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Abstract

In Switzerland, nearly all historical My, ~> 6 earthquakes are associated to damaging rockslides, resulting in some cases into
destruction of settlements and loss of lives. Liquefaction is known to have occurred historically due to the 1855 My, 6.2
earthquake of Visp, where the valley floor is presently highly built and industrialised. We describe in this contribution the
customisation to Swiss conditions of globally calibrated empirical approaches for the near-real-time estimation of
earthquake-induced landslide and liquefaction likelihoods. We parameterise the probability of occurrence of these
secondary hazards through a set of georeferenced susceptibility proxies (e.g., geomorphology, surface geology, ground
types, soil wetness) and intensity measures (e.g., intensity-derived peak ground acceleration, PGA). The coefficients of the
predictive models are calibrated against the shaking constraints from past events and optimised for near-real-time estimates
based on USGS-style ShakeMaps used at SED since 2007. Emphasis is on the use of high-resolution topographic datasets
along with geological and geotechnical information available in the Swiss context. This study facilitates future
investigations on the rapid assessment of the likelihood of earthquake-induced lake tsunamis triggered by underwater
landslides and has a high practical relevance to Swiss ShakeMap end-users and stakeholders managing lifeline systems.

Keywords: ShakeMap, landslides, liquefaction

1. Introduction and motivation

ShakeMap is a well-known scientific and technical framework that provides near real-time seismic shaking
scenarios based on recorded and predicted ground motions, response spectra and macroseismic intensity levels,
including amplification due to local site effects.

The last few years have witnessed a major revision of the rapid earthquake scenarios distributed by the
Swiss Seismological Service (SED) based on the United States Geological Survey (USGS) ShakeMap software
[1, 2, 3] first introduced in Switzerland by [4]. The most important changes already tested and implemented are:
i) a new set of predictive equations for ground shaking parameters, spectral acceleration levels [5] and
macroseismic intensity [6]; ii) a comprehensive revision of the strategy used to account for local site
amplification at regional [7] and seismic station level [8]; iii) the implementation of the previous points in the
latest ShakeMap3.5 framework [1, 2, 3]; iv) the development of the software module "scwfparam™ enabling
ShakeMap computation based on the earthquake monitoring system SeisComP3 [9] used at the SED. These
scientific and technical efforts - documented in [10, 11, 12] - ensure consistency of the “Next Generation Swiss
ShakeMap” (Fig. 1, see also http://shakemapa.ethz.ch) with current engineering seismology science in
Switzerland, mainly driven by the research activities of the SED. While the present update adequately fulfils the
mandate of SED to deliver to researchers and the general public rapid and fairly detailed shaking scenarios for
relevant / felt events, improvements are possible and solicited as to the prediction of secondary hazards and the
integrated use of the data collected through online questionnaires ("Did You Feel I1t?", DYFI) and processed both
automatically and manually at the SED. Natural candidates for secondary hazards to focus on within the
ShakeMap framework are earthquake-induced mass movements and soil liquefaction.
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Fig. 1 — SED ShakeMap for the 2005 My, 4.4 Vallorcine (Switzerland / France border) event computed as
described in the text. The shaking intensity accounts for all available on-scale broadband and strong-motion
recordings (triangles) of the Swiss national seismic networks along with high-quality felt reports (DYFI, shown
as circles). The start indicates the location of the epicentre.

Mass movements induced by earthquakes are a major threat in mountain regions because of their severe impacts
on urban settlements and lifeline systems [13]. Typical failures include landslides, rockfalls and avalanches.
Approximately 5% of all earthquake-related fatalities worldwide are caused by landslides triggered by
earthquake shaking [14]. In Switzerland, nearly all historical My, ~ 6 or larger earthquakes [7] are associated to
damaging rockslides and landslides, resulting in some cases into destruction of settlements and loss of lives [15,
16, 17]. Earthquake-triggered ocean and lake tsunamis generated by underwater landslides and rockfalls are also
well documented. Notable in the international literature is the case of the 1929 Grand Banks earthquake [18]. In
Switzerland, the earthquakes of Aigle 1581 and Unterwalden 1601 are associated with lake tsunamis most likely
due to underwater mass movements [19, 20]. Even when the urban environment is not directly hit by the
aforementioned phenomena, a high risk of deadly impacts still exists, as dramatically experienced by the many
climbers killed by avalanches and rockfalls triggered by the recent Nepal (April 2015) and the Sabah, Malaysia
(June 2015) earthquake.

The landslide susceptibility in case of earthquake shaking is studied in the international literature either by
means of a) mechanical models (e.g., [21]) based on the classical approach of [22] or b) statistical models (e.g.,
23) where the probability of landslide occurrence is parameterised though a set of georeferenced landslide
susceptibility proxies (e.g., geomorphology, surface geology, ground types) and ground shaking parameters.
While both approaches have physical bases, (a) seems scientifically more elegant as it relies on basic principles
of soil mechanics while (b) - fairly comparable to the methods used in empirical prediction of ground motions
based on recorded datasets - aims at optimising the use of easily accessible explanatory variables combined
through simple functional forms, with coefficients calibrated against the observations of past events. Approach
(@) is the natural candidate for assessing long-term landslide potential in relatively small and well known study
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areaé, while (b) is optimised for near real-time estimates at regional level, i.e., the traditional domain of USGS-
style ShakeMaps.

The surface expression of soil liquefaction is a critical secondary effect in the perspective of rapid
response, loss estimation, and emergency planning due to its often large impact on lifeline systems, industrial
and residential settlements. Recent moderate events associated with extensive liquefaction observations occurred
in Christchurch, New Zealand, in 2010 [24] and Mirandola, Italy, in 2012 [25]. These earthquakes have the
typical size of damaging Swiss alpine events [7]. In Switzerland, liquefaction is known to have historically
occurred e.g. after the 1855 My, 6.2 earthquake of Visp, where the valley floor is presently highly built and
industrialised [26]. The classical approaches of soil dynamics to evaluating liquefaction potential require
knowing the density, cohesion, grain size distribution, plasticity index and water saturation of the soil column
and the dynamic load imposed by the earthquake in terms of both shaking amplitude and duration (e.g., [27,
28]). Soil characterisation and water table depth would require site-specific investigations including geotechnical
logs and penetration data but first order evaluations of the liquefaction likelihood for a given area can be
attempted if simple proxies for these soil characteristics are identified.

With this motivation, we selectively present in this paper the use of globally calibrated empirical
approaches ([23, 29] and subsequent updates) to estimating the landslide and liquefaction likelihood for
moderate-to-strong events in Switzerland. With these approaches, the probability of occurrence of the
aforementioned secondary hazards is parameterised through a set of georeferenced susceptibility proxies (e.g.,
geomorphology, surface geology, ground types, soil wetness) and ground shaking parameters (e.g., peak ground
acceleration, PGA). These approaches rely on using easily accessible explanatory variables combined through
simple functional forms with coefficients calibrated against the observations of past events and are optimised for
near real-time estimates based on USGS-style ShakeMaps.

Our strategy to customising the global approaches to Swiss conditions relies on the comparison between
the estimates provided by the current USGS implementation of the global models [23, 29] with the historical
observations of relevant events (My ~ 6; lgmsgg > VII) in the Swiss earthquake catalogue ECOS-09 [7]. We
derived corrective factors and actions for optimal implementation within the Swiss context. The earthquake
catalogue of Switzerland and the compilation of earthquake-induced secondary effects by [15, 16, 17] provide a
unique dataset to test the performance of the USGS global models in the Swiss Alps. ShakeMaps for these
events (identified by the use of the keyword ECOS in the EventID and name) are available at
http://shakemapa.ethz.ch/archive/scenario.html. The ShakeMap intensity estimates used in this study include
ECOS-09 macroseimic observations (intensity data points, IDPs — shown as circles in the online maps and in this
manuscript) in the same way web-collected DYFI data are treated in ShakeMap3.5. Using historical scenarios
implies deriving ground shaking parameters from macroseismic intensity fields based on the ground-motion to
intensity conversion equations (GMICES) of [6], suitable for the Swiss context [12]. Key to the customisation to
Switzerland is the use of high-resolution (90 m and 30 m) geographic datasets along with geological and
geotechnical information (e.g., geological and geotechnical units characterisation, water table depth, mapped
instabilities) typically not available at the global level and therefore not considered by [23, 29].

2. Mass movements

We started from the 2015 USGS implementation of the landslide likelihood model of [23] for rapid assessment
of earthquake-triggered landslides worldwide. The predictive models uses ShakeMap peak accelerations, PGA
[%g], as intensity measure, while the susceptibility to sliding is represented by the topographic slope S
[100*deg.] and material cohesion ¢ [MPa]. Previous versions of the model used material friction angle ¢ [deg.]
rather than cohesion to represent the shear strength of geo-materials. The model coefficients were determined
through logistic regressions, known to be appropriate for processes involving only a binary outcome. The
landslide probability P is given by Eq. (1):

P = 1/(1+exp/(-X)) 1)
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where

X= const + f(PGA) + f(S) + f(PGA-S) + f (c). 2

Consistent with the global ShakeMap approach, USGS PGA maps for global events are computed within ~ 10-
30 minutes of the earthquake origin time based on NEIC (National Earthquake Information Center) location,
magnitude and a ground-motion prediction model suitable for the region of interest
(http://earthquake.usgs.gov/earthquakes/shakemap/). ShakeMaps are updated once earthquake recordings and
finite-fault models become available, and automatically include raw (not revised by humans) DYFI intensity
estimates . Topographic slope and material strength parameters at global scale are those computed by [30] and
[31], who modified the [32] global classification and assigned friction angles and cohesion based on published
values (e.g., [33, 34]) for geological units. The landslide likelihood estimates are dominated by the PGA term,
the slope term and the combined PGA and slope term. The contribution of the cohesion term to the likelihood
estimates is negligible. Different from [23] who used the compound topographic index CTI [35] as predictor, the
currently preferred model does not include any information about soil wetness. Earthquake triggered landslide
likelihood is therefore dominated by PGA and topographic slope. The model is implemented as a Python
package (Hearne M, pers. comm.) and not included in the ShakeMap distribution yet. The landslide likelihood
estimates based on global ShakeMap are not made available to the public yet are sent to the USAID Office of
Foreign Disaster Assistance (OFDA) for test evaluation of the product.

Notable amongst the earthquakes documented in the ECOS-09 catalogue is the 1946 M, 5.8 Sierre event
(Fig. 2) for which observations of secondary effects triggered by the mainshock and the strongest aftershock (My
5.5) are abundant [15]. The Sierre 1946 event is showed here as the test case to assess the performance of the
global model and to propose corrective factors / modifications for use in Switzerland. Several tests were carried
out using topographic slope data derived from Digital Elevation Models (DEM) with different spatial resolution,
namely the global grid used by USGS, a regional 90m-resolution grid and the Swiss national 30m grid. Good
results were obtained using a 30m-resolution DEM coupled with upper bound PGA estimates - i.e., obtained
from [6] as PGA = PGA(l-o), where | is the macroseismic intensity and o is the standard deviation of the
GMICE - and modifying the constant term of the USGS model based on residual analyses of the predicted
landslide likelihood values as a function of the main explanatory variables. The spatial distribution of the
historical observations clearly suggested that landslides and rockslides occurred at grid points where (i) the
cross-term PGA[%g] x slope [deg x 100] >104. The predictive model was therefore modified to output values
between 1 and 2 if condition (i) was matched. This means P(landslide) > 0.75 at these locations. We also
decided to neglect the f(c) term that had no significant impact on the overall predictions. The results are depicted
in Fig. 3 (bottom left panel) where the computed landslide probabilities are shown along with the 30m-resolution
background topography and the mainshock and aftershock triggered landslides (circles), rockfalls (diamonds)
and avalanches (triangles) documented in [15]. The modified model also performed well for the Aigle 1584 (M
5.9) and the Visp-Stalden 1855 (M, 6.2) historical scenarios used for validation, not shown here for brevity.
With a few exceptions, the modified landslide model can satisfactorily represent the geographic distribution of
the observations. The model seems to work better for rockfalls (where slope and ground shaking are the
dominating factors) than for landslides (where the water content can play a significant role), and can capture the
occurrence of the few (due to dry winter conditions) reported snow avalanches.
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Fig. 2 — EMS-98 ShakeMap historical scenario of the 1946 M, 5.8 Sierre (Valais, SW Switzerland) event,
including macroseismic intensity data points from ECOS-09 shown as circles. The intensity colorscale is the
same as Fig. 1.

This is our reason to refer to the model as a general “mass movement” likelihood model, even if originally
developed for landslides. This is consistent with the fact that the ultimate cause of the failure is in all cases the
exceedance of the shear strength of the geo-materials due to the additional loads imposed by the earthquake
shaking often in combination with adverse meteorological conditions. The model has a notable ability to predict
the spatial distribution of gravitational mass movement associated to aftershocks: the white diamond close to the
epicenter in Fig. 3 (bottom panels) is the major (4-5 million cubic meters) Rawylhorn rockfall [15, 36]. There are
large areas in Fig. 3, N and SW of the epicenter, where mass movements were not observed. It is not clear that
these areas constitute “false positives”. According to [15] and [17], the secondary effects are well described in
contemporary newspaper articles. However, a contemporary damage assessment carried out on behalf of the
Canton Valais has survived in fragments only implying only partial completeness of the historical dataset. It is
possible that the dip of the rock layers played a significant role in the distribution of the observed mass
movements in the area. An attempt at mitigating possible “false-positives” and better constrain the mass
movement predictions was carried out by [37], who explored the options to additionally / alternatively use: (a)
frequency-dependent intensity measures (e.g., PGA, PGV and response spectral ordinates); (b) different
geomorphological proxies; and (c) maps of geological hazards (instabilities) recently compiled and delivered by
the Swiss Cantons (Fig. 3, top panels). Given the limited number of observations available in the Swiss context,
it was not possible to derive any strong conclusions based on (a) and (b) — although it was clear that mid-to-long-
period intensity measures could better than PGA capture the geographic extent of known mass movements —
while (c) appeared to be a promising approach. An example of the applications of strategy (c) is shown in Fig. 3
(bottom right panel) where the mass movement likelihood is convolved with information on the actual rockfall
hazard as mapped by cantonal authorities. As apparent from Fig. 3, the cantonal information help to better
constrain the predictions and capture the distribution of reported rockfalls. A similar exercise can be carried out
for landslides and avalanches, not shown here for brevity.
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Fig. 3 — Top: simplified maps of geological hazards. Bottom left: mass movement likelihood for of the 1946 My,
5.8 Sierre (Valais, SW Switzerland) event computed as explained in the text. The yellow star shows the
earthquake epicentre. Other symbols are rockfalls (diamonds), landslides (circles) and avalanches (triangles)
triggered by the mainshock (black symbols) and the largest aftershock (white symbols). The rockfall and
landslide patterns to the East and in the close proximity of the epicenter are particularly well captured. Bottom
right: rockfall likelihood scenarios obtained using additional cantonal information on the actual rockfall hazard.
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3. 'Liquefaction

Prototype near-real-time liquefaction likelihood estimates in development by USGS based on global ShakeMaps
are computed using the global model of [29]. Similar to the landslide model discussed in the previous Section,
the liquefaction probability is given by Eqg. (1), where:

X= const + f(PGA, M\N) + f(CTl) + f(Vs’go). (3)

PGA is ShakeMap peak ground acceleration in g, CTI is the compound topographic index [35] and Vs 3 is the
travel time averaged shear-wave velocity in the uppermost 30 m of the soil column. The model uses a
magnitude-weighting factor for PGA to represent the effects of the duration of significant shaking on the
likelihood estimates. While all terms significantly contribute to the likelihood estimates, the likelihood estimates
are dominated by the global CTI values and the topographic slope S. Although the topographic slope is not
explicitly used in Eq. (3), the liquefaction likelihood is set to 0 if S > 5 deg.

The adaptation of the global USGS liquefaction model to Switzerland was mainly based on historical
earthquake scenarios of the 1855 Visp-Stalden (My 6.2, Fig. 4) and 1356 Basel (My 6.6) events. For the Visp-
Stalden case, plausible historical sources mention ground deformation in the northern part of Visp that can be
associated to lateral spreading of liquefied soils and widespread settlement due to ground liquefaction [17, 26].
The water table depth in the urban area is presently ~ 1.5 m. The global USGS model required Vs 3 as input. A
Vs 30 map for Switzerland was computed by [38] based on macroseimic intensity increments A7 [7]. We updated
the Vs3o estimates of [38] using a reference Vsz = 1100 ms™ [39] and the GMICE of [6] for PGV. We
recomputed CTI values on a 90m-resolution DEM of the greater Swiss region to overcome the difficulties posed
by using a low-resolution global (HYDROLk dataset) CTI grid that can fail to accurately represent flow
accumulation and catchment areas in relatively narrow Alpine valleys. Consistent with [40], we observed that
increasing the resolution of the digital elevation model resulted into significantly higher levels of the CTI and
therefore we scaled the results to match the CTI range used for calibrating [29].

The results shown in Fig. 4 (bottom panel) are consistent with the historical observations and the
numerical simulations of [26]. However, application of the model to the Basel 1356 earthquake scenario showed
that the use of PGA (which approaches 1g in this case), Vs 3 and CTI as predictors might lead to overestimating
the liquefaction potential in the Basel region. Although water table depth varies between 0 and 4 m in the area,
liquefaction is considered as of minor importance in Basel because, due to the geological conditions of the area,
water-saturated, cohesionless, granular sediments at depths less than 10 are found only in a few places [41]. This
motivated a correction of the liquefaction scenarios based on information on the surface geology and water table
depth, e.g. convolving the output of the global liquefaction model with maps of cohesionsless saturated granular
materials. Such mapping is feasible for Switzerland either (a) by merging information from the national
geological map and hydrological atlas; or (b) using units 5 and 6 of the “geotechnical map of Switzerland”
(representing sands and gravels with different levels of fine content, correspondingly) with weighting factors of
0.5 and 1.0, respectively); or (c) using the national map of ground types (i.e., similar to (b) but with different
input).

For the Visp-Stalden 1855 scenario, the three models developed by [29] based on the Christchurch 2011
(My 6.2) dataset were also tested. Results consistent with the historical observations were obtained applying
model no. 3 of [29], that uses PGA, Vs and dr (the distance to rivers, that replaces CTI as a proxy for soil
wetness) as predictors. For implementation in Swiss ShakeMap, it is recommended to implement both the global
and the Christchurch no.3 model of [29] and estimate the likelihood of liquefaction as the average output of the
two models, as shown in Fig. 4. Note that the two approaches represent viable alternatives as they employ
different proxies for soil wetness. In areas where liquefaction of lake sediments may occur, it is also possible to
implement prediction models based on ND, that is the normalised coast distance. ND is defined as the distance to
the coast divided by the sum of the distance to the coast and the distance to the inland edge of the sedimentary
basin. ND is meant to be a proxy for soil density/age, and it could also be considered a proxy for saturation
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because the water table generally becomes shallower at shorter distances to the coast. A grid of ND values for
Switzerland was computed using the distances from lakeshores and the boundaries of the SED geological class
[7]1 “Alluvial plains”. The liquefaction model of [29] shows a favourable portability to the Swiss context
provided high-resolution geographic datasets are used and the results are convolved with geotechnical
information on ground types and water content.
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Fig. 4 — Top: ShakeMap historical scenario for the 1946 M, 6.2 Visp-Stalden (Valais, SW Switzerland) event,
including macroseismic intensity data points from ECOS-09 shown as circles. The intensity colorscale is the
same as Fig. 1. Bottom: Liquefaction likelihood scenario for the same event computed as the average of the

global model and Christchurch model no.3 of [29] and subsequently convolved with geotechnical information as
explained in the text. The black rectangle shows the possible surface projection of the earthquake fault. Note the
highest liquefaction probabilities in the town of Visp (NE corner of the fault), consistent with the historical
records.
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4. Implementation in ShakeMap

Prototype implementation in ShakeMap of the Swiss-adapted liquefaction and landslide likelihood models was
carried out using a test virtual machine running ShakeMap3.5 and geographic layers with resolution ~ 90 m. 30-
m resolution geographic layers can be also used, e.g., the urban area of Basel where a detailed microzonation
study is available. At larger scale the use of 30-m grids considerably delays the computation of the shaking
layers. For implementation in Swiss ShakeMap, the use of high-resolution datasets is recommended only for
events with magnitude larger than 5 and focusing on a region within 50 km of the earthquake epicenter.
Implementation required: (a) modifying the program grind to include the GMT commands implementing the
predictive models; and (b) adapting program mapping in order to create PostScript maps of the computed
likelihoods using the same graphic style and colour scale of ShakeMap, as shown in Fig. 3 and 4.

5. Conclusions and outlook

We summarised in this paper the current status of the inclusion of earthquake-induced hazards in the Swiss
implementation of USGS-style ShakeMap. We recall that these maps should not be used as predictions of the
occurrence of individual mass movements or liquefaction occurrence; instead, they give an idea of the areas
where these earthquake-induced hazards are most likely. While we welcome and encourage community efforts
(e.g., [23, 29, 42, 43, 44] and subsequent updates) to refine and update global empirical predictive models once
new datasets become available (like e.g. for the recent earthquake sequences in Nepal in 2015, Kumamoto
(Japan) and Ecuador in 2016), our preferred strategy to improve the current predictions for Switzerland focuses
on collecting additional information from the Swiss Cantons (i.e., the “states” of the Swiss Confederation) about
mapped / known geological and geotechnical susceptibilities. One limitation of this approach is that the scale,
resolution and coverage of the Cantonal maps is heterogeneous and some Cantons have mapped only instabilities
that represent a potential threat to urban settlements. While this shortcoming can be partly overcome by
developing statistical correlations between mapped instabilities and geological units mapped at national (federal)
level, using the Cantonal data “tout court” implicitly helps us tailoring our predictions to risk prone areas of
major interest to the general public, public and private stakeholders. We will also consider the inclusion in the
mass-movement likelihood model of aggravation factors for known unstable slopes based on the recent works of
[45, 46]. We note that the mass-movement prediction model offers a potential opportunity for rapid likelihood
earthquake-triggered lake tsunami prediction, for which high-resolution bathymetry can be used as
geomorphological proxy. We believe that an informative way to communicate the output of the model to the
authorities and the public is to convolve the landslide likelihood information with the location of, for example,
roads, railways and rivers / lakes, or postal codes, preferably within the framework of a real-time earthquake
information display like [47].
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