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Abstract: Soon after an earthquake occurs, several stakeholders become interested in estimating 

the damage and losses generated by the event, as this can inform decision-making processes 

regarding first response, aid and recovery. The scenario might change rapidly if subsequent 

aftershocks cause further damage, which might occur even with low shaking intensities, given the 

cumulative weakening of the structures due to successive shocks. Recently-developed strategies 

for large-scale derivation of state-dependent fragility models allow for this to be taken into account 

when carrying out Rapid Loss Assessments (RLAs) during an ongoing sequence, as well as when 

estimating short-term future losses based on seismicity forecasts in the context of Operational 

Earthquake Loss Forecasting (OELF). Moreover, recent advances in the estimation of damage 

by means of Structural Health Monitoring (SHM) offer the possibility of incorporating information 

recorded at the buildings themselves to both RLA and OELF. Partner institutions of the European 

Horizon 2020 RISE project have been working on several of these fronts and, as part of the 

project, an open-source Python module has been developed that runs RLA and OELF calculations 

by calling OpenQuake and continuously updating the building stock to reflect the probabilities of 

buildings suffering from different damage states at different stages of an ongoing earthquake 

sequence. The module also calculates expected direct economic losses as well as number of 

injuries and deaths, and uses the latter to update the number of occupants at any point in time. 

While our workflow builds upon existing work, we believe it to be the first that is publicly available 

as open-source software and it is thus particularly suited for incorporating further aspects of the 

earthquake consequence chain (e.g., other sources of damage estimation, longerterm recovery) 

and evaluating the feasibility of computational demands, while being amenable to further 

development towards rendering these new technologies fully operational.  

Introduction  
The occurrence of an earthquake of relevance in the vicinity of exposed populations prompts a 

need from different stakeholders to gain an understanding of the potential impact and 

consequences the event may have and perhaps even a prognosis of what could be expected 
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from subsequent seismic activity in the area. A simple qualitative assessment—in terms, for 

example, of a no impact, minor impact, major impact classification, a so-called Rapid Impact 

Assessment—is often sufficient in the first few minutes following the earthquake. As time 

progresses, a quantitative estimate of losses (e.g., number of collapsed buildings, number of 

fatalities or homeless people, direct economic loss), or so-called Rapid Loss Assessment (RLA),  

  
becomes more relevant in order for stakeholders such as early responders, governments, and the 

insurance industry to be able to plan and better manage the recovery phase after the earthquake 

(e.g., search for trapped survivors, need for emergency shelter, request and channelling of 

national and international funds, addressing of potential insurance claims). Similarly to the well-

established PAGER (Prompt Assessment of Global Earthquakes for Response) service (Earle et 

al., 2009) of the United States Geological Survey (USGS), a European ShakeMap is now online 

(http://shakemapeu.ingv.it/) and a prototype scientific service that allows the damage and losses 

to be assessed for any ShakeMap in the European ShakeMap system (the ESRM20 Rapid 

earthquake Loss Assessment code) has now also been released (Crowley et al., 2023) with the 

support of the European Horizon 2020 RISE project.  

RLAs can be carried out fully using pre-defined models that describe the expected ground motions 

associated with a certain earthquake rupture and expected vulnerability of the exposed buildings 

and populations (and their associated variability), but can also gain in accuracy by being able to 

incorporate observed measurements, such as the USGS ShakeMap system does with ground 

motions measured by seismic stations and felt reports from citizens (the Did You Feel It system). 

The increasing availability of low-cost sensors that can be used to continuously monitor the 

dynamic response of buildings—the so-called practice of Structural Health Monitoring (SHM)—

offers the possibility to go one step further and use sensor data to generate near-realtime 

estimates of damage (e.g., Reuland et al., 2023b) that could be incorporated into the RLAs. To 

the authors’ knowledge, this possibility has so far only been explored by the research community 

or for individually-monitored buildings, but there is yet no operational system able to do this at a 

city or regional scale.  

The natural complement to the focus of RLAs on the estimation of losses due to earthquakes that 

have already occurred is the capacity to forecast the evolution of seismicity and losses in the 

days, weeks and months that follow a seismic event of relevance, the so-called Operational 

Earthquake Forecasting (OEF) and Operational Earthquake Loss Forecasting (OELF). OEF 

systems have already been implemented in countries such as Italy, New Zealand and the United 

States (e.g., Marzocchi et al., 2014), with the objective of providing short-term time-dependent 

earthquake probabilistic forecasts. OELF, the extension of OEF into the loss domain, which is, by 

nature, one step closer to the decision-making process, has only been implemented in Italy by 

means of the MANTIS-K system (Iervolino et al., 2015).  

Up to recent years, the development of fragility models to be used in seismic damage and loss 

assessments had mostly focused on the response of initially undamaged structures, leading to 

so-called state-independent models. The recognition that earthquakes usually occur in clusters 

or sequences and that the occurrence of damage may have a non-negligible impact on the 

capacity of a building to withstand subsequent earthquake demands has, however, led to the 

development of state-dependent fragility models and strategies to account for the accumulation 

of damage by an increasing number of researchers (Iervolino et al., 2016; Orlacchio, 2022). The 

use of such state-dependent models is key not only to producing realistic estimates of damage 

and losses during an earthquake sequence (in a succession of RLAs) but also for OELF, as the 

forecast naturally focuses on a succession of seismic events to come. In Italy, MANTIS-K has 

recently been expanded into MANTIS v2.0 as part of the RISE project to account for the evolution 

of the structural damage over time (Chioccarelli et al., 2022).  

As an active part of the earthquake hazard and risk community, partners of the European Horizon 

2020 RISE project have been working on several of the aforementioned fronts. An open-source 

Python module called Real-Time Loss Tools (RTLTs, https://git.gfz-potsdam.de/real-time-

losstools/real-time-loss-tools) was developed with the double purpose of demonstrating how 

different developments of the RISE project can be assembled to work together while at the same 

time creating a publicly-available tool that the research community could use to explore all the 

aspects of this integration and develop strategies for future scalability and operationalisation. The 

main aspects of the Real-Time Loss Tools are described in the present paper, which includes as 

well a case-study application based on the 2016-2017 Central Italy seismic sequence. Full details 

can be found in Nievas et al. (2023).  
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The Real-Time Loss Tools (RTLTs)  

Overview  

The Real-Time Loss Tools (RTLTs) have been designed to carry out RLAs and event-based 

OELFs incorporating probabilities of damage states based on SHM methods, estimating 

cumulative damage by means of state-dependent fragility models, calculating expected economic 

losses and human casualties (injuries and deaths) and updating the number of occupants in the 

buildings, by accounting for the time of the day of the earthquake as well as whether occupancy 

can be resumed and to what extent (depending on inspection and repair times as well as 

casualties). The RTLTs recursively call the OpenQuake engine (Pagani et al., 2014; Silva et al., 

2014), updating its input files for each earthquake and keeping track at every point in time of the 

damage states of buildings and the number of people unable to return to the buildings they usually 

occupy. The triggering of RLA or OELF calculations is carried out by means of an input CSV file, 

and the software runs until all triggers have been processed, as shown in Figure 1.  

  

  

Figure 1. General overview of the processing algorithm of the Real-Time Loss Tools (RTLTs).  

Rapid Loss Assessment (RLA) incorporating Structural Health Monitoring (SHM)  

The RLA calculation starts with the transformation of the UTC time of occurrence of the 

earthquake into local time, which is translated into one of three time intervals of the day (day, 

night, transit) for which adjustment coefficients are input in the configuration file. This information 

is combined with previous results on existing damage and injured/dead people from RLAs run by 

the software so far to update the number of occupants in the buildings of the exposure model. 

The current version of the RTLTs creates rupture input XML files for OpenQuake based on rupture 

data input by the user, assuming normal faulting, but the code will soon be adapted to enable the 

user to directly input rupture XML files if they wish to. Other input files for OpenQuake are updated 

as well, and a scenario damage calculation is run with OpenQuake using state-dependent fragility 

models that take into account the current damage state of the building (an alternative algorithm 

that works with state-independent fragility models has been coded as well for research purposes, 

but will not be discussed any further in the present paper).  

Damage results in terms of probabilities and/or number of buildings in different damage states are 

retrieved from this OpenQuake calculation for all buildings in the exposure model. If SHMbased 

damage probabilities (or damage probabilities stemming from any other external calculation) are 

available for some buildings (as per an input CSV file), these override the damage probabilities 

calculated with OpenQuake for those buildings. The resulting damage probabilities are 

subsequently used to update the exposure model and redistribute the replacement costs and 

theoretical census occupants (i.e., number of occupants irrespective of previous earthquakes or 

time of day). The expected economic losses are finally calculated based on the current 

probabilities of each damage state by means of an economic consequence model defined by the 
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user. These losses are cumulative, as they are based on cumulative damage states. The injuries 

and deaths are also calculated based on the current probabilities of each damage state for each 

asset in the exposure model by means of a human consequence model, and the timelines for 

people to be allowed and able to return back to their buildings are calculated and stored. The 

algorithm then moves on to processing the next trigger.  

Event-based Operational Earthquake Loss Forecasting (OELF)  

The OELF calculation starts by reading a seismicity forecast (input by the user as a CSV file) and 

using a stochastic rupture generator to build ruptures associated with each of the earthquakes in 

the forecast. The stochastic rupture generator makes use of models of uniform area sources 

provided in the OpenQuake seismogenic source model XML format to sample rupture properties 

starting with the hypocentral depth, which is usually not available from short-term seismicity 

forecasts. Once the depth is defined, the rupture nodal properties are sampled and the rupture 

area is calculated from a magnitude-to-area scaling relation selected by the user. An initial rupture 

generated from these parameters is compared against the input upper and lower seismogenic 

depths, it is adjusted if the vertical extent of the rupture width is less than the seismogenic 

thickness of the source zone, and it is finally assigned to the earthquake and the associated 

OpenQuake rupture XML file is created. This procedure is only carried out for earthquakes above 

a magnitude threshold and within a maximum epicentral distance from the input exposure model, 

all these defined as input by the user. All other earthquakes in the seismicity forecast are assumed 

to not cause any change in the damage state of the buildings. This event-based OELF approach 

departs from the closed-form rate-based analytical formulation of MANTIS-K (Iervolino et al., 

2015) to address the recent trend in the seismicity forecasting community to transition from 

generating forecasts in terms of earthquake rates to outputting large numbers of stochastic 

realisations of seismicity (i.e., full catalogues of possible earthquakes), and is similar to what was 

done by Papadopoulos et al. (2020) in the context of probabilistic seismic risk assessment.  

Each realisation of seismicity is referred to as a stochastic event set (SES) in the RTLTs, following 

the nomenclature used by OpenQuake. As shown in Figure 1, the OELF calculation loops through 

each SES and, within each SES, through each earthquake. At the beginning of each SES, the 

exposure model is initialised taking the current “real” exposure as a starting point. “Real” is used 

in this context to refer not to a representation of directly-observed damage states but to the 

exposure model that is updated by the RLA calculations when earthquakes actually happen. This 

is a fundamental difference between the RLA and OELF routines of the RTLTs, as the OELF 

routine does not update the “real” exposure because it is a forecast that may or may not occur. 

Within each SES, damage builds up and the OELF exposure model associated with the SES is 

updated, analogously to what happens in a RLA calculation. The calculation of the local time, the 

updating of the number of occupants and the running of the scenario damage calculator of 

OpenQuake is the same as for RLA (except for no SHM damage results being considered).  

The OELF economic losses are calculated at the end of each SES based on the final damage 

status of the assets (for that SES), but the human casualties and their associated timelines for 

people to be allowed or able to return need to be calculated for each earthquake. Damage states, 

economic losses and human casualties are averaged out for all SESs and the resulting expected 

values are output as the results of the OELF calculation (uncertainties could be tracked as well in 

future versions of the software).   

Keeping track of damage states  

The use of state-dependent fragility models for the calculation of cumulative damage requires that 

the RTLTs keep track of the damage state of buildings. The tools do so by updating the exposure 

model (which is written in the CSV format used by OpenQuake) after each new earthquake is run. 

While OpenQuake only uses the concept of exposure asset to refer to a building or group of 

buildings with the same assigned location and building class (i.e. each row of the exposure CSV 

file), the RTLTs make use of two additional definitions: the term building_id is used to refer either 

to an individual building or a geographic aggregation of buildings, which can include different 

building classes (in the case of an individual building, these could be classes with a probability of 

being the appropriate ones for the building), and original_asset_id is used to refer to a specific 

building class of a specific building_id, in the initial damage state input by the user. The term 

asset_id then becomes the equivalent of OpenQuake’s asset, and refers to a specific combination 

of building_id, original_asset_id and damage state. This is schematically shown in Figure 2, 

together with the way the exposure model is updated in terms of expected numbers of buildings 

that result in each damage state. When the building_id refers to an individual building, the values 
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assigned are the probabilities of the damage states (combined with the probabilities of each 

building class, i.e., each original_asset_id).  

Each time the exposure model is updated, the replacement cost and number of occupants (at the 

time of the day of the earthquake and accounting for previous injuries and deaths) are distributed 

proportionally to the splitting in terms of numbers of buildings. Once the replacement costs have 

been distributed, economic losses are calculated. The calculation of injuries and deaths requires 

some additional considerations, which are described next.  

  

  

Figure 2. Example of the update of damage states in the exposure model for one tile with 

buildings of two different classes. Numbers in italics in parentheses are numbers of buildings.  

Updating the number of occupants  

There are several reasons why the number of occupants of buildings may change after an 

earthquake, including deaths and/or hospitalisations resulting from the earthquake, the safety of 

buildings to be occupied, and potential interruptions to lifelines (electricity, gas, water) and roads. 

The RTLTs do not intend to model the complex dynamics of post-earthquake recovery in all their 

extent—though a potential link with the OpenQuake Recovery and Rebuilding Effort (OQ-RRE) 

software developed as part of the RISE project by Reuland et al. (2022) could be made in the 

future—but focus on just the two first aspects to estimate an expected number of occupants at 

the time each earthquake occurs. To the authors’ knowledge, this is the first attempt to carry out 

such an update for an earthquake sequence.  

In order to run, the RTLTs require that the users input expected numbers of days needed for 

inspection and repair (as a function of the damage state of the building), and numbers of days 

that people are expected to spend in hospital (as a function of the severity of their injuries), all 

counted with respect to the point in time at which an earthquake occurs. When a RLA (or damage 

assessment due to one earthquake within an OELF) is carried out, the RTLTs calculate two 

timelines: one with the points in time (UTC) in which people are allowed back into buildings  

(conceptualised as a 0-1 Boolean of not allowed-allowed specified per damage state) and another 

with the number of people “still away” from the buildings they usually occupy, at each point in time 

(also UTC) (see Figure 3).  
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Figure 3. Schematic timeline of number of people still away due to injuries/death.  

When a new earthquake calculation starts, previous timelines due to all previous earthquakes are 

sought and the number of occupants for each original_asset_id is calculated as:  occupants at 

time of daycurrent = Ftime of day ∙ Foccupancy ∙ [censusoriginal − still away] (1)  

where Ftime of day is the factor associated with the day, night or transit times of the day, Foccupancy is 

the 0-1 binary factor that depends on the current damage state of the building, censusoriginal is the 

number of census occupants, and still away is the number of people whose health status does 

not allow them to return to the building.  

This updating of the number of occupants is a simplified version of what could, perhaps, become 

a more rigorous calculation that would involve keeping track of all the paths of damage that each 

original_asset_id can follow, instead of re-grouping asset_ids by current damage state, as shown 

in the last step of Figure 2. Each path for an original_asset_id to end in any damage state would 

lead to their own future timeline of possible damage and further injuries, but expanding the 

branching at every earthquake quickly leads to a significant increase in computational demand. 

Alternative strategies for approaching this matter could be explored in the future.  

Output  

The final output of each RLA and OELF calculation is generated by building_id. For each RLA 

calculation, the outputs are: (1) number of buildings or probability of a building_id resulting in each 

damage grade; (2) expected economic losses for each building_id, in terms of both absolute 

values and loss ratios (with respect to their total replacement cost); (3) expected human casualties 

for each building_id, classified by (user-defined) levels of severity, in terms of both absolute values 

and loss ratios (with respect to the total number of census occupants). The outputs for each OELF 

calculation are the same as for a RLA, averaging out the results for individual SESs. Future 

implementations could expand these outputs to include measures of the uncertainty in the results, 

which might be particularly relevant in the case of OELF calculations.  

Case-study application  

Overview  

A series of proof-of-concept applications based on the 2009 L’Aquila and 2016-2017 Central Italy 

earthquake sequences were developed as part of the demonstration and integration activities of 

the RISE project, with the purpose of showcasing how different RISE developments in the fields 

of RLA, SHM and OELF could fit together by means of the RTLTs. Although three and four different 

locations of exposure were considered for each of the two sequences, respectively, only that of 

the AMT seismic station in the town of Amatrice is presented in what follows (see Figure 4). Details 

on all case studies can be found in Nievas et al. (2023).  

The exposure model (Figure 4) used for the case-study is fictitious, as it gathers three individual 

buildings studied within RISE, two of which are monitored in reality (the Grenoble City Hall, 

France, and a building in Budva, Montenegro) and a third representing a typical residential Swiss 

structure, as well as a series of Italian masonry and reinforced concrete building classes for which 

state-dependent fragility models were developed (Orlacchio, 2022, taking as a starting point the 

state-independent models of ESRM20, see Crowley et al., 2021), classified as per the GEM 

Building Taxonomy v3 (Silva et al., 2022). The definition of the exposure in terms of nine quadtiles 

of zoom level 18 (around 100-m side in central-southern Europe) and individual building footprints 

from OpenStreetMap follows the approach of the Global Dynamic Exposure Model (Schorlemmer 

et al., 2020, 2023). Building replacement costs and number of census occupants were defined 

mostly based on the European Seismic Risk Model 2020 (ESRM20; Crowley et al., 2020, 2021). 

SHM-based fragility models were developed for the three monitored buildings following the 

method developed by Reuland et al. (2023a), based on damage-sensitive features (Reuland et 



SECED 2023 Conference  NIEVAS et al.  

7  

al., 2023b) extracted from sensor data. As the three monitored buildings did not experience the 

2016-2017 Central Italy sequence, their response to these earthquakes was simulated by means 

of non-linear time-history analyses run using real accelerograms recorded by the AMT station, 

available from the Italian Accelerometric Archive (ITACA; Russo et al., 2022). All fragility models 

used (ground motion- and SHM-based) are defined in terms of the same five damage states used 

for ESRM20: no damage (DS0), slight damage (DS1), moderate damage (DS2), extensive 

damage (DS3) and complete damage (DS4; not a synonym of collapse but of damage that is not 

repairable and requires replacement—a proportion of buildings with DS4 will have collapsed).  

  

  

Figure 4. Earthquakes with Mw equal to or greater than 5.0 of the 2016-2017 Central Italy 

earthquake sequence (numbered stars), selected site around the AMT seismic station in  

Amatrice (black dot), rupture planes of the largest shocks from ITACA, and exposure model 

used (building types as per GEM Building Taxonomy v3, number of buildings in parentheses).   

For the RLAs the focus was placed on the nine earthquakes of the sequence with moment 

magnitude Mw of 5.0 and above (as per ITACA), whose epicentres are depicted in Figure 4 

(together with the ruptures associated with the largest events). For the OELFs, 24-hour seismicity 

forecasts of 10,000 SES each were generated by means of the ETAS.inlabru method (Naylor et 

al., 2023; Serafini et al., 2023), using the HORUS earthquake catalogue (Lolli et al., 2020), at 

00:00 hour of the day of the first shock, right after each of the nine RLA events, and at 00:00 hour 

of the day of the third and sixth RLA shocks, given the large time interval in between real 

earthquakes within the sequence. For each earthquake run (RLA or OELF), 1,000 realisations of 

ground motion (and, consequently, 1,000 realisations of damage probabilities) were calculated. 

The ruptures for the RLAs were retrieved from ITACA; those for the OELFs were defined by the 

RTLT’s stochastic rupture generator using the Italian MA4 area source model (Visini et al., 2022).  

The economic consequence model in terms of damage ratios for each damage state in the fragility 

model used in the ESRM20 (Crowley et al., 2021) was adopted. For the human consequence 

model, the injury classification scale reported in HAZUS (FEMA, 2003), which ranges from 

severity level 1 (no need for hospitalisation) through to severity level 4 (instantaneously killed or 

mortally injured) has been employed. The indoor casualty rates for unreinforced masonry 

buildings and reinforced concrete frames provided in HAZUS, with the modifications employed 

for the Portuguese case study in the LESSLOSS project (Spence, 2007), were adopted and 

combined with the model for fatalities in ESRM20, the result being a series of casualty rates 

(percentage of occupants) associated with each injury severity level, each damage state and each 

building class. Mean numbers of days a person with each level of injury is expected to stay in 

hospital were defined for each of the four severity levels using statistics from the Organisation for 

Economic Cooperation and Development (OECD, 2023). Mean number of days required to 

inspect and repair buildings (as a function of their damage state) were defined based on several 
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considerations, as discussed in Nievas et al. (2023). The values adopted result in people being 

able to return to buildings before the third and sixth RLA earthquakes, and before the fourth and 

eight OELF calculations (apart from the first OELF and RLA of the sequence).  

Results  

Figure 5 and Figure 6 show the three main points in time in the sequence in which the damage 

and economic losses increase significantly. The initial 16.7% of undamaged buildings after the 

first RLA drops to half by the fifth event, while the 43.1% of buildings expected to result in DS4 

rises up to 64.4% and 72.0% after the fifth and seventh earthquakes (final value: 73.1%). As can 

be observed in the insets in Figure 5, damage is not uniformly distributed across the whole 

building portfolio. In terms of economic loss, the initial 40.1% loss ratio after the first RLA results 

in a final expected 62.7%. Such plots with the temporal evolution and spatial distribution of 

damage and losses can be produced for any point in time, and for any level of spatial aggregation. 

In Figure 6, the temporal evolution of expected economic loss ratios due to the earthquakes that 

did occur (for which RLAs are run) is combined with the average expected economic loss ratios 

obtained considering all 10,000 realisations of seismicity by means of the OELFs.  

  

  

Figure 5. Expected cumulative aggregate number of buildings after the 1st, 5th and 7th RLA 

events. Insets show probabilities of DS4 per tile and building.   

After the first earthquake, during which 1,334.75 people were modelled inside the exposed 

buildings, the expected human casualties amount to 6.82 people (0.37% of the census occupants) 

instantly killed or mortally injured (severity 4), and 54.34, 10.66 and 0.44 people (2.91%, 0.57% 

and 0.02%) suffering from injuries of severity 1 through 3 (basic medical aid in the field, non-

lifethreatening but requiring medical technology, immediately life-threatening), respectively. As 

mentioned earlier, only the third and sixth earthquakes produce a few additional human 

casualties, with 291 and 171 people modelled inside the buildings in each case. The final number 

of expected casualties after the whole sequence are 54.92 (2.94%), 10.72 (0.57%), 0.44 (0.02%), 

and 6.82 (0.37%) for each severity from 1 through 4 by the end of the sequence. Numbers of 

injured people are not integers because they represent an expected value in a statistical sense.  

Final remarks  
We believe the Real-Time Loss Tools provide a useful demonstration of how the scenario 

calculators of the OpenQuake engine can be used in a time-dependent manner that allows for the 

consideration of damage accumulation and the updating of occupants of the building stock during 

seismic sequences, while facilitating a transparent and accessible exploration of the connections 

between the different components of the computational chain. The event-based OELF 

calculations would benefit from attempts to optimise the use of computational resources by the 

algorithm, as their running times can become too long if the seismicity forecasts contain large 

numbers of events. The motivation for such an investment may arise from the possibility of 

accounting for correlations and conditional dependencies (e.g., spatio-temporal and inter-period 

correlation of ground motions, integration of uncertainties in finite rupture properties), as these 

can be readily integrated into a stochastic event set calculation but are more complex in a classical 

risk framework. A potential holistic full-scale implementation of an integration of RLA, OELF and 

SHM of the kind presented herein would benefit from further exploring models that fully 

characterise the post-earthquake recovery phase (e.g., Reuland et al., 2022) to improve the 

assumptions made to model the return of occupants to their buildings as well as the incorporation 

of the possibility of repairing and replacing buildings in the medium- to long-term. It is noted that 

the use of the Real-Time Loss Tools is not limited to any of the specific inputs used for the 

casestudies developed within the RISE project. Details on input formats and requirements, as 
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well as a more extensive discussion on each of the components of the calculation can be found 

in Nievas et al. (2023) and the GitLab repository of the RTLT software.   

  

  

Figure 6. Cumulative economic loss ratios. Vertical error bars show minimum, mean, 95th, 99th 

and 99.5th percentiles associated with each OELF (at end of 24-hour forecast period). Insets 

show loss ratios per tile and building after the 1st, 5th and 7th RLA events.  
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