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Abstract

The built environment is increasingly exposed to more frequent and intense climate-related
extreme events. Although numerous frameworks exist to assess the impacts of extreme events -
usually measured in terms of deaths, dollars and downtime - several authors have shown that
indirect losses, often driven by the recovery phase rather than the response one, can represent
most of community losses. Delays in initiating repairs significantly increase indirect losses but
are often overlooked in frameworks focused only on immediate response. While recent resili-
ence-based approaches aim to include both response and recovery, their indices often lack
clear links to measurable physical outcomes. The definition of a clear, relatable, scalar index
could better inform stakeholders and decision-makers about potential risks and guide them in
planning mitigation strategies.

This paper proposes a novel framework for quantifying socio-economic (direct and indirect)
losses by considering both the response and recovery phases of extreme events. Building on
resilience principles and functionality-time curves, this framework offers a comprehensive yet
practical method for quantifying indirect losses. The approach is validated through a multi-
story building subject to earthquake and flood hazards, by employing a component-based prob-
abilistic loss modelling approach. The framework was able to provide an estimation of indirect
losses due to business interruption showing how indirect losses can match or even exceed the
direct economic losses due to damage repairs.
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1 INTRODUCTION

The increasing intensity and frequency of climate-induced and natural disasters are placing
significant pressure on urban communities to enhance the resilience of the built environment.
From 2000 to 2019, natural disaster accounted for nearly $3 Trillion USD in direct economic
losses alone, alongside more than one million casualties [1]. Despite earthquake accounting for
58% of the casualties, other hazards, such as flood and windstorms, account for 69% of eco-
nomic losses combined. In 2023, floods accounted for 81% of economic losses due to climate-
related causes in Europe, affecting approximately 1.6 million people [2]. Italy, in particular,
experienced significant impacts, with unprecedented rainfall causing widespread flooding in
the Emilia Romagna region [3]. The frequency of such climate-related events is further com-
pounded by Italy's seismic vulnerability, with the country having sustained €150 million EUR
in damages over the past 50 years due to earthquakes [4].

Beyond human casualties and direct economic losses from property damage, disasters can
also lead to severe indirect losses. Indirect losses resulting from business interruption have been
proven to significantly impact economic losses, as demonstrated by Rodrigues et al. [5]. In
many cases, indirect economic losses surpass direct losses due to building damage, like in the
case of the Ecuador earthquake in 1987 where indirect losses recorded were 7 times greater
than direct losses [6]. Similarly in Italy, indirect losses due to business interruption - combined
with interest of public debt that compounds over the years - re estimated to have exceeded direct
losses by a factor of 3 to 10 [4]. To address the issue of understanding indirect losses in the
Italian peninsula, Di Ludovico et al. [ 7] performed an in-depth study of the correlation between
damage and indirect economic losses analyzing the data from the 2009 L’Aquila earthquake.
Indirect losses are not only influenced by the extent of building damage but also by external
factors related to response and recovery efforts. Key contributors include the costs of post-
disaster population assistance [8] and disruptions to economic activities, such as services and
industrial production [9]. Therefore, the usage class of a building plays a crucial role in deter-
mining the extent of these indirect losses [10].

Given that indirect losses are heavily influenced by the response and recovery to extreme
events, resilience can be leveraged as a critical metric for assessing these impacts. The concept
of resilience has been adapted to the built environment to quantify the impact of multiple haz-
ards, each with its own domain-specific characteristics. In general, resilience is used to describe
the performance of a system affected by an adverse event [11-15]. The concept of resilience for
the built environment and buildings was introduced by Bruneau et al. [16] in relation to seismic
events. The resilience concept encompasses four major metrics: Robustness, Redundancy, Ra-
pidity, and Resourcefulness, with the last two referring to post-disaster response and recovery
phases

To assess and enhance the resilience of buildings, the REDi guidelines [17] were introduced
specifically for seismic hazard. These guidelines establish resilience objectives and assist de-
signers in integrating multiple resilience aspects beyond life safety, including downtime reduc-
tion, repairability, and loss mitigation. Over time, the REDi framework has been expanded to
address other hazards, such as flooding and windstorms [18-19].

Most indirect losses assessment frameworks rely solely on damage scenario due to the event,
neglecting different possible recovery paths, which can greatly influence the downtime. From
a stakeholder’s perspective, understanding the actions needed to prepare for an adverse event
can significantly reduce the long-term impact of extreme events over the built environment.

This paper presents a novel framework to assess the resilience of a building by integrating
direct and indirect losses and leveraging resilience (functionality-time) curves. The framework
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is designed to be applicable to multiple hazards, enabling to assess the resilience of a building
over the whole life cycle when subject to multiple extreme events.

The proposed framework is applied to a case study building: a new multi-story precast con-
crete structure featuring rocking-dissipative structural connections (PREcast Seismic Structural
System - PRESSS [20-24]). Seismic and flood hazard events, conditioned to a probability of
occurrence, are considered and a component-based loss modelling approach is used to assess
their impacts.

The paper is structured as follows. Section 2 presents the proposed methodology for as-
sessing the indirect losses by means of resilience curves, including the specific methodologies
employed for Seismic and Flood risk assessment. Section 3 presents the case study, along with
the hazard description and related modelling approach. In Section 4, results are discussed, and
Conclusions are presented in Section 5.

2 METHODOLOGY

This section describes the methodology used to estimate the combined post-disaster direct
and indirect losses. The approach follows a component-based loss assessment framework to
first estimate direct losses and expected downtime (business interruption). These results are
then used to construct a resilience curve for the building, which serves as the basis for estimat-
ing indirect losses.
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Figure 1: Overview of the proposed framework to estimate direct and indirect losses.

The framework (Figure 1) begins by defining the asset (building) and its location. Once the
asset is characterized, different hazard scenarios and their associated intensity measures are
considered. For each hazard and intensity level, defined by the return period, a component-level
loss assessment is conducted to quantify damage to building components and estimate direct
economic losses. This is achieved using probabilistic methodologies such as FEMA P-58 [25]
for seismic hazards, which employs a Monte Carlo simulation to model uncertainty in damage
realizations and their corresponding consequences.

Based on the damage scenario, repair times can be estimated based on the number of dam-
aged components and their damage state. Impeding factors, delaying the start of the repair phase,
are incorporated based on the specific hazard. These factors may include inspection delays,
permitting requirements, resource availability, contractor mobilization, and material
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procurement. Once these factors are accounted for, the total downtime for the building is com-
puted. The sequence of repairs and the restoration of different functional states (e.g., Immediate
Occupancy, Functional Recovery, and Full Recovery) are modeled using approaches such as
REDi [17], which refines downtime estimation by considering repair scheduling constraints.

By combining the result for direct losses and downtime, the resilience curve of the building
is constructed. The resilience curve represents how the building’s functionality evolves over
time following the hazard event. From this curve, the loss of resilience [16] is computed, which
quantifies the loss of functionality over time and serves as a key metric for assessing indirect
losses. The indirect losses are then estimated by linking downtime impacts (e.g., business in-
terruption, temporary displacement costs, and/or operational losses) to the resilience curve. Fi-
nally, total losses are computed by summing direct and indirect losses for each hazard scenario.

It is important to note that while the methodology for loss assessment varies across different
hazards, once a resilience curve is established, the same procedure can be applied uniformly
across multiple hazards to estimate indirect losses.

2.1 Direct loss assessment

A component-based probabilistic framework is employed to estimate direct losses. While
this research specifically focuses on seismic and flood hazard, a similar methodology can be
extended to other hazards such as windstorms [28-30].

For seismic hazard, the FEMA P-58 [25] methodology is used to model damage at the com-
ponent level, employing fragility curves which represent the probability of achieving or exceed-
ing a certain damage state. FEMA P-58 [25] was developed within the framework of
Performance-Based Earthquake Engineering (PBEE) and provides a probabilistic approach for
estimating losses. The methodology employs Monte Carlo simulations to capture the uncer-
tainty in damage states, repair costs, and repair durations. The output includes both the damage
realizations, which identify the specific components affected in each sample, as well as the
associated consequences that are summed to define the building direct losses.

For flood hazard, a similar approach is used to estimate damage to building components
during a flood event. This study follows the methodology proposed by Nofal et al. [26] and
modified by Ciurlanti et al. [27], which applies a probabilistic damage function to each compo-
nent based on the internal flood depth. In this study, flood duration and flow velocity are not
explicitly modeled. The framework is extended to account for uncertainties in flood exposure,
damage functions, and repair requirements. A more detailed overview of the methodology em-
ployed for the flood component-based assessment is presented in Ciurlanti et al. [27].

2.2 Downtime assessment

Once direct losses and damaged components are identified, the next step is to estimate build-
ing downtime, which represents the time for repairs before the building can regain full func-
tionality.

FEMA P-58 [25] includes a downtime estimation methodology, but it primarily focuses on
component-level repair times and does not fully consider impeding factors—delays that occur
before repairs can begin. These impeding factors are critical because they represent real-world
constraints that are strictly related to the immediate response after an event. Some of these
impeding factors are shared among different hazard types, such as engineering mobilization,
contractor mobilization, and financing of the repairs. Other more specific impeding factors can
include the post-earthquake inspections for seismic events, as well as restoration and cleaning
after flood events. REDi guidelines for flood [18] and earthquake [17] provide a detailed
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description of the value of the impeding factors and the sequences of actions needed before the
repairs can commence.

Moreover, REDi [17] improves downtime estimation by introducing a repair scheduling
model that accounts for workforce availability and repair sequencing across different building
components, floors, and functional systems. This approach provides a more realistic estimate
of how repairs progress over time by considering multiple functional recovery targets (Imme-
diate Occupancy, Functional recovery, and Full Recovery), as well as considering the repair
sequences over different components and multiple floors under the constraint of the availability
of workers and the ability of the workers to perform repairs concurrently.

By incorporating impeding factors and repair scheduling constraints, REDi [17] provides a
more comprehensive estimate of downtime, which is crucial for assessing the recovery path to
derive a resilience curve.

2.3 Resilience Curve definition

The final step in the framework is the construction of the resilience curve, which represents
how the building’s functionality evolves over time following a hazard event. This curve is es-
sential for estimating indirect losses and understanding how long a building remains non-oper-
ational.

The resilience curve is defined by three key phases. First, the initial drop in functionality is
associated with the building damage and related repair costs, described in terms of Probable
Maximum Loss (PML), which is typically represented by the 90th percentile of direct cost re-
alizations obtained from Monte Carlo simulations in the loss assessment phase [31]. This phase
reflects the immediate impact of the hazard on the building's operability. Following this, there
is a delay period during which no repairs occur, determined by the time required for impeding
factors. Finally, the gradual recovery phase begins as repairs progress over time, leading to full
functional recovery.

For sake of simplicity, the resilience curve is modeled as a trapezoid (Figure 2). The initial
sharp drop represents the sudden reduction in functionality immediately after the event. This is
followed by a plateau, during which functionality remains unchanged due to delays caused by
impeding factors. Once repairs commence, functionality increases linearly until the building
reaches functional recovery [17]. Although minor repairs may continue beyond this point, they
are considered non-critical and it is assumed they do not significantly affect the building’s op-
erational capacity.
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Figure 2: Schematic representation of the resilience curve employed in this study.
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It is worth noting that the framework does not enforce a specific methodology for defining the
resilience curve itself. The assumptions regarding the shape of the resilience function are here
made to showcase the framework. Finally, the framework can be employed together with prob-
abilistic frameworks for the definition of the resilience curves, such as the one proposed by Cao
& Feng [32]. Including a probabilistic definition of a resilience curve can propagate uncertain-
ties also in the evaluation of indirect losses.

2.4 Indirect Loss assessment

The concept of using resilience to evaluate economic losses is not new. The resilience deficit
index, proposed by Singh et al. [33], extends the concept of loss of resilience to assign a mon-
etary value to the resilience loss itself. However, the framework uses such an index not to com-
pute indirect losses, but to offer a robust metric to compare building performance. On the other
end, Cardone et al. [34] integrated the impact of downtime (both impeding factors and repairse-
quence) in the evaluation of indirect costs for buildings. However, the authors did not consider
the evolution of functionality over time of the asset.

The framework proposed in this study is based on the hypothesis that the indirect losses are
only dependent on the functionality of the building over time and are directly proportional to
the loss of functionality.

Ty
IL= ICauy | (1-Q®)dt (1)
To

Where:

- IL is the total indirect losses related to the functional downtime,

- 1Cqqiry 1s the daily cost of a total loss of functionality of the building,
- Q(¢) is the resilience curve for a given hazard and given intensity,

- T, is the time at which the event occurs,

- T; 1s the time at which the asset recovers its fully operational status,
-t is the time expressed in days.

It is worth noting that the integral is the resilience loss proposed by Bruneau et al. [16].
Finally, given that multiple realizations are obtained for one hazard intensity as part of the
probabilistic approach, Eq.1 needs to be expressed in terms of expected values given an inten-
sity measure (IM):

E[ILIM] = ICagy | (1 — EIQ(ONIM)d @
To

The direct and indirect losses can be combined into a single metric to compute total losses (Eq.
3):

E[IL|IM] = E[DLtotqi[IM] + E[ILtortar|IM] (3)
It is worth noting that the same framework is applicable to multiple hazards, as long as a resil-
ience curve is defined for the hazard scenario. Finally, the computation of indirect losses pre-

sented in Eq. 2 makes no assumption about the shape of the resilience curve but assumes that a
finite resilience loss index can be computed.
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3 CASESTUDY

This study applies the proposed framework to a five-story reinforced concrete office building.
The building’s structural configuration and dimensions are based on a previous study by Bian-
chi et al. [31]. However, this study considers a different hazard scenario and incorporates mod-
ifications to the fagade system and building components.

The building has a rectangular floor plan of 32m x 18m. The horizontal load-resisting system
consists of frames in the longer direction and walls in the shorter direction. The building has an
inter-story height of 3.8 m. The lateral-resisting system is designed as a low-damage structure
using the PREcast Seismic Structural System (PRESSS) [20-24] . This system employs post-
tensioned unbonded tendons and damping devices to dissipate energy during seismic events
and minimize residual drift.

The building also incorporates low-damage non-structural components. Specifically, the fa-
cade consists of cladding panels with U-shaped flexural plates [35] as upper connections in the
frame direction, and point-fixed glass curtain walls in the wall direction. Additionally, sus-
pended ceilings and internal partitions are designed to reduce seismic damage by integrating
simple detailing modification as discussed in [36-37].

To carry out the analysis, fragility curves are needed to describe the performance of the
components. Fragility curves for the low-damage structural components were developed by
Matteoni et al. [38], while consequence functions were estimated based on engineering judg-
ment. Concerning non structural element, the already available database provided by PACT
[25], was extended with low-damage components curves from Bianchi and Pampanin [39].

The replacement cost per unit gross floor area was assumed to be $2,200.46 USD/m?
($204.43 USD/ft?), based on the Hazus Inventory Technical Manual [40] for usage class COM4
(Office, Mid-rise), referenced to the year 2022. The PACT tool [25] was employed to perform
the loss assessment, incorporating inflation-adjusted prices to match the same reference year as
the reconstruction cost.

For seismic scenarios, the building is assumed to be a non-essential facility with no pre-
arranged general contractor or engineer. However, the asset is considered insured. For flood
scenarios, the building is also assumed to be insured, with no pre-arranged engineer or restora-
tion mobilization contract. However, no constraints are imposed on the restoration and cleanup
budget. The median impeding factor values were taken from the REDi guidelines for floods
and earthquakes [17, 18]. The procurement time for long lead time components was assumed
to be 12 weeks.

The cost related to the downtime of the building is estimated from the Hazus Inventory
Technical Manual [40], assuming it to be equal to the total loss of income for a COM4 building.
The estimated daily cost of a total loss of building functionality was thus assumed to be $14.96
USD/m? ($1.39 USD/ft?).

With a gross floor area of 579 m? (6200 ft?), the total replacement cost is estimated at
$6,337,330 USD, while the daily downtime cost is estimated at $43,090 USD.

3.1 Hazard scenarios

Two scenario events were selected to carry out the investigation, one for seismic and one for
flood. The seismic intensity was chosen to be relative to an high seismicity area in Italy on soil
class C. The chosen return period for the seismic action was 975 years (peak ground accelera-
tion at bedrock 0.334 g). To perform the analyses, 11 spectral-compatible unscaled ground mo-
tions were selected from the Engineering Strong Motion database [41]. The non-linear time
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history analyses were carried out on two separate 2D numerical models for both principal di-
rections of the building. Details about the modeling approach can be found in [38, 42].

Concerning the flood extreme event, an intensity relative to a return period of 500 years for
a medium flood hazard zone in Italy was considered, leading to an internal flood depth of 0.781
m. The choice of a lower return period is due to the availability of hazard curves for flooding
events.

4 RESULTS AND DISCUSSION

The analyses were conducted following the approach described in Section 2, to derive both
cost and downtime values for each building component.

For the seismic event, 200 samples were run using PACT [25], and the total loss for each
realization was computed for the selected hazard scenario. Downtime was evaluated for the
50th percentile of losses (i.e., the 50% probable maximum loss), and the REDi [17] framework
was employed to estimate the repair sequence and delay time to functional recovery. It is worth
noting that a more rigorous approach would involve using the expected values of downtime and
impeding factors from all realizations (instead of a selected percentile) to construct the expected
resilience curve. However, the primary scope of this paper is to present the framework for com-
puting indirect losses. Therefore, only one resilience curve was sampled for the seismic event.
As a result, the resilience curve was obtained just for the realization correspondent to the 50™
percentile of the repair costs. Once the curve was derived, the indirect losses were computed
through the proposed resilience loss index.
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Figure 3: Representation of the a) probable maximum loss for the seismic event, computed for direct loss (repair
costs) and, b) the resilience curve corresponding to the 50 percentile of realizations.

To build the resilience curve, the initial functionality drop was defined from the 90th per-
centile of losses, or the loss corresponding to a 10% probability of exceedance [31] (Figure 3a)
- typically used by finance industry Once the curve was derived (Figure 3b), the indirect losses
were computed using the resilience loss index. The expected losses conditioned on the event
were estimated to be approximately $475,188 USD, or 7.5% of the replacement value of the
structure. Meanwhile, the probable maximum loss (corresponding to a 10% probability of ex-
ceedance) was estimated to be around 16.9% of the reconstruction cost of the asset. These val-
ues are relatively modest due to the implementation of an integrated low-damage system, also
considering the chosen intensity.

Regarding downtime, despite the limited number of damaged components, impeding factors
are expected to significantly increase the total downtime. The primary contributors to delays in
the repair phase are elevators and mechanical equipment, which are subject to long procurement
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times. These findings highlight that even in a low-damage system, asset functionality can be
jeopardized by outside factors. Addressing these constraints is crucial for achieving a faster
recovery and thus limiting indirect losses.

Despite the low initial drop in functionality, the resilience index indicates an expected func-
tionality loss of 36.5 equivalent days (i.e., equivalent to 36.5 days of 0% functionality). By
applying the proposed framework, the indirect losses expected for the asset, under the assump-
tions outlined in Sections 2 and 3, and expressed as a loss of income, can be estimated at ap-
proximately $1.572 million USD, or about 24.8 % of the replacement cost of the structure.
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Figure 4: Sampled realizations for a) repair sequence for the damaged components, and b) impeding delays for
the flood event.

For the flood event, 1,000 samples were run for the selected scenario. Unlike the seismic
scenario, all samples of both repair sequence and impeding factors were analyzed to compute a
probabilistic distribution of the resilience curve. Each realization of the resilience curve shares
the same initial drop value, chosen as the 90th percentile of losses or the loss corresponding to
a 10% probability of exceedance, like the earthquake scenario (Figure 5a). For each resilience
curve realization, the resilience loss index was computed to obtain a distribution of the indirect
losses. The choice of a higher number of realizations was related to the propagation of uncer-
tainties from the damage realizations, thru the downtime estimation and finally to the indirect
losses.
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Figure 5: Realizations for a) direct losses (repair cost) and relative probable maximum losses, and b) expected
resilience curve representing the average realization of impeding factors and repair sequence.
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By applying the REDi [17] methodology, each realization was used to sample both the im-
peding factors and the repair sequence (Figure 4). The resilience curves were then derived, and
indirect losses were computed accordingly. The expected direct losses conditioned on the event
were estimated to be approximately $246,537 USD, or 3.89% of the replacement value of the
structure. Meanwhile, the probable maximum loss, relative to a 10% probability of exceedance,
was estimated at 4.88% of the reconstruction cost of the asset.

For flooding events, it is important to note that since damage is concentrated on the lower
floors, losses expressed as a percentage of reconstruction costs tend to be modest, as they are
normalized based on the entire structure's value. Regarding downtime, once again, impeding
factors contribute significantly to the total downtime. For the flood event, the resilience index
indicates an expected functionality loss of 5.61 equivalent days. Like the earthquake analysis,
by applying the framework presented in Section 2, the expected indirect losses for the asset,
expressed as a loss of income, can be estimated at approximately $241,747 USD, or about 3.81%
of the replacement cost of the structure (Figure 5b).
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Figure 6: Overview of direct and indirect losses for both seismic and flood scenarios, expressed both in USD
and percentage of reconstruction cost (RP = Return Period).

The results can be leveraged to inform decisions on cost reduction strategies related to these
hazard events. In the case of seismic events, it is evident that mitigating impeding factors would
be the most effective approach, as they account for most losses (Figure 6). For flood events,
similar magnitudes of direct and indirect losses suggest that mitigation strategies should be
chosen based on a cost-benefit analysis. The decision to prioritize reducing direct or indirect
losses may depend on the relative cost of interventions on structural components versus
measures to mitigate impeding factors, such as securing contractors on demand or establishing
pre-arranged financing lines to enhance resilience to extreme events.

Given two different return periods were chosen regarding the two events, the values of losses
for the two different hazards cannot be directly compared one to the other, as they represent
events with different probability of occurrence. However, the aim of the paper was not to com-
pare different hazards but rather comparing direct and indirect losses within the same scenarios.

It is also important to note that the values presented assume a loss of income under a 0%
recapture ratio, which is highly conservative. It is unlikely that building operations would result
in a total loss of income. Alternative recovery paths, accounting for partial income recovery,
could be modeled as different resilience curve scenarios, and their effects could be incorporated
into the framework.
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5 CONCLUSIONS

This article introduces and applies a novel framework for estimating indirect losses by lev-
eraging resilience curves. The framework was designed to be applicable to a wide range of
extreme events, incorporating information regarding the asset usage class and the building re-
sponse to the extreme events. It is demonstrated through a case study, subject to seismic and
flood hazard. A probabilistic, component-based loss assessment approach is used to estimate
both direct losses and expected downtime. The results of this probabilistic assessment inform
the development of resilience curves, which are then used to evaluate indirect losses.

The findings demonstrate that the framework is applicable across multiple hazards and pro-
vides an estimation of income loss due to business interruption. The framework accounts for
both the initial structural damage and downtime caused by impeding delays and repair durations.
Results indicate that, in the case of flooding, indirect costs related to business interruption are
comparable to direct costs, whereas for seismic events, indirect costs are expected to signifi-
cantly exceed direct costs. This discrepancy arises because the building was designed to mini-
mize direct economic losses from earthquakes, but no measures were implemented to mitigate
downtime-related delays. This finding stresses the need for a comprehensive resilience strategy
that not only reduces direct damage but also minimizes downtime. In the case of flooding, losses
remain comparable due to the absence of preventive measures against flood risks for the build-
ing.

Future research should focus on developing a more robust, probabilistic-based definition of
resilience curves. Additionally, the framework could be extended to conduct cost-benefit anal-
yses to evaluate the effectiveness of mitigating impeding factors in reducing indirect losses.
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