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This report presents the work carried out in RISE Task 6.1 to demonstrate how different develop-
ments of the RISE project in the fields of operational earthquake loss forecast ing (OELF), rapid
loss assessment  (RLA) and structural health monitoring (SHM) can work together for the dynamic
assessment of seismic damage and losses . The open -source software named Real -Time Loss Tools
was developed not only to make this task possible but also with the objective of creating a tool

that the research community could u se to explore all the aspects of this integration and develop
strategies for future scalability and operationalisation.

This de monstration activity focuse s on showcasing what would have been calculated during the
2009 LO6Aqui | a2018 Cehtrakltaly éarthquake sequences if a RLA and an event -based
OELF system capable of accounting for damage accumulation had been implemented an  d opera-
tional at the time. With the aim of brin  ging in the SHM component and keeping the proof of
concept manageable, a fictitious building stock combining aggregate numbers of buildings and

three individual monitored structures that have been studied within RISE (but are located i n dif-
ferent countries)  has been used. Outputs consist of expected damage states, economic losses,
injuries and deaths after each earthquake that effectively occurs and due to each subsequently -
generated 24 -hour seismicity forecast.

The report first explai  ns the processing algorithm of the Real -Time Loss Tools and discusses each
component that feeds the models and calculations (both from a scientific and software input per-
spective), and then moves to a detailed step -by - step walk through the case studies and , finally,

the concluding remarks.
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The RISE project has  enabled developments in a large number of scientific aspects of seismic risk
reduction , whose stand -alone value has been shown in several other deliverables for the project

and their associated journal publication s. The present deliverable  is the culmination of the work
carried out in Task 6.1 to demonstrate how several of these developments can work together for

the dynamic assessment of seismic damage and losses . Itis essentia lly a proof of concept based

on a series of case -studies fromtwowell -k nown sei smic sequences, t he-
2017 Central Italy sequences , and an open -source software named Real -Time Loss Tools ! that
was developed for this purpose.

While the proof of concept and organisation of this report are described in detail at the end of this

introductory chapter (section 1.5), the following lines are dedicated to an overview of the main

fields that this work brings together and some of the work carried out within RISE in each of them

rapid loss assessment (RLA), operational earthquake forecasting (OEF), its natural extension to
loss calculations, that is, operational earthquake loss forecasting (OE LF), and structural health
monitoring (SHM).

11 Rapid Loss Assessment (RLA)

When an earthquake occurs, there are many remote sensors that record data from the event:
waveforms recorded by seismic instruments are used to locate the hypocentre and magnitude of

the earthquake and to assess the strong ground shaking at the surface of the earth; people and

buildings feel the shaking and observe or record the impact that it has on th em. All of these data
can be used to rapidly estimate, in the minutes, hours or days following an earthquake, the impact

that the earthquake has on the surrounding people, buildings and infrastructure. In the first few

minutes following an earthquake, a si mple qualitative assessment (e.g., no impact, minor impact,
major impact) is often sufficient to understand the magnitude of the event, and this is referred to

as Rapid Impact Assessment (e.g., Lilienkamp et al., 2023). In the following hours, however, it

becomes important to understand the impact in terms of quantitative losses (e.g., number of
collapsed buildings, number of fatalities or homeless people, direct economic loss) and this esti-

mation is referred to as Rapid Loss Assessment (RLA) . This fast ass essment of the impact of the
earthquake provides first order estimates of the losses which can be continually updated as more
information and data arrive from the remote sensors.

It can often take days or even months for the true toll of an earthquake to be measured and
reported. Stakeholders such as early responders, governments, and the insurance industry all

need to have an estimate of the potential magnitude of the losses much earlier than this, so that

they can plan and better manage the recovery p hase after the earthquake. For example:

1 Early responders such as civil protection agencies need to know which areas have been
most hit, and the scale of collapsed buildings, so that they can send the right teams and
equipment to search for trapped survivo rs. They will also need an estimate of the number
of homeless people, so they can prepare emergency shelter.

1 Governments may need to allocate funding for the rescue and recovery efforts, either
nationally or as part of international aid, when the event ha s occurred in another country.

91 Insurers need to plan for post -earthquake damage assessments to manage the potential
insurance claims (e.g., Pittore et al., 2015).

Whilst these initial rapid estimates of loss are statistical (i.e., they can only provide a distribution
of the expected damage and loss, rather than identify specific buildings that will be damaged) and
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they contain a number of uncertainties, they nevertheless provide useful, actionable information
for these communities.

For over 13 years, th e U.S. Geological Survey (USGS) has been running a global rapid loss as-

sessment service called PAGER (Prompt Assessment of Global Earthquakes for Response: Earle et

al ., 2009). The USGS6s PAGER system uses ShakeMaps, whic
shaking in an area struck by an earthquake, together with global exposure and empirical vulner-

ability models to assess the losses from earthquakes. More information on the details of RLA is

provided in the RISE Good Practice Report AEuropean Rapdkle Elaogsh qAisdessment o

Within the RISE project, thanks to the developments in Task 4.1, a European ShakeMap is now

online 2 and exposure models for 44 European countries, at a resolution required for scenario anal-

yses, together with the associated and vulnerability models have been made available 4. A new
prototype scientific service that allows the damage and losses to be ass essed for any ShakeMap
in the European ShakeMap system (the ESRM20 Rapid earthquake Loss Assessment code) has

now also been released thanks to efforts in the RISE project, and as documented in Deliverable

D6.5 (Crowley et al., 2023).

1.2 Operational Earthquak e Forecasting (OEF)

The frequent occurrence of deadly earthquake events highlights the importance of delivering reli-

able and skilful earthquake forecasts over different time windows (from days to decades) to sup-

port rational actions of risk reductions and enhancing preparedness and resilience. For this pur-

pose, the International Commission for Earthquake Forecasting for Civil Protectio n, nominated by
the Italian government after the Mw 6.1 earthquake occurred in L'Aquila (Italy) on 6 April 2009

(Jordan et al., 2011), recommended the development of an Operational Earthquake Forecasting

(OEF) system, which comprises procedures for gather ing and disseminating authoritative infor-
mation about the time dependence of seismic hazards, in order to help communities prepare for
potentially destructive earthquakes. Specifically, OEF provides timely earthquake (probabilistic)
forecasts over time  -space-intensity windows of interest for stakeholders (e.g., government agen-
cies and departments).

OEF systems have already been implemented in several forecasting applications worldwide, such

as in Italy, New Zealand and the United States (Marzocchi et al., 2014; Ge rstenberger et al.,
2014; Michael et al., 2020). In principle, OEF should deliver a continuous flow of information to

avoid violating the so  -called hazard/risk separation principle (Jordan et al., 2014). So far, this

feature is in place only in the Italian OEF system ( OEF-Italy ), whereas in most cases OEF infor-
mation is released upon specific subjective requests.

OEF-ltaly is composed by an ensemble of three different clustering models, ETAS -LM, ETES, STEP -
LG that are described in Marzocchi et al. (2014) and references therein. Each model is weighted
according to its forecasting skill, specifically, weights are proportional to the inverse of the loga-

rithmic score of each model and normalized to 1. The system produces weekly forecasts of earth-

guake o ccurrence (M4+, M5.5+) in each cell of the Collaboratory for the Study of Earthquake
Predictability (CSEP ) grid ( Taroni et al., 2018), and ground shaking macroseismic intensity (VI+,

VII+, and VIII+). The graphical interface of the model allows the end use r to define the area of
interest to get the overall probability

Several new earthquake forecasting models and innovations have been produced as part of Task
3.3 of the RISE project, as is briefly described in section 3.1.
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1.3 Operational Earthquake Loss Forecasting (OELF)

Operational Earthquake Loss Forecasting is the natural extension of OEF  into the risk domain , and
is thus one step closer to the  decision -making process, as it connects directly with the potential
consequences in terms of  damage and losses that could be associated with the forecasted seis-
micity. Only a few countries in the world have systems that produce operational earthquake fore-

casts (e.g., Italy, the United States, New Zealand, Japan) and it is only Italy that takes it to the
OELF level by means of the MANTIS -K system ( lervolino et al., 2015 ).

Using the earthquake rates provided by the OEF-ltaly system , i.e., the expected number per unit
time ( g t equal to one week) of earthquakes above magnitude 4, originating at each point -like
seismic source  {x,y} , 1 (t , XMANTIS -K calculates the expected value of earthquakes per unit

time that, in a given area (e.g., a municipality) identified by coordinates {w,z} , makes the building

of a structural typology of interest, k, reach some performance levels of interest, that is, PLK =
pl;.. In fact, it is assumed that a finite humber, say n, of performance levels can be used to
discretize the damage conditions of the structure: pl. identifies the undamaged state, pl, the
conventional collapse, plj, with j =2, -4,the mtermediate damage condition between the un-
damaged and the collapse state (increasing j, the level of damage increases). The sought rate of

earthquakes causing a building of the structural typology k, located in  {w,z} , on a soil class indi-
cated as &,toreach pljis _ o Mihi— and can be computed via  Equation (1):

P (b2 = fx) O RERE ol img Qi me) 7 (@ dm @

im=0

(1)

where M is the magnitude of the earthquake, R is the distance between the point -like seismic
source {x,y} and the site of interest {w,z} ; fu(M) is the probability density function of the mag-
nitude of the earthquakes (assumed to be independent and identically distributed among sources);

Qs i G R h— is the probability density function (pdf) of the intensity measure, IM, at the site
{w,z} conditionalto M=m , R=r, andthe soil class & (or possibly other covariates); 000 naQa
is the probability that a structure of the k-th structural typology reaches pl; given that IM=im at
the construction site (such a probability is assumed independent from 0 R aQdacan be
retrieved from the so -called fragility functions for the structural typology of interest. Finally, the

integrals over x and y in Equation (1) are extended to comprehend all the sources within a maxi-

mum distance from the {w,z} site; such a distance usually depends on the adopted ground motion
propagation models providing Qg pp GA R

If the local soil conditions are uncertain, the random variable representing the soil class at the

site of the buildings of the structural typology can be considered defining its probability mass

function, 0 — , with qg=1, ¢ wher® Q is the number of soil classes. In such a case, the rate of
earthquakes taking to pl; a building randomly selected among those of the structural ty pology k
and located in  {w,z} ,i.e., _ o0 hd can be computed via  Equation (2):

Q e
Iien, (tW,2) =8 PR G g3 (twz )
g=1
(2)

In the same hypotheses discussed in lervolino et al. (2015) , if the number of building s of the k-
th structural typology at {w,z} siteisavailable, Ngk(w,z) , the expected number of buildings reach-
ing pljin (t, t #i@ati9 Ngp X( t +§t ,, wan bz § approximately computed via Equation (3):

Ng, (t+ Bw2) N(w3 /0, ( 1wy
(3)
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An upgraded version of the OELF system, named MANTIS v2.0, was formulated and tested as part
of RISE Task 4.2 to account for the evolution, over time, of the structural damage conditions . In
MANTIS v2.0, loss forecasting accounts for the possible structura | damage accumulation due to

the occurrence of more than one earthquake in the forecasting period. Moreover, the upgraded
system is able to estimate the possible damage due to the occurred earthquakes and, conse-

guently, forecast the performance level of bu ildings that, at the time of computation, are already

at an intermediate performance level (see Deliverable D4.3, Chioccarelli et al., 2022,  for further
details).

14 Structural Health Monitoring (SHM)

Recent advances in sensor development have resulted in an increasing availability of sensing

hardware at low cost, thus making permanent installations of sensors a realistic outlook, even for
conventional buildings that form the largest portion of the existing building stock. Structural health

moni toring (SHM) offers the tools to analy se such a permanent inflow of sensor data and retrieve
information regarding the structural state (health) of the structure. Among its many applications,
SHM can be used to infer damage based on accelerations recorded in the buildings , or predict
structural response within the first seconds of ground shaking for building -specific earthquake
early warning (EEW) applications.

The rapid processing of dynamic sensor data (i.e., acceleration time series) enables near -real -
time estimates of the damage state. Damage -sensitive features (DSFs) can be derived from the
measured time series to assess the presence and severity of damage (Reuland et al., 202  3). The
contrasting of monitoring -derived DSFs against thresholds, which can be data -driven or model -
defined, allows to tag a building via labels that reflect discrete damage states (Sivori et al., 2022)
Damage -state probabilities can be formulated in a manner similar to classical fragility functions

that link the probability of e xceeding damage -states to intensity measures (IMs) . Following the
fragility functions formulation, IMs which only contain information about the ground -motion, are
replaced with DSFs, thus contributing with monitoring -derived information on the state of the
structur e.

Monitoring data can further contributeto reducingthe pre -earthquake uncertainties in the material

and model parameters of engineering models that are used to derive fragility functions involved

in traditional rapid loss assessment (Martakis et al., 2021). Within the RISE project, multiple

build ings were measured during planned demolition to demonstrate such uncertainty reduction

and evaluate the influence of the amplitude of shaking on DSFs (Martakis et al., 2022). The added
value of weak -to-moderate earthquake data for structural response analysis was evaluated using
data recorded in the Grenoble City Hall as part of the RISE project as well (Astorga and Guéguen
2023) . Finally, the ever -increasing computational power has enabled the use of machine -learning
approaches to classify b uildings into damage -state categories after earthquakes. While absence

of historic data to train such classifiers may pose a challenge for such applications, domain adap-

tation has been shown to be a powerful tool to apply simulation -based classifierstore  al data, thus
providing a robust way to combine multiple DSFs that goes beyond SHM -based fragility functions
(Martakis et al., 2023) and reduces the computational burden of previous post - earthquake updat-

ing schemes (Reuland et al., 2019a, 2019b).

Though n ot within the scope of the work presented herein (and reported elsewhere) , several
institutions within the RISE project have worked on the development of building -specific EEW
systems . laccarino et al. (2021) explored the feasibility of predicting the stru ctural drift from the
first seconds of P -wave signals for such an application. A Japanese dataset was used to calibrate
models based on machine -learning and to study their capability to predict structural drift s. The
study showed that by implementing a residuals analysis, the main sources of drift variability could
be identified. The models trained on the Japanese dataset were later appliedto a US dataset , and
it was found that exporting EEW models across regions worsen ed the prediction variability, but

28.2.2023 8
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also that the problem can be strongly mitigated by including correction terms as a function of
earthquake magnitude. At the same time, Safak et al. (2022) developed within RISE Tasks 4.5

and 6.1 an EEW structural safety mode | for an instrumented building in | stanbul (RISE Deliverable
4.6) . The model links the ground motions observed at distant stations with those observed at the

base of the building, and established thresholds for the latter that would cause critical response
for the safety of the building.

15 Proof of concept and organisation of this report

With the purpose of demonstrating how different developments of the RISE project can work
together for the dynamic assessment of seismic damage and losses , in Task 6.1 we focused on
assembling a proof of concept to show the interaction and links between all these different com-
ponents. The open -source so ftware named Real -Time Loss Tools ° was developed not only to make
this task possible but also with the objective of creating a tool that the research community could

use to explore all the aspects of this integration and develop strategies for future scal ability and
operationalisation.  To our knowledge, this is the first such open -sourcetool ,andw e believeit may
facilitate discussions regarding interfaces, deployment challenges and the need for scientific de-
velopments to bridge gaps between different research focuses.

The Real - Time Loss Tools have been designed to carry out rapid loss assessments (RLA) and event -
based operational earthquake loss forecasts (OELF) incorporating proba bilities of damage states
based on structural health monitoring (SHM) methods, calculating cumulative damage by means of

state -dependent fragility models, calculating expected economic losses and human casualties (inju-
ries and deaths) and updating the numb er of occupants in the buildings, by  taking into account the
time of the day of the earthquake as well as whether people are allowed back (due to inspection

and repair times) and are able to do so (due to their own health status). The tools work inthiswa y
by recursively calling OpenQuake (Pagani et al., 2014 ; Silvaetal., 2014 ) and updating the exposure
model and other relevant input files. To the aut hor sithis kodeooortams ghe first attempt
to update numbers of occupants in buildings in RLA and OELF calculations during an ongoing earth-
guake sequence . We believe these tools provide a useful demonstration of how the scenario calcu-

lators of the OpenQuake engine can be used in atime -dependent manner, and hope that this might

lead to future  developments of the engine that will enable more efficient modelling of the dynamics

of risk, in particular during a sequence of earthquakes.

The Real - Time Loss Tools use the following input s stemming from the RISE project

1 Short -term seismicity forecast s: Output forecasts from any OEF model can be used, as
long as their output is a series of realisations of earthquakes, each of which is characterised
at least by epicentral location, moment magnitude, UTC date and time of occurrence . For
this proof of con cept, the outputofthe ETAS.inlabru model developed as part of RISE Task
3.3 has been used (  Serafini et al., 2023; Naylor et al., 2023; Bayliss et al., 2022; Bayliss

et al., 2020)
1 SHM-based probabilities of damage for monitored buildings: Probabilities of damage from
any estimation method can be used. For this proof of concept, the output of the  method

developed by Reuland et al. ( 2021, 2022 b) within RISE Task 4.4 , which is based on dam-
age - sensitive features  (Reuland et al., 2023) developed for a pair of sensors  per building ,

was used .

9 State -dependent fragility = models for Italian structural typologies developed by Orlacchio
(2022) within RISE Task 4.2, which take as a starting point the state -independent fragility
models of the European Seismic Risk Model 2020 (ESRM20; Crowley et al., 2021 a), which

were finalised in RISE Task 4.1
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1 Knowledge on the dynamic behaviour of two real bui Idings : a hotel in Budva, M ontenegro,
studied by the University of Montenegro ( GF-UCG, RISE external partner ) and the Greno-
ble City Hall, France, studied by the University of Grenoble Alps (UGA)

1 Knowledge on the dynamic behaviour of a theoretical building representative of typical
Swiss residential structures |, studied by IBK -ETH.

The concept of the Dynamic Exposure Model developed by Schorlemmer et al. ( 2020, 2023) within
RISE Task 2.7 (Deliverable D2.13) s used for this proof of concept as well . Inthis model,  building
exposure is defined in terms of a series of individual buildings whose footprints are retrieved from
OpenStreetMap (OSM) and quadtree -formulated tiles of zoom level 18 ( around 100 -m side in
central -southern Europe) that group buildings expected to exist in the tile but not yet represented

in OSM . The model itself is not used, as this proof of concept is based on a fictitious building

portfoli o, due to the fact that we are working with acombination of Italian building types , existing
buildings in Montenegro and France, and a theoretical Swiss building, all of which we assume to

be located in the same site . These last three buildings are represented with their individual foot-

prints, and nine tiles with aggregate numbers of buildings of different Italian building types are
used as the remaining exposure in this work. The three individual buildings are instrum ented and
monitored and allow  us to incorporate the SHM component to the proof of concept.

Given the recent trend in the OEF community to transition from generating seis micity forecasts in
terms of earthquake rates to outputting large numbers of stochasti c realisations of seismicity (i.e.,
full catalogues of  possible earthquakes) , the Real -Time Loss Tools depart from the closed -form
rate -based analytical formulation of MANTIS -K (lervolino et al., 2015) and MANTIS v2.0 (Chioc-
carelli etal., 2022) (see section 1.3) and instead carry out operational earthquake loss forecasts

in an event -based manner, by means of a stochastic generation of ruptu res for the earthquakes

in the input seismicity forecast , similarly to what was done by Papadopoulos et al. (2020) in the

context of probabilistic seismic risk assessment.

This proof of concept represents what would have been calcul ated
2016 -2017 Central Italy earthquake sequences if a RLA and event -based OELF system (referred
to simply as OELF in the remainder of this document) of this kind had been implemented and
operational at the time . For b oth the RLA and OELF calculations we focus on earthquakes with
moment magnitude Mw 5.0 and above, for lower computational demand and ease of visualisation

of the results ; it is nevertheless clear that earthquakes of smaller magnitudes are capable of
causing damage as wel | (see, for example, Nievas et al., 2020) . As these sequences did not  actu-
ally affect the three  monitored buildings , non -linear time -history analyses (NLTHAs) have been
used to simulate whatthe  ir SHM sensors would have recorded (provided they were all fully func-

tioning at the time of the earthquakes) . The need , therefore, for accelerograms to run these
NLTHAs motivated us to select study sites where seismological stations had effectively recorded

the two earthquake sequences . Thi s |l ed to the identification of

and Central Italy  sequences , respectively , and we thus modelled seven cases in which the same

exposure model (composed by the nine tiles and three buildings) was moved aroun d to the seven
different locations.  Figure 1 shows the location of these sites. The two sequences were chosen to
represent a case in which most of the damage occurred in the first | arge

case in which damage increased gradually or with different shocks in the sequence, also depending
on the location (Central Italy). Onlyone case of L GwoqcasesoBCerdral Haly are finally
prese nted in detail in this report.
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L'Aquila

8  10km
- e ..
Figure 1 Seismological stations (triangles) and sites selected from the 2009 LO6Aquil a
2017 Central ltaly (right) earthquake sequences. The seven sites are | abelbymak- A" Seq.
ing the station name with a rectangle. Rupture planes from the Italian Accelerometric Archive
(ITACA ; Russo et al., 2022 ) for the larger -magnitude shocks are shown in light orange . Background:
OpenStreetMap.
The report starts by explaining the functioning of the processing algorithm (the Real -Time Loss

Tools that were developed) in Chapter 2. Chapter 3 describes each of the components of the
model and workflow , focusing not only in the specifics of this proof of concept but also on the
general ¢ oncepts behind them . Chapter 4 describes in detail the input files needed for the Real -

Time Loss Tools, with the purpose of facilitating future applications and use of the software. Chap-
ter 5 walks step -by-step through the running of the proof of concept, demonstrating how the
different components fit together . The report finishes with Chapter 6, in which we discuss our

observations along this process.

The Real-Time Loss Tools © developed as part of RISE Task 6.1 carry out a series of state  -dependent
calculations for RLA and OELF incorporating inputs from SHM and updating the number of occupants

in the buildings as a function of the history of damage and injury . In a nutshell, t hey do so by
recursively calling Ope nQuake 7 (Pagani etal., 2014 ;Silvaetal.,, 2014 ) while updatingitsinputfiles
and keepingtrack atevery pointintime of the damage states of buildings and the number of people
unable to return to the buildings they usually occupy . The tools output numbers of buildings in
different damage states and/or probabilities of a building to reach a given damage state, economic
losses, injuries and deaths, all this after any earthquake in the sequence and after each seismicity
forecast. Whil e they illustrate how different components feed into each other and fit together, they

are not an operational deployment but a research tool made openly available to the community.

In order to run the Real  -Time Loss Tools, the user needs to specify a sequ ence of as many RLA and
OELF calculations as they desire by means of an input CSV file (see section 4.9) that points at
specific input files  with earthquake catalogues and/or parameters . This is schematically shown in
Figure 2 by means of the first two decision rhombuses: the programme runs until there are no more

catalogue files to process, and follows an RLA or OELF workflow according to what is indicated in
the triggering CSV file. This means that calculations for a whole earthquake sequence can currently

7 The Real - Time Loss Tools have been developed based on v3.15 of the OpenQuake engine.
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only be done a posteriori

scale operational
gering calculations

system, however,
according to some pre

(i.e., a fterthe whole earthquake sequence has occurred) or can be man-
ually triggered at will (e.g., after each large earthquake) by the user whenever desired.

there would be a component of the software in charge of tri
-defined criterion

Ina full-
g-
instead of the CSV file used by the Real -

Time Loss Tools . For example, operational earthquake forecast (OEF) calculations are triggered in

Italy at least once a day and whenever an
occurs (Marzocchi et al., 2014)

earthquake with local magnitude M

. of 3.5 and above

Real-Time Loss Tools

Has all
triggering been
processed?

carry out
Rapid Loss Assessment

Fig.3

(go to next trigger)

Figure 2 General overview of the processing algorithm of the Real

The RLA and OELF paths share many common steps,
can be thought of
mental difference between the two is that the RLA

model, i.e. the model that is intended to represent what has happened in the real world

event has occurred
occur (please notethat  theuseof fir eal 0
Another relevant difference is that SHM

RILA or OELF?

as running a very large number of RLA calculations one after the other.

, while the OELF routine does not becau
her e
-based damage estimates only feed into RLA calculations but

(keep on running until all
triggers are processed)

(each trigger can
correspond to a
RLA or OELF)

carry out
Operational Earthquake
Loss Forecast

(go to next trigger)

-Time Loss Tools.

given that, conceptually, an OELF calculation

A funda-

routine updates the current
after the
se it is a forecast that may or m ay not

does n o orassasgedbyanérmibesre r)v e d 0

not OELF ones , simply because the RLA earthquakes have occurred and could be recorded by the

corresponding sensors in the monitored buildings while the OELF earthquakes have no

is thus no sensor data to input into the algorithm

As shown in  Figure 3, the RLA calculation starts

t, and there

by calculating the local time of occurrence of the

earthquake (which is originally input in UTC

, Which is the time standard

used by earthquake net-

works and ShakeMap systems, and then converted to the local time
of occupants in the buildings based on the time of the day and
caused occupants to be injured and/or displa
of coefficients that are wused
associated with  a building irrespective of the time of the day
state of the building . These coefficients are provided as input i
and transitti mes (see section 3.4.3).
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Rapid Loss Assessment

time of day

| build rupture XML

update exposed occupants (based on
time of day and people displaced)

v

| update exposure XML, job.ini |

V

| run OpenQuake |

OPENQUAKE

retrieve and store:
* OQ damage
* SHM damage

v

update and store “real” current
building exposure (damage)

v

calculate economic losses, displaced
people, severe injuries and deaths

back to

Figure 3 Overview of the processing algorithm of the Real -Time Loss Tools for Rapid Loss Assessment
(RLA) .

Once the number of occupants is defined, a series of updates to input files for OpenQuake is carried

out, including the building of the rupture associate d with the earthquake, and a scenario damage
calculation is run with OpenQuake using state -dependent fragility models that take into account the
current damage state of the building just before the new earthquake hits . Damage results interms
of probabilities and/or number of buildings in different damage states are retrieved from this Open-
Quake calculation. If SHM  -based damage results  (see chapter 3.6) are available for some buildings ,
these override those obtained from OpenQuake for those buildings. OpenQuake calculations are
carried out for all buildings irrespective of whether they are instrumented or not because it is pos-
sible that sensors  do not work properly at the time an earthquake occurs, or the quality of the

recording is too poor to allow processing with the purpose of estimating damage . In a full -scale
implementation there would be a part of the software in charge of retrieving these SHM-based
results and/o r placing them where the Real  -Time Loss Tools can find them . In this proof of concept
the SHM-based results are passed on as a CSV file.

Damage results stemming from post -earthquake inspections (either rapid green -yellow -red tagging
or thorough inspections) could be incorporated into the workflow in the same way as in the case of

SHM-based results . The code could be designed either in terms of a hierarchy of preference (e.g.

inspection results preferred over S HM-based results, which are in turn preferred over classic rapid

loss assessment results that use ground motion -based fragility models) , or to carry out weighted
averages of different sources of damage information as per user -defined weights.  The currentv er-
sion of the Real -Time Loss Tools does not have this option, but the user can input inspection -based
damage results as if they were SHM results if desired. Future versions of the software could take a

step further and use the inspection -based or SHM -based probabilities of damage to constrain the
estimates of damage of unmonitored or uninspected buildings, as suggested by Bodenmann et al.

(2021).

The resulting probabilities of each asset in the exposure model being classifi ed under a certain
damage state are used to update the exposure model in terms of damage d buildings , and redistrib-
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ute the replacement costs and theoretical census occupants (i.e. irrespective of previous earth-

guakes or time of the day) . This is represented in the second -to-lastbox ofthe RLAroutinein Figure
3. Finally, the economic losses are calculated based on the current probabilities of each damage

state for each asset in the exposure model in combination with an economic consequence model

Being based on cumulative damage states, these economic losses are also cumulative. The injuries
and deaths are also calculated based on the current probabilities of each damage state for each

asset in the exposure model in combination with a human consequen ce model , and the timelines
for people to be allowed and able to return back to their buildings is also calculated and stored. The

algorithm then moves on to processing the next trigger.

The OELF calculation starts by looking at a seismicity forecast and building ruptures associated with
the earthquakes in the forecast (see section 3.2), as shownin Figure 4. The seismicity forecast is
composed of a large number of stoch astic realisations of seismicity that we name stochastic event

sets (SES), following the nomenclature used by OpenQuake . In a full -scale implementation there
would be a part of the software in charge of triggering the generation of a seismicity forecast an d/or
retr ieving its resulting catalogues, but in this proof of concept the latter are passed on as CSV files.

Operational Earthquake Loss Forecasting

build & store stochastic rupture
XMLs for all earthquakes in forecast

/\ ves

All SESs processed?
\V/ l back
no
average damage to
w | initialise OELF exposure | & consequences
]
2 due to all SES
Y]
ﬁ All EQs processed?
]
8 retrieve and
0 store damage _
E‘ due to SES g
T
‘]/ | update exposed occupants | §~
calculate ﬁ
|| i N
economic losses |upd.ate exposure XML, job.ini | :,'}
¥ 4
b
| run OpenQuake | OQ a
\l’ OPENQUAKE
3
| retrieve and store 0Q damage | o
J’ &)
S~—
| calculate displaced, injuries, deaths |
|update and store OELF current exposure (damage) |—
Figure 4 Overview of the processing algorithm of the Real -Time Loss Tools for Operational Earth-

guake Loss Forecasting (OELF).

The seismicity forecastis initially filtered according to a minimum magnitude and maximum distance

to the exposed assets defined in the ¢ onfiguration , so as to not build ruptures that will not be used.
Earthquakes identified as having too small magnitudes or occurring too far away are still taken into

account for the calculation, assuming they cause no damage. Ideally the criteria used to a ssume
that earthquakes do not cause damage (and thus do not need full damage calculations to be run)

should be based on engineering parameters of greater relevance to seismic risk than earthquake

magnitude itself  (e.g., Bommer and Crowley, 2017  ); however, the number of earthquakes to be run

in an OELF calculation can be very large and we preferred to provide this option in the Real -Time
Loss Tools albeit in an oversimplified way. The creation of  fully operational RLA and OELF system s
requires that efficient and accurate ways of defining a useful criterion be investigated
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The OELF calculation loops through each stochastic event set (SES) and, within each  SES, through
each earthquake , as shownin Figure 4. The exposure model is initialised at the beginning of each
SES by being retrieved from the current fireal 0 exposure, that is, the exposure model that represents

the damage probability  status of buildings in the real world and is updated by the RLA calculations
when earthquakes actually happen. Within a SES , damage builds up and the OELF exposure model
associat ed with this SES isupdated , analogously to what happens in a RLA calculation . In this sense,
the calculation of the local time of the day, updating of the occupants in the building and running
the scenario damage with OpenQuake is the same as for RLA, wit h the difference that no results
from SHM are considered .

While the OELF economic losses can be calculated at theend of each SES based on the final damage
status of the assets  (for that SES) , the human casualties and their associated timelines for people

to be allowed/able to return need to be calculated for each earthquake . As it is likely that people
may not be allowed to return within the time horizon for which an OELF calculation is carried out
(e.g. , aday or aweek since the last significant real earthquake ), aflag is implemented in the Real -
Time Loss Tools that allows for the updating of occupants to be bypassed when running an OELF as

a function of the  input number of days needed for inspection/repair/heal th recovery and the time
since the last real earthquake. Damage states, economic losses and human casualties are averaged
out for all stochastic event sets and the resulting expected values are output as the results of the

OELF calculation.

The final output of each RLA  and OELF calculation is generated by building ID. A building ID can

refer to an individual building (e.g., one of the three monitored buildings in this proof of concept) or

an aggregation of buildings (e.g., one of the tiles in this proo f of concept) (see section 3.4.2). For
each RLA calculation, the outputs are:

91 probability of an individual building resulting in each damage grade of the (user -defined)
scale (if the building ID refers to an individual building with one building class ) or number of
buildings resulting in each damage grade (if the building ID refers to an aggregation of

buildings of different classes  );

1 expected economic los ses for each building ID, in terms of both absolute values and loss
ratios (with respect to their total replacement cost), calculated combining the probabilities
of all damage states with their corresponding expected loss ratio (as per the input economic
consequence model) ;

1 expected human casualties for each building ID, classified by (user -defined) levels of sever-
ity, in terms of both absolute values and loss ratios (with respect to the total number of
census occupants), calculated combining the probabili ties of all damage states with their

corresponding expected loss ratio (as per the input human consequence model)

The outputs for each OELF calculation are the same as for a RLA , averaging out the results for
individual stochastic event sets . Future implementations could expand th ese outputs to include
measures of the uncertainty in the results ; these might be particularly relevant in the case of OELF
outputs .

When a series of triggers are run within the same call of the Real -Time Loss Tools (i.e. using a
triggering CSV file indicating to run RLA and/or OELF for each input catalogue) , the user has the
option to generate summary outputs that group the results from all RLA and all OELF calculations .

The strategy to calculate cumulative damage and losses due to a series of earthquakes associated

with different stochastic event sets implemented in the Real -Time Loss Tools is slightly different
from that used by Papadopoulos and Bazzurro (2020) , who , for each building , sampled a damage
state for ea ch earthquake and, if larger than the previously obtained damage state, sampled a n
economic loss ratio (considering uncertainty in the consequence model) , which was kept if larger
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than the previously obtained loss ratio (due to the previous earthquakes) or otherwise discarded .
In our implementation we keep the probabilities of each damage state all throughout the earthquake

sequ ence and calculate the expected economic (and human) loss ratio due to the final probabilities
obtained at the end.

Finally, it is worth pointing out that the algorithm outlined above is not the only way that damage

estimations from SHM techniques canbeincorporated intolossassessments . Inthissenseit isworth

mentioning the work of Trevlopoulos et al. (2020), who demonstrated the derivation of state -de-

pendent fragility models in terms of period elongation (a feature related to  inelastic deformation

that is easily retrievable from sensor data ) that can be used with ground motion data as input to

estimate the probability of the buildingbs period result
associated with a damage state (i.e. the ranges of period elongation act effectively as the damage

scale) . The use of such fragility curves and a Markov chain process allows for state vectors to be

updated at any time in the sequence with real measurements of the period elongation of the build-

ing. This is slightly different from the approach followed in this pr oof of concept, as SHM data is
herein incorporated by initially deriving building( - class) - specific fragility models in which SHM -based
damage -sensitive features  are the independent variable and the damage scale is the same as that

used in fragility models based on ground motion intensity . In other words, the present approach
results in probabilities of damage grades as a function of a recorded SHM -based parameter , while
the approach of Trevlopoulos et al. (2020) results in probabilities of ranges of period elongation as
a function of ground motion intensities , which must then be associated with damage states sepa-

rately. The advantage of the method of Trevlopoulos et al. (2020) is that it can be implemented

within an OELF (because the indepen dent variable is ground motions and the dependent variable is

the probability of period elongations of a certain magnitude) , while our implementation can only
update damage states during a RLA calculation, thus only affecting the initial state of the OELF
calculation and not the calculation in itself. At the same time, the advantage of running an OELF
calculation with a workflow of the kind (i) ground motions to probability of period elongation plus

(i) period elongation to probability of damage , over the use of traditional fragility models that move
directly from ground motions to probability of damage should be investigated.

2.1 Keeping track of damage states

In order to be able to use state -dependent fragility models and calculate cumulative damage, the

Real-Time Loss Tools keep track of the damage state of buildings by updating the exposure model

after each new earthquake is run . As only expected values of damage and loss are output, the

original number of buildings in a tile associated with a certain number of building classes is distrib-

uted across damage states after being affected by an earthquake, as shown in the example in Figure

5.Inthe case of individual buildings (i.e. non -aggregated individual entities),
ber so of hbreéffectivelyntige probabilities of each damage grade . The damage state of the

building (or aggregate of buildings) is stored in the exposure CSV fil e as part of the string that

contains the building class, which can be found in the column labelled as taxonomy . Following the

simplified building classes of Figure 5, t he strings ACLASS_A/ DS006, ACLASS_A/
be the onesinthe taxonomy column (see section 4.4).These same strings would then be sought in

the exposure -vulnerability mapping CSV file used by OpenQuake and/or the fragility model directly,

to identify the set of fragility curves for a b uilding of ACLASS_AO given that th
already in DSO, DS1, etc. (see section 4.5).

Assuming an initial undamaged condition (though this is not a requirement), each original building

class in the initial exposure model splits into as many damage states as present in the fragility

models, if the ground motion intensity results in all damag e states being produced (i.e. zeroes are

not stored in the exposure model) .I'n OpenQuake terms, this Asplittingo
new assets, each of which occupies a row of the exposure CSV file. We thus define the use of the

t e r rfouilding_id 0 to refer either to an individual building or a geographic aggregation of buildings

(e.g., A TIFigUEe 3)0, itnh e otighal mssefiid 6 to refer to a specific bt
specific building_id (i . e. | Ds associated with each ACLASSFigaré and i
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5), and the term

flasset _id o

to refer

t o

t he

word, which implies one specific row of the exposure model and in our case refers to a specific

combination of building_id , original_asset_id

When the updated ex

posure model is subject to a second earthquake

and damage state.

, all assets that resulted in DS4

due to the first earthquake can only remain in DS4, while all assets that resulted in DS3 due to the
first earthquake can either remain in DS3 or get further damaged into DS4,
check of the cumulative damage calculation is that the number of buildings in DS4 can only increase
(or remain the same) and the number of buildings in DSO can only decrease (or remain the same)

s stays the same

while the total number of building

and soon.

At each step of the update, the replacement cost and number of occupants (both theoretical census
occupants and occupants for that specific earthquake at the corresponding time of the day and

accounting for previous injuries and deaths) are distributed pro

portionally to the splitting in terms

of numbers of buildings. In other words, replacement costs and numbers of occupants are assigned
by multiplying the original undamaged values by the probability of occurrence of each damage state.
of Figure 5, the total replacement cost and census occupants of

Following the example
ACLASS_A/ DSO0O0

(which is an option in OpenQuake itself but has not been propag

n the ini

ti

al

undamaged
prop ortionally across 0.851, 1.296, ... and 5.184 buildings. In this sense, the Real

stat e,

ated to the Real

whi

A basic sanity

I D indhk OpenQpake senisecofithea r

ch

-Time Loss Tools
assume that costs and occupants are given for each asset and not in terms of a unit of building

-Time Loss Tools).

Once the replacement costs have been distributed as described, the economic consequence model
is used to calculate losses. The calculation of injuries and deaths requires some additional consider-
d in the following section.

ations, which are describe

INITIAL UNDAMAGED
EXPOSURE MODEL

CLASS_A/DSO (8.6)

TILE_1 (12.8)

CLASS_B/DSO0 (4.2)

CLASS_A/DSO (0.851)

CLASS_A/DS1 (1.296) §
CLASS_A/DS2 (0.784) §

CLASS_A/DS3 (0.484) <

DAMAGE & EXPOSURE MODEL DAMAGE

AFTER 1st EARTHQUAKE AFTER 2" EARTHQUAKE

CLASS_A/DSO (0.374) ——>

CLASS_A/DS1 (0.189)
CLASS_A/DS2 (0.074)
CLASS_A/DS3 (0.036)
CLASS_A/DS4 (0.178)
CLASS_A/DS1 (0.696)
CLASS_A/DS2 (0.216)
CLASS_A/DS3 (0.087)
CLASS_A/DS4 (0.297)
CLASS_A/DS2 (0.150)
CLASS_A/DS3 (0.209)
CLASS_A/DS4 (0.426)
CLASS_A/DS3 (0.050)
CLASS_A/DS4 (0.434)

CLASS_A/DS4 (5.184) —> CLASS_A/DS4 (5.184)

CLASS_B/DS0 (0.187)

CLASS_B/DS1 (0.473) §
CLASS_B/DS2 (0.408) %

CLASS_B/DS3 (0.377) <:

CLASS_B/DS0 (0.057)
CLASS_B/DS1 (0.044)
CLASS_B/DS2 (0.022)
CLASS_B/DS3 (0.015)
CLASS_B/DS4 (0.049)
CLASS_B/DS1 (0.122)
CLASS_B/DS2 (0.144)
CLASS_B/DS3 (0.055)
CLASS_B/DS4 (0.152)
CLASS_B/DS2 (0.060)
CLASS_B/DS3 (0.097)
CLASS_B/DS4 (0.252)
CLASS_B/DS3 (0.047)
CLASS_B/DS4 (0.330)

CLASS_B/DS4 (2.754) —> CLASS_B/DS4 (2.754)

EXPOSURE MODEL
AFTER 2" EARTHQUAKE

CLASS_A/DSO (0.374)

CLASS_A/DS1 (0.885)

CLASS_A/DS2 (0.440)

CLASS_A/DS3 (0.382)
CLASS_A/DS4 (6.519)

CLASS_B/DSO0 (0.057)

CLASS_B/DS1 (0.167)

CLASS_B/DS2 (0.226)

CLASS_B/DS3 (0.214)

CLASS_B/DS4 (3.536)

Figure 5 Example of the update of damage states in the exposure model for one tile with buildings of
two different classes. Numbers in parenthes

While in the short

-term (a nd perhaps even the middle
age state of buildings only evolves towards worse conditions,

es are numbers of buildings.

-term) it can only be expected that the dam-

looking into the repairing or replacing of buildings in the longer timeframe of

covery . The Real-Time Loss Tools currently focus on the short
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should allow for the possibility that buildings get repaired and that new buildings get erected to

replace fully damaged ones . This is one of the points in which the Real -Time Loss Tools and the
present deliverable cross paths with the OpenQuake Recovery and Rebuilding Effort (OQ -REE) plug -
in developed as part of RISE Task 4.3 (Deliverable 4.4; Reuland et al., 2022a) . T he possibility of
brin ging the two together into an integrated state -dependent model that includes recovery (e.g.,
lervolino and Giorgio, 2015, 2022 ) could be explored in the futur e.

2.2 Updating the number of occupants

The effect of previous earthquakes on the number of people abl e to occupy buildings is incorporated

into the calculation in a novel way that, t o t he aut horhasdnotkbeen vptevdodsty enple-
mented. When a RLA is carried out, the number of people injured to different degrees of severity is

calculated (bottom box of the RLA routine in Figure 3, second -to-last box of the OELF routine in
Figure 4). This step occurs after the exposure model has been updated with the new dam age states
and the number of occupants has been distributed proportionally as well (as explained in the previ-

ous section).

Whether these injured people can return or not to the buildings they normally occupy depends on

several factors, of which the Real -Time Loss Tools focus on  two main ones : firstly, whether the
building can be occupied in itself, depending on its damage status and whether it has been evacu-

ated or not for inspection, and, secondly, whether the health of the people is such that they can

leave hospital (and are not deceased). These two factors are represented in the Real -Time Loss
Tools as expected numbers of days needed for inspection and repair (as a function of the damage
state of the building ), and numbers of days that people are expected to spend in hospital ( as a
function of the severity of their injuries ). These numbers of days are counted with respect to the
pointin time  at which the earthquake occurs.

When a RLA (or damage assessment due to one earthquake within an OELF) is carried out, two
timeline s of future occupancy are calculated based onth ese numbers of days. One of the timelines
represents the number of people dAstildl awayo from the
oftime. Inthe Real -Time Loss Tools, 0 ne timeline is calculated per earthquake and per original_as-
set_id , and is stored as an individual CSV file. As schematically shown in Figure 6, the total number
of people still unable to return to their buildings at an y point in time (e.g. the occurrence of a third
earthquake in the example figure) are retrieved from all timelines of all past earthquakes.
NUMBER OF
PEOPLE STILL
IN HOSPITAL
EQ #2
occuns\ —Eq 1
EQ #1 —EQ_2
occuns\ \l_'
0 20 40 60 100
DAYS SINCE EARTHQUAKE #1
(STORED IN UTC)
Read number of people still away
at time of earthquake #3
Figure 6 Schematic timeline of number of people still away due to injuries/death caused by two
earthquakes

The second timeline  calculated by the Real -Time Loss Tools represents a step function indicating the
moment in time in which people are allowed to return to the ir building s, and it is calculated per
earthquake and per damage state , as schematically depicted in Figure 7, and is stored as a CSV file
as well . The step function takes a value of zero when people are not allowed back in and a value o f
1 when they are allowed. This factor is named fAoccupa-mimeLoss @ools. or O
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FACTOR = 1 %
DUE TO
EARTHQUAKE #1 —e&— D50
—8—DS1
EQ #1 o
OCCURS ps3
«o@es DS4
[ ot o] B T o S S S ——— -—
0 50 1100 150 200 250 300 350 400 450 500
FACTOR =1
DUE TO
EARTHQUAKE #2
EQ #2
occuns\
FACTOR =0 S S — P
0 50 100 150 200 250 300 350 400 450 500
DAYS SINCE EARTHQUAKE #1
(STORED IN UTC)
1
Read factors at time of earthquake #3
Figure 7 Schematic timeline of binary occupancy factors indicating whether people are allowed (1) or
not (0) back to the buildings which they usually occupy, due to damage caused by two earthquakes.
When a new earthquake calculation is carried out, previous timel ines due to all previous earthquakes
are sought. The date and time i n whi c Hirsttuseeto ietdeverthreent 0 ear
step functions showing if people are allowed back to the buildings. If all factors are zero (nobody us
allowed back in to any building) , the calculation ends there because there is no need to know how
many people are still unable to return due to their own health. If at least one of the factors is
differentfrom  zero, the number of  peoplestillaway ( Figure 6) isretrieved foreach  original_asset_id
and the number of occupants on the date and time of the current earthquake is calculated (also per
original_asset_id ) as:
E QOO NG REWOH® O J0 20QEii 6 i 0 QddHw
(4)
where Fimeofday IS the factor associated with the day, night or trans it times of the day, Foccupaney IS the
0-1 binary factor that depends on the current damage state of the building (e.g. Figure 7), censu-
Saiiginal IS the number of census occupants, and stillaway is the number of people whose health status
does not allow them to return to the building ( Figure 6).
The updating of the number of occupants by the Real -Time Loss Tools is a simplified version of what

could, in the future,  be a more rigorous calculation. Ideally we would like to keep track of all the

paths of damage that each original_asset_id can follo w. Looking at Figure 5, each of the damage
states | isted unde"te drdtammpussaksecthtedavith a @umber of injuries of different
severities and a respective probability of occurrence (the probabili ty of the original_asset id being
in that damage state). Each of those damage situations would lead to their own future timeline of

possible damage and further injuries, always spreading the tree further with branches of damage

states equal to or worse tha n the previous one . However, expanding the branching at every earth-

guake quickly leads to a significant increase in computational demand, as the number of asset_id
associated with the same original_asset_id keep s on increasing. It is for this reason that t he last
column of Figure 5 groups together all current damage states (e.g., DS1) irrespective of the path it

took the building to get to those damage states (e.g., DS 0 after the first earthquake but DS1 after

the second one, vs  DS1 after both the first and second earthquakes) . Itis also for this reason that

the updating of occupants is carried out at the level of the original_asset_id , calculating a total
expected number of injured people still away due to all possible damage states, and arriving at a
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current expected number of occupants, which is distributed across different damage states in pro-

portion to the probabilities of the damage states themselves. It is thinking in the direction of this
more rigorous calculation that the occupancy factors are stored for each earthquake ( Figure 7),even
though in the current calculations it is the last damage state that is defining the calculation . Further

efforts could focus  on evaluating the feasibility of keeping track of the damage paths.

The more we move into the future, the more other factors might begin to affect these timelines, as
people can move away, severely damaged buildings can be re - built with the capacity to host differ-
ent numbers of people, etc. In other words, the more we move into the future the more we start
thinking in terms of post ~ -earthqu ake recovery modelling in all of its dimensions , @ matter that has
been investigated in more detail as part of RISE Task 4.3 ( Deliverable 4.4; Reuland et al., 2022a)
(see section 3.9.1).

3.1 Seismicity ~ forecast
3.11 A new generation of Operational Earthquake Forecasting models

The field of earthquake forecasting is continuously evolving as new methods and innovative tech-

nigues are developed or  adopted from other areas of expertise. Several institutions have worked

within RISE Task 3.3 to produce a new generation of earthquake forecasting models, resulting in

a large set of models having different degrees of innovation. In particular, the models and achieve-
ments of the task  can be grouped in different classes that are summarised as follows (see also
RISE Deliverable 3.3, Marzocchi et al., 2022):

b The tweaking of the existing best performing OEF models, which correspond to different
flavours of the  Epidemic -type aftershock sequence (ETAS) model.

b  The development of a more refined clustering ETAS model that includes the innovative
description of a time memory that is not included in classical ETAS models.

b A flavour of simplified/basic versions of cl ustering models that are still able to capture the
essence of the earthquake clustering, while being , at the same time, easy and flexible
enough to be used in regions where the earthquake catalogues make difficult to set up
more compl ex models (e.g., regions that do not have good and long instrumental cata-
logues, or wide and inhomogeneous regions like Europe ). Not less important, this kind of
model may also represent a good reference model to be applied in any experiment carried
out by CSEP, in order to have a homogeneous reference from which the information gain
of each model can be measured.

b Innovative time -independent and time -dependent models that are based on the Bayesian
INLABRU philosoph y; in other words, non -parametric Bayesian data  -driven earthquake
spatial and temporal models.

b Aninnovative model that takes into account one of the most important problems in deliv-
ering reliable earthquake forecasts: the time variability of the completeness magnitude.
In fact, it is well known that afte r a large earthquake ( which is the time when the model
should be more useful), the magnitude of completeness markedly increases . I f not
properly addressed, this issue may result in a severe underestimation of the forecasting
model, in particular after a ma jor event.

b  An innovative testable time -dependent model entirely based on continuum mechanics,
which accounts for the physics of the rate and state and the coulomb failure function. The
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novelty of this model is that it accounts for the slip distribution on the source fault to
describe the nearby stress heterogeneities that were one of the main reasons for the poor
forecasting performances of this kind of model in the past.

A noteworthy feature of this new generation of earthquake forecasting models is that their outputs
are a large number of stochastic realisations of seismicity (i.e., synthetic catalogues), instead of

earthquake rates, which had been customary in the past. This overcomes the need to make as-

sumptions on the statistical distributions associa ted with earthquake occurrence and the spatial
correlation of rates in neighbouring cells in order to be able to calculate probabilities, which are

now calculated numerically instead.

3.1.2 Specific details for the present application in Italy

For this proof of concept, the ETAS.inlabru method & developed by the University of Edinburgh
within the RISE project has been used to produce the short -term seismicity forecasts . ETAS.in-
labru is a Bayesian method for fitting temporal, spatial and spatial temporal ETAS model to seis-

micity data where the spatial model can include a wide range of marked point, marked polygon

and raster covariates and a latent field within a linear predictor. Gene rally, it is more efficient than
MCMC methods as it approximates the posterior distribution of a transformation of the parameters

to be Gaussian with a mean and standard deviation that can be deterministically calculated using

the Integrated Nested Laplace Approximation (INLA). This ensures complete reproducibility of the

results. The posteriors returned by inlabru include the full covariance structure and samples of

ETAS parameters are drawn from the joint posterior distribution of the parameters. Forecast s are
generated by drawing 10,000 samples from the joint posteriors and then each parameters set is

used to generate a synthetic catalogue. Therefore, a forecast for a pre -determined period of time

is summari sed by a collection of 10,000 synthetic catalogu es for that period. The ability to sample
from the joint distribution of the parameters ensures that the epistemic uncertainty around the

parameters value are accounted for in the forecasts. The model used to generate the forecasts is

a classic spatio -temp oral ETAS model with spatially varying background rate and isotropic spatial

kernel. The background rate is assumed to be the product between a productivity parameter and

a function of the spatial location such that the integral of the background rate over the spatial
domain is equal to the productivity parameter. The logarithm of the spatial variation of the back-

ground rate is assumed to be a Gaussian process with Matern covariance function and is estimated
independently from the ETAS parameters. The magni tude distribution is independent from space

and time and is assumed to follow a tapered Gutenberg -Richterlaw withb -valueof1l anda corner
magnitude equal to 7.0 . The posterior distribution of all parameters is estimated retrospectively

using data from 2 009 -01-01 00:00:00 to 2010  -01-01 00:00:00 and from 2016 -01-01 00:00:00

to 2018 -01-01 00:00:00 for the 2009 Aquila and 2016 Amatrice sequences respectively. The Ho-
mogenized Instrumental Seismic Catalog (HORUS) of Italy (Lolli et al., 2020) has been used for
this application.  For more details of the technical implementation see Serafini et al . (2023), Naylor

etal . (2023 ), and Bayliss etal . (2020, 2022).

The ETAS.inlabru method is not implemented as part of the Real -Time Loss Tools . The seismicity
forecasts are produced independently of the latter and passed on as input in the form of text or

CSV files (see section 4.1). In this sense, the Real -Time Loss Tools can take input from any OEF
model.

In order to generate the forecasts for this proof of concept, a polygon encompassing around 200

km in all directions from the areas affecte d by the 2009 L 6A200L7iCerdralltalyd was0 1 6
defined, as s hownin Figure 8, which also depicts the epicentres of all stochastic event sets in the

forecasts . As can be observed, there are clusters of seismicity not only around the areas of interest

in this work
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Figure 9 and Figure 10 show the distribution of magnitudes for each individual forecast (exported

Mw 3.99+) . As can be observed , using a corner magnitude of 7.0 in a tapered Gutenberg -Richter
law leads to a few ear  thquakes with Mw larger than 7.0 being generated , the largest of all having

a magnitude of 8.5. While these values are not fully compatible with what is usually observed in
extensional settings of this kind ( Neely and Stein, 2021 ), we did not remove the st  ochastic event
sets that contained them as it was observed that the mean loss values obtained were not extreme

despite their contributions . However, the handling of magnitudes larger than could be expected
from the tectonic environment inthe contextofafull  -scale operational earthquake loss forecasting
system requires further consideration

For details on the times at which the forecasts were generated, please refer to section 5.1.

0 25 50 75 100km
N )

0 25 50 75 100km
. )

Figure 8 Earthquakes from all daily forecasts (of 10,000 realisations each) generated for the 2009
(1 ef t-2017aCemiral Baly Sefjuences (right) (exporting threshold: Mw 3.99). Yellow
5 and above.

L6Aquil a

starts indicate real earthquakes of the two sequences with Mw 5.
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Figure 9 Number of earthquakes per magnitude bin for each of the daily forecasts (of 10,000 realisa-
tions each) generated for the 2(6xpodtinglthtedhgld: Miva99s equence
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Figure 10 Number of earthquakes per magnitude bin for each of the daily forecasts (of 10,000 reali-
sations each) generated for the 2016 -2017 Central Italy sequence (exporting threshold: Mw 3.99)
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3.2 Generation of earthquake  ruptures

The connection between a seismicity forecast and the corresponding estimate of damage is via

the characterisation of ground motion at the locations of the building exposure (or nearby sites

where site conditions are known/defined) . Empirical ground motion models (GMMs) are used fo r

this purpose, as they describe the resulting probability distribution of ground motions given an
earthquakeb6és source properties, its distance from the si
site in question. While seismicity forecasts that take the form of synthetic catalogues typically

provide , for each simulated earthquake , an estimate of its epicentre, time and magnitude, modern

GMMs require a more detailed description of the rupture. Their scaling of source -to - site distance

with earthquake s ize and distance usually assume that the source is represented by a three -
dimensional finite rupture, whose area increases exponentially with magnitude.

In the databases of strong motions from which the GMMs are calibrated, 3D finite rupture models

for | arge and/or well -recorded events are taken from detailed seismological source inversions, the

results of which are often published in the scientific literature or made available in compilations of

finite -fault rupture models, e.g., SRCMOD (Mai & Thingbaija m, 2014). For a pplication of GMMs,

however, we need to characterise the finite -fault properties of ruptures that have not yet occurred

or, in the case of RLA, of ruptures that have occurred but for which the seismological source

inversions have not yet bee  n undertaken and no rupture model is yet available. Different ap-

proaches can be found in the literature to account for rupture finiteness in ground motion predic-

tion in the absence of a known rupture surface. These
approaches, which use empirical formulae to convert point source distances (e.g., distance from

the site to the epicentre [ 'Y ]orfrom the site to the hypocentre [ 'Y ])tomagnitude -dependent

finite fault distances (e.g., shortest distance from the site to the rupture surface [ Y ], the surface
projection of the ruptur e8Bomwlreme ., diit.fe.n etehcd )A, J ooyrn etrhe wuse
faultso, which are synthetic 3D fault planes whdaene posi |
local tectonics. Both approaches have their advantages and disadvantages, and the choice of

approach depends on the context of the application, the choice of GMM and the tectonic infor-

mation available for the region in question. Inthe currentstudyw e need to consider how to define

finite rupture distances for two specific contexts: rapid loss assessment (RLA) and operational

earthquake loss forecasting (OELF).

3.2.1 Rupture g eneration for Rapid Loss Assessment

RLA requires prediction of ground motions at sites of interest within seconds to minutes following

an event, which may in some cases be conditioned upon observations of ground motions at re-

cording stations where available. Here the rupture orientations can have a significant influence on
the predicted losses in the near -field region of the fault, particularly where the expected rupture

length may be on the order of tens, or even hundreds, of kilometres. For well recorded events,

particularly those of larger magnitude, 3D finite rupture models derived from seismological inver-

sions will eventually be produced by seismologists. These require the seismologist to process the

waveforms needed for the inversion, to undertake the inversion itself, and to interpret t he results
in the corresponding tectonic context. In the best cases this process can yield preliminary esti-

mates of the rupture plane within a few hours of the event, but these may be refined multiple

times as new seismological data become available or a p icture of the complexity of the rupture
plane emerges. Thisis the mechanism implemented, for example, in the USGS ShakeMap system 9
whereby multiple versions are developed in the hours and days following a large event. For rapid
prediction of ground motion (i.e., seconds to minutes after the event) the definition of a simpler
planar approximation to the rupture surface is the main ob jective.
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Beginning with the assumption that for RLA following a notable earthquake the magnitude itself

will be moderate to large, an effective means of defining an expected 'Y from 'Y , magnitude
(0 ) and distributions of known rupture propertie s is proposed by Thompson & Worden (2018):
oY 'Y Y HAfchh 0 —0 00 ®0] 07 Q-Qd QT

(5)
Where —and | are the fault strike and dip, with probability distributions 0 —and 0] respectively,
wand  are the strike -normal and strike -parallel distances of the hypocentre within the rupture
plane, with probability distributions 0 @ and 0 w respectively. 0 is the fault length (km), which is
determined via a magnitude to rupture -length scaling relat ionoftheform 0 ™Q0 7 i, , where
T is the number of standard deviations above or below the median length. @ is the surface pro-
jection of the rupture width defined from ® o AT90, orientation ( —and | and hypocenter po-
sition ( wand «). E ffectively, this approach integrates over a set of source -to - site distances cor-
rected for finite rupture dimension 0 and w , and finds the expected Joyner -Boore distance given
the probabilities of each and assuming a planar fault rupture. For most of th ese variables the
probability distributions are uniformly distributed such that — 5,7 Y1 A ,
S o and @ Y 7D ,while T 7 mfp . Equation (5) can be extended to apply to expected rup-

ture distance, ‘OY sY R , by introducing an additional integral to account for the distribution
of depth to the top of rupture ( Q)

oY gy Y —Rduh fi

0 —0 @0 W01 07 0 & Q-Q®E QX
(6)
Where @& is constrained by rupture length, width and seismogenic thickness in the region of the
earthquake. Uncertainty in the prediction of ground motion arising from the distribution of dis-
tances (6 A'® Y R and 6 A® sY R ) should be propagated into the standard deviation of
the ground motion model using standard error propagation.

The equivalent distance approach has some appealing characteristics in terms of computational

efficiency and the flexibility to adopt different probability distributions or impose different limits

on the uniform distributions where tectonic information in a region may permit doing so. The
formulationsine quation s (5) and (6) represent the least informative cases in which no information

about rupture orientation is av ailable. Once a focal mechanism has been determined for the event

then the number of potential orientations is restricted to two likely candidate planes. Likewise,

the orientations of large earthquakes on (or very close to) known major fault structures cou Id be
reasonably constrained to agree with those of the fault structures themselves. Where the equiv-

alent distance approach is limited, however, is that it cannot easily be extended to consider other

metrics of source -to-site distance such as strike  -normal distance to the up -dip projection of the
rupture plane ('Y ) or strike -parallel distance to the surface projection of the rupture plane ( Y o)
distance metrics that are becoming more widely used for predicting near -fault ground motion
amplification e ffects such as hanging wall scaling and directivity. While the equivalent distances

0OY gy M and OY gY M do not refer to a specific rupture plane, one cannot necessarily
determine a physically  -consistent suite of near -fault d istance metrics. For GMMs currently applied

in Europe, such near -fault amplification factors are seldom modelled explicitly; however, this is

likely to change in the near future.

Though the integrals shown in equations (5) and (6) do not necessarily require characterisation
of virtual faults, the virtual faults approach to finite rupture distance characterisation originates
from the same framework. With virtual faults we generate a large number of fault surfaces, rep-

resenting the uncertainties in the aforementioned properties ( —h fufudi fKd ) either by sampling
thei r respective distributions or enumerating discrete approximations to the distributions (as prob-
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ability mass functions). For each virtual fault, the corresponding finite fault distances are calcu-

lated and the resulting expectation and variance determined fr om the set of faults. This is analo-
gous to the equivalent distance approach and has the same advantages that the distributions and

their ranges can be refined and reduced where information is available to do so. The additional
advantage is that by generati ng the faults directly, it is possible to retrieve a preferred rupture

plane (or subset of planes) either by i) identifying that which produces 'Y and 'Y closest to
‘OY andlor O°Y ] across range of sites of relevance, and/or ii) min imise the misfit of the ex-
pected GMM to observed data as strong motion records become available. From this preferred

rupture plane one can determine other distance metrics for near -fault scaling directly, and the
rupture itself can be input into existing ¢ alculation software such as the USGS ShakeMap (Worden
et al.,, 2020) and/or OpenQuake -engine (Pagani et al., 2014). The main limitation of the virtual

faults approach is the potential computational cost of re -computing distances for large numbers

of rupture s; however, the distance calculations can be easily parallelised, and good results can be
found by retrieving the preferred virtual fault plane using a lower resolution grid or small subset
of target sites.

One important development in the field of rapid assessment of ground shaking following an event

is the FinDer algorithm (Bdse et al. , 2012, 2018). This is an efficient approach for rapid determi-
nation of the rupture as a line source by minimising the misfit between expected and observed
PGA using binary template matching, which can yield good estimates of the rupture length and
orientation within a few seconds of the data being recorded. The line source does not necessarily

remove all the uncertainties captured in the integrals in equations (5) and (6), as dip, down -dip
hypocentre position and top -of -rupture depth remain unconstrained. It can, however, significantly
reduce the major uncertainties due to rupture strike, length, and along - str ike hypocentre position.
This can be easily integrated into both the equivalent distance and virtual fault approaches, and

the remaining unconstrained properties potentially refined further based on regional geological

and seismological information.

3.2.2 Genera ting rupturesin  synthetic catalogues for OELF

The translation of the synthetic catalogues from effective two -dimensional point sources to three
dimensional finite ruptures also requires the integration of more information to constrain the scal-

ingofthef i ni te fault di mensions with magnitude, their
and their style -of-faulting. This is common to RLA; however, the sheer number of earthquakes

needed for OELF, combined with the predominance of low magnitude events , render the full dis-

tance distribution approaches used for RLA impractical to apply at scale. Instead, rather than

using a suite of virtual faults for each event in the synthetic catalogue to characterise the full

distribution of source  -to-site distances for each location, we sample a single virtual fault per event

from distributions provided for the region in which the event occurs. As the vast majority of events

will be small -to-moder ate magnitude (M O 5), the specific
weaker influence on the ground motion as source -to-site distances are already systematically
larger due to the smaller rupture surface. Even those GMMs with specific near -fault scaling terms
will tend to taper these to zero for smaller magnitudes, minimis ing the influence further. In the
minority of cases that the synthetic catalogues may produce larger events, the uncertainty in

location has a far greater influence than that of other rupture properties. In this case it is mostly

sufficient to capture only the predominant orientation and finite dimension of the ruptures, which

should be already defined in the local distributions of — 7 and rupture rake (T ), along with the
magnitude to distance or magnitude to rupture area ( o scaling relation ( 6 Q0 R T, ) This
should ensure consistency of the properties of the simulated rupture planes with those of the local

scale tectonics.

In the proposed framework for OELF being applied in the Real -Time Loss Tools we require a zo-
nation of rupture property di stributions, which divides a region into specific zones (polygons) and

provides for each zone the following information: i) Magnitude to rupture area scaling relation, ii)

a preferred rupture aspect ratio (i.e. " 0j w), iii) earthquake hypocentre depth di stribution "QQ ,
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iv) upper and lower seismogenic depths, and v) a distribution of rupture nodal plane properties,

"Q—A i ). Fortunately, this information is something that is commonly provided in distributed seis-

micity source models for PSHA, particul arly those undertaken using the OpenQuake -engine soft-
ware. Though a regionalisation of rupture properties does not necessarily have to originate from

the PSHA source model, the use of such source models provides a convenient consistency in the

treatment of  finite faults between national/regional scale hazard assessments and OELF systems.

The generation of stochastic ruptures for OELF in the current application is summarised as follows.

For each earthquake in the synthetic catalogues used to represent the OEF we are provided with
an epicentre, a magnitude and an event time. If no depth information is provided for the synthetic

event (which is commonly the case) we sample from the hypocentre depth distribution for the

zone in which the epicentre falls. In th e OpenQuake formulation, this takes the form of a proba-

bility mass function such that MO 00 QRMAQ | ie., adiscrete set of depths and their
corresponding probabilities (shown in Figure 11). There is no theoretical reason to prevent QQ
from taking the form of a continuous distribution; however, most PSHA software represent it as a

discrete set of depths and weights. With t he hypocentre now defined, we then generate the finite
rupture. First, we need to sample the rupture nodal plane properties ( —h h ) from the distribution
"Q—h i ), which is again represented as a probability mass function QAR 0 —Ah
-Ah h-ARK Mh-AR , also shown in  Figure 11.We then determine the rupture area from

the magnitude -to-area scaling relation (1 T6C Q0 i T t, ), and thus the rupture length

(0) and down -dip width (@) from the aspect ratio . The hypocentre is assumed to be located in

the centre of the rupture plane, thus 0w pfor 0jgandOotherwise,and 0 @ pfor o wjg
and 0 otherwise. Using the h ypocentre location, the rupture dimensions and the rupture orienta-

tion we then construct an initial rupture plane for the earthquake.

Multiple Hypocentral Depths Multiple Hypocentral Depths
Single Plane Orientation Multiple Plane Orientation

Figure 11 lllustration of hypocentral depth distributions (left) and nodal plane distributions (right)
for generation of synthetic ruptures in OELF in the form of probability mass functions:

BEhEh Boand | PRR h A A AR K h A

1

If the upper and lower edges of the rupture are contained within the upper and lower seismogenic

depths respectively, no further adjustment is applied. The initial rupture is then assigned to the

synthetic event and the p  rocess will move to the next event. If the vertical extent of the rupture

width is less than the seismogenic thickness of the zone, the rupture is translated down - orup -
dip accordingly to ensure that it is contained within the zone. When this happens the absolute
location of the hypocentre does not change but its relative position within the rupture plane ( w
will shift, meaning that the hypocentre is no longer in the centroid of the rupture. If the vertical

extent of the rupture width initially exceeds t he seismogenic thickness defined for the zone, the
rupture will be rescaled such that its width is constrained by the seismogenic thickness, but its

length will increase in order to conserve the sampled rupture area. After rescaling, the rupture

will then be assigned to the earthquake and the process will move on to the next event. In this

process we effectively break the aspect ratio to allow longer ruptures while conserving both the
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seismogenic thickness of the crust and the rupture area to magnitude scal ing. This assumption is
consistent with observations of rupture aspect ratio scaling for larger magnitude events and the
physics of rupture generation.

The outcome of the process returns a corresponding rupture plane for each event in the synthetic

catalo gue, which can then be exported into a set of OpenQuake -engine rupture model XML files.
Further refinements to the process can be applied, and there may be a case for adopting an

approach for larger earthquakes that follows the virtual rupture approach proposed for RLA, es-

pecially given that such events are comparatively rare in the d ata set. We have not done so in the
current application, however. There may also be scope to incorporate dependencies in the rupture

properties for successive events in a sequence, rather than sampling each independently. In the

current form, however, this process is compatible with any existing uniform source zone model,

which can be input into the software in the OpenQuake -engine XML format.

3.2.3 Specific  details for the present application in Italy

The two case -study applications focus on the 2009 L 6 Amduhe 12816 -2017 Central Italy se-
qguence s. For the larger earthquakes in the sequences, finite -fault rupture planes have been de-
termined from seismological inversion and are available through the Italian Accelerometric Archive

(ITACA) website 19 (Russo etal. , 2022) . While the resulting OpenQuake -engine rupture mode XML
files could have been directly pre -computed and input  to the Real -Time Loss Tools , the software
was coded to explicitly include the ne ed for an algorithm to generate/ retrieve such rupture prop-
erties, so as to highlight the relevance of this step . Inits currentimplementation, a function simply
translates the ITACA rupture properties into the OpenQuake XML format assuming normal faulting

(which is the case in this study) . Although we have presented in section 3.2.1 how finite fault
ruptures can be determined for large earthquakes in RLA, this is not the focus of the case study
application here. Inste  ad, we focus on the OELF applications, for which the methodology in section
3.2.2 is applied.

The Real-Time Loss Tools developed in this work have initially focus ed on implementation zonation

of rupture properties using uniform area sources models provided in the OpenQuake -engine seis-
mogenic source model XML format. This provides for each source zone the fixed polygon geome-

try, upper and lower seismogenic depths, r upture aspect ratio and choice of magnitude -area scal-
ing relation. It also defines the hypocentral depth distributions and rupture nodal plane distribu-

tions as probability mass functions. For Italy we have two recent PSHA models available that could

provid e uniform area source zonations for our purpose: i) the 2020 European Seismic Hazard

Model ( ESHM20; Danciu et al., 2021) and ii) the MPS 19 National Seismic Hazard Model for Italy

(Meletti et al., 2021). Though the former could be considered for European s cale operation, eval-
uation of the sources contained therein revealed that the distributions of depth and rupture ori-

entation had been collapsed to single values, in many cases forming north -south striking vertical
dipping ruptures. This collapsing of the d istributions was undertaken to improve efficiency of the
ESHM20 calculations and was shown to have a minimal impact on PSHA. However, this collapsing

does make the ESHM20 model poorly suited for the purpose intended here. Instead, we adopt a

specific unifo rm area source model from the MPS19 source model logic tree, namely MA4, which

is described in detail in Visini et al. (2022).

The MA4 model defines 50 sources covering Italy and the surrounding territory. For all sources

the magnitude to rupture area sc aling relation used is that of Wells & Coppersmith (1994), while

the initial aspect ratio, ', is fixed to 1.0 throughout. Upper and lower seismogenic depth is speci-

fied for each source along with probability mass function for hypocentral depth and nodal p lanes.
The latter have been determined for each zone from analysis of local scale geology and available

earthquake focal mechanisms. For three zones a depth -dependent nodal plane distribution is de-
fined such that earthquakes below a dividing depth layer as sume a different distribution from
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those above the layer. This results in the zone being split into two separate zones, each with the

same polygon geometry but different depth and nodal plane distributions. Where events in the

synthetic catalogues for OELF have associated depth information, they are assigned the distribu-

tions of the corresponding depth layer for the purpose of generating ruptures. If only the epicentre

is provided (which is the case in the present proof of concept) , then a decision must be made as
to which depth layer the event should be assigned. For this purpose, we randomly sample the

choice of depth layer, weighted according to the relative rate of seismicity _with M O 4.
of the two layers from the magnitude recurrence model. This has been added as a general func-
tionality, meaning that depth -dependent rupture properties can be supported by the tools if the

user wishes to specify them. The area source m odel is shownin Figure 12 along with an illustration

of a rupture set generated for an OEF synthetic catalogue.

[ Ruptures (from Stochastic Catalogue)
[] MA4 Source Zones (Visini et al, 2022)

Figure 12 MA4 seismic so  urce zone model (Visini et al., 2022) (left) and an example of a stochasti-
cally generated finite rupture set for Central Italy developed from a synthetic earthquake catalogue

(right)

3.3 Ground motion s

3.3.1 Generation of ground motion fields for RLA and OELF

The generation of ground motion fields for rapid loss assessment  and operational earthquake loss
for ecasting is not any different from any other seismic hazard or risk modelling application, and

requires attention to the classic ground motion components:

91 selection of a ground motion model (GMM) or a set of ground motion models combined by
means of a logic tree;

1 consideration of spatial and inter -period correlation of the variability;

91 definition of a  site model to characterise soil conditions.

As the Real -Time Loss Tools use OpenQuake to calculate the ground motions and resulting damage,
all possibilities, requirements and constraints of OpenQuake regarding th ese three components ap-
ply for the Real -Time Loss Tools as well.

One additional component  that can be incorporated in the case of rapid loss assessments isthe use
of ground motion values measured by seismological stations and/or inferred from macroseismic
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intensiti es calculated from the responses of citizens to online questionnaires to constrain and con-
dition the ground motion fields, as is done by the USGS ShakeMap software ( Worden et al., 2010,
2018 ). The current version of the Real -Time Loss Tools does not make u  se of such ShakeMaps as

an input into the RLA (as is instead considered in the European system described in RISE Deliverable

6.5, Crowley et al., 2023), though this would be possible as the OpenQuake engine can run scenario

loss calculations using ShakeMap s as an input (see Silva and Horspool, 2019), as further discussed

in Deliverable 6.5. Alternatively, rather than use the ShakeMaps from existing systems (e.g. those

in the U.S., Europe, Italy, Switzerland), which are tied to specific networks of seismolog ical stations
or online questionnaires, the Real -Time Loss Tools could effectively develop its own ShakeMaps,
incorporating also data coming from instrumented buildings. This feature would become particularly
interesting in a future in which large numbers of buildings may be instrumented at their base and
other levels for the purpose of constant monitoring ; the large volume of data would help to drasti-

cally reduce the uncertainty in the calculated ground motions.  The current version of the Real -Time
Loss To ols does not have this capability, and neither does v3.15 of the OpenQuake engine for which
itis code d. The newest version of OpenQuake (v3.16), which has been just released on 17 February

2023, includes this capability as an experimental feature; the Real -Time Loss Tools can be easily
updated to be able to take in the required input files with measured ground motions and pass it on

to OpenQuake.

3.3.2 Specific details for the present application in Italy

The ground motion model of Lanzano et al. (2019) , which was developed specifically for Italy, was
used for this proof of concept . The intensity measure calculated was average spectral acceleration
(AvgSA) based on the 23 periods used by Orlacchio (2022) in the derivation of the state -dependent
fragility models, as explained in section 3.5.2 , which are 0.04, 0.07, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35,
0.4,0.45,0.5,0.6,0.7,0.8,0.9, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5,and 2.75 seconds . The inter -

period correlation of the spectral ordinates was accounted for in OpenQuake by means of the
Jayaram and Baker (2009 ) model.

For the characterisation of local soil conditions, the 30-arcsec resolution V. s30* model of Weatherill
et al. (2022) developed for the European Seismic Risk Model 2020 (Crowley et al., 2021 a) was used
(Figure 13). When provided with a site model and an exposure model, OpenQuake calculates the

ground motions at the points of the site model that are nearest neighbours to the locations of the

exposure model. When looking i n detail at the specific available coordinates around the exposure

model used for this proof of concept (e.g., Figure 14), it became apparent that all components of
exposure would be assigned to one or two points of the site model, at most. On top of this, the use
of AvgSA as the intensity measure meant that no spatial correlation of ground motions could be
accounted for , as no publicly available  spatial correlation model for AvgSA existsye t. For thisreason,
we decided to interpolate the values of V' s30 to the centroid of the nine tiles using inverse distance
weighting of the model of Weatherill et al. (2022) ,asshownin Figure 14 forthe case of the exposure
being located in the town of Norcia

This modelling decision is the equivalent of considering full spatial correlation for the location of the

nine tiles and three buildings of this proof of concept. While this is not fully accurate, it is not un-

reasonable to expect a large correlation for a building portfo lio that covers such a small geographic
area, like the one used herein. Moreover, keeping the 30 -arcsec model would have led to full corre-
lation as well in the cases in which all exposure locations had the same closest neighbour. However,

in cases inwhich  two nearest neighbours existed, there would have been the risk of using extremely

different values of ground motion for two sub -sets of the exposure locations, which would be more
unrealistic (or at least with an accuracy impossible to define, given the r esolution of the original
exposure model).

11 Average shear wave velocity in the top 30 meters.
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For each earthquake run, be it within a RLA or OELF calculation, 1,000 realisations of ground
motion (and, consequently, 1,000 realisations of damage probabilities) were calculated to capture

the aleatory variabi

lity of the ground motion model.

Norcia

180-200
200-400
400-600
600 - 800
800-900

A"m‘a_trice

L0 5 10115 20 25km
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Figure 14 Model of average shear wave velocity in the top 30 m (V
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3.4 Exposure  mo del

3.4.1 Exposure models for dynamic damage/loss assessments

Exposure models for regional applications have traditionally been created with a top -down ap-
proach, starting from statistical data available at some degree of aggregation, usually population
census data and commercial/industrial statistics in terms of a countrydsSuchdmi ni s
an approach has been followed, for example, for the creation of exposure models for South Amer-

ica (Yepes -Estrada etal. 2017 ) and Europe (ESRM20; Crowley et al., 2020, 2021 a), and finds its
roots in the fact that it is virtually impossible to carry out building -by - building physical surveys in
large areas (countries, continents) without governmental support and investment . Proposals have
been made, nevertheless, to combin e exposure models resulting from top -down approaches with
in-situ survey data collected for smaller regions (e.qg., Pittore et al., 2020) , allowing risk modellers
not only to incorporate ground -truth observations to a model of a reality that may have remain ed
relatively static,  but also to capture changes in the ground -truth in time.

This last aspect of the variability of exposure in time has been the focus of attention of Task 2.7

in the RISE project, within which a Dynamic Exposure Model for Europe has been developed (De-
liverable D2.13;  Schorlemmer etal., 2020, 2023) , which continuously retriev  es data from Open-
StreetMap (OSM) and combin es it with a distribution onto zoom -level 18 quadtiles of the ESRM20
exposure model (Crowley et al., 2020) that takes i nto account an estimate of the completeness
of OSM on each tile  (i.e., whether all buildings that exist in reality are represented in OSM) . The
resulting model is thus a combination of individual buildings whose footprints are retrieved from

OSM and quadtr ee-formulated tiles of zoom level 18 (around 100 -m side in central -southern Eu-
rope) that group buildings expected to exist in the tile but not yet represented in OSM (which are
calculated comparing the expected numbers of buildings from the distribution of ESRM20 against
those already in OSM).  This approach results in a continuous feeding of the model with new data,

which can either stem from new data incorporated to OSM regarding existing buil dings, or data
on new buildings.

The existence of an  exposure model capable of hosting information on individual buildings is fun-
damental for the incorporation of SHM data which is, by nature, compiledata building -by -building
level . Dynamic properties of buildings such as fundamental frequencies of vibrati on as well as
fragility models based on damage sensitive features derived from recorded sensor data (see sec-
tion 3.6) can be appropriately stored in databases or an y other file structure that allows easy
retrieval when attempting to carry out a rapid loss assessment or an operational earthquake loss

forecast. Even traditional fragility models based on ground motion intensity measures can be

refined and calibrated bas  ed on knowledge on the dynamic properties of monitored buildings (e.g.,

Perrault et al., 2013 ), enabling the risk modeller to switch from building class -derived fragilities
to building -specific ones. Such fragility models need not necessarily be stored within the exposure
model per se; what is needed is a clear storage system and a link between the two to be able to

retrieve both exposure and fragility models when necessary.

Apart from the incorporation of newly - built structures, a fundamental aspect in which an exposure
model can and should be dynamic is in the capacity to store the current health (or damage) status

of the building(s) . Existing damage may stem not only from that caused by previous earthquakes
within a sequence  but also from lack of main tenance and deterioration associated with weathering
(e.g., lervolino et al., 2016 ). The damage status can be a specific damage state in a scale, or
probabilities of each damage state , and needs to be stored in direct association with their corre-
sponding b uildings in either case. In the case of individual buildin gs, probabilities of damage re-
main probabilities, but in the case of aggregations of buildings in a tile or an administrative unit

these translate into expected numbers of buildings of each building class in each damage state.
The repairing or replacing of a building that has been damaged after an earthquake (or any other
hazard) can be thought of as the wulti mat e Acohtavogse i n a
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RLA/OELF system should have a means of updating the exposure model toreflect the longer -term
effects of post -earthquake recovery  on the building stock.

Focus so far has been placed on the study of the fragility/vulnerability of buildings, as they are the

simplest to study and assess, but exposur,andrsedoesitss t o bu
dynamic component.  Ideally one would wish to have models that describe the number of occupants

in a building at different times of the day, on different day s of the week, and at different times of

the year. The ESRM20 exposure model  (Crowley etal., 2021  a) classifies building occupants accord-

ing to the time of the day . These are calculated by multiplying the f
that is, the number o f occupants that results from dividing all people into the available number of

buildings, by coefficients associated with day, night and transit times . The coefficients used by

ESRM20 are a modified version of the PAGER population distribution model (Jaisw al and Wald,

2010). Future versions of ESRM20 will incorporate the seasonal variability of occupancy based on

the Gl obal Human Set t IENAGE 2011 PbpalgtienrGo sid (Schiavina et al., 2020; Batista

e Silva etal., 2020 ).

3.4.2 Specific details for the present application

This proof of concept uses the concept of the Dynamic Exposure Model developed by Schorlemmer

etal. ( 2020, 2023) justdesc ribed, by focusing on three monitored buildings that are represented

by their individual footprints and nine tiles with aggregate numbers of buildings . However, the
formulation of the proof of concept and the Real -Time Loss Tools themselves work with any sort

of resolution of the exposure model . The formatis thatofthe OpenQuake exposure CSV files (see
section 4.4).

The three monitored buildings included in the exposure are a theoretical typical Swiss residential
unreinforced masonry building , a 15-storey reinforced concrete shear -wall hotel in Budva, Mon-
tenegro , and the 13 -storey reinforced concrete shear -wall tower of the Grenoble City Hall, France.
More details on these buildings, such as their characteristics (real or assumed), any numerical

modelling efforts that have been undertaken, as well as existing monitoring activities and associ-

ated analyses are provided in the following subsections. Itis noted that assumptions on replace-
ment costs and number s of occupants of these two real buildings are based on ball - park estimates,
and fragility models derived for them are based on very simplified models . Moreover, neither of
the two are located in Italy and are therefore exposed to a different seismic hazard. A S a conse-
guence, the results obtained within this proof of concept are not to be interpreted as statements

on the vulnerability or safety of these real buildings.

Figure 15 depicts the nine tiles and the number of buildings of different classes contained in them,

as well as the footprints of the three monitored buildings, all located within tile 5 (the central o ne).
All building classes inthetiles are Italian masonry or reinforced concrete residential structures for
which Orlacchio (2022) developed state - dependent fragility models as part of RISE Task 4.2. The

footprints of the Budva hotel and the Grenoble city hall were retrieved from OpenStreetMap and
rotated so that the principal axes of the buildings were aligned with the directions in which the

accelerograms were run to simulate the effect of earthquak es (see section 3.7).
This figenericd exposure model was translated to the sev
for this study (i.e., stations marked wit h rectangles in  Figure 1), so that the central tile contained

the seismological station used to retrieve the ground motion records. The tiles were not arbitrary

but ¢ orresponded to real  quadtree -formulated tiles of zoom level 18, defined in the EPSG:3857
projection (as used by the Dynamic Exposure Model for Europe , RISE Deliverable D2.13; Schor-
lemmer et al., 2020, 2023 ).
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Figure 15 Exposure model used for this proof of concept : tiles (left) and individual monitored build-
ings (right). Building classes in terms of GEM Building Taxonomy v3 (Silva et al., 2022 ). Number of
buildings indicated in parentheses .

3.4.2.1 Typical Swiss residential building

Based on typical geometries and construction practices in Switzerland, a representative residential

building has been modelled (see Figure 16). The stiffness of the building mainly results from the
facade walls and a stiff reinforced -concrete slab rigidly links the walls at floor level. The basement
floor has smaller openings and h as therefore higher stiffness and strength. Thus, the building effec-

tively correspondsto athree -floor unreinforced masonry (URM) building.
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Figure 16 Render (left) and plan view (right) of the fictitious typical Swiss URM build ing.

The building is modelled in Open Sees (McKennaetal., 2000 ) using macro -elements that have been
developed for unreinforced masonry buildings (Vanin et al., 2020a, 2020b) . These three -dimen-
sional elements combine shear and bending failure and can even be used to model out -of-plane
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failures. However, given the stiff connection of the walls to the floors, out -of -plane failure is  ignored
in this case. The predicted pushover (PO) curve, using a triangular load pattern, is shown in Figure
17 (left). First, the spandrels fail (at around 3 mm), thus reducing the stiffness of the structural
system without compromising the transfer of vertical loads. Failure is reached at a roof -leve | dis-
placement of 29 mm, when a wall on the first floor fails in shear. Using the N2 -method, the PO curve
is transformed into a bilinear capacity curve (see Figure 17b). Given the importance of the initial
slope of the curve for dynamic properties T which are essential in the formulation of DSFs for SHM
T the bilinear curve is defined using the initial slope of the PO curve, until the failure of spandre Is.
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Figure 17 Results of the static nonlinear (pushover) analysis and the bilinear approximation (left)
and the corresponding bilinear capacity curve for nonlinear time - history analysis with a SDoF model.

The result of the nonlinear time -history analys es is illustrated for the 2019 -2017 Central Italy  se-
guence in Figure 18. The maximum top displacement is compared with damage thresholds, estab-

lished on the basis of the yield displacement defining the capacity curve (see Figure 17). In addition,
the number of walls that remained linear-el asti ¢ ( r ef lealthyeddaretcampased with the
number of walls that have been damaged (first stiffness degrades and then, when the maximum

shear force is reached the strength degr ades).
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Figure 18 Damage prediction for the typical Swiss masonry building during the 2016 -2017 Central It-
aly earthquake sequence. Maximum transient top -displacement is compared with DS thresholds (top)
and the number of damage d walls is evaluated (bottom). During the fourth earthquake of the se-
guence the building reaches failure.
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3.4.2.2 Hotel in Budva, Montenegro

The Budva hotel consists of 19 storeys, i.e., two underground garage storeys, a basement, ground

level, a mezzanine, thirteen usable floors and aroof (i.e., 15 storeys above ground in total) . Based
on standard MEST EN 1998 -1, used for building design at t he location, the values of design PGA are
0.34 g and 0.15 g for the return period of 475 and 95 years, respectively. The height of the building

is 55.9m, of which 13.4m are below ground level. The base of the building has a rectangular shape
of approximate ly 21.2 x 16.7 m. Non  -structural walls are made out of bricks and gypsum boards.

Plans of the characteristic floor below and above ground level are shown in Figure 19. The thick-
nesses of the designed walls are 0.20 m, 0.25 m, 0.30 m and 0.40 m. The building is founded on a

slab with a thickness of 1.20 m. Floor slabs are cast -in-place reinforced concrete  and have a thick-
ness of 0.15 m. Frames have negligible stiffness compared to the walls, which makes the structural
system of the building a system with ductile walls. The design ductility class is medium (DCM). The

concrete class is C30/37, and the rebar reinforcement class is B500B. Structural elements have

been design ed for dead, live and seismic loads. Seismic analysis has been conducted using multi-

modal spectral analysis according to MEST EN 1998 -1, where masses of dead loads and 30% live
loads with an eccentricity of 5% have been used.

Figure 19 Floor plan of  floors above (left) and below (right) ground level.

Anon -linear m odel of the building  was done using the CSIPERFORM 3D software. Modelled struc-
tural elements are walls, floor slabs and the foundation slab.  Slabs are modelled as rigid dia-
phragms, with accompanying mass of dead loads and 30% of live loads. Walls are modelled as

fibre elements, except garage walls, which are modelled as elastic elements, in line with the liter-

ature's recommendations ( CSI, Powell, 2007). The walls are modelled using two components
which are acting in parallel. The first component contains vertical reinforcement fibres (represent-

ing the reinforcement on the wall faces) and concrete fibres of negligible strength and Young's

modulus to not interfere with the behaviour of the concrete fibres from the second component.

The second component contains bending reinforcement (placed at the corners of the wall) and
concrete fibres. Concrete of the boundary elements is modelled with confined concrete character-
istics, while web concrete is modelled with unconfined concrete characteristics. Shear behaviour

is considered elastic, where the shear D/C ratio is examined. Out of plane behaviour of the walls

is modelled as elastic without considering P-g effects. Columns and beams are
the stiffness of the frames is negligible against that of the wa lIs. Fibres of both reinforcement and
concrete are modelled with bilinear stress -strain relationships. Modal analysis showed that the

fund amental period s of vibration in two principal planar directions are T x=1.832sand T ,=1.527
s. The non -line ar model is shownin  Figure 20.
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Figure 20 Nonlinear model of the Budva hotel in Perform 3D

With respect to seismic action, in studies undertaken outside of the RISE project, the building has
been checked to evaluate the non  -collapse (NC) requirement and damage limitation (DL) require-

ment by conducting  non -linear time -history analyses ( NLTHAS). In order to account for uncertain-
ties in soil effects , a total of 56 earthquake records were selected. Ear thquakes were grouped into
eight groups of seven earthquake records for each planar direction and each soil type (A, B, C and

D). Several limit states have been defined and analysed: the shear capacity limit state for NC

requirements, limit states for defo rmations (concrete core crash and reinforcement yielding and
wall capacity rotations) for both NC and DL requirements and the limit state of inter -storey drifts
in both planar directions only for DL requirements check. NC requirements were checked for an

earthquake intensity =~ corresponding to a 475 -year return period, while the return period of 95
years was used to examine damage limitation requirements. Selected groups of earthquake rec-

ords were scaled to these two intensity levels using REXEL v 3.5 software (in line with EN 1998 -1
provision). In order to evaluate the NC and DL re quirements, the behaviour o fthe building wa s
checked by obtaining maximum values of demand/capacity (D/C) ratios from each NLT HA and
obtaining its mean values for each group of earthquake records. D/C ratios for concrete cr ushing
were calculated based on maximal values of confined concrete strain obtained using EN 1992 -1-
1 provisions. The yielding of longitudinal reinforcement was checked through D/C ratios based on

the value of reinforcement yielding strain equal to 0.00234. Rotation capacities have been as-

signed both according to FEMA 356 and EN 1998 -3. Capacity for inter  -storey drifts has been as-
signed according to EN 1998 -1 from the damage limitation requirement for the non -structural
brittle elements (0.05 values adopted)

The r esults of the latter analyses ~ showed that consider ing mean values for each group of records,

the D/C ratio for wall rotation did not exceed 1, ranging from 0.43 to 0.7, meaning that NC re-

guirements are satisfied. Also, mean values of the D/C ratio (ranging from 0.3 to 0.59) showed

that concrete crushings  trains are under the limit values and mean tension strains have exceeded

the yield point. That behaviour is desirable and expected because it represents the ductile nonlin-

ear behaviour of structural walls. Yielding is observed mainly on higher floors. Requ irements that
prevent brittle failure (shear stress D/C ratios) are also checked, and the results show that the
shear capacity is not exceeded.

With the objective of preventing limitations of building usage due to damage and disproportion-
ately high repair costs, DL requirements were checked as well . Based on the obtained mean of
D/C values for concrete and reinforcement strains lower than 1, yielding of reinforcement and

concrete crushing is prevented. The mean values of inter -storey D/C ratios are below 1.00 (rang-

ing from 0.53 to 0.94) for each group of records, meaning that the DL requirement is fulfilled from
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this point of view. Capacity values for wall rotations for DL requirements were calculated based
on the values propose din FEMA 356 for Inmediate Occupancy and taken with the value of 0.003
rad. Analyses showed that this value had not been reached.

Based on the above results, the considered building in Budva satisfies both non -collapse and
damage limitation requirements. Detailed results can be found in Popovic and Pejovic  (2023).
The possibility of evaluating the damage level of the building based on its dynamic properties

measured after an  earthquake was examined , with focus on the elongation of the natural period
of vibration  due to plastic deformation as the dynamic parameter. This is justified considering that

along with induced structural damages, the decline of stiffness leads to a more flexible structure,

and thus the vibration period inc reases. The effect of the elongation period can be expressed
through the r el afTh (Katsahos gnd § Textds, 2015 ), where T ¢ is the fundamental
elastic vibration period, and T in 1S the vibration period after damage caused by the earthquake.

In the case of the Budva building, four damage levels were considered: slight damage, medium
damage, significant damage and collapse. These damage states can be described through several

damage indexes. Here Park  -Ang index (DIPA) is used. The values of Park -Ang indices were calcu-
lated for each of the 58 NLTHAs conducted (scaled intensity level equal to the 475 -year return
period). Based on the work of Aghagholizadeh and Massumi (2016), we assumed the following
relation between DIPA and the four damage levels considered : for slight damage DIPA <0.2,
medium da mage 0.2< DIPA <0.4, values of DIPA >0.4 are related to significant damage while
collapse state is assumed when DIPA >1. Atthe same time, from each NLTHA, T in Was determined
based on the flooracce | er ati on at the building top, and the

Figure 21 shows the relationship between the elongation period (§ T and the DIPA. In order to
define the relati onship between the damage index and the elongation period parameter, two re-

gression curves were fitted to the NLTHA results . Our results show thatw  hen the vibration period
increases by 13%, it can be considered that the structure has entered the medium da  mage level
until the increase reaches about 50%. After an increase higher than 50% and up to 90% -95%,
the structure can be considered to exhibit significant damage. For the increase of vibration period

over 90% -95%, it can be assumed that the structure has reached the collapse state.
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Figure 21 Relation between Park -Angind ex and period elongation ( g T) obtained for the Budva hotel

by means of NLTHAs.
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For the damage -dependent fragility function developed for this building (see section 3.5.3 ), amodal
pushover analysis using the CSI PERFORM 3D model described above has also been undertaken, in

both directions of the building. The weaker d irection pushover  (Figure 22) was used, though similar
levels of ultimate base shear were obtained in both directions.
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Figure 22 Model pushover curve in the weaker direction of the Budva hotel.

A number of tri -axial MEMS accelerometers developed by QuakeSaver 12 have been installed in the
Budva hotel as part of the RISE project. Data from these sensors are not used in thiswork , though ,
as the proof of concept focuses on past earthquakes that have occurred in Italy. However, this
(together with the Grenoble City Hall about to be described) is an example of an actual monitored

building whose processed recorded response could feed into the framework presented herein.

3.4.2.3 Grenoble City Hall, France

The Grenoble city hall  is a 13 -story reinforced concrete structure  built in 1967 , with a plan section
of44m x 13m (L, T, respectively), and a height of 52 m above the ground. The inter -story height is
regular between the third and twelfth floors (3.2m) and larger for the first (4.68m) and second

floors (8m), ab ove which a 23m span pre  -stressed slab is supported by two inner cores. These
cores, consisting of reinforced concrete shear walls, surround the stairwells and lifts and are located

on two opposite sides of the building. The foundation system consists of d eep piles anchored in a
rigid underlying layer of sand and gravel. The building dates from before the introduction of the

seismic building code, and so it was not built according to earthquake design rules. Since 2004, the

building has been the subject of modal analysis and ambient vibration -based monitoring studies
(e.g., Michel et al., 2010, Michel and Guéguen, 2010; Mikael et al., 2013), numerical mode lling and
engineering applications calibrated to experimental data (e.g., Desprez et al., 2015), and dat a-

driven studies to analy  se specific behavio urs, such as soil -structure interaction (Guéguen et al.,
2017) and rotation (Guéguen et al., 2020). The resonance modes of the structure are thus known

to be 1.16 Hz and 1.22 Hz in the longitudinal and transverse directions, respectively, with a torsional
mode at 1.44 Hz.

The National Building Array Program (NBAP) in France was launched in 2004 by the French Accel-
erometric Network (RAP  -RESIF, 2023; Péquegnat et al., 2008). RAP -RESIF manages the network of
accele rometer stations primarily dedicated to recording strong motion at sites of engineering inter-

est, i.e., with stations in noisy urban areas. The NBAP decided from the outset to apply the standards

of the seismic community and the RAP -RESIF roadmap for data  collection and distribution: (1) the
instruments had to be sufficiently sensitive for the level of seismicity in France; (2) the data had to

be fully described in terms of seismological parameters (magnitude, localization, time of occurrence)
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and instrumen tal response (commonly called metadata) so as to be reusable by anyone; and (3)
the data had to be openly accessible online.

The NBAP started in 2004 by installing six 24 -bitdataloggersat Gr enobl ebds Ci t youpledl |

to 3C Kinemetrics Episens  or accelerometers with a high dynamic range of 155 dB (with 1g clip level

and flat frequency response above 200Hz to DC), at the top (FDSN station code RA.OGH4 to 6) and

bottom (FDSN station code RA.OGH1 to 3) of the building ( Figure 23). The channels are oriented
along the main axes of the structure (FDSN channel codes HNL1 for the transverse T direction -azi-
muth N60, HN2 for the longitudinal L direction -azimuth N330, a nd HNZ for the vertical). After a first
period in triggered mode, the overall acquisition system was updated in 2008 to continuous mode,

and integrated in 2012 into the SeiscomP detection and location system (Weber et al., 2007) im-

plemented by the Alpine S eismicity Monitoring Service (SISmalp, 2023), hosted at the Earth Science

Institute (ISTerre) in Grenoble. This service operates the regional component of the French Seis-

mological and Geodetic Network (RESIF, https://www.resif.fr) in charge of national coo rdination of
observation and data distribu tion via the RESIF -DC data cent re (Péquegnat et al., 2021; RESIF -DC,
2023). By 2019, a seventh station (FDSN station code RA.OGH7) had been integrated into the CHB

array atmid -height, and amulti - parameter weather  station (e.g., wind speed, temperature, humid-

ity, etc.) completed the setup (FDSN station Code RA.OGHS) ( Figure 23). While the weather  chan-
nels are sampled at 10 min, the sampling rate adopted for the accelerometer channels was 125 Hz
until 2018, then 100 Hz until now. All RAP -RESIF data are transmitted via ADSL to the RESIF -DC
data cent re in miniSEED format and available online via webse rvice (RESIF.RAP, 1995).
OGH8
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Figure 23 View of the city hall building in Grenoble and description of the monitoring array. The two
stations highlighted in black (OGH1 and OGH4) are those used in this study.

Amplitude -frequency noi se models for seismic building monitoring in a weak -to-moderate seismic
region
Given the abundance of monitored data for the Grenoble City Hall building, but which cannot be

used in the case study presented herein, as an additional activity for this deliverable, a study has

been undertaken of the amplitude -frequency noise models fr om the high -quality accelerometric
monitoring of  this building and the benefits of seismic building monitoring policies in weak -to-mod-
erate seismic regions. First, accelerometric data from one continuous year were used to derive
broadband noise models for the bottom and top of the building. The noise models were compa red
with (1) the noise sensitivity of the high -gain accelerometer installed in the building and low -cost
sensor sensitivity models; (2) the typical earthquake response curves given by Clinton and Heaton

(2002); and (3) the earthquakes recorded in the North ern Alps ( Figure 24). This study highlights
threshold values for signal -to-noi se ratio (03 or 9dB) recordings
distance f or weak -to-moderate earthquakes. We present ed a preliminary cost -benefit analysis of
instrumentation for such regions according to seismic hazard and instrumentation quality. For weak -
to-moderate seismic regions like the Grenoble area, the capability of hi gh-dynamic accelerometers
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to record low -amplitude ground motions and building responses is confirmed and encouraged to

enable high quality observation of building response over a broad range of frequencies. Bearing in

mind that full -scale building test dat a are of greater interest for improving our understanding of
building response than even the most sophisticated models, the recording of weak -to-moderate
earthquakes in building s must be broadened using high dynamic instruments to obtain more com-
prehensive and advanced results. A detailed analysis can be found in Guéguen et al. (2023)
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Figure 24 Noise models for the Grenoble city area. a) Mean PSD of observed horizontal amplitudes at
the OGH4 (top) and OGH1 (bottom) stations of the city hall building array throughout 2021. b) Com-

parison of the CHB instrument response (Oanmnase @leelihes)anedthg , Grenobl ed

high -noise and low  -noise models (Peterson, 1993) (bold black lines). For reference, dashed black and
red curves show the response for various sized earthquakes at two distances (local: 10km; regional:
100km) derived from Clin ton and Heaton (2002). The gr ey zone represents MEMS noise resolution
(synthesis from Holland, 2003; Cochran et al., 2009; Lin et al., 2021).

On the value of weak -to-moderate earthquake data recorded in buildings

The seismic network installed in the Grenoble City Hall building in France has registered weak to
moderate earthquakes for 18 years . As an additional activity for this deliverable , we evaluated the
added value of weak -to-moderate earthquake data for structural response analysis. The building

response was analy sed in terms o f intensity measures and engineering demand parameter s, and
compared to strong earthquake data reco rded in one Japanese building (Figure 25). Evidence of
non-linear response was observed ,representedby ashiftin fundamental frequency triggered at low
strain -amplitudes and strain  -rates values. A low strain  -rate threshold in the order of 10 st was
observed to activate non  -linearities, confirming the link between loading rates and structural state.
Finally, a continuous transition of the behavio ur was observed between weak  -to-moderate (France)

to moderate -to-strong (Japan) earth  quakes data, highlighting some hidden physical processes ac-

tivated in different buildings during earthquakes. We conclude then on the strong need for  building
testing in moderate  -to-weak seismic prone regions for the development and calibration of realisti c
models for the prediction of the earthquake response and the vulnerability and risk assessment of

existing buildings. A detailed analysis  can be found in Astorga and Guéguen (2023).
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3.4.3 Replacement c

For the Italian

Something similar was done for the case of the Swiss building

ost, occupa nts

building classes aggregated into tiles,
were retrieved from the corresponding building classes in
al., 2020) , assuming an urban setting

frequency

- Hall Building Grenoble in the two horizontal direction, and (b) comparison between CHB Gre-

-to - strong data.

as

a

function of

the replacement costs

and number of occupants

the ESRM20 exposure model (Crowley et
and a veraging out values across the whole Italian territory

, except that average values from the

ESRM20 exposure model were combined with national statistics as well, and the actual floor area of
the building was considered (instead of assuming average floor areas).

In the case of the three monitored buildings, replacement costs and number of occupants were
defined combining average values from the ESRM20 exposure model (Crowley et al., 2020) with

national statistics

and international statistics (European

Court of Auditors

, 2018 ; Swiss Federal Sta-

tistical Office, 2022;

Ville de Grenoble,
Grenoble city hall, as public/governmental buildings ar
final replacement costs and number of occupants assigned.

2021

from models and assumptions and are not intended as a statement on the real replacement
number of occupants of those buildings.

Table 1 Repl a

cement costs

and number of

ficensuso

assigned to the three monitored buildings in this proof of concept. Values are based on models and

assumptions

and are not

to be interpreted

as s tatements

Building Replacement cost fi Ce n s u sodpands
Swiss building 1,300,000 EUR 10
Budva hotel 8,000,000 EUR 36
25,000,000 EUR 450

Grenoble city hall
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), which were particularly useful in the case of the
enotcoveredby ESRM20. Table 1 shows the
It is highlighted that these values come

occupants

cost or
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The question of the presence of tourists in the Budva hotel or visitors/public in the Grenoble city hall

at the time of the earthquake(s) is a relevant matter for the modelling of human exposure . Non -
permanent occupants of buildings take particular significan  ce in the case of commercial or public
buildi ngs but have les s of an impact on residential building classes. The modelling of the di  splace-

ment of people is already complex under normal conditions, and the occurrence of an earthquake

adds even more complexi  ty. While it would be possible to think of estimating a number of tourists

that may occupy a hotel at a certain point in time, the longer -term Areturno of tourist:
earthquake shock becomes harder to define (e.g., would injured tourists return to the hotel or go

back to their location of residence, would more tourists come to a hotel in an area that has just been

affected by an earthquake, etc) . Similarly, how a governmental building like the Grenoble city hall

would be used (if usable) after a first earthquake of a sequence is a strategic decision of the author-

ities which might lead, for example, to larger numbers of people if the building hosts post -earth-

quake response activities . As all these complexities were beyond the scope of the p resent work, the

number of occupants of the Budva hotel and the Grenoble city hall are intended to only represent

istandardodo numbers of employees of both buildings and do

The number of occupants at different times of the day (day, night and transit) were calculated from

the number of census occupants by means of the coefficients used in the European Seismic Risk
Model 2020 (ESRM20; Crowley et al., 2021 a), which are a modified version of the PAGER population
distribution mo  del (Jaiswal and Wald, 2010). These coefficients are country specific and distinguish

between residential and non  -residential building classes. The coefficients for Italy were used herein.
35 State -dependent ground motion -based fragility m odels
3.5.1 General overview

Certain risk assessment methods, ab le to model damage accumulation (e.g., lervolino et al.,

2016; Yeo and Cornell, 2009 ), require a set of fragility curves for each structure. These curves

provide the probability of the structure transitioning bet ween any pair of damage states from
intact conditions to failure ,and are thus named state -dependent fragility functions. More specifi-
cally, state -dependent fragilit ies provide the probability that the structure reaches or exceeds
damage state DS;, with j=2 , é ,giventhe occurrence of a ground motion with intensity measure

IM and the damage state DS;, with i =1, él,and j>i , which has already been attained by the
structure when the earthquake occurs, P[DS; | DS; ,IM=z] . We speak of ground motion  -based
fragility models in this section to distinguish them from the structural health monitoring -based
fragility models that are described in section 3.6, the former using a measure of ground motion

as the intensity measure, while the latter are based on measures of the response of a building

State -of -the -art analytical derivation of classical structural fragility entails subjecting the n  umer-
ical model of the structure to numerous nonlinear dynamic analyses, for example, incremental
dynamic analysis (IDA) (Vamvatsikos and Cornell, 2001, 2004 ), which consists in collecting the
non -linear responses of an (initially undamaged) structure to a set of records, each one progres-
sively scaled in amplitude to represent different levels of seismic intensity. For the evaluation of
state -dependent fragility curves, an extended ve rsion of IDA has been suggested (e.g., Ryu et al.,

2011; Goda 2012;  Ruiz-Garcia 2012; Raghunandan et al., 2015; Goda 2015; Baltzopoulos et al.,
2018; Nazarietal.,2015 ), referredtohereasback -to-backorB2B -IDA. According to this method,
the structural model is first subjected to a set of records, representing a first seismic event hitting
the structure at its intact state and causing it to reach a first damage state DS;. Each record of
the set is scaled in amplitude to the lowest value of IM that causes the structure to reach the
damage state DS,. Thus, atthe end of  each record a different reali sation of the damaged structural
model is produced. Subsequently, each realisation of the structural model in DS is subjected to
another (or the same) set of accelerograms simulating an aftershock. Each record of the second

set is scaled until the damaged structure reaches the more severe damage state DS;. The state -
dependent fragility can then be derived by collecting the scaled intensities of all records in the
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second set, possibly fitting a parametric model based on those results, as will be discussed in
more detail inthe following paragraphs .

The d erivation of fragility curves via IDA can be particularly demanding from a computational

point of view and this has motivated the development of simplified procedures for analytical fra-

gility development, based on static nonlinear analysis ( pushover analys is). These methods consist

in substituting the complex numerical model with an equivalent inelastic single -degree -of-freedom
(SDoF) system, whose definition is based on the pushover curve of the original structure . Because
the number of required dynamic an alyses is increased by orders of magnitude in the case of B2B -
IDA, the need of simplified procedures to derive state -dependent fragility is even more pressing
(Luco etal., 2004) . Inthis context, a pushover -based methodology was  developed as part of RISE
Task 4.2 by Orlacchio (2022)  for the assessment of state  -dependent fragility = curves for multi -
story moment -resisting frame structures that not only uses equivalent SDoF models to simplify
the fragility assessment, but also seeks to further reduce the compu tational cost by eschewing
the need for the first step dynamic analysis needed to bring the structure to the initial damage

state DS;, using instead instances of the damaged structural configuration obtained from a pre-

dictive model via Monte - Carlo simulation. This model enables the generation of a series of reali-
zations of the pushover backbones r epr esimatdniwihegitis he stru
in the given initial damage state of interest, DS;. Other studies have suggested that IDA  -based
approaches for state -dependent fragility estimation should be employed with due consideration to

the criteria for the definition of discrete damage states (Baraschino et al., 2022).

3.5.2 State -dependent fragility models for | talian building classe S

Within RISE Task 4.2 , the ESDoF and IDA -based methodology was implemented for the develop-

ment of state -dependent fragility curves for structural typolog ies of the European building stock.
European existing structural typologies were identified in accordance with the buildin g classifica-
tion employed initially within the Horizon 2020 SERA project (Roméao et al., 2019) and ultimately
in the ESRM20 (Crowley et al., 2021a) : this classification was based on an updated version of the
GEM building taxonomy  (Brzev et al., 2013 ; Silva et al., 2022 ). This taxonomy defines buildings
considering four main characteristics: primary construction material (e.g., reinforced concrete,
unreinforced masonry, steel, etc.); typology of the lateral load resisting system (e.g., wall, mo-

ment frame, infilled frame, etc.); height expressed in terms of number of stories; seismic capacity -
related properties (e.g., ductility and/or design lateral force), which depend on the evolution of

seismic design in the country ( e.g., Petruzzelli and lervolino, 2021 ; Crowley et al., 2021b ). For
each resulting typology, a backbone representative of the ESDoF sys tem was defined  in terms of
displacements, U, and ratio of the reacting force over the mass of the structure, F/m . In fact, for
reinforced concrete structural typologies, a set of backbones were defined via a probabilistic ap-

proach developed to account for the building -to-building variability within each typology. Moreo-

ver, in the same project, the average backbone was also delivered: the displacement -acceleration
coordinates of each point of the average curve are evaluated as the geometric mean of the cor-

responding points defining the capacity curves of the set. Such a geometric mean is independently

obtained for the abscissas and the ordinates.

Hereafter, the considered building typologies are those associated with reinforced concrete and

masonry building s comprised in the Italian residential building stock. Each typology wa s analy sed
referring to the backbone; in the cases of reinforced concrete typologies, the average curve was
considered.

3.5.2.1 Italian reinforced concrete (RC) structures

The Italian RC existing residential buildings are represented by eighteen structural typologies,
each of them identified by a code that summarizes its characteristics (see Table 2). The first two
letters of the code are CR and refer to reinforced concrete. Then, the code reports the lateral load
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resisting system that, for all the Italian buildings, is infilled frame structures (LFINF). The level of

seismic code design s identified as CDN if it is null, or CDL if it is low; the seismic design lateral
force coefficient (LFC) is 0.0 in case of CDN and 5.0 or 10.0 in case of CDL. Finally, the number
of stories varies between one and six and is indicated as H :1toH :6.
For each building typology, the average capacity curve is defined by four points in terms of U and
F/m , that correspond to: the yielding threshold , { 4, F1i/m} ;the displacement associated with the
maximum reacting force, i.e., the capping point , { &, F2/m} ; the displacement associated with
slope variation in the post - elastic behaviour (e.g., the loss of all the infilled masonries contribution
to lateral stiffness),  { @, Fs/m} ; the ultimate displacement value, { 4, F4m} . Table 2 reports the
numerical values of the points defining the backbones for all the Italian RC structural typologies.
Table 2 Backbone parameters for each Italian RC structural typology
a a % dy | R/m| Fyjm| Fy/m | Fy/m
# Structural typology (mm) |[(mm) | mm) | (mm) | @ | @ | (@ @
1| CR/LFINF+CDN+LFC:0.0/ H:1 1.66 8.81 62.19 95.55 0.292 | 0.363 0.196 0.174
2 | CR/LFINF+CDN+LFC:0.0/H: 2 2.93 13.49 55.10 85.81 0.137 | 0.171 0.112 0.068
3 | CR/LFINF+CDN+LFC:0.0/H:3 4.97 23.68 66.78 98.01 0.102 | 0.128 0.087 0.046
4 | CR/LFINF+CDN+LFC:0.0/H:4 7.26 36.21 81.86 107.56 | 0.082 | 0.102 0.072 0.037
5| CR/LFINF+CDN+LFC:0.0/H:5 10.07 [47.12 93.84 123.07 0.076 | 0.094 0.069 0.034
6 | CR/LFINF+CDN+LFC:0.0/H:6 13.64 |61.89 | 112.27 140.66 | 0.071 | 0.089 0.066 0.030
7| CR/LFINF+CDL+LFC:5.0/ H:1 1.93 8.89 50.17 88.93 0.334 | 0.417 0.233 0.226
8 | CR/LFINF+CDL+LFC:5.0/H:2 3.27 13.30 56.22 83.02 0.140 | 0.174 0.110 0.072
9 | CR/LFINF+CDL+LFC:5.0/H:3 5.39 21.32 64.44 88.56 0.106 | 0.132 0.084 0.052
10 | CR/LFINF+CDL+LFC:5.0/H:4 8.22 29.76 68.47 89.48 0.091 |0.114 0.077 0.041
11 | CR/LFINF+CDL+LFC:5.0/H:5 11.16 | 33.90 68.98 90.43 0.086 | 0.107 0.072 0.037
12 | CR/LFINF+CDL+LFC:5.0/H:6 14.76 | 40.63 71.79 91.27 0.086 | 0.107 0.075 0.036
13 | CR/LFINF+ CDL+LFC:10.0/ H:1 1.93 8.92 51.02 89.81 0.331 | 0.413 0.233 0.233
14 | CR/LFINF+CDL+LFC:10.0/H:2 3.38 13.93 56.00 87.02 0.143 | 0.178 0.113 0.075
15 | CR/LFINF+CDL+LFC:10.0/H:3 6.27 22.93 66.02 102.85 | 0.128 | 0.160 0.103 0.078
16 | CR/LFINF+CDL+LFC:10.0/H:4 9.44 28.44 68.02 99.88 0.112 | 0.140 0.092 0.062
17 | CR/ILFINF+CDL+LFC:10.0/H:5 12.54 |[31.73 72.74 111.23 | 0.103 | 0.128 0.082 0.055
18 | CR/LFINF+CDL+LFC:10.0/H:6 16.19 |40.83 76.37 100.12 0.102 | 0.128 0.086 0.054

For each typology, five damage states were considered ranging from no damage (DSO0) to near -
collapse (DS4); all of them were defined on the basis of Villar -Vega et al. (2017) and Lagomarsino
etal. (2006). Th e engineering demand parameter (EDP) adopted for the identification of the dam-

age states is the (absolute value of the) maximum transient inelastic response in terms of dis-

placement. DS1, i.e., slight damage, is considered reached when the maximum displacement

equals or exceeds 75% of U,, whereasthe DS4 threshold corresponds to the ultimate displacement
capacity of the structure, U4. The thresholds of DS2 and DS3 are evenly spaced between the first

and last damage state thresholds and are reached at the displacements equal to 0.5 U, +0.33-
Us and 0.25- U, +0.67 - Ua, respectively.

Figure 26 a shows a generic backbone curve and the damage states thresholds whereas in Figure
26 b the eighteen backbones associated with RC structures are reported. As shown, two subsets

of curves can be identified in Figure 26Db: they are representative of one -story and more -than -
one - story (from two to six) RC buildings, respectively. More specifically, the curves with the high-

est values of F/m correspond to one -story structures among which one has an absent level of
seismic desig n whereas the other two have low code level with design lateral force equal to 5%

and 10% of the building weight, respectively. The one -story buildings have vibration periods of
about 0.15s whereas the structures with more than one story have periods rangi ng from 0.29s to
0.88s.
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Figure 26 Backbone and damage state thresholds for a generic
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the eighteen

3.5.2.2

Italian masonry structures

The Italian masonry structures portfolio is represented by a set of fifteen wall masonry structures:

Italian

50

0 (mm)

150

RC typology (a), backbones of

RC residential structural typologies (b).

ten unreinforced masonry (MUR) buildings, and five confined masonry structures (MCF). The MUR
structures are classified based on the masonry material in rubble
stone masonry (STDRE) and masonry with clay bricks (CL99). The lateral load resisting system is
characterized by wall (LWALL) and all the MUR structures

(CDN) whereas MCF are characte
varies between one and five (from H

For each masonry
F/m coordinates, those are:

:1toH :5).

bui
{4, Fs/ m} ,

ding
2, Fd m} ,

stone masonry (STRUB), dressed

have a null level of seismic code design

typology,
3, F4Im} . The values of the parameters

defining the backbones of each structural typology are reported in

Table 3.

Table 3 Backbone parameters for each Italian masonry structural typology.

backbone

rized by low -code seismic design (CDL). The number of stories

a ) % Fy/m Fp/m F3/m
# Structural typology (mm) (mm) (mm) (9) (9) (9)
1 MUR+STRUB /LWAL+CDN/ H:1 0.30 2.00 10.00 10.00 0.195 0.390
2 MUR+STRUB/LWAL+CDN/H: 2 0.60 5.00 20.00 20.00 0.112 0.224
3 MUR+STRUB/LWAL+CDN/H: 3 0.89 7.00 | 31.00 31.00 0.081 0.162
4 MUR+STRUB/LWAL+CDN/H: 4 1.19 10.00 | 41.00 41.00 0.064 0.129
5 MUR+STRUB/LWAL+CDN/H: 5 1.49 12.00 | 51.00 51.00 0.054 0.108
6 MUR+CL /LWAL+CDN/ H:3 1.00 8.00 | 34.00 34.00 0.082 0.164
7 MUR+CL/LWAL+CDN/H: 4 1.33 11.00 | 46.00 46.00 0.065 0.131
8 MUR+CL/LWAL+CDN/H: 5 1.66 13.00 | 57.00 57.00 0.055 0.109
9 MUR+STDRE/LWAL+CDN/ H:4 1.26 10.00 | 43.00 43.00 0.068 0.136
10 MUR+STDRE/LWAL+CDN/ H:5 1.58 13.00 | 54.00 54.00 0.057 0.114
11 MCF/LWAL+CDL/ H:1 0.000 | 0.004 | 0.017 0.017 0.470 0.940
12 MCF/LWAL+CDL/H: 2 0.001 | 0.007 | 0.034 0.034 0.235 0.470
13 MCF/LWAL+CDL/H: 3 0.001 | 0.011 | 0.050 0.050 0.157 0.313
14 MCF/LWAL+CDL/H: 4 0.002 | 0.014 | 0.067 0.067 0.118 0.235
15 MCF/LWAL+CDL/H: 5 0.002 | 0.018 | 0.084 0.084 0.094 0.188
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Five damage states are defined, from DSO through to DS4. Consistently with those already de-

scribed for RC structures, DS1 is reached when the maximum displacement equals or exceeds

75% of U, whereasthe near -collapse threshold corresponds to the ultimate displacement capacity
of the structure, that is, in this case, Us. The thresholds of the intermediate damage states, DS2
and DS3, are reached at the displacements equal to 05 U, +0.33- Uzand0.25- U, +0.67 - Us,
respectively. The generic backbone curve associated with masonry structures is depicted in Figure
27 a together with the damage state thresholds; the backbones of the fifteen Italia n masonry
building typologies are shown in Figure 27b. The unreinforced masonry structures classes are
plotted as solid lines whereas those of the confined masonry bu ildings are in dashed lines. Both

the unreinforced masonry buildings and the confined masonry structures have periods of vibration

between 0.13s and 0.69s.
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Figure 27 Backbone and damage state thresholds for a generic Italian mason ry typology (a), back-

bones ofthe  fifteen Italian masonry residential structural typologies (b).

3.5.2.3 Development of the state -dependent fragility models

The ESDoF systems associated with the bac kbones described in the previous sections were char-

acteris ed by a pinched hysteretic behavio ur exhibiting degradation of both strength and (unloading

and reloading) stiffness under cyclic loading. An example of the cyclic response is shown in Figure

28. The hysteretic behavio  ur wa s modelled in the OpenSees software (Open System for E arth-

guake Engineering Simulation , McKennaetal.,2000 ) via the APinching40 mater:i
Silva, 2021).

—— Backbone
—— Hysteresi

9]

-

u

Figure 28 Example of backbone curve and cyclic response of an inelastic SDoF system with pinched
hysteretic behavio ur and cyclic strength and stiffness degradation.

The chosen viscous damping ratio for RC concrete structural typologies is the same adopted in

the SERA project, which  is 5%. On the other hand, the adopted viscous damping ratio for masonry
structures is chosen in accordance with the paper of Guerrini et al. ( 2017) in which the nonlinear
dynamic response of several ESDoF systems, representative of masonry buildings, is investigated.
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In the cited paper, among other parameters, the viscous damping ratio for flexural dominated,
shear dominated, and a combination o f the two systems are reported. Resulting viscous damping
ratios range between 3% and 5% and a ratio equal to 4.1% is computed when the flexural and
the shear dominated systems are combined (assuming the two systems in parallel

value of 4.1% was adopted for all the masonry structural typologies.

). The same

-dependent fragility functions were
et al. , 2021 ; Orlacchio,

Fragility functions (i.e., for the undamaged structure) and state
evaluated using IDA 20 and back -to-back IDA, respectively (Orlacchio
202 2). Applying the IM  -based approach to the results of IDA and back -to-back IDA, fragility func-
tions and state -dependent fragility functions were computed. This approac h consists in finding the
realis ations of the seismic intensity leading the structure, fro m DS;, to equal or exceed a certain
damage state threshold, DS;. The considered intensity measure is the geometric mean of spectral
accelerations Saay (Baker and Cornell, 2006) evaluated , according to Equation (7), considering

the twenty -three periods of the groun d motion prediction equation of Bindi et al. (2011) , defined
in a range between 0.0s and 2.75s
YO UYRYR RY Yasi B OY 0
(7)

Figure 29 and Figure 30 show, as an example, the set of state

for an Italia n reinforced concrete and masonry building class, respectively.
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Figure 29 Set of state
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Figure 30 Set of state
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The full state -dependent fragility

MUR+STDRE/LWAL+CDN/H:4

-dependent fragility models developed by Orlacchio (2022) for the Italian

building class.

State -dependent fragility models for the three monitored buildings

methodology described above has not been applied to the three

monitored buildings, but instead simplified methods have been investigated. With more time and
resources, it would of course be possible to apply the full methodology, but it was decided that it
would be useful to include also a demonstration of simpler methods herein, which could be applied
to get a reasonable approximation of the influence of accumulated damage on the fragility of

buildings.

In order to produce state

the simplified approach referred to in Section

-dependent fragility models for the Budva hotel (see
3.5.1 has been employed; this method is based on

section 3.4.2.2 ),

pushover curves of the damaged structural configuration obtained from a predictive model via
Monte - Carlo simulation (Orlacchio, 2022). Instead, for the other two monitored buildings (i.e. the

Grenoble City Hall, Section

models for the undamaged building
median AvgSa from the damage

the Budva hotel were applied.

For the Budva hotel, a pushover curve was obtained with the nonlinear

3.4.2.3

, and the Swiss residential building, Section
s have first been developed, and then the ratios between the
-dependent fragility functions for each damage state obtained for

model (se

3.4.2.1 ), fragility

e Figure 22)and

transformed to the capacity curve of the ESDoF system (in terms of spectral acceleration versus

spectral displacement). For th

ling efforts undertaken in previous projects (Desprez et al., 2011)
. For the Swiss residential building, the capacity curve shown in
ons

short direction was used
was used.
model | i ng

Fra
t he

same numerical parameters employed
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inSection 3523 , making use of GEM6és Vulnerability Modell er ds
The same intensity measure (AvgSa) described previously has been used.

As mentioned previously, for the Budva hotel, pushover curves for the buildings given an initial

damage state (from DS1 to DS3) were obtained with the methodology of Orlacchio (2022), and
are shown in Figure 31. The same methodology as employed for the fragility functions for the
undamaged buildings was used to produce the damage -dependent fragility functions, leading to
the final set of models shown i n Figure 32.

Figure 33 and Figure 34 show the final set of models for the Grenoble City Hall and the Swiss
building, respectively.
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Figure 31 Pushover curves for the Budva hotel given an initial damage state (a) DS1, (b) DS2 and (c)
DS3. 6l ntactd refers to the undamageaednbhiokd&ibngefwehsr ¢odpbet buil o

has been previously damaged to a given damage state during a mainshock earthquake.
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Figure 32 Setofstate -dependent fragility models developed for the Budva hotel.
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Figure 33 Setofstate -dependent fragility models developed for the Grenoble City Hall.
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Swiss_building/DS0 Swiss_building/DS1
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Figure 34 Setofstate -dependent fragility models developed for the Swiss building.

3.6 SHM -based fragility —m odels

3.6.1 General method

While typical ground motion  -based fragility models involve intensity measures that only charac-
teri se the earthquake excitation, the increased availability of dynamic sensors (such as those
investigated and developed in WP2 of the RISE project) empowers the inclu  sion of the measured

building behaviour during earthquakes into fragility models. Engineering models for seismic re-

sponse prediction and damage estimation typically involve displacements and reaction forces,

both of which are challenging to measure with su fficient precision and at reasonable expense for

large building stocks. Therefore, permanent seismic monitoring of buildings in earthquake -prone
regions relies mostly on acceleration measurements. SHM offers the tools to extract damage -
sensitive features ( DSFs) from recorded time  -history data.

SHM-based fragility models are derived in a similar manner to their ground motion -based coun-
terparts: a building is modelled to predict the DSFs characterizing the nonlinear response during
a set of ground -motionrec ords (see Figure 35). These pre -defined fragility models are then com-

pared with the DSF extracted from the real building during a strong ground motion to derive the
probability to fall within a given damage state. Monitoring data is also available from the real
building during normal operations and can be used to define a healthy range of DSFs (see Figure

35). Regardless of the fragility model, DSFs that fall within this reference state can be considered
healthy as the behaviour does not deviate from healthy reference data
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Figure 35 Use of dynamic SHM data for rapid post - earthquake damage assessment using pre -com-

puted fragility models that are based on DSFs.

Multiple DSFs can be extracted from the dynamic structural response and subsequently used to

charact erize the building state (Reuland et al., 2023) , most notably the natural frequency of a
building may indicate onset of damage and therefore serve in rapid post -earthquake assessment
(Goulet et al., 2015; Trevlopoulos & Guéguen, 2016). For this proof of co ncept, t hree DSFs, for-
mulated for a pair of sensing nodes (one at the top of the building and one at the base of the

building) are considered

b Based on transmissibility as a quantity that is correlated to damage, T ent IS @ DSF that
tracks relative changes of the centroid of the transmissibility with respect to a healthy
reference state. The transmissibility between the input sensor (at the ground) and the
output sensor (at the top of the building) is sensitive to damage, due to the fact that a
reduction i n stiffness (due to damage) in turn provokes a reduction in the frequency of
fundamental modes of the substructure defined by the input -output sensor pair.

b  Asecond DSF exploits the time  -frequency representation offered by the wavelet transform
and enables tracking correlation in the time domain for separate frequency bands. A de-
crease in the correlation of the wavelet coefficients below the frequency bandwidth of a

particular structural mode may indicate nonlinearity. Indeed, when the structure beha ves

linearly, an almost perfect correlation is observed outside the frequency values that cor-

respond to the local structural modes (Goggins et al., 2007). When the frequency values

of structural modes decrease due to damage, then the correlation in the ban dwidth below
the initial frequency in turn decreases and this behavior is encoded as a DSF termed WLC

(wavelet -based linear correlation).

b Finally, a direct stiffness proxy, K prx ,» approximates the reaction force, which is defined as
the acceleration at the output sensor (at the top of the building) and the displacement
obtained as the relative displacement at the output sensor with respect to the input sensor.
Displacements are approximated using numerical integration. Thus, changes in the stiff-
ness proxy, Ko, deliver a direct damage indicator and, when comparing against the values
from healthy reference data, this DSF provides a direct measure of stiffness loss. In order

to mitigate known limitations and uncertainties induced by numerical integration sche mes,

prior wavelet -based filtering is performed to reduce noise effects and increase precision.

For more detailed information about DSFs, readers are referred to the RISE Deliverable 4.5 (Reu-

land et al., 2022b)  and the related publication ( Reuland et al., 2023 ).
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3.6.2 Specific details for the three buildings of the present application

In Figure 36,anexample ofan SHM -based fra gility modelis provided for the typical Swiss masonry
building. Based on the simulated dynamic time -history of the model (see Section 3.4.2.1 ), the
relationship between the DSF and an informative EDP (in this case maximum transient top dis-

placement) can be derived ( Figure 36a). The DSF represented in Figure 36 corresponds to the
WLC, a metric of correlation in the time domain of a limited frequency bandwidth between a pair
of sensor s. Then, fragility functions can be derived i n a similar manner to ground m otion -based
fragility functions (Martins and Silva, 2021) , as shownin Figure 36b.
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Figure 36 Example of the derivation of a SHM -based fragility function. From the fitted DSF -EDP rela-
tion (left) cumulative probability density functions for increasing damage - states are derived (right).

Leveraging upon permanently installe d accelerometers, the real building response to a damaging
earthquake can be measured. However, given the absence of data from real buildings, numerical
simulations with engineering models are used to produce building responses to two seismic se-

guences. As an example, two DSFs resulting from the response of the simulated Swiss masonry
building to the 2016 -2017 Central Italy sequence are shown in Figure 37. The two DSFs corre-
spond to the WLC and the K ,«. When comparing the DSF of each earthquake (black line) with the
maximum transient displacement (indicated together with the damage state of the building in

Figure 18), a good correlation is observed.

In absence of repair works, the damage - state of a structure cannot improve over time. Therefore,

it is suggested to consider the highest DSF previously observed to derive DS probabilities. This
approach is indicated with a gr ey linein Figure 37.DSFs can be formulated to track the absolute
damage i accumulated from the pristine damage state until the current state 1 or the relative
increment in damage between two earthquakes in a sequence (see RISE Deliverable 4.5; Reuland
et al.,, 2022b ). However, given the model simulations correspond to u ndamaged buildings, this
goes beyond the scope of this report.
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Figure 37 Derivation of two DSFs from the dynamic data measured by two sensors (one at the base
and one at the top of the building) during the first four earthquakes of the 2016 -2017 Central Italy
sequence.
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As an example, the DS probabilities predicted using the fragility curves formulated with respect

to all three DSFSs are shown for the Swiss masonry building at location 13 ( Figure 1) after the
second earthquake of  the 2016 -2017 Central Italy =~ sequence are shown in  Figure 38. The proba-
bilities stemming from the three single DSFs do not yield the same results, underlining the need

for a robust combination of multiple DSFs. In this case, the combination is done by averaging the

prediction s from the three DSFs. However, more advanced techniques based on machine learning

may be used for combining mult iple DSFs (Martakis et al., 2023). The derivation of multiple DSFs

from one sensor pair augments the amount of information, without adding addi tional need for
sensors. Therefore, in this study, the three DSFs, T ent; Ko @nd WLC, are systematically combined.
Figure 39 shows the predicted damage  -state probabilities for the 2016 -2017 Central ltaly se-
guence (also at location 13) after combination of all three DSFs. While the first earthquake pro-

duces severe d amage, which is predicted, even if much scatter exists between DS2 -4, collapse
(which is attained during the fourth earthquake ) is correctly picked up.
(c)AT -
0.6 (a) WLC 1 (b) A KPRX 0.6 cnt 0.4 d) Combined
0.3
594 4 504 4
o 005 o 202
o o o o
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Figure 38 Predicted probabilities of DS for the typical Swiss masonry building at location 13 during
the second earthquake of the 2016 -2017 Central Italy sequence. The probabilities are assigned based
on individual DSFs: WLC (a), K px (b),and T et (C). Then, thet hree predictions are combined, by aver-

aging the predicted probabilities
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Figure 39 Predicted probabilities of DS for the typical Swiss masonry building at location 13 during
the first five earthquakes of the 2016 -2017 Central Ita ly sequence. The probabilities are assigned
based on ave rag ing the three DSFs that are extracted from a pair of sensors 1 one at the base and
one at the top of the building
3.7 Estimation of damage probabilities using SHM
3.7.1 General overview
In a full -scale implementation, instrumented buildings would be monitored by means of an opera-
tion al structural health monitoring system that would calculate damage sensitive features , either
continuously or when triggered (e.g., by the detection of an earthqua ke) , and use them to retrieve
probabilities of damage from the previously defined SHM -based fragility models (see section 3.6).

A relevant challenge in such an implementation is the effect that weather conditions, amplitude

of shaking and occupancy can have on DSFs. This effect can either mask actual damage or, on
the contrary, lead to false alarms. Statistical tools or approaches based on machine learning can
be deployed to address this issue, with several potential objectives.

A first objective  consists in quantifying the undesirable effects on the DSFs in a learning phase.
Subsequently, the learned relation between DSFs and environmental and operational conditions
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can be included into the condition -based decision algorithm , in the case of damag e-triggered
alarms (e.g. Guéguen and Tiganescu, 2018), or to the continuous monitoring of buildings (Bo-

goevska et al., 2017). Some applications of an operational system exist already for two buildings

monitored by the French RAP  -RESIF network (the City Hal | building in Grenoble and Tour Ophite

in Lourdes), which will be updated to incorporate results obtained as part of the RISE project.

A second objective consists in detecting damage and identifying fragility and safety immediately
after extreme events, w  hich requires calibrating the variations of DSFs for each damage level and
finding the best combination of DSFs for a certain estimate. Physics -based simulation models and
robust treatment of uncertainties may be used for this task (Reuland et al., 2019 a).

Finally, a third objective, based on the strategy of transfer learning for domain adaptation (i.e.,

using the knowledge obtained from one machine learning application to another one in which the

data domain changes), would consist in transferring the rel ationship between DSFs and damage
including the above -mentioned undefinable effects learned on a building to all the buildings of the

class for a full -scale implementation. This objective needs the model adaptation to each building

of the class accordingt o specific constructive features and may also start from simulations (Mar-

takis et al., 2023). This also may contribute to the building testing based fragility assessment for

post - earthquake inspections by assessing abnormal response from a single post -even t measure-
ment.
3.7.2 Simulation of SHM by means of non -linear time -history analyses

For this proof of concept, we have simulated the recording of earthquake shaking by the three
instrumented buildings by means of non -linear time -history analyses (NLTHA) using re al accelero-
grams retrieved from the Italian Accelerometric Archive (ITACA) website (Russo et al., 2022) . Hav-
ing decided to focus the rapid loss assessment calculations on earthquakes with moment magnitude

of 5.0 and above, the 2009 pdedafeighteartbgeatas and the20l6as -c o

2017 Central Italy sequence was composed of nine earthquakes

For the three sites selected f showit Rigure210tbeYolldwidghecords| a
have been used:

1 Sequence 01 : all eight earthquakes from station AQK, located in the town of
1 Sequence 02: seven out of eight earthquakes from station AQV, but the second earthquake
was retrieved from nearby station AQM (it was not available from AQV).
1 Sequence 03: seven out of eight earthquakes from station AQG, but the third earthquake
was retrieved from nearby station AQV (it was not available from AQG).

For the four sites selected for the 2016 -2017 Central Italy sequence show in Figure 1, the following
records have been used:

1 Sequence 11: all nine earth quakes from station NRC, located in the town of Norcia.

Sequence 12: all nine earthquakes from station AMT, located in the town of Amatrice.

1 Sequence 13: the first two earthquakes were recorded by station FEMA, located in the free
field, while the other se  ven earthquakes were retrieved from CNE, located in the town of
Castelsantangelo sul Nera  (the firsttwo e  arthquakes were not available from CNE)

1 Sequence 14: all nine earthquakes from station MSCT, located in the town of Mascioni.

==

For the case of the Budva hotel, the east -west component of the accelerograms was applied along

the X axis shown in Figure 40, while the north -east component was appli ed along the Y axis. The
NLTHAs were run using the PERFORM 3D software , and results obtained along the X axis, which is

the weaker direction  of the building, were used, in agreement with what was done for the derivation

of the ground motion  -based fragility models (see section s 0 and 3.5.3)
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The Grenoble City Hall was represented by an ESDoF system characterised by its capacity curve
along the short direction (Desprez et al.,, 2011 ), labelled Y in  Figure 40, not only for the running of
NLTHASs to simulate the effect of the earthquake sequences but also for the derivation of the ground

motion -based and SHM -based fragility models.

The Swiss build ing was modelled in OpenSees as described in section 3.4.1 , and NLTHAs were c on-
ducted bi-directionally , as shown in Figure 40. The building was oriented with the longer direction

in the East -West direction. The damage states have been attributed only based on the maximum

transient displacement at the roof level, although significant damage to the spandrels has been

observed prior to reaching DS1. This full  -order model was also used to simulate pre -earthquake
white -noise excitation, which is required to derive DSFs as relative changes between the healthy

reference state and the damaged state (Reuland et al., 2023).

Figure 40 Axes and orientations for the NLTHAs for the three monitored buildings: the Budva hotel
(left), the Grenoble City Hall (centre), and the Swiss building (right).

While the variation of ground motions at different orientations is of relevance for determining the
seismic demand on a  building (e.g., Hong and Goda, 2007; Shahi and Baker, 2014; Nievas and
Sullivan, 2018 ), considering the effects of directionality was beyond the scope of this proof of
concept, particularly because in a real SHM application the orientation of the recordings would be

as per the relative orientation of the sensors with respect of the building , which will be known. It
cannot be overemphasised that this step of running NLTHAs is needed in this proof of concept to

simulate earthquake action that was not really experienced by these buildings.

3.8 Economic and human consequence models

Damage -loss or ¢ onsequence models, which provide damage ratios for each damage state in the

fragility functions (DS1, DS2, DS3 and DS4), have been used to assess the economic losses. The

following damage ratios (which represent the ratio of cost of repair to cost of repla cement) have
been adopted: 0.05 (DS1: slight damage), 0.15 (DS2: moderate damage), 0.6 (DS3: extensive

damage), 1.0 (DS4: complete damage). These values have been used in ESRM20 and are based

on a review of recent European damage -loss models (Cosenza et al ., 2018; Di Ludovico et al.,
2021; De Martino et al., 2017; Erdik, 2021; Akkar, 2021; Tyagunov et al., 2006).

For the human casualties, the injury classification scale reported in HAZUS (FEMA, 2003) has been
employed, as summarised below:

Injury severit y level 4: instantaneously killed or mortally injured.

Injury severity level 3: injuries that pose an immediate life threatening condition.

Injury severity level 2: injuries that require use of medical technology (e.g. x -rays, sur-
gery), but are not  expected to be life threatening.

Injury severity level 1: injuries that require basic medical aid (in the field).
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The indoor casualty rates for reinforced concrete frames and unreinforced masonry buildings pro-

vided in HAZUS, with the modifications employe d for the Portuguese case study in the LESSLOSS
project (Spence, 2007), have been adopted herein and combined with the model for fatalities in
ESRM20, as summarised in  Table 4 and Table 5 below. The collapse rates required to assess the
probability of collapse given DS4 are gi ven for each typology in the ESRM20 fatality model (Crow-
ley et al., 2021 a). For injury severity 4 (i.e. fatalities) given collapse, the ESRM20 uses a number

of factors obtained from both past observations and expert judgement, including: the likelihood

that a completely damaged building will collapse to the extent that it could cause loss of life
(currently taken as an average of 1.0% based on the data from recent earthquakes: Antonios
Pomonis, personal communication), a collapse factor (which is based on e xpert judgement and
varies from 0.5 to 5 as a function of the building class), the probability of entrapment given
collapse (Reinoso et al. 2017), and the probability of loss of life given entrapment (Reinoso et al.

2017).

Table 4 Indoor casualty rates (i.e. percentage of occupants) that would be expected to reach each
severity level given the damage state for reinforced concrete frame buildings

Injury Severity DS1 DS2 DS3 DS4 DS4
(no collapse) (collapse)
Injury severity 1 0.05 0.2 1 5 50
Injury severity 2 0.005 0.02 0.1 1 10
Injury severity 3 0 0 0.001 0.01 2
Injury severity 4 0 0 0.001 0.01 ESRM20 model

Table 5 Indoor casualty rates (i.e. percentage of occupants) that would be expected to reach each

severity level given the damage state for unreinforced masonry  buildings.
Injury Severity DS1 DS2 DS3 DS4 DS4
(no collapse) (collapse)
Injury severity 1 0.05 0.4 2 10 50
Injury severity 2 0.005 0.04 0.2 2 10
Injury severity 3 0 0.001 0.00 2 0.02 2
Injury severity 4 0 0.001 0.00 2 0.02 ESRM20 model
3.9 Timelines for damage inspection , repair  and hospitalisations

3.9.1 General concept

The updating of the number of occupants in a building during an ongoing sei smic sequence re-
quires knowledge on the constraints and conditions that will exist after each earthquake for people

to be able to return to the buildings they normally occupy. This matter is one aspect within th e
broader scope of post -earthquake recovery, for which a model and associated plug  -in for Open-
Quake (OQ-RRE) was developed as part of RISE Task 4.3 ( Deliverable 4.4; Reuland etal., 2022a ),
following the iRe -CoDeS framework (Interdependent Resilience Compo sitional Demand/Supply
quantification; Blagojevic et al., 2021; Didier et al., 2018) . As Reuland et al. (2022a) describe,
the timeline of the recovery process is influenced by a large numbe r of factors, many of which can
vary significantly for different co untries and regions, and for which only very limited quantifiable
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data exists. For thisreason, the modelling of the return of occupants to buildings has been devel-
oped in the Real -Time Loss Tools in a simplified manner, taking into account a selected number
of variables involved. Itis our hope that future developments of the Real -Time Loss Tools and the
OpenQuake Recovery and  Rebuilding Effort (OQ-RRE) software lead to a full integration of all
these a spects of earthquake resilience.

In the Real-Time Loss Tools w e consider the ability of a person to return to the buildings they
usually occupy to be a function of two aspects that can be separated from one another: the health

status of the person, and the need for inspection and repair of poten tially damaged buildings. The
first one is associated with the level of injury sustained by a person (the most extreme being

death) and the amount of time it would take for a person with that level of injury to be discharged

from hospital, if they need med ical care other than that which can be provided on site by para-
medical professionals. = The second one is associated with the time it takes for buildings to be
inspected and repaired (if necessary) after an earthquake has occurred , and depends not only on
th e damage state of the building but also on local policies and decisions made by the authorities

in th e aftermath of a damaging event ( Reuland et al., 2022a). For example, the inspection of
buildings might be carried out upon request by the building owner, or it might be indicated for a

large region, irrespective of what the perceived damage states of the buildings are

3.9.2 Specific details for the present applicat ion
While the number of days that a person spends in hospital or that it takes for a building to be
inspected/repaired is clearly variable (Reuland et al., 2022a) the Real -Time Loss Tools use only

expected values

For the definition of number of days a pe rson with different levels of injury (see definition in
section 3.8) is expected to spend in hospital, the following assumptions were made:

1 Injury severity level 4:  these are instant deaths or mortal injuries, and thus no possibility
of return can be considered ( simulated by using a very large number of days in the code)

1 Injury severity level 3: average 8 days spent in hospital , which results from r  ounding up
the ltalian average of 7.5 days for hospital stays that require acute care , according to
statistics from the Organisation for Economic Cooperation and Development (OECD,

2023). Average values for a large number of European countries range from 5 till 7.

1 Injury severity level 2: average 3 days spentin ho spital , which results from rounding down
the Italian average of 3.3 days for hospital stays due to childbirth (OECD, 2023), which
we take as a proxy for mild injuries in lieu of more specific stat istics .

1 Injury severity level 1: zero days spent in hospital.

The number of days that it takes to inspect and repair buildings suffering from different damage

states adopted for this proof of concept is shown in Table 6. Several factors were considered for

their definition, including not only exist ing literature on the matter and the work of Reuland et al.

(2022a) as part of RISE Task 4.3 , but also the implications for the two earthquake sequences

considered in the present work St is known that after the main shock
guence most people  did notreturnto build  ings either because the damage was too widespread or

because of fear. This means that the numbers selected needed to be such that this reality were

represented , and it is the case given the small intervals between successive earthquakes (see

section 5.1).

For the case of the 2016  -2017 Central Italy sequence, Dolce and Di Bucci (2018) express that the

third and fourth earthquakes (M wO 5) in the sequence did not pcauseduce f 1
fimost of the local population had been yet arranged in safe, temporary lodging 0 and that the f
earthquake (the strongest event in the sequence) produced no casualties either, largely aided by

the time of the day at which it occurred, around 20 mi nutes before the time surveys and activities

carried out by first responders (associated with the previous earthquakes) were planned to start.
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However, given the larger gaps in time in between earthquakes (August 2016, October 2016,
January 2017), the smal ler numbers of 7 days to inspect and 0 and 15 days to repair buildings in

damage states 0 and 1 were selected ( Table 6), so that at least a small proportion of the oc cupants
had the chance to be reinstated in the buildings so as to show how the updating of occupants
works in the Real -Time Loss Tools. As will be seen in chapter 5, this decision leads to small num-

bers of additional casualties only.

Table 6 Expected numbers of days needed for inspection and repair of buildings suffering from differ-
ent damage states used for this proof of concept.

Damage State | nspection Repair Total
DSO 7 0 7
DS1 7 15 22
DS2 45 365 410
DS3 45 1,095 1,140
DS4 45 1,095 1,140

As the Real -Time Loss Tools add up the number of days needed for inspection and repair, the use

of 45 days for inspection of damage states 2 through 4 is inconsequential, because it gets added

to 365 (one year) and 1,095 (3 years), and neither of the two sequences considered herein are
that long (and, once more, longer periods into the future bring additional uncertainty from other

factors of the recovery process not accounted for herein). These large numbers (1 and 3 years)

are aligned with  the ti melines described by Dolce and Di Bucci (2018) , who speak of 24 hours to
6-12 months needed for post -earthquake damage and safety assessments and fAyear so
as well as the satellite and street  -level imagery that can be observed on Google Maps and G oogle
Street View for the affected area (e.g., Amatrice) many years after the events.

This chapter focuses on the input files needed to run the Real -Time Loss Tools for this proof of
concept , following the order in which the individual components and their conceptual background
have been discussed in chapter 3. The actual files used ar e available on GitLab 3.

Figure 41 shows the file structure needed to run the Real -Time Loss Tools and indicates the sub -
sections of this chapter th  at deal with each sort of input.  As the Real -Time Loss Tools run Open-
Quake to calculate ground motion fields and damage , some of the input files are the same as
would be needed to run standard OpenQuake calculations , while many others are specific to the

Real-Time Loss Tools.
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Section  main_path

Section 4.9 |__ config.yml
Section 4.9 |__triggering.csv
Section 4.1 |__ catalogues
| |__cat 0l.csv
| wuvy X
|__ current
Section 4.9 | |__job.ini
Section 4.4 | |__ exposure_model.xml
Section 4.4 |__ exposure_models
| |__ oelf
(. I_ (empty)
(I
(. I_ (empty)
| |__ exposure_model_undamaged.csv
Section 4.2 |__ ruptures
| |__oelf
(. I_ (empty)
I
| | | source_parameters.csv
| | source_model.xml
Section 4.6 |
| | damage_results_shm.csv
|__ static
Section 4.7 | |__ consequences_economic.csv
Section 4.7 | |__ consequences_injuries_severity Y.cs
Section 4.5 | |__ exposure_vulnerability_mapping.csv
Section 4.5 | |__fragility_model.xml
Section 4.3 | |__gmpe_logic_tree.xml
Section 4.8 | |__ recovery_damage.csv
Section 4.8 | |__ recovery_injuries.csv
Section 4.3 | |__ site_model.csv
|__ openquake_output
| | (empty)
|__ output
|__ (empty)
Figure 41 File structure within main_path  needed to run the Real -Time Loss Tools . The list on the left

indicates the sections of this chapter where each input file is explained

4.1 Seismicity f  orecast and actual seismicity

The Real-Time Loss Tools require that each running trigger be associated with a catalogue file
with certain parameters associated to t he earthquakes to be processed.

In the case of RLA  and for this proof of concept, for which the finite -fault rupture planes have
been retrieved from the Italian Accelerometric Archive (ITACA) website (Russo et al., 2022) , the
catalogue CSV files contain the following fields:

1 longitude :longitude of the h  ypocentre;
91 latitude : latitude of the hypocentre;
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1 magnitude : moment magnitude;

1 datetime : date and time of occurrence, in UTC and in standard ISO 8601 format (i.e.,
YYYY-MM-DDTHH: MM: SS);

1 depth : hypocentral depth, in km;

1 catalog_id : anidentifier (for interna | purposes, if desired);
1 event_id : identifier of the event, to be used to retrieve finite -fault rupture parameters
(see section 4.2).
In our proof of concept we use the ITACA event ID . Table 7 below shows an example of a catalogue

file for RLA purposes.

Table 7 Example of the input catalogue CSV file for the first large earthquake in the 2016 -2017 Cen-
tral Italy sequence.

longitude | latitude |magnitude datetime depth |catalog_id event id
13.2335 | 42.6983 6.0 2016-08-24T01:36:32 8.1 CIT |EMSC-20160824 00000

In the case of OELF, the Real -Time Loss Tools require that the catalogue CSV files contain the
following fields (e.g., Table 8):

I longitude (can be rnannde da si):voergitude of the hypocentre;

1 latitude (can be namladd fias wel | ) : |l atitudie of the hypocentr
T magnitude (can be nvagnedadi wel | ) : moment magnitude;

i datetme (can be nTammed aff wel | ) : date and time of occur

standard ISO 8601 format (i.e., YYYY -MM-DDTHH: MM: SS);
i catalogid (can be rddxoae & fas :w@dfthgrealisation of seismicity (stochas-
tic event set) that this earthquake belongs to

Optional fields are:
1 depth : hypocentral depth, in km;

1 event_id :u nigue identifier of the earthquake withina  stochastic e vent set.

Table 8 Example of an OELF input catalogue CSV file.

longitude latitude datetime magnitude | catalog_id
13.194844 | 42.927584 |2016-08-24T712:19:01 4.41 30
13.209671 | 42.953998 | 2016-08-24T03:56:41  4.17 72
13.224407 | 42.672478 |2016-08-24T708:12:32 4.41 140
13.106070 | 42.771073 | 2016-08-24T08:59:22  4.38 158
13.168614 | 42.621428 |2016-08-24T04:49:58  5.03 213
13.125766 | 42.653852 | 2016-08-24T07:27:05 4.02 213
13.091322 | 42.628619 |2016-08-24T09:58:24 4.31 213
13.095957 | 42.633398 | 2016-08-24T15:53:24  4.52 213
13.048759 | 42.607241 |2016-08-24T721:18:36  4.09 213
13.190763 | 42.943432 |2016-08-24T05:57:05 4.15 218

0

1

3

5

4

7

8

0

13.123646 | 42.710244 | 2016-08-24T03:50:1 4.07 219
13.131355 | 42.873699 | 2016-08-24T05:41:1] 4.04 301
13.089598 | 42.837544 | 2016-08-24T02:56:4 4.68 336
13.029475 | 42.837803 | 2016-08-24T07:02:1] 4.23 336
13.038191 | 42.840566 |2016-08-24T08:07:2 4.01 336
13.187590 | 42.552217 |2016-08-24T22:00:2 4.65 360
13.196402 | 42.791988 | 2016-08-24T715:09:4 4.96 385
13.174792 | 42.850683 | 2016-08-24T00:19:2 4.04 404
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RLA catalogues must contain only one earthquake (= one row) per C SV file, asthe Real -Time Loss
Tools will ignore any additional row s. OELF catalogues can contain any number of earth-
guakes/rows. The way the catalogue files are read is controlled by the type_analysis column of
the triggering.csv file (see section 4.9). How many stochastic event sets of an OELF input cata-

logue CSV file are run is controlled in the configuration file ( config.yml , see section 4.9).

All catalogue files are located under main_path/catalogues  and listed in main_path/triggering.csv
4.2 Earthquake ruptures

The Real - Time Loss Tools search for finite  -fault rupture parameters associated with the earthquakes
forwhicha RLAisruninafile called source_parameters.csv  located under main_path/ruptures/rla
The search is carried out based on the event_id indicate d in the catalogue CSV file (see section
4.1). Following the nomenclature used by the Italian Accelerometric Archive (ITACA; Russo et al.,
2022) , source_parameters. csv contains the following fields (for all RLA earthquakes named in trig-
gering.csv ):

1 event_id :identifier of the event, as in the corresponding catalogue CSV file.

1 Mw : moment magnitude;
1 nucleation_lon , hucleation_lat , nucleation_depth . longitude, latitude and depth (in
km) of the hypocentr e;
T LL_lon , LL_lat : longitude and latitude of the lower -left corner of the rupture plane;
T UR_lon , UR_lat : longitude and latitude of the upper -right corner of the rupture plane;
1 LR_lon , LR_lat : longitude and latitude of the lower  -right corner of the rupture plane;
I UL_lon , UL _lat : longitude and latitude of the upper -left corner of the rupture plane;
1 Z_top : depth to the top of the rupture (in km);
1 Strike : strike of the rupture plane;
91 Dip : dip of the rupture plane;
1 Rake : rake of the rupture plane.
Once these parameters are retrieved, the Real -Time Loss Tools create the associated rupture XML

file to be passed as input to OpenQuake.

Forthe case of OELF, the Real -Time Loss Tools will searc  h for the source model in the OpenQuake -
engine seismogenic source model format 14 with the name indicated in the configuration file (see

section 4.9). The XML file is to be located under main_path/ruptures . Then, the Real -Time Loss
Tools will proceed with the stochastic generation of ruptures and their associated rupture XML

file s.

4.3 Ground motions

The ground motion logic tree is input as an XML file ( gmpe_logic_tree.xml ) following the OpenQuake
format 1°. When using average spectral acceleration (AvgSA) as the intensity measure, the periods

used to define it are defined in this file as well. Figure 42 shows the contents of the XML file used

for this proof of concept.
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<?xml version="1.0" encoding="UTF-8"?>

<nrml xmlns:gml="http://www.opengis.net/gml"
xmlns="http://openquake.org/xmlns/nrml/e.4">
<logicTree logicTreeID="1t1'>

<logicTreeBranchSet uncertaintyType="gmpeModel” branchSetID="bs1"
applyToTectonicRegionType="Active Shallow Crust">»

<logicTreeBranch branchID="b1"»
<uncertaintyModel>
[GenericGmpeAvgsa]
gmpe_name = “LanzanoEtAl2019 RJIB_OMO"
avg periods = [e.e4, ©.07, ©.1, .15, 0.2, 0.25, @.3, ©.35, 0.4, 0.45, 0.5,
0.6, 0.7, 0.8, 0.9, 1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5, 2.75]
corr_func = "baker jayaram"
</uncertaintyModel>
<uncertaintyWeight>1.@</uncertaintyweight>
</logicTreeBranch>

</logicTreeBranchSet>

</logicTree>
</nrml>

Figure 42 Ground motion model XML file used for this proof of concept.

The site model isinputasa CSVfile ( site_model.csv ) following the OpenQuake format. The param-
eters required vary depending on the ground motion prediction equations (GMPES) specified in the

ground motion logic tree ( gmpe_logic_tree.xml ). For the GMPE used for this proof of concept, the

site model was defined as shown in Table 9.

Table 9 Site model CSV file used for this proof of concept.

lon lat vs30 | vs30measured
13.33672| 42.37326| 416.09 0
13.40126| 42.34484| 476.42 0
13.34358| 42.37731| 520.54 0
13.28728| 42.63244| 418.46 0
13.15269| 42.89458| 837.61 0
13.35045| 42.52627| 534.73 0
13.09639| 42.79288| 566.34 0
Additional parameters associated with the calculation of ground motio n fields in OpenQuake are

definedinthe job.ini file (see section 4.9). Both gmpe_logic_tree.xml  and site_model.csv are placed
under main_path/static

4.4 Exposure model

The initial exposure model is input as a combinationofa CSVfile ( exposure_model_undamaged.cs V)
and an XML file ( exposure_model.xml ) following the OpenQuake format . The most relevant contents

of the exposure model are defined in the CSV file, in which each row corresponds to a building or

set of buildings associated with a particular location and building class (general OpenQuake defini-
tion) . Apart from the mandatory fields needed for OpenQuake, the Real -Time Loss Tools require
thata building_id and original_asset _id be defined, as each row corresponds to an original_as-
set_id , which is a specific ~ combination of a  building_id and a building class. If a building_id
refers to an individual building, then each original_asset_id refers to a building class with a specific
probability of being that of the building (specifiedinthe field number ). Ifthe building_id refers to
a set of buildings (e.g. those in a tile) , each original_asset _id refers to a building class with an
associa ted number of buildings (specified in the field number as well) . Another difference with
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respect to the standard exposure file for OpenQuake is the need to specify the current damage state
of the building as part of the string that defines the building cla ss (under the taxonomy column, see
below). The initial exposure model may consist of already damaged structures.

The columns in the exposure CSV file are as follows:

9 id: unique identifier to be used by OpenQuake (OpenQuake requires the

Real-Time Loss Tools thinks of it as asset_id to be more specific) ;
1 lon, lat : longitude and latitude of the original asset (e.g. centroid of an individual building

or a tile);

I taxonomy : building class, specifyin g the damage state as the last parameter ,usinga slash
to conca tenate it to the rest of the building class string (e.g. class_A/DSO, class_A/DS1,
etc);

1 number :number of buildings of this original_asset_id (i.e., ofthis  building_id and build-
ing class), o r probability of this building class corresponding to this original_asset _id ;

9 structural :total replacement cost of all buildings or fractions of buildings specified in num-
ber ;

1 census : number of occupants in all buildings or fractions of buildings specifie din number

irrespective of the time of the day ;
1 occupancy : occupancy associated with certain parameters to assign the number of occu-
pants at different times of the day (hames need to coincide with those specified under

time_of _day_occupancy in the configuration file (see section 49);
91 building_id : unique identifier for this individual building or aggregation unit (e.g., tile);
91 original_asset_id : unique identifier for this combination of building_id and building class.
Table 10 shows an example of the contents of the exposure CSV file. Additional columns may be

added for post - processing aggregation purposes (e.g. names and IDs of administrative units).

Table 10 Extract of the CSV file of one of the undamaged exposure models used for this proof of con-

cept.

id lon lat taxonomy number| structural census |occupancy] building_id |original_asset_iq
exp_1| 13.285904| 42.633454 MUR+STRUB/LWAL+CDN/H:1/DS@®.6 1495409.9 | 24.5098 | residential tile_1 exp_1
exp_2 | 13.285904] 42.633454 MUR+STRUB/LWAL+CDN/H:2/PS04.2 963819.3 | 15.8469 | residential|  tile_1 exp_2
exp_3 | 13.287277| 42.633454 MUR+STDRE/LWAL+CDN/H:4/DS®.1 3148508.4 | 55.9639 | residential tile_2 exp_3
exp_4 | 13.287277] 42.633454 MUR+STDRE/LWAL+CDN/H:5/DS®.2 | 5951448.7 | 105.7855] residential|  tile_2 exp_4
exp_5 | 13.287277| 42.633454 MUR+STRUB/LWAL+CDN/H:3/DSQ1.2 | 3981068.2 | 67.6642 | residential tile_2 exp_5

Final results obtained by the Real -Time Loss Tools are output in terms of the building_id to the
main_path/output  folder. Intermediate OpenQuake results are output in terms of asset_id to the
main_path/openquake_output folder. While building_id and original_asset_id consistently refer
to the same building/s and building classes along the whole run, the values of asset_id may change.
Thisis not directly visible to the user that only focuses on the results in the main_path/output  folder.
Figure 43 shows the components of the exposure model used for this proof of concept and illustrates

the relation between  building_id , original_asset_id and asset_id .Asanexample , building_id =
tile_2 is associated with three different original_asset_id , namely exp_3, exp_4 and exp_5, each of
which represents a number of buildings of different building classes . In the case of  building_id =

tle_6 onlytwo original_asset id are needed and for building_id = shm_Swiss just one original_as-
set_id is sufficient.

The exposure XML file follows the OpenQuake format 16, Figure 44 shows the contents of the file used
for this proof of concept. As can be seen, the ti
cyPeriodso) is not speci fi eTmelLdsToas update thiefie aactstime to h e

use the time of the da  y of the earthquake being run (day, night, or transit).
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asset_id [lon lat taxonomy number |building_id original_asset_id
exp_1 13.3999| 42.3459 |MUR+STRUB/LWAL+CDN/H:1/D50 8.6|tile_1 exp_1
13.3999| 42.3459 |MUR+STRUB/LWAL+CDN/H:2/DS0 4.2[tile_1 exp_2

13.4026| 42.3459 | CR/LFINF+CDN+LFC:0.0/H:1/DSO

exp_7 13.4026( 42.3459 |CR/LFINF+CDN+LFC:0.0/H:2/DSD 1.9(tile_3 exp_7
exp_8 | 13.4026 42.3459 | CR/LFINF+CDLHLFC:10.0/H:1/DS0 3.3[tile_3 exp_8
exp_9 | 13.3999( 42.3448 | CR/LFINF+CDN+LFC:0.0/H:3/DS0 4.8|tile_4 exp_9
exp_10 | 13.3999| 42.3448 |CR/LFINF+CDL+LFC:10.0/H:3/D50 8.1|tile_4 exp_10
exp_11 | 13.4013 42.3448|MUR+STORE/IWAL+CON/H:4/D50 3.8|tile_5 exp_11
exp_12 | 13.4013| 42.3448|CR/LFINF+CDL+LFC:10.0/H:3/DS0 6.3|tile_5 exp_12

13.4013| 42.3448 |CR/LFINF+CDL+LFC:10.0/H:4/DS0

13.3999| 42.3438

CR/LFINF+CDN4LFC:0.0/H:4/DS0 tile_7

exp_17 | 13.3999/ 42.3438 |cR/LFINF+CDLHLFC:10.0/H:4/D50 11.2]tile_7 exp_17
exp_18 | 13.4013 42.3438|CR/LFINF+CDN+LFC:0.0/H:3/DS0 2.1)tile_8 exp_18
exp_19 | 13.4013 42.3438 | CR/LFINF+CDL+LFC:10.0/H:3/D50 3.6|tile_8 exp_19
exp_20 | 13.4013| 42.3438 |MUR+STRUB/LWAL+CDN/H:3/DSD 7.9(tile_8 exp_20
exp_21 | 13.4026 42.3438 |MCF/LWAL+CDL/H:3/DS0 2.4[tile_9 exp_21
exp_22 |13.4026| 42.3438 |MUR+STORE/LWAL+CDN/H:4/DS0 12.3[tile_9 exp_22
exp_23 | 13.4026| 42.3438 |CR/LFINF+CDL+LFC:10.0/H:2/DS0 5.4|tile_9 exp_23

13.4009| 42.3451 |Budva_hotel/DSO shm_Budva

13.4015

42.3450|Grencble_city_hall/DS0 1|shm_Grencble exp_26

Figure 43 Extract of one of the exposure CSV file s used for this proof of concept and its relation with
the physical space.

<?xml version="1.8" encoding="UTF-8"?>
<nrml xmlns="http://openquake.org/xmlns/nrml/@.4" xmlns:gml="http://www.opengis.net/gml">
<exposureModel category="buildings" id="exposure™ taxonomySource="GEM taxonomy">
<description»exposure model</description>
<conversions>
<costTypes>
<costType name="structural™ type="aggregated” unit="EUR"/>
</costTypes>
</conversions>
<occupancyPeriods>time</occupancyPeriods>
<tagNames>occupancy id_3 name_3 id 1 name_1 id_2 name_2 building_ id</tagNames>
<assetsrexposure_model current.csv</assets>
</exposureModel>
</nrml>

Figure 44 Exposure model XML file used for this proof of concept.

It is noted that the naming of the column of the CSV file that contains the replacement costs is

dictated by the filoss categoryo assi apilteXL fileo(se¢ seationf r agi | it
4.5), and is to be specified in the exposure XML file as well (as shown in Figure 44). Total replace-

ment costs are being assigned to structural fragility models because no non -structural fragility

models or fragility models for contents are being used (their existence is limi ted).

The exposure_model_undamaged.csv file is located under  main_path/exposure_models and the
exposure_model.xml file is located under = main_path/current

45 State -dependent ground motion -based fragility models

Fragility models can be input to OpenQ uake eitherin a continuous or a discrete fashion.  As all the

models used for this proof of concept are defined in terms of the CDF of a log -normal distribution
the fragility models were input as continuous curves defined in terms of means and standard devi-
ations of the lognormal CDFs ~ , by means of XML files (e.g. Figure 45).

A key characteristic of state -dependent fragility models is that they are only defined for d amage
states equal to or more severe than the initial damage state, simply because a building cannot go

back in terms of damage unless repaired. In order to simulate this in the input XML file for Open-

Quake, a very small value of mean and standard deviatio n (1E - 10) were used to define the curves

for damage states smaller than the initial damage state. In Figure 45 it can be observed how all
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curves (for slight, moderate , extensive and complete damage) are defined with non -zero -like values

for the building class ACR/LFINF+CDL+LFC:5.0/H:3/DS00o,

slight damage is defined by these small values of 1E - 15 for the same class in an initial dam age state
of DS1, i.e. ACR/LFI NF+CDL + L Hitack® resultsth:clBvedittatllodk likeStapc h
functions, albeit being defined mathematically by a lognormal CDF. As an example, Figure 46 shows

the whole setof curves associated with building class ACR/LFI

initial damage conditions. As an alternative t o t hi s, th@ bsarcduld choose to define the fra-
gility models by  means of discrete functions (instead of continuous log -normal functions) , as this
option is supported by OpenQuake.

<?xml version="1.0" ?>

<nrml xmlns="http://openquake.org/xmlns/nrml/@.5">

<fragilityModel assetCategory="buildings" id="fragility model" lossCategory="structural™>
<description>State-dependent fragility model Orlacchio (2022) PhD Thesis</description>
<limitstates>slight moderate extensive complete</limitStates>

<fragilityFunction format="continuous™ id="CR/LFINF+CDL+LFC:5.@/H:3/DS@" shape="logncdf">
<imls imt="AvgSA" maxIML="5" minIML="1e-15" noDamagelLimit="1e-15"/>

<params ls="slight" mean="0.1768" stddev="0.0505"/>

<params ls="moderate" mean="©.3253" stddev="©.1033"/>

<params ls="extensive" mean="0.4253" stddev="0.1535"/>

<params ls="complete"” mean="@.4605" stddev="8.1764"/>

</fragilityFunction>

<fragilityFunction format="continuous™ id="CR/LFINF+CDL+LFC:5.@/H:3/DS1" shape="logncdf">
<imls imt="AvgSA" maxIML="5" minIML="1e-15" noDamagelLimit="1e-15"/>

<params ls="slight" mean="1E-10" stddev="1E-18"/>

<params ls="moderate" mean="©.2463" stddev="0.0943"/>

<params ls="extensive" mean="@.3721" stddev="0.1343"/>

<params ls="complete"” mean="0.4424" stddev="0.1793"/>

</fragilityFunction>

<fragilityFunction format="continuous™ id="CR/LFINF+CDL+LFC:5.0/H:3/DS2" shape="logncdf">
<imls imt="AvgSA" maxIML="5" minIML="1e-15" noDamagelLimit="1e-15"/>

<params ls="slight" mean="1E-10" stddev="1E-10"/>

Figure 45 Fragility model XML file used for this proof of concept (only initial lines shown)

When defining sta te-dependent fragility models for use in OpenQuake in the fashion just de-

scribed, special attention should be paid to OpenQuake parameters that set lower bounds of

ground motions below which the buildings are assumed to be undamaged. These are minIML and
noDamageLimit , within the fragility XML file, and minimum_intensity , within the job.ini. While
useful with state  -independent fragility models, setting a minimum_intensity  of, say, 1E -5, results
in OpenQuake assuming that ground motions below 1E -5 lead to un damaged assets, even if the
assets were already in a different damage state, which is clearly undesirable. In this proof of

concept, 1E -15 was used for minIML and noDamageLimit , within the fragility XML file , and no
minimum_intensity ~ was set in the job.ini file

The CSV used by OpenQuake for mapping building classes as defined in the exposure model to

building classes as defined in the fragility model is trivial for this proof of concept (see Table 11),
as all building classes of the exposure model have their associated fragility models, but it can

easily be used inanon  -trivial fashion if needed. An example application of a non -trivial exposure -
vulnerability mapping file would be if the user desires to run the Real -Time Loss Tools using dam-
age -independent fragility models. In such a case, the exposure -vulnerability mapping should di-

rect the building classes with initial damage states different fr om undamaged to the fragility mod-

els of the initially undamaged condition. Thi s #fAhacko awparsof RISEeTdsk 4.6 to carry
evaluate the gains of using state -dependent fragility models in the context of a multi -criteria
decision analysis; see RISE De liverable 4.7; Mena Cabrera et al., 2023).

As can be seen in the examples in Figure 45 and Table 11, the current damage state of the
structure is part of the string that defines the name of the building class. OpenQuake seeks for
fragility models with IDs as specified in the taxonomy column of the exposure CSV file in the
mapping CSYV file (if provided) and/or the fragility XML file directly.
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Figure 46 Fragility model
states (DSO

for building class CR/LFINF+CDL+LFC:5.0/H:3

, with different initial damage

=slight , DS1 =moderate ,DS2 =extensive and DS3 =complete ).

Table 11 Exposure -vulnerability (or fragility, in this case) mapping CSV file used for this proof of con-

cept (only initial lines shown).

Both the fragility XML and the mapping CSV files are located
within the job.ini input file for OpenQuake (see section 4.9).
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under main_path/static  and are called
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