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Abstract

Sustainable and resilient urban planning requires infrastructure investments that increase
the capacity to maintain and recover essential services following disasters, yet regional
seismic-risk assessments typically prioritise physical damage or direct economic loss, providing
limited guidance on allocating scarce mitigation resources. Here we develop an integrated
framework that quantifies a wide array of societal impact metrics across interdependent
housing, transport, education and healthcare systems and identifies the least-effort mitigation
strategies for attaining prescribed levels of impact reduction. Each metric is evaluated through
two complementary aggregation lenses: total impacts, capturing system-wide disruption, and
mean impacts, capturing the average burden borne by individual assets or users. Applying the
framework to nearly 200,000 candidate mitigation strategies spanning residential buildings,
bridges, schools and hospitals in Avellino, Southern Italy, under representative moment
magnitude 5.0 and 6.9 earthquake scenarios, we find that residential retrofitting dominates
the preferred strategy up to moderate mitigation targets, after which bridge retrofitting
becomes the principal source of further impact reduction. Crucially, the value of bridge
retrofitting arises less from avoided bridge damage than from preserving the road connectivity
on which hospital access depends—a societal benefit invisible to damage-oriented assessments.
This prioritisation remains stable across both aggregation lenses, with only the transition
thresholds shifting. By linking infrastructure vulnerability, system-level societal impacts
and risk-informed policy design, the framework provides a practical decision-support tool
for directing resource-efficient infrastructure investment towards safer, more resilient and
sustainable cities.
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Introduction

The long-term resilience and sustainability of cities depend on their capacity to provide essen-
tial services, safeguard societal well-being and manage limited economic and environmental
resources, including when exposed to major shocks'™. Devastating natural hazards such as
earthquakes threaten this capacity by damaging interconnected built and natural systems
and disrupting the services and functions on which society depends* . Their consequences
include extensive physical damage to the built environment and degradation of the natural
environment, including the destruction of vegetation, natural habitats and biodiversity?®;
environmental burdens, such as increases in embodied carbon from the repair and replace-
ment of damaged assets?; direct!® and indirect!"'? economic losses; casualties!?; population
displacement '*'; employment losses'%; and disruption to essential services and functions
related to utilities!™'®, housing'?, healthcare? and education??2.

Historic earthquakes illustrate the breadth and interdependency of these consequences.
In the 2015 Gorkha earthquake sequence in Nepal, the M,, 7.8 mainshock and its aftershocks
damaged approximately one million buildings, including the destruction of 600,000 resid-
ences??, killed more than 8,600 people, injured more than 22,000 and displaced 2.6 million?*,
leaving approximately 2.8 million people in need of immediate humanitarian assistance®.
The disruption extended far beyond these direct losses: more than 20,000 coseismic landslides
severed road access across fourteen districts, isolating communities, cutting major district
hospitals off from medical supplies and delaying emergency response and medical relief?6-28,
Similarly, the 2009 M,, 6.3 L’Aquila earthquake in central Italy struck a building stock
composed primarily of unreinforced masonry and non-ductile reinforced concrete, both highly
vulnerable to ground shaking?3!. More than 15,000 buildings were severely damaged or
collapsed, causing over 300 deaths, approximately 1,500 injuries and the displacement or
homelessness of more than 70,000 people®?. Widespread damage to 616 school buildings*?
meant that over 17,000 students could resume classes only after interventions such as the
deployment of temporary modular school structures®!. Spanning the Global South and
the Global North, these cases indicate that such cascades are not confined to a particular
development context.

Rising physical vulnerability—often driven by ageing and inadequately maintained in-
frastructure due to costs and limited resources—increases earthquake disaster risk globally.
Urgent mitigation is therefore needed to improve the physical and functional safety of infra-
structure and strengthen the resilience of urban systems—i.e., the capacity to maintain and
recover essential functions following earthquakes. Effective strategies, including seismic retro-
fitting of vulnerable assets (e.g., buildings, bridges) and risk-informed urban planning*3, are
central to the 2015-2030 Sendai Framework for Disaster Risk Reduction (DRR)3" and Sustain-
able Development Goals (SDGs)3®, particularly SDG 9 on resilient infrastructure and SDG 11
on sustainable and resilient cities®’. Designing and implementing them, however, requires
quantitative evidence on earthquake impacts and on the effectiveness of interventions®42.

Such evidence remains narrow. Despite substantial progress in seismic risk modelling,
state-of-the-art and state-of-practice regional risk assessments still focus on a limited set of
impact metrics*>**, typically direct economic losses or physical damage to buildings and
infrastructure®°. These metrics matter, but they provide insufficient information for disaster
risk management (DRM) decisions, which require cross-sectoral coordination®. Earthquakes
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trigger cascading, system-level impacts such as essential-service outages and population
displacement 4 47: damage to bridges, for instance, can disrupt the road network and in
turn cut people off from healthcare services*®. By overlooking these interlinked consequences,
conventional risk assessments may undervalue interventions whose benefits arise through
other systems and may therefore misdirect investments intended to support long-term urban
resilience and sustainability. Even where broader societal impacts are quantified, systemic
approaches are lacking for comparing how alternative allocations of mitigation resources
across infrastructure sectors affect both system-wide disruption and the average burden borne
by individual assets or users?”. Many studies have evaluated engineering measures such as
building retrofitting and code enforcement '44%-5%:51 hut few resolve this distinction at regional
scales. Policymakers are consequently left without evidence on which investment pathways
deliver progressively higher levels of risk reduction with the least resources.

Here we develop an integrated, system-level framework for evaluating regional earthquake
risk through the performance of interconnected infrastructure assets and the consequences
of their disruptions for people. Building on Wang et al.’2, the framework introduces two
key extensions. First, it broadens the assessment beyond direct structural damage to
quantify consequences arising across infrastructure systems, including population displacement,
temporary shelter demand, disruption to education and reduced access to healthcare. Second,
it evaluates mitigation strategies through complementary representations of aggregate and
mean impacts, thereby distinguishing the overall burden from the average burden experienced
by individual assets or users. Together, these metrics capture both the physical and functional
performance of infrastructure and the continuity and recovery of the functions it supports. By
tracing how asset-level interventions propagate across infrastructure systems and population
groups, the framework supports risk-informed, evidence-based prioritisation of mitigation
investments that balance benefits and feasibility.

We apply the framework to the province of Avellino, Italy, under representative M,
5.0 and M,, 6.9 earthquake scenarios. The analysis considers residential buildings, schools,
hospitals, and bridges, and examines mitigation strategies based on upgrading these assets
to higher seismic design standards, revealing the trade-offs between reducing impacts on
people, addressing their uneven distribution and limiting investment costs. For clarity and
tractability, we demonstrate the framework through hard structural strengthening, although
it is readily extensible to soft policies. Avellino combines a well-documented history of
high-impact events, notably the 1980 Irpinia earthquake®®, with features that make the
findings broadly transferable. Its compact historic core, mixed masonry and older reinforced
concrete building stock, and expanding peri-urban infrastructure®® are typical of small- to
medium-sized Mediterranean towns, so its hazard and vulnerability profile is representative of
many southern European settings; its prevalent unreinforced masonry and pre-code reinforced
concrete structures offer clear scope to test retrofit and risk-reduction strategies®®; and
extensive social, economic and governance records, alongside rich seismological and damage
datasets, support high-resolution integrated analysis and modelling of hazard—damage—societal
impact pathways.
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The Proposed Framework

The proposed framework (Figure 1) comprises five modules—(1) Mitigation Strategies;
(2) Exposure Modelling; (3) Seismic Hazard; (4) Physical Infrastructure Impact; and (5)
Societal Impact—together with a Decision-making module. Modules (1) and (2) define
the Urban Layout component, which describes a specific urban-planning scenario: the
locations of exposed assets and the implemented mitigation measures, which may involve
planned modifications to the exposure and the physical vulnerability of those assets. The
Computational Modelling component, comprising modules (3)—(5), uses this information to
evaluate seismic hazard, physical infrastructure impacts and the societal impacts that follow.
The resulting impact metrics then inform the Decision-making module, which identifies the
least-effort mitigation strategy attaining any prescribed level of impact reduction.

Mitigation Strategies

The Mitigation Strategies module defines the candidate interventions whose benefits the
framework evaluates. Mitigation strategies are instruments of DRM—the application of DRR
policies and strategies—which the United Nations Office for Disaster Risk Reduction (UNDRR)
groups into three categories®’: prospective DRM, which avoids the creation of new risk, for
example through risk-sensitive urban planning and disaster-resilient infrastructure design %
corrective DRM, which reduces risk already present, for example by upgrading or retrofitting
vulnerable assets such as buildings or bridges to higher structural standards or building
codes?’; and compensatory DRM, which strengthens the social and economic resilience of
individuals and societies against residual risk, i.e., those “that remains in unmanaged form,
even when effective DRR measures are in place”% through financial and social protection
instruments such as national emergency funds, disaster relief funds, and catastrophe insurance.
These interventions are also described as ‘soft’ (e.g., post-earthquake livelihood assistance
funds) or ‘hard’ (e.g., physical strengthening of infrastructure) measures.

The framework accommodates all three categories. Here we illustrate it using hard correct-
ive measures—upgrading physical infrastructure assets to higher seismic design standards, the
worked example of corrective DRM in the UNDRR terminology %!—while still evaluating them
from a system-level perspective and across a broad set of societal impact metrics. This suits
the Italian context of the case study, where insurance penetration for residential and public
buildings remains low and non-mandatory for many asset classes, while physical retrofitting
is heavily incentivised through national schemes such as the Sismabonus®. Strengthening
existing assets is therefore among the most realistic and policy-relevant mitigation pathways
available in Italy, and in other regions with low earthquake insurance penetration, such as
Japan® and California, USA %4,

More specifically, a mitigation strategy is defined as the upgrading or retrofitting of certain
proportions of existing infrastructure assets to the highest available seismic design standard
across a geographic region of interest (e.g., a province or municipality). Let r., € [0, 1]
denote the proportion of upgraded assets, hereafter the upgrading ratio, where t = 1,... n;
indexes the infrastructure typology and p = 1,...,n, the mitigation strategy. Only eligible
assets—those not already built to the highest design code level—are considered for upgrading.
For example, strategy #3 may specify that 50% (ry3) of residential buildings (¢ = 1), 20%
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Figure 1: The proposed framework for facilitating the design of mitigation strategies that reduce the overall
societal consequences of earthquakes through the strengthening of physical assets of the built environment,
adapted from Wang et al.?2. The illustrative decision-making curves show the optimal upgrading ratios,
Tt p.» as functions of the target impact-reduction ratio, o, for each infrastructure typology t. The curves are
stacked so that their envelope, Z?;l Tt p. 1S & proxy for the total implementation cost of each strategy.
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(r23) of school buildings (t = 2), 75% (rs3) of bridges (t = 3) and 25% (r43) of hospital
buildings (¢t = 4) are upgraded to the highest seismic design code within all geographic units
of the region of interest.

In practice, upgrading ratios may reflect available financial resources, explicit prioritisation
criteria, or stakeholder preferences elicited through multi-criteria decision-making methods
such as the analytic hierarchy process® or swing weighting%%; different stakeholder groups
(e.g., emergency response agencies, infrastructure operators, community representatives) may
prioritise asset classes differently?, yielding distinct sets of feasible ratios. Here we instead
explore the full space of 7, combinations, so that priorities emerge from the impact modelling
rather than from prior stakeholder weighting. In application, their specification would ideally
be informed by extensive stakeholder engagement, ensuring that the resulting portfolios
reflect local priorities, resource constraints and distributional considerations.

Exposure Modelling

The Exposure Modelling module provides a spatial representation of the physical and social
systems within the region of interest, characterising the assets, networks (e.g., transportation
infrastructure) and populations that may be affected by an earthquake. It includes information
on built assets (e.g., residences, hospitals, schools and bridges) and on the associated groups
of people (e.g., households, students) exposed to potential seismic hazards. Such information
may include the locations and physical vulnerability characteristics of exposed infrastructure
assets (e.g., height, material of the lateral load-resisting system, construction era®’), and the
underlying population data of households and individuals.

Seismic Hazard

The Seismic Hazard module characterises the earthquake events considered and estimates
the resulting ground-shaking intensity at the locations of exposed assets (e.g., buildings and
bridges). It includes information on the seismic source and rupture characteristics for a
prescribed catalogue of earthquake events (or scenarios). The resulting ground shaking is
expressed in terms of intensity measures (IMs).

These IMs may be estimated using either physics-based simulations or empirical ground-
motion models (GMMs). Physics-based simulations use dynamic or kinematic rupture models
to represent the earthquake source and solve the wave-propagation equations to generate
ground-motion time series at the Earth’s surface®®. Alternatively, empirical GMMSs estimate
the probability distribution of an IM at a site for an earthquake of a given magnitude
and location, based on statistical regression analysis of ground-motion records from past
earthquakes®.

Physical Infrastructure Impact

The Physical Infrastructure Impact module translates the ground-shaking IMs into physical
damage to built assets, using fragility models. Damage is represented in terms of discrete
damage states (DSs) that describe increasing levels of structural or functional damage,
delimited by the corresponding limit states. Fragility models—which give the probability
of reaching or exceeding a given DS conditional on a specified hazard IM—can be selected
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from existing model libraries on the basis of the physical vulnerability characteristics of the
infrastructure, its geographic context, and other user-specific modelling requirements, such as
the ability to capture particular damage mechanisms®’. Alternatively, they may be derived
specifically for the exposed assets using analytical or empirical approaches™.

Societal Impact

The Societal Impact module combines DS calculations with additional analytical tools—
such as transportation network analysis (e.g., optimal path identification using Dijkstra’s
algorithm ™) and damage-to-impact or consequence models, which translate discrete DSs into
societal consequences such as repair costs, casualties or service disruption®’">73—to estimate a
wide range of disaster impact metrics (DIMs). Alternatively, vulnerability models—giving the
probability distribution of an impact conditional on the same IM%"—translate IM values into
DIMs directly. DIMs are key outputs of risk assessments and offer a tangible, policy-relevant
means of communicating earthquake consequences?; examples include residential building
recovery times, household displacement durations and educational downtime experienced
by students. They may be computed for individual assets or asset typologies, aggregated
to any desired geographic unit (e.g., a municipality) and, where relevant, disaggregated by
socioeconomic characteristics of the affected populations, such as household income, age or
gender®?, enabling both high-resolution analysis of impacts on specific population groups and
system-level assessment across larger areas.

Two complementary formulations of each DIM are computed for every geographic unit:
(1) the total impact, Digtali jmp, representing the aggregate value of DIM ¢ in geographic
unit j for earthquake scenario m under mitigation strategy p; and (2) the mean impact,
D yean,i jm,p, representing the corresponding average impact experienced per exposed asset or
user. Diotal i jm,p 1S first estimated for each DIM, then normalised by the number of exposed
assets or population associated with DIM i in geographic unit j, denoted 7aseet,i ;, to obtain
the mean impact:

D o o Dtotal,i,j,m,p (1)
mean,z,7,m,p —
nasset,i,j

Evaluating both is essential for meaningful comparison across infrastructure typologies,
population groups and mitigation strategies: total impacts capture system-wide consequences
and are therefore dominated by large, densely exposed units, whereas mean impacts capture
the distributional, per-asset burden borne by an individual asset, household or user, and are
insensitive to the size of the exposed portfolio.

Decision Making

The Decision-making module converts Diotal i jm,p a0d Diean.i jmp into two impact scores for
each geographic unit, earthquake scenario and mitigation strategy—the total impact score
Stotal jmp € [0,1] and the mean impact score Spean,jmp € [0, 1] —supporting decisions aimed
at reducing aggregate and distributional impacts, respectively. The total impact score is
computed as:
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2 : Dtotal i,
7.]7m7p
StOtalzjzmvp wl (2)

max Dtotal,z,l,l,m s 7Dtotal,i,n]~,nm,o)

where n; is the number of DIMs considered, n; the number of geographic units in the
region of interest and n,, the number of earthquake scenarios. The denominator is the
maximum value of Digtal; jmp across all geographic units and earthquake scenarios under
the current (unmitigated) urban layout o; normalising every strategy against this common
baseline keeps the resulting scores comparable across strategies. The parameter w; denotes
the relative importance weight assigned to the ¢th DIM, such that:

Zwi: 1 (3)

The mean impact score is defined analogously, with Dyean replacing Dyt throughout:

Dmean,i,j,m,p 4
Smean,j.m.p = wz (4)

max (Dmean,i,l,l,m cee 7Dmean,i,nj,nm,o)

The total and mean benefits associated with each mitigation strategy are defined as the
reduction in impact scores relative to the unmitigated urban layout o, aggregated across all

considered earthquake scenarios (m =1,...,n,,) and geographic units (j = 1,...,n;):
Atotad P Z Z Stotal,] m,o Z Z Stotal,] m,p (5)
m=1 j=1 m=1 j=1
mean7p Z Z Smean,],m o Z Z Smean,], m,p (6)
m=1 j=1 m=1 j=1

To support mitigation strategy optimisation, we define a target impact-reduction ratio
« € [0, 1], representing the desired fraction of the maximum achievable reduction in earthquake
impacts, where the maximum corresponds to upgrading all eligible infrastructure assets to
the highest available seismic standard (i.e., r;, = 1 for all ¢). The value of « reflects decision
makers’ objectives, priorities and resource constramts in real-life decision-making processes™,
thereby specifying the level of impact reduction a mitigation strategy is intended to achieve.
It may be defined using either A¢otarp Or Apean,p, according to whether risk is evaluated from
an aggregate or a per-asset perspective.

For each value of «, the optimal strategy p, is the strategy that achieves at least the

target impact-reduction level while minimising the total effort/cost of upgrading;:

min Z rip subject to A, > aApax (7)
P
t=1
where 7, denotes the proportion of infrastructure assets of type ¢ upgraded under strategy
p, n; is the number of infrastructure typologies considered, and A, is the benefit obtained
when all eligible assets are upgraded. For simplicity, the sum of upgrading ratios across all
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infrastructure typologies is used as a proxy for the total implementation cost, assuming that
the cost of upgrading a given fraction of assets is comparable across infrastructure types.
If more detailed cost information is available, the objective in Equation 7 can be readily
replaced by a more realistic cost function that accounts for differences in asset-specific retrofit
costs ™.

In practice, the framework is evaluated for a set of candidate strategies defined by 7, ,,, each
iteration producing the impact calculations for one strategy. Values of o are then sampled
between 0 and 1 (e.g., 0,0.05,0.10, ..., 1.00) and, for each, the strategy p, meeting the target
with the lowest upgrading effort is identified. Plotting r,,, against o for each typology ¢ and
stacking the curves yields the decision-making curves (Figure 1 gives an illustrative example
with n, = 4: residential buildings, schools, bridges and hospitals). The shaded areas represent
the upgrading effort /cost allocated to each sector, revealing how sector-specific interventions
collectively achieve the prescribed target most cost-efficiently, and how the optimal allocation
varies as mitigation ambition increases.

Results

The province of Avellino is located in the Campania region of southern Italy (see the bottom

panels of Figure 2), one of the most seismically active regions in the Mediterranean .

Societal impacts

We consider six DIMs for Avellino Province, each characterised using total- and mean-impact
formulations (see Table 1). The DIMs are characterised following the hierarchical structure
of societal dependencies presented in Wang et al.*, in which disaster consequences are
conceptualised as emerging through interactions between physical infrastructure systems, the
services they support, and the populations that depend on them. Within this framework,
physical infrastructure components such as buildings, transportation infrastructure, utilities,
and healthcare facilities form the foundation of the built environment, while higher-level
social impacts arise from disruptions to the services and functions supported by these systems.
This hierarchical representation helps emphasise how physical damage propagates into wider
system-level societal impacts, thereby facilitating a more systematic interpretation of disaster
consequences across interconnected urban systems. It also provides a transparent structure
for communicating the relevance of different DIMs to stakeholders with varying priorities.
Each DIM is associated with the physical or social infrastructure component most directly
linked to the corresponding disaster consequence. For example, the recovery time for residential
buildings (DIM #1) is associated with the “building” component because it directly reflects
the post-disaster functionality and repair process of the residential building stock. In contrast,
the sheltering-related DIMs (DIMs #3 and #4) represent broader societal consequences
arising from housing disruption, namely the immediate and longer-term displacement of
affected populations. Similarly, bridge damage (DIM #2) is linked to the transportation
component because bridge functionality influences mobility and connectivity across the road
network, while education- and healthcare-related DIMs (#5 and #6) capture disruptions to
essential services that communities rely on during both emergency response and longer-term



[ Avellino Province ol tres
Municipal boundary

Ordon

Road network Fori land it

Municipality centroid

a Melara

e
W School
o= Public hospital
A Bridge
=ers M, 6.9 earthquake
* M, 5.0 earthquake . .
Foghianise Pad
i Nol
fen
1 atai
o
> —— Blm .
ot Rove o

|10 mi

ul M Qo 1,

CAMPANIA REGION

e

e
o

45°N

IZALY Y -
r} '\/,4’

Tunis

1250 km

SLOVENIA

\ Zamlons S

|
CROATIA

5
Lo =t
40°N — L

HUNG

41°N

40°N

P

10°E

15°E

41.5°N

Figure 2: Study region and exposure. Top: municipalities, road network and individually geolocated assets of
Avellino province—schools, public hospitals and bridges—together with the surface projection of the M, 6.9
finite-fault rupture and the M,, 5.0 point source. Municipality centroids mark the residential and population

exposure aggregation points. Bottom, left to right: location of Avellino province within Italy, within the
Campania region, and its 118 municipalities.

10




269

270

271

272

273

274

275

276

277

278

279

280

281

282

284

285

286

287

288

289

290

Table 1: Total and mean DIMs considered for Avellino province.

Physical / social

Total impacts

Mean impacts

infrastructure

Building (1) Total recovery time for all (1) Mean recovery time for resid-
residential buildings [residential ential buildings [days]
buildings x days|

Transportation (2) Total number of bridges dam- (2) Percentage of bridges dam-
aged (i.e., mean DS> 1) |bridges| aged [%)]

Sheltering (3) Peak population requiring im- (3) Percentage of population re-
mediate shelter assistance in the quiring sheltering in the first
first month [persons] month |%]

(4) Population facing protrac- (4) Percentage of population fa-
ted displacement (i.e., persistent cing protracted displacement [%)]
shelter needs six months later)

[persons]|

Educational  ser- (5) Students losing access to in- (5) Percentage of students losing

vices person education [persons| access to in-person education |%)|

Healthcare services (6) Total drop in healthcare ac- (6) Drop in  municipality-
cessibility x population (> 0) level healthcare accessibility
[beds] [beds/person]

recovery phases. We assign equal weights to the six DIMs (i.e., w; = 1/6), in the absence of
empirically elicited stakeholder preferences.

Figure 3 presents municipality-level residential recovery time (DIM #1) for the M, 5.0
and M, 6.9 earthquake scenarios (panels a,b), together with the total and mean loss of access
to in-person education (DIM #05) for the M, 6.9 scenario (panels ¢,d), under the current
urban layout with no mitigation strategies applied. The same baseline configuration is used
for the results shown in Figures 4 and 5. All results are averaged across the ground-motion
and corresponding impact realisations.

For DIM #1, the M,, 5.0 scenario produces the largest total recovery burdens in municip-
alities near the hypocentre (Figure 3a), whereas the M,, 6.9 scenario results in widespread
impacts across the province (Figure 3b). Some municipalities located farther from the rupture
(e.g., more than 50 km away) nevertheless experience large total recovery times. The spatial
patterns of DIMs #3 and #4 broadly resemble those of DIM #1 because both peak and
protracted displacement strongly correlate with residential building damage. Across the
municipalities, peak displacement reaches approximately 1,400 people, while protracted
displacement reaches approximately 175 people; these results are not shown for brevity. For
DIM #5 under the M, 6.9 scenario, the municipalities experiencing the largest absolute
numbers of affected students (Figure 3c¢) differ in some cases from those experiencing the
largest proportional losses (Figure 3d). In the most severely affected municipalities, more than
1,000 students, or nearly 100% of enrolled students, lose access to in-person education. These
municipalities are not necessarily those closest to the rupture or exposed to the strongest
ground shaking, because the impacts also depend on the vulnerability of school buildings
and the number of students they serve. Together, these results demonstrate that the spatial
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Figure 3: Municipality-level societal impacts related to residential (DIM #1) and school buildings (DIM
#5) under the current urban layout with no mitigation strategies applied. (a, b) Total recovery time for
residential buildings following the M, 5.0 and M,, 6.9 earthquake scenarios, respectively. (c, d) Number and
percentage of students losing access to in-person education, respectively, following the M, 6.9 earthquake
scenario. Different colour-bar ranges are used in panels a and b to reveal spatial variation within each
scenario.
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distribution of societal impacts cannot be inferred from hazard intensity alone, but emerges
from the interaction among hazard, infrastructure vulnerability, and physical asset and
population exposure.

Figure 4 presents the bridge inventory and road network of Avellino Province for the
M, 6.9 earthquake scenario under the current urban layout. It identifies the bridges and
hospitals that become non-functional and the road segments that become disconnected as a
result of bridge failures. Figure 5 presents the corresponding municipality-level results for
bridge damage (DIM #2) and reduction in healthcare accessibility (DIM #6). Panels a,b
of Figure 5 show the number of damaged bridges and the population-weighted reduction in
healthcare accessibility, respectively, whereas panels ¢,d show the corresponding percentage of
bridges damaged and mean (i.e., per person) reduction in healthcare accessibility. The spatial
patterns of bridge damage and healthcare accessibility loss differ substantially. Municipalities
experiencing the greatest cumulative or mean bridge damage (panels a,c of Figure 5) are not
necessarily those experiencing the largest impacts on healthcare accessibility (panels b,d of
Figure 5). Indeed, municipalities with no bridges—and therefore no directly attributed bridge
damage—may still experience accessibility losses because of the interconnected nature of the
road and healthcare systems. Such impacts may arise from the loss of feasible travel routes
caused by bridge failures elsewhere, damage to hospitals serving multiple municipalities, or
changes in competition for the remaining hospital capacity across the province.

The total- and mean-impact formulations also reveal different dimensions of the resulting
societal burden. Municipalities with the largest mean reductions in healthcare accessibility
(Figure 5d) are not necessarily those with the largest population-weighted impacts (Figure
5b). A municipality may experience a severe average reduction in accessibility but affect
relatively few people, whereas a more moderate reduction in a highly populated municipality
may produce a substantially greater aggregate impact. Together, these results demonstrate
that cascading societal consequences cannot be inferred from the damage information of
individual assets or municipalities in isolation, but require a system-level representation of the
spatial and functional interdependencies among infrastructure, services, and the populations
that depend on them.

13



San Marco
dei Cavoti

[ Avellino Province ol
—— Municipality boundaries 257m 3 N
—— Connected roads 7
—— Disconnected roads
® Municipality centroids Delicas
A q S Azbzoli
# Functional hospitals (R Satriano
gp  Non-functional hospitals ;
A Functional bridges
/\ Non-functional bridges A16
==== M, 6.9 earthquake
R
2 i ’:‘l\‘ﬁ ]
e oM A4
e SRS
SRS NS A
£ UNEE S o s
Nola ﬁ “'ib@&%?gﬁ %"A‘& X
S Y *5 A
S (s S
Bl
j‘é
|
R 396
Torre
unziata Nocera 5
Inferiore . Muro Lucano
stellajamas I e [
HI lli :nl-l.i :"15'Ikm

| | 10 mi

Salerno

P N9

Contursi

Figure 4: Bridge and hospital functionality and the resulting road-network connectivity following the M,
6.9 earthquake scenario under the current urban layout. The figure identifies bridges and hospitals that
remain functional or become non-functional, together with road segments that remain connected or become
disconnected as a result of bridge failures.
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Decision-making on investment prioritisation

Figure 6 presents the decision-making curves obtained when the optimisation is based on total
and mean impacts. Both formulations prioritise residential upgrading at low and moderate
mitigation targets. Once residential upgrading is nearly complete, bridge retrofitting becomes
the main source of further impact reduction, while school upgrading enters only at the highest
values of a. The total-impact formulation introduces this diversification slightly earlier, with
bridges entering at o ~ 0.59 compared with a ~ 0.68 under the mean-impact formulation,
and schools at a ~ 0.91 compared with a ~ 0.94; the overall sequencing is nevertheless
consistent under both assessment lenses. Hospital upgrading is not selected for any « because
only one (out of three) public hospitals is eligible, which makes it less cost-effective than
combinations of upgrades across the other asset classes.

Discussion

The Avellino case study demonstrates how integrating system-level societal impacts into
seismic risk assessment can reveal mitigation investment priorities that would not emerge from
assessments focused on individual assets or direct physical damage. Under both the total- and
mean-impact formulations, residential retrofitting delivers the largest initial impact reduction
per unit of upgrading effort and is therefore the dominant priority at low and intermediate
mitigation targets. Its benefits extend beyond improved structural performance: by reducing
residential damage and its long-term implications for recovery, shelter needs and protracted
displacement, residential upgrading strengthens both the housing stock and the capacity
of affected communities to recover. That this prominence persists under the mean-impact
formulation—which removes the influence of differences in the number of exposed assets
or infrastructure users across systems—indicates that it does not simply follow from the
comparatively large residential inventory, but reflects substantial reductions in normalised
societal impacts.

The broader investment sequence is likewise consistent across the two perspectives: the
residential stock is upgraded before bridge retrofitting becomes a substantial component of
the optimal strategy, and school upgrades emerge only at the highest mitigation targets.
The formulations differ not in this ordering but in the thresholds at which investment
shifts to additional systems—bridges at a &~ 0.59 under the total-impact formulation versus
0.68 under the mean-impact formulation, schools at o &~ 0.91 versus 0.94. Priorities are
therefore robust to the choice of aggregation perspective, while the point at which cross-
system investment becomes preferable is not: the consistently earlier transitions under the
total-impact formulation reflect the greater weight aggregate metrics place on consequences
accumulated across large numbers of assets and users. The decision-making curves further
show that progressively larger upgrading efforts are required to achieve additional impact
reductions as « approaches its highest values, reflecting diminishing marginal returns as the
most effective intervention opportunities are exhausted.

The increasing importance of bridge retrofitting emphasises why mitigation priorities
cannot be understood from direct physical damage alone. As critical components of the
road network, bridges influence not only their own functionality but also access to essential
services such as healthcare. Their upgrading therefore reduces both the likelihood of bridge
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Figure 6: The decision-making curves show the optimal upgrading/retrofitting percentages for each asset
type t at a given target impact-reduction ratio «, under both the total-impact and mean-impact benefit
formulations.

damage and the wider consequences of network disruption, so that the societal value of an
intervention can substantially exceed the avoided damage to the upgraded asset itself. Only
one of three hospitals is eligible for upgrading, and the absence of direct hospital upgrades
from the optimal strategies should be interpreted in the same context: it does not imply that
hospitals are unimportant to seismic resilience, but rather that greater marginal reductions
in the combined impacts are achieved elsewhere, including through the transport connectivity
that protects healthcare accessibility without upgrading hospital assets directly.

These findings reflect the increasing interconnectedness of infrastructure systems
through which disruptions propagate via physical and functional dependencies to affect
services beyond the directly damaged assets™™. By linking infrastructure vulnerability
to consequences for housing, education, mobility, and healthcare accessibility within a
unified optimisation framework, the proposed approach enables asset-level interventions to be
evaluated in terms of their broader societal effects. This consequence-oriented perspective also
connects seismic mitigation to the wider sustainability agenda, since avoiding damage avoids
the repair and reconstruction that follow it, together with the material demands, embodied
carbon and diversion of constrained public resources this entails. Prioritising interventions by
their system-level consequences therefore provides a basis for risk-informed DRR and urban
resilience planning that serves sustainability objectives at the same time.

Several limitations should nevertheless be considered when interpreting these results.
First, the case study examines a single hazard type and a specific regional context. Although
the general framework can be transferred to other hazards, including floods and wildfires,
and to other geographical settings, its application would require hazard, exposure, vulner-
ability, consequence and intervention models appropriate to those contexts. The specific
prioritisation obtained for Avellino province should therefore not be generalised directly to
regions with different hazard characteristics, infrastructure configurations, exposure patterns,

6,46,58,77
)
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or vulnerability profiles. Aleatory variability in ground shaking, residential building impeding
factor delay and repair time, and selection of upgraded assets is explicitly sampled, whereas
epistemic uncertainty in exposure, fragility and consequence models, accessibility assumptions,
and DIM weights is not propagated through the portfolio optimisation. Future applications
could incorporate probabilistic representations of these uncertainties and evaluate whether
the resulting intervention priorities remain robust across alternative model assumptions and
hazard realisations.

Second, upgrading effort is represented through upgrading ratios rather than financial
costs®¥8L The optimisation minimises the sum of the proportions of assets upgraded across
infrastructure typologies rather than the monetary expenditure required to implement those
interventions. This provides a transparent proxy for mitigation effort and is consistent with
approaches adopted in previous studies?®®?, but it does not capture potentially substantial
differences in retrofitting costs among infrastructure systems or individual assets®%%. Ac-
cordingly, terms such as ‘efficient’ or ‘preferable’ refer here to performance relative to the
adopted upgrading-ratio measure and should not be interpreted as monetary cost-effectiveness.
Incorporating asset-specific intervention costs would allow future applications to represent
budget constraints more realistically and to support explicit cost-benefit analysis.

Finally, structural upgrading is considered here as the mitigation strategy to demon-
strate the framework. In practice, DRR policies can combine structural interventions with
land-use planning®® earthquake early-warning systems®"®®, emergency-response plan-
ning%*% preparedness and risk-communication programmes!'™?!, and financial risk-transfer
mechanisms®>?2. Extending the optimisation to represent combinations of structural and non-
structural measures, together with their costs, uncertainties, and implementation constraints,
would provide a more complete representation of real-world DRR decision-making.

The practical implication of the Avellino case study is that mitigation strategies should
be evaluated at the level of ambition actually being targeted rather than at a single nominal
optimum, since the preferred allocation across infrastructure sectors shifts systematically as
targets become more demanding. Doing so allows limited resources to be directed towards
interventions whose benefits propagate through infrastructure interdependencies, protecting
access to essential services given constrained economic and environmental resources. This is
precisely the capacity on which long-term urban resilience and sustainability depend, and
advancing it is central to the objectives of the Sendai Framework and to SDG 9 and SDG 11.

Methods

Exposure modelling

We characterise exposure along two dimensions: physical asset exposure, comprising the
built assets susceptible to earthquake damage, and population exposure, comprising the
people associated with these assets whose livelihood and access to essential services may
be affected. Here, we summarise the datasets and modelling assumptions used to represent
both dimensions; further details, including the number of buildings and population for each
municipality, the number of students for each school, and the number of beds for each hospital,
are provided in the Supplementary Information.
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Physical asset exposure

We consider 114,031 reinforced concrete (RC) and unreinforced masonry (URM) residential
buildings (which account for 90.54% of the entire building stock of the Avellino province),
512 schools, three public hospitals (that are part of the emergency network identified by
the Italian Ministry of Health®*?!) and 513 bridges. The residential building inventory
is obtained by disaggregating 2011 Italian National Institute of Statistics (ISTAT) census
data® to estimate the number of buildings belonging to each typology within each census
tract (Sezione di Censimento, SEZ), following an Italy-specific building taxonomy 7. The
SEZ-level census data provide marginal distributions of residential buildings by lateral load-
resisting system (LLRS) material, construction period, and number of storeys (i.e., height
class), but not their joint distribution. We reconstruct this distribution using municipality-
level ISTAT cross-tabulations of LLRS material, construction period and height class. For
each SEZ, iterative proportional fitting is first used to estimate the joint distribution of
LLRS material and construction period while preserving the observed SEZ-level totals for
both variables. Construction periods are then mapped to the age classes defined by Rosti et
al.?%%7 and buildings within each LLRS-material-age combination are distributed among
height classes according to municipality-level conditional height distributions. Buildings with
LLRS materials other than RC and URM—11,912 buildings (9.46% of the total building
stock)—are excluded because their physical vulnerability cannot be reliably characterised
given the limited structural information available.

A clarification on terminology is warranted, since the word vulnerability is used in two
distinct senses in this work. Following classifications adopted in the Italian National Seismic
Risk Platform”®, the construction-era and height classes of Rosti et al. % 97 are referred to as
vulnerability classes: here the term denotes the relative susceptibility to damage of a building
typology, inherited from its design code level and structural configuration, and carries no
quantitative meaning on its own. Separately, and consistently with the wider risk-assessment
literature®”, we assign to each asset a fragility model and a consequence model, which is
ultimately equivalent to a vulnerability model.

Specifically, the resulting residential building exposure follows the taxonomy proposed by
Rosti et al.%%7. RC buildings are classified into three construction-era classes (1946-1970,
1971-1980 and post-1980, corresponding to structural designs considering only gravity loads,
low seismic design code, moderate seismic design code?, respectively) and three height classes:
low-rise (LR; 1-2 storeys), mid-rise (MR; 3 storeys) and high-rise (HR; 4 or more storeys).
URM buildings are classified into six construction-era classes (pre-1919, 1919-1945, 1946-1961,
1962-1971, 1972-1981 and post-1981, reflecting URM-specific building code evolution®’) and
two height classes: low-rise (LR; 1-2 storeys) and mid-rise (MR; 3 or more storeys). In both
cases the construction-era class acts as a proxy for the code level and hence for the seismic
vulnerability. Each typology is identified by its LLRS material, construction-era class and
height class (for example, RC+1971-1980+MR).

Table 2 presents the number of residential buildings belonging to each of the 21 typologies
across all SEZs in the Avellino province.

Information on schools and hospitals is obtained from the EUCLIDE (EUCentre for
Loss Impact and Damage Evaluation) web platform, developed by the European Centre for
Training and Research in Earthquake Engineering (EUCentre) for earthquake loss and impact

19



472

474

475

476

477

478

479

480

481

482

483

484

485

486

487

490

491

492

493

494

495

496

497

498

499

Table 2: Number of residential buildings for each typology in the Avellino province.

Typology Count | Typology Count
RC+>1980+LR 20,574 | RC+1971-1980+MR 2,622
URM+>1981+LR 15,650 | URM+1962-71+MR 2,080
RC+>1980+MR 12,375 | URM+1972-81+MR 1,925
URM+1962-71+LR 11,206 | URM+<1919+MR 1,873
URM+1972-81+LR 9,511 | RC+1946-1970-+MR 1,770
URM+1946-61+LR 7,605 | URM+1946-61+MR 1,492
URM+<1919+LR 6,511 | URM+1919-1945+MR 1,345
URM+1919-1945+LR | 6,208 | RC+>1980+HR 739
RC+1971-1980+LR 3,666 | RC+1946-1970+HR 543
RC-+1946-1970+LR 3,020 | RC+1971-1980+HR 382
URM+>1981+MR 2,934

assessment in Italy 1°%19! For each school and hospital building, EUCLIDE provides its exact
location, LLRS material, vulnerability class or seismic design level, and number of storeys.
These characteristics together define a unique asset typology. The locations of schools and
hospitals are shown in Figure 2. Precise locations are not available for residential buildings,
which are instead represented at the SEZ level.

Specifically, five vulnerability classes are defined for school and hospital buildings following
the classification adopted in EUCLIDE!%%191: Class A: high-vulnerability URM buildings;
Class B: medium-vulnerability URM buildings; Class C: low-vulnerability URM buildings;
Class D: RC frame buildings without earthquake-resistant design; Class E-F: RC frame
buildings with earthquake-resistant design. Such vulnerability classification is based on the
LLRS material and either the vulnerability level of masonry buildings or the seismic design
level of RC buildings. RC buildings have frames as their LLRS, whereas URM buildings
have walls as their LLRS. For URM buildings, the vulnerability level broadly reflects the
construction era and, consequently, the applicable code level !°2. High-vulnerability buildings
were most likely constructed before 1900, medium-vulnerability buildings between 1900 and
1971, and low-vulnerability buildings after 1971. Buildings within each vulnerability class are
further classified into four height classes: one storey, two storeys, three storeys, and four or
more storeys.

The bridge exposure inventory comprises 513 individually geolocated assets characterised
by EUCentre as part of the MARADONA (multi-hazard risk maps for optimal and multi-
objective intervention strategies) project. Unlike residential, school and hospital buildings,
bridges are not grouped into predefined structural typologies. Instead, each bridge is
represented using the asset-specific structural characteristics recorded in the inventory, which
are subsequently used to assign the corresponding fragility model. The road network of
Avellino province (see Figure 2) is extracted from OpenStreetMap using the Python package
OSMnx % and represented as a graph, in which nodes correspond to road intersections, and
edges represent road segments. Each bridge is linked to the nearest segment within the road
network, such that bridge disruption affects network connectivity.
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Population exposure

In addition to physical assets, we characterise the population exposure associated with them.
This comprises the residents of residential buildings, including 216,270 households and 385,681
individuals; 58,725 students attending school buildings; and the capacity of hospital buildings,
represented by 808 beds. Information on households and individuals is obtained from the
2011 Ttalian Census!® and allocated to residential building typologies at the SEZ-level in
proportion to storey-weighted building counts.

For school buildings, publicly available student enrolment data are obtained from an
official report by Regional School Office-Campania'®. These data include school type,
detailed address and number of students, and are spatially matched to the georeferenced
school-building dataset provided by EUCentre '’ to derive the spatial distribution of students.
Similarly, information on hospital beds is obtained from a report on the hospital network of
the Campania region'%”. The reported hospital type, detailed address and number of beds are
spatially linked to the georeferenced dataset of hospital buildings registered in the National
Emergency Response System as part of the EUCLIDE platform.

Seismic Hazard Modelling

We consider two deterministic earthquake scenarios with M, of 5.0 and 6.9 occurring within
Avellino Province. The more frequent M, 5.0 scenario is represented as a point source,
whereas the devastating M,, 6.9 scenario adopts the rupture geometry of the 1980 Irpinia
earthquake mainshock obtained from the Global Earthquake Impact Database!®®. The
corresponding source representations are shown in Figure 2. A scenario-based approach is
adopted because it enables effective communication of potential earthquake consequences and
supports risk-informed decision-making by non-technical policymakers, who may not have a
strong intuitive understanding of probabilistic hazard occurrences and impact metrics %%,

For each scenario, we use the Italy-specific empirical ground-motion model (GMM)
developed by Huang and Galasso!!'! to generate 1,000 realisations of spatially correlated
peak ground acceleration (PGA). PGA is simulated at the centroids of the SEZs and at the
locations of individual assets, including schools, hospitals and bridges. The Vg3q values (the
average shear wave velocity of the upper 30 m, commonly used in GMMs to account for the
seismic soil behaviour!?) are obtained from a large-scale map of Vgsg for Ttaly with a spatial
resolution of 50 x 50 m!? and assigned to each SEZ centroid and asset location.

Figure 7 shows the median PGA across the 1,000 simulated realisations, both at the SEZ
centroids of Avellino province (panels a and b) and at the locations of schools, hospitals and
bridges (panels ¢ and d), for the M, 5.0 and M, 6.9 scenarios respectively. The M, 5.0
scenario produces median PGA of roughly 0.10-0.15 g near the epicentre, decaying below
0.05 g towards the northern and western areas of the province. The PGA associated with the
M,, 6.9 scenario is four to five times more severe, reaching about 0.5 g in the SEZs overlying
the rupture and remaining above 0.15 g even in the far north-west, with the highest values
elongated along the strike of the rupture.
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Figure 7: Spatial distribution of median PGA values for the M,, 5.0 and M,, 6.9 earthquake scenarios in
Avellino Province. (a, b) Median PGA values at the centroids of census sections (SEZs) for the M,, 5.0 and
M, 6.9 scenarios, respectively. (c, d) Median PGA values at the locations of schools, hospitals, and bridges
for the M,, 5.0 and M,, 6.9 scenarios, respectively.
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Physical Infrastructure Impact

We assess physical damage to residential buildings, schools, hospitals and bridges in terms
of discrete DSs, using fragility models assigned according to building typology or derived
analytically for individual bridges. Conditioned on each PGA realisation, the most likely DS
is computed for each asset or residential typology.

Residential buildings

We characterise the physical impact on residential buildings using the fragility models
developed by Rosti et al. for representative Italian RC frame® and URM?" buildings. Each
of the 21 residential building typologies listed in Table 2 is assigned a unique set of fragility
models. The parameters defining fragility models for the RC frame and URM buildings are
reported in Rosti et al.?® and Rosti et al.?, respectively.

Following the implementation adopted in the EUCLIDE platform** and the development
of fragility models for Italian RC frame and URM buildings?%°, we consider five building DSs
of increasing severity (see Table 3): 1-slight damage, representing minor and localised damage
with little effect on building stability; 2-moderate damage, representing more widespread but
repairable damage; 3-extensive damage, representing substantial damage that considerably
impairs building safety and functionality; 4-complete damage, representing very heavy
damage involving major failure of building components and likely loss of use; and 5-collapse,
representing partial or total building collapse. For each building typology, the probabilities
of reaching or exceeding these DSs are evaluated using the corresponding fragility models
and simulated PGA values.

Table 3: Damage states defined for different types of physical assets in Avellino province.

Physical Damage states and descriptions

asset

Buildings (1) Slight damage—minor and localised damage with little effect on
building stability
(2) Moderate damage—widespread but repairable damage
(3) Extensive damage—substantial damage that considerably impairs
building safety and functionality
(4) Complete damage—very heavy damage involving major failure of
building components and likely loss of use
(5) Collapse—partial or total collapse of the building

Bridges (1) Damage—can no longer be used without retrofit interventions, al-
though it remains stable from a structural safety perspective
(2) Collapse—mno longer safe to carry the design vertical loads

School and hospital buildings

We characterise the physical impact on school and hospital buildings using the fragility models
assigned according to vulnerability class and height class. Each combination of vulnerability
class and number of storeys defines a unique typology corresponding to a predefined set of
seismic fragility models embedded within the EUCLIDE platform °*.

23



565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

Bridges

For bridges, fragility models are not assigned according to predefined structural typologies.
Instead, asset-specific bridge fragility functions are provided directly by EUCentre for each
individual bridge asset in the study area, based on detailed structural characterisation and
numerical analyses 4% These fragility functions were developed within a national framework
for large-scale seismic vulnerability assessment of Italian road bridges, in which bridge
inventories are classified according to their structural characteristics and appropriate analytical
models are adopted to derive asset-level fragility relationships. The derivation accounts for
the governing structural failure mechanisms, including failure of piers, abutments, bearings
and deck connections for girder bridges, as well as global and local collapse mechanisms for
arch bridges, while explicitly incorporating uncertainties in structural properties and seismic
demand through Monte Carlo simulation.

Following the implementation in the EUCLIDE platform'°!, two bridge DSs are considered.
The first, 1-damage, corresponds to exceedance of the Usability Limit State, at which the
bridge remains structurally stable but cannot be used without repairs, resulting in a loss of
functionality. The second, 2-collapse, corresponds to exceedance of the Collapse Limit State,
at which the bridge is no longer safe to carry the design vertical loads. For each bridge, the
probabilities of exceeding these DSs are evaluated using the bridge-specific fragility functions
and the simulated PGA values.

Mitigation Strategies

A total of 194,481 mitigation strategies are evaluated, consisting of one baseline policy
(i.e., the current, unmodified urban layout) and 194,480 compound mitigation strategies.
The mitigation strategies represent all possible combinations of upgrade levels (0%, 5%,
10%, ..., 100%) applied to four asset classes—residential buildings, bridges, schools and
hospitals—resulting in 21* = 194,481 possible configurations. A total of 80,343 residential
buildings, 493 bridges, 31 schools and one hospital (consisting of 9 individual buildings)
are identified as eligible for upgrading. Eligibility is determined on the basis of the seismic
code level associated with each asset (or residential typology), with only assets not already
designed to the highest available code level considered eligible. For each mitigation strategy,
the prescribed upgrading ratio for each asset class determines the proportion of eligible assets
to be upgraded. Because a given upgrading ratio does not uniquely identify which individual
assets receive the intervention, eligible assets are randomly selected within each asset class.
Twenty independent upgrade-allocation realisations are generated with replacement for each
mitigation strategy, each representing a potentially different selection of assets satisfying
the same prescribed upgrading ratios. The earthquake impact assessment is repeated for
each allocation realisation, and the resulting impact metrics are averaged across the 20
realisations before the mitigation strategy is evaluated in the decision-making analysis. This
procedure reduces the influence of any particular random allocation of upgraded assets on the
estimated performance of a mitigation strategy. Upgraded assets are assumed to achieve the
highest attainable seismic design standard for their respective asset class. This improvement
is represented in the analyses through alternative fragility models that reflect the reduced
physical vulnerability of upgraded assets.

For residential buildings, each eligible typology is upgraded to the most recent construction-
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era class available for the same LLRS material and height class (i.e. post-1980 for RC and
post-1981 for URM), the number of storeys and the LLRS material remaining unchanged.
For non-residential buildings (schools and hospitals), high- and medium-vulnerability URM
buildings (i.e., vulnerability classes A and B) are upgraded to low-vulnerability URM buildings
(i.e., vulnerability class C), while RC frame buildings without earthquake-resistant design
are upgraded to RC frame buildings with earthquake-resistant design. Hospital buildings
are upgraded from vulnerability class D to class E-F, with the number of storeys unchanged.
Bridges are upgraded to the strongest typology available within the existing portfolio in
Avellino.

Although upgrades are implemented as simple changes in fragility class, each upgrade
level corresponds to well-established retrofit interventions in engineering practice. For RC
buildings, common measures include column and beam jacketing (concrete or steel) to increase
strength and confinement /ductility; externally bonded Fibre Reinforced Polymer (FRP) or
Textile Reinforced Mortar (TRM) for shear and flexural strengthening; addition of RC shear
walls or infill strengthening to increase lateral stiffness; and, where feasible, base isolation or
energy-dissipation devices to reduce seismic demand '8, For URM buildings, represent-
ative interventions include improved wall-to-floor anchorage and diaphragm strengthening,
installation of ring beams or RC belts, through-bolts and steel ties to improve integrity, and
surface or internal strengthening (TRM/FRP overlays, grout injection) to increase in-plane
and out-of-plane capacity 11%1?°. For bridges, standard upgrades include bearing replacement
or retrofit, column confinement or jacketing, deck-to-substructure connection strengthening,
and installation of isolation bearings or dampers!?1122. Each class of intervention reduces
vulnerability by increasing capacity, ductility, or continuity and thereby justifies the altern-
ative fragility curves used for the higher upgrade levels. These interventions are routinely
implemented under national retrofit programmes and incentive schemes and therefore repres-
ent feasible, policy-relevant pathways from the modelled upgrade scenarios to on-the-ground
action?>62,

Social Impact

Residential building recovery

Residential building recovery time (DIM #1) is defined as the sum of building repair
time and impeding-factor (IF) delays, which capture additional recovery time arising from
administrative and financial bottlenecks and other resource constraints'?®. Using the DS
calculations, we quantify building repair time using seismic consequence models developed
for Italian archetype RC frame buildings'?*. We adopt the models for three-storey, low-code
buildings—constructed before the introduction of modern seismic design codes in Italy—as
these most closely represent the majority of the residential building portfolio in Avellino
province. The corresponding repair-time distributions (expressed as ratios of the replacement
time) are obtained from Aljawhari et al.'?*. We assume a replacement time of 198 days,
consistent with observations from contractors following the 2009 L’Aquila earthquake!?5.
IF delays are sampled from modified lognormal distributions obtained from Tool for
Recovery Estimation And Downtime Simulation!*® and empirically calibrated using recovery
data from the 2009 L’Aquila earthquake!?>. The resulting Italy-specific distributions of the
individual earthquake IF delays are provided in the Supplementary Information. Recall
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that for each PGA realisation, one most likely DS is computed for each residential building
typology. Conditional on this DS, 100 samples of building repair time and each individual
IF delay are generated, producing 100 recovery-time samples for each SEZ, PGA realisation
and residential building typology. Each sampled recovery time is then multiplied by the
number of residential buildings belonging to the corresponding typology within the SEZ.
These values are aggregated across the SEZs within each municipality to obtain the total and
mean recovery times for residential buildings at the municipality level.

Bridge damage

Bridge DS (DIM #2) estimates are obtained directly from the Physical Infrastructure
Impact assessment and aggregated across bridges within each municipality to calculate the
corresponding total and mean values.

Shelter needs and population displacement

We characterise the peak population requiring immediate shelter assistance during the first
month (DIM #3) and the population experiencing protracted displacement lasting over
six months (DIM #4), following Paul et al.'*’. For each damage realisation, H denotes
the expected number of residents rendered homeless within the municipality, calculated by
aggregating the population associated with residential buildings reaching a mean DS > 3
(i.e., extensive damage or worse). The number of sheltered people, Ny, is estimated as

In (Ngp) = o+ c1h”* + col(h > 5.7) + c31(I > 0.7) + ¢4 1(P > 0.06) + c51(A > 0.67), (8)
whereas the number of people experiencing protracted displacement, Ny, is estimated as
In (Npe) = o + c1h™ 4+ coP* + c3(hP)*, 9)

where h = In(H). Here, I is the national income index, a subcomponent of the Human
Development Index describing a country’s level of development!?®; P is the national Palma
ratio, a measure of income inequality '?; A is the national age dependency ratio, taken from
the World Bank World Development Indicators'®’; and 1(-) is an indicator function equal to
one when the stated condition is satisfied and zero otherwise.

The starred quantities in Equations 8 and 9 denote predictors truncated to the bounds
which reflect the range of the data on which the underlying regressions were trained: h* =
min (h, 14.62), P* = min (max (P, 0.02), 0.15), and (hP)* = min (max (hP, 0.09), 1.30).
Both models are assigned Ng, = Np, = 0 below the lower bound on £, that is, whenever
h < 4.45 (H < 86 residents).

We adopt Italy-specific values of I = 0.941, P = 0.038, and A = 0.58, which are held
constant across the study area, together with the coefficient estimates from Paul et al. 27,
Specifically, the coefficients for sheltered displacement are ¢o = —2.264, ¢; = 0.839, ¢y = 2.898,
cg = 0.623, ¢y, = —1.068, and ¢5 = 1.120, whereas those for protracted displacement are
co = —10.331, ¢ = 1.881, ¢y = 133.317, and c3 = —13.998. The models are reported with
pooled held-out residual standard deviations in log space of oy, = 1.642 and o, = 1.808.
Because the present study compares mitigation policies rather than forecasting absolute
displacement, we evaluate both models at their median prediction and do not propagate
this residual uncertainty; displacement estimates are therefore a deterministic function of
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H, and differences between policies reflect changes in damage alone. The equations are
applied independently to each municipality using its corresponding value of H. The resulting
municipality-level population estimates are divided by the corresponding total municipal
populations to derive mean impacts, expressed as percentages of the population.

Students’ loss of access to schools

We characterise the number of students losing access to in-person education (DIM #5) by
combining school-level DS estimates with student enrolment data. For each municipality, we
aggregate the enrolment of schools reaching a mean DS > 2 (i.e., moderate damage or worse).
The resulting municipality-level counts of affected students are divided by the corresponding
total student enrolment to derive mean impacts, expressed as percentages of students affected.

Impact on healthcare accessibility

DIM #6 quantifies the reduction in municipality-level healthcare accessibility caused by
earthquake-induced disruptions to the transportation network and earthquake-induced damage
to hospitals. We do not model injuries or casualties. Instead, we evaluate the extent
to which the general population can continue to reach functioning hospitals following an
earthquake. This deliberate scope emphasises inequities in geographic access, recognising
that differences in travel times/distances and the number of reachable facilities can reveal
spatially underserved populations and inform targeted infrastructure investment!®'. The
municipal centroids and hospital locations are assigned to their nearest nodes in the road
network of Avellino province, and the shortest paths are calculated between each pair of
centroids and hospitals using the Dijkstra algorithm 32133, Post-earthquake accessibility
is degraded through two mechanisms. First, bridges expected to experience damage (i.e.,
mean DS > 1) are assumed to become non-functional, and the corresponding edges are
removed from the network to simulate post-earthquake conditions; a hospital is considered
unreachable only if all possible routes (i.e., edges) connecting a municipality to that hospital
are disrupted due to bridge damage. Second, hospitals expected to experience at least
slight damage are treated as non-functional (i.e., mean DS > 1, reduced from 2 for school
and residential buildings to reflect that hospital can be rendered non-operational due to
slight, non-structural damage to the utilities and equipment **) and removed from the set
of available healthcare destinations, i.e., their capacity is excluded from the accessibility
computation. The shortest-path distances are then recomputed on the modified network
and used within a Floating Catchment Area (FCA) approach to calculate a municipal-level
healthcare accessibility index, following Wan et al.'3°, McGrail and Humphreys '*°, Shang
et al.’3". The FCA method is a spatial accessibility approach that quantifies access to
services by simultaneously accounting for service capacity (i.e., the number of hospital beds),
population demand (i.e., the population potentially served) and travel distance between the
municipal centroids and hospitals. The drop in accessibility for each municipality is defined
as the difference between the pre-earthquake accessibility index and the post-earthquake
accessibility index. Since this DIM focuses only on reductions in accessibility, positive changes
(i.e., an increased accessibility after the earthquake) are capped at zero. The accessibility
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index A; for municipality j is defined as:

FS Snf (djn) (10)

he{dj7h,§d0} qu{dq,hgdo} qu(dQ7h)

where D, is the population of demand municipality ¢ satistying d,, < do, d;, is the distance
between municipality j and hospital h, and d is the threshold travel distance representing
the maximum distance people are willing to travel to access healthcare services. .S;, denotes
the capacity of hospital h (measured by the number of hospital beds), and f(d;) is a
distance-decay function that weights supply and demand to reflect the decreasing likelihood
that people will access hospitals located farther away. In the post-earthquake computation,
Sh is set to zero for non-functional hospitals, while the pre-earthquake index is computed on
the intact network with all hospitals at full capacity. In this study, we adopt dy = 104 km,
corresponding to the maximum distance between any municipality and hospital within the
study area. We adopt a multiple discrete distance-decay function consistent with Shang et
al.’" and Luo et al.’®. The distance-decay function f(d;;) is defined as:

(1.00 if d; < 0.2 x dy

0.80 if0.2xdy<dj,<04xd

f(din) =055 if 0.4 x dy < dj;, < 0.8 x dy (11)
0.15 if 0.8 x dy < dj, < do

0 ifd, > do
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