 1946 Mw 5.8 Sierre earthquake at
Rawilhorn. Combining geospatial susceptibility proxies, such as topography, with models for peak ground acceleration
allows for estimating the likelihood of earthquake-induced mass movements on a regional scale (Cauzzi et al., 2018).
However, to evaluate the coseismic landslide hazard on a specific slope, detailed investigations on site are required.
Therefore, it is of crucial importance to understand the dynamic response of a slope and its dynamic behavior during strong
ground shaking.
Describing the dynamic response of rock slopes can be achieved by measuring ambient seismic vibrations. It is generally
observed that the seismic wavefield polarizes perpendicular to open fractures and that unstable slopes exhibit strong
wavefield amplifications. Kleinbrod et al. (2019) established a classification scheme for ambient seismic recordings on rock
slope instabilities with two end members: depth-controlled and volume-controlled sites. Depth-controlled sites are
characterized by the presence of propagating surface waves and a broad ramp of increasing amplification towards higher
frequecies. In contrast, volume-controlled sites exhibit normal mode behavior due to standing wave phenomena within
compartments clearly separated by well-defined fracture sets.
Normal mode analysis is a well established technique in civil engineering to assess the structural integrity and the dynamic
response of the object studied. We performed frequency domain decomposition (FDD) modal analysis on ambient vibration
data acquired on an unstable rock site with a volume larger than 150’000 m3 near Preonzo, Canton of Ticino, Switzerland
(Häusler et al, 2019, see Fig. 1). We show that the high ground motion amplification and the clear polarization pattern
identified by FDD compare well to previous studies that are based on site-to-reference spectral ratios and time-frequency
polarization analysis (Burjánek et al., 2018). In addition, FDD allows for a better detection of higher modes, which can be
used to efficently map dominant fracture sets. This is of special interest on rock slope instabilities where little or no surface
expressions of fractures are developed and where geodetic monitoring systems are not installed yet.
Enhanced FDD additionaly provides the damping parameters (energy loss) and an improved estimate of the resonance
frequency. These parameters are especially relevant for long term monitoring since they are expected to change with
increasing damage, either rapidly after strong ground shaking or other external loading or gradually due to progressive
degradation of the rock mass over time (e.g. Michel et al., 2011).
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Figure 1. Normal mode shape at 3.5 Hz at the unstable rock slope Preonzo, Switzerland. The modal deflection is
perpendicular to the open tension cracks and reaches high amplification factors of more than 30 compared to stable
reference bedrock (orthophoto courtesy Canton of Ticino).
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In Switzerland, historical earthquakes did not only produce damage because of strong ground-shaking, but also by
triggering secondary events, such as landslides, rock falls, soil liquefaction or tsunamis in lakes. For the earthquake of Visp
(25 July 1855, M 6.2), for example, wide-spread liquefaction is reported in the Rhone valley.
In general, liquefaction occurs in soils with a high amount of surficial unconsolidated sand and silt, and shallow water table.
Such soils are mostly found in alluvial basins. In historical times, such soils were normally of too bad quality to construct
large buildings. Nowadays, it is technically possible to build houses in such areas, for example by using long pillars for the
foundation of a building. As the building density increased over the last centuries, many buildings have been constructed in
such areas.
In case of a strong earthquake, liquefaction is likely to happen in those areas and the liquefaction potential depends on the
level of ground shaking and therefore depend on the magnitude and distance of the earthquake and the local site effects.
Since 2009, the renewal and extension project of the Swiss Strong Motion network (SSMNet) is ongoing (Michel et al.,
2014; Hobiger et al., 2017). A total of 100 new free-field seismic accelerometer stations are planned to be installed in
Switzerland within this project until the end of 2021. These stations shall be mainly placed in areas of high seismic risk, i.e.
in agglomerations, industrial and touristic areas, and at important infrastructures. The focal areas of important historical
earthquakes are also targeted, as well as locations with special site effects, such as sites vulnerable to landslides, special
geological site conditions, or sites susceptible of liquefaction. Four out of the 100 new stations are planned to be borehole
stations at sites with a liquefaction potential.
A first borehole station, called SVISP, was built in 2015 on the Lonza area in Visp within the framework of the COGEAR
project. This station consists of three seismic sensors located at depths of 15 m, 58 m and 102 m, respectively, and a
surface sensor. In addition, six pore-pressure sensors are installed at depths between 5 and 15 m. The station SVISP might
have to be relocated soon because of constructions at the site.
Out of the four new borehole stations of the SSMNet renewal project, a first one, SBUS, was built in Buochs (NW) close to
the shore of Lake Lucerne (Fig. 1) and went operational in May 2019. This station consists of two seismic sensors at
depths of 26 m and 100 m, respectively, and a surface sensor. Six pore-pressure sensors are installed at depths from 5 to
17 m. Two other stations are planned to be built in Collombey-Muraz (VS) and Sennwald (SG). The fourth station would be
the relocated SVISP station.
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Figure 1. Photo of the array measurements at the new borehole site in Buochs (NW), close to the shore of Lake Lucerne from October
2017. The new station was built in the foreground, close to the tree on the right.

As each borehole installation represents a considerable investment, the underground at the potential stations has been
investigated in detail before taking the decision of building such a station there, using CPT measurements, active and
passive seismic methods. We will give an overview of the different pre-installation measurements, show some example
recordings of the borehole stations and show results of the data analysis of the running stations.
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Paleoseismological evidences are indispensable for identifying large prehistoric earthquakes and to extend the temporal
coverage of historical and instrumental earthquake catalogues. Diverse traces of potential earthquakes can be identified in
the geological record and can be constrained within a certain time period. We collected all published information on past
geo-events covering mainly the past 20,000 years. The database includes published and unpublished data from
sedimentological, archeological, speleological, and geomorphological research. This unique dataset allows identifying
periods of enhanced occurrence of geo-events. In analogy to lake systems that have been used in past paleoseismological
studies, enhanced occurrence of geo-events of all types can be further discussed as potentially earthquake-triggered.
The acquired dataset shows enhanced occurrence at around 450, 1600, 2200, 4500, 6000, 9700 cal yr BP. For the most
recent period (450 calibrated year before present; cal yr BP), the increased occurrence of geo-events is an effect of the
historical earthquakes in 1356, 1584 and 1601 AD, documented in written sources. The other phases of increased
occurrence of geo-events confirm former phases identified based on lake sediments. Even though dating uncertainties are
large (e.g. 14C calibration range) and an unequivocal attribution of earthquakes as trigger mechanism is not possible, the
database reflects the natural hazard potential of a region and represents valuable information for seismic hazard
assessment. Furthermore, despite the uncertainty regarding the definition of the trigger mechanism, we propose that the
database can be used to validate and improve earthquake-hazard models.
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6.7
Offshore Microtremor Horizontal-to-Vertical (H/V) spectral Ratio at Lake
Lucerne (Switzerland): Spatio-temporal Variability and Contribution to
Slope Stability Assessment
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The microtremor horizontal-to-vertical (H/V) spectral ratio has emerged as a single-station method within the seismic
ambient-noise analysis field by its capability to quickly estimate the frequency of resonance at a site and, through inversion
with additional constraints, the average velocity profile (E.g. Bard 1998, Fäh et al. 2003, Lontsi et al. 2015). For seismic
hazard assessment, this information is of importance both onshore and offshore civil engineering and exploration
seismology. With the advances in amphibious seismic instrumentation, high quality seismic data are emerging from the
offshore environment. These data aid to characterize the sediments of the lake/ocean bottom and to assess the volume of
sediment cover susceptible to failure in case of an earthquake. Failed slopes could in turn lead to a tsunami (Hilbe and
Anselmetti 2014). Within the SNF-Synergia project ”Lake Tsunamis: Causes, Controls, and Hazard”, we deploy amphibious
seismometers at selected locations with sediments that are susceptible to failure. We used the existing high-resolution
bathymetric map to optimize the site selection. For the test sites at Weggis (Fig.1) and Chrüztrichter we evaluate the spatiotemporal variability of the estimated offshore microtremor H/V spectral ratio. This is necessary (1) to assess the stability of
the H/V spectral ratio measured in the lake, (2) to test the diffuse nature of the noise wavefields in the lake, and to use
appropriate tools and constraints for the inversion of the estimated H/V spectral ratio curves. Engineering frequencies
ranging from 0.2 to 50 Hz are used as they aid in practice to resolve structures ranging from few to hundreds of meters.
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Figure 1 a) Test site at Weggis. The location of the amphibeous seismometers is shown with the red dots. b) Offshore microtremor
horizontal-to-vertical spectral ratio from 9 stations. The water depth for the sensors ranges from 17 to 81 m.
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Earthquake is the natural hazard with the largest loss potential even for sites of moderate seismicity, such as Switzerland,
where the seismic assessment of existing buildings is undermined by the perception that low seismic hazard translates to
low seismic risk. However, the interpreteation of a low occurence probability into low risk is misleading due to the
catastrophic consequences of rare earthquake events. Central Europe has not experienced strong ground motions in the
past century, in contrast to the Mediterranean countries, where earthquakes have triggered massive seismic retrofit
campaigns and the adaption of strict regulations for seismic design and assessement. Thus, a large part of the existing
building stock in central European countries is not designed to fulfill current, if any, seismic standards. In addition, most of
them have already exceeded their design life span and influence of ageing on material properties remains unknown. As a
consequence, seismic vulnerability of the existing building stock is nowadays highly uncertain.
A large portion of the aged building stock comprises masonry as a main constituent. Given the inherent uncertainties of
masonry as a composite material and the corresponding difficulty to reliably capture the nonlinear response of such
structures, data-driven health monitoring provides an efficient way to reduce the epistemic uncertainty, to validate modeling
assumptions, and to identify the structural health. This work comprises an effort to analyse the existing building stock in
Switzerland from a structural perspective with focus on the seismic performance. As refined seismic assessment of the
entire building stock is economically and technically impossible, representative buildings of the dominant categories will be
selected to apply vibration-based monitoring methodologies and calibrate appropriate numerical models. The ultimate goal
of this research is to refine the vulnerability assessment of the existing building stock based on dynamic measurements and
to define damage-sensitive features tailored to the different structural typologies.
This information will serve as a reference for engineering practice and aims to enhance reliability assessment via
monitoring-based seismic evaluation of individual buildings and infrastructure systems. Furthermore, the refinement of the
vulnerability assessment will help to upgrade the seismic risk map of Switzerland and thus, support decision makers on the
management of large building portofolios including strucures that were not desinged to fullfill the current seismic standards
or have already exceeded their design life span.

Figure 1. Graphical demonstration of the proposed methodology towards the refinement of the seismic vulnerability assessement of the
existing builiding stock based on novel monitoring tools.
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6.9
The effects of slide cohesion on impulse waves generated by landslides
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(zhenzhu.meng@epfl.ch)
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When gravity-driven mass flows, such as avalanches and landslides, enter bodies of water, they can generate large
impulse waves whose effects can be devastating. Experimental studies of impulse wave formation have mostly used rigid
blocks or granular materials to mimic landslides at the laboratory scale. These studies have deduced that material
deformability plays a key part in wave formation: the more rigid the sliding mass, the higher the impulse wave. It is,
however, still unclear whether higher wave amplitudes arise solely from lower deformability. Indeed, blocks are not only
rigid, but they are also cohesive, whereas granular media are deformable and cohesionless. To shed light on this issue, we
ran experiments using two deformable materials of equal density, one exhibiting no cohesion (soft 15-mm diameter balls)
and the other exhibiting cohesion (a viscoplastic polymeric gel called Carbopol Ultrez 10). A finite volume of material was
released at the top of a chute, penetrated a body of water and generated impulse waves. We monitored how the mass slid
and interacted with the water volume. Using high-speed cameras, we measured maximum wave heights, amplitudes and
lengths of the leading wave. We used dimensionless groups to reduce the dimension of the parameter space, making it
possible to carry out a regression analysis. Viscoplastic slides generated larger wave amplitudes but shorter wave lengths
than granular materials. Surprisingly, the wave features did not depend on the polymer concentration. In other terms,
impulse wave features were not found to be dependent on the cohesion of the deformable material landslides causing
them, within the range of concentrations tested.

Figure 1. Sketch of the wave generated by releasing slide material into a body of water.

Figure 2. Sketch of the wave generated by releasing slide material into a body of water.
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The area of the Rhône Valley in canton Valais is one of the most seismically active areas of Switzerland. Moreover, the
thick and soft sedimentary deposits of the Rhône valley are prone to increase significantly both the amplitude and the
duration of the seismic signal. Thus, it is essential to estimate the so-called “site effects” to better define the seismic
hazard. This study aims to evaluate the site response in the Rhône valley at different scales and is carried out in the
framework of the “Site Response” module of the “Risk Model Switzerland”.
At the regional scale of the entire valley, the amplification can be estimated from a 3D-model of the subsurface, derived
from the geological and geophysical data available for the region. This 3D-model of the sedimentary deposit in the Rhône
valley is develop in collaboration between Canton Valais, SED and swisstopo. We are at the first step which corresponds to
the improvement of a geological and geophysical model between Gampel and Brig, and a model for the area around Sion.
Geophysical measurements and existing borehole information are used to better constrain the models. Geophysical data
are mainly constituted by the fundamental resonance frequency of the site, estimated from the spectral ratio between the
horizontal and the vertical component (HVSR) of ambient vibrations recorded on a single station. Moreover, the entire
velocity profile is also available at several places where the seismic ambient vibrations were recorded by a dense array of
seismic stations.
At the local scale, site effects can be estimated with high spatial resolution by performing dense measurements in an area
of special interest (Michel et al., 2017). Such measurements were performed for the Sion area, from Vétroz to SaintLeonard. A dense grid of almost 300 ambient-vibration measurements approximately every 250m has been performed
during two field campaigns in 2019. A very detailed map of the fundamental frequency of resonance of the soil can be
deduced from these measurements which help addressing the spatial distribution of the seismic-wave amplification in the
Rhône valley, and might help to improve the resolution of the geological model locally.
At the scale of some specific sites, the site response can be accurately estimated at all frequencies from earthquake
recordings. However, to record enough earthquakes, seismic stations have to be deployed over a long period of time (>1
year). For this purpose, 12 seismic stations were deployed in summer 2018 in the canton Valais. These stations help
improving the distribution of permanent stations already present in this region. The amplifications with respect to the Swiss
rock reference (Poggi et al., 2011) are estimated from the spectral fitting approach of Edwards et al. (2013). This approach
accounts for the source and for the propagation term of the ground motion in order to provide amplification values which
can be compared between all stations in Switzerland. The spatial variation of the site response is also estimated locally by
performing direct spectral ratios between neighboring stations, assuming that the source and the propagation term are
similar for close stations.
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Fragility curves for two specific buidling types in Switzerland
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Earthquake is one of most hazardous natural events that may cause catastrophic losses in term of lives and finances.
Various studies and past evidence showed that some European countries, such as Switzerland, are vulnerable to largemagnitude earthquakes (Asteris et al., 2014) although Switzerland is characterised as a low-to-moderate seismic zone in
Europe. Large-scale seismic damage assessments are of importance to evaluate the consequence potential losses due to
earthquakes; the knowledge on vulnerability of existing buildings plays a major role in a realistic estimate of damages.
Since large-scale damage assessments are carried out for a region where buildings with different characteristics exist,
buildings with the almost similar behaviour during the earthquake are first grouped together and vulnerability analyses are
carried out for limited building types (D’Ayala et al., 2014; Hancilar et al., 2014). In this context, we focus on two special
Swiss building types; The first type represents a row of masonry buildings which is common in Basel and the second one is
a representative of single family houses with soft floor in Lausanne. Several numerical models of these building types with
different geometric characteristics are developed and dynamic simulations are carried out using the applied element
method. Finally, fragility curves, which link the different damage grades to a measure of the ground motion intensity (e.g.
spectral acceleration), are presented for the proposed building types.
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The computation of earthquake scenarios is useful for authorities to prepare crisis management. It is necessary to define
contingency plans, determine which areas will be most affected and organise rapid rescue actions.
The hereby-presented study focuses on the city of Yverdon-les-Bains, which is located in a low seismicity area, i.e. zone Z1
according to Swiss standard SIA 261. Since 1500, about forty earthquakes that have been recorded by the Swiss
Seismological Service (SED) (Mw between 3 and 6) have occurred within a 10 km radius circle around the city (Fäh et al.,
2011). Most of these earthquakes have an magnitude of less than 4 and an intensity observed at Yverdon-les-bains of less
than V. Among them, three events are known to have caused some damage to the city: the Mw=5.2 Mathod earthquake in
1846, the Mw=4.7 Sainte-Croix earthquake in 1898 and the Mw=5.0 Bioley-Magnoux earthquake in 1929.
The implementation of seismic scenarios for Yverdon-les-bains is based on a database of the building stock that was
developed through a building-by-building survey and a specific taxonomy defined for Swiss buildings (Lestuzzi et al, 2016).
Regarding the computation of ground motion, the deaggregation of the Swiss hazard of 2015, a ground motion prediction
equation developed for Switzerland (see Wiemer et al., 2016) and the amplification from the microzonation study of
Yverdon (Lacave et al., 2009) have been used.
Two approaches to determine seismic scenarios were selected for the study: a probabilistic method (Michel et al., 2017)
and a simplified method based on the attenuation of design ground motion with distance. Three earthquake scenarios were
defined on the basis of Mathod and Bioley-Magnoux historical events and one event compatible with a 475-year return
period. The latest was based on the hazard deaggregation developped for the city of Lausanne by SED and is
characterized by a magnitude Mw=4.5, an epicenter located north of Yverdon-les-bains, 7.5 km away from the city centre.
The obtained results show a reasonable match between both approaches and the observations. All scenarios show
relatively low damage in the city (a large majority with slight damages or no damage). These results are corroborated with
those obtained by applying an empirical method. Site effects are notable in the area of Yverdon-les-bains (deep alluvial
basin) and their significance on damage is discussed.
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Figure 1 : Damage map with pragmatic method and LM2 typology for Yverdon-les-Bains and the earthquake compatible with a 475-year
return period
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A detailed estimate of seismic hazard needs seismic site effects evaluation in order to quantify amplification due to
geological settings (Roten et al. 2008; Panzera et al. 2016; Michel et al. 2017). Macroseismic data in urban areas have
already been used to identify amplification zones (e.g. Sbarra et al. 2012), whereas few cases exist at national level (e.g.
Sousa and Oliveira, 1997; Fäh et al., 2011). Although this amplification map might hold on average on a national scale, the
map is not applicable locally. However, it is very useful for seismic risk and shake map applications, to identify damage
prone areas (e.g. Wald 2014).
A macroseismic amplification map, estimating ΔIm as difference between observed and expected macroseismic intensity
using an intensity prediction equation, was developed for Switzerland using a collection of macroseismic intensity data
points of past earthquakes and geological-tectonic classes (Fäh et al. 2011). Through geophysical and seismological data
acquired by the Swiss Seismological Service, the map was checked and validated. Geophysical data are shear-wave
velocity profiles measured at the seismic stations. The earthquake recordings are used to retrieve empirical amplification
functions at the sensor locations using spectral modelling (Edwards et al., 2013).

Figure 1. Site amplification map for Switzerland obtained from the analysis of macroseismic data (modified from Fäh et al. 2011).

Macroseismic amplification factors ΔIs for each considered seismic station were computed from empirical amplification
factors. Moreover, a macroseismic amplification factor ΔIm was assigned to each seismic station according to macroseismic
amplification map.
Correction factors dΔI as difference between ΔIs and ΔIm are used to estimate the adjustment to Swiss reference rock
conditions (Poggi et al. 2011) used in the computation of the Swiss seismic hazard map. The reference soil condition of the
Swiss macroseismic amplification map, in terms of average shear wave velocity, were also verified. The study allowed
linking macroseismic-intensity observations with experimental geophysical data, highlighting a good correspondence.
However, statistical significance tests point out that the seismic stations are not evenly distributed among the various
geological-tectonic classes of the macroseismic amplification map, so that its revision could merge classes with similar
behaviour and/or by defining a new classification scheme.
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In mountainous countries, such as Switzerland, large mass movements pose a significant threat to infrastructures and
settlements situated inside and along valleys. This is particularly the case during strong earthquakes. Moreover, this hazard
increases progressively, considering the current climate change and the increasing density of engineered structures in
these regions. Therefore, it is necessary to understand the geometry, failure mechanisms, and volumes of potentially
unstable slopes. One of these instabilities is the Walkerschmatt rock slope in the Matter Valley, Switzerland. Numerical
modelling of ambient seismic vibrations at this rock slope revealed indications of a large-scale compliant fracture that is not
evident by geological mapping, since no clear surface expressions are observable (Burjánek et al, 2019).
In order to resolve this uncertainty, we performed an active seismic survey including multicomponent recordings along four
lines, two of them in combination with a vertical source and two with an inclined impact source (Herren, 2019). In addition,
a synthetic dataset was generated that simulated recordings perpendicular to the potential fracture in order to verify the
utilized methods. We applied seismic refraction tomography and a variety of surface wave techniques, which have proven
their efficiency in previous studies. In addition, we introduce a newly developed surface wave method based on the analysis
of the two-dimensional particle motion of Rayleigh waves in time domain (hodograms). Other studies showed that ambient
vibrations of unstable slopes are polarized perpendicularly to open fractures (Burjánek et al, 2012). Therefore, we assume
to observe a similar behavior when analyzing waveforms from active seismic sources (e.g. sledgehammer).
Almost all methods applied to the synthetic data set and to an open and clearly visible fracture resulted in well-detectable
anomalies. However, the results of the measured lines crossing the location of the predicted hidden fracture are not as
clear (Fig. 1). Observed small-scale features may indicate some fracturing, but they cannot be distinguished from noise with
adequate certainty. The anomalies are less distinct than expected for such a large crack if compared to the result of the
open fracture and to the synthetic data. Therefore, we cannot confirm the existence of a fracture by active seismic methods
as proposed by numerical modelling. However, if the fracture is heavily infilled or very narrow, it might not be observable
with the techniques applied.

Figure 1. P-wave velocity profile on the rock slope instability Walkerschmatt, Valais, Switzerland. The black line indicates the
location of the 1D-profile plottet in the right panel. The location expected for the hidden fracture is situated between
profile meter 90 and 140.
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Historical reports and recent studies have shown that Swiss lakes have experienced tsunamis in the past. The causes of
these tsunamis can be seismic or aseismic. These tsunamis are mainly generated by mass-movement processes
displacing large volumes of water. Some examples of such events in Switzerland are the 563 AD Lake Geneva tsunami
caused by a rockfall-induced delta failure, the 1601 AD Lake Lucerne tsunami caused by earthquake-triggered
sublacustrine mass movements, and the 1687 AD Lake Lucerne tsunami that was caused by a delta failure.
Nowadays, the shorelines of many Swiss lakes are densely populated and host important infrastructures. The occurrence of
lake tsunamis in Switzerland is known, however, we still miss a workflow to assess the hazard related to tsunamis. Within
this framework of an interdisciplinary project (Lake Tsunamis: Causes, Consequences and Hazard), funded by the Swiss
National Science Foundation and the Federal Office for the Environment, aims towards better understanding the key
concepts of lake-tsunami processes using Swiss lakes as a laboratories.
The major objectives of this project are to investigate a) the diverse causes of lake tsunamis, b) the geotechnical and
sedimentological properties of unstable slope sediment, c) the potentially unstable sediment volumes on charged slopes, d)
the wave generation, propagation and shore run-up, e) the onshore and shallow offshore tsunami deposits and d) their
related hazard. In this contribution, we will present the main objectives and advances of this interdisciplinary project.
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Passive array measurements of ambient seismic vibrations and earthquake signals are widely and successfully used
onshore in order to resolve the shear wave velocity structure, and to characterize the seismic response and stability of soil
deposits. Similar experiments can be carried out in the subaquatic realm (offshore), but with numerous technical and
logistical challenges. While onshore, orientation and timing of seismometers are well constrained, this is not the case for
the offshore measurements. Therefore, a specific workflow is required to overcome potential pitfalls.
One of the goals of the Synergia Project “Lake Tsunamis: Causes, Controls and Hazard” is to study submerged slopes in
terms of their stability (static conditions), and their seismic response and potential during earthquakes. We deployed arrays
of Ocean Bottom Seismometers (OBS, Fig. 1) in Lake Lucerne (Central Switzerland) to assess the seismic response of the
slopes and resolve their characteristic fundamental frequency of resonance and shear wave velocity structure.
Planning of the campaigns and operation of the OBSs together with the subsequent data processing require specific
preparatory steps and supplementary measurements (e.g. multibeam, airgun, differential GPS etc.). This includes site
selection and the design of array geometries (Fig. 2), determination and correction of instrument positions, orientation of the
seismometers and time-drift corrections of the recording systems.
We present our experience, and propose what we call “good practice” of array OBS investigations in the lake realm. This is
based on several OBS campaigns in Lake Lucerne carried out between 2018 and 2019. Our workflow includes stages from
campaign preparation to data processing. Targers are the fundamental frequency of resonanse of the sites, based on the
horizontal-to-vertical spectral ratios, and dispersion curves of surface waves including Scholte and Love waves. It is visible
in the observed fundamental frequencies and dispersion curves, that characteristics of lake sediments are very different
from what we find onshore.

Figure 1. Two configurations of Ocean Bottom Seismometers used in the arrays: Nammu (left) and Lobster (right). Both intsruments are
produced by KUM, Kiel.
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Figure 2. An example of spiral-arm design of OBS array geometry (Site: Ennetbürgen, Lake Lucerne). Blue dots: planned array geometry;
red dots: obtained array geometry due to the drift of free-fall OBSs in the water column.
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Subaqueous mass movements are able to generate tsunamis in the marine and lacustrine realm (e.g. 2018 Sulawesi
Earthquake, Palu City tsunami (Takagi et al. 2018); AD 563 Lake Geneve delta collapse tsunami (Kremer et al. 2012)).
These tsunami events are caused by the displacement of large water masses, which are initiated by the emplacement of
large subaqueous mass movements. Mass-movement volume, Froude number and water depth at the triggered site are the
most critical parameters in tsunami generation (Harbitz et al., 2014; Hilbe and Anselmetti, 2015), and determine the tsunami
magnitude and runup. Such subaqueous mass movements can be triggered by large earthquakes by amplified ground
shaking acceleration, but also aseismically by spontaneous delta collapses resulting from overloading and high
sedimentation rates.
Seismic data and sediment cores from Lake Sils in the Upper Engadin (SE Switzerland) revealed in previous studies a
large mass-movement deposit of at least 6.5 Mio m3 originated from a deltaic collapse around 700 AD (Blass et al. 2015).
Regional paleoseismic reconstruction indicate that this delta collapse likely occured during a strong prehistoric earthquake
(Bellwald et al. 2012). Based on subaqueous mass-movement and tsunami propagation/inundation modelling, we argue
that this deltaic collapse was able to trigger a tsunami in Lake Sils. This hypothesis is supported by onshore and shallowwater offshore sediment cores recovered along the shoreline at Sils Baselgia on the northwestern edge of the lake. The
sediment cores contain a fining upwards coarse-grained clastic sediment deposit with imbricated pebbles overlying an
organic-rich soil horizon as it is typical for tsunami deposits (Monecke et al. 2008). Moreover, the excavation of an
underground garage ~200 m inland from today’s lake shore in Sils-Baselgia in 1964 showed that this clastic layer contained
four Roman votive altars. We argue that this former sanctuary was built during Roman times and then became buried upon
tsunami inundation related to the mass movement from 700 AD. This interpretation is supported by sedimentological
analysis and radiocarbon dating.
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