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Abstract During a seismic sequence, each earthquake has the potential to damage andweaken exposed
structures, causing their fragility to change, and increasing their likelihood of being further damaged by sub-
sequent earthquakes. At the same time, building occupants that need to be hospitalised will not be present
in the buildings whose damage led to their hospitalisation during any subsequent events, for as long as they
remain in hospital. These changes in the fragility of buildings and the location of building occupants have an
impact on the estimation of damage and losses throughout a seismic sequence, but are rarely accounted for
in calculations. Building upon OpenQuake, we have developed the Real-Time Loss Tools software to address
the lack of a publicly available open-source software able to account for these factors. We present its main
features, together with a case-study focused on the 2023 Türkiye-Syria earthquakes. This application shows
the relevance of accounting for damage accumulation and the relocation of people, particularly when large
ruptures affect a vast area. Comparisons of economic losses calculated with and without damage accumula-
tion showa larger discrepancy at the local level (up to 50%, depending on themethod) thanwhenaggregating
results by province (up to 14%).

Non-technical summary It is common for earthquakes not to occur in an isolated fashion but as
part of a sequence comprising often a large mainshock and a series of smaller aftershocks, or a cluster of
similarly-sized events. Some buildings might only suffer from slight or moderate damage due to one earth-
quake, but this damage reduces their capability to withstand further earthquakes that happen in a period of
time shorter than that needed to repair or strengthen them before the next one hits. Similarly, people might
not be able to return to buildings either due to their own death or hospitalisation, or because it takes time to
inspect and repair building damage. It is only in recent years that models and tools have started to be devel-
oped to be able to take these factors into account when carrying out computer-based estimates of damage,
injuries anddeaths due to a series of earthquakes but, so far, there has beennopublicly available open-source
software able todo this. Thiswas themainmotivation for building upon thewell-establishedOpenQuake soft-
ware and developing the Real-Time Loss Tools, which are presented in this paper together with an illustrative
application focused on the 2023 Türkiye-Syria earthquakes.

1 Introduction
The occurrence of an earthquake with the potential to
cause damage and losses invariably prompts questions
as towhat to expect in the immediate future, in the form
of both direct consequences of the event itself, as well
as subsequent seismic activity. These questions may
arise from a variety of stakeholders, including govern-
ments, first responders, civil protection bodies, interna-
tional aid organisations, insurance companies, the me-
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dia and the general public. As a first step, there is an
urgent need to understand, at least in qualitative terms,
whether the earthquake is expected to result in major,
minor or no impact, by means of a so-called Rapid Im-
pact Assessment (e.g., Earle et al., 2009; Lilienkamp et al.,
2023). A quantitative estimate of losses, in terms of
number of damaged or collapsed buildings, number of
injuries, fatalities and displaced people, as well as di-
rect economic losses, becomes relevant as a second step
(e.g., within the first half hour after the earthquake),
and constitutes what is usually referred to as Rapid Loss
Assessment (RLA). RLA results can be used, for example,
by first responders and civil protection agencies to send
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the right teams and equipment to search for trapped
survivors and prepare emergency shelter, by govern-
ments to allocate funding and request international aid,
or by insurance companies to plan post-earthquake as-
sessments of damage to manage potential claims.
Rapid estimates of damage become more challeng-

ing, however, when strong aftershocks (or, more gen-
erally, subsequent earthquakes in the sequence) hit in
quick succession and the economic and human con-
sequences stem no longer from one event but from a
series of events. It is known that previously-damaged
buildings are more vulnerable when subject to a sub-
sequent shock due to damage accumulation (Yeo and
Cornell, 2005; Mouyiannou et al., 2014; Bazzurro et al.,
2004; Polese et al., 2013), as has been demonstrated in
the 2010/2011 Christchurch (New Zealand) (Moon et al.,
2014), 2012 Emilia Romagna (Italy) (Sorrentino et al.,
2013), and the 2016/2017 Central Italy (Rossi et al., 2019)
earthquakes. Moreover, the location of people becomes
evenmore uncertain than usual in the immediate after-
math of an event, as injured peoplemay be taken to hos-
pital, some people may remain trapped, some others
may have already been placed in shelters ormay simply
decide to stay outside, increasing the uncertainty in the
estimation of further casualties. The matter of damage
accumulation canbe tackledbymeansof so-called state-
dependent fragility models that indicate the probability
of exceeding a series of damage states as a function of
not only the intensity of ground shakingbut also the cur-
rent damage state of the structure. Efforts continue to
be dedicated to the derivation of such models (e.g., Ia-
coletti et al., 2023; Orlacchio, 2022). Due to its complex-
ity, the modelling of the movement of people has so far
received less attention and existing methods and soft-
ware focus on the estimation of numbers of displaced
people and the need for short-term shelter (e.g, HAZUS-
MH (Federal Emergency Management Agency, 2003),
MCEER (Chang et al., 2008)), the demands on the health
systemandpotential transfer of patients betweendiffer-
ent hospitals (e.g., Ceferino et al., 2020), and/or longer-
term returns/relocations (Costa et al., 2022) after a ma-
jor earthquake, not on the effects of people relocation
on the calculation of injuries and deaths during a seis-
mic sequence.
Complementary to the capacity to quickly estimate

losses that have already occurred is the possibility of
forecasting the evolution of seismicity andpotential fur-
ther losses in the short-term (hours, weeks, months),
particularly after the occurrence of an event of large
magnitude that will most likely be followed by after-
shocks. Although short-term seismicity forecasts have
been available for several years, Operational Earthquake
Forecasting (OEF) systems that implement them are cur-
rently running only in a small number of countries, in-
cluding Italy, New Zealand and the United States (Mar-
zocchi et al., 2014; Gerstenberger et al., 2014; Michael
et al., 2019). Such systems usually report on probabil-
ities or expected number of earthquakes above a cer-
tain magnitude in the next many days of interest (e.g.
1 day, 1 week), considering not only the baseline “nor-
mal” seismicity but, most importantly, the history of
seismicity until the point in time in which the calcu-

lation is run. The capability of estimating losses due
to these forecasts, so-called Operational Earthquake Loss
Forecasting (OELF), has so far only been implemented
in Italy by means of the MANTIS-K system (Iervolino
et al., 2015), andonlybeen recently expanded intoMAN-
TIS v2.0 to account for damage accumulation by means
of state-dependent fragility models (Chioccarelli et al.,
2022). The exact application of OEF and OELF within
decision-making frameworks is still a matter of debate
(e.g., Woo and Marzocchi, 2014), but they are expected
to facilitate the implementation of risk-mitigation mea-
sures in near-real time.
While existing research has addressed several com-

ponents of the estimation of damage and losses during
seismic sequences (e.g., Papadopoulos and Bazzurro,
2020; Trevlopoulos et al., 2020; Iacoletti et al., 2024),
there had been so far no publicly available open-source
software that was able to carry out damage and loss cal-
culations of earthquake sequences/seismicity forecasts
accounting for damage accumulation and the displace-
ment of the building occupants along the process, as
well as external sources of damage estimation. Thiswas
a large motivation for the development of the Real-Time
Loss Tools (RTLTs) software presented herein (Nievas
et al., 2023c). The software was born within the frame-
work of the European Horizon 2020 RISE project1, with
the initial objective of demonstrating how the differ-
ent components of real-time damage and loss calcula-
tions for earthquake sequences could be integrated. As
work progressed, the need emerged for a transparent
and publicly-available software that the research com-
munity could use as a starting point to explore the dif-
ferent aspects of this integration and develop strategies
and research questions for potential future scalability
and operationalisation. Because the use and promo-
tion of open-source software lies at the heart of trans-
parency, the Real-Time Loss Tools are coded in Python
3, rely on thewell-established, open-sourceOpenQuake
engine (Pagani et al., 2014; Silva et al., 2013) to esti-
mate groundmotions and calculate damage, and are re-
leased under the GNU AGPL v3.0 license. Within the
large scope of post-earthquake consequences that can
be of interest for a seismic loss assessment, which in-
clude, among others, damage to lifelines, damage/inter-
ruption of roads/transportation, need for hospital beds,
and costs of business down-time, the RTLTs currently
focus on damage to buildings and estimation of human
casualties as main outputs.
This paper presents the Real-Time Loss Tools, its algo-

rithms and rationale, as well as an example application
to the February 2023 Türkiye/Syria earthquakes, which
featured moment magnitude Mw 7.8 and Mw 7.5 earth-
quakes within the space of nine hours, followed by an
aftershock sequence lasting several months and pro-
ducing further two earthquakes with Mw 6+ and 19 with
Mw 5+. Section 2 presents an overview of the software
and its main features, while section 3 goes into the de-
tail of the calculation workflows. The example applica-
tion and its results are presented in section 4. We show
that, due to the large spatial extent of the shaking, there

1http://rise-eu.org/home/
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are areas expected to have beenmostly affected by only
one of the two Mw7+ earthquakes, and areas expected
to have experienced relevant shaking and damage from
both, and that these spatial differences have a relevant
impact on the losses calculated accounting or not for
damage accumulation. Further details on the software
and different case-study applications for both RLA and
OELF can as well be found in Nievas et al. (2023a,d).

2 Software overview
The Real-Time Loss Tools (RTLTs) are a software that
calculates numbers of damaged buildings, economic
losses and human casualties due to the occurrence of
several earthquakes during a short time span, account-
ing for the accumulationof damage aswell as the reloca-
tion of building occupants during the seismic sequence
and at different times of the day. Ground shaking and
damage are calculated by the OpenQuake engine (Pa-
gani et al., 2014; Silva et al., 2013), which is called in-
ternally by the RTLTs for this purpose, while losses and
casualties are handled separately by the RTLTs them-
selves. They feature two main algorithms, one focused
on RLA and the other on OELF, which can be executed
as a series in a chronological order specified by the
user. The OELF routine is event-based, following the
recent shift in the OEF community from models that
output gridded seismicity rates for a time span of inter-
est to models that generate a large number of stochas-
tic earthquake catalogues for that same time span (e.g.,
Savran et al., 2020). Each of these stochastic catalogues
is a possible realisation of seismicity for that period of
time.
Both RLA and OELF algorithms of the RTLTs calcu-

late cumulative damage, losses and casualties due to se-
quences of fictitious or real earthquakes, but they differ
in their assumptions and some of their internal work-
ings:

• A RLA calculation expects detailed information
about the specific earthquake rupture (in the form
of an OpenQuake rupture file or by specifying the
fault geometry, strike, dip, and rake, in addition
to magnitude and hypocentral location), and it up-
dates what the software considers to be the current
exposure model, which will be used in subsequent
RLA and OELF calculations. Each RLA calculation
deals with one input earthquake. A sequence of
earthquakes is calculatedwhen a series of RLA trig-
gers are input by the user.

• An OELF calculation assumes there will be several
earthquakes listed in its catalogue input file. The
listed earthquakes may all belong to the same se-
quence or different sequences. Within the context
of earthquake forecasting, each sequence would
correspond to a possible realisation of seismicity
(or stochastic event set, SES, following the nomen-
clature used by OpenQuake). When the input cat-
alogue contains several SES (to account for epis-
temic uncertainty), each catalogue is processed in-
dependently and their damage and loss results are

averaged at the end. The OELF calculation does
not take specific rupture details but calculates them
in a stochastic fashion using a uniform-area seis-
mic source model in the OpenQuake format, pro-
vided as input by the user. Earthquakes listed
for an OELF calculation can be minimally charac-
terised by their epicentral coordinates, magnitude
and UTC date/time.

From thedescriptions above it becomes apparent that
the concepts of RLA and OELF are used to name and
explain the algorithms in the RTLTs due to the simplic-
ity with which they convey the kind of calculation that
is being carried out. However, as the user is free to
run the calculations for any (set of) earthquake(s) at
any time, it is clear that the RTLTs are not running RLA
and OELF calculations strictly speaking (i.e., triggered
by the occurrence of an earthquake in real life) but the
fundamental calculations that would allow RLAs and/or
OELFs to be carried out in real time if desired. More-
over, the application of the two workflows is not lim-
ited to RLA andOELF. For example, the RLAworkflow is
useful not only for real earthquake sequences but also
for what-if cascade scenarios that may be relevant for
emergency planning by civil protection agencies, while
the OELF workflow may also be relevant for longer-
term time-dependent probabilistic risk assessments as
well as what-if induced-seismicity applications, using
catalogues generated by geomechanical models/simu-
lations as input.
As shown in the general overview depicted in Figure

1, many inputs needed to run the RTLTs correspond to
those needed to run a scenario damage or loss calcula-
tion in OpenQuake2, with some additions, and many of
the inputs are common to both the RLA and OELF algo-
rithms. Some of the inputs remain the same during the
calculation, while others, such as the OpenQuake con-
figuration file and the exposure model, are updated by
the RTLTs. All inputs are user-defined. The standard
working of the software expects the user to input state-
dependent fragility models, but allows for the possibil-
ity of using state-independent fragilities aswell,making
it possible to at least partly account for exposuredynam-
ics when state-dependent fragility models are not yet
available for the case-study under consideration (this
approach is described in 8). The RTLTs allow the user to
provide an external estimation of damage for individ-
ual buildings, if desired. For example, this can come
from structural healthmonitoring (SHM) techniques or
direct observations in the field.
The final outputs focus on results on damage, eco-

nomic losses andhumancasualties, the latter according
to a user-defined injury scale. The intermediate outputs
generated by the RTLTs can be of interest themselves,
as they provide snapshots of the status of the exposed
buildings (including their state of damage, which fur-
ther informs their level of vulnerability) and people af-
ter each individual earthquake in the form of updated
exposure models, timelines of building usability and
hospitalisations/deaths. At locations where the expo-
sure model contains aggregated numbers of buildings,

2https://docs.openquake.org/oq-engine/master/manual/
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Figure 1 General overview of the inputs (green) and outputs (yellow) of the Real Time Loss Tools. Inputs labelled “OQ” are
directly used by OpenQuake, while the rest are used by the RTLTs.

Figure 2 General overview of the main algorithm of the
Real Time Loss Tools.

the RTLTs output numbers of buildings in each damage
state, while the output refers to probabilities of a build-
ing resulting in each damage state where the exposure
model refers to individual buildings. A combination of
both types of exposure is possible.
A series of configuration parameters and a list of cal-

culation triggers areneeded to run the software. The lat-
ter indicate whether a RLA or anOELF are to be run, the
order in which they are to be run, and the names of the
files with the associated earthquake parameters or cata-
logues. TheRTLTsprocess each trigger at a time, access-
ing the RLAorOELF routine as indicated (Figure 2). The
OpenQuake engine (Pagani et al., 2014; Silva et al., 2013)
is called from within the routines to estimate ground
motions and damage states. In the case of a RLA this oc-

curs just once, while in the case of OELF this occurs for
each earthquake in the seismicity forecast, controlled
by two loops: a main one that loops through each SES
and a second one that loops through each earthquake
within the SES. External sources of damage estimates,
if provided as input by the user, are retrieved and used
for RLAs but notOELFs (asOELFs forecast damage yet to
occur), though they do influence the damage and losses
from OELF (in the form of pre-existing damage in the
exposure model) if provided for RLA in a calculation
that contains both RLA and OELF triggers. OpenQuake
input files are updated for each earthquake run.

Apart from the specific damage and loss outputs up
to that point in time, each RLA results in two kinds of
output that have an influence on the subsequent cal-
culations: (1) an update of the exposure model files to
reflect the current expectation of damage of the build-
ing stock, and (2) future timelines of building usability
and hospitalisations/deaths, based on the damage and
injuries/deaths up to that point in time (see Figure 1).
These files are then used by all RLAs and OELFs that fol-
low, as illustrated in Figure 3, as they allow for the accu-
mulation of damage and the variation in the number of
occupants of buildings along the sequence. OELF cal-
culations do produce similar outputs but they are used
only for the subsequent earthquakes within the same
stochastic event set, as OELFs are estimates of the fu-
ture that may ormay not occur; the current expectation
of damage stemming from earthquakes that have actu-
ally happened (calculated in all previousRLAs) is read at
the beginning of each stochastic event set. Although the
example in Figure 3 focuses on a series of alternate RLA
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and OELF calculations, the RTLTs can take any user-
defined series of triggers (all RLAs, all OELFs, anymix of
the two). Analogous diagrams could be drawn for the fu-
ture timelines of building usability and hospitalisation-
s/deaths, the only difference being that these timelines
are read by all subsequent earthquakes (to consider, for
example, all peoplewhoare still awaydue to all previous
earthquakes) and not just the first subsequent one; the
distinction between the RLA and OELF cases remains
the same.
The number of occupants in the buildings is deter-

mined just before running the RLA or a specific earth-
quake of the OELF, considering appropriate factors for
the time of the day at which the current earthquake oc-
curs (in local time) and the expected casualties from
earthquakes run up to that point in time (all RLAs and,
if within an OELF calculation, all previous earthquakes
within the same SES). This requires that all earthquake
catalogues both for RLA and OELF contain date and
time of occurrence.
As the RTLTs make use of the OpenQuake engine

(Pagani et al., 2014; Silva et al., 2013) for calculating
groundmotions and damage, they naturally inherit fea-
tures and capabilities of OpenQuake even if they are
not described herein or in theRTLTs’ documentation, as
long as the additional specific configuration parameters
and input files do not need updating for different earth-
quakes in the sequence. Being open-source, the possi-
bility of incorporating OpenQuake features not consid-
ered herein (or developed in the future) is always open,
as the code of the RTLTs can be modified to satisfy the
need for additional input.

3 Calculation workflows

3.1 Rapid Loss Assessment
A standard RLA run in the OpenQuake engine starts
with the calculation of a number of ground motion
fields associated with different branches of the ground
motion logic tree as well as different stochastic reali-
sations of the epistemic and aleatory uncertainties in-
herent of the selected ground motion models. The ex-
pected number of damaged buildings, economic losses
and human casualties are calculated for each ground
motion field by means of fragility and vulnerability
models, and combined together as per the weights of
the branches of the logic tree. When the vulnerability
models include a characterisation of their uncertainty,
OpenQuake (though not yet the RTLTs) generates ran-
dom samples of loss ratios for each groundmotion field
at each location.
To this general flow, theRTLTs add the updating of the

exposure model to reflect the current expected damage
state of the buildings after each earthquake, the calcu-
lation of timelines of building usability and hospitali-
sations/deaths, as well as the retrieval of the latter for
the purpose of updating the number of building occu-
pants at the time of the subsequent earthquake in the
sequence (Figure 4).
Because in a real-time application the time of occur-

rence of earthquake i+1 is unknown at the time of oc-

currence of earthquake i, the RLA routine begins with
the examination of the local time of the earthquake and
its translation into one of the three possible times of the
day defined in the European Seismic Risk Model 2020
(ESRM20 Crowley et al., 2021), which aremodified from
the PAGER population distribution model (Jaiswal and
Wald, 2010): day (10 am to 6 pm), night (10 pm to 6 am)
and transit (6 am to 10 am, and 6 pm to 10 pm). This
classification is used to calculate the number of occu-
pants in each building, which is based on the number
of census occupants in the exposure model and a se-
ries of factors (used to multiply the census occupants)
defined in the configuration file for the three possible
times of the day and each occupancy case that exists in
the exposure model (e.g., residential, commercial, in-
dustrial). Theword “census” is used in theRTLTs to refer
to the number of occupants assigned to a building irre-
spective of the time of the day, even if this number has
not been obtained from census data. The RTLTs makes
no assumptions regarding themagnitude of the time-of-
day factors specified and theuser has complete freedom
to decide whether to use factors smaller than 1, which
will lead to the number of occupants considered being
smaller than the census occupants, or larger than 1 for
the opposite effect.
The updating of building occupants requires not only

that the local time of occurrence be known but also that
the RTLTs retrieve information on injured, deceased
and displaced people due to earthquakes for which
RLAs have already been run. The RLA function calls
a routine that is able to retrieve this information from
previously-stored files and combine it with the number
of census occupants and the time of the day factors, to
finally produce an updated number of occupants at the
time of the earthquake being run. The details on this
calculation are provided under 3.4.
After updating a series of OpenQuake input files, the

OpenQuake engine is called to calculate ground mo-
tions and damage estimates using its scenario dam-
age calculator. These results, which are based fully
on ground motion, exposure and vulnerability mod-
els, may also be enriched in the RTLTs through other
sources of damage information, such as direct field in-
spections or the continuousmonitoring of structures by
means of permanently-installed sensors, which opens
the possibility of estimating probabilities of damage
based on parameters calculated from the waveforms
recorded at various positions throughout the buildings
(SHM). Recent research has been dedicated to identi-
fying the most suitable parameters for such a purpose
(e.g., Reuland et al., 2023) and developing strategies to
distinguish changes in the dynamic properties of struc-
tures driven by damage from their natural fluctuations
(e.g., Guéguen and Tiganescu, 2018) or accounting for
material recovery (e.g. Astorga and Guéguen, 2020).
Once the damage results are retrieved from Open-

Quake, the RTLTs pass on these results and the user-
input-defined external damage probabilities to the rou-
tine that updates and stores the exposure model to re-
flect the current expectation of damage (further details
under 3.3). External damage probabilities need to be
specified by the user using the same damage scale as
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Figure 3 Schematic representation of the interaction between the RLA and OELF algorithms around the updating of the
damaged exposure model.

Figure 4 Main tasks of the RLA algorithm.

the input fragility models and, when available, override
those calculatedwith OpenQuake. This calculation flow
was adopted in an attempt to accomodate the needs of
an operational real-time system in which, for example,
the instruments used for the continuous monitoring of
the buildings’ structural healthmay face issueswhen an

earthquake occurs (such as going offline or clipping).

As a last step, economic losses and human casual-
ties are calculated using the resulting damage states of
the buildings. The economic losses calculated in this
way are cumulative by nature. On the contrary, as the
building occupants are updated before running calcu-
lations for each earthquake, the human casualties are
incremental and only due to the earthquake being pro-
cessed. Cumulative human casualties and incremental
economic losses are calculated by the RTLTs at the end
of all RLAs andOELFs for thewhole sequence, if the cor-
responding option has been set to True in the configu-
ration file.

For each RLA, the user can provide either a complete
rupture geometry (in the form of an OpenQuake rup-
ture model) or a series of rupture parameters that are
used by the RTLTs to generate the corresponding rup-
ture under the assumption that the input parameters
correspond to a simple planar rupture type. The choice
can be different for different RLA earthquakes in the
triggers file, and is indicated therein. Any kind of rup-
ture type supported by OpenQuake can be used, includ-
ing complex rupture geometries. This use case of indi-
cating different choices for different RLA triggers could,
for example, address the commonly encountered situa-
tion that complex finite fault rupture models may only
be available for the largest event(s) in a sequence but
not for other damaging aftershocks. In the aftermath of
a real earthquake, the RTLTs can be re-run repeatedly as
new information about the earthquake source (e.g., mo-
ment tensor, finite-fault rupture) becomes available, in
a manner similar to that of the USGS ShakeMap/PAGER
process (i.e., a user might run initial calculations under
the assumption of a simple planar rupture and re-run
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them with a more complex rupture geometry later).

3.2 Operational Earthquake Loss Forecast

An OELF is an estimate of seismic damage and loss as-
sociated with a short-term (hours, weeks, months) fore-
cast of seismicity in a region of interest, which can
be carried out by means of combining such a forecast
with fragility, consequence and/or vulnerability mod-
els. Seismicity forecasts have traditionally output seis-
micity rates on a grid (e.g., Iervolino et al., 2015), but
there has been a shift in recent years towards models
that output a large number (e.g., 10,000) of stochastic
earthquake catalogues (or SES) for the time span of in-
terest (e.g., Savran et al., 2020), each of which is a possi-
ble realisation of seismicity for that time span.
This so-called event-based approach has been

adopted for the RTLTs, which require that independent
software be used to generate the seismicity forecasts
that serve as input for the OELF calculation. As a con-
sequence, the RTLTs are agnostic to the methodology
and assumptions used to generate the forecasts, which
means, firstly, that the RTLTs are generalisable, in the
sense that they can be used jointly with any existing
OEF system, and, most importantly, that the RTLTs can
be useful to facilitate the assessment of different OEF
models in terms of their outputs in the damage/loss
domain in a research context. A corollary to this feature
is that the use of the OELF workflow is not limited to
OELF itself, but can also cover longer-term event-based
probabilistic seismic risk assessments, following some
adaptations to consider the longer-term replacement
and repair of damaged buildings, as well as what-if
induced-seismicity applications, using catalogues
generated by geomechanical models/simulations as
input.
In practical terms, an OELF calculation operates as

a series of RLA calculations one after the other, associ-
ated with projected realisations of seismicity. However,
a key challenge of working with earthquakes that have
not yet occurred is the definition of the associated earth-
quake ruptures, which are usually not output by the
methodsused to generate seismicity forecasts. As a con-
sequence, the OELF calculation in the RTLTs starts by
reading the input file containing the seismicity forecast
and building ruptures associated with each earthquake
in the forecast (Figure 5), by means of a stochastic rup-
ture generator that makes use of a user-input uniform-
area seismic source model or similar zonation to sam-
ple rupture properties. If the hypocentral depth is not
part of the seismicity forecast, this is the first param-
eter sampled from the regional properties specified in
the source zonation; the rupture nodal properties are
sampled once depth is available. Then, the rupture area
is calculated by means of a magnitude-to-area scaling
relation supported by OpenQuake and indicated by the
user in the configuration file. An initial rupture is gen-
erated from these parameters and an aspect ratio sam-
pled uniformly from a range indicated by the user. The
resulting upper and lower coordinates of the rupture
are then compared against the input lower and upper
seismogenic depths: if the rupture exceeds any of these

limits it gets constrained to them and the length is re-
calculated with this new width, preserving the overall
area. An OpenQuake rupture file is created for this final
rupture. Earthquakes with magnitudes below a thresh-
old magnitude or with epicentral distances from the in-
put exposure model larger than a threshold distance
are skipped in this process (both thresholds are user-
defined). This eliminates the need for a refined coor-
dination between the geographic area used to calculate
the seismicity forecasts (with third-party software) and
the geographic area used within the RTLTs.
Once all ruptures are built, the OELF routine goes

one by one through each of the stochastic event sets
(SES) contained in the seismicity forecast and, within
each SES, through each earthquake, as shown in Fig-
ure 5. At the beginning of each SES, the RTLTs return
to the current damaged exposure model, that is, the
exposure model being updated with each RLA calcula-
tion (see Figure 3). This is represented in Figure 5 by
the box saying “initialise OELF exposure”. This dam-
aged exposuremodel is not to be confusedwith the pro-
jected damaged exposure model that results from run-
ning each earthquake of an OELF calculation. Each SES
starts over from the RLA-damaged exposure model and
updates it internally, resulting in a projected damaged
exposure model that takes into account damage accu-
mulation within the SES and only reflects the results
associated with a specific forecasted realisation of seis-
micity that may or may not occur.
Earthquakes that are filtered out from the seismicity

catalogue due to their magnitude or epicentral distance
not complying with the user-defined thresholds are as-
sumed to cause no additional damage, economic losses
or casualties, and thus thedamage states up to that point
in time are carried on to the next earthquake.
For each earthquake, the processing is very similar

to what has been described in the RLA routine, except
that no external sources of damage estimation are in-
corporated. Moreover, economic losses are calculated
at the end of each SES, as they only depend on the final
damage state. Human casualties, on the other hand, are
calculated for each earthquake.
While the RTLTs do store outputs of damage and

losses associated with each SES, the final output of the
OELF calculation is the average damage and losses due
to all of the SESs. Future developments of the soft-
ware could include the tracking of uncertainties and
outputting of the variability across SESs.

3.3 Updating of the exposure model for cu-
mulative damage calculations

One of the central features of the RTLTs is the fact that
they can account for the accumulation of damage due
to a series of earthquakes affecting the same building
stock in quick succession. The two main requirements
associated with this feature are, firstly, the capacity to
account for the current damage state of the building
in order to determine the additional damage caused by
the next earthquake, which is done by means of state-
dependent fragility models, and, secondly, the capacity
to store the current damage states so as to be able to
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Figure 5 Main tasks of the OELF algorithm.

use them as input for said fragility models. The latter
is achieved by means of updating the exposure model,
which is defined in the exposure format of OpenQuake,
and by appending the damage state of each asset at the
end of the string that defines the building class (in the
taxonomy column of the OpenQuake format). For ex-
ample, if a standard non-RTLTs damage calculation in
OpenQuake uses “CLASS_A” and “CLASS_B” as build-
ing classes, the RTLTs would use “CLASS_A/DS0” and
“CLASS_B/DS0” to indicate an initially undamaged con-
dition, and the same labelling would be used directly
in the fragility model and/or in the file that contains
the exposure-to-vulnerability conversion (these last two
files as per the corresponding OpenQuake format). The
naming of the damage states is user-defined.
AnOpenQuake calculation that is not run through the

RTLTs does not require any specific aggregation of the
exposure model and the user can simply define assets,
each of which have one location and one building class
and is defined by one row of the exposure file, and addi-
tional columns that can then be specified to be used for
aggregation (e.g., an administrative level). While this is
still possible and the RTLTsmake use of assets (i.e., each
row) aswell, the tools introduce two additional concepts
for the exposure model: the building_id and the origi-
nal_asset_id. These three concepts have a fundamental
role in the calculations, as some operations are carried
out at the level of the asset (with an asset_id), while oth-
ers are carried out at the level of the original_asset_id.
The building_id is intended to refer either to an indi-
vidual building or an aggregation of buildings with a
certain geographicmeaning, while the term original_as-
set_id represents a specific building class of a specific
building_id, in the original damage state at the begin-
ning of the calculation. The asset_id then addresses dif-
ferent damage states of the original_asset_id. When the

building_id refers to an individual structure, then differ-
ent original_asset_ids assigned to it are to be interpreted
as uncertainty in the building class of that structure,
and the number of buildings of all original_asset_id as-
sociated with one building_id should add up to 1. When
the building_id refers instead to an aggregation of build-
ings, each original_asset_id is a sub-group of that aggre-
gation that belongs to a particular building class, and
the sum of the number of buildings can be any number,
including non-integers (the same as in OpenQuake, as
assets may represent expected values of an aggregated
exposure model in a statistical sense and not necessar-
ily physical buildings). In any of the two cases, dam-
age calculations are carried out by OpenQuake for each
individual asset_id as per the fragility curves indicated
in their corresponding row of the exposure model and
the exposure-to-vulnerability conversion file, and total
numbers of buildings per damage state per original_as-
set_id or building_id are only summed up afterwards.
The RTLTs do not checkwhether a building_id is an indi-
vidual structure or an aggregation of buildings; this dis-
tinction is purely conceptual and intended as an aid for
the user to interpret the intermediate and final outputs
of the RTLTs.
Figure 6 illustrates the concepts of building_id and

original_asset_id in three different kinds of exposure
models: (a) aggregated into administrative units, (b) ag-
gregated into 30-arcsec cells, and (c) a combination of
aggregated buildings in zoom-level 18 quadtiles and in-
dividual building footprints. Different colours in the
pie charts symbolise different building classes, each of
which becomes an original_asset_id for their particular
building_id.
The concept of asset of OpenQuake is maintained and

referred to by the RTLTs by means of an asset_id. In the
exposure model file provided as input by the user (be-
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Figure 6 Illustration of the concepts of building_id and original_asset_id in three different kinds of exposure models: (a, b)
ESRM20 residential exposuremodel (Crowley et al., 2020) for the area around Catania (Sicily, Italy) per administrative unit (a)
and disaggregated onto 30-arcsec cells using the WorldPop https://www.worldpop.org/ dataset (b). (c) Fictitious exposure
model defined by Nievas et al. (2023a) following the concept of Schorlemmer et al. (2020, 2023) of combining aggregated
buildings on zoom-level 18 tiles (building_id tile_1 through to tile_9) with individual building footprints (the three additional
building_ids shown over the central tile) (e.g., Nievas et al., 2023b).

Figure 7 Schematic example of the updating of damage states in the exposure model showing one building_id with an
aggregated building stock composed of two building classes, i.e., two original_asset_ids. The numbers in parentheses are
the numbers of buildings.

fore the RTLTs are set to run), the number of different
asset_ids and original_asset_ids will be the same. How-
ever, as the calculation progresses, each original_as-
set_id will be split into as many asset_ids as new damage
states that original_asset_id becomes associated with af-

ter each earthquake. As shown in Figure 7, the same
damage states after an earthquake get grouped together
for each original_asset_id for the exposuremodel for the
next earthquake, in order to avoid an exponential in-
crease of number of assets (i.e., rows in the exposure file
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and, consequently, computational demand) with each
earthquake. Figure 7 also shows how, by definition, as-
sets can only remain in the same damage state or move
to a worse damage state after each earthquake. This is
true in the short-term,while buildings have not been re-
paired or replaced yet. A full scale real-time RLA/OELF
system designed to run continuously should include the
possibility of taking this and other longer-term changes
in exposure and vulnerability into account.
Assets that reach the worst damage state (DS4 in Fig-

ure 7, for example) are not removed from the expo-
suremodel under the assumption of full destruction for
two reasons. Firstly, because the damage scale is user-
defined and, though logic indicates that an extreme
damage state should be included, the RTLTs are agnos-
tic to the definition of the damage states. Secondly, it is
much simpler from the computational point of view to
keep them in the exposure model than to keep track of
removed assets. This does not affect the calculations be-
cause the economic losses are always estimated based
on the current damage state and thus represent cumu-
lative losses (the economic loss associated with a de-
stroyed building will not change because it will keep on
beingdestroyed) andbecause theupdating of occupants
accounting for the need to inspect and repair damaged
buildings takes care of not placing occupants in those
buildings, as long as the user inputs reasonable aver-
age numbers of days needed for inspection and repair
(those for damage states associated with complete dam-
age or destruction should be longer than the duration of
the earthquake sequence being processed).
It is not only the damage states that get updated in

the exposure model after each earthquake is run. The
replacement value of the building and the number of
occupants are distributed proportionally to the propor-
tions of each original_asset_id associatedwith eachdam-
age state. In the example of Figure 7, if original_as-
set_id = orig_1 (i.e., building class “CLASS_A”) is associ-
ated with a replacement value C, then “CLASS_A/DS0”
gets assigned (0.851 / 8.6) * C after the first earthquake,
“CLASS_A/DS1” gets assigned (1.296 / 8.6) * C, and so on.
These replacement values get multiplied by the loss ra-
tios of the consequence model later on, to calculate the
economic losses. It is important to note that the RTLTs
assume that replacement values and census occupants
are provided in the input exposure model for each as-
set, taking into account the number of buildings that
conform that asset, and not in terms of a unit building
of that particular building class (which is an option in
OpenQuake). In the previous example, this means that
the replacement value C should correspond to 8.6 build-
ings of “CLASS_A”. Once the replacement costs have
been distributed, the economic losses are calculated us-
ing a user-input economic consequencemodel. The cal-
culation of human casualties is explained in section 3.4.
Due to all this updating, the spatial extent, resolu-

tion and,more generally, the number of individual orig-
inal_asset_ids of the exposure model play a key role in
the running time of the RTLTs.
It is noted that the user-defined inspection and repair

times (and, consequently, the timelines of building us-
ability) are only used by the RTLTs for the purpose of

updating building occupants (to be discussed in detail
in section 3.4), but not for the accumulation of damage
and the calculation of the associated economic losses.
Future versions of the software could expand this func-
tionality so as to be able to effectively account for re-
paired buildings in all the dimensions of the calcula-
tion. Such a feature would require the additional defi-
nition of what is understood by “repair” in terms of the
fragility of those buildings, that is, whether buildings
should be simply taken back to their original fragility
at the start of the calculation, which implies that the
building is repaired to match its pre-earthquake capac-
ity, or whether buildings would be strengthened, im-
proved and/or replaced, which might need new build-
ing classes or definitions in the fragility model. This
current limitation of the RTLTs is not expected to have
a large influence on results as the focus of the software
(and, thus, its application to relevant case-studies) is set
on the short-term, as long as the user-defined inspec-
tion and recovery times are set to be relatively long in
comparison with the duration of the sequence.

3.4 Updating of building occupants

The number of occupants in buildings changes during
an earthquake sequence due to a large number of fac-
tors, including deaths, injured people being taken to
hospital, the need to assess the safety of structures be-
fore allowing people back in, the extreme damage of
some buildings, the need to cordon off areas due to
the threat posed by unstable structures to others and
passers-by, interruptions to roads and/or lifelines, and
so on. These are associated with the consequences
of the previous earthquakes and, in the longer term,
with the complex dynamics of post-earthquake recov-
ery (e.g., Paul et al., 2024; Burton et al., 2019; Costa et al.,
2022). The updating of occupants by the RTLTs focuses
on the first four factors listed above, which can be sum-
marised into: (1) the damage status of the buildings and
(2) the health/survival status of people. The former is
represented by means of the average number of days
needed to inspect and repair a building in each possible
damage state (due to their own damage state, ignoring
the influence that severely damaged buildings will have
on the repair times of their less-damaged neighbours),
while the latter is modelled by means of the average
number of days associated with a hospital stay due to
different degrees of injury. In this scheme, fatal injuries
and instant deaths are to be represented by introducing
(in the corresponding input files) a very large number
of days that surpasses the duration of the earthquake
sequence being run. All these are user-defined input,
including the definition of the injury scale. The user is
thus encouraged to use a comprehensive injury scale, so
that different degrees of health status can be considered
in the updating of occupants (if the scale only includes
deaths, this limits the scope of the calculation).
Once occupants have been distributed across the dif-

ferent damage states (as explained in section 3.3), the
human consequence model input by the user is used
to determine the number of people suffering from each
level of injury. As each level of injury is associated with
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an average hospital stay, the RTLTs calculate the future
point in time (in UTC) when the people with each level
of injury will be able to return to their buildings as a
function of their health status only, that is, irrespective
of the damage status of the building. The damage sta-
tus of the building is treated in a very similar way, as it
is possible to calculate the future point in time (also in
UTC) when the building will become usable again. All
this is stored as timelines associated with each earth-
quake, an example of which can be seen for the appli-
cation case-study in the next section (Figure 10). In the
case of the health status of the occupants, the timeline
describes the number of people per original_asset_id
who are “still away” and thus need to be subtracted from
the number of census occupants. In the case of the us-
ability of buildings, the timeline stores 0 if the building
is unusable or 1 if the building is usable, as a function of
time. When the calculation for the next earthquake be-
gins and thus the time of this next earthquake is known,
the RTLTs go through all past timelines and retrieve the
usability factors and number of people “still away” at
this point in time. For each original_asset_id, the occu-
pants at the time of occurrence of this new earthquake
is calculated as:

occupantscurrent =

Ftime of day • [censusoriginal − still away] (1)

where Ftime of day is the user-defined factor associated
with the time of the day (day, night, transit time) at
which the earthquake occurs, censusoriginal is the num-
ber of census occupants associated with the original_as-
set_id, and still away is the number of people unable to
return to their buildings due to their health status. This
number of occupants gets distributed across the dif-
ferent damage states (i.e., different asset_id) associated
with the original_asset_id proportionally to the number
of buildings in each damage state (of this original_as-
set_id):

occupantscurrent DSi =

occupantscurrent • Foccupancy DSi • NDSi∑
i NDSi

(2)

where Foccupancy DSi is 0 or 1, and is retrieved from the
usability timeline for damage stateDSi, occupantscurrent

comes from Equation 1), and NDSi is the number of
buildings of original_asset_id in damage state DSi.
The storage and retrieval of these future timelines of

building usability and hospitalisations/deaths was pre-
ferred over the alternative of updating building occu-
pants based on the time gap in between earthquakes in-
put as RLA or OELF triggers, so as to resemble the needs
of a potential operational real-time system in which the
time of occurrence of the next earthquake would not be
known a priori.
Carrying out these calculations at the level of the orig-

inal_asset_id, which goes hand-in-hand with grouping
assets by their new damage state as shown in Figure 7,
is a simplification adopted to keep computational de-
mand at a manageable level. In reality, each damage
path (i.e., eachhistory ofmoving fromonedamage state

to another) would have its own evolution of occupancy.
Keeping track of this would mean that the logic tree
presented in Figure 7 would keep on expanding after
each earthquake, thusmaking the exposuremodel have
more andmore individual asset_ids at each stage and the
damageand loss calculationsdue to thenext earthquake
taking longer to run.
As the user-defined inspection and repair times are

not used to update the damage state of buildings (see
section 3.3), the user should be cautious in their selec-
tion, to avoid the inconsistency of placing occupants
back into heavily-damaged buildings that would nor-
mally not be occupied until effectively repaired (i.e.,
they can go back into the buildings but, for the purpose
of the calculations, those buildings are still damaged).
In the current version of the RTLTs, “repair” is thus bet-
ter understood as theminimum action to be carried out
for people to be able to use the building, though not
enough to significantly set the fragility of the building
back to its original state, and is themost accurate for the
more superficial (i.e., non-structural) damage states.

3.5 Economic losses and human casualties
Economic losses and human casualties are calculated
by means of user-defined consequence models for
which an expected loss ratio is specified for each pos-
sible damage state of the fragilitymodel. The loss ratios
of the economic and human consequence models are
multiplied by the replacement cost and the number of
occupants in the building at the time of the earthquake,
respectively, to obtain economic losses and human ca-
sualties. The current version of the RTLTs does not ac-
count for the uncertainty associated with these loss ra-
tios, but central expected values (which are those output
by the RTLTs) would not change significantly otherwise.
For each asset_id in a damage stateDSi, the loss is cal-

culated as per Equation 3), where LR|DSi and Xasset_id are
the loss ratio and repair cost/number of occupants as-
sociated with asset_id, respectively, the latter of which
results frommultiplying the total repair cost/number of
occupants of the corresponding original_asset_id by the
probability of damage state DSi.

Lasset_id in DSi
= LR|DSi

• Xasset_id =

LR|DSi
• Xoriginal_asset_id • P [DSi] (3)

When aggregating per original_asset_id, the total loss
results in:

Loriginal_asset_id = Xoriginalassetid
•

n∑
i=0

P [DSi] • LR|DSi

(4)
As repairs are not considered for the accumulation

of damage and thus the damage state of any building
can only remain the same or get worse, the economic
losses calculated after each earthquake are cumulative
in nature. However, as occupants are updated for each
earthquake, the casualties calculated are only due to
that earthquake (with the influence of previous earth-
quakes through the effects of cumulative damage).
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3.6 Output
The whole list of output files is described in the docu-
mentation of the software within its GitLab repository,
and only a general overview is given in this section.
The RTLTs generate output files containing the sta-

tus after each earthquake (one file per earthquake) as
well as one that groups together in one file the status
after all earthquakes. A distinction within the latter
case is whether the output refers to the building port-
folio as a whole or to individual building_ids. The out-
put metrics themselves correspond to number of build-
ings per damage state (in the case of building_ids that
refer to aggregated number of assets) or probabilities
of the building resulting in each damage state (in the
case of building_ids that refer to individual buildings),
economic losses, andhumancasualties, classifiedby in-
jury severity level as per the user-defined injury scale.
Outputs refer in all cases to expected values, that is,
the average resulting from all ground motion logic tree
branches and realisations of ground motion fields, as
well as all SES in the case of OELF.
If the user indicates in the configuration file that they

wish to store intermediate outputs, the RTLTs also out-
put the exposure model as updated after each earth-
quake (otherwise only themost recent “current” version
is kept), the OpenQuake damage results directly in the
OpenQuake format (i.e., before being used to update the
exposuremodel), and damage results at the end of each
SES of each OELF calculation (apart from the average of
all SES, which is the standard output).

4 Application to the February 2023
Türkiye-Syria earthquake sequence

This section focuses on the use of the RTLTs to estimate
damage and losses due to the Türkiye/Syria earthquake
sequence that started on 6 February 2023 with a mo-
ment magnitude Mw 7.8 earthquake at 01:17 UTC. The
earthquakes caused widespread damage and losses in
south-eastern Türkiye and northern Syria, though this
application focuses only on the damage and losses in
Türkiye. To illustrate how the RTLTs could be used
to rapidly assess the impact of a sequence of events
such as this, a customised riskmodel was assembled for
this case-study application, with different input compo-
nents stemming from different sources, as shown in Ta-
ble 1 and the sections that follow.

4.1 Earthquake ruptures
A series of RLAswas carried out for each of the 23 earth-
quakes in the sequence with Mw 5 and above according
to the USGS National Earthquake Information Center
(NEIC) (U.S. Geological Survey, 2023a), which occurred
between 6 February and 10 August 2023 (inclusive). The
largest magnitudes include the initial Mw 7.8 event, fol-
lowed shortly by a MW 6.7 aftershock around 10 min
later, the second major MW 7.5 event (which occurred
around 9 hours after the second and is the fourth event
in the sequence), and a large aftershock of MW 6.3 that
occurred 2 weeks after the beginning of the sequence. 9
contains the complete list of earthquakes.

Component Source
Earthquake
ruptures

Mw 7.8 and Mw 7.5 earthquakes: multi-segment
ruptures from the USGS ShakeMap Archive.
Other earthquakes: single planar ruptures esti-
mated from focal mechanisms.

Ground mo-
tion model

New ground motion model fitted to average
spectral acceleration based on Kotha et al.
(2020) and Weatherill et al. (2020).

Exposure
model

(Reduced) ESRM20 exposure model in its 30-
arcsec version.

Fragility
model

State-dependent fragilitymodel of Iacoletti et al.
(2023).

Economic
consequence
model

ESRM20 median economic consequence
model.

Human con-
sequence
model

Ad-hoc model for injuries and deaths based on
ESRM20, HAZUS (Federal Emergency Manage-
ment Agency, 2003) and the LESSLOSS project
(Spence, 2007).

Recovery
model

Ad-hoc model.

Table 1 Components of the model used for the present
case-study.

For each of the events the earthquake source is in-
put into the RTLTs as a full finite-fault rupture. In the
case of the MW 7.8 and MW 7.5 earthquakes, the fault
sources are known to be complex multi-segment rup-
tures spanning over 100 km in length. Here the multi-
segment ruptures are defined using the two finite fault
models produced by the USGS Shakemap Archive (U.S.
Geological Survey, 2023b,c). For the other events in
the sequence, however, no pre-defined finite fault mod-
els were available. In these cases, the finite fault rup-
tures are characterised as singleplanar rupture surfaces
whose orientation is defined using the nodal plane of
the focalmechanism that alignswith the corresponding
fault rupture of the two largest shocks (evaluated man-
ually), and whose rupture area scales with magnitude
according to the inter-plate scaling relation of Leonard
(2014). The location of the centroid of the moment ten-
sor is assumed to correspond to the centre of the rup-
ture plane. The set of 23 ruptures is shown in Figure 8,
and each rupture is exported into its own OpenQuake
rupture model file.

4.2 Groundmotions

Having deemed the state-dependent fragility models
of Iacoletti et al. (2023) suitable for this application
(see 4.4), it was necessary to be able to define the
ground shaking in terms of average spectral accelera-
tion (AvgSA), consistent with the definition adopted by
Iacoletti et al. (2023). They define AvgSA at a given pe-
riod T0 as the geometric mean of spectral acceleration
across 10 periods evenly spaced between 0.2 T0 and 1.5
T0. The ESHM20 groundmotionmodel (GMM) for shal-
low crustal seismicity is developed in terms of peak
ground and spectral acceleration (Kotha et al., 2020). To
adapt this to AvgSA one can adopt either a direct ap-
proach, inwhich a GMM is fit to providemedian ground
motion and its standard deviation explicitly in terms of
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AvgSA, or an indirect approach in which the median
and standard deviation are determined for each of the
required spectral acceleration from an existing GMM
accounting for the spectral cross-correlation (Kohrangi
et al., 2017)). Either option is possible and supported
by the RTLTs and OpenQuake. For the present anal-
ysis, the direct approach was preferred, and a new
GMM for Europe in terms of AvgSA was calibrated us-
ing the exact same data set and regression process as
that of the Kotha et al. (2020) GMM, which formed the
backbone model for ESHM20. The coefficients of the
model can be found in the OpenQuake implementa-
tion3. The region-to-region variability of the new GMM
in terms of source stress parameter and residual at-
tenuation was found to be consistent with that of the
Kotha et al. (2020) model, which allowed us to con-
struct the complete 15-branch GMM logic tree for shal-
low crustal seismicity with the direct AvgSA GMMusing
the regionally-adaptable “scaled backbone” approach
described byWeatherill et al. (2020, 2023); Danciu et al.
(2021). Comparisons of the resulting distributions of
AvgSA were made using both the direct and indirect ap-
proaches and were found to be in good agreement.
When running the RTLTs, a set of 1,000 ground mo-

tion fields were sampled for each of the 15 branches
of the GMM logic tree, with no conditioning on real
recordings. As no spatial correlation model is available
for direct AvgSA, spatial correlation of ground motion
residuals was not accounted for in the current simula-
tions. Further efforts are ongoing to extend this func-
tionality to AvgSA in future versions of the RTLTs and
OpenQuake.

4.3 Exposure
The ESRM20 exposure model (Crowley et al., 2020) for
residential, commercial and industrial buildings, in its
30-arcsec version4, was used for this application. This
high-resolution exposuremodel is defined for 9,160,363
buildings (8,365,441.2 residential, 597,894.8 commer-
cial, 197,027.0 industrial) associatedwith 2,097,133 orig-
inal_asset_ids across 308,523 cells (building_ids) span-
ning all of Türkiye. This is computationally demand-
ing to run in the RTLTs and contains a large degree of
redundancy, as the majority of sites are either too far
from the rupture or have too few assets to contribute to
the total loss. It was therefore decided to create a re-
duced exposure model by retaining only the exposure
at locations that contribute significantly to the losses,
determined from a preliminary loss calculation based
on the two largest earthquakes. The reduced exposure
model is defined for 1,884,329.3 buildings (1,726,175.6
residential, 129,627.7 commercial, 28,526.0 industrial)
associated with 376,100 original_asset_ids across 28,814
cells (building_ids).
The building classes in the exposure model are de-

scribed as per the GEM Building Taxonomy v3.1 (Silva
et al., 2022) in terms of the material and type of the lat-

3https://github.com/gem/oq-engine/blob/master/openquake/
hazardlib/gsim/weatherill_2024.py

4https://gitlab.seismo.ethz.ch/efehr/esrm20/-/tree/main/Exposure_
30arcsec

eral load resisting system, the number of storeys, and
the level of seismic code design and associated lateral-
force design coefficient (the latter only for reinforced
concrete structures). The ESRM20 exposure model for
Türkiye is based on the Population and Housing Census
of the year 2000, complemented with building permits
for the years 2001-2017.

Reinforced concretebuildings (both cast-in-place and
pre-cast) represent 60.2% of the total building stock
considered, while unreinforced masonry amounts to
38.5%. Only 0.05% and 1.3% of buildings are steel or
wooden structures, respectively. Reinforced concrete
buildings account for around 79% of the building oc-
cupants at any time of the day, while unreinforced ma-
sonry buildings account for 17.8%-19.7%, depending of
the time of the day. In terms of monetary value, the
participation of reinforced concrete and unreinforced
masonry in the total of the building stock is 81.5% and
17.3%, respectively.

4.4 Fragility

While the ESRM20 fragility models would be the obvi-
ous choice to be directly applicable to the ESRM20 expo-
suremodel using the ESRM20 exposure-to-vulnerability
mapping, the ESRM20 fragility models are not condi-
tioned on pre-existing levels of damage, and the state-
dependent fragilitymodels of Iacoletti et al. (2023) were
used instead. These were generated based on the ca-
pacity curves of the global database of fragility and
vulnerability models of the Global Earthquake Model
(GEM) Foundation (Martins and Silva, 2020). Simi-
larly to the case of the exposure, the building classes
in these models are described as per the GEM Build-
ing Taxonomy v2 (Brzev et al., 2013) in terms of the
material and type of the lateral load resisting system,
and the number of storeys, but the ductility level is
specified instead of the level of seismic code design
(and associated lateral-force coefficients). As the build-
ing classes are not exactly the same as in the ESRM20
model, the ESRM20 exposure-to-vulnerability mapping
was adjusted. Whenever the ESRM20 fragility class ex-
isted directly in the set of fragility models of Iacoletti
et al. (2023), it was adopted; whenever it did not, expert
judgement was used by analysing the available building
classes (e.g., CR/LFINF(CBH)+CDL+LFC:11.0/HBET:1-3
from the exposure model maps to the CR_LFINF-CDL-
10_H2 fragility class in ESRM20, which corresponds to a
building designed to a low-level code with a 10% lateral
force coefficient, and CR_LFINF-DUL_H2 from the Ia-
coletti et al. (2023) fragility models was adopted herein,
which corresponds to a buildingwith low ductility level,
without any specification on the lateral force coeffi-
cient). Both the fragility models of ESRM20 and of Ia-
coletti et al. (2023) use the same damage scale, which
is defined in terms of yield and ultimate displacements
in Martins and Silva (2020): no damage (DS0), slight
(DS1), moderate (DS2), extensive (DS3) and complete
(DS4) damage.
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4.5 Consequencemodels

TheESRM20economic consequencemodel, which indi-
cates the loss ratio associated with each damage state in
the scale, was used. The economic loss ratio is defined
as the quotient between the cost of repairing and that
of full resplacement of the building. As the current ver-
sionof theRTLTsdoesnot account for uncertainty in the
consequencemodel (though it is planned to add this fea-
ture in the future), only mean expected values are con-
sidered, which are: 0 for DS0, 0.05 for DS1, 0.15 for DS2,
0.6 for DS3, and 1.0 for DS4 (Crowley et al., 2021).
For the human casualties, the HAZUS injury classifi-

cation scale (Federal Emergency Management Agency,
2003) has been used. It consists of four levels of in-
creasing severity of injury, from injuries that only re-
quire basic medical aid that can be provided in the field
(level 1), all the way to instantaneous death or mortally
injured (level 4). The casualty model consists of rates
(quotients of number of injured or killed people to num-
ber of people in the building) for each injury severity
level, building class and damage state of the building.
The casualty rates adopted herein result from combin-
ing the ESRM20 fatality model (which only focuses on
deaths resulting from buildings in DS4 that collapse)
with theHAZUS casualty ratesmodified as per the LESS-
LOSS project (Spence, 2007) for Turkish buildings in the
case of the reinforced concrete structures and for Por-
tuguese buildings in the case of the unreinforced ma-
sonry buildings (as no rates are available from the LESS-
LOSS project for Turkish unreinforced masonry build-
ings).
As DS4 does not refer to collapse but to damage so

extensive that is irreparable, the probability of collapse
given the occurrence of DS4 is accounted for in the ca-
sualty rates: a 10% probability of collapse given the oc-
currence of DS4 was adopted for the reinforced con-
crete buildings, as assumed in the LESSLOSS project
(Spence, 2007), while the ESRM20 probabilities of col-
lapse have been adopted for all other structural types
(0.5% for steel and wooden buildings, 2%-5% for unre-
inforced masonry buildings). The 10% probability of
collapse given DS4 for reinforced concrete buildings is
more pessimistic than the 1%-3% range of ESRM20. The
calculation of the fatality rate (injury level 4) given col-
lapse was carried out as in the ESRM20 model (and tak-
ing several of its coefficients), accounting for the like-
lihood that a completely damaged building collapses to
the extent that it could cause loss of life, a collapse fac-
tor (as a function of the building class), the probabil-
ity of entrapment given collapse, and the probability of
loss of life given entrapment, while at the same time
including the casualty rates associated with DS4 build-
ings that do not collapse, which are not included in the
ESRM20 model. As the first earthquake, which is re-
sponsible for most of the damage and losses, occurred
during thenight time, the probability of loss of life given
entrapment during the night time was adopted for the
whole sequence. Thismay potentially lead to an overes-
timation of the number of deaths calculated for the Mw
7.5 earthquake, which occurred during the day time in-
stead. The tables in 10 show the adopted casualty rates

for each combination of injury severity level and dam-
age state. The final fatality rates (i.e., casualty rates for
injury level 4) given DS4 (including collapsed and non-
collapsed buildings) adopted herein for reinforced con-
crete buildings are 7.4% for buildings up to four storeys
and 10.25% for buildings with five or more storeys (as-
sociated with the two alternative probabilities of loss of
life given entrapment adopted in ESRM20, 40% and 70%
in each case). These rates aremore pessimistic than the
final 4.6% of the LESSLOSS project for Turkish build-
ings, and the range of 0.38%-2% in ESRM20 for all rein-
forced concrete building classes (assuming a night-time
earthquake). The final fatality rates given DS4 for unre-
inforced masonry buildings range between 0.78% and
3.34%, and are thus very similar to the ESRM20 range
(assuming a night-time earthquake as well). Whether it
is realistic to assume that Turkish reinforced concrete
buildings have higher fatality rates given DS4 than their
unreinforced masonry counterparts has not been eval-
uated and is outside the scope of this application case-
study.

4.6 Recoverymodels
The adopted average number of days a person is ex-
pected to stay in hospital due to injuries of severity 1, 2 3
and 4 are zero, three, five and infinite, respectively. The
extreme values (zero and infinite) stem from the defi-
nition of the injury scale itself (no hospitalisation and
death, respectively), while the other two were adopted
from statistics from the Organisation for Economic Co-
operation and Development (OECD, 2023) for “hospital
stays that require acute care” (equated to severity 3) and
“hospital stays due to childbirth” (equated to severity 2,
in the absence of more appropriate data5).
Table 2 shows the adopted number of days associated

with the inspection and repair of buildings suffering
from different damage states, which were defined (by
expert judgement) based on the post-earthquake time-
lines reported by Dolce and Di Bucci (2018) and Reu-
land et al. (2022), as well as several considerations de-
scribed in what follows. The definition of these num-
bers is highly uncertain, and other choices could be
made. It was assumed that people occupying buildings
that did not suffer any damage would continue to oc-
cupy them; such an assumption is represented by zero
days needed for inspection and repair in case of DS0.
The rationale behind this assumption was that, firstly,
these earthquakes occurred during the winter, and the
cold temperatures may have deterred people from stay-
ing out if they could observe no damage, but, most im-
portantly, because of the large spatial footprint of this
sequence and the very short time lapses between the
stronger shocks. Adopting any number other than zero
would lead to no occupants being considered for subse-
quent earthquakes in any of the buildings of the whole
exposuremodel, but not all buildings would be exposed
to the same level of shaking for all the earthquakes and
it would thus be unlikely that people evacuate undam-
aged buildings in largely unaffected regions due to ex-

5The adoption of these statistical values does not imply the actual consid-
eration of childbirth as an injury.
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Damage Inspection Repair Total
DS0 0 0 0
DS1 7 15 22
DS2 45 365 410
DS3 45 1095 1140
DS4 45 1095 1140(∗)

Table 2 Expected number of days needed for inspection
and repair suffering from different damage states used for
this case-study application. (*) Large number used to simu-
late infinity.

tensive damage occurring elsewhere (e.g., see Figure 11
in section 4.7, where it is evident there would likely
be no evacuation of undamaged buildings in the areas
coloured in yellow after the first earthquake).
The inspection and repair times adopted for DS2 and

above mean that buildings in such damage states did
not have occupants for the rest of the sequence, as
the whole set of earthquakes considered herein occur
within around 6months (much shorter than 410 or 1,140
days). In reality, adopting any number of days at least
one day longer than the total duration of the sequence
to be run results in the same effect. This is important
for the current version of the software, in which build-
ings are not repaired and taken back to undamaged con-
dition after the number of days specified in the recov-
erymodel has passed, but occupants are placed back in.
Buildings in DS1 start having occupants again for some
of the earthquakes at the end of the sequence (see 9).
This can lead to an overestimation of the number of ca-
sualties later on in the sequence. However, this overes-
timation will always be smaller than the alternative of
not removing any occupants from the buildings. Build-
ings in DS2-DS4 do not get occupants again.

4.7 Results
Figure 9 shows the number and percentage of buildings
that result in each possible damage state after the first,
second, fourth and last earthquakes, considering both
the complete exposure model (top row) and only the
exposure cells that belong to the eleven provinces for
which post-earthquake damage assessments are pub-
licly available (Adana, Adiyaman, Diyarbakir, Elazig,
Gaziantep, Hatay, Kahramanmaras, Kilis, Malatya, Os-
maniye, and Sanliurfa) (bottom row). According to this
model and the assumptions of the RTLTs, the largest
contributor to the total damage and losses is the first
earthquake, followed by the fourth one. This can be ex-
pected, as these are the two strongest shocks (Mw 7.8
and 7.5) and their spatial footprint covers a large num-
ber of exposed buildings and people. Figure 9 shows as
well that the incremental contribution of the individual
earthquakes ismost noticeablewhen looking only at the
eleven provinces in turn, with an initial 123,230 build-
ings in DS4 going up to 128,612 after the second earth-
quake, 179,597 after the fourth and 191,783 at the end
of the sequence. When considering the whole exposure
model, the initial 123,672 buildings in DS4 raise up to
193,333 by the end. As can be observed, these eleven
provinces account for most of the extensive damage.

Both the economic losses and the human casualties
follow a similar pattern in the relative contributions of
each earthquake to the total, with the first and fourth
earthquakes causing the largest increments,moremod-
est contributions from the second and eighteenth earth-
quakes, and almost negligible contributions fromall the
rest, as shown in Table 3 and Table 4. While Table 4
focuses on injuries of severity 4 (instant deaths, mor-
tal injuries), other severities of injuries follow the same
pattern. The total calculated number of human casual-
ties in increasing order of severity were 144,638 (level
1), 67,389 (level 2), 30,329 (level 3), and 67,443 (level 4).
The contribution of each earthquake to the overall

human casualties depends not only on its severity, the
potential existence of previous damage and the time of
the day at which it occurs, but also on the number of
people injured or killed by previous earthquakes, who
cannot return to their buildings for a certain period of
time. Figure 10 shows the number of injured and dead
people resulting from each earthquake in the sequence,
who are unable to return to buildings at each point in
time. The largest contribution of the first and fourth
earthquake is again apparent in the plot on the left. In
all cases, the curves first peak to the total sum of people
resulting in injuries with severities 2, 3 and 4, and then
taper to the number of deaths (severity 4).
How the accumulation of damage and losses evolves

during the sequence depends not only on the fragility
and consequence models or the updating of the occu-
pants, but also on themagnitude and depth of the earth-
quakes and the spatial distribution of both earthquake
ruptures and exposed assets. Figure 11 shows how the
initial spatial pattern of losses due to the first earth-
quake clearly follows the trace of the first rupture and
remains relatively the same after the second and third
earthquakes. A sub-segment of this strip starting to
the north of the province of Hatay and finishing in the
province of Malatya as well as a broader area between
the traces of the first and fourth ruptures appear to be
where damage accumulation has its largest effect on the
results. As the fault associated with the fourth earth-
quake ruptures (see Figure 8), the damage and losses
spread north and substantially change the situation for
the city of Malatya, which had been affected to a lesser
extent up to this point.
Figure 12 shows how the contribution of differ-

ent earthquakes to the absolute cumulative economic
losses is different across the five provinces with the
largest final cumulative losses (at the end of the se-
quence; see location in Figure 11). Hatay, at the south-
ern end of the first rupture, is the province with both
the largest final economic losses and the largest contri-
bution from the first earthquake, but has almost no ad-
ditional losses from the fourth one, which has a more
apparent contribution in the case of the other four
provinces. The provinces of Malatya and K. Maras are
where the contribution from different earthquakes be-
comes more apparent (at least in the model), starting
with an initial loss of 587 million EUR that increases to
around 2,474 million EUR after the fourth earthquake
in the case of Malatya, and going up from 1,538 to 2,161
million EUR in the case of K. Maras. The provinces of
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EQ Time after Absolute value (million EUR) Percentage of final value
first earthquake Cumulative Incremental Cumulative Incremental

1 0d 00h 00m 9,708 9,708.5 71.3% 71.31%
2 0d 00h 11m 10,070 361.4 74.0% 2.65%
3 0d 00h 19m 10,118 47.8 74.3% 0.35%
4 0d 09h 7m 12,948 2,829.9 95.1% 20.79%
5 0d 14h 16m 12,967 19.8 95.2% 0.15%
6 0d 15h 26m 12,974 6.9 95.3% 0.05%
7 0d 19h 20m 12,998 23.8 95.5% 0.17%
8 1d 01h 56m 13,021 22.9 95.6% 0.17%
9 1d 05h 54m 13,033 12.3 95.7% 0.09%
10 1d 09h 1m 13,042 8.5 95.8% 0.06%
11 1d 14h 31m 13,044 2.0 95.8% 0.01%
12 1d 16h 52m 13,050 6.2 95.9% 0.05%
13 2d 06h 31m 13,056 5.6 95.9% 0.04%
14 2d 09h 54m 13,061 5.1 95.9% 0.04%
15 6d 15h 12m 13,063 2.5 96.0% 0.02%
16 10d 18h 30m 13,069 6.3 96.0% 0.05%
17 12d 18h 14m 13,071 1.2 96.0% 0.01%
18 14d 15h 47m 13,523 452.3 99.3% 3.32%
19 21d 07h 47m 13,536 13.4 99.4% 0.10%
20 25d 01h 36m 13,539 2.6 99.4% 0.02%
21 45d 08h 2m 13,546 7.1 99.5% 0.05%
22 169d 04h 27m 13,580 34.2 99.7% 0.25%
23 185d 16h 30m 13,614 34.1 100.0% 0.25%

Table 3 Expected economic losses after each earthquake in the sequence.

EQ Time after Absolute value (people) Percentage of final value
first earthquake Cumulative Incremental Cumulative Incremental

1 0d 00h 00m 58,302 58,301.9 86.4% 86.4457%
2 0d 00h 11m 58,672 370.3 87.0% 0.5490%
3 0d 00h 19m 58,706 34.1 87.0% 0.0506%
4 0d 09h 7m 66,953 8,246.5 99.3% 12.2272%
5 0d 14h 16m 66,957 4.2 99.3% 0.0063%
6 0d 15h 26m 66,961 3.9 99.3% 0.0057%
7 0d 19h 20m 66,972 11.6 99.3% 0.0172%
8 1d 01h 56m 66,984 12.0 99.3% 0.0178%
9 1d 05h 54m 66,993 8.3 99.3% 0.0124%
10 1d 09h 1m 66,997 3.9 99.3% 0.0058%
11 1d 14h 31m 66,997 0.5 99.3% 0.0008%
12 1d 16h 52m 67,000 2.5 99.3% 0.0037%
13 2d 06h 31m 67,002 1.9 99.3% 0.0029%
14 2d 09h 54m 67,003 1.4 99.3% 0.0021%
15 6d 15h 12m 67,005 1.8 99.3% 0.0027%
16 10d 18h 30m 67,007 2.5 99.4% 0.0037%
17 12d 18h 14m 67,008 0.4 99.4% 0.0006%
18 14d 15h 47m 67,383 375.3 99.9% 0.5564%
19 21d 07h 47m 67,387 3.4 99.9% 0.0051%
20 25d 01h 36m 67,388 1.7 99.9% 0.0025%
21 45d 08h 2m 67,390 2.1 99.9% 0.0031%
22 169d 04h 27m 67,431 40.3 100.0% 0.0598%
23 185d 16h 30m 67,443 12.7 100.0% 0.0188%

Table 4 Expected instant deaths and/or mortal injuries (injuries of severity 4) after each earthquake in the sequence.
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Figure 8 Location of the 23 ruptures used in the earthquake sequence, with the USGS multi-segment ruptures for the Mw
7.83 and Mw 7.55 events shown in yellow and red respectively. Cells used in the reduced version of the high-resolution expo-
sure model are shown colour scaled according to the total number of buildings per 30 arc-second cell.

Gaziantep and Adiyaman represent somewhat interme-
diate cases. Figure 13 illustrates how the contribution
of different earthquakes to the evolution of the cumula-
tive losses at individual locations (in this case, 30-arcsec
cells) can be variable even within the same province.
These geographic differences arise aswell when com-

paring cumulative economic losses calculated using
state-dependent fragility models (the results presented
so far) against those estimated with state-independent
models instead. Cumulative economic losses after the
fourth earthquake calculated using state-independent
fragility models6 independently for each earthquake
(adding up the individual unconnected contributions)
are larger thanwhen using state-dependentmodels, but
only by 0.4% for the province of Hatay, whose losses
are largely dominated by the first earthquake, around
7-8% for the provinces of K. Maras, Gaziantep and
Adiyaman, and up to 14% for the province of Malatya,
which has a significant contribution from the first and
fourth events. This is interpreted as resulting from
severely damaged buildings being “damaged twice” dur-
ing the first and fourth earthquakes, that is, starting to

6The state-dependent fragilitymodels of Iacoletti et al. (2023) conditioned
on no initial damage (i.e., DS0) were used for these comparisons.

count losses again from zero further along in the se-
quence when a significant part of the losses had already
occurred. When using the same state-independent
fragility models but progressively combining the inde-
pendent probabilities of exceedance from all previous
earthquakes (as explained in 8), the total losses in the
province of Hatay after the fourth earthquake are al-
most the same as in the state-dependent case (99.85%),
while those in the other four provinces are around 97-
98% (i.e., 2-3% smaller). While, at first sight, these com-
parisons may suggest that very similar results can be
obtained with any of the three approaches, a different
picture emerges when looking at results at the level of
the 30-arcsec cells that make up the exposuremodel. In
the case of Hatay, cumulative economic losses after the
fourth earthquake obtained adding up losses calculated
using state-independent fragility models from individ-
ual earthquakes are mostly 0-15% larger in individual
30-arcsec cells than when using state-dependent mod-
els, but up to 50% larger in the case of individual cells
of the provinces of Malatya, K. Maras and Gaziantep
(Figure 14). When using state-independent fragility
models but combining the independent probabilities
of exceedance from all previous earthquakes, cumula-
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Figure 9 Expected number and proportion of buildings in each damage state after the 1st, 2nd, 4th and 23rd earthquakes for
the whole exposuremodel (top row) and the cells corresponding to the eleven provinces for which post-earthquake damage
assessments are available (bottom row).

Figure 10 Number of people who are not able to return to their buildings due to their own health status at each point in
time, for a selection of the 23 earthquakes of the sequence: the two largest shocks are shown on the left, the second two
largest in the middle, and selected smaller events on the right (note the different vertical axes).

tive economic losses in individual 30-arcsec cells after
the fourth earthquake are around 0-5% smaller than
those of the state-dependent case for the provinces of
Hatay, Gaziantep and Adiyaman, but up to 10% smaller
for the provinces of Malatya and K. Maras (Figure15).
This comparison reveals not only the relevance of prop-

erly accounting for damage accumulation for the as-
sessment of losses at the local level, but also the risk of
evaluating this relevance aggregating losses from vast
areas in which local effects might average out. The re-
sulting differences in losses calculated with different
approaches cannot be generalised, as the importance
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Figure 11 Evolution of the cumulative economic loss ratio per 30-arcsec cell of the exposure model after the first, third,
fourth and last earthquakes of the sequence. The five provinces with the largest cumulative economic losses at the end of
the sequence aremarked with thicker contour lines and labelled in bold italics. Backgroundmap: Positron, Carto Basemaps
(https://carto.com/basemaps, accessed January 2024).

of accounting for the accumulation of damage is heav-
ily influenced by the spatial distribution of the exposed
assets and their relative position with respect to the
spatial distribution of the earthquakes in the sequence,
as well as the relative strength of the ground motions
caused by each individual earthquake (e.g., when us-
ing state-independent fragility models and adding up
individual unconnected losses from each earthquake,
stronger initial ground motions can lead to damage be-
ing double-counted, while weaker initial ground mo-
tions can lead to damage after further events being un-
derestimated due to ignoring the increase in vulnera-
bility of the building stock, which has been damaged
enough to be weaker but not so much as to be com-
pletely destroyed). Examples of other spatial and tem-

poral patterns of evolution of damage can be found in
Nievas et al. (2023a).
While the intent of this section is to provide an il-

lustration of the capabilities and outputs of the RTLTs
to model a real seismic sequence and not to repro-
duce the damage and losses resulting from the 2023
Türkiye/Syria earthquake sequence or investigate the
source of potential discrepancies, a sanity check was
carried out by comparing the resulting number of build-
ings in each damage state against real post-earthquake
assessment data. The data used was collected for
the eleven provinces listed earlier and published by
Hacettepe University Department of Civil Engineering
(2023), with total numbers very close to those reported
by GEER-EERI (2023) and UNDP PDNA. It is not fully
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Figure 12 Evolution of absolute cumulative economic losses per province (only first 18 earthquakes shown for clarity).

Figure 13 Evolution of cumulative economic loss ratios for the province of Malatya (red line) and for the ten 30-arcsec cells
of this province with the largest (aquamarine) and smallest (brown) ratios of final loss (at the end of the sequence) to initial
loss (after the first earthquake); only first 18 earthquakes shown.

clear from these sources whether the assessed build-
ings are only residential or amix of different occupancy
cases, though the latter appears as more likely. Four al-
ternative conversions between the damage scale used
by Hacettepe University Department of Civil Engineer-
ing (2023) and that of ESRM20 (used herein) were inves-
tigated, as shown in Table 5, with results in terms of
number and proportion of buildings presented in Ta-
ble 6 and Figure 16, respectively. The decision to con-
sider different conversions stemmed, firstly, from the
knowledge that thresholds between damage states and
the allocation of one building to one damage state or the
other by an inspector in the field have a relevant sub-
jective component, and, secondly, from looking at what
looks almost like a “swap” between numbers of build-
ings associated with heavy damage or collapse/urgent
demolition, when considering alternative A1. Group-
ing these categories (as well as the two lower damage
states) in alternative A2 leads to a much stronger agree-

ment. Alternatives A3 and A4 explore different ways of
splitting the “heavy damage” category ofHacettepeUni-
versity Department of Civil Engineering (2023) across
DS4 andDS3, considering 50%of “heavy damage” corre-
sponding to DS3 and all of “collapse/urgent demolition”
plus the other 50% of “heavy damage” corresponding
to DS4 in alternative A3, and considering 2/3 of “heavy
damage” corresponding to DS3 and all of “collapse/ur-
gent demolition” plus the other 1/3 of “heavy damage”
corresponding to DS4 in alternative A4. As can be ob-
served in the tables, A3 leads to a better agreement than
A4. With the tuning of themodel required to establish a
perfect match to the observed losses out of the scope of
the present work, we deem the results presented rea-
sonable in light of the real damage observations and
their uncertainties. The interested reader is referred to
11 for province-by-province comparisons.
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Alternative: A1 A2 A3 A4
Damage state(s): DS0 DS1 DS2 DS3 DS4 DS0+1 DS2 DS3+4 DS0 DS1 DS2 DS3 DS4 DS0 DS1 DS2 DS3 DS4

Collapse/urgent demolition - - - - 100 - - 100 - - - - 100 - - - - 100
Heavy damage - - - 100 - - - 100 - - - 50 50 - - - 66.6 33.3

Moderate damage - - 100 - - - 100 - - - 100 - - - - 100 - -
Light damage - 100 - - - 100 - - - 100 - - - - 100 - - -
No damage 100 - - - - 100 - - 100 - - - - 100 - - - -

Table5 Alternative conversions (labelledA1 throughA4) exploredbetweendamagescalesusedbyHacettepeUniversityDepartmentofCivil Engineering (2023) andherein (ESRM20).
Values are percentages of the Hacettepe University Department of Civil Engineering (2023) scale to be compared against each of the ESRM20 damage states (e.g., according to A4,
33.3% of buildings with heavy damage plus 100% of collapsed/demolished buildings are compared against 100% of buildings estimated to be in DS4 in our calculations)

Hacettepe University A1 A2 A3 A4
damage scale Hacettepe Model Hacettepe Model Hacettepe Model Hacettepe Model

Collapse/urgent demolition(∗) 53,700 191,783 238,688 220,243 146,194 191,783 115,363 191,783
Heavy damage(∗) 184,988 28,459 92,494 28,459 123,325 28,459
Moderate damage 40,190 67,593 40,190 67,593 40,190 67,593 40,190 67,593
Light damage 419,832 266,264 1,293,924 1,018,041 419,832 266,264 419,832 266,264
No damage 874,092 751,777 874,092 751,777 874,092 751,777

Total 1,572,802 1,305,877 1,572,802 1,305,877 1,572,802 1,305,877 1,572,802 1,305,877

Table 6 Number of buildings in each damage state or damage state grouping, as per the four alternative conversions (A1 through A4) defined in Table 5. (∗) Please note the splitting
of ”Collapse/urgent demolition” and ”Heavy damage” varies per alternative.
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The total number of deaths ranging from 58,302 at
the beginning of the sequence (i.e., due only to the
first earthquake) to 67,443 by the end of the sequence
are larger than the 48,000 reported by UNDP PDNA as
of mid-March 2023 (with the clarification that ”thou-
sands [are] still reported missing”), the 45,968 con-
firmed deaths in Türkiye as of 8 March 2023 reported
by STEER-EERI (Dilsiz et al., 2023) and even the 50,783
deaths currently reported inWikipedia7, though the or-
der of magnitude can be deemed as good. Assuming
that only injuries of severity 2 and 3 would be reported
as injuries (as injuries of severity 1 do not require hospi-
talisation), the total of 97,718 at the end of the sequence
is smaller than the “more than 100,000” and “more than
126,000” reported by STEER-EERI (Dilsiz et al., 2023)
and UNDP PDNA , respectively but, as with the case of
the deaths, of a good order of magnitude.

5 Concluding remarks
This paper has presented the Real-Time Loss Tools
(RTLTs), an open-source software that carries out dam-
age and loss calculations due to earthquake sequences
accounting for damage accumulation and the displace-
ment of the building occupants along the process, as
well as external sources of damage estimation. The
RTLTs rely on the well-established, vastly tested and
also open-source OpenQuake engine (Pagani et al.,
2014; Silva et al., 2013) to estimate ground motions and
calculate damage due to each earthquake.
The application of the RTLTs to the 2023Türkiye/Syria

earthquake sequence presented herein illustrates not
only the computational capabilities of the software but
also the fundamental spatial component of the dynam-
ics of damage accumulation and the relocation of peo-
ple during an earthquake sequence, in particular one
whose effects span such a large geographic area. While
the largest contributors to the economic losses and hu-
man casualties are the two largest shocks (Mw 7.8 and
7.5), their relative contribution varies at different lo-
cations: the losses in the province of Hatay are dom-
inated by the first large shock (Mw 7.8), but Malatya
shows a stronger contribution from the second one (Mw
7.5), while still presenting relevant losses for the first
one. It is in the provinces of Malatya and K. Maras that
the effect of damage accumulation becomes more vis-
ible in the present model, while appearing as almost
negligible in Hatay. Economic losses calculated using
state-independent fragility models independently for
each earthquake and adding up the individual contri-
butions (i.e., not accounting for damage accumulation)
are 0.4% larger for the province of Hatay but 14% larger
for the province of Malatya, when compared against
those calculated with state-dependent fragility models
(the main results presented herein). The discrepancies
are even larger when looking at individual 30-arcsec
cells of the exposure, and reach up to 50%. The fact
that economic losses are larger when ignoring cumu-
lative damage calculations is interpreted as a conse-

7https://en.wikipedia.org/wiki/2023_Turkey-Syria_earthquakes
(last accessed: December 15, 2023).

quence of starting to count losses again from zero fur-
ther along in the sequencewhen a significant part of the
losses had already occurred, though this may be differ-
ent for other earthquake sequences. When using the
same state-independent fragility models but progres-
sively combining the independent probabilities of ex-
ceedance from all previous earthquakes (as explained
in 8), the losses per province are around 0-3% smaller
than those calculated using state-dependent fragility
models, but up to 10% smaller in individual 30-arcsec
cells of the provinces of Malatya and K. Maras. These
comparisons highlight both the relevance of properly
accounting for damage accumulation for the assess-
ment of losses as well as taking into account the spa-
tial extent and aggregation of the exposure and results
when carrying out comparisons acrossmethods. Obser-
vations such as these can only be made when running
damage and loss calculations that can account for the
evolution of the two during the earthquake sequence,
which the RTLTs make possible. The validation of such
observations in the field is undoubtedly harder, as post-
earthquake field assessments have only been carried
out in Türkiye after the occurrence of all the strong
shocks in the sequence.
The main features of the RTLTs themselves can be

summarised as follows:

• They can execute a series of RLA and/or OELF cal-
culations (or any other type of context that satisfies
the requirements of either of the two in terms of in-
put and assumptions, such as what-if scenarios) in
a chronological order specified by the user.

• They account for damage accumulation by means
of state-dependent fragility models and by stor-
ing current expectations of damage within the ex-
posure model, which is updated after each earth-
quake.

• They account for the relocation of building occu-
pants during the seismic sequence and at different
times of the day (both features can be turned off if
desired).

• They allow the user to provide an external estima-
tion of damage for individual buildings, if desired.
For example, this can come from SHM techniques
or direct observations in the field.

• The OELF calculations are carried out in an event-
based fashion, taking as input sets of stochastic
earthquake catalogues (SES), which have become
the standard output of the newest generation of
short-term seismicity forecasts, instead of seismic-
ity rates on a grid. This event-based approach fa-
cilitates the incorporation of a myriad of consid-
erations to damage and loss modelling, such as
the spatial correlation of ground motions for any
particular event, as is already done in event-based
probabilistic seismic hazard/risk assessments (e.g.,
Crowley and Bommer, 2006; Park et al., 2007; Silva
et al., 2013; Weatherill et al., 2015)

• They calculate numbers of buildings in each dam-
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Figure 14 Ratio of cumulative absolute economic losses in individual 30-arcsec cells calculated with and without damage
accumulation, the latter adding up losses calculated independently for each earthquake with state-independent fragility
models, for the provinces of Hatay (left), Malatya (centre) and Kahramanmaras (right). Mean loss per cell per bin indicated as
blue dots (in millions of EUR, right-hand scale).

Figure 15 Ratio of cumulative absolute economic losses in individual 30-arcsec cells calculated with state-dependent and
state-independent fragilitymodels, the latter by progressively calculating the probability of not exceeding eachdamage state
as a function of all previous earthquakes (8), for the provinces of Hatay (left), Malatya (centre) and Kahramanmaras (right).
Mean loss per cell per bin indicated as blue dots (in millions of EUR, right-hand scale).

Figure 16 Proportion (%) of buildings in each damage state or damage state grouping, as per the four alternative conver-
sions defined in Table 5.

age state, where the exposure model refers to ag-
gregated numbers of buildings, and probabilities
of a building resulting in each damage state, where
the exposure model refers to individual buildings.
A combination of both types of exposure is possi-
ble.

• They calculate and output economic losses and
human casualties, the latter according to a user-
defined injury scale.

• They can allow for damage accumulation calcu-
lations to be carried out with state-independent
fragility models but progressively combining the
independent probabilities of exceedance from all
previous earthquakes (8). Although the accuracy of
this approach has not been quantified (and likely
depends on the characteristics of the earthquake
sequence as well as the exposure and fragility
models), this feature makes it possible to at least
partly account for exposure dynamics even if state-
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dependent fragility models are not yet available for
the case-study under consideration.

While the connection between the RTLTs and Open-
Quake has only been evaluated in terms of the parame-
ters andassumptions describedherein and in the online
documentation of the RTLTs, any other features and ca-
pabilities of OpenQuake can be inherited as well (e.g.,
the conditioning of ground motion fields to recordings,
the extension to secondary perils). Even if they require
adaptations to the RTLTs, these can be easily imple-
mented, due to the RTLTs being open-source. Planned
future developments of the RTLTs include the possibil-
ity of accounting for building repairs (i.e., setting back
the fragility of buildings to the undamaged condition)
and the incorporation and output of different kinds of
modelling uncertainties, such as the variability in the
economic loss ratios associated with different damage
states (input consequencemodel) and the range of dam-
age and losses resulting from each calculation (output).
The RTLTs can be seen from different perspectives by

different kinds of users. For those particularly inter-
ested in the RLA and OELF applications, the RTLTs may
be a starting point to develop strategies and research
questions for potential future scalability and real-time
operationalization in an open, transparent and cus-
tomisable fashion. The exploration of the whole inte-
gration chain may facilitate the delineation of expecta-
tions for individual components and shed light on their
value and the way they relate to all other components
of a broader model. In this sense, the software has
already been used to develop one of the final demon-
stration activities of the RISE project, making it possi-
ble to bring together the work and developments of dif-
ferent research institutions and make explicit the con-
nections between them. Details on these demonstra-
tion activities as well as vast discussions on the require-
ments of a potential full-scale RLA/OELF real-time im-
plementation can be found in Nievas et al. (2023a). At
the same time, users interested in the capability to es-
timate damage and losses due to sequences of earth-
quakes accounting for the accumulation of damage and
relocation of people due to injury/death and/or the us-
ability of the buildings do not need to focus on whether
an algorithm is labelled RLA or OELF, but on the needs
and assumptions covered by each of the two routines,
which can also be useful to investigate what-if cascad-
ing scenarios for decision making purposes. The appli-
cation example presented in this paper illustrates the
use of the RLA functionality to calculate damage/losses
due to a sequence that has already occurred, rather than
an ongoing sequence in real-time. Though not explored
so far, the OELF functionality could potentially be used
aswell for longer-termprobabilistic seismic risk assess-
ments, in a similar fashion to the work of Papadopou-
los and Bazzurro (2020). This is possible because the
RTLTs are agnostic to whether the input seismicity cata-
logues refer to short-termsequences that takeplacedur-
ing days or months, or to a long-term seismicity model
run over years, as well as to how they have been gener-
ated. For use in a long-term seismicity context, adapta-
tions would be needed to consider the replacement and

repair of damaged buildings that can take place in such
extended timeframes. In its current version, the RTLTs
only uses expectations of repair times to update build-
ing occupants, but not the buildings’ fragilities them-
selves.
While the RTLTs make it possible to use simple mod-

els to account for the displacement of people from their
buildings due to their own health status and the need
for inspection and repair of damaged buildings, data
from real earthquake sequences on common recovery
timelines is still relatively scarce and, in most cases, ex-
tremely dependent on governmental strategies and de-
cisions that can be difficult to translate into a quantita-
tive framework. For example, in the aftermath of an
earthquake a government might decide that all build-
ings in a certain region be inspected in detail, even if
they do not seem to have sustained damage at first sight,
or that detailed inspections are carried out on-demand
when requested by the building owners. Such a deci-
sion affects in particular the usability of buildings in
the lower damage states and the undamaged condition,
with the former leading to no occupants returning to
any buildings for a certain period of time, and the latter
leading to some buildings being re-occupied straight-
away. This is one aspect within the broader scope of
post-earthquake recovery, for which a model and as-
sociated plug-in for OpenQuake (OQ-RRE) were devel-
oped as part of the RISE project as well (Reuland et al.,
2022), following the iRe-CoDeS framework (Interdepen-
dent Resilience Compositional Demand/Supply quan-
tification; Blagojević et al. (2022); Didier et al. (2017)).
Futurework could exploreways of connecting both soft-
ware, either at the coding level or in terms of making
their inputs and outputs compatible.
The 2023 Türkiye-Syria case-study application pre-

sented herein illustrates the impact of the spatial dis-
tribution of seismicity, groundmotions and exposed as-
sets on the resulting damage and losses. The two ex-
tremes of a spatial distribution scale would be, on the
one hand, the trivial case in which two earthquakes oc-
cur within a short period of time but so far away from
each other that there is no possibility of damage accu-
mulating and, on the other, the case in which two earth-
quakes occur within a short period of time so close to
each other that the extent of the footprints of relevant
ground shaking are almost identical. Any other case
(like the one presented herein), leads to the existence
of geographic areas inwhichmore than one earthquake
contribute substantially to the final damage/losses, and
other areas in which most of the damage/losses are
caused by only one of the events in the sequence. By
taking into account the accumulation of damage during
seismic sequences as an inherent part of the calculation
process, the RTLTs frees the user from the need to de-
cide whether damage accumulation is to be expected in
their particular case or not, and where exactly.
While the present paper has focused on a case-study

application of a series of RLAs, detailed case-study ap-
plications including both RLA and OELF calculations
can be found in Nievas et al. (2023a,d).
It is the hope of the authors that the RTLTs may facil-

itate the application and understanding of future devel-
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opments and advances on each of the components of
the cumulative damage and loss calculations and that
they may serve as a framework through which future
innovations could eventually find their way into deploy-
ment.
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8 Appendix A
The state-dependent fragility models needed to prop-
erly account for damage accumulation do not always
exist for all building classes that a user might be inter-
ested in. For this reason, the RTLTs include the possi-
bility to use state-independent fragility models to ap-
proximate a cumulative damage calculation, by pro-
gressively combining the independent probabilities of
exceedance from all previous earthquakes. The general
accuracy of this approach has not been quantified (and
likely depends on the characteristics of the earthquake
sequence as well as the exposure and fragility models),
but it allows to avoid the potential inconsistency of los-
ing over 100% of the value of a building when simply
calculating losses independently for each earthquake

EQ Lon Lat Mw Date and Time Depth
(m)

1 37.0143 37.2256 7.8 2023-02-06 01:17:34 10.0
2 36.9470 37.1780 6.7 2023-02-06 01:28:19 10.7
3 36.6830 36.9970 5.6 2023-02-06 01:36:27 10.0
4 37.1962 38.0106 7.5 2023-02-06 10:24:48 7.4
5 38.1756 38.1900 5.4 2023-02-06 15:33:32 7.4
6 36.5078 38.0007 5.0 2023-02-06 16:43:28 10.0
7 37.0859 37.2507 5.3 2023-02-06 20:37:51 10.0
8 37.7309 37.7639 5.5 2023-02-07 03:13:12 10.0
9 38.6398 38.0971 5.4 2023-02-07 07:11:15 9.1
10 38.5700 38.0164 5.3 2023-02-07 10:18:14 13.0
11 36.4771 37.9939 5.0 2023-02-07 15:48:54 11.1
12 36.6013 37.9358 5.3 2023-02-07 18:09:59 17.9
13 36.4959 38.0061 5.0 2023-02-08 07:48:31 10.0
14 37.6611 37.9389 5.4 2023-02-08 11:11:52 9.6
15 38.0310 38.8240 5.0 2023-02-12 16:29:49 10.0
16 35.7967 36.1766 5.2 2023-02-16 19:47:49 10.0
17 36.5991 38.0696 5.0 2023-02-18 19:31:31 12.2
18 36.0251 36.1616 6.3 2023-02-20 17:04:29 16.0
19 38.2773 38.2144 5.2 2023-02-27 09:04:51 10.0
20 36.7004 37.8395 5.0 2023-03-03 02:53:43 7.1
21 36.4273 38.0109 5.3 2023-03-23 09:19:53 10.0
22 35.9502 37.5751 5.5 2023-07-25 05:44:51 11.4
23 38.2209 38.2684 5.2 2023-08-10 17:48:01 10.0

Table 7 Earthquakes of the 2023 Türkiye/Syria sequence
with Mw 5 and above used in the present case-study appli-
cation. Earthquake locations and time taken from theUSGS
National Earthquake Information Centre, except for Earth-
quakesNo. 2 and3 forwhich locations, timeandmagnitude
are provided by the Engineering Strong Motion Database
(https://esm-db.eu/#/home, accessed August 2023).

DS4
Injury DS1 DS2 DS3 No Collapse

Collapse
Severity 1 0.05 0.2 1 10 50
Severity 2 0.005 0.02 0.5 8 15
Severity 3 0 0 0.01 4 10
Severity 4 0 0 0.01 4 ESRM20

Table 8 Indoor casualty rates (as percentage of occu-
pants) that would be expected to reach each injury sever-
ity degree given the damage state for reinforced concrete
frame and/or shear walls, including pre-cast, steel frames,
wooden frames/walls buildings.

DS4
Injury DS1 DS2 DS3 No Collapse

Collapse
Severity 1 0.05 0.4 2 10 50
Severity 2 0.005 0.04 0.2 2 10
Severity 3 0 0.001 0.002 0.02 2
Severity 4 0 0.001 0.002 0.02 ESRM20

Table 9 Indoor casualty rates (as percentage of occu-
pants) that would be expected to reach each injury sever-
ity degree given the damage state for unreinforcedmasonry
buildings.

and adding them up (i.e., restoring a building to its pris-
tine condition mid-sequence so that it can be damaged
again).
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Figure 17 Proportion of buildings in each damage state using conversion alternative A1 between damage states reported
by Hacettepe University Department of Civil Engineering (2023) and those calculated herein.

Figure 18 Proportion of buildings in each damage state using conversion alternative A2 between damage states reported
by Hacettepe University Department of Civil Engineering (2023) and those calculated herein.

Figure 19 Proportion of buildings in each damage state using conversion alternative A3 between damage states reported
by Hacettepe University Department of Civil Engineering (2023) and those calculated herein.

Figure 20 Proportion of buildings in each damage state using conversion alternative A4 between damage states reported
by Hacettepe University Department of Civil Engineering (2023) and those calculated herein.

When using state-independent fragility models, the
calculated probabilities of occurrence of each damage
grade are due only to an individual earthquake m. The
RTLTs then work under the premise that for a damage
state to not be exceeded after earthquake m it needs
to not have been exceeded during any of the previous
events, and for each of the previous events there is a
corresponding probability. After any earthquake m in
the sequence, the probability of not exceeding damage
state k is calculated as per Equation 5):

PoNEcumulativem
(DS = k) =

m∏
j=1

PoNEindividualj
(DS = k) =

m∏
j=1

[
1 − PoEindividualj

(DS = k)
]

(5)

where PoE and PoNE are probability of exceedance
and non-exceedance, respectively, individual refers to
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the probabilities obtained from the state-independent
fragility models for each individual earthquake, and cu-
mulative refers to the effect of all earthquakes that have
occurred up to the current onewhose consequences are
being calculated.
The probability of exceeding damage state k after

earthquake m is simply calculated as:

PoEcumulativem
(DS = k) = 1 − PoNEcumulativem

(DS = k)
(6)

The probability of occurrence of each damage
grade is then calculated as usual as the difference
between probabilities of exceedance of incremen-
tally increasing damage states. Further details can
be found in the software documentation at https:
//git.gfz.de/real-time-loss-tools/real-time-loss-tools/-/
blob/main/docs/01_Overview.md#cumulative-damage-
state-dependent-vs-state-independent-fragility-models.
The inclusion of this functionality in the Real-Time

Loss Tools is not to be interpreted as an encouragement
or an endorsement of the approximation of cumulative
damage calculations using state-independent fragility
models. The use of state-dependent fragility models
will always be the appropriate approach.

9 Appendix B
Table 7 summarises the hypocentral coordinates, mo-
ment magnitude and date/time of occurrence of the 23
earthquakes of the 2023 Türkiye/Syria sequence with
Mw 5 and above used in the case-study application pre-
sented in section 4.

10 Appendix C
Table 8 and Table 9 summarise the casualty rates
adopted in the application of the RTLTs to the 2023
Türkiye-Syria earthquakes. As inHAZUS (Federal Emer-
gency Management Agency, 2003) the fatality rates for
steel and wooden buildings are almost the same as
those for reinforced concrete, and no specific data for
steel/wood for Türkiye was found, the reinforced con-
crete values were adopted for all these classes (steel and
wooden buildings represent only 0.05% and 1.3% of the
total number of buildings in thefiltered exposuremodel
used). The columns “Complete (collapse)” and “Com-
plete (no collapse)” refer to DS4, for the cases in which
the building classified as completely damaged collapses
and does not collapse, respectively. The probability of
collapse given the occurrence of DS4 was adopted as
10% for the reinforced concrete buildings, as assumed
in the LESSLOSS project (Spence, 2007), and as in the
ESRM20 model for all other structural types.

11 Appendix D
Figure 17 through to Figure 20 show the province-by-
province (administrative level 1) comparison of pro-
portion of buildings in each damage state as calcu-
latedherein (vertical axes) andas reportedbyHacettepe
University Department of Civil Engineering (2023),

using each of the four alternative conversions be-
tween damage scales defined in Table 5. The eleven
provinces for which post-earthquake damage assess-
ments are publicly available are: Adana, Adiyaman,
Diyarbakir, Elazig, Gaziantep, Hatay, Kahramanmaras,
Kilis, Malatya, Osmaniye, and Sanliurfa.
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