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1. Introduction

1.1 Motivation and context

Switzerland is an earthquake country with an average of 1 @00 earthquakes recorded each year by

the S wiss S eismological S ervice at ETH Zurich  (SED, www.seismo.ethz.ch ). Switzerland has arich
earthquake history  that includes numerous damaging earthquakes recorded in the historica | re-
ports of the past 800 years and including the strongest earthquake ever docum ented north of the
Alps in Basel in 1356 (magnitude 6. 6, see Figure 1.1). The SED has been periodically assessing
the seismic hazard at a national level since the late 1970s. The result of the latest s uch effort was
published in 201 6, the SUIhaz2015 model (Wiemer et al., 2016).

Unbeknown to most citizens, of all natural hazards in Switzerland , earthquakes have the greatest
damage potentia |. Large -scale earthquakes are fortunately quite rare, but if they strike, they can

cause far -reaching and very costly damage and lead, potentially, to hundreds or even thousands

of fatalities. While devastating events might only occur every 1,000 or 2,000 vyears (that is, with
an an nual probability of 0.05 to 0.1% ), slightly smaller events of around magnitude 6 could also

be catastrophic were they to occur beneath urbanised zones. From historical records we know that

since the 13th century 12 earthquakes ha ve occurred which caused substantial damage, meaning

that every 50 to 150 years (in statistical terms, a 1% chance annually) such a disaster might

strike Switzerland or its neighbouring regions .
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Figure 1.1. Map of the instrumentally recorded earthquakes between 1975 and 1922 (in blue), together with the
location of the 10 strongest historical earthquakes (in red).

Seismic risk refers to the probability of damage to a building, system, or other entity from earth-
guakes and the resulting economic, social and environmental losses that may occur in a specified

period of time.  From a societal perspective and compared to seismic hazard, seismic risk (also

referred to as earthquake risk) is a figure that is both ea sier to understand and more useful when

it comes to earthquake awareness, preparedness and event mitigation. However, until now, and
outside of insurance vendor models that are not openly available, seismic risk had never been

assessed at a national level in Switzerland . The main reasons are on the one hand the multidisci-
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plinary character of seismic risk studies, which requires specialisation beyond the field of seismol-
ogy, and on the other hand the need for unified, country -wide datasets that until recentl y were
not available.

While the SED i thanks to its continual seismic monitoring and advanced hazard studies T has a
pretty good picture of where and with what magnitude and frequency earthquakes may occur in

the country, our understanding of what the con sequences of such events may be on buildings,
people, infrastructure and society in general is rather limited. Thus, seismic risk, despite being

regarded as the most prominent natural risk, was until now  poorly known

1.2 Mandate and role of the different acto rs

Mindful of the lack of knowledge on seismic risk , in 2013 the Federal Council mandated the Feder-
al Department of the Environment, Transport, Energy and Communications (DETEC) and its Fed-

eral Office for the Environment (FOEN) to launch and coordinate, i n collaboration with the SED and
other relevant partners, a project to create and operate a model and IT application to quantify

seismic risk in Switzerland. In 2017, it accepted a detailed implementation proposal. The project,

the Earthquake Risk Model of Switzerland, or ERM -CH23, aims to determine the financial and hu-
man risks associated with building damage, which is thought to be the primary component of

seismic risk .

Switzerland being an official founder of the Global Earthquake Model (GEM) initiative, it was
planned from the beginning to implement ERM -CH23 with GEsOree saftyaee rplatform
OpenQuake. The project started in autumn 2017 and is jointly funded by the SED and ETH Zurich,

the FOEN, and the Federal Office for Civil Protectio n (FOCP), with a budget of 4.5 million Swiss
Francs .

The SED is the federal agency responsible for monitoring earthquakes in Switzerland and its

nei ghbouring regions and for assessing Switzerlando6s sei
tasked with  assessing seismic risk at a national level. In Switzerland, the cantons, municipalities

(also known as communes), private individuals and institutions are responsible for implementing

earthquake mitigation measures. The Cdemnlgovanmengisontyn (i . e.
responsible for its own buildings and infrastructure systems. Additionally, the cantons are respon-
sible for the building code legislation and, consequently, for the formulation of earthquake -specific

requirements . They also lead post-earthquake management, with the support of the federal au-
thorities.

The primary users of the ERM  -CH23 model are thus expected to be cantonal and, to a lesser ex-

tent, federal and municipal authorities as well as the general public. However, engineering compa-
nies, building insurers, banks, reinsurers and infrastructure owners are also expected to be possi-

ble stakeholders. In Switzerland, earthquake damage is not covered by mandatory insurance and

the Swiss Pool for Earthquake Insurance offers limited ins urance coverage of up to CHF 2 billion in
18 cantons . Property owners can also decide for themselves whether or not they would like to be

insured against earthquake damage.

Under the direction of Prof. S. Wiemer, the director of SED , ERM-CH23 is organi sed in seven sub-
projects (Figure 1.2):two supporting subprojects , coordination and IT, as well as five subprojects
representing the components of risk: rock hazard and model implementation, site amplification,
exposure, buildin g typology and fragi  lity, and consequence  models. The subprojects are supported
and challenged by a participatory review team, the Technical Committee, led by Prof. D. Fah. The
Technical Committee  consists of experienced representatives from different priv ate and public
insurance companies and from a few cantons. The Technical Committee has been following the
model -building process from the beginning, with regular opportunities to comment on its devel-

opment. A Steering Committee, in which the funding bodies are represented, takes the most im-
portant managerial decisions
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Figure 1.2 Organigram of the ERM-CH23 project

1.3 History of seismic risk assessment in Switzerland

Until recently, there was no state of the r tans openly available  model in Switzerland  to investigate
earthquake risk  or to quantify the damage from possible earthquake scenarios. So far, seismic risk
in Switzerland had been estimated with the purpose of defining possible variants of a mandatory

earthquake insurance. These analyses were based on existing private, in part simplistic and not
generally accessible models , developed or used by  reinsurers and brokers. For exercises or first -
order comparative studies of loss potentials from different natura | hazards, the effects for different
earthquake scenarios were estimated based on simple and poorly supported models.

The Confederation's strategy for integr ated risk management in the area of natural hazards stipu-
lates that their risks are to be transpare ntly quantified and periodically updated and communicat-
ed according to the  latest available knowledge. The objective is to ensure that all responsible par-
ties are aware of and account for their respective damage potentials and risks

In the academic field, earthquake risk had primarily been confined to either very local or broader
but oversimplified works in the frame work of M aster 6 @r PhD the ses (e.g. Schwarz , 2015).

1.4 Possible benefits of a national seismic risk model

The potential benefits of an earthquake risk model are manifold, including assistance with earth-
guake preparedness, mitigation, event management and recovery as well as strengthening seis-
mic resilience. More specifically, such a seismic risk model can help in :

rapidly assessing the ex  tent of damage and impacts after earthquakes;

- getting information on damage potential and risks at the federal, cantonal and municipal
levels (magnitude, uncertainties, geographic distribution, distribution between cost units) ;

- assessing recurrences of h istorical earthquakes and worst -case damage estimates (in -
cluding their probability) ;

- providing loss scenarios for precautionary planning ;

- contributing to continuing education and teaching ;

Earthquake Risk Model of Switzerland 8 March 2023



Schweizerischer Erdbebendienst Service Sismologique Suisse Servizio Sismico Svizzero Swiss Seismological Service

- developing risk -based consideration of seismic safety requirements (e.g., for seismic de-
sign standards and recommendations );

- performing cost -benefit analyse s of preventive measures and investigating and optimi sing
coverage and financing models  ;

- enabling sc ientific research in the field of earthquake risk ;

- providing advanced products, e.g. in the field of estimation of anthropogenic earthquake
risk in geothermal projects or determination of time -dependent earthquake risk in swarm
sequences .

15 Elements and data requirement for earthquake risk assessment

Assembling the ingredients of a national seismic risk assessment is a complex task. Each risk
study begins with a  seismic hazard assessment. Early on in ERM-CH23, the managerial decision
was taken to rely o n the latest update of the national hazard assessment (Wiemer et al. , 2016).
The SED updat es the national seismic hazard about every 10 years and there was no good reason

to develop something new at the beginni ng of the project (2018). The seismogenic source mod el
and the ground motion models from SuiHaz 2015 were retained and used. Additionally, the macro-
seismic data and information describes the ground motion models. For the la tter, a set of Intensity
Prediction Equations (IPEs) was assessed (see Chapter 2).

In national risk studies (e.g. Silva et al., 2014; Goda, 2019), the correlation of geological or struc-

tural proxies with the superficial shear -wave velocity (Vs30) is typically used to assess the local

site effects. This was deemed too simplistic for ERM -CH23, and relying on a dense network of
strong -motion stations with well -characterised sites, a country -wide, spectral period -dependent
amplification model (including uncertainty) was developed by cross -referencing the empirically
observed site response at a set of approximately 250 free -field seismic stations with a lithological
classification, a national model of the thickness of quaternary sediments, and topographical slope

evaluated at different spatial scales (see Chapter 3).

The exposure model of ERM-CH23 is the result of a  collaborative effort at the federal level. Differ-

ent datasets used in different offices and departments could be linked through the introduct ion of
a common building identifier and complemented with specific missing elements, either through the
acquisition of additional data or through the modelling of additional building attributes. The result

is a database of nearly 3,000,000 georeferenced bu ildings ( see Chapter 4). Among the attributes
considered in the building database, the year of construction, the number of stor eys and, partly
the roof inclination,  were used specifically to assign individual buildings to the set of building clas-

ses representing the Swiss taxonomy.

This O0Swissnessd of isttheeeasbnufor the orgagis s ational lseparation introduced
between the asses sment of building  vulnerability (performed at EPFL in Lausanne, see Chapter 5)
and of consequence models (performed in Pavia by the company RED, see Chapter 6). For the
former, a set of fragility curves were obtained for the different building types characteristic of  the
Swiss construction practice, both for macroseismic int ensity and for spectral accelerations, repre-
senting the two approaches used to compute seismic risk in ERM-CH23. The consequence models
that relate damage to losses were developed based on international models and adapted as much

as possible to Swiss pract ice. As Switzerland has not experienced any devastating earthquake in
recent decades, this is only possible to a limited extent.
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a)

122
R

Figure 1.3. The components of risk in ERM-CH23: a) hazard on rock, b) site amplification, ¢) vuln  erability and d)
exposure (here as number of buildings per km 2.

Figure 1.3 shows the four major components of the ERM-CH23 seism ic risk: seismic hazard on
rock ( reference V s3 velocity of 1,100 m/s ), site amplification (for PGV), vulnerability (as the aver-

age vulnerability index used for the macroseismic approach, averaged in 1 x 1 km cells) and expo-

sure (as the sum of the replacement values for the buildings in the same raster).

1.6 Logic tree approac h

For decades, it has been  standard practice  in seismic hazard studies to use logic trees to capture

the epistemic uncertainty associated with  all the components of a model. For site -specific PSHA
studies for critical facilities, this arborescence can be very large (10 % branches, before trimming,

in the case of the hazard studies for Swiss nuclear power plants, PEGASOS !). Because they make
use of large numbers of ground motion fields and numerous stochastic catalog ues, seismic risk
calculation s are more d emanding in term s of computational resources than hazard calculations
and seismic risk studies typically consider far simpler logic trees, if any

Indeed, to be able to consider the logic tree developed during the course of the ERM-CH23 pro-

ject, the SED hadto ask t he GEM foundation to extend OpenQuakebs f
ability to consider alternative submodels for fragility, exposure or consequence.

In the project logic tree  (Figure 7.2), we consider, as mentioned in the previous section , two dif-
ferent approaches to obtain the input ground motion. These approaches condition the selection of

specific alternative  ground motion predictive models (Intensity and Ground Motion Prediction
Equations, IPEs and GMPESs). The uncertainty related to site amplification is dependent o n the

ground motion approach while the two methods used to attribute a building type to individual
buildings are indepen dent of the approach (Figure 7.2).In total, the = ERM-CH23 logic tree consists

1 E.g https://inis.iaea.org/search/search.aspx?orig_g=RN:39091004
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of atleast 424 branches, the larger part stemming from the ground motio n models. This is partly
a consequence of the early managerial decision not to change the components of the national
seismic hazard model.

Considering the common practice of capturing epistemic uncertainty in risk studies and consider-

ing that ERM-CH23 is a country -wide study (with> 10,000 composi t e 0si knecsls , seea
Chapter 8), the ERM-CH23 logic tree can be regarded in our opinion  as an ambitious attempt to
model that type of uncertainty. Chapter 7 specifically focus es on epistemic and aleatory uncertain-

ty and goes into more details of the rationale behind the choice of the final logic variables , includ-
ing the associated weights. Chapter 8 describe s the actual implementation of the logic tree in the
computational framework.

1.7 Quality control

The model components having been developed in different, geographically distant entities and

partly in different fields of expertise with their specific la nguage, the potential for misunderstand-
ing and therefore errors is real in such a project. Several measures were taken to minimi  se this
threat. First, a series of bilateral , minuted meetings between subprojects  were held throughout
the project when ever a potential misunderstanding, a n information gap or th e danger or double -
counting had been identified.  Often, sub project A, which  was responsible for cross  -cutting issues
convened these meetings

Another important measure i s the so -called Risk Input Document (RID). This document, written by

the risk analyst in charge of the transformation of subproject deliver ables T reports and datasets i
into risk input files, contains all intermediate steps along this transformation. This may be a simple

reformatting of data, a processing step not performed by the subproject but following its instruc-

tions or even simplifications. T he RID needs to be endorsed by the subproject owner , who con-
firms that their submodel has not been distorted or misunderstood, that the possible simplifica-

tions are acceptable and in general that the described implementation can be released. The risk

analy sts confirm that they have received all the information they need to create a set of risk input
files that faithfully reflect the submodel. Chapter 8 of this report is in essence identical to that RID.
As for OpenQ uake (Pagani et al., 2014), although if the software has not received a QA certifica-

tion from an official independent institution, software development and implementation are fully
compatible with the Test -Driven Development (TDD) and Software Quality Assurance (SQA)
frameworks of GEM and we  therefore assume that it is error proof.

Besides the quality control performed within and across  the subprojects, the ERM  -CH23 model
benefited from two types of technical challenge s by two different entities . The first was a participa-
tory review by the Tec hnical Committee  (see Figure 1.2): this body, consisting of reinsurance,
cantonal civil protection, hazard prevention and building insurance represent atives, received the
yearly reports and met once a year with the project core team to discuss the project status, the
approaches chosen , the possible verification measures, and 1 towards the end of the project T to
think about the provisional results. The second body is a panel of external experts that the project
established in 2022 . The four international experts in the field of seismic risk, from both academia
and industry, received a preliminary version of this report and me tfor atwo -day workshopin July
2022 to discuss all model components. Already there and in the follow -up, the panel made anum-
ber of comments and  suggestions , to which the project responded in autumn 2022  in the form of
a model revision , with new results and a revised report . Both r eview bodies then issued a docu-
ment, stating that ERM  -CH23 was a best -practice, state -of-the -art probabilistic seismic risk model
(see Appendix 1) . These statements helped the Steering Committee to approve the model release

in October 2022.
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1.8 What ERM-CH23 is not

ERM-CH23 is the first national earthquake risk model to be developed and the expectations for its

products are understandably high. It is therefore important to emphasi se what the model does not
yet cover.
The first country -wide database of buildin  gs developed within the project is a collaborative  effort

by different federal offices aimed at serving various projects. The database is primarily a database

of residential and commercial buildings. Buildings with other functions (industrial production build-

ings, hospitals, etc.) are also included but their fragility could not be mode lled specifically. There-
fore, the estimated losses associated with them are more uncertain.

Critical infrastructures and lifelines (railway, power grid and other networks, bridges, dams, etc.)

are not part of ERM-CH23. Damage to lifelines and its consequences are a considerable source of
risk that is not addressed here. An extended and updated Swiss risk model is set to address this
aspect in the years to come. The same is true for risk caused by secondary hazard s like landslides,
rock falls, soil liquefaction, lake tsunamis, fire  afte r earthquakes or falling debris . The se secondary

effects account for a significant proportion of the total global loss caused by earthquakes (Nowicki
Jessee et al., 2020).

With regard to  earthquake scenarios and rapid loss assessment, the time of day isr oughly taken
into account (see S ection 7.4). A more precise representation of population movement (weekend
vs. weekday, holidays, seasonal variations in tourist areas, movement of border workers) will be

addressed later. A new project at the federal level t 0 map population in  real time may deliver an
important opportunity to make progress in this area. Another temporal factor not yet considered is
the weakening of structures (time -dependent vulnerability) after a first, main earthquake. In ERM-

CH23, aftersho cks are modelled , for possible scenarios, as independent earthquakes.

Uncertainty characteri  sation of all model components is an important goal of ERM-CH23; however,
it is also a difficult task in such complex, multi -layer models. Especially at the interfa ces of models
there may be double -counting of uncertainties; in other places we may not capture enough of the
alternative interpretations . In addition , validation of the model is especially difficult in Switzerland
because there have been no major and dest ructive earthquakes in the last 50 years. Therefore,

while we address uncertainties using the state -of-the -art techniques, we feel that in future model
updates this uncertainty quantification could be improved

Finally, | osses due to business interruption as a consequence of downtime (inspection, repair , de-
mand surge , etc. ) are modeled but only used, on demand, for scenario computations
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2. Seismic hazard for reference rock conditions

2.1 Introduction

The 2015 Seismic Hazard Model (  SUlhaz2015 , Wiemer et al., 2016) is the authoritative national
seismic hazard model and serves as the basis for country -level seismic risk model development.
SUlhaz2015 is based on a probabilistic framework and includes two critical components: the seis-
mogenic sourc e model and the ground motion model. The former depicts the earthquakes' spatial

and temporal variability across the entire region, while the latter describes the ground shaking
properties, such as source, path and site.

In the probabilistic framework for seismic risk analysis, these two seismic hazar d model subcom-
ponents are utilis ed differently than in the traditional seismic hazard assessment. Consequently,

they are used to generate stochastic earthquake catalogues that represent potential earthquake

ru pture locations, followed by ground motion fields corresponding to each rupture. Similarly, for

scenario risk analysis, the main event is represented as a single rupture, and the corresponding

ground motion fields are generated accordingly.

Further , it was decided to use two ground motion models: an intensity -based model and an accel-
eration -based model. The former seeks to describe ground shaking properties through the use of
macroseismic data and information, whereas the latter is based on the same ground motion model
as SUlhaz20 15.

This chapter focuses on key aspects of the seismic hazard model as an input and component of

the seismic risk model and assessment. Wiemer et al. (201 6) provide a comprehensive description
of the two subcomponents, the seismogen ic source model and the ground motion models, so only
important aspects will be summarised in this chapter . However, we intend to discuss and docu-

ment those aspects that are relevant for seismic risk calculation in the following sections.

2.2 Seismogenic  source models: short summary

The SUlhaz2015 seismogenic source model incorporates potential sources of earthquake location,
size and faulting style into a seismotectonic framework. Revised tectonic domains and new data on

Earth's crust deformation, faults a nd paleo -earthquakes were incorporated into multiple seismo-
genic source definitions and representations, including zone -based and smooth seismicity models.

Hierarchical and multi  -layered procedures (Woessner et al., 2015) were used to develop the
source m odel and capture the cent re, body and range of technical knowledge (Danciu and
Giardini, 2015).

A weighted logic tree approach wa s used to capture inherent uncertainty in the seismic source
modelling approach, recurrence rate parameter estimates, and maxi mum magnitude. Four seis-
mogenic source models  were combined in a mutually exclusive but cumulatively exhaustive sense,
although models and data spatially overlap ped.

Two seismogenic source  model s wer e newly developed within the SUIh az2015 i.e. the SEIS-15
area source model and the CH14 smoothed seismicity model, while two other source models were

based on the ECOS -02-based area source model SEIS04 (Fah et al., 2003; Wiemer et al., 2009)

and the area source model of the 2013 European Seismic Hazard Model (E SHM13, SHARE Project,
Woessner et al., 2015). Details of each individual seismogenic sour ce model are given in Chapter

4 of Wiemer et al . (2016). Magnitude -dependent weights were used and a spatially distributed
ensemble earthquake rate model was built (see Figure 2.1). The ensemble earthquake rat e model
is defined by its centre or median (50th) and four ranges (2.5 th, 16 th, 84 th, 97.5 th) with weights
chosen to represent the area of a normal distribution. The median (50th) earthquake rate model
received 68% weighting, the 16th and 84th quantiles received 13.5%, and the 2.5th and 97.5th

guantiles received 2.5%.
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The seismogenic source model is implemented as individual point sources, with the main parame-
ters describing the seismogenic layers, the depth distribution and the style
tion of seismicity with depth as well as the predominant style

In Switzerland, seismicity extends deeper beneath the Foreland

earthquakes are used to ascertain the

al., 2016).

For shall ow seismicity in the Alp

-of -faulting. The loca-

-of-faulting is regionally variable.

than the Alps, and instrumental

hypocentres distribution as given in

Table 2.1 (Wiemer et

s and Foreland, the upper and lower seismogenic depths have

been set at 0 and 9 kilometres , respectively. The average hypocentral depth for shallow earth-

guake sources is

4.5 km. For sources of deep seismicity, the upper seismogenic

depth is set at 9

km, the lower seismogenic depth at 18 km, and the average hypocentral depth at 13.5 km. The
final layer of the Foreland sources is defined between 18 and 36 km, with a reported average hy-

pocentre depth of 22.5 km

Table 2.1. Depth distribution for Foreland and Alpine sources as defined in Wiemer et al. (2016)

Upper Seis- Lower Hypocentral Weights Number of
mogenic Seismogenic Depth Events
Depth Depth
0 9 4.5 0.72 227
18 13.5 0.17 55
18 36 22.5 0.11 34
(a) Ensemble model's total productivity (b) Ensemble source model
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Figure 2.1. (a) Magnitude rate and (b) spatial rate distribution for the ensemble source model using the

weighting scheme

given in

t he

inset.

Ma p

SEIS models (from Wiemer et al., 2016).

s h o w polygon dtems fromiha | u e s

The S Ulhaz20 15 seismogenic source models are available as input to OpenQuake Engine (Pagani
et al.,, 2014) as equally spaced gridded sources. Point sources, as featured

nucleat e finite ruptures as extended surfaces. These finite ruptures depend on magnitude

in OpenQuake, can
-scaling

relationships and rupture aspect ratio and their shape is limited to a lower and upper seismogenic
depth, preventing uncontrolled surface extension. In the
seismogenic sources are capable of generating extensive ruptures above Mw5.5; otherwise,
earthquake ruptures are approximated as point sources. The lower magnitude bound of the source

model is 4.0, whereas the upper magnitude bou
7.3 (Chapter 4, Wiemer et al., 2016). For risk calculations, the minimum considered magnitude

was set at 4.5, onthe assumpotion
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2.3 Ground motion mode Is: spectral acceleration

The ground motion model from SUIhaz2015 was also used within the risk framework, as decided
in the project's work plan. The ground motion characteristic model is composed of various ground
motion predictive equations (GMPES) that are grouped into an empirical and a stochastic set.

The empirical gro und motion mode Is were selected based on their statistical performance with
datasets in Europe and worldwide, namely those of Zhao et al. (2006), Chiou and Youngs (2008),

Cauzzi and Faccioli (2008), and Akkar and Bommer (2010). These models were further ad justed
to match the amplification and attenuation levels typical of the Swiss reference rock, and making

them suitable for predictions at moderate -to-low magnitudes (Edwards etal. , 2016).

The stochastic models of Edwards and Féh (2013) are a Swiss-specif ic prediction, obtained by
simulating ground shaking for various source, p ath and site -specific parametris ation s. The devel-
opment of the unified generic reference -rock definition for hazard estimations is a core component

of the SUlhaz2015 ground motion ch aracteristic model. Poggi et al. (2011) developed a Swiss
generic reference rock model based on shear -wave velocity as a function of depth from the char-

acteri sation of 27 Swiss permanent seismic network sites.

The technique used spectral modelling to conn ect quarter -wavelength average velocity at these
network sites with empirical frequency -dependent amplific  ation functions (Edwards et al., 2008)
The resulting Swiss reference rock has a Vs30 = 1 ,100 m/s velocity and a high -frequency site
attenuation parame ter ( kappa ) of 0.016 s (Edwards and Fah, 2013).

The empirical ground motion models were calibrated to this reference rock definition using a host
to-target approach (Al Atik et al. , 2014). Unlike other methods for determining kappa from re-
sponse spectra, this method does not require any assumptions about the background seismologi-
cal model.

Considering the fact that the selected predictive ground motion models only provide response

spectra and peak ground motions, the Fourier Amplitude Spectra ( FAS) compatible with response
spectra were derived using inverse random vibration theory (iRVT). The Vs30-kappa adjustments
are finally achieved through a series of iterative steps outlined by Edwards et al . (2015). Eight
Vsz0-kappa adjustments (based on two amplification functions and four kappa values) were ob-
tained for each empirica | GMPE. To avoid too many logic  -tree branches, however, only three ad-
justments, representing the mean, lower -boun d and upper -bound adjustments were retained for
the final impleme  ntation of the gro  und motion logic tree as in SUlhaz2015 .

It is i mportant to emphasi  se that the current methodology for obtaining the Vs3o-kappa adjust-
ments for empirical ground motion models represents the state of practice in Switz erland with
applicatio n in site -specific hazard for critical infrastructure s (i.e. PEGAS OS and PRP). According to
Bard et al. (2020 ), the host -to-target approach is sensitive to epistemic and aleatory uncertain-

ties, resulting in overprediction of ground motion at high frequency . The main limitations are re-
lated to how host kappa values are estimated and the robustness of target kappa measurements.

Further development will require additional measurements and/or enhanced data and quality site

metadata. In this light, the current i mplementation of the Vsso-kappa adjustments is still valid and
robust for our model, given that it was obtained through a series of studies that rely on Swiss
Seismological Service station data.

Furthermore, Danciu and F  &h (2017) pr ovide a step -by-step pr ocedure for obtain ing adjustment
ratios between the reference rock (Vs30 1 ,100m/s, kappa= 0.016 s) and other Vs30s values (i.e.
500 to 2 ,500 m/s).

These modification factors can be used when comparing with other Swiss seismic hazard models,

such as SwisHaz 2004 (Giardini et al., 2004), Pegasos Refinement Project 2013 (Renault et al.,

2014), or European Seismic Hazar d Models (Woessner et al., 2013; Danciu et al., 2021). These
adjustment factors also facilitate comparisons with the Swiss seismic design code ( SIA261, 2014).
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The stochastic ground motion models are combined with the empirical ones in a logic tree to han-
dle the epistemic uncertainties of the ground motion characteristic model as described in Chapter
5 of Wiemer et al. (2016).

Figure 2.2 shows the median values of spectral acceleration at 0.3 sandat 0.6 s, of the empirical
models (yellow) and stochastically simulated model s (green) for two moment magnitudes
(Mw=6 .0 and Mw=6.6) T rupture distances (R p ~10t0 200 km) and hypocentral depth (10 km)
scenarios.

The different curves corresponding to the stochastic models correspond to the different values of

the stress paramet er, and for the two different tectonic regimes Alpine and Foreland, while for the
empirical models, the curves correspond to the adjusted models. It should be noted that these
median estimates span about one order of magnitude in spectral acceleration valu es over the en-
tire range of distances.

The lower bound is given by the stochastic models with low stress drop (i.e. 10 to 30 bars) where-
as the upper bound is given by the empirical models. Although some of the stochastic models

forecast relatively low amp litudes compared to empirical models, their inclusion was justified due

to their consistency with both small -magnitude weak -motion data and large -magnitude macro-
seismic data in the context of the shallow (6 km depth) crust.

This observation supports the hi gher weight (i.e. 0.7) assigned to the lowest three stochastic

models (3 MPa) while giving 0.3 weight to the higher stress - drop stochastic models. A combination

of stochastic ground motion models with high stress drops ( 5 MPato 12 MPa) and empirical mod-
els is used to model the ground motion caused by deep seismici ty. The inclusion of low stress -drop
ground shaking models to describe the ground shaking of moderate to high magnitude scenarios

(5.5 to 7.3) and the inclusion of high -stress stochastic ground mo  tion models to forecast the
ground shaking due to low  -magnitude (4.0 to 5.5) earthquakes are the main reasons for this logic

tree's adopted level of conservatism.

EdwardsFah2013Alpinel0Bars
EdwardsFah2013Alpine20Bars
EdwardsFah2013Alpine30Bars
—— EdwardsFah2013Alpine50Bars
—— EdwardsFah2013Alpine60Bars
—— EdwardsFah2013Alpine75Bars
—— EdwardsFah2013Alpine90Bars
—— EdwardsFah2013Alpinel20Bars
EdwardsFah2013Foreland10Bars
EdwardsFah2013Foreland20Bars
EdwardsFah2013Foreland30Bars
—— EdwardsFah2013Foreland50Bars
—— EdwardsFah2013Foreland60Bars
EdwardsFah2013Foreland75Bars
—— EdwardsFah2013Foreland90Bars
—— EdwardsFah2013Foreland120Bars
AkkarBommer20105WISS01
AkkarBommer2010SWIS504
AkkarBommer2010SWISS08
CauzziFaccioli20085WISS01
CauzziFaccioli20085WIS504
CauzziFaccioli20085WIS508
ChiouYoungs20085WISS01
ChiouYoungs20085WIS504
ChiouYoungs2008SWISS06
ZhaoEtAI2006AscSWISS03
ZhaoEtAI2006AscSWISS05
R e o = ZhaoEtAI2006AscSWISS08
Rrup (km) Rrup (km)

SA(0.3) 5% damping (g)

SA(0.6) 5% damping (g)

Figure 2.2. Median values of empirical and stochastic ground motion models at 0.3 sand 0.6 s, as a function of
hypocentral distance and moment magnitude. For each empirical model, three VS -kappa curves are plotted.
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2.4 Ground motion models: m acroseismic  intensity

The Swiss Seismological Service (SED) has collected, curated and updated a comprehensive mac-
roseismic intensity dataset combining studies, earthquake catalogues and macroseismic databases

from Switzerland and neighbouring countr ies. As part of the update of the ECOS -09 (FA h et al .,
2011) eart hquake catalogue, all significant earthquakes in Switzerland and its surroundings were
reevaluated and their macroseismic intensity data were determined.

Macroseismic intensity is standardi sed by the European Macroseismic Scale EMS -98 (Grunthal,
1998) as a classification of the severity and effects of the ground shaking on specific region s. Mac-
roseismic intensity provides insights into the effects of large  -magnitude events that have not been
observed in recent years, provide s a link to structural damage, and aid s in the reconstruction of

earthquake scenarios from the past.

In addition, the macroseismic data may also provide an alternate perspective on the spatial atten-

uation of the ground shaking based on the regional pattern of the intensity fields, as w ell as an
indication regarding the possible local site effects. As a result of these applications , the macro-
seismic intensity is a parameter that can be used to predict ground shaking, and is often incorpo-

rated in Intensity Prediction Equations (IPEs).

The intensity -based ground motion model is proposed as an alternative to the acceleration -based
ground motion model following the same strategy adopted by the SUI haz 2 OatcBléation -
based model (Edward s etal ., 2016).

The intensity -based model was deve loped using the following steps:
1) compil e candidate IPEs ;
2) perform software implementation and sanity check of the candidate IPEs ;
3) compile a macroseismic intensity dataset for the region ;
4) assess and rank the performance of the candidate IPEs based on resi dual analysis ;
5) select the IPEs to represent the body, centr e and range of intensity data ; and finally

6) assemb le the logic tree with the corresponding weights.

Several IPEs were examined and chosen as potential candidates based on a few criteria such as
proximity to the Swiss seismotectonic context, validity range of magnitudes ranging from 4.0 to

7.5 Mw, and local intensity levels ranging from Il to XII. No distinction is made for the type of

intensity scale used in the IPEs. Although there are obvious di fferences in the definition of intensi-
ty levels in various intensity scales (Musson et al., 2010), conversion between different scales is

not easy, as the original datasets of each IPE are not available

EMS-98 is considered to be the reference for our in tensity -based model and this reference is used
for deriving the vulnerability models. The candidate IPEs are listed in Table 2.2 and they are im-
plemen ted in the OpenQuake (Pagani et al., 2014) hazard library.

A subset of ECOS -09 (F&h et al.,, 2011 ; Alvarez -Rubio et al., 2012 ), consisting of approximately
2,000 intensity samples from 23 earthquakes in Switzerland, is used to evaluate the performance

of t he candidate IPEs. The dataset depicts shallow and deep seismicity in the Alpine and Foreland
regions, with moment magnitudes (Mw) ranging from 4.7 to 6.6 and epicentral distances ranging

from 1 to 200 km (see Figure 2.3).

The performance of candidate IPEs is evaluated using mean residual analyses for various macro-
seismic subsets filtered by various parameters: magnitude, distance, tectonic cont ext (Alpine,
Foreland) and hypo central depths (shallow, deep).

The informational log  -likelihood index (LLH) of S cherbaum et al. ( 2009 ) is used to rank the candi-
date IPEs as givenin  Table 2.2. The LLH index is sensitive to the dataset filters such as the magni-
tude, distance and intensity threshold. For this investigation we used the minimum magnitude of
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Mw=4 and a low intensity threshold of IV. The residua Is were weighted with the quadratic weight
distance decay within 200 km, i.e.w= (200 i distance)/200) 2 as used in ECOS -09.

The LLH score summarised in Table 2.2 indicates as top performers the ECOS -09-derived IPEs,
with both fixed and variable depth IPEs ranking highest. The Faccioli and Cauzzi (2006) model is

the next highest performing IPE followed by three IPEs of Baumont et al. (2018), then Bindi et al.
(2011) and Allen et al. (2012) (both for R nypo ), fOllowed by a few other IPE versions of Baumont et

al. (2018), Bindi et al. (2011) for fixed depth, Pasolini et al. (2008) and Musson (2013, 2005).

From Table 2.2, we further selected four IPEs based on their LLH score, namely ECOS -09 variable
hypocentral depth (hereinafter ECOS-09variableDepth ), ECOS-09 i fixed hypocentral depth (here-
inafter ECOS-09fixedDepth ), Baumont et al. (2018) (hereinafter BaumontEtAI2018High2210I
AVGDC30n7 ), and Bindi et al. (2011) R mpo (hereinafter Bindi2011RHypo ).

The two models ( ECOS-09variableDepth , ECOS-09fixedDepth ) among the ECOS -09, Swiss -specific
IPEs aim to leverag e seismogenic depth and its uncertain effects on macroseismic intensity. These

models were used in the development of the Swiss ECOS -09 earthquake catalogue and stochastic
ground motion models. Both IPEs exhibit a low distance -dependent attenuation of macr oseismic
intensity .

Bindi2011RHypo , on the other hand, depicts a moderate decay of intensity with distance. This IPE
was selected due to its relatively robust performance in describing Swiss data and, more im-

portantly, because it is the only IPE based on i ntensity observations of Mw > 7.0 earthquakes.

This IPE necessitates a conversion from local to moment magnitude (Bormann et al ., 2013); this
magnitude conversion was incorporated in the OpenQuake implementation of the IPE.

Last but not least,  BaumontEtAI2 018High2210IAVGDC30n7  is a model that depicts a rapid intensi-
ty decay with a distance R nyo > 50 km; this IPE is the best performer among this suite of IPE S
proposed by Baumont et al. (2018) for describing the Swiss macroseismic dataset. In particular
this model displays greater intensity values over short distances, particularly for shallow -depth
earthquakes. In addition, this IPE includes an aleatory error term, namely the within - and be-
tween -event terms, as a component of the IPE's total sigma, which is essential for calculating
seismic risk.

The selected IPEs are compared and illustrated in Figure 2.4. These trellis plots depict the median
values of macroseismic intensity of the four IPEs for various magnitude values , .e. M4.5,55, 6.5
and 7.0 , as well as two hypocentral depths (5.0 and 10 km) as a function of hypocentral distance.

In general, median intensity values decrease with distance, and thre e groups of curves can be
distinguished: the slow attenuating curves with distance, i.e. ECOS-09variableDepth , and ECOS-
09fixedDepth , the moderately attenuating curves of  Bindi2011RHypo and in the middle, the model

of Baumont etal . (2018). This trend appl  iesto R nypo > 30 km.

Within the near -field range (R nypo < 30 km), the higher intensity values in the near -field are given
by BaumontEtAI2018High2210lIAVGDC30n7 , which asymptotically increase s towards the higher
intensity values, whereas Bindi2011RHypo for ecasts the lowest intensity.

The shallower scenarios, i.e. those at a depth of 5 km, have median values of intensity that are
roughly half a unit higher than those at a depth of 10 km.

In all scenarios, the intensity range among the median intensity values decreases with distance,
ranging from one intensity unit at 50 km to more than two intensity units at R hypo 200 km.
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Figure 2.3.ECOS-09 - subset of macroseismic intensity data used for testing the compatibility and the perfor-
mance of candidate IPEs.
Table 2.2. Ranking of the candidate IPEs based on the informational log -likelihood index (LLH) of S cherbaum
al. (2009).

IPEs LLH

ECOS - 09FixedDepth 1.4700
FaccioliCauzzi2006 1.4700
ECOS - 09VariableDepth 1.4850
BaumontEtAI2018High2210IAVGDC30n7 1.4960
BaumontEtAI2018Main2110IAVGDC30n7 1.4960
BindiEtAI2011RHypo 1.4980
AllenEtAI2012Rhypo 1.4980
BaumontEtAI2018Low2210IAVGDC30n7 1.4980
BindiEtAI2011RepiFixedH 1.5240
PasoliniEtAI20080LS 1.5290
BaumontEtAI2018Main21201AVGDC50n7 1.5480
BaumontEtAI2018Low2220IAVGDC50n7 1.5550
BaumontEtAI2018Main21201AVGDC30n7 1.5560
BaumontEtAI2018Low2220IAVGDC30n7 1.5640
PasoliniEtAI2008GOR 1.5710
AllenEtAI2012 1.6110
BindiEtAI2011Repi 1.6350
Musson2005 1.6390
Musson2013 1.7910

et
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Figure 2.4. Median intensity values of the four selected IPEs as a function of hypocentral depth for different
magnitude scenarios (Mw = 4.5, 5.5, 6.5, 7.0) for 10 km (top)and 5 km (b ottom ) hypocentral depths. The un-
certainty range (dash lines) corresponds to the me dian +/ - standard deviation of each IPE.

2.5 Treatment of uncertainty

SUlh az2015 is a probabilistic hazard model that captures both epistemic and aleatory uncertain-

ties of combined earthquake rate forecast and ground motion models as a function of seismogenic

depth in regional seismotectonic settings, i.e . Foreland and Alpine. For  each of the following seis-
motectonic region combinations, a logic tree is produced: Alpine Shallow, Alpine Deep, Foreland
Shallow and Foreland Deep. The shallow logic tree characteri ses the modelling uncertainties of
shallow seismicity down to 9 km, whereas the deep logic tree model s the observed deep seismicity
above 9 km. The resulting  overall logic tree has more than 500,000 end branches, and 100,000
end branches were sampled to calculate the SUlhaz2015 hazard.

The seismic hazard updates augment the current ground motion models, namely the acceleration

based model with the intensity -based model. The latter uses macrose ismic data and information to
describe ground shaking properties, while the former is based on the same ground motion model

as SUlhaz2015

The logic tree of the seismogenic source model is identical with that of SUIhaz2015, with one
branching level depicti  ng the five earthquake rate models 2.5th, 16th, 50th, 84th and 97.5th. The
assigned weights follow the area under a normal distribution, i.e. 68% for the 50th earthquake
rate model, 13.5% for the 16th and 84th, and 2.5% for the 2.5th and 97.5th

In genera |, these earthquake rate models are considered correlated in the implementation for cal-
culation of the seismic hazard, as it is impossible to generate a completely uncorrelated source
model for very complex and large -scale regional computations; however, u ncorrelated uncertain-
ties are routinely used in the implementation of source models for site -specific hazard analyses.
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Alternately, one could generate random source models from uncorrelated logic tree branches,
which would result in tens of thousands of in put models that are similarly challenging to manage.

The use of a collapsed or weighted mean of the earthquake rate forecast is a pragmatic method

for reducing computational demand, but it also reduces the influence of the extreme upper and

lower values, w hich can have a significant impact on the regional seismic risk calculation (Crowley

et al., 2021). Further sensitivity analyses have confirmed this observation, and it was ascertained

by consensus that the synchronous assignment of improbable rates in all sources (e.g. in the
2.5th or 97.5th quantile rate branches) across the nation introduces bias that should be avoided.

As a result, a single o6collapsedd source model branch
erage of the rates of the five original branches.

The aleatory uncertainty of the SUIhaz2015 ground motion model aims at reducing the total sigma

of the original predictive equation by removing the ergodic assumption (Rodriguez -Marek et al.,

2013).

This reduction of the total sigma is based on single - station sigma values obtained using two differ-

ent approaches: using a regionally independent model for within -event ground motion variability

(i.e. phi_s2s , Rodriguez -Marek et al. , 2013), and using Swiss  -specific within -event ground motion

variabil ity (i.e. phi_ss , Edwards and Fah, 2013), as illustrated in Figure 2.5.

Within the ERM-CH23 framework, substantial effort was directed towards the dev elopment of the

national and local site amplification model.

Acceleration-Based
Eq. Rate Model [2.5th] e

Acceleration
Eq. Rate Model [16th] e S
| Intensity- !

Acceleration-Based

Eq. Rate Model [50th] It
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| ————— |
EC0S09-fixedDepth |

:
| Intensity-Based | p,ymontEtAl2018 |

BindiEtAI2011- i
Rhypo H

Eq. Rate Model [84th]

Eq. Rate Model [97.5th] P

Figure 2.5. Updated SUIhaz2015 logic  tree with the intensity =~ -based ground motion models in addition to the
earthquake rate branches and the acceleration -based ground motion models. The alternative branches of the
single -station sigma are also shown for the empirical and stochastic ground motion models.

Four national amplification maps for PGV and spectral acceleration at 0.3, 0.6, and 1 s are provid-
ed by the newly developed amplification model (Bergamo et al. , 2022 ; Panzera et al ., 2021). In
addition, the spatial variability of site -to - site variability (phi s2s) and single -site within -event vari-
ability (phi ss) is mapped with a relatively high resolution, 50 x50 m.

Models of amplification with a higher resolution are provided for Sion, Visp and Lucerne, which are
then used to validate the independently derived national model. The log10 units of the amplifica-
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tion factors are converted to natura | logarithms and added to the logarithmic spectral accelera-

tions predicted by the relevant GMPESs. In addition, the aleatory component of the GMPEs was

updated to account for the updated site -to-site and single - station variability provided by the am-
plificat ion model. The latter two are given in the form of raster maps and a site - specific definition

of uncertainty is embedded in the model.

For the intensity -based model, Baumont et al. (2018) is the only selected IPE that separates the
total sigma in between - and within -event terms and it was decided to transfer this aleatory model

to all IPEs. The values are 0.373 for the between -event term and 0.227 for the within -event term.
Combining these two terms yields 0.436 units of intensity as a total sigma of the IP Es, which is
lower than the 0.710 value for Bindi et al. (2011) but almost the same as the sigma for ECOS -09
i.e. 0.4073.

2.6 Verification and sanity checks
Earthquake rate forecast

Validating the earthquake rate forecast is barely possible because of lack of moderate to strong
seismicity within the region but also within the time horizon of interest. The earthquake catalogue

spans about 1 ,000 years of seismicity , which might not be enough to capture the recurrence cycle

of moderate to large earthquakes. Sanity checks and recurrence rate comparison were performed

during the development of the S Ulh az2015 seismogenic source model (section 4.13 , Wiemer et
al., 2016). These sanity checks were the re -aggregation of the regional b -value ev aluation of the
recurrence time intervals for various magnitudes.

The average mean recurrence (in years) of very large events Mw>6.5 is depicted in Figure 2.6. As
shown, these large events are expected to occur once every 1 ,500 years in the Val ais, which is
consistent with historical data i the largest event recorded so far was an M6.2 near Visp in 1852.
Furthermore, Figure 2.6 suggests that an earthquake occurs every 3,000 to 4,000 years in the
Basel area, which is consistent with paleoseismic data.
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Figure 2.6.Average recurrence period (in years) of a magnitude 6.5 or larger earthquake within a 50 km radius
for any point in Switzerland. In the Bas el area, this value is around 3 ,000 years (from Wiemeretal. , 2016).
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Acceleration -based vs. intensity -basedm odels

The ground motion intensity conversion equations (GMICESs) of Faenza and Michellini (2010, 2011)
combined with the SUIh  az2015 GMPEs were used to convert the acceleration to intensity and then
compare it with the selected IPEs . The median intensity estimates of GMICES/GMPE s and IPEs for
various scenarios Mw=4.5, 5.5, 6.5 as a function of hypocentral distance are given in Figure 2.7. A
hypocentral depth of 10 km is used and the spectral acceleration SA at 1 s is used as the proxy for
macroseismic intensity conversion.

Generally, the intensity decay s with distance are adequately consistent for all ground motion mod-

els. It is interesting to note that the intensity range of the GMICE/GMPEs is | ower for the low mag-
nitudes i.e, Mw4.5 and 5.5 |, than for the moderate to large magnitudes , he. Mw6.5t0 7.3. A sex-
pected , the lower bounds of the converted intensity are due to the stochastic GMPEs with low

stress drop (10, 20, 30 bars), whereas the upper bounds are given by intensity converted from

the empirical GMPEs. Overall, there is consistency between the tw o type s of ground motion mod-
els, i.e. acceleration - and intensity -based, and the discrepancies are seen as part of the epistemic
uncertainty.

The GMICEs could theoretically be used as an alternative intensity -based model, but there are
various concerns th at using GMICEs will not  contribute any additional knowledge to key ground
shaking properties such as source path and site, but rather increase the uncertainties due to con-

version of ground shaking parameters to intensity.

Indeed, the aleatory uncertainties of the GMICE/GMPE pair cause the model sigma to increase due

to the convolution of the GMPE and GMICE standard errors. The inflated aleatory term of the
GMICE/GMPE pair will result in extreme intensity field values, which will have a substant ial effect
on risk calculation and is theref ore not preferred. In other wor ds, the macroseismic intensity's
randomness is not determined by observations, but rather by a statistical convolution of conver-

sion equations.
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Figure 2.7. Median intensity values of the four selected IPEs together with the median intensity estimates using
the GMICEs of Faenza an d Michellini (2011) and the SUIh az2015 GMPEs. The median estimates are given for
different magnitude  scenarios (Mw = 4.5, 5.5, 6.5, 7.3) as a function of hypocentral distance (R hypo ). The hypo-
central depth is 10 km.
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Intensity

The selected IPEs are compared to the intensity data observations available in the ECOS

-based m odels vs

. 0 bservations

roseism ic database for various magnitude scenarios. The following historical earthquakes are

compared here: Ftan (Graub

tinden) on 03.08.1622, M5.3, Brig
Churwalden (Graub nden) on 03.09.1295, M6.2, and Basel 18.10.1356, M6.6. Macr

-Naters (Val ais) 09.12.1755, M5.7,

tensity data points are plotted together with the median and one standard deviation of the four

selected IPEs in

Figure 2.8. Overall, for a

Il distance ranges, the intensity range

IPEs adequately covers the intensity data observations for these historical scenarios. Neither the
IPEs nor the macroseismic data are corrected to a rock reference for this comparison.
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Figure 2.8. Median intensity estimates of the selected IPEs and the intensity data points for four historical
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These comparisons, which are supported by various sensi tivity analyses performed within the
seismic risk calculation, indicate that IPEs are a viable alternative to acceleration -based models.
Although not as robust as the recent GMPESs, IPEs do provide access to earthquake datasets and
information that can be v iewed independently of the recorded ground shaking. However, the un-
certainties in macroseismic data and information are rather large, particularly for historical events,

and this may be viewed as a limitation of intensity -based models that should be consid ered when
deciding on model weights.
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3. Soil amplification

3.1 Introduction

Subproject E was undertaken by the Engineering Seismology group of the Swiss Seismological

Service (SED) at ETH Zurich. The scope of the subproject was to develop the site -response layer
for the risk model. The work was performed by mapping the local amplification at two different

scales, national and local

At the national level , a global site -response model was finalised, covering homogeneously the

whole of Switzerland. Consistent with the global architecture of ERM -CH23, the national model is

composed of four maps portraying the soil amplification for each of the following ground -motion

parameters: peak ground velocity (PGV), pseud o-spectral acceleration (PSA) at periods of 1.0 S,

0.6 sand 0.3 s. The choice was driven by the requirement of consistency with the ground -motion
parameters and specific periods selected by modules C (
tiond akndi npRiesment ati ono) and G (6Building taxonomy and
Panzera et al. (2016, 2020) showed that PGV and spectral acceleration at 0.3 s are the instrumen-

tal quantities that best correlate with macroseismic intensity and hence, by e xtension, with dam-

age. The produced ground -motion amplification maps are accompanied by corresponding layers
mapping their uncertainties. The PGV, PSA(1.0s) and PSA(0.3s) soil amplification maps were also
translated to macroseismic intensity aggravation | ayers, consistently with the two parallel ap-
proaches (intensity - and ground -motion -based) followed throughout ERM -CH23.

At the local scale , areas with a high level of hazard and/or exposure were targeted for the prepa-

ration of specific site response models , achieving higher accuracy and finer spatial resolution than

the national model. The zones covered by local models are the areas of Visp and Sion in SW Swit-

zerland, and the sedimentary basin of Lucerne -Horw in Central Switzerland (study undertaken in

coop eration with the H2020  -EU project URBASIS - New challenges for Urban Engineering Seismol-
ogy). The local models map the site response in ground motion at the periods of 1.0 s, 0.6 sand
0.3 s as well as their corresponding uncertainties

3.2 National soil ampl ification model

Mapping the site response of strong ground motion is one of the key steps in earthquake risk as-
sessment studies. Local, accurate site amplification models are generally obtained in the frame-

work of microzonation studies (e.g. Lachet et al., 1996). On the other hand, at a larger (e.g. na-
tional) scale, the approach is generally more approximate, and can consist of mapping proxies for

site am plification (e.g. average shear -wave velocity in the upper 30 m V s30), Using topographical

and/or geolog ical indicators (e.g. Vilanova et al., 2018). More recently, works such as Weatherill

et al. (2020) have illustrated the possibility of directly mapping the local amplification at a large

spatial scale from indirect site condition parameters. Similar ly, we derived a national soil amplifi-
cation layer for Switzerland by extrapolating the local site amplification measured at seismic sta-

tions, and using site condition indicators as predictor variables (cf. our preparatory studies: Ber-
gamo et al. 2019, 2021a, 20 22a). The site response measurements at instrumented sites are di-

rectly incorporated into the amplification model by means of regression -kriging (RK, Hengl et al.,
2007), locally increasing the accuracy of the maps and decreasing their uncertainty.

3.2.1 Dataset of site response measurements from instrumented sites

The local earthquake response was estimated at Swiss instrumented sites by means of the empiri-

cal spectral modelling technique ( ESM, Edwards et al., 2013). ESM combines physical modelling

and a statist ical approach for the interpretation of the acceleration spectra recorded by seismic

stations after each event; the interpretation is based on the separation of source, path and site

terms, modelled according to Edwards and Fah (2013). The method is routin ely applied at the
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Swiss Seismological Service  to determin e the magnitude of events as well as for the reconstruc-
tion of local effects at instrumented sites. Processed regional earthquakes must produce T atleast
at three stations 1 recordings with S/Nrat  io > 3 on both horizontal components over at least one

order of magnitude on the frequency axis. The experimental spectra are fitted with those expected

from a Brune (1970, 1971) R?2 source model, accounting for geometrical decay and path attenua-

tion. The s pectral matching allows the determination of moment magnitude and stress drop (Ed-

wards et al., 2010), and the residuals at each station are then inverted to estimate the local Fouri-

er amplification function, relative to the Swiss standard rock model (havin g Vs30 =1 ,105 m/s,
Poggi et al., 2011). The amplification function representative for each instrumented site is there-

fore obtained by averaging the site -term estimates from severa | events.

The reliability of ESM  -derived local response functions has been assessed by means of comparison
with site -to-reference spectral ratios (Edwards et al., 2013), SH -transfer functions from measured

Vs profiles (Michel et al.,, 2014 ; Hobiger et al. 2021 ; Bergamo et al. 2022a), measured site -
condition parameters (Bergamo et al. 2021a) and surface  -to-borehole ratios in its application to
Japanese data (Bergamo et al., 2021a). Recently, the reliability of ESM has been assessed in a

benchmark study alongside other Generali sed Inversion Technigue methods (Shible et al., 2022).

It is worth specifying that the ESM implementation we use applies the stochastic model of Edwards
and Fah (2013), developed specifically for Switzerland; hence, the other ground -motion models
used in  ERM-CH23 (Section 2.3) are not considered in this specific step. However, the collation
between Edwards and Fah (2013) with worldwide real and synthetic ground -motion data shows a
good reciprocal agreement (Panzera et al., 2021a), i.e. Edwards and Fah (2013) is affected by
neither a systematic overpredictio  n nor underprediction of ground motion.

Processing with ESM all regional earthquakes from the period 2001 -2021, we were able to attrib-
ute an inelastic Fourier amplification function, constrained by at least five events in the band 0.5 -
10 Hz, to about 250 (urban ) free -field stations ( Figure 3.1, top left and bottom panels)

Finally, for compatibility with the other modules of ERM-CH23 (SPC, SPG), the Fourier  amplifica-
tions are translated to PSA amplifications resorting to random vibration theory (RVT, Boore 2003,

see Figure 3.1, top right panel). For the selection of the earthquake scenario for the RVT conver-

sion, we relied on the results of the disaggregation (Bergamo et al., 2022b) of the hazard model

for Switzerland with a return period of 475 years (Wiemer et al., 2016). At long period s (disaggre-
gation available for SA(1.0s)), the most common dominant scenario to exceedance is magnitude

(Mw) = 5.8 and Joyner  -Boore distance ( Rjs) = 15 km. This scenario has the highest contribution to

a SA(1.0s) exceedance at 55% of the nodes of the disaggregation spatial grid covering Switzer-
land. Sensitivity analyses carried out by varying the magnitude and distance (e.qg. Figure 3.2 )
show 71 at the periods of interest 1 asmall dependence of the obtained PGV and PSA amplifications

on the selected scenario, largely comprised within the within -event variability of local response
observed at the stations (consistently with the findings of Poggi and Féh, 2015).
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3.2.2  Layers of site condition indicators

For the extrapolation of the high -quality (but local) information provided by the empirical amplifi-

cation functions from instrumented sites, we used site condition proxies (SCPs) as predictor varia-
bles. Several stu dies have evidenced the correlation between topographical or geological indicators

and geophysical parameters related to site response (e.g. V ss0, Wald and Allen, 2007) as well as
site amplification itself (Weatherill et al., 2020). Based on existing liter ature and our own studies
dedicated to Switzerlan  d (Bergamo et al., 2019, 2021a , 2022c ), we selected the following SCPs:

- A bespoke lithological classification of Switzerland , based on the 1:5006000

logical map (Swisstopo, 2005; Figure 3.3, upper panel). We also tested alternative classifi-
cations based on the 1:200,000 geotechnical map of Switzerland (Swisstopo 1967) and

the 1:25,000 geological atlases (Swisstopo 2017). However, the former had issues related

to the recent digitisation of the map and the latter had to be abandoned because of incon-
sistencies among the 220 different atlases covering Switzerland.

- Multi -scale maps of the  topographical slope (e.g. Figure 3.3, lower left panel), derived
from the digital height model DHM25 (Swisstopo, 1999) covering Switzerland with a reg u-
lar grid of 25 x 25 m cells. We computed the topographical slope at seven spatial scales
between 75 and 3600 m. A sensitivity analysis correlating PGV and PSA amplifications with
the topographical slopes identified the slope at 275 m scale as the one achi eving the high-
est correspondence with PGV and PSA(0.3s) amplification, and the slope at 600 m scale as
the one best correlating with PSA(1.0s) and PSA(0.6s) amplification

- The depth to bedroc k as estimated by the bedrock model by Swisstopo (2019), covering
most of Switzerland ( Figure 3.3, lower right). The reliability of this dataset was assessed
by comparing it with ~225 V s profiles from site ¢ haracteris ation surveys (Michel et al.,
2014, Hobiger et al., 2021). The comparison highlighted good reliability for predicted val-
ues of bedr ock depth larger than a few met res; areas with predicted depths < 3 m were
therefore discarded from the map (grey a reain Figure 3.3, lower right).

Lithological classification

¥ Unconsolidated sediments Consolidated rocks

Debris, blocks, shingle Magmatic, metamorphic rocks
Sand & gravel Sed. biogenic rocks w. evaporites
Silt & sand bodies w. gravel,rocks | | Sed. clastic & biogenic rocks
Sand & gravel w. clay or silt Sedimentary clastic rocks

| Fine-grained deposits

Slope (deg) ' ___ Estimated bedrock depth Depth (m)

30 1000
10 300
3 100
1 30
0.3 10
0.1 <3
Figure 3.3. Employed site condition indicators. Top left: map of the adopted simplified lithologic classification
and location of the ~260 (urban) free -field station s with empirical amplification function. Bottom left: topograph-
ical slope at the spatial scale of 275 m. Bottom right: map of bedrock depth derived from the Swisstopo 2019
model; predictions < 3 m are not considered reliable and are highlighted in grey. Bla nk areas are not covered by

the Swisstopo model.
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3.2.3 Workflow for the mapping of soil amplification

Once compiled , the joint datasets of measured site amplifications and layers of local cond ition
parameters (3.2.1, 3.2.2) were combined for the mapping of the PGV, PSA(1.0s, 0.6s and 0.3s)
amplification across the whole of Switzerland. As anticipated, the method we employed for the

areal prediction of soil response was the regression kriging  -algorithm (RK, Hengl et al., 2007).
Besides RK, we also tested other st rategies 1 based on machine learning i for forecast ing local
amplification. The Neural Network (NN) approach turned out to require a training dataset of sev-
eral hundred seismic  stations (Bergamo et al. , 2021a, 2022c ), which however is not available for

Switzerland. As an alternative, the possibility of implementing a Bayesian Network (BN) strategy
was explored too; although BN performed reasonably well in the testing phase, the platform used

for its implementation (GeNle Modeler, www. bayesfusion.com/genie ) proved inadequate for large -
scale predictions. Eventually, the RK strategy was selected as it makes it possible to i) regionally
constrain the spatial prediction to local empi rical measurements and ii) model the prediction varia-
bility in a consistent fashion. For each ground -motion parameter, the RK algorithm involves three

successive steps:

- First, amplification -vs-slope and amplification -vs-bedrock depth relationships are derived

for each lithotype (e.qg. Figure 3.4,toprow). Only for one | ithotype, 60sand
clay or silté, hosting the highe abivariate cobredationloef st at i o1
tween amplification and both slope and bedrock dept h could be reliably constrained.

- Secondly, an amplification prediction is attributed to each 25 x 25 m cell of a raster map

covering Switzerland, entering the amplification -vs-proxy regressions with the values of
slope and/or bedrock depth at the considered cell. If two concurring predictions are availa-
ble (from topographic slope or bedrock depth), the one derived from the regression with

higher r? is preferred. A joint map representing the uncertainty of the prediction is also
created, filled wit h the values of standard deviations of uncorrelated residuals of the pre-
diction relationships (see Section 3.4.1) .

All stations excluded bedrock depth values
c 30 ————1 & Silt-sand bodies w. gravel, ~ 30 ———
2 rocks, debris blocks 2
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g3 £
© [\v]
w1 "
= S
i’ 037 } 0.3 % _____ smoothing spline+ g -
@ (o= smoothing spline = g, r?=0.35 % r?=0.49
% 0.1 : : : : : : Bk g . . . :
01 03 1 3 10 30 <=1 3 10 30 100 300 1000
Slope at 600 m scale (deg) Bedrock depth (m)
Residuals of amp. vs slope relations,range = 8.5 km Residuals of amp. vs slope relations,range = 3.1 km
3 , , , 3 ' , ,
PSA(1.0s) PSA(0.3s) I
o Experimental semivariogram
- 27 i 2 — Fitted exponential semivariogram
= =
3 i
11 1
0 ‘ ‘ 0 ‘ |
102 10° 10* 10° 10 10° 104 10°
h (m) h (m)
Figure 3.4. Top row: examples of amplification -vs-slope (left) and amplification -vs-bedrock depth (right) relation-
ships for one sample lithotype. Bottom row: semivariograms of the residuals of amplification -vs-slope for PSA(1.0s)

(lef) and  PSA(0.3s) (right).
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- Finally, the spatial correlation of the residuals of the amplification -Vs-proxy relatio nships is
evaluated by computing their semivariograms (e.g. Figure 3.4, bottom row). We exploit
this spatial correlation to implement a final correcti on of the amplification prediction for the

map cells having a distance from the closest station(s) shorter than the semivariogram
range. The local correction is performed following Hengl et al. (2007). This final step
serves to locally constrain the amplif ication prediction to nearby measured values and to
locally reduce the prediction uncertainty.

The four soil amplification maps obtained by applying this procedure are displayed in Figure 3.5,
top row. They cover all of Switzerland with a spatial resolution of 25 m and portray the local am-

plification referred to the Swiss reference rock profile (V ss0 =1 ,105 m/s), the same standard rock
condition adopted for the representation of the seismic hazard (Wiemer et al., 2016). The maps

intend to primarily represent the effect of stratigraphic amplification; topographic effects are not

explicitly modelled, althou  gh they are inevitably embedded at least in a part of the measured am-
plification functions used in input (Burjanek et al., 2014). Furthermore, given the data and proce-

dure used to estimate such local response functions ( Figure 3.1 and Figure 3.2), in the national
amplification model a possible nonlin ear behaviour (i.e. a strain -dependent increase of damping
ratio and decrease of shear modulus in the near -surface at high levels of strain) is not accounted

for. However, the most common scenarios with the highest contribution to hazard for return peri-

od = 475 years (generally M wO 6.2, Bergamo et al ., 2022b) and
land (without subduction zones) suggest that such high strain levels may not occur over vast are-

as. Additionally, nonlinear behaviour affects only particular soil typ es in particular depositional
conditions (Darendeli, 2001), and works such as Lgviknes et al. (2021 ) indicate that T in general-

t

he t e

ised studies at large scales inonlinear soil response, although relevar

edd in the donbeadoortand hencesitadoes not emerge as globally significant. We
therefore suggest specifically tackling the modelling of nonlinear soil response at the national level

in a future development of the current study, starting for instance from the work of Janusz et al.
(2022a).

I n general, the | ocal response maps predict a soil
one expected for the Swiss standard rock profile) for the mountainous areas of the Alps and the

Jura; the alluvial or lacustrine sediments of the valley bottoms of the Alps and Jura display high
amplification factors (around 4 -5 and up to 10 for fine  -grained sediments), particularly at low pe-

riods. Gravel terraces and moraines of the Swiss Foreland show moderate values of amplificat ion
(around 2 -3), while the clastic sedimentary rocks of the Swiss Molasse present factors slightly
higherthan1 (1.2 -1.4).

_ A@A
“ Ampl. factor °

o

Figure 3.5. Top row: obtained maps of amplification of ground -motion intensity  measures. The amplification is re-
ferred to the Swiss reference rock profile (V s30 = 1105 m/s). Bottom: macroseismic intensity aggravation ( &) maps
derived from the ground  -motion amplification layers by means of eq. 3.1; the maps are here referred to the s oil

ampl i

conditions of the IPES(V s & 600 m/ s), wusing the central value of the correctioc
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3.2.4  Conversion to macroseismic intensity aggravation

The obtained amplification maps for PGV and PSA were also translated to macroseism ic intensity
aggravation layers. The conversion is based on the relations between macroseismic intensity and

ground -motion measures of Faenza and Michelini (2010, 2011); the amplification in macroseismic
intensity units  ad (i.e. aggravation at the target s ite with respect to a reference lef) is computed
following Michel et al. (2017) and Panzera et al. (2019):

YO "0 O © o TpQw "Y8Y @ o TpQL Y6 Y o | CpW (3.1)
where a, b are the coefficients of the relations by Faenza and Michelini (2010, 2011), and A(T) is
the PSA amplification at period T or the PGV amplification. Using equation 3.1, the maps of PGV,

PSA(1.0s) and PSA(0.3s) amplification were translated to & layers ( Figure 3.5, bottom row;
Faenza and Michelini (2011 ) do not provide any relation for T =0.6s). & obtained from eq. 3.1 is
relative to the same reference condition of the ground -motion amplification maps in input, that is

the Swiss standard rock profile (V ss0 = 1,105 m/s). This soil condition, however, is not the same

as th at of the intensity predicti  on equations (IPEs) developed for Switzerland (F&h et al., 2011),

which define |.s. The soil reference for these IPEs has been assessed in the framework of ERM-
CH23 by Panzera et al. (2019, 2020) as a softer soil condition (V sod 600 nihesspame study
also provides the range of the correction to be applied to the & maps to shift their reference soil
condition from V s = 1,105 m/s to the reference of the intensity prediction: for &(PGV) the
correction factor lies between -0.42 and -0.37 intensity uni ts; for a(PSA(1.0s)) between -0.27
and -0.17 ; for ad(PSA(0.3s)) between -0.32and -0.31.

3.3 Local soil amplification models

As outlined in the introduction, for the so il amplification module we also developed a set of local
ground -motion amplification models for the areas of Sion, Visp and Lucerne -Horw. The latter  was
selected because of its peculiar geological setting (3D basin with particularly soft sediments) and

high exposure (population of ~80,0 00). Sion and Visp  were chosen as two major towns in the area

of Switzerland wi  th the highest seismic hazard (c anton of Valais); besides, they are both | ocated in
the deeply -incised Rho ne Valley, where significant 2D/3D soil amplification effects are expec ted.
The local soil amplification models were obtained by collecting a vast amount of geological and

geophysical data, also through dedicated acquisition campaigns and the installation of temporary
seismic networks. These data were processed to predict so il amplification by =~ means of different
methods.

The amplification models for Sion (Perron et al. , 2022) and Lucerne -Horw (Janusz et al., 2022  b)
were derived using the hybrid standard spectral ratio (SSRh) technique (Perron et al., 2018). This

method combi nes the spectral ratio on earthquake recordings (SSR, Borcherdt, 1970), performed

for a few pairs of sites instrumented with seismic stations, and the spectral ratio on ambient noise

recordings (SSRn, Kagami et al., 1982) computed between said stations and a spatially dense
array of short -duration deployments. The SSR is used to estimate the local rock -relative amplifica-
tion at a few selected locations and the SSRn is successively used to map the local response over

a wide area. For the application of the S SRh technique, temporary seismic monitoring networks

were installed in the middle and upper Rh one Valley (Sion model) and in the area of Lucerne; fur-
thermore, about 300 and 100 noise recordings were acquired in Sion and Lucerne, respectively.
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Figure 3.6.Ground -motion amplification maps at T = 0.6 s from the local models derived for Visp (using CC,
left), Sion (centre) and Lucerne (right).

For the area of Visp, two concurring amplification models were estim ated. The first is derived from

a 3D joint geological -geophysical model. For this purpose, geophysical data collected in the past,

as well as newly acquired data (within ERM-CH23), were employed. Overall, the geophysical da-
taset consists of ~500 single station noise measurements, velocity profiles from non -invasive sur-
veys and seismic records from 14 seismic stations. Geophysical data were cross -referenced with
geological information obt  ained through collaboration with Swisstopo (Volken et al., 2016). The
developed 3D model of the Rh one Valley basin at Visp was used for a set of humerical ground -
motion simulations, which allowed the local soil response to be estimated (Panzeraetal.,, 202 1b).
The second amplification model for Visp was obtained by applying the statistical technique of the
canonical correlation (CC, Cultrera et al., 2014) to map the correspondence between the horizon-

tal -to - vertical spectral ratio of noise recordings (HVSRn) and earthquake local amplification func-
tions obtained at seismic stations. The CC analysis was first calibrated on a Swiss  -wide dataset of
172 instrumented sites; then the correlation was applied locally in the area of Visp, using a set of

86 HVSRns as a base for the prediction of the earthquake soil response (Panzera et al. , 2021 c).

The local models reported here , forming part of the final  deliverable of module E, do not include

the currently available soil amplification maps for Basel by Michel et al. (2 017). The reason is that

this model does not map the soil response at T = 0.6 s, a period selected in the overall architec-

ture of ERM -CH23 for the ground -motion -based modelling of risk. Besides, the soil response maps

of Michel et al. (2017) have a fine sp atial resolution in the Rhine Valley bottom, but they are

somewhat coarser for the hilly areas surrounding Basel, where a homogeneous amplification factor

of 1 is imposed at all periods. The model by Michel et al. (2017) is currently being revised in the

framework of the ongoing 6Earthquake Risk Model Basel 6 pt

3.4 Treatment of uncertainty

For the integration of the national site response layer in the wider framework of the ERM -CH23
model, a complete assessment of its uncertainties was carried out, and th ese were related to the
variability terms of the Swiss stochastic ground -motion model of Edwards and Fah (2013). This
operation allowed the site response uncertainties to be incorporated in the adopted stochastic

model for the prediction of ground motion, hence avoiding the double  -counting of uncertainties. In

the model of Edwards and Fah (2013), the total uncertainty of the GMPE is composed of three

items :

» T . . (3.2

where T is the between -event variability, G szs is the site -to-site variability and U ss is the single -
site, within -event variability. We addressed the two terms related to local response, i.e. (i s2s and
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Uss. As illustrated in S ection 3.2.3, the national ground -motion amplification layers were obtained

by defining observed amplification -vs-slope and/or -bedrock depth relations for each lithotype;

these relations were then mapped over the entire surface of Switzerland, with local constraints to

the site amplification observed at seismic stations (regression -kriging, RK). Consistently with the

RK approach, we identified the variability around the fitted smoothing splines of spatially uncorre-

lated stations (e.g. Figure 3.4, top panel s) as -todsie vanabilitye(l & $s). biothee

words, the variability observed within each lithotype, given the topographic slope and/or t he bed-

rock depth as predictor variable(s), i Gsos.8As anticipaed inas expr
Section 3.2.3, this variability is mapped jointly with the site amplification following the RK algo-

rithm. While beyond the range of spatial correlation the soil amplification prediction relies on the

amplification -vs-proxy relations, and its variability (= U s2s) is the standard deviations of uncorre-

lated residuals, in the neighborhood of seismic stations the prediction is corrected with the values

observed locally at the instrumented sites, and s;sdecreases collapsing to 0 at
tions (see an example for Basel in Figure 3.7, top panels). Inthis way , a national map of site  -to-

site varigspis dbtained for edch ground -motion parameter (e.g. Figure 3.7, lower left

panel).
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Figure 3.7.Top: example of regression  -kriging (RK) local correction for the area of Basel. Left: PSA(1.0s) amplifica-

tion (locally converging to the values observed at seismic stations); right: corresponding RK uncertainty (collapsing
to 0O at stationsd | odastBotoms )Yiss (Ieffand tissf (riglet)anaps r  PSA(1.0s) amplification.

For the representation of the single -site, within -event variability (U ss), we associated the latter
with the variability observed across the single -event amplification functions estimated for the
Swiss stations with empirical spectral modelling technique and RVT ( e.g. Figure 3.1, upper right
panel). We observed that the standard deviation over the single -event amplifications at the same
site does not show any si  gnificant correlation with the continuous predictor variables employed for

our model (multi -scale slope and bedrock depth); however, the standard deviation displays a
slight correspondence with the lithotype, i.e. softer geomaterials have wider variability and con-
versely stiffer lithologies have narrower uncertainties. Therefore, to map U ss we have attributed to
each lithotype the average standard deviation of the empirical amplification functions of the sta-

tions falling on that lithotype; this average was then corrected locally with ordinary kriging (Hengl

et al., 2007) so that in the neighbourhood of seismic stations  (iss gradually converges to the
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standard deviation observed at the local instrumented sites. In this way a nationadsismap of
obtained fo r each ground -motion measure (e.g. Figure 3.7 units show a narrower variability
(overall, they are comprised in the range 0.09 -0.18 log 10 units, compared to an interval of 0.05 to

0.3 fs@) U

The uncertainty of the macroseismic intensity aggravation maps ( Section 3.2.4) was also as-
sessed; following eq. 3.1, the variability terms quantified for the ground -motion soil amplification
would p ropagate into ad. However, it should be considered that the intensity prediction equations

used to determine | do carry their own uncertainty term, which also comprises the uncertainty

related to site amplification. In fact, the IPEs available in the li terature are based on datasets
which do not take into account the local soil condition for the reported intensity observations. Con-
sequently, to avoid a double -counting of uncertainty terms, the & intensity maps have been re-

leased without corresponding st andard deviation layers (Bergamo et al., 2020b).

The uncertainty for the soil amplification prediction was also evaluated for the four local models,
consistently with the method employed to map the site response ( Section 3.3). For the models
produced by a pplying the SSRh technique (Sion, Lucerne) , the uncertainty layer is derived by
combining the variability observed in the earthquake as well as in the noise site -to -reference spec-
tral ratios (Perron et al., 2022; Janusz et al., 2022 b). As for the Visp mode | based on numerical
simulations (Panzera et al., 2021b ), the soil amplification uncertainty coincides with the standard
deviation evaluated over multiple simulations. For the aforementioned models, it was considered
that the computed uncertainties include both the epistemic and the aleatory components of varia-

bility ; therefore they can be equated with the overall site response variability G = ( dis?+ Gss?)05.
Finally, for the Visp model based on canonical correlation, the soil amplification uncertainty is es-
timated as the a -posteriori confidence interval of the least -square solution of the CC system of
equations (eqg. 5 in Panzera et al., 2021 c); in this case, it  was considered that the model uncer-
tainty covers only the epistemic component of the site term v ariability, hence it can be equated
with Gszs.

3.5 Verification and sanity checks

The validation of the national amplification model was carried out iteratively at every stage of its
development and as soon as new benchmark datasets became available (Bergamo et al. 2020,
2021b). The conclusive validation of the final model was obtained by comparing it with three inde-

pendent sets of data.

Comparison with soil amplification measured at instrumented sites . As described in S ection 3.3,
temporary networks of seis mic stations were installed in the Swiss Rh  one Valley and the area of
Lucerne as tasks of the soil response module of ERM-CH23; these stations  were employed in the
stepwise development and validation of the local and national amplification models (Bergamo et
al., 2020), and eventually used for the calibration of the final national amplification model. In fact,

all available Swiss seismic stations satisfying the criteria listed in 3.2.1 were used to produce the
final national model; however, we have identifi ed a set of ~10 instrumented sites which T alt-
hough not reaching the coverage of five eventsintheband 0.5 T 10Hz i can be used as test sites
for the assessment of the reliability of the national model. These stations, currently being in-
stalled, will re cord more earthquake data in the near future, thus becoming a reliable benchmark

for the validation of the national model. Besides, this validation set of stations is also currently
being integrated by temporary stations installed for the O6RiI sk Mbdeid o(iBtasetal.,
2021). Comparisons with currently available data (e.g. Figure 3.8, top row) have shown a reason-
able agreement between measured and predicted amplification, in particular for PGV.
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Figure 3.8. Verification of the national model. Top: comparison between predicted and measured site amplifica-
tion at two sample seismic stations not included in the model calibration dataset. Cent re: comparison between
local and national amplification models for T =1sforthe areas  of Basel (left) and Sion (right). The difference
between the models is normali sed for the site response variability ( (i) estimated for the national model. Bottom:
comparison between the macroseismic aggravation map obtained from the PSA(1.0s) amplification map from this
study ( & ermch, in the background) and the average &l residuals estimated for 146 Swiss settlements within the
ECOS-09 project (& ecosos).

Comparison with local amplification models . As the local models developed within ERM-CH23 were
obtained from high  -resolution, locally -sourced geophysical and seismological datasets, they were
adopted as a benchmark for the validation of the national amplification model; for this validation,

the local site response model for Basel by Michel et al. ( 2017) was also used. The comparison in
general highlights a reasonable agreement between local and national models, with differences

generally comprised within the overall uncertainty interval ( () of the national model (e.g. Figure
3.8 middle row, examples from Basel and Sion). Areas of mismatch are mostly located at the bor-

ders between lithotypes of the classification em ployed for the national model (S ection 3.2.2); in

fact, this is based on the national geological map, which has a relatively coarse scale of
1:500,000. This aspect might be improved when a set of homogeneous 1:25,000 geological atlas-

es for Switzerland becomes available. The local vs. nati onal comparison for Lucerne  -Horw also
evidenced some discrepancies in the modelling of site response for fine -grained, lacustrine sedi-
ments, whose behaviour in the national model is represented by a relatively small number of sta-
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tions (11). The validation of the local models was performed by comparing predicted and meas-

ured amplification at instrumented sites not used in the calibration of the models (see Panzera et

al., 2021a,b; Perron et al., 2022; Janusz et al., 2022b). The 3D geophysical model for Visp was
additionally validated by comparison between simulated and measured horizontal -to -vertical spec-

tral ratios of ambient vibrations (Panzera et al., 2021a)

Comparison with macroseismic intensity observations from historical earthquakes . The macro-
seismic aggravation maps from this study (S ection 3.2.1) were compared with a dataset of macro-
seismic intensity observations from historical earthquakes compiled for the project ECOS -09 (Fah
et al., 2011). For the validation, we used the average & residuals comp uted by Fah et al. (2011)

for 146 Swiss settlements between reported macroseismic intensity observations and the predict-

ed intensities from the IPE they developed for Switzerland. We compared these settlement - specific
mean intensity aggravations (from ECOS -09) with the prediction extracted from the & maps from
our study at the coordinates of the corresponding postcode (e.g. Figure 3.8, lower panels). The
results were quite positive  : for the majority of the settlements the differences observed (ECOS -
09) vs. estimated ( ERM-CH23) local aggravations are comprised between -0.5 and +0.5 units;
secondly, the medians over the 146 sites are close to 0 for all three & maps of this study, sug-
gesting that no systematic bias is present between the two datasets; finally, the overall root -
mean -squared differences ( RMSD) in observed vs. estimated local amplifications ( RMSD = 0411

0.42 ) are close tothe  RMSD (0.37) similarly computed for the & map of Fah et al. (2011), which
was, however, calibrated on the very same ECOS -09 dataset.
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4., Exposure, a na

4.1 Introduction

Subproject F was managed by the federal office for the environment (

tional building database

FOEN). The product of sub-

project F is a georeferenced database of all relevant building objects in Switzerland with necessary

attributes for the
based on the

are modelled.

ERM-CH23 model.
Federal Register of Buildings and Dwellings
Office (FSO). Necessary attributes that are not contained in the RBD come from other s

Thi s

georeferenced
(RBD) kept by the Federal Statistical

dat abase i s

ources or

A detailed description of ERMCH_GEBO1 as well as a description of the work processes and models
for the building attributes are found in FOEN (2021) and Hugli et al. (2021). No uncertainties were

considered on the building attribute

s in ERMCH_GEBO1 .

4.2 Overview of the national building database

The final version of ERMCH_GEBO1 contains
O 32 010s inoludes 2,099,270 building objects from the RBD. As the RBD is not
or non -residential buildings, an additional 221,446 building objects were import-

ground
100% complete f

2,320,716 building objects

with a volume above

ed from the national database of building footprints (AV dataset). Objects with a volume less than

200 m 3 were removed because these very numerous objects (834,248) do not cont

ribute signifi-

cantly to the damage potential and risk, and lead to an overestimation of relevant damaged build-

ings .

Table 4.1 gives a n overview of the
according to their main use category (residential or non

Table 4.1. Number and replacement value of residential and non

-residential).

-residential buildi

number and replacement value of buildings in ERMCH_GEBO1

ngs in ERMCH_GEBO1

Function category

Number of building objects

Modeled replacement value

Residential or mostly residen-

. 1,664, 581 CHF 1, 962 billions
tial (GKAT 1020 and 1030)
Non-residential (GKAT 104

on-residential (G 0401 656, 135 CHF 983 billions
and 1060)
Total 2,320, 716 CHF 2, 945 billions

Table 4.2 gives an overview of the building attributes with a short definition, the source of infor-
mation and the state of completeness. A detailed description or discussion of selected attributes

(hig hlighted in green) in

Table 4.2 is provided in

Section 4.3.

2 Buildings classed as temporary housing (bungalows, permanent caravans in camping sites) and special objects were not

considered.
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Register of Buildings and Dwellings

Table 4.2. Overview of the building attributes in ERMCH_GEBO1. GWR = attribute imported
(RBD); GIS = imported from another dataset through GIS spatial join; MOD

= modelled attribute; COMP = degree of completeness;

from the Federal

KGV = use of cantonal insurance data in the absence of
an attribute value in the RBD

Attribute (Number; abbreviation, type; description) GWR|GIS |MOD|COMP |Remarks
1 |ID-ERMCH Integer | Building identifier in ERM-CH. 100%
2_|origin Tex |Objects origin 100% | et biing foopit datset (v.sarmsen
3 |EGID Integer | Federal building identification number 81%  [-9999 = object without EGID-number
4 |AV_ID Integer |AV-dataset ID 100% |ID of the corresponding building footprintin the AvV-dataset
5 |GDEKTg Text Abbreviation of cantons's name 100%
6 |GDENRg Integer |BFS commune number 100%
7 |PLZ4g Integer | ZIP-code 100%
8 |PLZZg Integer  |ZIP-code subdivision number 100%
9 |AREBAUZ Integer | Building zone category 100%
10 |GDETYP Integer |Commune typology category 100%
11 |GKODEg Double |East coordinate / CH1903+_LV95 100% |Projection coordinate system CH1903+_LV95
12 |GKODNg Double |North coordinate / CH1903+_LV95 100% |Projection coordinate system CH1903+_LV95
13 |GKAT Integer | Main function category of the building 100%
14 [CREASTef Integer [ Detailed function category Kev 85% %zlﬁsazw;ata of the cantonal insurances by missing information in GWR
15 |GBAUJdef Integer | Year of construction R 64% %zlsl(;innogwgata of the cantonal insurances by missing information in GWR
16 |GBAUPdef Integer | Period of construction a5 6% ?n(z:ILlel(;:r:g’;W;ata of the cantonal insurances by missing information in GWR
17 [GAREAS oo [areaof thebuiaing ooiprnt in 2 B B e oo 1 1
18 ey Integer | Number of stories above ground 63% I(_:[;\:: 21;0;:";‘;27; gizlgipplemented using GEBHAVE and GEBHMAX
19 |GEBHOHE Double |Average height above ground in m 99% modeled as GEBHOHE = GEBVOL / GAREA3_g
20 |GEBHMAX Double |Max building height over Terrain 99% Max building height over Terrain derived from DOM - DEM Model

1) from digital elevation models (DOM - DEM)
21 |GEBVOL Integer | Building volume above terrain in m3 99% 2) GEBVOL = GAREA_3g * GASTW * 3m if 1) is not available.

3) GAREA 39 * 3.5 if GASTW is not available
22 |NEIGDACH Integer  |Neigung des Daches / Roof inclination 85% ,l:;:]ﬁ;;zfx&ﬁ;%::g:z:;.Ch (&FE)
23 |ANZWHG02 Integer | Number of housing units 100%
24 |KUMWAZIM Integer |Sum of rooms in housing units 100%
25 |KUMWAREA Integer | Cumulative area of housing units in m2 100%
26 |EINWMOD integer | Number of permanent inhabitants nia gr:gggio&;;;he building level of the georeferenced densus data of]
27 |VZAMOD Double Equivalent full time employees n/a Agreggation at the building level of the georeferenced data of STATPOP.
28 |BIN_SCHUL Integer | Identificator for school buildings n/a E::ig:ﬂt :(1) izrgzciﬂgigﬁ;d\?g students
29 |SCHULMOD Integer | Modeled numebr of students n/a
30 |BIN_HOS Integer | Identificator for hospital buildings nia ::E::g: o :gfg':ﬁ)‘;’;g‘l'gg” ding
31 [ID_HOS_AREAL |integer [ldentificator of the hospital site nfa ID Spitalareal in SWISSTLM3d
32 [SPITAL Inst Text Name of the hospital institution nfa tirlik:::a;:r;n:::giizsefs‘;?:;sL}Efsgii;u!\:_edmmsme" Statistik des
33 |HOS_BET Integer  |Number of hospital beds n/a
34 |HOS_PAT Double |Number of hospitalized patients nfa
35 |[HOS_OUTPAT |Double |Average number of outpatients per day nfa
36 [GEBWERT [double [Replacement value in CHF 9% [ ey atat 20t AREBAUZ GDETYP: According to
a1 [oewerTin s [uoatied Repacementvae n el A S
38 [NAWERT [sowve [valueof mbie goods i CHE Y e
20 [nrwertin__faome [uoatied vae ofmobie goods n o e e O
I T e S e [l i A s e S b con ot o
41 [NoGAos2_50 Text Type of economic activity na Is_iysst[s;]eg(f)gigic activities according to the NOGA082_50 classification
2 [omm oy [roe[riammapiny category 2 I e
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4.3 Description of selected building attributes

Attribute 9 / AREBAUZ / building zone category

The following characterisation of the building zone in which the building sit s is determined through
a GIS spatial join with the dataset of building zones of the Federal Office for Spatial Development

(latest release in 2017). AREBAUZ is used in the model to compute the replacement value of the

buildings (GEBWERT) .

AREBAUZ Code for building zones according to ARE 2017
outside of ARE zones

o

[N

11|residential

12|commercial

13|mixed zone

14|urban center

15[public activity zone

16|construction zones with restrictions
17|tourism and recreational zones
18|transportation zones inside construction zones
19|other

%))

[*2]

~

[ee]

Attribute 10/ GDETYP / commune typology category

The following characterisation of the commune in which the building sits is determined through a
GIS spatial join with the dataset of the Federal Office for Spatial Development. GDETYP has no
direct use so far in ERM  -CH23.

GDETYP Commune typology according to ARE
unknown
big urban centers

secondary urban centers of big urban centers

belt of big urban centers

middle-sized urban centers
belt of middle-sized urban centers

small urban centers

periurban rural communes
agricultural communes

Olo|N|[oju|lbdh|lwW|N|RL|[O

touristic communes

Attribute 13 / GKAT / main function category

In the Federal Register of Buildings and Dwellings (RBD), the following main function categories
are used :

GKAT main function category
1020|Buildings exclusiwvely for residential purpose
1030|Buildings mainly for residential purpose
1040|Buildings only partially for residential purpose
1060|Building with no residential purpose

Attribute 14 / GKLASdef / detailed function category

In the Federal Register of Buildings and Dwellings (RBD), the following detailed function categories
are used :
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GKLAS detailed function category

O|{unknown

1110(Individual homes

1121|Homes with 2 housing units

1122|Building eith 3 and more housing units

1130|Buildings for community housing

1199|Residential function without further distinction

1211|Hotels

1212|Other buildings for touristic accomodation

1219|Hospitality industry

1220|Office buildings

1230|Commercial buildings

1231|Restaurants and bars in buildings with no residential use

1241 |Train stations, terminal buildings, communication buildings

1242|Garages

1251 |Industrial buildings

1252 |Resenvirs, silos and warehouses

1259|Industrial and/or commercial (code used by insurances)

1261 |Building for recreational or cultural use

1262(Museums and libriaries

1263|Buildings for teaching and research

1264|Hospitals and health care buildings

1265|Sports halls

1271|Agricultural buildings

1272|Religiopus buildings

1273|Historical monuments

1274|Other buildings not otherwise classified

1276]|Argricultural: buildings for raising animals

1277|Argricultural: buildings for vegetal cultivation (greenhouses)

1278|Ar gri cul tur al : ot her uses (storage, é)

1275|Other buildings for collective housing

1279|Special public buildings

Attribute 17 / GEBAREA_3q / building footprint area

In a first step, the building footprint area was obtained from the RBD dataset. The values were
then verified and supplemented usi ng the dataset of building footprints from the official cadastral
survey (AV dataset, centralised at Swisstopo). If the information from the AV dataset and RBD did

not coincide, the information from the AV dataset was used. For 0.7% of the building objects

building footprint area could not be determined

Attrib ute 18 / GASTW / number of stor eys above ground

Local checks revealed this information in the RBD to be very unreliable. Therefore, the height cat-
egorisation of buildings is based on the height above ground of buildings derived from digital sur-
face (DOM) and digital terrain elevation (DEM) models

Attributes 19 / GEBHOHE / average building height above terrain

GEBHOHE is modeled as the building volume above ground (GEBVOL) divided by the building
footprint area (GAREA3g).

Attributes 20 / GEBHMAX / maximum building height above terrain

GEBHMAX is the difference between the highest point of the digital surface elevation model and

the lowest point of the digital terrain elevation model over the buil ding footprint. The default min-

imum value is set as 3.5 m (assumed height for a one -stor ey building).

, the
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Attribute 21 / GEBVOL / building volume above ground

The building volume above ground is model led using different approaches depending on the avail-
able data as described in FOEN (2021) and Hugli et al. (2021) . For 0.8% of the buildings in the
database, it was not possible to approximate the building volume. Further information on the vali-

dation of t he m odel for GEBVOL is provided in S ection 4.5.1 .

Attribute 22 / NEIGDACH / roof inclination category

The attribute 6éroof i nclinati ora®proyided fart85% df the buildinge d o r un k
objects using a GIS analysis and the roof geometry database of the Swiss Federal Office of Ener-

ay.

Attribute 26 / EINWMOD / number of permanent inhabitants

EINWMOD is newly obtained through the aggregation at the building level of the georeferenced
housing statistics (STATPOP). 98.7% of the 1,553,322 STATPOP data points could be linked with a
building object and 8.47 million inhabitants were distributed in 1, 520,119 buildings

Attribute 27 / VZAMOD / number of full -time _equivalent _employees

VZAMOD is obtained through the aggregation at the building level of the georeferenced employ-

ment statistics (STATENT). 97.3% of the 648,884 STATENT data points could be lin ked with a
building object and 4.02 million full -time equivalent employees were distributed in 389,136 build-
ing objects .

It is expected that some single STATENT data points contain aggregated data for sites with multi-
ple buildings or aggregated data for ¢ ompanies with multiple sites. These cases could not be iden-
tified and are a potential source of errors.

Attribute 28 / BIN_SCHUL / school identifier

17,432 buildings are considered school buildings in ERMCH_GEBO1 (attribute BIN_SCHUL = 1).
These are buildi ngs with an attribute GKLAS = 1263 or buildings with GKLAS = unknown and fall-
ing into a school perimeter according to the terrain and surface model (SwissTLM3d) of the Feder-
al Office of Topography (Swisstopo)

Attribute 29 / SCHULMOD / number of students

The number of students aggregated at the postcode level (PLZ) from the students statistics of the

Federal Statistical Office were distributed among the school buildings (attribute BIN_SCHUL = 1)

in each postcode area proportionally to their volume above ter rain (GEBVOL). The attribute
SCHULMOD is a crude approximation of the capacity of school buildings in terms of number of
students. With this procedure, 1,393,430 students were distributed in 17,431 school buildings

Depending on the number of buildings for teaching and research and their variability in volume
and actual function in a postcode area, SCHULMOD may deviate significantly from the actual num-

ber of registered students in a school. BIN_SCHUL and SCHULMOD can be used to assess the ag-
gregated number  of impacted schools and students in a geographical region

Attribute 30 / BIN_HOS / hospital building identifier

16930 buildings are consi der e dCHIGBROD (attrilute BINWHOS$S d l)ngs i n E
These are buildings with an attribute GKLAS = 1264 or with an attribute GKLAS = unknown that

fall into a hospital perimeter according to the terrain and surface model (SwissTLM3d) of the Fed-

eral Office of Topography  (Swisstopo).
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Attribute s 33, 34, 35 / HOS BET, HOS PAT, HOS OUTPAT / number of hospital beds; number of
hospitali_sed patients; number of outpatients

Using the Feder al Statistical Of ficeds 2019 statistics
tients occupying a bed and outp atients per day in each hospital area were distributed among the

buildings with an attribute BIN_HOS = 1 present in the hospital area proportionally to their vol-

ume. The results are

1 HOS_BET isthe modelled estimated number of beds in the hospital building
1 HOS_PAT isthe modelled estimated number of patients hospitali sed.
1 HOS_OUTPAT isthe modelled average number of outpatients in the hospital per day.

These attributes can be used to assess the aggregated number of hospital beds and patients that

are impacted in an event. The distribution of beds, patients and visitors amongst different build-

ings in a hospital area is not very reliable. Results of analyses for hospital buildings should be ag-

gregated at the level of the hospital area (ID_HOS_AREAL) or i nstitution (SPITAL_inst) to be
meaningful.

Attribute 36 / GEBWERT / replacement value of building objects

The definition of the building replacement value corresponds to the definition used by insurance
companie s in Switzerland. It should be equivalentto the costs for reconstruction of the building as
an individually constructed object of the same type and size, with the same standard of construc-

tion and at customary local prices on the day of the valuation. The building insurance value may

differ signific antly from the official value (used for property taxation) or the market value.

To compute GEBWERT, an approach developed by Réthlisberger et al. (2018) is used. This method

requires the building volume (GEBVOL), the building 0 snain purpose (derived from G KAT) and the
construction zone category (derived from AREBAUZ) as the main input parameters. The building
database ERMCH_GEBOL1 does not consider underground buildings or the volume of buildings that

is underground. Nevertheless, the model used for GEBWERT implicitly  includes the value of the
underground portion of the buildings.

The aggregated modeled building replacement value ( CHF 2,945 billion ) nationwide is 3% higher
than the aggregated insured value. Further information on the model for GEBWERT and on its
validation is provided in Section 4.5.2 .

The attribute 37 GEWERTIn is computed as GEBWERT multiplied by a cantonal correction factor so

that the aggregated GEB  WERTIn value at the cantonal level corresponds to the aggregated insured

value from the insurance statistics. For consistency, it is advised to use GEBWERT (homogeneous

national value model) for ERMCH analyses. GEBWERTIn could be used for specific cantonal loss
estimations of insured values.

Attribute 38 / INHWERT / replacement value of content

The replacement value of content is computed as a fraction of the building value (GEBWERT). Dif-
ferent ratios are used, based on a statistical analysis of private and cantonal insurance data.

The final ratios to compute INHWERT from GEBWERT in ERM-CH23 are as follows:
T INHWERT = 0.19 * GEBWERT for GKLAS 1110 to 1199 ( residential  buildings)

1 INHWERT = 0.38 * GEBWERT for GKLAS 1211, 1212, 1220, 1230, 1241, 1242, 1261,
1262, 1263, 1264, 1265, 1271, 1272, 1273, 1274 (commercial buildings)

1 INHWERT = 0.65 * GEBWERT for GKLAS 1251 and 1252 (industrial buildings)
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1 INHWERT = 0.27 * GEBWERT for other GKLAS values.

The total replacement value of contents amounts to CHF 788 billion. Further information on the
model for INHWERT and on its validation is provided in Section 4.5.3 .

The attribute 39 INHWERTIn is computed as INHWERT multiplied by a cantonal correction factor so

that the aggregated INHWERTIn value at the cantonal level corresponds to the aggregated insured

value from the insurance statistics. For consistency, it is advi sed to use INHWERT (homogeneous
national value model) for ERM-CH23 analyses.

Attribute 40 / BWSMOD / gross added value

The gross added value per STATENT data point is computed as the number of full -time employees
per type of economic sector multiplied by the national average gross added value per equivalent
full time employee for this economic sector. BWSMOD per building is then obtained through the

aggregation at the building level of the georeferen ced STATENT data points containing the estima-
tion of the gross added value. With this approach, CHF 681 billion of yearly gross added value was
associated with the 389,136 buildings with modelled full -time equivalent employees

Attribute 41 / NOGA082 50/ type of economic activity

For each building with full  -time equivalent employees (VZAMOD > 0), the corresponding types of
economic activity are listed in the attribute NOGA082_50 based on the information in the georef-
erenced employment statistics (STATENT) of the Federal Statistical Office. The categories are as
follows :
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NOGAS82_50

Type of economic activity

1.3

Agriculture, forestry and fishing

5.9

Mining and quarrying

10.2

Manufacture of food products, beverages and tobacco products

13.5

Manufacture of textiles, apparel, leather and related products

16.8

Manufacture of wood and paper products, and printing

19.2

Manufacture of coke, chemicals and chemical products

21

Manufacture of basic pharmaceutical products and pharmaceutical preparations

22.3

Manufacture of rubber and plastics products, and other non-metallic mineral products

24.5

Manufacture of basic metals and fabricated metal products, except machinery and equipment

36

Manufacture of computer, electronic and optical products; watches and clocks

27

Manufacture of electrical equipment

28

Manufacture of machinery and equipment n.e.c.

29.3

Manufacture of transport equipment

31.3

Other manufacturing, and repair and installation of machinery and equipment

35

Electricity, gas, steam and air-conditioning supply

36.9

Water supply, sewerage, waste management and remediation

41.2

Construction of buildings and Civil engineering

43

Specialised construction activities

45

Wholesale and retail trade and repair of motor vehicles and motorcycles

46

Wholesale trade, except of motor vehicles and motorcycles

47

Retail trade, except of motor vehicles and motorcycles

49

Land transport and transport via pipelines

50.1

Water transport and Air transport

52

Warehousing and support activities for transportation

53

Postal and courier activities

55

Accommodation

56

Food and beverage senvice activities

58.6

Publishing, audiovisual and broadcasting activities

61

Telecommunications

62.3

IT and other information senices

64

Financial senice activities, except insurance and pension funding

65

Insurance, reinsurance and pension funding, except compulsory social security

66

Activities auxiliary to financial senices and insurance activities

68

Real estate activities

69

Legal and accounting activities

70

Activities of head offices; management consultancy activities

71

Architectural and engineering activities; technical testing and analysis

72

Scientific research and development

73.5

Other professional, scientific and technical activities

77.2

Administrative and support senvice activities

78

Employment activities

84

Public administration and defence; compulsory social security

85

Education

86

Human health activities

87

Residential care activities

88

Social work activities without accommodation

90.3

Arts, entertainment and recreation

94.6

Other senvice activities

97.8

Activities of households as employers; undifferentiated goods- and senices-producing activities

of households for own use

9

©

Activities of extraterritorial organisations and bodies
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4.4 Data summary

Table 4.3 presents the number of buildings, their aggregated modelled volume and replacement

value as well as the aggregated number of permanent inhabitants and full -time equivalent em-
ployees for selec ted detailed function categories. The 15 function categories presented cover 95%

or more of the total aggregated values over all (30) function categories. The ranking goes from

the highest to lowest aggregated replacement value

Table 4.3. Number of buildings, their aggregated model led volume and replacement value as well as the aggre-
gated number of permanent inhabitants and full -time equivalent employees for detailed function categories.
GKLAS detailed function category Numer of buildings  |Volume above ground, m?|Value, millions CHF [Permanent inhabitants Equ. full ime employees
1122|Buildings with 3 housing units or more 388'667 [16.7% 1'258'258'022 |27.3% 961'590 |32.6% 4783129 |56.5% 555'459 [13.9%
1110|Individual homes 1063'642 |45.8% 900'138'252 |19.5% 761'620 [25.9% 2474784 (29.2% 266'238 [6.6%
1121|Homes with 2 housing units 212'170 [9.1% 295'773'321 |6.4% 222'975 |7.6% 700593 [8.3% 140309 [3.5%
1251|Industrial buildings 53066 [2.3% 499'961'081 [10.8% 193388 [6.6% 19'374 [0.2% 688798 [17.2%
0[unknown 147'411 [6.4% 291'094'552 |6.3% 131179 [4.5% 101’500 [1.2% 200220 [5.0%
1220|Office buildings 24734 [1.1% 213425816 |4.6% 102'876 [3.5% 19773 [0.2% 946'774 [23.6%
1263|Buildings for teaching and research 15'327 [0.7% 118'159'469 |2.6% 91'959 [3.1% 9533 [0.1% 175202 [4.4%
1230|Commercial buildings 15'310 [0.7% 145'083057 3.1% 64'553 [2.2% 14'816 [0.2% 253550 [6.3%
1271|Agricultural buildings 114573 [4.9% 189'635'859 |4.1% 58326 |2.0% 4352 |0.1% 11244 |0.3%
1252|Resenwirs, silos and warehouses 42'376 |1.8% 150'124'977 [3.3% 58'176 |2.0% 1'751 |0.0% 71'228 |1.8%
1199|Residential, without further distinction 38979 |1.7% 87'449'424 |1.9% 45'487 |1.5% 198645 [2.3% 129'416 [3.2%
1274|Other buildings not otherwise classified 70277 [3.0% 90'889'032 |2.0% 43454 |1.5% 10074 [0.1% 75767 |1.9%
1264|Hospitals and health care buildings 3317 [0.1% 43769272 |0.9% 35'394 [1.2% 25'397 [0.3% 199%621 [5.0%
1241 (Train stations, terminal buildings 28'926 |1.2% 72229278 |1.6% 24'555 |0.8% 1'931 |0.0% 40'835 [1.0%
1261 (Building for recreational or cultural use 8'910 |0.4% 37'214'855 |0.8% 23'555 |0.8% 2'676 |0.0% 25'333 |0.6%
4.5 Further information on models and their validation

4.5.1 Model building volumes

The modelled building volumes (GEBVOL) at the object level as well as aggregated at the postcode
level and at the cantonal level were compared with the data from 17 cantonal insurers where this

information was available. The detailed results are provided in Hugli et al. (2021). An over view of
the comparison  of the aggregated building volumes at the cantonal level is given in Table 4.4.
Table 4.4. Comparison of the aggregated building volumes with insurance data in 17 cantons.
Aggregated volume of buildings in¥n

Canton| Insurances* ERM_CH** ERM/Ins
AG 408'835'046 372'269'003 91%
AR 36'416'013 34'595'602 95%
BE 652'144'003 573'268'861 88%
BL 151'966'599 140758'806 93%
BS 108'078'259 85'522'234 79%
FR 206'133'750 184'308'826 89%
GL 31'790'862 28723730 90%
GR 178'304'515 160'174'868 90%
LU 275'105'278 270'647'244, 98%
NE 98'163'775 98'282'724 100%
SG 318'039'940 297'638'262 94%
SH 53'498'991 48'414'536 90%
SO 164'060'862 157'263'223 96%
TG 199'734'748 177'246'302 89%
VD 408'912'902 426'234'378 104%
ZG 67'085'930 69'680'820 104%
ZH 698'174'378 634'821'733 91%

4'056'445'851 3'759'851'152 93%

* underground and above ground volum
** above ground volumes only, volumes < 200 m3igna
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The canton of Basel -Stadt (BS) shows that , for a very urban area (the canton is basically a large

city at the Swiss scale), the aggregated building volume above ground from digital elevation mod-

els computed in ERM-CH23 underestimates the total volume of insured buildings (including under-

ground vol umes) by approximately 20%. In all other cantons, the underestimation is 10% or less.

In two cantons, ERM-CH23 overestimates the aggregated building volume by 4%. For the 17 can-

tons where building volume information is available from cantonal insur ers, ERM-CH23 underesti-
mates the total aggregated building volume by 7%

4.5.2 Modelled building replacement value

The modelled building value s (GEBWERT) aggregated at the post code level and at the cantonal
level were also compared with the data from the cantonal and pr ivate insur ers. The detailed re-
sults are provided in Higli et al. (2021). An overview of the comparison at the cantonal level is

provided in Table 4.5.

The model used to compute the replacement value of buildings on a national scale is not able to

capture the variations in replacement value models from the various cantonal and private insurers

in Switzerland. The underestimation of the aggregated insure d value is highest in very urbanised
cantons like Basel -Stadt (BS), Geneva (GE) and Zurich (ZH). For less urbanised cantons, the
model has a tendency to overestimate the aggregated insured replacement value. Globally, the
relatively simple model in ERM  -CH23 is able to model the aggregated replacement value within
3% of the total insured replacement value at the national level. It should also be noted that ap-
proximately 50% of the insured value in Switzerland is located in only four out of 26 cantons (ZH,

BE, VD and AG) .

The model used for the estimation of the building replacement value in ERM-CH23 is based on the
analysis of building databases of 11 cantonal insur ers (see Figure 4.1 and Roéthlisberger (2018 ) for
details).

Rothlisberger (2018) developed five different models (M1 to M5). In ERM -CH23, the most detailed
and effective models, M4 and M5, which rely on the build ing volume above ground as the most
relevant input parameter, were used. Model M5 was finally selected to compute the attribute
GEBWERT as it provides the best fit with the aggregated insured building replacement values in
Switzerland .

Model M4 uses const ant average building replacement values per m 8, with a differentiation for
residential and non  -residential buildings, as well as for the category of land use (see Table 4.6).
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Table 4.5. Overview of the comparison of the aggregated building replacement
the cantonal level.

Replacement value of buildings in CHF

Canton|Insurance Insurances ERM_CH ERM/Ins
AG Cantonal 207'089'816'000  233'833'546'445113%
Al Private 3'630'097'000 6'550'040'196|180%
AR Cantonal 21'901'377'753 21'958'520'558/100%
BE Cantonal 382'196'648'951 359'390'703'23294%
BL Cantonal 90'680'484'000 93'159'265'601|103%
BS Cantonal 79'944'134'000 58'375'625'830/73%
FL Private 17'954'305'000) 18'499'495'494{103%
FR Cantonal 93'052'372'368  111'798'832'191120%
GE Private 135'227'822'049  112'715594'89283%
GL Cantonal 16'124'941'990) 17771775742/110%
GR Cantonal 110'156'189'135  102'495'624'58093%
JU Cantonal 23'810'282'258 33'946'915'176/143%
LU Cantonal 120'596'856'000  158'001'837'612131%
NE Cantonal 57'112'358'174 63'418'565'968/111%
NW |Cantonal 13'868'758'700) 15'015'241'078{108%
OW |Private 12'733'938'704 15'382'280'148 121%
SG Cantonal 150'405'814'42§  181'414'197'048121%
SH Cantonal 25'931'720'100 30'894'037'485/119%
SO Cantonal 86'526'772'404  100'068'271'626116%
SZ Private 47'430'381'817 57'003'346'509/120%
TG Cantonal 92'044'109600  106'550'442'276116%
TI Private 128'976'427'225  143'648172'960111%
UR Private 11'743'436'353 14'230'318'434/121%
VD Cantonal 264'334'562'12  278'930'306'078106%
VS Private 125'888'209'33q  144'638'213'646115%
ZG Cantonal 49'738'275'200 44'156'731'139189%
ZH Cantonal 492'839'244'400  421'517'215'27486%
Total 2'861'939'335'06q 2'945'365'117'218103%

Cantonal insurance companies that provided data

AG: Aargau (1989 -2013)
BL: Basel-Landschaft (1999-2013)

FR: Fribourg

GL: Glarus

GR: GraubOnden
JU: Jura

NE: Neuchatel

SG: St. Gallen (1999-2013)

SO: Solothurn
2G: Zug

Data availability
Complete data set of
insurance contracts
Incomplete data set of
insurance contracts

Figure 4.1. Overview of the cantonal data used for the development of building replacement value models in
Réothlisberger (2018).
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Table 4.6. Unit replacement values for buildings according

to model M4 in Réthlisberger (2018).

Iz_::ﬂ(:;ucsaete- Attribute AREBAUZ in Unit repl. value, Unitrepl. value,
gory ERM-CH23 Residential Non -residential

Residential 11 897 CHF/m 3 765 CHF/m 3
Urban cent re 14 861 CHF/m *® 645 CHF/m 3
Mixed zone 13 801 CHF/m?3 584 CHF/m 3
Commercial 12 505 CHF/m 3 377 CHF/m 3
Public activity 15 984 CHF/m 3 818 CHF/m 3
Others 16-19 950 CHF/m @ 730 CHF/m 3
No zoning 0 596 CHF/m 3 376 CHF/m 3

In model M5, the replacement value per m

ble 4.7 gives an overview of the unit replacement values per m

above ground.

% varies according to the absolute value of the volume
above ground. Different regression laws were developed in Réthlisberger (2018) for residential
and non -residential buildings with a differentiation according to the land

-use zoning category.
8 for different building volumes

Ta-

Table 4.7. Unitreplacement values for buildings according to model M5 in Réthlisberger (2018).

Unit replacement value for different Unit replacement value for different

building volumes above ground, building volumes above ground,

Residential Non -resident ial
Land use 1,000 m 3 10,000 m @ 100,000 m 3 1,000 m 3 10,000 m 3 100,000 m ®
Residential 906 CHF/m 2 734 CHF/m 3 594 CHF/m 3 610 CHF/m 711 CHF/m 3 830 CHF/m 3
Urban cent re 835 CHF/m ® | 683 CHF/m ® | 560 CHF/m ° | 401 CHF/m 473 CHF/m 2 | 558 CHF/m 3
Mixed zone 844 CHF/m 3 | 691 CHF/m 3 567 CHF/m 3 457 CHF/m 539 CHF/m 3 | 636 CHF/m 2
Commercial 754 CHF/m 2 | 485 CHF/m 3 312 CHF/m ® 393 CHF/m 365 CHF/m ® | 339 CHF/m 3
Public activity 991 CHF/m ® | 800 CHF/m 2 645 CHF/m ® 710 CHF/m 825 CHF/m ® | 960 CHF/m 3
Others 884 CHF/m 3 | 757 CHF/m 647 CHF/m 3 506 CHF/m 3 | 624 CHF/m * | 769 CHF/m 3
No zoning 692 CHF/m * | 309 CHF/m 138 CHF/m 3 332 CHF/m ®* | 213 CHF/m ®* | 137 CHF/m 3

Table 4.8 compares the modeled building replacement value using model M5 in

Table 4.8. Comparison of the total number of buildings and their replacement value according to

insurance data.

ERM-CH23 with
the available insurance data. The comparison is made for all buildings as well as separately for
residential an d non -residential buildings. The territory covered is Switzerland

and Liechtenstein.

ERM-CH23

and

Number of Number of Building replacement Building replacement
buildings buildings value value
ERM-CH23* Insur ers ERM-CH23 Insur ers
All buildings 2,320,720 2,712,115 CHF 2,945 billion CHF 2,861 billion
Residential 1,707,861 1,691,579 CHF 1,946 billion CHF 1,775 billion
Non -residential 612,859 1,020,536 CHF 999 billion CHF 1,086 billion
*Only buildings wi th a volume aboved®ground O 200 m
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Model M5 overestimates the total insured replacement value of all considered buildings in Switzer-

land and Liechtenstein by 3%. It overestimates the aggregated insured replacement value of resi-

dential buildings by roughly 10% and underestimates the aggregat ed insured replacement value
of non -residential buildings by roughly 8%. The number of considered non -residential buildings in
ERM-CH23 is much lower than in the insurance datasets. The main reason is that only objects with

a vol ume & arg 6ofisidered in ERM-CH23. The differences between ERM-CH23 and insur-
ance data vary from canton to canton (see also Table 4.5).

Using model M5 of Réthlisberger (20 18) in ERM-CH23 leads to an average replacement value of
783 CHF/m 2 (volume above ground) for residential and 450 CHF/m 3 for non -residential buildings.
For residential buildings, the value is consistent with the expected construction costs for apart-

ment bu ildings with normal construction standards according to simulations on the platform
www.kennwerte.ch (780 CHF/m 2 3) as well as according to estimations from three Swiss architec-

tural firms “ (average of 820 CHF/m 3 %). For non -residential buildings, there is an expected large
scatter of unit construction costs per m % depending on the possible sub  -categories of use (from
around 200 CHF/m 2 for agricultural buildings to around 1 ,200 CHF/m 2 for hospital buildings ac-
cording to the same sources).

In conclusion, the relatively simple model used to compute the building replacement value
GEBWERT leads to aggregated values and average values per m 3 that are globally in line with the
data of insurers and estimations of actual cons truction costs. Future refinements of this model
should consider a more extensive calibration dataset from the cantonal insurers and more catego-

ries of building use than residential and non -residential. A regionalisation of the model could also
be envisage d, if warranted

4.5.3 Model led content value

The proposed ratios for computing the content value (INHWERT) from the modelled building re-
placement value (GEBWERT) initially came from a statistical analysis of the ratio of the total in-

sured content value to the t ot al insured building replacement val ue
6commercial ® and O6industryd in the seven cantons where
private insurance companies and thus categoriywy@dusaisngpr

the same criteria. For this analysis, the Swiss Insurance Association representing private insurers
(SIA) provided the data from their latest global survey from December 2015. The results are pre-

sented in the figure below, from the report by Higli et al. (2021). The originally selected ratios for
ERM-CH23 correspond to total insured content value in the seven GUSTAVO cantons in relation to
the total insured building replacement pvatl)ue Ofcoormntelre i @aa

(Gewerbe ) and 06i n dindsstrie y.6 (

Following a comment by the ERM  -CH23 review team in July 2022, these ratios were re -evaluated
with further analyses. The results and implemented modifications are described here

The overall ratio of aggregated insured content v alue to aggregated insured building replacement
value across Switzerland and Liechtenstein amounts to 0.27, which is slightly lower than the ratio

of 0.28 in Figure 4.2. Consequently, the content value ratio for unknown and miscellaneous build-

ing use was changed to 0.27 in the final version of ERM -CH23.

The ratio for residential buildings, which was originally computed as noted above using aggregated

data from private insurance companies in the seven GUSTAVO cantons where contents and build-

ings are insured by private insurers, leads to an overestimation of the aggregated content value

for residential buildings in Switzerland and Liechtenstein of roughl y 50%. The source of the prob-
lem is an apparent discrepancy in the calculation of the insured replacement value of residential
buildings between private and cantonal insurers

3 Volume including volume under ground level.
4 Survey conducted by SPF in the summer of 2021.
5 Volume including volume under ground level.
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Summe Inhaltswerte Summe Gebaudewerte
Kanton |Anzahl PLZ Privat Gewerbe Industrie Toltal Privat Gewerbe Industrie Total
Al 6 700'558'000  353°014'390  407'634'610  1'461'257°000] 1'562'909°000  1’696'440'713  225'391'287  3'491'741°000
GE 59 18°495°368'300 16'669°494°590 9'232°251'651 44'397'115%a40) 45'887°964°051 57°513'047°290 31'613'449°654  135°000°000°000
ow 16 1615262271  975'999'118 1017619863  3'608'881'252| 5'946'078'510  4'975'804'567 1'690'070°413  12'611°953'490
sz 43 €'467'610'329 3'567'208'229  2'245'435'392  13'280°252'951| 21'951'776'169 19'314'809'137 5'669'552°323  46'936'137'629
1L 244 13'824'725'138 T7437°'a79°274 8'700'915'347 30'013'119°759 72°021'975°116 417935°843'S70 14'772'013°033 129°000°000°000
UR 25 1'433'795'471  935°644'914  1'159'765'516  3/529'205'900| 5'363'756'889  4'753'976'375 1'495'987°277  11'613'720'541
Vs 172 15'149'381'549  6'275'915'198 13'S15'210°957 34'040°507'705| 67'975'092'843  38'283'991’524 19'130'663'959 125'000"000'000
Total 570 S57'686°701°558 36°264°756'113 37°278'883'337 l%l']ﬂ’m‘(ml 220°716°000°000 168°474°000°000 74°S98'127°958 4637788 000°000
Summe Inhaltswerte / Summe Gebdudewerte

Kanton |Anzahl PLZ Privat Gewerbe Industrie Total

Al 6 45% 21% 180% 42%

GE 59 40% 29% 29% 33%

ow 16 27% 20% 60% 29%

SZ 48 29% 18% 57% 28%

Tl 244 19% 18% 59% 23%

UR 25 27% 20% 78% 30%

VS 172 22% 16% 71% 28%

Total 570 26% 22% 50% 28%

Figure 4.2. Data used to compute the INHWERT to GEBWERT ratios for ERM-CH23. Source: Higli et al. (2021).

The insured replacement value per m % is systematically lower in cantons with a private insurance

system (on average 538 CHF/m %) than in cantons with a cantonal insurance system (on average

762 CHF/m 3). As the building replacement value model in ERM -CH is based on data from cantonal

insurers, it was decided to recompute the ratio for content value of residential buildings based on

cantonal insurance data in the 16 cantons where contents are insured by private insurers and

buildings by cantonal insurers. The adapted ratio is computed as the aggregated insured content

value (O6privated category) in relation to the aggregat e
value from cantonal insurers, and amounts to 0.19. Consequently, the content value ratio for resi-

dential buildings was changed to 0.19 in the final version of ERM -CH23.

For industrial buildings, it was decided to remove the cantons of Appenzell Innerrhoden (Al) and

Geneva (GE) from the analysis shown in Figure 4.2 and to add Liechtenstein. The removal of Al

and GE was decided based on very inconsistent r eported aggregated values in Al and an unrealis-

tically low (outlier) content value ratio for industrial buildings of 0.29 in GE. The revised ratio for

industrial buildings is computed as the aggregated insured content value and the aggregated

building repl ac e ment value for the O6industryd category in the
Ticino (TI), Valais (VS) and Obwalden (OW) as well as Liechtenstein. Consequently, the content

value ratio for industrial buildings was changed to 0.65 in the final version of ERM-CH23.

The private insurance companies report CHF 209 billion of insured content value for industrial

buildings in Switzerland and Liechtenstein, excluding the cantons of Glarus (GL), Nidwalden (NW)

and Vaud (VD) (which have special insurance regime s for contents). In ERM  -CH23, the modelled

content value for industrial buildings (GKLASdef = 1251 or 1252) over the same territory amounts

to CHF 152 billion, underestimating the industrial insured content value reported by insurers by

roughly 30%. A prob able main cause for this underestimation is the lower number of buildings

tagged as industrialinERM  -CH23 compared with the number of buil dings
ry according to the private insurance data. In the seven GUSTAVO cantons and Liechten stein,

where a direct comparison is possible, there are 21,883 buildings identified as industrial by the

insurers, whereas 10,256 buildings are considered as industrial in ERM -CH23 (GKLASdef = 1251

or 1252). There is unfortunately no way to resolve this cl assification discrepancy at his time. Thus,

part of the 6missingd content v al-@H23liésanrthe contehtivaldefor al b ui | d
other use categories (mainly commercial)
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For

t he

6commer ci

al

buil dingsbd

¢ a0 fom the initiallarealyss mmnt e n't

Figure 4.2 was raised to 0.38 to compensate for an underrepresentation of industrial buildings
-CH23 compared with the classification system of
private insurance companies and for a general underestimation of the aggregated insured content

value of non -residential buildings

(and therefore of i

The final content value ratios to compute IN

1
f

f
f

The total content value modelled in ERM

INHWERT =

INHWERT =

INHWERT =

INHWERT =

0.19
0.38

0.65
0.27

ndustrial content value) in ERM

* GEBWERT for GKLAS 1110 to 1199 (

residential

HWERT from GEBWERT in ERM-CH23 are as follows:

buildings)

* GEBWERT for GKLAS 1211, 1212, 1220, 1230, 1241, 1242, 1261,
1262, 1263, 1264, 1265, 1271, 1272, 1273, 1274 (commercial buildings)

* GEBWERT for GKLAS 1251 and 1252 (industrial buildings)

* GEBWERT for other GKLAS values.

-CH23 amounts to CHF 788 billion. The private insurance

industry reports CHF 698 billion of insured content value (at the end of 2015). Furthermore,
CHF 72 billion of content value is insured by the cantonal insurer in
tonal insurer in NW and CHF 2 billion by the cantonal insurer in GL (special insurance regimes;

situation at the end of 2020). The total content value of CHF 788 billion modelled in ERM

thus roughly 2% higher than the

a possible problem with data collection by the private insu

VD, CHF 4.7 billion by the can-

reported total insured content value of CHF
surance data. An overview of the comparison between computed content value and reported in-
sured content value aggregated at the cantonal level is provided in
as an outlier with an underestimation of the insured aggregated content value of 35%, suggesting

rers.

-CH23 is
776 billion from in-

Table 4.9. Geneva stands out

Table 4.9. Overview of the comparison of the aggregated content value against insurance data at the cantonal

Earthquake Risk Model of Switzerland

level.
Content value of buildings in CHF
Canton Insurances ERM_CH ERM/Ins
AG 61473179642 67'056'493'281109%
Al 1'634'533'777 1'629'887'621/100%
AR 5'327'753'223 5743'915'071108%
BE 94'057'870'893]  95'631'056'274102%
BL 26'951'686'403  26'525'931'84698%
BS 18'158'835'931] 16'192'495'07189%
FL 5'452'759'304] 5'335'087'917198%
FR 26'392'758'742]  28'958'353'071110%
GE 46'817'916'176) 30'593'364'75165%
GL 5'225'914'938 5'367'382'219103%
GR 27'098'992'044  26'778'669'90599%
JU 7'298'036'000] 8'903'845'842122%
LU 35'305'233'218  42'883'282'979121%
NE 15'649'619'902  16'514'217'130106%
NW 5'246'189'566 4'049'924'68477%
ow 3706'674'000] 3'976'279'907107%
SG 49'482'624'113  53'149'802'196107%
SH 6'616'870'000 8'531'993'349129%
SO 25'302'343'943  27'177'636'500107%
SZ 13'642'468'259  13'830'692'149101%
TG 26'320'413584] 31'170'122'954118%
TI 30474'778'047] 35'151'277'542115%
UR 3'664'423'181 3'467'972'56595%
VD 71'547'375'995  72'556'714'348101%
VS 35'548552'042  34'566'900'81397%
G 11'959'125'008  11'502'652'89896%
ZH 116'051'410'678 111'116'242'25696%
776'408'338604 788'362'195'1411102%
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Table 4.10 shows a comparison between insured content value and modelled content value for the

categories

6r esi

dreenstiidaelndt isan & &man Switzerl and
tons of V D, GL and NW (no data with distinction between residential and non

ble). It shows a slight overestimation (12%) of the insured content value for residential buildings

and a slight underestimation (6%) for non

Table 4.10 . Comparison of residential and non

-residential buildings

-residential content value between insurance data and
valid for Switzerland + Liechtenstein excluding the cantons of VD, GL and NW.

and
-residential availa-

ERM-CH23

Category Insured content value Content value ERM- CH23/Insured
ERM-CH23 value

Residential CHF 305 billion CHF 341 billion * 112%

Non -residential CHF 389 billion CHF 365 billion ** 94%

* Computed from GEBWERT of buildings tagged as residential or mostly residential in ERM-CH23

**  Computed from GEBWERT of buildings tagged as non -residential in  ERM-CH23

In summary, the content value ratios implemented in ERM-CH23 are based on limited insurance
data but enable a satisfactory global estimation of content values in comparison with the aggre-
gated insured content  value s in Switzerland.

4.6 Selected issues
Completeness and consistency of the building database

The Federal Re gister of Buildings and Dwellings (RBD) kept by the Federal Statistical Office is not

yet 100% complete and also not fully compatible with the database of building footprints (AV da-

taset) of the Federal Office of Topography. The AV dataset is also not 100% complete in some
regions. We expect that the number of missing relevant objects in ERMCH_GEBO1 because of that

situation to be very small (< 1%). The RBD and the AV dataset contain a large number of small

objects that are irrelevant from a risk perspectiv e. In the ERMCH project, we dealt with the prob-

lem by excluding objects with a volume smaller than 200 m 8

The completion and unification of the RBD and AV datasets (expected in 2024) will make it possi-

ble to perform checks in order to exclude objects that are not real building objects (tanks, silos,
transformer housings, etc.). Through random checks, we identified that some of these special ob-

jects are present in ERMCH_GEBO1. They could not be excluded in a systematic way. The impact

of the presence of suc  h non -standard building objects in ERMCH_GEBOL1 is probably negligible

For future developments, it would be very helpful if insurance companies used the EGID number
from the RBD as an identifier for building objects in their databases (see also Chapter 12).

Human occupancy

Permanent inhabitants, full  -time equivalent employees, school and hospital capacities are the only
attributes regarding human occupancy that are provided in ERMCH_GEBO1. In light of the very
high uncertainty associated with actual human occupancy of buildings and casualty estimation
models, it was decided not to develop further models of human occupancy for ERMCH_GEBO1
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5. Building taxonomy and fragility models

5.1 Introduction

Subproject G is hosted by the Earthquake Engineering and Structural Dynamics Laboratory (EESD)

at EPFL (Ecole Polytechnique Fédérale in Lausanne). The general scope of this subproject is to
analyse the seismic fragility of buildings in Switzerland. Macroseismic (i.e. intensity -based) and
mechanical (i.e. Sa -based) approaches are two methodologies used to derive fragility models for

the large -scale seismic vulnerability assess ment. Intensity -based fragility curves are derived
based on the empirical estimate of the fragility of European building typologies, together with en-

gineering judgement about Swiss practice. The set of | -based fragility curves was also updated for
better p erformance on their low  -intensity sides. Regarding the mechanical approach, as masonry

and reinforced concrete buildings represent the majority in Switzerland, different subclasses of

those buildings are considered and their seismic performance is investig ated by developing several
numerical models with different numbers of storeys. Variation of material/mechanical characteris-

tics is also captured and the obtained sets of capacity curves are then used for deriving Sa -based
fragility curves. Those fragility curves are also compared with those from independent studies as

well as with | -based fragility curves

As structural building features are not available in the Swiss building dataset of subproject F, prox-

ies to detect the structural building type are nece ssary and play a major role in seismic risk as-
sessments on the national scale. We developed several mapping schemes from extensive surveys

in different cities. The big dataset from visual surveys was also used for developing a machine
learning -model to det ect building typology by considering all building features, collected in subpro-

ject F.

5.2 Building taxonomy

As shown in previous studies (e.g. the ESRM20 project), an essential step for risk calculations at

a large scale is to define an appropriate Building T axonomy (BT). In other words, since the
Swiss building inventory encompasses a considerable number of buildings (i.e. more than 2.8

million), defining a limited number of building types is essential; buildings with almost similar

structural behaviour are g rouped into one building type and the vulnerability of each building

type is evaluated. This step plays a key role in risk assessment since the vulnerability of the

exposure strongly depends on the defined building typologies and their attributed fragility

curves. According to several surveys carried out in Switzerland (e.g. Thiriot, 2019 ), the BT pro-
posed in Lagomarsino and Giovinazzi (2006) is suitable for and can therefore be applied to Swit-
zerland with m  inor modifications. Accordingly, the BT presented in Table 1 is proposed for ERM -
CH23.

5.3 Intensity - based fragility model

Intensity -based fragility is developed based on the mean damage value, T b, which can be obtained
using:

C @ groge—S 8 . Q ThQ (5.1)

V and Q are vulnerability  and ductility indices and | is the macro seismic intensity at the building
location. Thus, 1 is the ground motion that corresponds to the reference rock conditions considered

in the hazard calculations, and then locally corrected to account for the amplification factor from

these reference rock conditions to the local ground surface.
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Unreinforce d masonry buildings with rigid floor (M6) and reinforced concrete shear wall (RCW)

buildings account for a large portion of the exposure, and Swiss construction practice for these two

building types is different from that in other European countries. It wa s therefore decided to re -
evaluate vulnerability indices for these buildings based on the EMS -98 major vulnerability classes.

In EMS -98, six major vulnerability classes (A to F) and the corresponding vulnerability indices for

those classes are estimated ba  sed on the observed damage from past earthquakes. Based on en-
gineering judgement on Swiss buildings, association rules between these major vulnerability clas-

ses and the two dominant building types are considered. 90% of the Swiss RCW buildings are con-

struc ted without earthquake  -resistant provision (similar to RC1 in Bernardini et al., 2010), and the

rest with a moderate level of earthquake -resistant design (similar to RC2 in Bernardini et al.,

2010). In summary, the association of the EMS -98 classes to M6 a nd RCW is presented in  Table
5.2. Based on (1) the vulnerability indices for each EMS -98 major class and (2) the corresponding
association rules from  Table 5.2, the value of vulnerability indices for M6 and RCW is calculated

and referred for mid  -rise buildings. Vulnerability indices for different hei ght classes are then eval-
uated based on the suggestion made by Lagomarsino and Giovinazzi (2006). Vulnerability and

ductility indices (i.e. V and Q parameters) for M1 -M5, steel and timber buildings are estimated

based on the assumption made by Lagomarsino and Giovinazzi (2006), in which these indices
have been calibrated based on observed damage in European countries. Vulnerability and ductility
indices, V and Q, for all building types are summarised in Table 5.1.

Table 5.1. Building typological matrix with vulnerability indices

Building Typé Description \%a V* v Q
M1_L Dry stone 0.73 0.79 0.9 2.3
M1_M 0.81 0.87 0.98 2.3
M2 L Adobe (earth bricks) 0.69 0.84 0.98 2.3
M3_L Rubble stone 0.57 0.66 0.75 2.3
M3_M 0.65 0.74 0.83 2.3
M3_H 0.73 0.82 0.91 2.3
M4_L Dressed stone 0.41 0.54 0.71 2.3
M4_M 0.49 0.62 0.79 2.3
M4 _H 0.57 0.7 0.87 2.3
M5_L U masonry (old bricks) 0.57 0.66 0.75 2.3
M5_M 0.65 0.74 0.83 2.3
M5_H 0.73 0.82 0.91 2.3
M6_L U masonry RC floors 0.384 0.51 0.684 2.3
M6_M 0.464 0.59 0.764 2.3
M6_H 0.544 0.67 0.844 2.3
RCF_L RC Frames 0.34 0.49 0.64 2.3
RCF_M 0.36 0.51 0.66 2.6
RCF_H 0.38 0.53 0.68 2.6
RCW_L Shear walls 0.323 0.50 0.626 2.3
RCW_M 0.343 0.52 0.646 2.6
RCW_H 0.363 0.54 0.666 2.6
RCmix_L Mixed shear wall and RC 0.332 0.495 0.633 2.3
RCmix_M frame 0.352 0.515 0.653 2.6
RCmix_H 0.372 0.535 0.673 2.6
S Steel structures 0.17 0.324 0.48 2.3
T Timber structures 0.207 0.447 0.64 2.3
Ind Industrial structures 0.36 05 0.69 2.3

¥Keys: L:low -rise, M:mid -rise, H: High -rise.
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Table 5.2. Probabilistic association of the EMS-98 classes to M6 and RCW.

Weight
A B C D E F
M6 0 0.27 0.64 0.09 0 0
RCW 0 0.081 0.585 0.307 0.027 0
It should be noted that the functional form of Equation ( 5.1) is comparable to suggestions by Lag-
omarsino et al. (2021) andL agomarsino and Giovinazzi (2006) . However, an adjustment is carried
out to obtain a better estimate of damage at low intensities by following suggestion s in Bernardini

et al. (2010) . As shown in Figure 5.1 (left), the mean damage value s for the EMS -98 major vul-
nerability classes from the suggested formula by Lagomarsino and Giovinazzi (2006) (i.e. thick

lines) are higher than the expected range of mean damage from observation in low intensities.

However, the estimated mean damage values from the adjusted formula (i.e. Equation 5.1) lie
within the expected range of mean damage for major vulnerability classes (Figure 5.1 right).

| (EMS-98) | (EMS-98)

Figure 5.1. Shadows show the ranges of mean damage for major vulnerability classes from observation (Lago-
marsino and Giovinazzi, 2006). Thick lines show (left) evaluation from the suggested formula by Lagomarsino
and Giovinazzi (2006) and (right) our evaluation from the adjusted formula.

The probabilistic assessment of damage distributions is then evaluated based on the mean dam-
age value ( 1 p) by assuming a binomial distribution. The probability, N , of having a certain dam-

agegrade Dk( k = 0 €é 5) is evaluated according to the foll owi

Ppy = m(fi_m(#_sﬂ)k (1 _P?D)H (5.2)

To capture uncertainty, the three values of the vulnerability index (i.e. V* V-, and V') are con-
sidered and three empirical fragility models are presented. Whereas V* is the best estimate of
the vulnerability index, the V-, V* can be considered as the probable value range of this index.

As an example, fragility curves for M3_ L (low -rise rubb le stone masonry buildings) for different
damage grades are depicted in Figure 5.2. Intensity -based fragility curves for M3_L (left) for all
damage grades with ~ V*, and (right) with their uncertainties for DG1, DG3 and DG5.
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Figure 5.2. Intensity -based fragility curves for M3_L (left) for all damage grades with V*, and (right) with their

uncertainties for DG1, DG3 and DG5.

54 Sa-based fragility curves

Although there are already several fragility curves in the literature, direct implementation of such

models in large -scale seismic risk analyses can be challenging as the methodologies and the con-
sidered damage criteria are often different. Moreover, the structural characteristics of some Swiss

buildings are different from those of buildings investigated in other countries. It is also worth not-

ing that empirical fragility models developed based on macroseismic intensity are usually ham-
pered by the lack of sufficient datasets of recorded damage. Those models are, therefore, usually
used for damage assessment of common scenarios whereas mechanical -based fragility functions

can be a better option wh  en it comes to calculating seismic risk in the probabilistic framework. The
aforementioned factors demonstrate the necessity of a fragility model capable of overcoming the

limitations. Therefore, as a parallel path to the intensity -based fragility model, a mechanical -based
fragility model was developed. In the following, we first present different mechanical models, de-

veloped for the different building types. After an introduction of the method used here for finding

performance points, fragility curves for different building types are presented and compared with

the curves obtained by independent studies

5.4.1 M3, M4 and M5 building typologies

Here, we focus on the most representative unreinforced masonry (URM) buildings with flexible

floors located in Switzerla  nd; two different height classes (low -rise: L and mid -rise: M) and three
masonry types (rubble stone masonry: M3, dressed stone masonry: M4 and clay brick masonry:

M5) are investigated in detail. According to the surveys and application of predictive model s, these
building types contribute ~35% to the exposure model of buildings in Switzerland. Numerical

models of two - and four -storey buildings are generated as representative of low -rise and mid -rise
buildings respectively. For the configuration (i.e. geome trical characteristics) of the representative
buildings, we make use of the detailed statistical investigation of the building blueprint by Savoy

(2019) so that numerical models represent the buildings with the average geometric characteris-

tics (e.g. length of wall s and openings). The three  -dimensional equivalent -frame modelling ap-
proach is used to investigate the seismic behaviour of the masonry buildings. The technique pro-

vides an accurate modelling strategy for masonry buildings and is a practical compromise betw een
complexity and computational cost
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To validate the modelling technique, we modelled a building, extensively monitored and investi-

gated in Martakis et al. (2021) , and modal analysis was performed. The difference between our
results and the measuremen  t is around 8% for the first mode, which is less than the correspond-

ing differences evaluated from the models used in Martakis et al. (2021) . There is also a good
match between the numerical model and measurements in terms of mode shapes; the first mode

is along the longitudinal direction and the third mode shape is a torsional mode. Moreover, the

initial stiffness of the structure and maximum base shear of the building are consistent with the

model in Martakis et al. (2021)
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Figure 5.3. Capacity curves for masonry buildings and comparison with Lago2006: Lagomarsino and Giovinazzi

(2006) and ESRM20: European Seismic Risk Model

Due to the natural variability of the masonry materials, their mechanical properties are subject to

a range of uncerta inties. Vanin et al. (2017) summarised a significant number of quasi - static
shear -compression tests on stone masonry and provided input for displacement -based assessment
of stone masonry building.

Concerning stone masonry, mechanical parameters are derived from Vanin et al. (2017) . The ma-
sonry category C i n Vanin et al. (2017) represents rubble stone masonry, and its properties are

used for M3, and an average of category E -E1 in their study is selected for M4. Mechanical param-
eters, estimated by Sarhosis et al. (2015) from the experimental of brick masonry walls, are used

in modelling of M5 buildings. Mean values (X i) and covariance (CoV) of material properties and

their references are summarised in Table 5.3.
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