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Abstract

Recent earthquakes have confirmed the vulnerability of our built environment, resulting in sig-
nificant socio-economic losses, market disruptions, and environmental damage. Additionally,
climate change is causing more frequent and severe weather-related events such as heat waves,
which are impacting the construction sector and the health and well-being of building occu-
pants. This emphasizes the pressing need to increase society's overall resilience by focusing on
the various hazards that buildings may encounter throughout their lifespan. Although the need
for a multi-risk analysis has been recognized in current performance-based design approaches,
existing studies mostly focus on single hazards thereby neglecting the impact assessment of
multiple hazards on the building performance.

This paper explores the economic and social losses of buildings due to earthquakes and heat
waves. The study focuses on a high-rise building consisting of a reinforced concrete structure
and masonry/cladding facades, and designed for two different locations in Europe. By means
of a numerical model, time-history non-linear analyses are carried out to estimate the probable
maximum losses in terms of repair costs and injuries/fatalities. In addition to earthquake sce-
narios, the study conducts dynamic energy simulations and comfort analyses that consider local
climate scenarios and extreme heat events. The energy analysis calculates the economic losses
caused by weather-related power consumption while the impact on occupants is assessed in
terms of discomfort hours. Results from the seismic and energy simulations are finally com-
pared to quantify and discuss the impact of the two different extreme hazards on the building
performance and their potential consequences.
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1 INTRODUCTION

The vulnerability of our existing building stock to natural disasters such as earthquakes was
once again highlighted by recent tragic events, such as the devastating Turkey and Syria earth-
quake of 2023 (Figure 1a). Such disasters can result in severe direct and indirect economic
losses and casualties. Direct losses include damage to buildings, loss of life, and injury, while
indirect losses include reduced productivity and loss of income. Climate-related extreme events,
such as more severe and frequent heat waves, are also increasingly impacting both the economy
and society. In urban areas, buildings and infrastructure are often ill-equipped to cope with high
temperatures, leading to significant socio-economic losses. The impact of heat waves on build-
ings can include increased energy consumption for cooling, reduced indoor air quality, and
structural damage. When considering the overall impact of multiple hazards such as geophysi-
cal events (including earthquakes) and climatological events like heat waves, the total losses
can be substantial, as shown in Figure 1b. According to recent data [1], heat waves have been
responsible for the majority of fatalities in the last few decades, accounting for 68% of the total.
Meanwhile, earthquakes have caused the greatest economic losses, representing 22% of the
total value. Interestingly, despite their devastating impacts, both of these events have resulted
in relatively low insurance losses, in contrast to meteorological events such as storms, which
account for 62% of total insurance losses.
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Figure 1: (a) Impact of Turkey and Syria earthquakes: the fifth worst earthquake since 2000 [2]. (b) Social and
economic losses for the period 1980-2017 (data elaborated from the European Environment Agency [1]).

Therefore, it is crucial to consider the potential impact of these hazards throughout the
lifespan of buildings and take appropriate measures in design and retrofitting choices to enhance
their resilience. This would not only help to minimize socio-economic losses and casualties,
but also contribute to creating a safer and more sustainable built environment.

Focusing on earthquakes, different approaches have been developed for vulnerability assess-
ments and loss estimation. In addition to empirical models that estimate damage and losses
based on building characteristics such as age, height, and construction type [3, 4], the Perfor-
mance-Based Earthquake Engineering (PBEE) methodology provides a probabilistic compo-
nent-based approach to loss modeling [5-7]. PBEE enables the direct evaluation of performance
measures such as economic losses, downtime, and casualties that are relevant to stakeholders
for managing decisions related to investments and seismic risk mitigation. This comprehensive
framework includes the description, definition, and qualification of different variables while
considering all inherent uncertainties in earthquake performance assessment. Numerous loss
assessment investigations can be found in the literature, focusing on both scenario or intensity-
based analyses as well as time-based assessments [e.g. 8-9]. Overall, most of these studies have
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focused on assessing the direct and indirect losses resulting from earthquakes on buildings,
rather than potential fatalities. The findings emphasize the importance of implementing
measures to improve building resilience to earthquakes, and the need for effective policies and
strategies to mitigate the impact of earthquakes on buildings, such the adoption of a damage-
control philosophy and technologies [10].

When assessing the impacts of heat waves on buildings, energy building performance sim-
ulation models [11] and/or empirical data collection through environmental and comfort mon-
itoring [e.g. 12] are typically developed to estimate energy consumption and user response
under varying environmental conditions. Several studies have used building performance sim-
ulation models to estimate economic losses resulting from increased power consumption [13],
as well as the impact on the indoor thermal environment. Conversely, the estimation of potential
fatalities caused by high internal temperatures is poorly addressed due to the lack of empirical
data available on individual occupant response in buildings during heat waves [14], and this is
a barrier to effectively estimate the social losses associated with heat waves depending on build-
ing design. Previous research has focused on the relationship between outdoor condition and
mortality rate [e.g. 15], while only two studies at the best of our knowledge have studied the
relationship between indoor temperature, building characteristics and related mortality rate dur-
ing heat waves [16].

Although methods are further developing and research efforts are growing on the two sepa-
rate domains (earthquakes and heat waves), an assessment of the potential losses due to the two
hazards is still missing. This paper presents an integrated analysis of the overall impacts result-
ing from earthquakes and heat waves based on the local scenario. The aim is to compare the
direct economic and social losses associated with these events and to highlight the need for
integrated assessment to facilitate more effective investment decisions for building projects.

2 RESEARCH METHODOLOGY

This paper investigates the direct losses (potential casualties, economic losses) of buildings
due to earthquakes compared to heat waves, focusing on a reinforced concrete high-rise new
building with precast concrete facade systems as a case study. The selection of this case study
is based on the significant impact that high-rise buildings can have on society, urban planning,
and the economy of modern cities, especially during extreme events due to the larger number
of occupants.

Seismic and energy modelling and simulations are carried out for the high-rise building de-
signed for two different locations. Specifically, non-linear time history analysis and dynamic
energy simulations are implemented to assess the seismic and energy performance of the build-
ing, respectively. The seismic loss modelling is implemented by following the above-mentioned
probabilistic-based PEER procedure, that enables to assess the expected damage due earth-
quake scenarios to both structural and non-structural components thus assessing the consequent
losses. The economic losses due to the heat wave are instead estimated by computing the total
energy cost due to higher cooling and ventilation demand during the heat wave. For the social
losses, no model can be found in literature that correlate indoor air temperature to mortality rate
during heatwaves. Therefore, the cumulative hours of overheating are calculated by considering
the indoor operative temperature at the center of the thermal zone and the following comfort
thresholds: 26 °C, 28 °C, 30 °C and 32 °C. Temperature above 28 °C are considered to be a
hazard for human health, while temperature above 32 °C are considered an extreme hazard for
human health.

The simulation results provide a quantification of the impact associated with earthquakes
and weather-related extreme events in terms of building performance and potential conse-
quences. An integrated multi-hazard analysis is therefore suggested for informing more
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effective decision-making from the early-stage design process, thus targeting an acceptable
level of overall resilience.

3 APPLICATION TO A CASE STUDY

3.1 Description of the case study

The case study is a 18-storey reinforced concrete tower with regularity in plan and elevation.
The building scheme derives from a previous study developed by the authors [17]. The tower
has plan dimension of 22.05m (spans of 7.35m) in both structural directions and an inter-story
height of 3m (Figure 2). The building has open-plan office floors at leach level apart from the
last three levels that are residential, while the building roof is not accessible.

Overall building Load-bearing structure
two-way spanning slab
T clr SFersases reeseses |

Beams 0.7x0.45m

"_—_ﬂ Columns 0.65x0.65m
=

Wall 6.7x0.4m

[l s

3m@ 54m

Building envelope

U=0.22 WmK

Air gap
Insul. & Plaster

Concrete panel

+
Double panel glass

Figure 2: Case-study dimensions and properties.

The lateral loads resisting elements are the two internal frame-wall (dual) systems in each
structural direction. A 2-way spanning flat slab 0.25m thick is responsible for ensuring the floor
diaphragm, thus is properly connected to transfer the entire floor forces to the seismic-resistant
systems. The building seismic mass is 736.0 tons per each floor, while the roof has a mass of
719.8 tons. The building fagade is a modular prefabricated steel-stud panel systems with exter-
nal insulated precast cladding panels and double pane windows, representing a new facade de-
sign (thermal transmittance of 0.22 W/m2K, in order to satisfy the national guidelines for energy
efficiency of building envelopes). Furthermore, all the other architectural components (drywall
gypsum partitions, suspended ceilings), equipment (ideal HVAC systems) and contents (desk-
tops, modular office tables, etc.) are identified and included in the loss modelling.

The study is implemented by considering two different locations in Europe: Messina (IT)
and Bucharest (RO) both representing high-seismic prone areas. The cities are instead charac-
terized by different climatic conditions: 1) Messina has a warm temperate Mediterranean cli-
mate with dry, warm summers and moderate, wet winters (Koppen-Geiger Climate
Classification: "Csa": Mediterranean Climate); 2) Bucharest has a continental climate with cold
winters and hot summers (K&ppen-Geiger Climate Classification: "Cfa" - Humid Subtropical).
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Both locations experienced multiple heatwaves in the past two decades (Figure 3). The most
intense heatwave that struck the region of Bucharest took place in 2007 and lasted approxi-
mately 11 days, while for the region of Messina the most intense heatwave took place in 2021
and lasted for 60 days, the longest duration ever recorded [18]. The study uses these two periods
to represent heat stress conditions. The weather data necessary to create a file in the EPW format,
for use in the energy simulation, were sourced from the NOAA' and Copernicus online services
[19]. Beside these historical data, the study considers the representative climate files (EPW
IWEC data) for the two locations when designing the HVAC systems of the case study building.

2007 heatwave in Bucharest [44.41 N, 26.10 E]

40 f T
‘ Mg |

0 . l l
-20 ~ . . . ] ‘ .
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Dry bulb T [C]
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S 204 J
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Figure 3: Dry bulb temperatures during the identified heatwaves event (left) and compared with typical tempera-
tures used for building systems design and sizing (right).

3.1.1. Structural design

The structural/seismic design of the monolithic cast-in-situ building is implemented by refer-
ring to the above-mentioned building scheme, geometry and related vertical loads (self-weight,
live loads) and following the principles of the Direct Displacement Based Design (DDBD) [20]
adapted for frame-wall systems [21]. The structural/seismic design is carried out targeting a
design drift limit (04) that takes into account codes limitations, good practice and/or material
strain limits, and assuming 40% as frame overturning-moment ratio (r), which represents the
overturning moment contribution of the frame only system vs. the total (frame-wall) system.
The design of the reinforced concrete high-rise building is implemented referring to the Maxi-
mum Credible Earthquake scenario for both locations, corresponding to an event with 2500
years return period (7r). The corner period (7p) and the peak (plateau) displacement spectral
ordinate (Ap) are computed using the formula provided by Faccioli et al. [22], thus are defined
as a function of the Moment Magnitude M,,, the fault rapture distance r (Figure 4a) and the local
soil factor Cs. A firm ground soil is assumed for both locations (meaning a Cs= 1) while M,,
and r were defined based on the local scenario to define the elastic acceleration and displace-
ment spectra presented in Figure 4b.

I NOAA Integrated Surface Database (ISD) was accessed on 06/03/2023 from https://registry.opendata.aws/noaa-isd
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Figure 4: (a) Building locations and fault properties. (b) Elastic spectra derived from Faccioli et al. [22]

The response spectra are used to develop the DDBD procedure for designing the building in
both seismic scenarios. Table 1 summarizes the main design parameters obtained from imple-
menting the displacement-based design. By distributing the base shear from the DDBD
throughout the overall structural system, the monolithic cast-in-situ connections are designed,
i.e. the steel reinforcement (number and diameter of rebars) of the structural members are iden-
tified and, consequently, the local non-linear structural behavior in terms of Moment-Curvature
at the end section of beams, columns and at the wall base.

Parameter Messina Bucharest
Effective Height, He [m] 39.1 40.3
Design Displacement, Aq [mm] 443.2 316.2
Effective Mass, me [t] 8879.0 8151.6
System Ductility, psys [-] 2.5 1.3
Effective period, Te [s] 4.3 5.6
Effective stiffness, K¢ [kN/m] 19406.4 10119.2
Total Overturning Moment, OTMo [kKNm]  168280.5 64435.1
Total Base Shear, Vp ot [KN] 4300.8 3200.0

Table 1: DDBD parameters for the Frame-Wall system.

3.2 Seismic modelling and analysis

Numerical modelling of both buildings is implemented in Ruaumoko2D software [23] fol-
lowing a lumped plasticity approach for the simulation of the local regions where the inelastic
behavior is expected. The structural elements are therefore modelled as elastic members linked
together through springs (simulating the plastic hinge regions), described by moment-rotation
relationships and Takeda hysteresis rules. Facade systems are not modelled in this investigation,
assuming a poor interaction with the main structure.

The numerical models are initially validated by performing non-linear static analyses: adap-
tive push-over and cyclic adaptive push-over to better describe the change of structural stiffness.
In fact, the load lateral pattern changes every step depending on mass, new effective frequency
and displacement shape. The push-over results (Figure 5a) provide useful indications on the
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expected capacity of both buildings before developing dynamic analyses, e.g. in terms of
strength/stiffness values and sequence of plastic hinges forming during the analysis. For each
site seven spectrum-compatible accelerograms are then selected from the European Strong Mo-
tion database using REXEL.DISP software [24]. A comparison between the Average Spectra
and Design spectra is showed in Figure 5b, where it can be observed a maximum spectral dif-
ference of 20% until the corner periods. These records are finally considered for the numerical
investigation.
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Figure 5: (a) Capacity curves from adaptive push-over analysis; (b) Selected ground motions with average spec-
tra for both cities of Messina (ME) and Bucharest (BU).

Non-linear time-history analyses are finally carried out to determine the seismic demand in
terms of floor accelerations, inter-story drift ratios and residual displacements (Figure 6).

—Messina - Bucharest
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D L 2 [0] [ @ L
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Figure 6: Inter-storey drift ratio, peak floor accelerations and residual drift ratios from time-history analyses.

It can be observed that higher demand parameters are recorded for the case study in Messina,
as expected due to the implemented structural design targeting higher design displacement lev-
els and higher earthquake intensities. For both buildings, an increase of floor accelerations is
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observed at the upper stories due to higher mode effects. The growing demand for faster accel-
eration in structures may result in increased damage to acceleration-sensitive components. The
post-earthquake residual drift ratios are also recorded (less than 0.5%), being a critical damage
indicator that can lead to partial or total loss of structural safety after earthquakes and therefore
causing significant losses for a building.

To compute the expected losses, an intensity-based loss analysis is developed following the
probabilistic methodology proposed in FEMA P-58 [7]. Input data for the loss assessment are
the predicted accelerations and drift ratios as well as the fragility functions, thus the potential
damage states, of all structural and non-structural building elements. Fragility and consequence
data (as the repair costs) for monolithic cast-in-situ structural members, building facades and
other components are defined from the FEMA P-58 fragility database. Moreover, the total
building replacement costs are estimated accounting for the specific labor cost and including
the quantities of concrete and steel rebars, the cost of formworks, safety, excavation, founda-
tions and geotechnical surveys. Loss assessment results in terms of direct losses are finally
elaborated to determine the probable maximum losses. In Figure 7a, the repair costs are shown
as a loss curve. The results indicate that Messina and Bucharest experienced repair costs of
0.85% and 0.16%, respectively, as a ratio of the total building replacement cost. Notably, struc-
tural components accounted for the majority of the repair costs. As discussed earlier, the higher
acceleration demand in Messina resulted in increased damage to acceleration-sensitive compo-
nents on the upper floors, as depicted in Figure 7b.

1.2
— F o Drift-sensitive
g | @ Structural @ Acc-sensitive
{\]), Bucharest O Non-Structural
—
@ 0.8
(8]
=
2 o6
)
o Messina
> 04 1
= —Messina Messina
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o 69%
0
0 2000 4000 6000
0 5000 10000 15000 20000 Bucharest
Cost [x1000 €]
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Figure 7: (a) Loss curves and (b) distribution of losses at building level.

The casualty results reveal a small percentage of injuries and fatalities, considering a build-
ing population of 160 people at time the earthquake occurred. Both buildings suffer the same
collapse mode, which affect the second story thus resulting in the same number of losses. It is
important to note that in this study, collapse modes are assumed to have an equal probability of
occurring, and that the collapse of one level do not have a cascading effect on the levels below.

Expected Losses Messina Bucharest
Repair cost [x1000 €] 17,075 3,310
Injuries 0.48 0.48
Fatalities 4.35 4.35

Table 2: Maximum direct losses.
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3.3 Energy and thermal analysis

The building model for the energy analysis is created in EnergyPlus software v. 9.1.0 [25]
by modelling the thermal properties of the building as described in section 3.1. using a combi-
nation of geometry, material properties, and system specifications. To accurately represent the
building physical and thermal properties, walls (Window-to-Wall ratio of 0.4), roofs, floors,
windows (double pane) and doors are properly simulated in the model. Specifically, thermal
conductivity, specific heat, density, and emissivity are assigned to each building element. The
building model is then divided into thermal zones based on the occupancy and thermal charac-
teristics. The zoning is indeed critical for capturing the dynamic interactions between different
building elements and the HVAC system.

Design requirements are set for the internal comfort of building occupants. The cooling set
point temperature is 24 °C and the heating set point temperature is 19 °C. For the internal heat
gain of either office or residential floors, equipment load is 5 or 10 W/m2 , artificial lighting
load is 10 or 5 W/m2 , while the density of occupation is 0.01 or 0.005 persons per square meter.
The desired rate of outside air infiltration is 0.0003 m3 /s per square meter of floor. The HVAC
is modelled as an Ideal Load System, where therefore inefficiencies of the system are not taken
into account. The maximum cooling capacity is determined by first calculating the cooling de-
mand during the design day found in ddy file for each location (Bucharest and Messina). Once
the cooling capacity is defined for each zone, the thermal simulation is again run to calculate
the indoor operative temperature in each zone. These values are then used to calculate the cu-
mulative number of hours above the comfort thresholds.

The heat wave related social losses are computed by calculating the cumulative number of
hours that are above the comfort threshold. In addition, the economic losses are computed by
considering the increased in total energy consumption due to the heat wave. Figure 8 shows the
total cumulative hours when the operative temperature is above the thresholds of 26 °C, 28 °C,
30 °C and 32 °C. The heatwave in Messina is characterized by higher extreme temperatures
and longer times which determine a larger number of hours in extreme discomfort, especially
above the threshold of 28 °C. The number of hours in extreme discomfort (above 32 °C), it is
instead comparable despite the heatwave in Messina being much longer. The increase in energy
consumption due to the heatwave is larger in Messina, which is characterized by more extreme
temperatures and larger cooling capacity, while the overall energy consumption is larger in
Bucharest since it is driven by the heating season (Figure 9), but proportionally the increase in
energy demand is higher for Bucharest than for Messina. This is also a limitation of sizing the
cooling capacity based on the design days rather than on actual historical weather.
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Figure 8: Total cumulative number of hours above 32, 30 and 28 °C.
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Figure 9: Total energy consumption due to heat wave

Table 3 summarizes the total losses due to heatwave for both Bucharest and Messina, and
the related economic losses/cost (considering 0.43 and 0.16 € per kWh of electricity for Messina
and Bucharest respectively). Given that in Romania the cost of the energy is lower, the impact
of the heatwave is lower than in Italy in terms of energy cost.

Expected Losses Messina Bucharest
Total cumulative hours of extreme discomfort (T>28 °C) 2690 2143
Total cumulative hours of extreme discomfort (T> 32 °C) 1138 935

Total annual energy consumption [kWh/m?] 123.58 139.73
Total annual energy consumption including the heat wave 125.3 141.36
[kWh/m?]

Total energy consumption [kWh] 1,066,835 1,213,376
Total energy consumption including the heat wave 1,088,623 1,220,332
[kWh]

Total increase in energy due to the heat wave [kWh] 21,788 6,956
Total increase in energy per m? [kWh/m?] 1.72 1.63
Total increase in energy cost [€] 9,370 1051
Increased energy cost per m? [€/m’] 0.74 0.26

Table 3: Maximum direct losses due to heat wave hazards.

3.4 Earthquakes vs. heat waves impact

Results from the seismic and energy simulations are finally compared to assess the socio-
economic impact of the different hazards. The comparison is shown in Figure 10a in terms of
overall decision variables including the repair cost and the number of injuries/fatalities for
earthquakes, as well as the annual energy cost and the discomfort hours for the heat wave sce-
nario. The graph demonstrates that the Messina case study was more significantly affected by
the hazards examined, with the exception of seismic casualties. This is due to the modeling
assumptions that resulted in a realization with the same failure mode for both case studies,
leading to the same number of casualties in buildings with the same population. The difference
between the two case studies is further shown in Figure 10b, where the same scaling in terms
of percentage value is adopted for comparing the results. Specifically, the economic losses are
expressed as percentage of the total building cost (replacement cost in case of earthquake, thus
including the demolition cost). The social impact is instead assessed focusing on the severe
danger condition, meaning number of deaths as a percentage of the total building population
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for the earthquake vs. the number of discomfort hours (temperature higher than 32 °C) as per-
centage of the total hours in a year for the heat wave. As expected, the comparison reveals that
earthquakes have a significant impact on direct economic losses, whereas heat waves are more
likely to cause extreme discomfort, potentially resulting in mortality.
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Figure 10: (a) Comparison in terms of decision variables. (b) Economic and social impact of earthquake vs. heat
wave scenarios.

4 CONCLUSIONS

The paper discusses the impact of earthquakes and climate change-induced heat waves on
buildings in terms of socio-economic impact, thus emphasizing the need for increased resilience
and multi-risk analysis. The study is implemented for a high-rise building by means of numer-
ical modelling in order to estimate repair costs, injuries/fatalities in case of earthquake, as well
as weather-related power consumption and discomfort hours in case of extreme heat events.
The study is implemented for two different locations in Europe (Messina, Bucharest) with high
seismicity (but different magnitude and fault distance) and different climatic conditions (warm
temperate vs. continental climate). The heat waves scenarios are obtained from historical data
considering the most extreme event recorded in the last years. The results of seismic and energy
dynamic simulations are finally compared to assess the impact of the two hazards on building
performance and potential consequences. It is found that the case study in Messina is affected
by higher seismic and energy economic losses, although the energy consumptions are higher in
Bucharest where the energy cost has a lower price. The investigation also revealed that Messina
experiences a greater number of hours in extreme discomfort, attributable to its higher temper-
atures and longer duration of high temperatures. Despite this, the implemented seismic loss
modelling assumptions yielded the same expected number of casualties for both buildings, due
to one probabilistic-based realization experiencing the same collapse mode. Overall, the study
highlights the greater economic losses associated with earthquakes, while also underscoring the
potential for heat waves to cause fatalities, given their increasing frequency and severity.

However, the study has some limitations that need to be addressed in future research. Firstly,
the collapse modes and their cascading consequences at the building level should be properly
investigated to quantify the potential damage area and resulting casualties. The sequence of
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mechanisms occurring and their correlation at the building level should be taken into consider-
ation and implemented in the study. Furthermore, the study should account for different earth-
quake scenarios (ranging from low-to-high) with varying return periods. The cooling capacity
of a building is a crucial factor in determining its preparedness to withstand heat waves and the
associated economic losses. Design days and weather predictions are important considerations
that can inform cooling requirements. Metrics used to assess thermal discomfort and the impact
of heat waves on human health can affect the overall risk of a building. While the cooling
capacity of an existing building is usually known, further work is needed to define the most
accurate procedure for evaluating the cooling capacity of new buildings. Additionally, addi-
tional research is needed to identify the best metrics to predict the risk of human discomfort and
health due to extreme temperatures caused by heat waves.

This investigation underscores the need for further research and the development of methods
that can effectively evaluate the cumulative impact of earthquakes and heat waves on buildings
and infrastructure. To assess the cumulative losses, an integrated approach should be adopted
that considers the probability of both events occurring within a life-cycle framework. This re-
quires the development of new assessment methodologies that take into account the potential
interdependence and cascading effects between earthquakes and heat waves. Such methodolo-
gies would enable better decision-making by policymakers, building designers, and engineers
to develop more resilient buildings and infrastructure that can withstand multiple hazards.
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