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Sustainability and resilience expectations for infrastructure are escalating faster than the regulatory
frameworks meant to deliver them. This mismatch is most acute for ageing critical infrastructure. Yet,
adaptation decisions remain fragmented because resilience and sustainability operate on
fundamentally different temporal domains: resilience captures short-term recovery dynamics and
service continuity. Instead, sustainability evaluates long-term impacts across their life cycle. Here, we
depart from this temporally disjoined approach. Instead of analysing trade-offs between resilience and
sustainability metrics separately, we introduce a unified decision-oriented framework that integrates
short-term recovery dynamics, representing resilience, with long-term life-cycle performance,
expressing sustainability, within a common optimisation structure that links these temporal
dimensions. We formulate resilience as a recovery-based variable linked to retrofitimplementation and
integrate it with Life Cycle Assessment (LCA), Life Cycle Cost (LCC), and multi-criteria decision
analysis (MCDA) to support infrastructure decision-making across the life cycle. To the best of our
knowledge, existing decision frameworks have not explicitly integrated resilience and sustainability
across these temporal domains within a unified optimisation framework. Applied to alandmark ageing
bridge, the framework evaluates six adaptation strategies under competing resilience, cost, carbon,
and longevity objectives. Our results show that system level transformation with limited structural
intervention can outperform conventional strategies, achieving stronger tradeoffs across resilience,
environmental impact, cost, and service life extension. These findings provide actionable evidence for
extending the lifespan of ageing infrastructure, while reducing environmental footprints. Thus, they
offer a scalable pathway for aligning infrastructure adaptation with sustainability and resilience
objectives under real-world constraints.

The progressive ageing of transport infrastructure poses urgent challenges
for engineering, asset management, and policymaking, with populations
becoming increasingly vulnerable to breakdowns in key systems due to the
climate crisis and rapid urban growth'. In Europe, much of the bridge stock
was constructed between the 1950s and the 1980s, and is now operating
beyond its original design life, often under service conditions markedly
different from those anticipated at the time of design and construction'™.
Accelerating drivers of deterioration include long-term material

degradation, increasing traffic loads, and the increasing frequency and
intensity of climate-related hazards**.

Recent devastating failures have underscored the magnitude of these
risks. For example, the collapse of the Francis Scott Key Bridge in Baltimore
(2024) resulted in economic losses amounting to billions of USD due to port
closures and insurance claims™. The tragic collapse of the deteriorated
Polcevera Viaduct, also known as the Morandi Bridge, in Genoa led to 43
fatalities and severe disruption of the transport network™".
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Recent literature has developed frameworks that link resilience and
sustainability in infrastructure management. For example, the integrated
sustainability and resilience assessment model by Roostaie et al. demon-
strates the joint evaluation of hazard resistance and life cycle environmental
performance''. Mitoulis et al. introduced sustained resilience as a unifying
property that transcends conventional resilience and sustainability, cap-
turing the capacity of the built environment and cities to accumulate, adapt
and evolve through successive cycles of disruption and change while sus-
taining function throughout their life cycle'*". Subsequent studies have
further expanded this integration by considering both static and dynamic
aspects of resilience'’ and developing resource-aware probabilistic frame-
works for climate-resilient networks and decision-making'*. On a global
scale, Wiedenhofer et al.”’ quantified the material stocks, flows, and
embodied greenhouse gas emissions associated with mobility infrastructure,
underscoring the importance of life cycle carbon accounting in infra-
structure renewal'’.

Specific integrated decision-making frameworks have also been
developed, particularly within the sustainability domain, for example, for
bridge retrofit and post-event repair selection'’, and within the structural
resilience domain, where life cycle performance, reliability, cost, and
recovery are incorporated into infrastructure decision processes'*"”. These
studies provide important methodological foundations, but differ from the
present formulation in their decision context and treatment of resilience.
Bocchini and Frangopol focused on post-disaster restoration and resource
allocation in bridge networks following acute hazard events, while Dong and
Frangopol developed performance-based resilience and sustainability for-
mulations centered on hazard-induced damage, fragility, and life cycle
structural performance. Tapia and Padgett' integrated sustainability con-
siderations into bridge retrofit and post-event repair selection, but within a
hazard-related damage and loss framework.

In contrast, the present study addresses retrofit planning under pro-
gressive deterioration, where resilience is formulated as an implementation-
dependent recovery variable associated with intervention sequencing, ser-
vice continuity, and operational recovery, and is jointly evaluated with life
cycle environmental impact, cost, and expected service life. Within this
broader context, prestressed and post-tensioned concrete bridges present
particular vulnerabilities. Once celebrated for their efficiency and slender
aesthetics, these structures are susceptible to creep, shrinkage, prestress
losses, and tendon corrosion can progressively impair stiffness and load-
carrying capacity”’. Traditional inspection approaches, visual or intrusive,
struggle to support continuous, network-scale management of these issues’".
This has driven the adoption of non-invasive, resilience-oriented assess-
ment methodologies, including data-intelligence driven methods for
damage diagnosis and performance prediction™, 3D laser scanning and
CNNs for structural integrity evaluation of aging steel bridges™, high-
resolution remote sensing (drone photogrammetry, terrestrial laser scan-
ning), probabilistic finite-element modeling and multi-criteria decision
analysis for retrofit evaluation®**°. Advances in low-carbon and resilient
construction materials offer new strengthening options”, while evidence
from building sectors shows that reuse, recycling and circularity indicators
can substantially reduce environmental impacts when embedded in design
and procurement and retrofit alternatives for adaptation™".

Despite major advances in assessment tools, a fundamental gap per-
sists: practical decision frameworks rarely integrate scenario-based recovery
trajectories, ISO-compliant life cycle assessment (LCA) and life cycle cost
(LCC), and expert-informed multi-criteria decision analysis within a single
methodological concept. Existing integrated decision-making frameworks
are generally formulated either within hazard-driven or performance-based
contexts, where resilience is derived from probabilistic damage and recovery
models, or within sustainability-oriented approaches focused on life cycle
environmental and economic indicators. As a result, adaptation decisions
remain poorly aligned with low-carbon objectives, including material effi-
ciency, waste minimization, reduced embodied emissions, and resilience
gains that limit service disruption. In most cases, resilience is still treated as
an outcome of hazard response rather than as a recovery-based decision

variable that could be threat-agnostic. Thus, it is explicitly linked to inter-
vention implementation processes and operational recovery trajectories.

The need for integrated resilience and sustainability decision frame-
works has also been recognized in the literature and in international policy
agendas. Ayyub®>”, for instance, emphasizes that understanding the rela-
tionship between resilience and sustainability is essential for effective and
cost-efficient infrastructure decision making, while also highlighting the
multidimensional nature of their quantification. More recently, Sdnchez
Silva et al.” highlighted that resilience and sustainability may involve con-
flicting objectives across different temporal and decision domains, and
emphasized the importance of systems thinking, multicriteria life cycle
evaluation, and integrated decision making for evolving infrastructure
systems. Similar priorities are reflected in international governance frame-
works, which increasingly advocate the joint consideration of resilience,
sustainability, and economic performance in infrastructure planning and
adaptation®™”’,

Resilience and sustainability operate across different temporal
domains®. Resilience captures short-term recovery dynamics and service
continuity, while sustainability evaluates long-term impacts across the life
cycle. In practical retrofit decision making, however, these dimensions are
inherently interconnected. Strategies that minimize recovery time may not
minimize environmental impacts or maximize service life, while interven-
tions that optimize long-term durability may require prolonged closures
and increased short-term disruption. The proposed framework addresses
this gap by enabling the joint evaluation of recovery performance, envir-
onmental impact, cost, and expected service life within the same decision
process.

We introduce an integrated resilience and sustainability decision
methodology and apply it to six retrofit and adaptation scenarios for the
Polyfytos Bridge in Western Macedonia, Greece, a landmark balanced
cantilever bridge experiencing tendon corrosion and severe serviceability
degradation®*® cycle costs, and service impacts, enabling context-sensi-
tive, low-carbon retrofit choices. This approach provides a scalable,
evidence-based foundation for prioritizing retrofit and renewal strategies
across ageing bridge networks in Europe and beyond. Hence, the main
contribution is the unified, decision-oriented framework in which resilience
is formulated as a recovery-based decision variable associated with retrofit
implementation and explicitly linked to life cycle environmental and eco-
nomic performance through LCA and LCC within a consistent decision
structure.

Methods

Reframing recovery, sustainability, and costs into unified
decisions

The methodology (Fig. 1) establishes a unified, decision-oriented frame-
work integrating structural performance, recovery dynamics, life-cycle
environmental impacts, economic costs, and expected service life for retrofit
and adaptation planning. Its main contribution lies in formulating resilience
as an implementation-dependent recovery variable and explicitly coupling
recovery-oriented resilience modeling with life-cycle environmental and
economic assessment within a consistent comparative structure. While the
individual components build on established resilience, LCA, LCC, and
MCDA approaches, their integration enables retrofit and adaptation sce-
narios to be evaluated jointly in terms of recovery trajectories during
implementation, environmental and economic performance, and long-term
durability, rather than solely through structural performance or hazard
response.

For the case study examined here, a detailed structural assessment has
been established in prior work’”, using SAR interferometry, high-
resolution photogrammetry, terrestrial laser scanning, and forensic inves-
tigations, providing quantitative evidence of deformation, cracking, and
material degradation. Expert judgement was further elicited through a
structured questionnaire capturing feasible intervention options, opera-
tional continuity requirements, procedural timings, and logistical con-
straints, with inputs provided as numerical estimates, categorical responses,
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Fig. 1 | Decision-oriented framework for bridge adaptation under uncertainty.
Presents an integrated six-step methodology linking structural diagnostics, expert-
informed recovery modeling, sustainability assessment, and policy-sensitive deci-
sion optimization for ageing bridges. Governance inputs include operational con-
tinuity and recovery targets, environmental and sustainability priorities, and budget
and economic constraints. Step 1 integrates structural assessment and diagnostics
using remote sensing, non-destructive testing, inspection records, and numerical
modeling to identify deterioration and damage states. Step 2 applies structured
expert elicitation to define intervention and recovery parameters, including
restoration strategies, implementation sequencing, intervention durations, opera-
tional continuity during works, and expected service life. Step 3 defines retrofit and
adaptation scenarios, spanning repair, strengthening, and replacement strategies,
while accounting for material assumptions, intervention extent, and

implementation constraints. Step 4 represents the integrated assessment and
modeling core. Recovery-oriented resilience modeling, i.e., hazard-agnostic, evalu-
ates functionality-time recovery curves and derives resilience indices from expert-
informed descriptors (minimum, quartiles, median, and maximum) relative to a
control time representing acceptable recovery targets. Environmental and economic
performance are quantified through LCA and LCC, including environmental
indicators, such as global warming potential (GWP), abiotic depletion potential-
fossil fuels (ADPF), water depletion potential (WDP), and direct, indirect, repla-
cement, and end-of-life costs. Expected service life is evaluated through durability
and long-term operational functionality assumptions. Step 5 integrates all criteria
through policy-sensitive multi-criteria decision analysis (MCDA), while Step 6
ranks retrofit scenarios and supports retrofit prioritization®°".

free-text commentary, sketches, and supporting files. This combined evi-
dence base supports the definition of retrofit and adaptation strategies
spanning repair and replacement solutions with varying levels of inter-
vention extent and system transformation. Resilience performance is
quantified by modeling functionality-time recovery trajectories for each
scenario, capturing recovery duration and service continuity under uncer-
tainty. Environmental and economic performance is evaluated through
LCA and LCC analysis, enabling consistent comparison of embodied
impacts, resource use, and long-term costs. All indicators are subsequently
weighted and aggregated using multi-criteria decision analysis, with explicit
weighting and sensitivity analysis used to explore trade-offs between resi-
lience, sustainability, cost, and service life and to identify preferred retrofit
strategies under differing decision priorities. The following subsections
formalize the theoretical and methodological components underpinning
this unified approach.

Infrastructure assessment, retrofit, and adaptation strategies

The assessment combines accurate appraisal of the physical condition with
the bridge’s functional role in the transport network, projected service life,
feasibility of available technologies and cost-benefit considerations®.
Environmental objectives (e.g., minimizing material waste and embodied
carbon and avoiding environmental harm) are incorporated as explicit
decision criteria'’. Within the scope of the case study bridge described in the

Supplementary Note 1, six retrofit strategies were considered. They repre-
sent a broad spectrum of intervention approaches for ageing bridge decks,
ranging from localized strengthening measures to partial and full deck
replacement. The scenarios differ in terms of structural intervention extent,
constructability, expected recovery profiles, environmental impact, and
service life, and reflect realistic alternatives available to infrastructure
owners. Figure 2 provides a schematic overview of the retrofit strategies
analyzed.

The six retrofit strategies are summarized as follows. A detailed com-
parison of intervention type, Gerber joint treatment, external prestressing,
traffic disruption, and degree of system transformation is provided in
Supplementary Table 1.

* Scenario #1 is a hybrid repair strategy that preserves the cantilever
beams, replaces the Gerber-type members with steel beams, and
introduces external prestressing.

* Scenario #2 is a structural transformation strategy based on stay cable
augmentation and partial replacement, aimed at redistributing forces
and increasing redundancy.

* Scenario #3 is a preservation oriented external prestressing solution
that retains the existing cantilevers and Gerber beams while rehabili-
tating slabs and half joints.
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Fig. 2 | Retrofit scenarios for the defected part of the bridge deck. It is proposed
that the balanced cantilever part of the deck can be retrofitted by: a Scenario #1 -
hybrid intervention with preservation of cantilever beams, replacement of simply
supported members with steel beams, and application of external prestressing.

b Scenario #2 - stay cable augmentation with new pylons and stays anchored to the
main piers to redistribute forces and increase structural redundancy. ¢ Scenario #3 -
external prestressing solution retaining cantilevers and simply supported beams

(f)

with rehabilitation of slabs and half joints. d Scenario #4 - full replacement with a
conventional prestressed concrete deck replicating the original static scheme with
improved durability. e Scenario #5 - full replacement with a steel-concrete com-
posite deck to reduce self-weight and accelerate construction. f Scenario #6 - full
replacement with a prefabricated modular deck using dry joints for rapid installation
and future reparability.

* Scenario #4 is a full replacement strategy with a conventional pre-
stressed concrete deck, replicating the original static scheme with
improved durability.

* Scenario #5 is a full replacement strategy with a steel concrete com-
posite deck, aimed at reducing self-weight and facilitating construction.

* Scenario #6 is a prefabricated modular deck replacement using dry
joints, aimed at rapid installation and future reparability.

While the paper focuses on the comparative assessment of these sce-
narios in terms of resilience, sustainability, and cost, detailed descriptions of
the structural configuration, damage states addressed, and implementation
constraints for the case study bridge are provided in Supplementary Note 1.

The evaluation of the alternative retrofit strategies was based on a
global questionnaire administered between 2024 and 2025 gathered expert
judgement from seven senior bridge specialists (practitioners and academics
across six countries) on restoration strategies. For landmark infrastructure
systems undergoing highly specialized retrofit interventions, empirical
recovery datasets are rarely available, making expert elicitation essential for
constructing realistic functionality-time recovery trajectories under
uncertainty.

More than 50 experts were invited internationally, and seven com-
pleted responses were retained for analysis based on seniority (more than 10
years of relevant experience in bridge strengthening) and completeness. The
elicited values should therefore be interpreted as expert judgement sup-
porting comparative methodological evaluation and decision-making

under uncertainties, rather than as statistically representative population-
level estimates, consistently with structured expert elicitation approaches
reported in the literature*' ™.

The structured expert elicitation combined quantitative estimates and
qualitative inputs covering alternative intervention options, preparatory
planning durations, demolition scope, operational continuity during works,
task execution times, post-intervention administrative delays, and expected
service life. Participants received a dedicated briefing package prior to
completion; participation was voluntary and anonymized. The number of
responses was deemed adequate given the depth of the questionnaire, which
prioritized context-specific input from highly experienced experts rather
than large response volumes, consistent with best practice in expert elici-
tation studies*. The elicited information was used to parameterize recovery
profiles, uncertainty ranges, and operational constraints adopted in the
resilience, life cycle, and decision analyses presented in the Results section.
Full details of the questionnaire are provided in Supplementary Note 2.

Hence, the elicitation exercise was designed as a structured expert
consultation process rather than a conventional survey aimed at statistical
inference. The objective was to obtain high-quality, context-specific esti-
mates of recovery trajectories, implementation durations, and operational
constraints for a landmark ageing bridge system for which empirical
recovery datasets are limited. The exercise required substantial technical
engagement and interdisciplinary expertise in bridge assessment, retrofit
engineering, resilience analysis, and life-cycle evaluation. Consequently,
expert relevance and depth of input were prioritized over sample size.
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Expert elicitation informed the definition of retrofit options, recovery
durations, operational continuity assumptions, implementation sequen-
cing, and expected service life. It did not define material quantities, envir-
onmental characterization factors, or unit cost data, which were derived
from engineering inventories, environmental datasets, and cost sources.
Accordingly, expert judgement affects the resilience trajectories and service-
life criterion, while LCA and LCC values are calculated from the inventory
and cost model described below.

Fit-for-purpose resilience assessment

Resilience is interpreted within a decision-oriented adaptation framework
associated with progressive deterioration and planned retrofit imple-
mentation, rather than within a hazard-driven fragility-based framework.
Thus, the objective is to evaluate recovery and service continuity under
alternative intervention strategies, rather than probabilistic damage evolu-
tion resulting from external hazards.

According to a general approach, resilience is herein modeled as a
performance metric to express the ability of infrastructure to recover their
functionality following disturbances within a specified control period. As
per Bruneau et al.”, resilience R is as:

l TO+TL(3
R=—
TicJr,

Q(r)dt 1)

where Q(#) is the normalized functionality (0-1); T marks the start of the
retrofit process, including administrative phases, such as design, permitting,
and procurement; T ¢ is the control time, i.e., the duration over which the
recovery trajectory is evaluated, measured from Ty; T;c represents the
maximum acceptable time for the complete restoration of the bridge’s
functionality level and is selected based on strategic, operational, and societal
requirements™. In setting T;c, the strategic role of the bridge within the
transport network and the degree of network redundancy are considered by
the owner/operator. Based on these considerations, restoration objectives,
recovery targets, and implementation guidance are established” ™", typically
aligned with empirical benchmarks from similar restoration projects and
practical feasibility constraints, such as procurement lead times and con-
structability limits. The recovery time Trg is treated as an uncertain expert
elicited variable, reflecting variation in intervention duration, administrative
delays, and operational continuity assumptions. Variation is represented
through descriptive recovery conditions derived from the elicitation,
namely, minimum, first quartile, median, third quartile, and maximum
values. While resilience targets aim to achieve Trg < Ty, in practice, Trg
may exceed T ¢ under adverse conditions. In such cases, the functionality-
time curve is truncated at T}, such that Q(T;¢) < 1. This ensures that the
resilience integral remains well-defined over the fixed control horizon T,
Tc and reflects incomplete recovery within the acceptable time window.
Scenarios with Trg> Ty are therefore considered non-compliant with
resilience targets”’ ™.

The proposed framework considers functionality-time trajectories,
derived from intervention sequencing, operational continuity assumptions,
implementation constraints, and expert-informed recovery estimates,
reflecting realistic retrofit conditions for the analyzed bridge system. For the
resilience assessment, uncertainty originates from the expert elicited esti-
mates of intervention duration, administrative delays, and operational
continuity assumptions used to construct the functionality time trajectories.
In practice, the selection of a reference control time requires balancing
strategic importance, network redundancy, societal impacts of service
disruption™, and realistic implementation constraints. Prolonged closures
of critical infrastructure assets can result in substantial detours, economic
losses, and social disruption. Empirical evidence indicates that complex
interventions on major bridges typically span on the order of 2-3 years, even
when expedited. Representative cases include the Ponte San Giorgio
(Genoa, Italy), where demolition, design and reconstruction were com-
pleted in 24-30 months; the West Seattle Bridge (USA), rehabilitated
between March 2020 and September 2022 (~30 months); and the Arlington

Memorial Bridge (Washington, DC, USA), whose major rehabilitation
required approximately 30 months. To complement the resilience metric, a
compliance ratio defined as P(Tre < Tic) is introduced to quantify the
possibility that a given intervention satisfies the recovery-time constraint
under uncertainty. To assess the robustness of ranking outcomes under
alternative recovery-policy assumptions, supplementary sensitivity analyses
considering control times of 24 and 36 months were additionally performed.

Integration of sustainability

LCA and LCC analyses are used to quantify the environmental and eco-
nomic performance of infrastructure restoration strategies over their entire
life cycle. Since the assessment is conducted at the asset level and all pro-
posed options are designed to restore the bridge to full operational capacity,
the selected functional unit is one kilometer of bridge length. The selected
unit allows for comparability of scenarios and scalability of costs and
impacts for other case studies. Intervention scenarios may not be func-
tionally equivalent in terms of durability and service life. However, they are
designed with at least 50 years’ service life. Performance differences are
accounted in this study through explicit multi-criteria integration, rather
than by assuming functional equivalence. The system boundaries of the
analysis encompass the demolition and waste processing of damaged bridge
components (in this study called C1-C4_old), raw material extraction and
rnanufacturing, transportation, construction and installation processes (A1-
13), elements replacement (B4) and end-of-life stages of newly installed
elements (C1-C4_new), following standards specific for construction works
(EN 15804 and EN 15643°*”). The environmental impacts caused by
maintenance (Module B2) are disregarded, as they are deemed to be neg-
ligible and similar across the designed interventions. Consequently, they do
not influence the ultimate decision-making process.

Impacts are assessed considering 50 years’ observation time. The sum
of these contributions provides the total life cycle environmental impact
associated with each intervention strategy. Environmental impact categories
considered typically include global warming potential, water use, fossil
resource use, and mineral and metal resource depletion, as defined in EN
15804+A2*. Data sources may include environmental product declara-
tions, generic life cycle inventory databases, and context-appropriate cost
datasets, selected to ensure consistency and transparency of the assessment.
Because of a lack of context-consistent data, it was not possible to perform a
formal uncertainty analysis. Therefore, LCA and LCC are here performed
with a deterministic approach. For LCC, temporal variabilities are con-
sidered. Specifically, costs have been adjusted to ensure temporal con-
sistency over the observation time of the analysis using an appropriate
inflation rate (2.8%). Moreover, to bring future nominal cash flows back to
present value (PV), we have formally introduced a real discount rate of 4.0%.
This specific rate represents the standard macroeconomic benchmark
recommended by the European Commission’s Cost-Benefit Analysis
(CBA) guidelines for public infrastructure, civil engineering, and environ-
mental projects. As a result, the equation providing the present value for
LCC is the following:

(1+ey

PV()/) = Cnomm

)

where C,,,,, is the nominal cost (according to price statistics from the Greek
construction costs’ catalogue), e is the inflation rate and r is the real
discount rate.

LCC analyses incorporate both direct and indirect economic compo-
nents. LCC accounts for initial investment, maintenance, operational
expenditures over 50 years’ observation time, end-of-life costs. Differently
from LCA, the scope of the LCC analysis has been extended. In addition to
the direct costs associated with the interventions and their life cycle, cost
analyses encompass indirect user costs that are precipitated by factors such
as traffic disruptions and detours. Similarly to LCA, costs associated with
maintenance are excluded on the basis that the activities in question are
executed in a consistent manner across all the scenarios that have been
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designed. A bill of materials is compiled for each intervention scenario to
parameterize material production and end-of-life stages. Information on
raw material extraction, manufacturing, and end-of-life options is obtained
from manufacturers or established databases. Where multiple end-of-life
scenarios are available, conservative assumptions are adopted to avoid
underestimation of environmental impacts. Environmental impacts asso-
ciated with material production and end-of-life stages are calculated as:

1—-A3
El gy _ a3 = me Qo EI-mat, C3 — C4 3)

C3—-C4

where EI 4 _ 45 is the impact or cost of A1-A3 or C3-C4 stages; Q,,,q, is

C3—-C4
the quantity estimated of a specific construction material (mat). The
quantity is expressed in the declared unit (du) of the environmental
dataset. EI 41 _ 43 is the embodied impact/cost of the construction

" C3 - 4
material, expressed in kg emission eq. or cost per declared unit.

Each intervention is associated with a specific on-site fabrication (A5
module). Information was collected for each fabrication regarding the
machinery used, its power and how long it was used. This enables the
estimation of the electrical energy consumed by each machine to be cal-
culated:

IAS = E Qmac Ielec (4)

mac

Qmac = Pmac Tmac CJ( (5)

wherel 45 is the impact of A5 stage; Q,,,. is the energy consumed by a
specific machine (mac) in kWh; I, 45 is the impact of the electricity (energy
mix, country average), in kg emissions eq. or cost per kWh; P, .. is the
machine power; T,,,. is the usage time of the machine; ¢f is a correction
factor (0.8) to consider that the machine does not work at its full power for
the whole usage time. This formula is used only for LCA analysis. In fact, for
LCC, the used cost data merges material and construction expenditures into
one value.

Impacts due to elements replacement (B4) are calculated as by adding
the impact of end-of-life of replaced material and elementsI-;_, and
impact of replacing elements I,;_,;. In this study, it is assumed that the
replaced and replacing materials and elements do not change over the 50
years’ period. For instance, when the asphalt layer must be replaced, this will
occur by demolishing the old asphalt layer and replacing this with the same
type of asphalt.

Costs of B4 are adjusted considering an inflation rate of 2.8% and a real
discount rate of 4.0%.

Impacts due to demolition (C1) I, are calculated similarly to A5, by
considering energy consumption and the impact of the energy mix:

ICI = Z Qmac Ielec (6)

mac

Impact I, for C2, waste transport, is calculated considering the dis-
tance (D,, in km) and impact per km I,,.. This value is multiplied by the
number of trucks required. This is equivalent to the demolition material
quantity Qg,,, (expressed in f) divided by the nominal payload (mass)
capacity of a standard heavy-goods vehicle, assumed as 44 t.

ICZ = (Qzﬁim) ZDW Itr (7)

tr

End-of-life costs are also adjusted in order to evaluate future value with
an inflation rate of 2.8% and a real discount rate of 4.0%.

After calculating each life cycle contribution, the total direct impacts
areassessed and divided by 1.37 km (bridge length, chosen as functional unit
for LCA and LCC analyses):

I Lyt Ls It I+ I+ I o )
LCdir — 1.37

Indirect costs due to the traffic detour are calculated as the product of
the total distance of each mean of transportation (Dgetour.tr)> €xpressed in
kilometer and the cost of a kilometer traveled I, of each mean of trans-
portation. All contributions of each mean of transportation tr are finally
summed to derive the total indirect costs I;,q

Iind = ; Ddetour,tr Itr (9)

The resulting LCA and LCC indicators provide comparable metrics
that can be integrated with resilience and structural performance measures
within the MCDA. For the case study, indirect user costs were estimated
using approximate traffic-demand and detour assumptions representative
of local operating conditions. Average daily traffic was approximated as
10,000 vehicles per day based on local population and traffic characteristics
of the nearby urban centers (Servia and Kozani), assuming traffic demand
corresponding to approximately 15% of the combined population. The
detour associated with the bridge closure was estimated as an additional
travel distance of approximately 25 km based on route mapping using open
sources. These estimates are intended to provide comparative planning-
level indicators of disruption costs rather than detailed traffic-engineering
forecasts. Since identical traffic-demand and detour assumptions were
adopted across all retrofit scenarios, these parameters do not affect the
relative ranking trends within the MCDA framework.

Multi-criteria decision analysis and optimization

MCDA is adopted to support the systematic comparison and ranking of
alternative intervention strategies characterized by multiple, potentially
conflicting objectives. Each adaptation solution i € S, among the analyzed
set S, is characterized by the following key dimensions:

(A) Resilience R; € [0, 1], derived from the functionality-time curves
and the structured expert elicitation. Resilience combines central tendency
and upper-tail performance to capture both typical outcomes and robust-
ness to implementation delays. Specifically, the median (Q2) of the
functionality-recovery variability is used as the primary resilience indicator,
representing the most likely restoration trajectory and is robust to outliers.
The upper quartile (Q3) is incorporated as a secondary indicator to reflect
near-worst-case delays and the propensity of a strategy to exceed the
reference control time; options with large Q3 values are therefore penalized
relative to alternatives with narrower dispersion. The median-based and
upper-tail-based indicators are normalized and combined into a single
resilience score using explicit weights (with greater emphasis typically
assigned to the median), thereby balancing expected performance, robust-
ness to adverse delays, and protection against unacceptable worst-case
outcomes.

The mean and standard deviation of elicited responses are reported
only as descriptive indicators of variation across expert judgements. They
are not used to fit a probability distribution or to perform probabilistic
propagation through the MCDA. For the baseline decision model, the
median recovery trajectory represents central recovery behavior, while the
upper quartile represents adverse recovery conditions.

(B) Life cycle cost LCC; [EUR/km of bridge, aggregated index]. LCC
incorporates both direct intervention expenditures and indirect user costs
(e.g., detour-related travel time and vehicle operating costs). These two
components are combined into a single LCC score. Component weights
may be specified to reflect empirical estimates or stakeholder preferences.

(C) Life cycle assessment impact LCA; [impact units, aggregated index].
Environmental performance is represented by an aggregated LCA index
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constructed as a weighted sum of relevant impact categories selected to
capture climate, resource depletion and water footprint. The present study
includes, at a minimum, the following: global warming potential (GWP, kg
CO,-eq/km), abiotic depletion potential-minerals & metals (ADP minerals,
or ADPM kg Sb-eq/km), abiotic depletion potential-fossil fuels (ADP fossil,
or ADPF MJ/km), and water depletion potential (WDP, m” freshwater/km).
Each category is weighted and assigned a policy-driven weight coefficient
(w;), explicitly reported and justified, and the aggregated LCA; is then
computed as a sum of all the categories, enabling tradeoff analysis and
sensitivity testing of weighting choices. The weighting factors of this study
are based on the environmental damage and planetary boundaries, the
importance of impact categories in current policies and the underlying
impact categories’ uncertainties. Weighting factors do not strictly depend on
the scope of the assessment™,

(D) Expected service life L; [years]. The remaining service life for each
intervention is elicited from domain experts using structured protocols and
represented as a central estimate with an associated uncertainty range.
Service life estimates may be obtained from expert elicitation, historical
performance, or engineering judgement, depending on data availability.

Next, min-max normalization is applied to rescale all variables onto a
common [0, 1] range, ensuring consistent comparison across criteria with
different units and magnitudes and enabling the construction of a composite
index, as per Eq. 10:

o X; —min X

i

(10)

" max X — min X

where X; is normalized value of criteria X (C,, for cost criteria, E; for
environmental criteria, Iii for resilience criteria, I:i for extended service life
criteria). This transformation preserves monotonicity, facilitates direct
comparability across heterogeneous units, and yields intuitively inter-
pretable bounds (best = 0 or 1, worst = 1 or 0 depending on direction). Since
min-max normalization is performed relative to the analyzed set of retrofit
alternatives, the resulting normalized values and rankings are scenario-set
dependent. The rankings should therefore be interpreted as relative
comparisons within the predefined decision space considered in this study.
Hence, the multi-objective optimization can be expressed as:

max(l —-C

ieS

1—E, R, L) (11)
Min-max normalization was adopted to ensure transparent and
consistent relative comparison among retrofit alternatives within the
MCDA framework. Alternative normalization schemes, including z-score
and target-based normalization, were considered; however, they were not
deemed appropriate for the present application. Z-score normalization
relies on statistically robust estimates of mean and standard deviation, which
are not reliable for the limited number of analyzed alternatives, while target-
based normalization would require the introduction of external benchmark
values that are not consistently available across the considered resilience,
environmental, economic, and service-life criteria. Furthermore, no extreme
outlier behavior was observed among the analyzed alternatives that would
lead to severe compression effects within the normalized criteria space.

i

Scalarization and unified performance index (UPI)

Since the Pareto set typically contains multiple non-dominated alternatives,
an additional decision step is required to identify a single preferred solution.
Scalarization methods convert the multi-objective problem into a single-
objective one by aggregating the normalized criteria into a UPI. Asa primary
approach, a weighted-sum method is adopted:

Ji=wc(l — C) + wg(l — E;) + wgR;, + w,L; (12)
where we, wg, wg, wywy 20 and we+ wg + wr + wy = 1. By varying the
weight vector, the decision approach can reflect alternative policy priorities,
for example, prioritizing resilience (larger wg) or longevity (larger w;) or

emphasizing economic or environmental objectives (larger wc or wyg,
respectively). The specific weight vectors used in the sensitivity analysis
(T1-T5) are defined explicitly as follows: T1 (equal weighting): wc = 0.25,
wg=0.25, wgp=0.25, w;=025 T2 (economic priority): wc=0.55,
wg=0.15, wg=0.15, w;, =0.15; T3 (environmental priority): wc=0.15,
wg = 0.55, wg = 0.15, w;, = 0.15; T4 (resilience priority): wc = 0.15, wg = 0.15,
wr=0.55 w;=0.15 T5 (service-life priority): wc=0.15, wg=0.15,
wg=0.15, w;=0.55. In this specification (Eq.12), C; and E; denote
min-max normalized cost and environmental impact (scaled so lower is
better), while R, and I; denote normalized resilience and expected service life
(scaled so higher is better); the terms are arranged so that larger J; indicates
superior overall performance. Within the decision framework, T; ¢ is treated
as a soft constraint. Scenarios that exceed the control time are not excluded a
priori but are penalized through reduced resilience scores and increased
dispersion in recovery trajectories, allowing trade-offs between short-term
recovery performance and long-term benefits (e.g., service life extension or
reduced environmental impact) to be explicitly evaluated. Thus, Trg > T
denotes non-compliance with the recovery target, but not automatic
exclusion from the decision space; instead, such cases are retained and
penalized through reduced resilience scores and compliance characteristics.
It should be noted that the UPI is not intended to imply physical
commensurability among resilience, life-cycle cost, environmental impact,
and expected service life. These dimensions represent different value
domains and cannot be reduced to a common physical unit. The scalar-
ization in Eq. 12 should therefore be interpreted as a preference-based
decision model that makes weighting assumptions explicit, rather than as a
mechanistic equivalence among criteria. Consequently, the resulting rank-
ings are conditional upon the adopted weighting scheme and decision
context. The use of alternative weighting scenarios and complementary
TOPSIS analysis was intended to assess the robustness of ranking outcomes
under different stakeholder preferences. By making value judgements
explicit through weights, control times, and uncertainty thresholds, the
method enables transparent alignment between engineering choices and
policy objectives within real-world regulatory and budgetary constraints.

TOPSIS robustness assessment and verification

To verify the robustness of the UPI ranking, the Technique for Order
Preference by Similarity to an Ideal Solution (TOPSIS) was adopted as a
complementary MCDA method. TOPSIS is widely used for ranking alter-
natives in decision problems involving multiple, conflicting criteria, and
provides an interpretable closeness coefficient based on the relative distance
of each alternative from ideal and anti-ideal solutions™°. This is suitable for
the present retrofit selection problem, where alternatives and tradeoffs are
compared across resilience, LCC, environmental impact, and expected life-
cycle. Compared with outranking methods, such as ELECTRE, TOPSIS
avoids the need to define additional preference, indifference, and veto
thresholds. Compared with compromise ranking methods, such as VIKOR,
TOPSIS focuses on proximity to an ideal solution rather than on regret-
based compromise assumptions. It is therefore used here as a robustness
check of the weighted sum UPI ranking, rather than as a universally superior
MCDA method.

TOPSIS evaluates each candidate by its geometric proximity to an ideal
reference, which is the best possible performance on all normalized criteria,
and its distance from an anti-ideal reference, which is the worst possible
performance. For each solution i, the weighted Euclidean distances to the
ideal A* and anti-ideal A~ are computed as follows:

Df = Zwk(&ik_Alj)z (13)
V%

Dy =, /Zwk(’%ik—Ak_)z (14)
k

where X;; denotes the normalized value of criterion k for solution i, wy are the
criterion weights, and A* and A~ denote the ideal and anti-ideal vectors
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23 months, whereas #4 and #5 take approximately 26 months, and #6 is the slowest at
circa 27 months. All adaptation strategies are completed within the 30-month
control time under median conditions, although several exceed this threshold under
upper-quartile and maximum uncertainty conditions (see the variability details in
Supplementary Note 3).
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(defined according to the optimization direction of each criterion). The
closeness coefficient is then computed using TOPSIS as:
D

where D} represents the weighted Euclidean distance of solution i from the
ideal point A" =(0,0,1), and Dy the weighted Euclidean distance from the
anti-ideal point A” = (1,1,0). The closeness coefficient provides an
interpretable measure of relative performance and is used to verify the
weighted-sum ranking results in the case study.

Results and discussion

This section applies the proposed methodology to the Polyfytos bridge,
using the deteriorated zone as a representative case for evaluating alternative
retrofit strategies; detailed case-study information is provided in Supple-
mentary Note 1.

Resilience trajectories

The trajectories of recovery for the case study bridge are defined by applying
the resilience modeling approach described in the “Methods” section to the
six retrofit scenarios for adaptation. For each scenario, functionality-time
profiles account for preparatory activities, construction and strengthening
phases, and post-intervention administrative procedures required for full-
service reinstatement, based on expert-elicited duration estimates and
validated against the literature (Further details in Supplementary Note 2).
The definition of a reference T, for the critical asset at hand, must balance
strategic, operational, and societal requirements. Consistent with empirical
benchmarks from recent large-scale bridge rehabilitation projects and with
operational constraints associated with prolonged closures™, a control time
of 30 months is adopted for the resilience evaluation.

The functionality curves, presented in Fig. 3, highlight distinct recovery
trajectories in terms of both duration and timing of restoration steps. The
stepwise functionality curves reflect the discrete nature of retrofit imple-
mentation, where service functionality changes at identifiable intervention
phases, such as closure, partial reopening, traffic management changes, and
completion of works. The resilience integral was therefore computed
numerically from the discretized functionality time trajectories.

While all strategies satisfy the control time under favorable and median
conditions, several scenarios exceed the 30-month threshold under upper-
quartile and maximum uncertainty conditions, indicating potential non-
compliance with resilience targets. Scenario #3 maintains partial service
throughout its intervention period (Fig. 3c), underscoring that resilience is
shaped not only by the final restoration time (Tgg) but also by the
sequencing of recovery steps and the possibility of ensuring a certain level of
function throughout the recovery. Furthermore, resilience analysis must
consider the expected service life of interventions: strategies leading to
prolonged closures and total functionality loss, despite appearing less resi-
lient in the short term, may offer greater long-term sustainability by
extending structural lifespan and minimizing future interventions. Sup-
plementary Note 3 reports the variability of these curves, where differences
in upper-tail behavior indicate varying robustness to implementation delays
and resilience compliance across retrofit strategies. This behavior reflects
differing levels of resilience compliance across scenarios. In particular,
upper-tail outcomes (Q3 and maximum) indicate that several intervention
strategies are likely to exceed acceptable recovery durations under realistic
implementation uncertainty.

The proposed framework evaluates resilience primarily in relation to
recovery dynamics, intervention implementation, and service continuity
under progressive deterioration conditions. The analysis does not explicitly
incorporate probabilistic hazard occurrence, fragility relationships, or
hazard-dependent structural vulnerability during either the intervention
period or the subsequent service life. Consequently, potential differences in
future hazard performance among retrofit alternatives (e.g., seismic
response) are not explicitly quantified within the present framework. The

Table. 1 | Resilience index (R) and compliance characteristics
P(Tgre < Ty c) (high >75%; moderate 25-75%:; low <25%) for the
six retrofit scenarios across different assumptions on
recovery time

Scenario  Min (e} Median Q3 Max P
(@Q2)

#1 0.83 0.73 0.48 Tre>T.c Tre>T.c Moderate
#2 0.80 0.70 0.44 Tre>T.c Tre>Tic Moderate
#3 089 0.83 0.6 0.54 Tre>T,c  High

#4 078 058 0.34 Tre>Tic  Tre>Tic  Low

#5 078 0.64 034 Tee>Tic  Tre>Tic  Low

#6 081 063 032 Tee>Tic  Tre>Tic  Low

Values are shown for minimum, first quartile (Q1), median (Q2), third quartile (Q3), and maximum
conditions®.

“While favorable conditions (Min, Q1) yield high R-indices (typically R > 0.70, with Scenario #3
reaching 0.89 at Min and 0.83 at Q1), median values are notably lower (ranging from 0.32 for #6 to
0.66 for #3). Critically, for upper quartiles and maximum conditions, recovery time (Tzg) often
exceeds the control period (T, ¢), particularly for all scenarios at Max values and most at Q3
(exceptions: Scenario #3 maintains R = 0.54 at Q3 before exceeding T, ¢ at Max). This behavior
reflects the uncertainty associated with recovery processes and highlights differences in
compliance likelihood across scenarios.

objective of the study is instead to isolate and compare adaptation and
recovery performance associated with alternative intervention strategies.
Future developments could integrate hazard-specific fragility and vulner-
ability modeling to enable combined assessment of long-term adaptation,
recovery, and multi-hazard resilience.

Table 1 summarizes the resilience values obtained for the six retrofit
scenarios under different assumptions on recovery time. These results,
where scenario #3 consistently suggests a relative advantage in maintaining
higher resilience across conditions, corroborate the patterns observed in the
functionality curves. Specifically, while all retrofit strategies remain com-
pliant with the control time under average conditions, upper-tail behavior
reveals systematic non-compliance with resilience targets for most scenar-
ios. Full deck replacement strategies (scenarios #4-#6) exhibit both lower
median resilience and frequent exceedance of the control time under
uncertainty, indicating increased risk of unacceptable recovery durations. In
contrast, Scenario #3 shows higher resilience and improved compliance
across the range of recovery conditions considered, reflecting both faster
recovery and reduced sensitivity to implementation delays. These differ-
ences highlight that resilience performance depends not only on expected
recovery time but also on the likelihood of meeting policy-relevant recovery
thresholds.

LCA and LCC evaluations

The following results compare the six retrofit scenarios in terms of life-cycle
environmental impacts, costs, and their integration within the multi-criteria
decision framework, with full methodological and inventory details pro-
vided in Supplementary Note 4. Figure 4 summarizes the life cycle envir-
onmental impacts of the six retrofit scenarios across four indicators: global
warming potential (GWP), fossil resource use (ADP-fossil), mineral and
metal resource use (ADP-mineral), and water depletion potential (WDP),
highlighting marked differences among the proposed interventions. These
variations underscore the environmental trade-offs inherent in different
repair philosophies, with some interventions consistently demonstrating
lower overall impacts across multiple categories.

Figure 5 shows the GWP contributions by life-cycle module for each
restoration scenario, revealing that the majority of embodied impacts is
derived from the upstream manufacturing and material production
(modules A1-A3). End-of-life impacts of proposed interventions (C3-C4)
are also comparatively higher than those of the original demolished
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elements, primarily due to greater quantities of new reinforced concrete and
structural steel elements introduced.

An analysis of material contributions to the total GWP (Fig. 6) con-
firms that structural steel, concrete and asphalt binders are the primary
drivers of total environmental impacts. This highlights the importance of
material selection and design optimization in minimizing the environ-
mental footprint of bridge retrofits.

In Fig. 7, a comparison of direct and indirect costs for the proposed
scenarios, indicating a wide range of financial implications, influenced by
material choices and the extent of intervention. Direct costs are significantly
influenced by manufacturing expenses, as depicted in Fig. 8, with full
demolition activities also contributing substantially to module C1 costs. The
lowest costs are associated for Scenario #6 and Scenario #3.

Material contribution analysis of direct costs (Fig. 9) further reveals
that steel and concrete components primarily drive these expenses,
emphasizing the cost sensitivity to material choices in different retrofit
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Guidelines ™), the baseline values of these primary cost drivers were varied
by 20% (see Supplementary Material, Note 4). It was noted that these var-
iation does not disrupt the final outcomes. Strategy #3 retains its position as
the most cost-effective alternative, and Strategy #5 remains the most
expensive, across the entire operational uncertainty envelope. Ultimately, it
was verified that the baseline economic assumptions and deterministic
calculation methods possess a sufficient degree of mathematical robustness.
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Fig. 5 | GWP contributions by the life cycle mod-
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Decision optimization

The multi-criteria decision analysis integrates four performance dimensions
—resilience, life-cycle cost, life-cycle environmental impact, and expected
service life. All criteria are derived from the case-study analyses presented in
Supplementary Note 1 and are combined following the decision framework
introduced in the “Methods” section. In the case-study application, resi-
lience components are combined using weights of 0.7 for the median
recovery trajectory (Q2) and 0.3 for the upper quartile (Q3). Life-cycle costs
are expressed as an aggregated index per kilometer of bridge, with direct
intervention costs and indirect user costs assigned equal weights of 0.5 each
in the baseline configuration; alternative weightings are subsequently
explored to assess sensitivity to stakeholder priorities. Environmental
impact  categories are  aggregated using Joint  Research
Centre-recommended weights (0.46 for GWP, 0.17 for ADPM, 0.18 for
ADPF, and 0.19 for WDP) enabling transparent aggregation and sub-
sequent sensitivity analysis. Expected service life L; is included as a separate
dimension to account for differences in long-term durability among retrofit
strategies.

The resulting normalized multi-criteria representation defines the
decision space used for comparative appraisal of the six scenarios (Fig. 10),
where cost and environmental impact are minimized, and resilience and
expected service life are maximized under the adopted weighting
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Fig. 9 | Material contribution breakdown of direct costs for structural

assumptions. The decision problem minimizes economic and environ-
mental impacts while maximizes resilience and service life. Accordingly, the
multi-objective optimization is formulated as defined in Eq. 11 to identify
strategies that achieve favorable trade-offs across these competing dimen-
sions, subject to technical, operational, and policy constraints, such as
budget limits, minimum resilience requirements, serviceability criteria, and
regulatory thresholds. In this formulation, the control time acts as a policy-
relevant threshold rather than a strict feasibility constraint. Scenarios
exceeding Tjc are retained within the decision space but are penalized
through their resilience scores and compliance characteristics, enabling
explicit evaluation of trade-offs between short-term recovery performance
and long-term system benefits.

Ranking of the retrofitting strategies and the sensitivity analysis
The final ranking is presented in Table 2, which reports the UPIand TOPSIS
method results for the baseline case and for four alternative weighting
schemes prioritizing economic, environmental, resilience, and service-life
dimensions. The baseline scenario corresponds to T1, while the four test
scenarios, T2-T5, prioritize economic (72), environmental (T3), resilience
(T4), and service-life (T5) objectives (see “Methods” for full weight vectors).
By adjusting these weights, the UPI formulation (Eq. 12) can capture dif-
ferent policy priorities. For example, assigning a higher value to wy
emphasizes resilience, wy, brings the priority to service life extension, while
larger wg or wc highlight environmental or economic concerns. The
robustness of these results is further examined using the TOPSIS method
(Eq. 15). Table 2 reports CC;-based proximity to the ideal and thus a superior
rank of the six intervention scenarios (#1-#6) under five weighting
schemes (T1-T5).

Both the UPI and TOPSIS are compatible and complementary: each
permits explicit specification of preference weights, enabling consistent
comparison of alternative solutions. The UPI delivers a transparent, easily
communicable scalarization that is advantageous when interpretability and
stakeholder engagement are paramount. TOPSIS, by contrast, offers a
geometric assessment based on proximity to an ideal and distance from an
anti-ideal solution, which can better reveal trade-offs and rank ordering
when the decision space is skewed or non-compensatory effects are
important. Applying both methods in parallel, and subjecting their out-
comes to systematic sensitivity analysis, therefore, provides cross-validation
of rankings, highlights cases of methodological divergence, and strengthens
confidence in the final selection.

The comparative analysis (Table 2) reveals robust, policy-dependent
ranking patterns that illuminate the trade-offs inherent in retrofit decision-
making. Across aggregation methods, interventions #3, #4 and #6 emerge as
the most competitive, but their relative dominance shifts with the prioritized

0% 1% 1% 1% 2%
= Structural Steel

4%

= Concrete C40-50
= Steel B450-B500
Primer Asphalt
= Waterproofing Membrane
= Asphalt Concret (Binder

layout)

= Asphalt (Draining wear
layer)
= Steel/Rubber assemblies

(b)

interventions (manufacturing stage only). Examples for scenarios #3 (a) and #5
(b). The figure illustrates that steel, steel assemblies and concrete components are the
primary drivers of direct costs. For Scenario #5 (b), which yields the highest overall
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objective, reflecting structural differences in recovery performance, long-
evity and environmental footprint. In detail, under equal weighting (T1),
both UPI and TOPSIS identify Scenario #6 as the leading candidate, fol-
lowed closely by scenarios #3 and #4. This baseline result indicates that,
when no single objective is privileged, strategies combining extended service
life with acceptable resilience and life cycle impacts tend to be preferred. The
concordance between UPI and TOPSIS in the top three under T1 supports
the robustness of this observation. When economic objectives (T2) are
prioritized, Scenario #6 remains the top performer, with Scenario #4 fol-
lowing. Under environmental performance (73) and resilience (T4) prior-
itization, Scenario #3 emerges as the leading option, while Scenario #6 ranks
second. In contrast, under service-life prioritization (T5), scenarios #6 and

R:
Scenarios of’ intervention
#2 O#3 L#4 O#5 O#6 € Optimal € Anti-optimal

o#1

Ss1 s2 S3 sS4 S5 S6

A_A
e T e il e

modular
hybrid external prestress steel composite deck with dry joints

restressed

cable-stayed deck replacement

Fig. 10 | Multi-criteria decision space for retrofit strategy selection. Normalized
multi-criteria representation of the retrofit scenarios, minimizing cost (C;) and
environmental impact (E;) while maximizing resilience (R;) and service life (L;). Each
marker corresponds to a retrofit scenario (#1-#6), positioned according to its nor-
malized performance across the considered criteria. The shaded region identifies the
subset of solutions that achieve favorable trade-offs across all objectives under the
selected weighting scheme, defining the preferred decision space. Axes represent
normalized criteria values, with higher values indicating improved performance.
The green dashed region indicates the preferred decision space, whereas the red
dashed region represents non-optimal solutions.

#4 lead decisively. These outcomes reflect the fundamentally different
strengths of the retrofit strategies. Replacement-oriented solutions, such as
scenarios #6 and #4, benefit from the extended service life, which strongly
improves their performance. By contrast, strengthening- and hybrid-based
interventions, exemplified by Scenario #3, are favored when resilience and
environmental performance are prioritized, owing to shorter recovery
times, reduced construction impacts, and lower exposure to prolonged
service disruption. The ranking patterns, therefore, illustrate how the pre-
ferred intervention shifts depending on whether decision-makers empha-
size, e.g., short-term recovery and robustness, or long-term asset renewal
and longevity.

A supplementary sensitivity analysis was additionally performed to
evaluate the influence of the selected control time (T7c) on the ranking
outcomes by considering alternative recovery horizons of 24 and 36 months.
The results confirm that the framework responds systematically and
transparently to different recovery-policy assumptions. Shorter control
times penalize interventions associated with prolonged recovery trajectories,
whereas longer recovery horizons increase the relative attractiveness of
strategies offering extended service life and long-term renewal benefits.
Importantly, despite variations in absolute rankings, the overall strategic
trade-off structure remains broadly consistent across Ty assumptions. The
sensitivity analysis shows that the effect of T} ¢ is reflected primarily through
the resilience criterion, while the final MCDA rankings remain governed by
trade-offs among all evaluation criteria. Scenario #3 consistently exhibits the
strongest recovery-resilience performance; however, it does not always
achieve the highest overall MCDA score because, even under the resilience-
oriented weighting scheme substantially weight is still assigned to life-cycle
cost, environmental impact and expected service life. This distinction
explains why replacement-oriented solutions, particularly Scenario #4, may
remain competitive or become preferred under certain T - assumptions, as
their superior long-term service-life performance can offset weaker recovery
performance. Full results of the sensitivity analysis are provided in Sup-
plementary Note 5.

Conclusions

We developed a decision-oriented methodology that reframes infra-
structure adaptation as a policy-sensitive optimization problem rather than
a purely technical exercise. By explicitly integrating variable recovery-
resilience trajectories with life cycle environmental and economic assess-
ments within a transparent multi-criteria decision structure, we moved
beyond static performance comparisons. The core innovation of this
approach lies in operationalizing resilience as a recovery-based, time-
bounded, and uncertainty-aware decision variable linked to retrofit
implementation that can be directly weighed against carbon, cost, and
longevity. This enables trade-offs to be interrogated rather than obscured. In
doing so, the methodology bridges a critical gap between engineering
analysis and strategic infrastructure governance.

Table. 2 | Results of the multi-criteria analysis of intervention solutions (for T, ¢ = 30 months)

Method: UPI TOPSIS

Scenario Ji (T1) Ji (T2) J;i (T3) J;i (T4) J; (T5) CC; (T1) CC; (T2) CC; (T3) CC,; (T4) CC, (T5)
#1 0.378 0.389 0.349 0.431 0.345 0.382 0.391 0.352 0.433 0.356
#2 0.379 0.311 0.341 0.414 0.451 0.389 0.326 0.350 0.419 0.481
#3 0.558 0.628 0.329 0.729 0.506 0.531 0.592 0.398 0.642 0.579
#4 0.455 0.370 0.359 0.417 0.673 0.468 0.400 0.393 0.434 0.665
#5 0.447 0.302 0.477 0.412 0.597 0.459 0.352 0.481 0.426 0.580
#6 0.551 0.501 0.505 0.466 0.730 0.540 0.501 0.504 0.472 0.695

Weighting schemes: T1-baseline, T2-economic, T3-environmental, T4-resilience, T5: service-life.
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The application to a real, ageing bridge suggests that retrofit decisions
for adaptation are shaped by competing objectives and are contingent on
societal objectives and context specific constraints. The results show that no
single retrofit solution is universally preferred across all policy perspectives.
For example, interventions that preserve and strengthen existing structures
emerge as superior when rapid recovery, emissions reduction, and service
continuity are prioritized. By contrast, replacement strategies gain relevance
only when long-term durability is dominant despite higher near-term dis-
ruption. Thus, resilience-recovery compliance cannot be inferred from
average outcomes alone: upper-tail recovery behavior determines whether
policy targets are met under realistic implementation uncertainty. Strategies
that combine short and predictable recovery trajectories with limited dis-
persion, therefore, offer a more robust basis for public investment in critical
infrastructure. Sensitivity analyses further highlight that the proposed fra-
mework responds coherently to alternative recovery-policy assumptions,
enabling context-dependent prioritization of retrofit strategies under
varying operational requirements.

The proposed formulation provides a scalable decision support tool for
infrastructure owners and regulators facing accelerating climate, budgetary,
and operational pressures. By making value judgements explicit—through
weights, control times, and uncertainty thresholds—the framework enables
transparent and interpretable alignment between engineering choices and
policy objectives, from decarbonization to network reliability. This positions
resilience not as an abstract aspiration, but as a measurable and governable
property of infrastructure systems.

The proposed framework is transferable and thus can be implemented
to diverse critical infrastructure, yet, the resulting rankings are case-specific.
Hence, its application to other infrastructure typologies or regional contexts
would require appropriate case-specific calibration and input data,
including structural configuration, deterioration and hazard models,
adaptation strategies, environmental inventories, economic parameters, and
regulatory constraints. Future work would also explore alternative inte-
gration strategies, including outranking methods, robust decision making,
and participatory multi-attribute utility approaches, to further address the
theoretical challenges associated with aggregating incommensurable resi-
lience, environmental, economic, and durability criteria. Integration with
digital twins, remote sensing, and near-real-time monitoring could further
embed this approach into adaptive asset management, supporting evidence-
based prioritization across ageing bridge networks at regional and national
scales. Further developments could also explore the integration of larger
empirical recovery datasets, probabilistic hazard modeling, and monitoring
data to further enhance the predictive and generalizable capabilities of the
framework.

Data availability

The datasets generated and analyzed during the current study, including the
resilience assessment results, life-cycle assessment (LCA) and life-cycle cost
(LCC) inventories and outputs, and multi-criteria decision analysis
(MCDA) results, are currently stored by the corresponding author and are
available from the corresponding author (Stergios-Aristoteles Mitoulis;
s.mitoulis@ucl.ac.uk) upon reasonable request.
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