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Abstract

Recent natural disasters and climate change-induced extremes emphasize the urgent need to enhance the overall
resilience of society by addressing the various hazards that buildings may face. Current design approaches
recognize the need for integrated risk assessments, but studies primarily focus on existing buildings and single
hazards, neglecting the impact of multiple hazards and resilience quantifications. However, it is crucial to consider
multi-hazard scenarios and quantify economic, environmental, and resilience losses to pursue effective solutions
from the early-stage design of both new buildings and retrofitting interventions. This paper presents a practical
multi-criteria approach to support design decisions for enhanced safety, sustainability, and resilience of buildings
against earthquakes and heatwaves. The proposed approach is applied to a commercial building with various
seismic-resistant and energy-efficient facades. Non-linear seismic assessments are conducted to predict the
potential impact concerning repair costs, carbon emissions, and the resilience loss at the design-level earthquake.
Additionally, a whole life-cycle analysis and dynamic energy simulations are performed to calculate the financial
and carbon losses resulting from power consumption and the ability of the building to maintain energy efficiency
under extreme heat. Finally, the study employs a multi-matrix decision-making approach based on integrated
economic, environmental, and resilience losses to guide the design selection. The results demonstrate that
earthquake-resistant facades can significantly reduce financial losses by over 50%, with seismic resilience playing
a crucial role in the final decision. This approach facilitates more effective investment decisions for building
projects, enabling the quantification of the effectiveness of integrated strategies in reducing overall potential
losses.

Keywords: Resilience, performance-based design, earthquakes, heatwaves, energy efficiency, sustainability,
economic loss
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INTRODUCTION

Recent earthquake disasters, such as the devastating 2023 Turkey and Syria earthquake, have once again
highlighted the vulnerability of both existing and modern buildings and infrastructure, underscoring the
significant impact of seismic events on the community. Such disasters can result in severe direct losses,
including damage to buildings, injury, and loss of life, as well as indirect losses, i.e., reduced productivity
and loss of income. These consequences on global economies and societies emphasize the pressing need for
enhancing safety and resilience in structures and infrastructures. In addition, the post-earthquake damage
has revealed a significant discrepancy between the societal expectations and the reality of the seismic
behavior of modern structures”. It is not enough to focus solely on life-safety criteria when designing new
buildings; instead, it is crucial to prioritize resilience and adopt innovative approaches and techniques for
earthquake-resistant design and construction. Furthermore, non-structural components such as
architectural elements, equipment, and building contents - typically not designed to withstand seismic
loading - often contribute the most to economic losses, surpassing even structural losses™. Due to their
poor dynamic performance and seismic detailing, these components can lose functionality even during low-
intensity earthquakes and sustain serious damage or collapse during moderate-to-high earthquakes'.

Consequently, the damage to non-structural components significantly has a profound impact on the
functionality of buildings after earthquakes, causing prolonged periods of inactivity, overall losses, and
potential life-safety risks for both occupants and pedestrians. As a result, there has been a rise in seismic risk
consciousness among individuals, facility managers, and policymakers, who now are seeking high levels of
earthquake protection not only for the main load-bearing structure but also for the entirety of the building
envelope.

Climate-related extreme events are also increasingly affecting both the economy and society. Understanding
their impact and associated risk on the built environment is one of the main challenges that the building
construction sector is currently facing. The global annual temperature has increased at an average rate of
0.08 °C per decade since 1880, and the rate has more than doubled to 0.18 °C since 1981'°. The resulting
effects, such as more frequent and intense heatwaves'”, have significant consequences for the environment,
human health, and the global economy. In urban areas, buildings and infrastructure are often ill-equipped
to cope with high temperatures, leading to significant socio-economic losses. Therefore, it is critical to
prioritize the development of structures that can withstand the impacts of climate change. Buildings serve as
a critical interface between the external and internal environment, making them highly susceptible to the
impacts of climate change, which can manifest in various ways, such as increased energy consumption for
heating and cooling, building overheating, and higher annual carbon emissions. For example, in cold
climates, buildings can achieve up to a 10% reduction in energy use, while in the tropics, energy use can
increase by as much as 20%'”. Additionally, buildings in temperate climates may experience a shift from
heating to cooling energy. Specifically, residents of disadvantaged communities will be affected by extreme
heat events, as they often live in older houses with poor insulation, single-pane windows, inefficient lighting,
and outdated or inadequate air conditioning equipment, resulting in high operating costs and discomfort"..
Building owners are thus becoming increasingly interested in the resilience of their existing stock, which
should be assessed, accounting for climate variability and considering both gradual and extreme weather
scenarios. On the other hand, clients wish to know how resilient the proposed designs may be before
making an investment. As a result, it is important for new construction and refurbishment/renovations to
prioritize adaptability and resilience throughout the lifespan of the building, with a focus on reducing
greenhouse emissions and maintaining comfortable indoor conditions for occupants.
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It is, therefore, crucial to consider the potential impact of multiple hazards on buildings and take
appropriate measures in design and retrofitting choices to enhance their resilience. This would help to
minimize the overall consequences of natural disasters, such as earthquakes and other extreme events such
as climate-related heatwaves, thus reducing their devastating impact on the community in terms of
economic losses and casualties (mostly due to heatwaves in Europe, especially in the last years - Figure 1).

In recent years, there has been a growing recognition of the need for integrated technical solutions.
Research efforts have been dedicated to developing methodologies and cost-effective technologies that
support holistic designs or interventions">". Researchers have been investigating the long-term value of
integrated designs and proposing multi-functional interventions to enhance the performance of existing
buildings. Some studies have analyzed existing local-to-global building level techniques, combining seismic
retrofitting for the primary load-bearing structure with energy interventions for the building envelope"?,

while others have explored innovative materials and solutions, such as the use of external double-skin
exoskeletons or prefabricated textile capillary-tube panels"*'”. However, challenges remain in implementing
such integrated solutions, and further work is needed to validate them on large-scale buildings.
Furthermore, the technical complexity and invasiveness of multi-functional interventions can discourage
the adoption of an integrated strategy, causing building owners to opt for eco-only interventions. More
research is also required to develop effective solutions applicable to various building types and locations. On
the other hand, research endeavors have focused on developing and verifying multi-criteria evaluation
frameworks and digital tools. These endeavors are aimed at assessing seismic safety and various other
performance dimensions, especially environmental impacts and cost-benefit considerations. Consequently,
these tools assist in identifying the most suitable integrated designs"**". While these studies have primarily
focused on retrofitting existing buildings, they have demonstrated the promising potential of an integrated
approach for improving the safety and sustainability of buildings. However, current integrated design/
assessment methods have some limitations. They often concentrate on typical weather scenarios and do not
account for the impact of future climate changes or extreme heatwaves. Additionally, they tend to focus on
economic and environmental indicators, with limited consideration for resilience quantifications.

Due to this urgent need for improving the resilience of the built environment, studies on resilience
assessment are emerging recently. Focusing on seismic resilience, researchers have developed general
frameworks for defining, assessing, managing, and enhancing the seismic resilience of buildings”*”, and
practical applications can be found in the literature***”. These studies have centered on exploring solutions
to enhance the resilience of existing buildings, which are designed following pre-seismic code regulations
and further impacted by natural aging and potential degradation of material properties. Climate resilience is
typically defined in terms of thermal resilience, which is assessed by quantifying the overheating risk
through performance simulations under probable climate conditions expected during the lifetime of the
building®\. Recent years have seen a growing number of research efforts aimed at defining methods for
quantifying resilience. For example, Sharifi et al. proposed a set of indicators to assess the thermal resilience
of residential buildings, taking into account their ability to maintain comfortable indoor temperatures
during heatwaves, energy efficiency, and adaptive capacity”’. Homaei and Handy"” defined a multi-phase
metric that assesses thermal resilience based on building characteristics (such as envelope and systems) and
occupancy. This metric penalizes deviations from thermal performance targets depending on the phase,
hazard level, and exposure time of the event. However, when compared to seismic resilience assessment,
methods for climate resilience assessment are still in their infancy.

While design methods are continuously developing and research efforts are growing in different disciplines,
there is still a need for integrated procedures for building resilience to multiple hazards. Currently, common
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Figure 1. (A) Fatalities and economic losses in Europe for the period 1980-2017 (data elaborated from the European Environment
Agency[m); (B) Number of deaths from extreme temperatures (both heatwaves and cold waves) in Europe since 1950,

design practices often focus on addressing single hazards, not considering real-world local scenarios. On the
other hand, research involving multiple hazards often overlooks resilience quantification. When dealing
with earthquakes vs. climate-related extremes, existing approaches may not even account for heatwave
scenarios. This paper aims to address these research gaps by proposing a practical multi-matrix decision-
making procedure that quantifies the expected economic and environmental losses, as well as the resilience
of buildings to earthquakes and extreme heatwaves. By offering a simplified approach, this procedure can
effectively support the selection of optimal design solutions from the very early-stage design, where most
critical design decisions are made. The integrated design approach proposed in this study is
comprehensively outlined in Section "RESEARCH METHODOLOGY", while Section "RESULTS" discusses
the results of applying this methodology to a case study. Finally, Section "CONCLUSIONS" presents the
implications of the research findings and offers recommendations for improved building design and
decision-making processes.

RESEARCH METHODOLOGY

This study presents a practical multi-criteria analysis to support early-stage design for increased structural
safety, sustainability, and resilience of buildings against earthquakes and heatwaves. An overview of the
overall approach is shown in Figure 2 and described in detail below. In line with a Sustainable Structural
Design (SSD) approach™, this study aims to optimize the structural design while minimizing the ecological
footprint of the building across its entire lifespan. The analysis evaluates key performance criteria, including
financial loss [expected annual losses (EAL)], environmental impact (operational and embodied energy and
the impact of post-earthquake damage/repairing during the life cycle of the building), and resilience
quantification. These criteria are relevant to stakeholders for managing decisions related to investments and
risk mitigation to multiple hazards. Social factors, such as casualties and injuries, are not considered in this
study. Although models for assessing the earthquake-related social losses exist, no relevant models can be
found that correlate the indoor air temperature of a building to mortality rates/probabilities during
heatwaves.

When dealing with the seismic analysis, the Performance-Based Earthquake Engineering (PBEE)
procedure®* is employed to quantify the post-earthquake consequences of design solutions. Inputs to the
PBEE methodology include building knowledge and location, which are used to perform structural,
damage, and loss analyses. The decision variables, such as economic losses, damage-related carbon losses,
and business interruption (downtime), can be directly evaluated as a result. These variables are quantified
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Figure 2. Schematic of the overall methodology.

using a time-based approach that involves identifying annualized data to assess the overall environmental-
economic loss or potential savings expected in the life cycle of the building. Finally, the assessment of
seismic resilience involves further elaboration of the loss results obtained through the PBEE methodology.
Fragility functions are used to determine the probability of an asset exceeding defined damage states,
thereby facilitating the determination of the extent of functionality drop when a seismic event occurs. The
recovery stage of a building following an earthquake disaster is connected to the downtime, which indicates
the duration required to attain a specified recovery condition, such as re-occupancy, restoration of pre-
earthquake functionality, or complete recovery. By defining the functionality vs. time curve, the seismic

resilience loss (RL) resulting from a specific seismic event can be defined”.

A similar approach can be outlined for the environmental sustainability analysis. Economic losses
associated with the annual energy consumptions, accounting for lighting, equipment, heating, and cooling,
can be assessed by conducting energy simulations of building systems under typical or extreme weather
scenarios. Results from the energy analysis are further elaborated to assess the resilience of the building to
the heatwave scenario. In this investigation, RL and resilience indices are evaluated by considering the
functionality drop, defined as the capacity to maintain energy efficiency during a heatwave. A whole life-
cycle analysis is also conducted to evaluate the expected environmental losses. This enables us to assess the
total negative impact (operational energy + embodied energy) of a design solution on the environment,
which further increases during extreme climate-related events such as heatwaves.

It is emphasized that an uncertainty-based investigation for the energy/environmental analysis,
encompassing uncertainties related to weather, building properties, and design requirements, could be
employed to develop a fully integrated probabilistic approach for loss assessment. As demonstrated by
Bianchi et al., this approach could provide valuable insights into the reliability and risks associated with
specific design solutions, thereby avoiding potentially unconservative loss outcomes that could influence the



Page 6 of 20 Bianchi. Dis Prev Res 2023;2:14 | https://dx.doi.org/10.20517/dpr.2023.16

final investment decision"”. However, the primary focus of this paper is on the approaches currently used in
building design to assess potential losses. Therefore, the typical semi-deterministic approach was employed
for the energy analysis.

Integrating seismic, energy, and environmental results can finally offer a comprehensive assessment of the
benefits of design solutions or retrofitting interventions. To compare alternative building technologies, both
single (hazard-related) and cumulative (multi-hazard) values for economic, environmental, and resilience
losses are assessed. This comprehensive approach enables a thorough evaluation of various design options
and helps make informed decisions to minimize the overall impact of the building in terms of safety,
resilience, and sustainability during its life cycle. A multi-criteria decision-making procedure based on
integrated performance-based matrices is proposed to support the comparison. As schematically depicted in
Figure 2, the methodology involves the creation of three different matrices based on the simulation
outcomes: (i) a cost-based matrix, which integrates seismic repair costs for building components with
heatwave-related costs, i.e., the expected energy consumption; (ii) a carbon-based matrix, combining the
carbon emissions due to the seismic damage with the overall operation and embodied impact of the
building system; and (iii) a resilience-based matrix, assessing seismic and climate resilience by considering
the expected functionality drop (impact of damage and energy efficiency for earthquakes and heatwaves,
respectively) and recovery time to the pre-event equilibrium state. For each matrix, specific integrated
ranges of values and labeling can be determined based on existing classifications for seismic and climate
performance. Lastly, an integrated loss matrix can be derived from the single matrix outcomes by applying
weighting factors to the single losses.

The proposed approach takes into account that individual mitigation strategies might not prove effective
across multiple hazards. Instead, integrated solutions have the potential to generate compounded and
greater savings over the building lifespan. To achieve a specific resilience index based on stakeholder
requirements or desired recovery states, a multi-objective optimization process may be employed to identify
the solution that minimizes economic/environmental/resilience loss. It is worth noting that research on
multi-criteria procedures has been developed, particularly in fagade engineering. However, existing studies
have primarily focused on construction and operational energy efficiency, such as the choice of technology,
design of control strategies, and occupant comfort”*, with little or no consideration for resilience
quantification.

Description of the case study

This research involves the validation of the proposed methodology on a seven-story building. The structural
configuration and overall dimensions of the building were extrapolated from a prior investigation
conducted by Bianchi et al.*”. However, the current building is located in Messina and has different facade
properties. As a result, the seismic design and loss modeling (and further elaborations for resilience
quantification) were implemented for the new case-study scenario, and detailed outcomes are provided in
the following section.

The building features a rectangular floor plan measuring 32 meters in length and 18 meters in width, with a
total height of 26.6 meters and an inter-story height of 3.8 meters [Figure 3]. The building is used for
commercial purposes, and the roof is not accessible. The seismic mass of this building is 729 tons per floor,
while the roof has a mass of 564 tons. The main load-bearing structure comprises reinforced concrete (RC)
frames (external beams: 0.4 m x 0.7 m; internal beams: 0.3 m x 0.6 m; columns: 0.7 m x 0.7 m), RC walls
(0.3 m x 6.0 m), and one-way spanning hollow-core slabs (0.25 m thick).
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Figure 3. Case-study building and alternative facade design solutions.

The study aims to select the optimal fagade system for the building structure by considering different
alternatives. Facades (or building envelopes) indeed represent a significant portion of the building
investment cost, ranging from 15 to 30% of the total cost'*. They also have a crucial role in mitigating the
effects of climate change and can contribute up to 31% of the total embodied carbon of a building™”’
Moreover, they have a notable influence on the operational energy efficiency of buildings and can highly
affect post-earthquake losses'™!. To this end, the study considers alternative facade systems with details
shown in Figure 3, including (a) 300 mm brick cavity walls (CWs); (b) modular prefabricated steel-stud
panel system with external 100 mm thick concrete claddings connected to the main structure using bearing
and tie-back connections; and (c) double-skin facade with an external glazing and an internal infilled wall.
All fagade systems have double-pane windows (U = 2.4 W/m’K) with a 0.3 Window-to-Wall Ratio, and
solar blinds are applied to the glazed surfaces. To improve seismic performance and/or environmental
sustainability, three additional facade systems are considered: (a) ventilated facades with internal rocking
masonry panels (i.e., consisting of vertical sub-panels and internal gaps) and external timber claddings; (b)
modular wood-stud panels with an external sandwich panel (SP) connected by dissipative U-shaped
connections*’; and (c) double-skin facade with an internal rocking wall system and integrated movable
shading systems. These facades comprise double-pane windows with low-e coating (U = 1.2 W/m°K).

The structural/seismic design of the building is based on the building layout, geometry, and pertinent
vertical loads, and it considers the seismic hazard in Messina (Italy). Messina is classified as a high-
seismicity zone (Zone 1) according to the Italian risk map. In this region, earthquakes with ground
acceleration exceeding 0.25 g may occur. From a climate perspective, the city experiences a warm temperate
Mediterranean climate characterized by dry/warm summers and moderate/wet winters (Képpen-Geiger
Climate Classification: “Csa”: Mediterranean Climate). The city has experienced several heatwaves in the
past, with one notable extreme scenario occurring in 2021. This particular heatwave (Figure 4, with a
maximum recorded temperature of 38.2 °C) lasted for 60 days and is being considered in this study.
Weather data for this specific heatwave can be obtained from the Copernicus online services.
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Figure 4. Heatwave scenario for the city of Messina, with highlighted (in red) the maximum and minimum dry-bulb temperatures.

The seismic design of the lateral load resisting systems (frames/walls) was implemented at the Ultimate
Limit State (ULS) level (C soil category, T, topographic zone, peak ground acceleration a, of 0.247 g,
475 years return period earthquake, Importance Class 2“”"). A Direct Displacement-Based Design (DDBD)
approach* was employed, utilizing inter-story drift limits as recommended by design codes, best
practices, and strain limits of the materials. The internal loading, including shear, bending moment, and
axial force, was obtained from the DDBD results by means of an equilibrium methodology. These actions
were, therefore, considered for designing the earthquake-resistant RC frames and walls, which entails
computing the necessary steel reinforcement for their structural connections. For this study, which
examines the overall impact of facade systems, DDBD is the preferred design procedure because it offers
improved control over the building response and diminishes long-term seismic financial losses in
comparison to conventional force-based design methods'**..

Finally, design criteria are established to ensure the internal comfort of occupants. The set point
temperature is maintained at 24 °C for cooling while set to 19 °C for heating. As for the internal heat gain,
the equipment load is 5 W/m?, the artificial lighting load is 10 W/m’*, and the occupancy density is 0.01
persons per square meter. Additionally, the targeted rate of outdoor air infiltration stands at 0.0003 m*/s per
square meter of floor area. The HVAC is considered as an Ideal Load System, thus not accounting for any
inefficiencies of the system.

RESULTS

Seismic analysis

The case-study building was numerically modeled using Ruaumoko2D". A lumped plasticity approach was
used to represent the beam-column and column/wall-foundation connections where the inelastic behavior
is expected. The joint panel zones were modeled as rigid elements, while the structural elements were
represented through one-dimensional elastic elements incorporating plastic hinges at the end sections. This
numerical approach has been extensively validated in the literature®**". Following the code-compliant
procedure in the Italian code'”, the structural connections were designed to develop a strong column-weak
beam mechanism within the frame system according to capacity design principles. The plastic hinges of the
beam/column/wall end-section(s) were described by moment-curvature functions and hysteresis rules that
account for stiffness degradation (Takeda). Fixed-base connections were implemented without considering
the influence of soil-structure interaction. Apart from the primary frame model, a secondary numerical
representation is constructed for the case studies featuring external masonry facades in order to consider the
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influence of these heavy walls on the overall seismic response. Indeed, these facade systems have the
potential to augment the stiffness and strength of the building, potentially resulting in unanticipated
collapse mechanisms at both component and structure levels®”. In these numerical models, the masonry
walls are simulated by means of diagonal axial springs calibrated based on the formulations introduced by
Bertoldi et al. and incorporating the hysteresis rule developed by Crisafulli*>**.

Non-linear push-over analyses were carried out to identify capacity curves of both bare frames and infilled
structures, and these were transformed into acceleration-displacement curves [Figure 5]. It is important to
note that non-linear static/push-over analyses are considered a favorable trade-off between precision and
simplicity, especially when compared to simplified analytical methodologies or time-intensive non-linear
dynamic analyses. While non-linear static procedures might potentially result in slightly conservative
predictions of seismic costs”™, this approach still serves as a valuable tool for practical engineering
applications. It aids in decision-making during the initial stages of building design, where the objective is to
determine the optimal alternative among various design options.

In accordance with the local seismic regulation™, four earthquake intensity levels are taken into account
(denoted as Immediate Operational - SLO, Damage Control - SLD, Life Safety - SLV, and Collapse
Prevention - SLC). The capacity spectrum methodology”® was employed to determine the Performance
Points (PPs) of the buildings at each earthquake intensity. The PPs facilitate the computation of floor
accelerations and inter-story drift levels, which serve as the input data for the loss estimation. The findings
underscore that the inclusion of masonry walls results in heightened stiffness and strength, particularly
noticeable in the direction of the frame that is characterized by a greater number of infills. Consequently, a
rise in acceleration demand and a reduction in displacements are observed at the PPs when compared to the
equivalent configurations without infills.

To conduct the loss modeling, the building replacement costs were estimated considering the labor
expenses and encompassing quantities of concrete and steel, formwork costs, safety measures, foundation
costs, and necessary surveys. Moreover, fragility curves, along with corresponding consequence functions
(repair cost/time), were established for all building components. The fragility data of the concrete structural
members and the internal building components (including lightweight partitions, ceilings, equipment, and
contents) were defined based on the FEMA P-58"". For the facade systems, the fragility curves were defined
as follows. For the masonry infill walls, fragility data are provided by Cardone and Perrone"”, while the
damage states of the masonry rocking system were determined based on the outcomes from experimental
testing®*. The experimental data establish the median drift/displacement values of the various damage
mechanisms, with a dispersion/beta value of 0.5 adopted to consider uncertainties in the fragility definition.
Figure 6A shows a comparison of the fragility curves for the monolithic vs. rocking masonry infill wall
(monolithic wall: DS1 = light diagonal cracking, DS2 = extensive diagonal cracking, DS3 = corner crushing
and sliding of mortar joints, DS4 = global in-plane collapse; low-damage wall: DS1 = minor mortar cracking,
DS2 = light mortar cracking, minor toe-crushing). For the traditional (with tie-back) vs. low-damage (with
U-shaped dissipater) precast cladding systems, the fragility data were defined by referring to the data
collection provided by Bianchi and Pampanin®. In order to assess the environmental impact associated with
the potential earthquake damage, the global warming potential and primary energy use of the repair actions
of all the building components were assumed, referring to the data provided by Simonen et al. (e.g.,
Figure 6B shows the contribution to the carbon emissions for the RC members of the building, where DS1,
DS2, and DS3 indicate slight, moderate, and major damage, respectively)*’.
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Table 1 and Figure 7 present the results of the investigation into the losses associated with the different
fagade systems. Using probabilistic-based simulations, the repair costs (EAL - expressed in relation to the
replacement cost), carbon emissions, and embodied energy associated with repairing each system were
calculated. These annualized losses enable a comprehensive understanding of the long-term implications
and facilitate informed decision-making regarding safer and sustainable facade solutions. The analysis
highlights the effectiveness of low-damage solutions for building envelopes, such as those adopted in the SP
system (UFP connections), as well as in the ventilated wall (VW) and double skin rocking (DSR)
configurations (low-damage rocking masonry wall). Compared to conventional systems [CWs, concrete
panes (CPs), double skin monolithic (DSM)], these facade solutions resulted in reductions of more than
50% for both financial and environmental losses. This finding emphasizes the importance of adopting cost-
affordable sustainable facade solutions to mitigate the overall impact of seismic repairs. Notably, replacing
tie-back connections of CPs with dissipative connections led to a significant reduction in the damage-
related carbon emissions, approximately 70%. The UFP connections are indeed capable of greatly reducing
the seismic demand on the cladding panel, thereby minimizing damage. Moreover, these connections are
designed to fail due to fatigue rather than achieving a specific inter-story drift level (typical range of
1.5%-2% for tie-back connections).
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Table 1. Annualized seismic-related losses

Facade system Seismic cost [€] Carbon emission [kg/CO,eq]
Cavity wall - CW 17,267.2 10,095.7
Ventilated wall - VW 9,897.8 4,417.7
Concrete panel - CP 17,458.8 15,731.3
Sandwich panel - SP 10,041.8 4,414.3
Double skin monolithic - DSM 17,187.4 10,095.1
Double skin rocking - DSR 9,652.4 4,523.6
Seismic cost B Carbon emission
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Figure 7. (A) Seismic-related Expected Annual Loss (EAL), defined as a percentage of the Replacement Cost. (B) Expected Carbon Loss
(ECL).

To assess the impact of earthquakes on building functionality, the loss results were elaborated to compute
the expected downtime associated with repairs. This included repair duration, post-earthquake inspections,
mobilization of engineering and contracting services, and financing and permitting. Following the
procedure outlined in Almufti et al., the sequence of repairing actions and the impeding factors were
defined™. The recovery time, estimated from the expected downtime, was then combined with the damage-
related loss of functionality to define resilience curves and expected loss of resilience for all case study
configurations. Figure 8 and Table 2 present the differences in RL among the different case studies. The
highest loss of resilience was associated with configurations that included both monolithic masonry panels,
which required longer recovery time (537 days), and the CP system, which suffered a higher loss of
functionality at the specific seismic intensity level (SLV). However, the final design decision is based on the
total seismic resilience value, computed according to Bruneau et al.””. This index considers the complete
loss of resilience expected for the component, encompassing the period from the occurrence of the
earthquake (¢ = 0) until the conclusion of the recovery phase. The objective of the decision-making process
is to maximize this resilience value, ensuring the chosen solution can effectively withstand seismic events
and recover efficiently. As shown in Table 2, among the available facade options, the application of the
ventilated facade stands out as the most favorable choice for this specific application. The ventilated facade
solution is distinguished by a reduced functionality drop and recovery time, showcasing its ability to absorb
seismic forces/displacements and swiftly return to its pre-event state with minimal disruption.

Finally, it is highlighted that this study focused on comparing different fagade systems covering the same
earthquake-resistant structural system. The latter contributed to 70% of the overall seismic damage and RL
for the case studies with low-damage fagade configurations. Therefore, applying advanced structural
systems to the main structure could result in even higher reductions in RL. For instance, low-damage
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Table 2. Resilience indices for the earthquake scenario

Facade system Resilience index Resilience loss [%]
Cavity wall - CW 0.66 34
Ventilated wall - VW 0.76 24
Concrete panel - CP 0.58 42
Sandwich panel - SP 0.73 27
Double skin monolithic - DSM 0.69 31
Double skin rocking - DSR 0.75 25
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Figure 8. Resilience curves for the earthquake scenario.

(rocking-dissipative) structural members could be used to further enhance the seismic resilience of
buildings and minimize damage'*'.

Energy and environmental analysis

A ftull life-cycle assessment was conducted to evaluate the sustainability level of the facade design strategies.
This assessment aimed to measure the overall environmental impacts (operational and embodied energy) of
the building with the alternative facade systems, accounting for all stages of their life cycle.

To determine the operational energy consumption and cost of the building, dynamic energy simulations
were conducted in EnergyPlus software for both the typical meteorological year and the heatwave scenario.
The thermal properties of buildings were precisely represented using a combination of geometry, material
properties, and system specifications within the Grasshopper environment. This included modeling the
walls (with a Window-to-Wall ratio of 0.4), roofs, floors, windows (with double-pane glass), and doors and
assigning values for thermal conductivity, specific heat, density, and emissivity to each building element.
The thermal zones of the building were divided based on occupancy and thermal characteristics, which
helped capture the dynamic interactions between different building elements and the HVAC system. As
discussed in the case study description, design requirements were set to ensure the internal comfort of
occupants. The model also considered internal heat gain from equipment and artificial lighting, as well as
the density of occupation and rate of outdoor air infiltration. To model the HVAC system, an Ideal Load
System was assumed. Although this did not account for system inefficiencies, it allowed for an accurate
simulation of the operational energy consumption of a building. The overall modeling approach has been
validated in a previous study that included uncertainty analysis®”. This validation was conducted to assess
the overall reliability of the energy simulation by evaluating the impact of uncertainties in input parameters
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on the simulation outcomes. Furthermore, for the specific location in Messina, a primary energy factor of
2.5 was considered, representing the ratio of primary energy to final consumption and incorporating losses
that occur during energy generation, transmission, and distribution.

The embodied energy of the buildings was assessed from cradle to grave, including all stages from
production to disposal (production, transportation, construction, use, maintenance, and end-of-life phases).
The embodied impact was quantified by means of the Bombyx plugin’ within the same Grasshopper
environment, which includes a material and component database and enables users to select different
materials and building systems for assessment. The analysis accounted for all building components,
including the structure, external walls, internal systems, services, and the transport of people and materials.

Table 3 and Figure 9 summarize the results of the energy and environmental analyses. To assess the energy
cost, the energy consumption for lighting, equipment, heating, and cooling was converted into Euros per
square meter using the electricity and gas prices, along with taxes and levies provided by Eurostat for the
Italian territory.

The comparison of the various facade solutions (designed for a new building) shows that the energy cost is
similar for all options, with a slight reduction observed for the configurations with lower transmittance
(VW, SP, DSR). Regarding the carbon emissions, the differences between the systems are minimal, but
precast CPs exhibit lower emissions compared to other facade types involving masonry walls and glazed
systems. This can be attributed to the manufacturing processes involved in the production of such facade
systems.

Finally, the results can be elaborated to determine resilience curves in terms of loss of energy efficiency
during the heatwave scenario. The daily loss of functionality and (cooling) energy performance during the
heatwave can be assessed by examining energy consumption data. The resilience curves [Figure 10] are now
characterized by fluctuations due to yearly temperature variations and the capacity of the heating/cooling
system (in winter/summer) to maintain their setpoint temperatures.

The maximum cooling capacity of each thermal zone was determined by calculating the cooling demand
during the design day for Messina. Therefore, the energy performance during the heatwave scenario is
already influenced by reduced functionality compared to a 100% functionality level. When comparing the
resilience indices for all alternative facades [Table 4], computed as the area underneath the curve in the
60-day heatwave duration (days 170-230), it can be noticed that the loss of resilience is less than 20% for all
case studies. As expected, the facades have a limited impact on the results, while the primary factor
responsible for this outcome is the cooling capacity of the commercial building. Despite not being observed
in this specific application, a power outage or reduced cooling capacity during a heatwave would result in
more significant RL. Indoor temperatures would rise rapidly, making the building less habitable and
potentially endangering occupants with heat-related health issues. Additionally, it would disrupt daily
operations, affecting productivity and occupant comfort, ultimately compromising the resilience of a
building to the heatwave. However, the main focus of this specific study is on investigating the facade
contribution to the RL. The research aims to assess the overall seismic damage and heatwave-related RL to
support the selection of the optimal facade system. Isolating the impact of the facade on resilience provides
valuable insights for making informed decisions regarding the design and implementation of the envelope
of a building to enhance its overall resilience under multiple hazards.
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Table 3. Annualized weather-related losses
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Facade system Energy cost [€] Carbon emission [kg/CO,eq]
Cavity wall - CW 105,127.3 60,511.5

Ventilated wall - VW 99,126.7 59,871.2

Concrete panel - CP 104,716.5 59,290.6

Sandwich panel - SP 99,135.8 59,464.2

Double skin monolithic - DSM 104,697.8 60,217.6

Double skin rocking - DSR 99,134.2 60,819.7

Table 4. Resilience indices for the heatwave scenario

Facade system

Resilience index

Resilience loss [%]

Cavity wall - CW
Ventilated wall - VW

Concrete panel - CP

Sandwich panel - SP
Double skin monolithic - DSM
Double skin rocking - DSR

0.82
0.83
0.83
0.84
0.84
0.85

EAL [% Repl. Cost]
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Figure 9. (A) Weather-related Expected Annual Loss (EAL), defined as a percentage of the Replacement Cost. (B) Expected Carbon
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Multi-criteria analysis

To compare the performance of the different facade systems, the results from seismic and energy/
environmental analyses can be combined by using overall loss maps. These maps integrate key decision
variables that are crucial when selecting new building systems or retrofitting/rehabilitating existing ones,
such as economic, carbon, and resilience losses. Figure 11A-C presents the results for all the case studies,
along with their classifications for seismic and energy variables. The EAL categories are established in
accordance with established national codes, specifically the DM 65'”, commonly referred to as the "Sisma
Bonus" guidelines for seismic classifications (ranging from A+ to G, where A+ indicates superior seismic
performance), and the DM 26! for energy classifications (ranging from A4-1 to G, with A4 indicating
higher energy efficiency). The embodied carbon targets are defined from existing rating systems developed
for office buildings, such as the LETI and RIBA targets® (from A++ to G, where A++ identifies reduced
upfront embodied carbon, less than 100 kg CO,eq/m? and life-cycle embodied carbon, less than
150 kg CO,eq/m?) and expressed as a percentage value of the LETT 2020 design target level set at Class C
(860 kg CO,eq/m?). A similar approach is used to classify RL, with different classes ranging from A
(meaning reduced loss of RL) to G (meaning very high RL), based on a scale of zero to one.

The results of the integrated assessment further highlight that: (1) applying low-damage solutions for the
building envelope can significantly reduce the economic losses (by more than 50%), leading to an integrated
Class A+, even without using advanced solutions for the structural system; (2) the life-cycle embodied
carbon increases (by less than 20%) with high-performance systems, enabling the achievement of an
integrated Class A, which represents the 2030 target for office buildings®’; and (3) the integrated reduction
of RL is highly affected by seismic resilience for this specific application: the solutions in Class A show a
higher seismic RL (twice the energy RL) associated with the CP system, affected by a higher functionality
drop at the earthquake intensity level under consideration (SLV). It is worth noting that this study only
investigated the effect of facade systems, and higher loss reductions could have been achieved by
considering earthquake-proof solutions for the overall building system (structure + envelope).

Finally, the study employs a multi-criteria approach to compare results in the same graph [Figure 11D]. A
pairwise comparison (based on the Analytic Hierarchy Process®) is used to compare the seismic/energy
decision variables and determine the priority value (criteria weight, w) to assign to each parameter. The
weighted loss (= EAL x wy,; + CO, x wq,, + RL x wy,) is thus used to compare the integrated seismic and
energy/environmental results. In this specific study, more importance was assigned to the CO, and EAL
values, while equal importance was given to the RL. By keeping the seismic and energy results separate, the
map (where both fagade outcomes and classification values were defined as weighted values) shows the
domain of the overall loss associated with the six different facade alternatives. The results indicate that the
seismic performance has a more significant influence on the overall loss than the energetic behavior.

The proposed multi-criteria approach offers a practical method that can be integrated into common
practice and existing decision-making processes to facilitate the selection of design strategies. By adopting
this approach, designers can identify potential multi-hazard resistant design solutions from the very early
stages of the design process. This empowers them to make informed choices based on crucial decision
variables, including expected financial, environmental, and resilience losses in the building life-cycle.
Through this approach, designers can work towards minimizing these losses, thus identifying optimal
design scenarios based on the specific multi-hazard local scenario. Furthermore, the flexibility of the
approach allows stakeholders to assign specific targeted values to the cumulative or single losses based on
their interests. This customization enables the development of “tailored” ad-hoc solutions for building
projects, aligning them with the unique needs and objectives of each stakeholder.
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Figure 11. Comparison of design alternatives in terms of integrated seismic and energy/environmental (A) Expected Annual Losses -
EAL, (B) Carbon Emissions - CO,, (C) Resilience Loss - RL, and (D) the overall weighted loss.

It is finally highlighted that while the proposed method offers a simplified yet effective multi-criteria
approach to quantify the efficacy of integrated multi-hazard resistant strategies, a more comprehensive and
robust framework should be developed to consider all uncertainties and hazard scenarios that may affect the
final outcome. Following a similar approach as currently adopted in seismic engineering, this procedure
would consider both aleatoric (weather-related) and epistemic (material properties, design variations)
uncertainties to define probable maximum losses, such as the 90oth percentile values. The work by
Bianchi ef al. has demonstrated the effectiveness of this approach, specifically when considering economic
losses alone®”. Within a fully probabilistic-based procedure, the weather-related loss functions can be
coupled with the earthquake-related loss distributions to establish joint probability curves for defining the
risk of achieving integrated losses. Furthermore, the assessment of resilience indicators should consider all
probable hazard scenarios, with different return periods, for both climate-related and earthquake-related
events throughout the life cycle of a building. Specifically, a probabilistic risk assessment would be
employed to combine the occurrence probabilities of each hazard event with their respective losses and
calculate the life-cycle-based resilience indicators for the building.
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CONCLUSIONS

The vulnerability of our built environment to natural disasters, such as earthquakes and climate change-
induced weather events, has resulted in significant losses. Therefore, building a resilient society is
increasingly recognized as a priority for risk reduction and management policies. However, current design
approaches focus on single hazards and economic and environmental indicators, with limited or no
consideration for resilience. This paper proposes a practical multi-criteria approach based on loss-based
matrices to aid early-stage design decisions. The primary objective is to enhance the safety, resilience, and
sustainability of buildings against earthquakes and heatwaves. The research underscores the crucial role of
integrating resilience considerations with economic and environmental losses, emphasizing the importance
of using the proposed approach to improve investment decisions and support early-stage decision-making
processes for both new buildings and retrofit interventions. The approach is applied to a commercial
building with various seismic-resistant and energy-efficient facades. The study carries out seismic analyses,
life-cycle analysis, and dynamic energy simulations to estimate overall annual losses and resilience
associated with design-level earthquake and extreme heatwave scenarios. Results show that low-damage
facades (rocking masonry walls and dissipative connections) can reduce financial loss by over 50%, and
seismic resilience has a significant influence on the final decision. More advanced “earthquake-proof”
solutions for the structural system and low-carbon strategies could reduce the overall losses further.

While the proposed method provides a simplified multi-criteria approach to quantify the efficacy of multi-
hazard resistant strategies in reducing the expected losses, a more comprehensive uncertainty-based
integrated framework is needed. In this study, a probabilistic approach was employed for the seismic
analysis only, as it aligns with the current performance-based design method. However, an uncertainty-
based approach should also be adopted for the energy/environmental analysis. Additionally, the effect of
alternative hazard scenarios (the paper focused solely on the design-level earthquake and a recorded
heatwave scenario) and their long-term impact on the service life of a building should be considered.
Furthermore, while the study evaluated energy resilience based on the capacity of a building to maintain
energy efficiency, it is essential to include the quantification of thermal resilience to consider discomfort
hours and the impact of heatwaves on human health, as they can significantly affect the overall risk of the
building.

Overall, the proposed approach provides valuable insights for informing decisions related to building design
and disaster preparedness by quantifying the impact of extreme events on the functionality of buildings.
However, the study highlights the need for further research to effectively evaluate the cumulative impact of
earthquakes and heatwaves on buildings and infrastructure. An integrated mathematical approach that
considers the probability of both events (different intensities and frequencies) occurring within a life-cycle
framework is crucial for assessing the expected cumulative losses. Developing new risk assessment
methodologies, also accounting for potential interdependence between earthquakes and heatwaves, is
essential to promote more robust policies and regulations to enforce resilient building codes. By adopting
such methodologies, policymakers, building designers, and engineers can make more informed decisions
and prioritize interventions to develop more resilient buildings and infrastructure that can withstand
multiple hazards, ultimately contributing to a more sustainable and safer built environment.
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