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Abstract

This study addresses the critical problem that many infrastructure organizations still lack empirical, data-driven
evidence on how digital twin frameworks concretely improve climate-resilient infrastructure design and
performance. The purpose is to quantify how digital twin integration, data and analytics capability, and
organizational resilience capacity jointly influence climate risk assessment effectiveness and climate-resilient
infrastructure outcomes in real cloud and enterprise infrastructure cases. Using a quantitative, cross-sectional,
case-based survey design, data were collected from 210 professionals working on digital twin enabled
infrastructure projects across transport, energy, water, and urban systems. Key variables included digital twin
integration (DTI), data and analytics capability (DAC), organizational resilience capacity (RESCAP), climate
risk assessment effectiveness (CRAE), and climate-resilient infrastructure performance (CRIP), all measured
on five-point Likert scales. The analysis plan combined descriptive statistics, reliability testing, correlation
analysis, and multiple regression with sector, organization type, and prior climate event experience as controls.
Results show moderately high mean scores for DTI (M = 3.74) and CRIP (M = 3.79), with strong internal
consistency (a up to 0.90) and robust positive correlations between DTI, DAC, RESCAP, CRAE, and CRIP (r
up to .68, p <.001). The regression model explains 53 percent of the variance in CRIP (adjusted R? = .52), with
DTI (p = .34, p <.001), DAC (f = .29, p <.001), and RESCAP (B = .22, p <.001) all significant predictors,
indicating that well integrated, cloud-based digital twin frameworks and strong analytics and resilience
capabilities materially enhance climate-resilient infrastructure performance in enterprise environments. These
findings imply that infrastructure agencies and firms should treat digital twins, data governance, and
organizational resilience as an integrated capability stack for climate risk management and design.
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INTRODUCTION

Climate-resilient infrastructure refers to the planning, design, operation, and renewal of physical
systems so that they can withstand, absorb, and recover from climate-related hazards while
maintaining acceptable levels of service for society (Ayyub, 2018). In engineering and policy literature,
resilience is framed as the capacity of systems to absorb disturbances and reorganize while undergoing
change, so that they retain essential function and structure (Folke, 2006).

Figure 1: Digital Twin Framework for Climate-Resilient Infrastructure Design
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At the same time, the concept of the digital twin an interconnected digital representation of a physical
asset or system linked through real-time data has emerged as a key paradigm for cyber-physical
integration across sectors (Liu et al., 2018). Digital twins integrate models, data streams, and analytics
to mirror the behavior and condition of infrastructure assets and networks, enabling continuous
monitoring and analysis (Fuller et al., 2020). International bodies such as the IPCC and the National
Academies highlight that climate change is already affecting critical infrastructure performance
through sea-level rise, temperature extremes, floods, and storms, with significant economic and social
consequences (IPCC, 2012). Against this backdrop, governments and multilateral institutions
increasingly emphasize climate-resilient infrastructure as a strategic priority for achieving the
Sustainable Development Goals and safeguarding economic activity (Meyer & Schwarze, 2019). The
convergence of these two domains digital twin technology and climate-resilient infrastructure creates
a new space for data-driven decision-making in infrastructure design and management. However,
empirical work linking digital twin capabilities to measurable indicators of climate resilience in
infrastructure systems remains limited, particularly in quantitative, organization-level studies (Shakou
etal., 2019).

Climate change has intensified the frequency and severity of climate-related extremes that directly
affect infrastructure, including heatwaves, heavy precipitation, riverine and coastal floods, droughts,
and windstorms (IPCC, 2014). Studies of European and global infrastructure systems show that energy,
transport, water, and communications networks are exposed to cascading risks when multiple hazards
interact across space and time (Forzieri et al., 2018). Forzieri et al. (2018) demonstrate that damage to
energy, transport, industrial, and social infrastructure in Europe increases markedly under scenarios
of intensified extremes, with implications for long-lived assets and interdependent networks. Energy
infrastructures are particularly sensitive to weather- and climate-related disruptions, where changes in
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temperature, hydrological regimes, and extreme events affect generation capacity, transmission
reliability, and demand patterns (Varianou Mikellidou et al., 2018). Transportation systems face similar
pressures; Markolf et al. (2019) show that climate and extreme weather events challenge the long-term
reliability of transport infrastructure and argue that traditional risk-based and robustness-oriented
approaches are insufficient for capturing indirect and non-physical pathways of disruption.
International assessments likewise document that infrastructure failures can amplify disaster impacts
far beyond the immediate hazard footprint, affecting supply chains, public health, and regional
economies (Markolf et al., 2019). Within urban environments, the vulnerability of dense networks of
roads, bridges, drainage, and energy distribution interacts with social inequality and land-use patterns,
raising concerns about how infrastructure design choices shape exposure and adaptive capacity
(Haase, 2015). These findings underline that climate-resilient infrastructure design is not solely a
technical problem of oversized structures or safety margins but involves systemic understanding of
interdependencies, service continuity, and adaptive responses over the lifecycle of infrastructure assets
(Board, 2016).

Resilience theory provides an important lens for framing infrastructure performance under climate
stress. In social-ecological systems research, resilience is associated with the capacity to absorb
disturbance, self-organize, and learn, while maintaining essential functions (Folke, 2006). Systems
engineering and risk analysis extend this idea by emphasizing the ability of systems to withstand
disruptions within acceptable degradation parameters and recover functionality within acceptable time
and cost (Haimes, 2009). Resilience engineering further describes systems as needing capabilities for
anticipation, monitoring, response, and learning, highlighting that resilience is not a static attribute but
a set of dynamic capacities embedded in socio-technical configurations (Hollnagel, 2011). In the context
of critical infrastructures, frameworks now regularly distinguish between absorptive, adaptive, and
restorative capacities, integrating concepts such as redundancy, modularity, flexibility, and diversity
into infrastructure planning and evaluation (OECD, 2018). Policy-oriented works from OECD and other
international organizations translate these conceptual advances into guidance on risk assessment,
climate-informed design standards, and investment decision-making for infrastructure (Ayyub, 2018).
Nevertheless, much of the resilience literature has developed at a conceptual or qualitative level, and
comparatively fewer studies operationalize resilience for infrastructure assets using quantifiable
indicators linked to data-rich monitoring and modelling environments (Council, 2012). The emergence
of digital twins as high-fidelity, data-driven representations of physical systems opens opportunities
to quantify resilience dimensions in ways that integrate real-time conditions and climate risk
information across scales.

Digital twin technology originated in advanced manufacturing and aerospace domains, where virtual
replicas of products and processes are synchronized with physical systems throughout their lifecycle
(Tao et al., 2018). In digital twin-driven smart manufacturing, physical equipment, cyber models, data
flows, and services are tightly integrated to support design, production, and maintenance decisions (Lu
et al., 2020). Tao et al. (2018) describe digital twin-driven product design, manufacturing, and service
as a big-data-centric paradigm that links physical and virtual spaces to overcome data isolation and
enhance lifecycle decision-making. Leng et al. (2019) propose a digital twin-driven manufacturing
cyber-physical system for parallel controlling of smart workshops, emphasizing bi-directional
connectivity between sensors, control systems, and virtual models. Related work on digital twin-driven
rapid individualized design of automated flow-shop manufacturing systems demonstrates how semi-
physical simulation can support reconfigurable system design under mass customization constraints
(Leng et al., 2019). Comprehensive reviews synthesize these developments by mapping digital twin
concepts, enabling technologies, and industrial applications, emphasizing the role of high-fidelity
models, real-time data acquisition, communication architectures, and advanced analytics (Le Coze,
2019). Although these contributions focus largely on manufacturing, they present an architecture in
which sensors, IoT devices, cloud computing, and analytics maintain a persistent link between an
asset’s physical state and its virtual counterpart. This architecture is increasingly recognized as relevant
for infrastructure sectors that operate complex, geographically distributed assets subject to uncertain
demands and environmental stresses (Liu et al., 2020).

The literature on climate risk and critical infrastructure has begun to incorporate more quantitative and
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data-rich approaches, yet often without the explicit framing of digital twins. High-level risk assessment
frameworks using geospatial information systems (GIS) demonstrate how climate scenarios and asset
vulnerability functions can be combined to identify risk “hotspots” across national-scale infrastructure
systems (Linkov et al., 2013). Studies of energy and transport networks under climate extremes analyze
performance metrics such as outage durations, capacity reductions, and network accessibility under
multi-hazard scenarios, using simulation and scenario analysis (Riibbelke & Vogele, 2011). Shakou et
al. (2019) develop a conceptual multi-dimensional framework in which resilience attributes
anticipation, absorption, adaptation, and transformation are mapped across short-, medium-, and long-
term time scales for critical infrastructures under climate change. Infrastructure design guidance, such
as Ayyub’s (2018) work on adaptive design and risk management, proposes climate-informed
performance targets and design adjustments rooted in probabilistic analysis of hazard loads and system
responses. Complementary policy and investment frameworks examine how financial instruments and
governance arrangements can support climate-resilient infrastructure, treating resilience as both a risk
management and value creation issue (Meyer & Schwarze, 2019). These strands of work make extensive
use of data, models, and scenario analysis, yet they typically treat data integration and modelling
approaches as tools rather than as part of a coherent digital twin framework. The digital twin literature,
conversely, often focuses on manufacturing and product-centric contexts without systematically
embedding climate risk and resilience concepts that dominate infrastructure research (Liu et al., 2018).
Bringing these domains together suggests that digital twin frameworks may offer a structured way to
embed resilience concepts into the lifecycle of infrastructure design and operation. Digital twins can
support continuous condition monitoring, anomaly detection, and predictive maintenance, which align
with the absorptive and restorative capacities emphasized in resilience engineering (Fuller et al., 2020).
When enriched with climate projections, hazard models, and network simulations, digital twins can
also serve as experimental environments for testing adaptation options, reconfiguration strategies, and
operational responses under different climate scenarios (Forzieri et al., 2018). For example, transport
and energy operators increasingly rely on data-driven tools to examine how flood events, heatwaves,
or droughts affect system performance, which can, in principle, be supported by digital twin
architectures that integrate hydrological, meteorological, and structural models with sensor data
(Fuller et al., 2020). At the organizational level, however, there is limited quantitative evidence about
how decision-makers in infrastructure agencies and firms perceive digital twin capabilities, how
extensively these tools are embedded in their planning and operational processes, and how such
capabilities relate to self-assessed resilience outcomes (Tao et al., 2019). Existing surveys and case
studies of infrastructure resilience typically focus on governance, financing, and high-level risk
management practices, with less emphasis on the specific digital technologies and data integration
strategies that underpin resilience capacities (Haimes, 2009).

Internationally, climate-resilient infrastructure has become a prominent theme in policy discourse,
investment agendas, and professional standards. OECD policy papers, IPCC assessments, and national
infrastructure strategies stress the need to integrate climate risk considerations into planning, appraisal,
and asset management across energy, transport, water, and urban systems (IPCC, 2012). Engineering
bodies and professional societies provide guidance on adaptive design, probabilistic risk assessment,
and resilience-oriented asset management, positioning infrastructure resilience as a measurable design
objective alongside cost, safety, and service performance (Ayyub, 2018). At the same time, research on
safety science and critical infrastructure has mapped global trends in resilience-related scholarship,
noting a growing intersection between traditional safety analysis, complex systems thinking, and
emerging digital technologies (Wu & Wang, 2019). Yet many of these documents emphasize principles
and general frameworks rather than empirically tested models linking specific digital capabilities such
as real-time sensing, data analytics, and digital twin deployment to concrete measures of climate-
resilient infrastructure performance. This suggests a need for empirical studies that operationalize
digital twin constructs and resilience outcomes in survey-based instruments, enabling quantitative
analysis of relationships among technological, organizational, and performance variables across
diverse infrastructure contexts (Le Coze, 2019).

Within this broader landscape, the present study focuses on digital twin frameworks for enhancing
climate-resilient infrastructure design, emphasizing a quantitative, cross-sectional, case-study-based
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approach. Building on prior conceptualizations of resilience in critical infrastructures and the
technological foundations of digital twin architectures, the study views digital twin frameworks as a
set of interrelated capabilities: high-fidelity modelling of infrastructure assets and networks, integrated
data acquisition from sensors and external sources, analytics for predictive and prescriptive decision
support, and mechanisms for continuous updating of models based on observed performance (Fuller
et al., 2020). Climate-resilient infrastructure design is understood as the integration of climate risk
information, resilience attributes, and lifecycle performance criteria into the design and management
of assets (Ayyub, 2018). The study develops research questions and hypotheses that examine how
perceived digital twin capabilities relate to organizational practices for climate risk assessment,
resilience-oriented design decisions, and observed or self-reported resilience outcomes across
infrastructure projects and organizations (Markolf et al., 2019). Using a Likert five-point scale survey
and applying descriptive statistics, correlation analysis, and regression modelling, the research aims to
quantify these relationships while controlling for contextual factors such as sector, scale of operations,
and prior experience with climate-related disruptions (Haimes, 2009).

The overarching objective of this study is to systematically examine how digital twin frameworks
contribute to enhancing climate-resilient infrastructure design across real-world engineering and asset
management contexts. The research aims to develop and empirically test a structured model that links
key dimensions of digital twin capability such as data integration, real-time monitoring, and simulation
and scenario analysis to organizational practices for climate risk assessment and resilience-oriented
decision-making, as well as to perceived resilience performance outcomes for infrastructure projects.
More specifically, the study seeks, first, to assess the current level of adoption and maturity of digital
twin frameworks within organizations responsible for planning, designing, and operating critical
infrastructure exposed to climate-related hazards. Second, it aims to quantify the relationships between
digital twin capabilities and the effectiveness of climate risk assessment, focusing on how integrated
data, real-time system awareness, and advanced modelling support the identification, analysis, and
prioritization of climate-related risks during design and lifecycle management. Third, the research
intends to analyze the extent to which digital twin-enabled decision support influences the quality of
design choices that explicitly incorporate resilience attributes, including robustness, adaptability, and
recoverability, as perceived by practitioners and decision-makers. Fourth, the study seeks to determine
the role of organizational readiness and supporting factors, such as skills, leadership commitment, and
data governance, in shaping the effectiveness of digital twin frameworks in the context of climate-
resilient infrastructure initiatives. To achieve these objectives, the study adopts a quantitative, cross-
sectional, case-study-based design, employing a structured questionnaire with Likert five-point scales
administered to professionals involved in digital twin-related infrastructure projects. Descriptive
statistics will be used to profile respondents and characterize the state of digital twin adoption,
correlation analysis will identify the strength and direction of associations among the key constructs,
and regression modelling will be applied to test the hypothesized relationships within the proposed
conceptual framework, thereby providing a focused, objective-driven examination of digital twin
frameworks in climate-resilient infrastructure design.

LITERATURE REVIEW

The literature on climate-resilient infrastructure and digital twin frameworks spans several intertwined
domains, including resilience theory, climate risk assessment, infrastructure engineering, and cyber-
physical systems. At its core, climate-resilient infrastructure design is concerned with how physical
systems such as transport networks, energy grids, water systems, and urban assets are conceived,
planned, and managed so that they can maintain acceptable levels of service under a wide range of
climate-related stresses and shocks. This has led to extensive conceptual and applied work on resilience
principles, risk-based design, and adaptive asset management, where attention is given to robustness,
redundancy, flexibility, and recovery capacity across the infrastructure lifecycle. In parallel, rapid
advances in sensing, data analytics, and computing have given rise to digital twin concepts, in which a
high-fidelity digital representation of an asset, system, or network is continuously synchronized with
its physical counterpart through real-time or near-real-time data streams. Digital twins were initially
developed in manufacturing and aerospace, but have progressively been extended to infrastructure
contexts, where they promise integrated monitoring, predictive maintenance, and scenario-based
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decision support. However, the bodies of literature on climate resilience and digital twins have often
evolved separately, with resilience research emphasizing governance, planning processes, and
performance indicators, while digital twin studies focus on architectures, enabling technologies, and
operational efficiency. As a result, there is a need to synthesize these strands to understand how digital
twin frameworks can operationalize resilience concepts within climate-exposed infrastructure systems.
This literature review therefore aims to build a coherent foundation for the study by first clarifying key
concepts and definitions, then examining existing applications of digital twins in infrastructure,
reviewing how climate risk and resilience are currently assessed in engineering practice, and exploring
organizational and data governance conditions that shape technology effectiveness. It will also
introduce a theoretical lens suitable for linking technological, organizational, and performance
dimensions, and culminate in a conceptual framework that guides the empirical investigation of digital
twin frameworks for enhancing climate-resilient infrastructure design.

Climate-Resilient Infrastructure Design

Climate-resilient infrastructure design has become a central concern for engineers, planners, and policy
makers because traditional design standards based on stationary climate statistics no longer guarantee
acceptable performance over the full life cycle of critical assets. Instead of assuming that past rainfall
intensities, flood levels, or temperature extremes will remain stable, contemporary approaches
recognize that transport, energy, water, and urban systems must be configured to maintain
functionality under changing hazard regimes, evolving exposure patterns, and deep uncertainties. At
the core of this shift is the notion of resilient infrastructure: networks of structures and services that can
resist damage, absorb disturbances, operate in degraded modes when necessary, and recover
functionality within acceptable time and performance thresholds. Conceptual work on engineering
resilient infrastructure argues that resilience must be treated as an explicit design objective alongside
safety, serviceability, and cost, requiring attention to redundancy, modularity, adaptability, and
graceful degradation when specifying new projects and retrofits (Hudson et al., 2012). Parallel research
from an investment perspective shows that infrastructure decisions taken today can either lock societies
into high-risk, high-emission trajectories or, alternatively, support low-carbon, climate-resilient
systems whose performance is robust across a wide range of plausible futures (Kennedy & Corfee-
Morlot, 2013). For climate-resilient infrastructure design, these insights imply that risk, adaptation, and
mitigation cannot be separated into distinct policy silos; they must be integrated into long-term
planning and engineering choices that shape vulnerability and adaptive capacity over multiple
decades. This integration requires that climate scenarios, socio-economic pathways, and performance
criteria be examined together so that alternative design options are evaluated not only for present-day
feasibility but also for their ability to sustain essential services under compound climatic and non-
climatic pressures.

Designing climate-resilient infrastructure also depends on clear conceptual and quantitative
frameworks that translate resilience principles into operational design criteria and measurable
performance indicators. One influential line of systems-engineering research proposes resilience
metrics that characterize how infrastructure behaves before, during, and after disruptions, capturing
resilience as a function of absorptive, adaptive, and restorative capacities over time (Francis & Bekera,
2014). By linking these capacities to engineering decisions about redundancy, modularity, and adaptive
management, such frameworks allow designers and asset managers to assess how different layout,
material, and protection options will influence the speed and quality of service recovery following
climate-related shocks. Rather than treating resilience as a vague aspiration, the metric-based approach
embeds it in a structured assessment process that begins with system identification and vulnerability
analysis, proceeds through the joint setting of resilience objectives with stakeholders, and culminates
in the evaluation of alternative interventions. For climate-resilient infrastructure design, this means that
choices about alignments, foundations, drainage systems, control technologies, and operational
protocols can be systematically compared in terms of their contributions to maintaining functionality
under stress, rather than solely on initial capital cost or traditional safety factors. Complementary
methodological advances use network science to characterize how failures propagate across
interconnected components and subsystems. Network-based frameworks, for example, represent
large-scale systems such as metro networks as graphs and examine how node or link failures alter

43



Review of Applied Science and Technology, March 2022, 38— 70

connectivity, accessibility, and service levels under extreme events, providing guidance on where
reinforcement, redundancy, or alternative routing is most effective (Chopra et al., 2016). These tools are
particularly relevant for climate-resilient infrastructure because hazards such as flooding or heatwaves
tend to create spatially correlated damage and cascading effects rather than isolated failures.

Figure 2: Core System Attributes Supporting Climate-Resilient Infrastructure Design
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Recent developments in resilience assessment further emphasize that climate-resilient infrastructure
design must contend with multiple, interacting hazards across the full-service life of assets, rather than
treating each shock as an independent, one-off event. Multi-hazard frameworks recognize that
infrastructure may experience sequences or combinations of floods, storms, earthquakes, heatwaves,
or geo-hazards whose cumulative effects on physical condition and service provision differ
significantly from those of individually modelled events. Building on this insight, contemporary
resilience assessment approaches for critical infrastructure integrate hazard characterization, fragility
or vulnerability modelling, discrete damage states, and time-dependent restoration strategies into
unified analytical structures (Argyroudis et al., 2020). By explicitly modelling how recovery trajectories
depend on the timing, intensity, and correlation of hazards, as well as on repair resources and
management decisions, these frameworks enable engineers and planners to quantify how alternative
design and maintenance strategies influence long-term resilience. For climate-resilient infrastructure
design, this perspective highlights the importance of considering not only initial performance at
commissioning, but also the capacity of assets to maintain acceptable functionality under repeated or
compounding climate-related stresses. It directs attention toward design features that facilitate rapid
inspection and repair, enable flexible re-routing of services, and support adaptive operation during
prolonged disturbances. It also underscores the value of integrating structural measures with land-use
planning, early warning systems, and emergency response protocols so that the wider socio-technical
system can absorb and manage climate-driven extremes. In practice, this encourages project sponsors
and regulators to evaluate portfolios of interventions at corridor or network scale, rather than focusing
solely on isolated structures, thereby aligning infrastructure design with the goal of sustaining reliable,
safe, and equitable services under changing climatic conditions.

Digital Twin Technologies in Infrastructure Engineering

Digital twin technologies have evolved from their roots in aerospace and manufacturing into a general
paradigm for tightly coupling physical systems with high-fidelity virtual representations, reshaping
how infrastructure is analyzed, monitored, and managed over its life cycle. In foundational work, the
digital twin is described as a persistent pairing of a physical asset and its virtual counterpart, linked
through continuous data exchange so that the virtual model reflects the asset’s current state,
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operational history, and projected future performance (Grieves & Vickers, 2017). This pairing goes
beyond traditional modelling by emphasizing lifecycle integration, multiscale and Multiphysics
simulation, and probabilistic reasoning under uncertainty, making it particularly suitable for long-
lived, safety-critical infrastructure such as bridges, tunnels, and water or energy networks. A major
systematic review of the digital twin concept highlights recurring core elements across domains: a
physical entity, a virtual entity, bidirectional data flows, and application services such as monitoring,
diagnostics, prediction, and optimization (Jones et al., 2020). Together, these elements allow engineers
to move from static, design-time assumptions toward continuously updated representations that
capture degradation, loading histories, and operational responses. For infrastructure engineering, this
shift means that digital twins can support risk-informed decisions on maintenance, retrofitting, and
upgrading, while also enabling scenario analysis for extreme events such as floods, storms, and
heatwaves. The literature therefore positions digital twins not merely as advanced visualization tools,
but as cyber-physical decision platforms that integrate sensor networks, computational models, and
analytics to manage the complexity and uncertainty inherent in modern infrastructure systems (Grieves
& Vickers, 2017).

Figure 3: Core Components and Data Flows in Digital Twin-Enabled Infrastructure Engineering
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Within the built environment, digital twin technologies are increasingly framed as the logical next step
beyond Building Information Modelling (BIM) for infrastructure delivery, commissioning, and
operation. BIM has introduced rich object-oriented product models, clash detection, and 4D
construction planning, but these models generally represent “as-designed” or “as-built” configurations
rather than the evolving “as-is” condition of assets in operation. Research on construction-oriented
digital twins argues that BIM must be enriched with semantic representations of processes, sensor data
streams, and operational rules so that design, construction, and operations are joined in a closed-loop
information cycle (Boje et al., 2020). In this perspective, a “Construction Digital Twin” is not just a static
3D model but a socio-technical system that links IoT sensing, secure data platforms, semantic data
models, and simulation engines to support near-real time planning and control of project execution
and asset performance (Boje et al., 2020). Complementary work on digital twin information systems for
buildings and civil infrastructure shows how such twins can implement data-driven workflows based
on continuous Plan-Do-Check-Act cycles, enabling automated project performance control, anomaly
detection, and optimization of production systems in the field (Sacks et al., 2020). For infrastructure
engineering, these developments imply that digital twins can orchestrate data across design offices,
construction sites, and control rooms, aligning structural models, geospatial information,
environmental data, and operational constraints within a single integrated environment. This
integration is crucial for climate-resilient infrastructure, where decisions about materials, layouts,
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drainage, and protective systems must account for changing hazard profiles and evolving usage
patterns throughout the asset’s life.

Parallel advances in structural health monitoring demonstrate how digital twin technologies can be
tailored to the specific needs of civil infrastructure assets such as bridges, tunnels, dams, and high-rise
structures. A growing body of research on digital twin-based structural health monitoring integrates
physics-based finite element models with data-driven components to support damage detection,
localization, and prognosis at multiple scales (Yang et al., 2019). In these approaches, the digital twin is
continuously updated using sensor measurements such as accelerations, strains, displacements, and
environmental variables, so that discrepancies between measured and simulated responses reveal
stiffness loss, crack development, or boundary condition changes. Yang et al. (2019) show how hybrid
twins that combine model-based and data-driven elements can reduce modelling errors, improve
identification of deterioration mechanisms, and provide more reliable estimates of remaining useful
life for civil structures. From an infrastructure-engineering standpoint, this SHM-oriented digital twin
paradigm enables condition-based and predictive maintenance strategies, where interventions are
triggered by quantified risk indicators instead of fixed inspection intervals. When combined with
network-level models and geospatial information, these asset-level twins can be scaled up to support
portfolio-level resilience planning, allowing authorities to prioritise reinforcement or retrofitting of
assets that are both structurally vulnerable and critical for connectivity, emergency response, or service
continuity. Consequently, digital twin technologies in infrastructure engineering are increasingly seen
as key enablers of climate-resilient design and management, providing the analytical backbone for
understanding how assets behave under evolving loads, environmental stressors, and cascading
failures across interconnected systems (Boje et al., 2020).

Digital Twin Frameworks for Climate Risk Assessment and Adaptation

Digital twin frameworks offer a powerful way to embed climate risk information directly into the life-
cycle management of infrastructure assets by synchronizing high-fidelity virtual models with real-time
data streams. Conceptually, a digital twin can be viewed as an adaptive, model-based representation
of a complex physical system that supports continuous monitoring, prediction, and decision-making
under uncertainty (Rasheed et al., 2020). In this perspective, climate hazards such as heatwaves, floods,
and storms are treated as dynamic loading scenarios that are propagated through physics-based and
data-driven models to estimate performance degradation, failure probabilities, and service disruption
(Wagg et al., 2020). Hybrid modeling strategies, which combine multi-physics solvers with machine-
learning components, enable digital twins to assimilate heterogeneous climate-related data, including
numerical weather prediction outputs, remote sensing products, and local sensor networks, while
updating system predictions as conditions evolve (Ruohoméki et al., 2018). Within a climate-resilient
design context, these capabilities allow hazard time series, boundary conditions, and exposure patterns
to be translated into risk metrics and service-level indicators inside the twin, where sensitivity analyses
and parametric studies can explore alternative design, retrofitting, or operational strategies before they
are implemented in the physical system (Wagg et al., 2020). Rather than relying solely on static design
checks or episodic scenario studies, digital twin frameworks thus create a persistent analytical
environment in which climate risk is continually reassessed and linked to asset condition, degradation
processes, and network-level performance.

At the urban scale, city-level digital twins illustrate how spatially explicit climate-risk information can
be incorporated into planning and infrastructure coordination. Smart city platforms that couple
detailed 3D city models with dynamic data feeds demonstrate how building energy demand, solar
potential, and environmental indicators can be evaluated under different urban form and operational
assumptions (Ruohomiki et al., 2018). When climate-related layers such as urban heat island intensity,
pluvial and fluvial flood extents, or wind comfort metrics are integrated into these twins, planners can
visualize how alternative development options, green infrastructure configurations, or transport
alignments alter exposure and vulnerability of critical assets and populations (Schrotter & Hiirzeler,
2020). In this setting, climate adaptation becomes a question of manipulating virtual scenarios within
the twin, adjusting zoning rules, open-space networks, or drainage capacity and then observing the
consequent changes in risk indicators for buildings, networks, and public spaces (Ruohomabki et al.,
2018). Because these twins can be linked to participatory dashboards and stakeholder-oriented
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visualization tools, they also support deliberation around contested adaptation choices, such as
densification versus open space preservation, or the prioritization of protection measures for specific
districts (Schrotter & Hiirzeler, 2020). From the standpoint of climate-resilient infrastructure design,
city digital twins thus provide a multi-sectoral, spatially resolved environment in which the
interactions between climate drivers, land-use decisions, and infrastructure performance can be
examined in an integrated way, rather than through disconnected sectoral studies.

Figure 4: Integration of Climate Hazards Infrastructure Assets within Digital Twin Frameworks
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For lifeline infrastructure systems, digital twins operationalize climate adaptation by linking asset-level
condition monitoring with network-wide resilience analysis. In water distribution, for example,
detailed digital twins that combine continuously calibrated hydraulic models with sensor data and
optimization tools have been used to improve leak detection, asset renewal planning, and emergency
response (Conejos Fuertes et al., 2020). When climate-sensitive stressors such as droughts, intense
rainfall, or sea-level-induced backflow are incorporated as boundary conditions in these twins,
operators can simulate how service reliability, pressure stability, and water quality respond to different
combinations of climate scenarios and operational policies (Rasheed et al., 2020). Similar principles
apply to transport, energy, and drainage networks, where digital twins can help identify critical links,
evaluate rerouting strategies, and test the effectiveness of hardening or redundancy measures under
extreme events (Wagg et al., 2020). Because uncertainty management, verification, and validation are
integral components of digital twin workflows, these frameworks also offer a structured approach for
quantifying confidence in climate-impact predictions and for updating risk estimates as new
observations and forecasts become available (Rasheed et al., 2020). In practice, this means that asset
managers and planners can use digital twins as the computational core of climate-resilient
infrastructure management systems, where hazard information, asset condition, adaptation options,
and performance objectives are jointly represented. This joint representation enables prioritization of
investments and scheduling of interventions based on evidence generated from a high-fidelity,
continuously learning virtual replica of the physical network, aligning day-to-day operational
decisions with long-term climate-resilience goals (Conejos Fuertes et al., 2020).

Data Governance Factors in Digital Twin Implementation

Organizational and data governance factors play a decisive role in determining whether digital twin
initiatives in infrastructure environments move beyond experimental pilots and become embedded,
value-creating capabilities. Digital twins rely on sustained flows of accurate, timely, and interoperable
data from multiple organizational units and external partners, which in turn presupposes clear decision
rights, accountability structures, and stewardship roles for data. Research on data governance shows
that organizations differ substantially in how they assign responsibility for data quality and data-
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related decisions, and that a “one size fits all” approach is unlikely to succeed because governance
arrangements must be matched to contingencies such as organizational structure, diversification,
regulatory pressures, and strategic priorities (Weber et al., 2009).

Figure 5: Organizational Enablers for Digital Twin Deployment in Infrastructure Systems
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For infrastructure owners and operators attempting to build digital twins, this implies that questions
about who owns which data sets, who can authorize data sharing, and how conflicts between
departments are resolved are not secondary administrative issues but core design choices (Abdur &
Haider, 2022; Mushfequr & Praveen, 2022). Effective digital twin frameworks typically require cross-
functional governance bodies that span engineering, IT, operations, and planning functions, together
with formal policies on data standards, access rights, and quality assurance. Without such structures,
data remain siloed in project files, proprietary systems, or departmental databases, limiting the ability
of digital twins to provide a unified view of asset condition and climate-related risk (Mortuza & Rauf,
2022; Rakibul & Samia, 2022). In addition, data governance must address the full lifecycle of data,
including capture from sensors and inspections, transformation and storage, model calibration, and
eventual archival or deletion, to avoid both uncontrolled proliferation of inconsistent data and over-
reliance on legacy assumptions that may no longer reflect present-day climate hazards (Rony &
Ashraful, 2022; Saikat, 2022). From a climate-resilience perspective, poorly governed data flows can
translate directly into blind spots in hazard exposure, misestimation of asset fragility, and delayed
recognition of deteriorating performance, undermining the very rationale for investing in digital twin
capabilities (Shaikh & Sudipto, 2022).

Beyond the allocation of roles, organizations need explicit frameworks for deciding what kinds of data-
related decisions must be governed centrally and what can be delegated, as well as how trade-offs
between data quality, cost, and flexibility are managed. Conceptual work on data governance design
argues that organizations should focus on a small number of fundamental decision domains such as
data principles, data architecture, data quality, and data access and then specify who has decision rights
and who provides input in each domain (Khatri & Brown, 2010). For digital twin initiatives in climate-
exposed infrastructure, this means that standards for naming, classifying, and structuring data about
assets, environments, and performance must be agreed at the enterprise or network level, even if
individual projects have room to adapt their implementation. Clear governance around master data,
reference data, and metadata is essential to ensure that duplicated assets are not modelled
inconsistently across projects, that sensor data can be integrated with design and maintenance records,
and that climate-related variables are recorded in ways that support longitudinal analysis. Moreover,
governance frameworks should define policies for integrating external data sources such as climate
projections, hazard maps, and third-party monitoring services into the twin, including criteria for
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evaluating their reliability and alignment with internal standards (Saikat, 2021; Shaikh & Aditya, 2021).
In the absence of these decisions, digital twin models risk becoming fragmented collections of project-
specific data sets, each with incompatible assumptions and formats, which undermines the possibility
of network-wide resilience assessment (Kanti & Shaikat, 2021). Effective data governance also
underpins compliance with legal and regulatory requirements related to data protection, critical
infrastructure security, and sector-specific reporting obligations, which are particularly salient when
digital twins draw on personally identifiable information or sensitive operational data in energy,
transport, or water systems (Ariful & Ara, 2022; Arman & Kamrul, 2022).

Organizational readiness for digital transformation is another critical determinant of whether digital
twin frameworks can be implemented at scale and used to support climate-resilient infrastructure
design. Studies on digital transformation strategies emphasize that technology adoption must be
guided by a coherent strategic vision, top management commitment, and changes in organizational
structures and processes, rather than being treated as isolated IT projects (Matt et al., 2015; Fokhrul &
Fardaus, 2022; Mesbaul & Farabe, 2022). Digital twins often require new ways of working that cut
across traditional boundaries between design, construction, and operations, demanding integrated
teams, iterative workflows, and shared performance metrics. Empirical research on digitalization and
automation in the context of Industry 4.0 finds that organizations face not only technological challenges
but also skills gaps, cultural resistance, and misaligned incentive structures when attempting to
implement advanced cyber-physical systems (Nahid, 2022; Hossain & Milon, 2022; Oesterreich &
Teuteberg, 2016). In the architecture, engineering, and construction sector, experience with Building
Information Modelling shows that uptake depends on the readiness of people, processes, and
technologies, with non-technical issues such as collaboration practices, contracts, and training playing
a decisive role in successful adoption (Gu & London, 2010). For digital twins aimed at supporting
climate resilience, this means that investments in sensors, modelling tools, and data platforms must be
accompanied by capacity building for engineers and planners to interpret model outputs, embed
resilience considerations into decision criteria, and negotiate trade-offs between short-term costs and
long-term risk reduction. Organizations also need mechanisms for learning from digital twin use in
pilot projects and scaling successful patterns to wider asset portfolios, while iteratively refining
governance and technical standards. Over time, lessons from failures, near misses, and successful
adaptations captured through digital twin analyses can inform revised design guidelines, maintenance
strategies, and emergency response plans, further embedding resilience thinking into day-to-day
practice. Such dynamic capabilities are central to sustaining climate-resilient infrastructure.
Theoretical Foundation for Infrastructure Systems

The theoretical foundation for this study is grounded in quantitative resilience metrics that
conceptualize resilience as a time-dependent measure of system functionality under disruption. Early
work on disaster resilience emphasized qualitative properties such as robustness, redundancy,
resourcefulness, and rapidity, but struggled to operationalize these ideas in a way that could guide
engineering design and investment choices for infrastructure systems. Indicator-based approaches
responded by developing composite indices to benchmark the baseline resilience of communities using
socio-economic, physical, institutional, and environmental variables. For example, a widely cited
framework proposes a set of statistically derived indicators that capture social, economic, institutional,
infrastructural, and community-capacity dimensions, enabling comparisons of resilience across regions
and over time (Arfan et al., 2021; Cutter et al., 2010). These indicator systems are theoretically important
because they frame resilience as a multidimensional construct and highlight the socio-technical
character of infrastructure systems, which is central to climate-resilient infrastructure design. However,
indicator approaches alone are insufficient for digital twins and climate-focused infrastructure
engineering, which require explicit links between hazard scenarios, structural or network performance,
recovery trajectories, and decision variables (Ara, 2021). A complementary theoretical strand therefore
focuses on performance-based resilience metrics, in which resilience is defined with respect to system
functionality curves over time, providing a bridge between high-level policy notions of resilience and
the detailed, quantitative models embedded in digital twin frameworks (Bocchini et al., 2014; Jahid,
2021). Together, indicator-based and performance-based perspectives form a layered theoretical
foundation: indicators capture contextual vulnerability and adaptive capacity, while performance-
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based metrics quantify how specific infrastructure configurations and management strategies respond
to and recover from climate-related disturbances (Akbar & Farzana, 2021; Reza et al., 2021).

Figure 6: Theoretical Framework for Time-Dependent Resilience Metrics in Infrastructure Systems
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Performance-based resilience theory conceptualizes infrastructure behavior in terms of a functionality
function Q(t), representing the level of service (e.g., capacity, throughput, accessibility, or reliability)
of a system over a specified control period that includes both disruption and recovery. A seminal
analytical framework defines resilience as the normalized area under the functionality curve during a
control time Ty ¢, capturing both the immediate performance loss and the rate of recovery (Cimellaro et
al., 2010). In general form, a resilience index Rfor an infrastructure system over a time horizon
[Ty’ T;]can be written as

1 ke .
T,—Tr ), Qo
where Q(t)is the actual functionality at time tand Q,is the pre-disturbance functionality level taken as
a reference. This formulation embeds several theoretical assumptions: (i) resilience is inherently time-
dependent; (ii) both the depth of performance loss and the speed of recovery matter; and (iii) resilience
can be compared across assets or networks once functionality is normalized. Building on this
perspective, a comprehensive review of modeling and simulation of interdependent critical
infrastructure systems identifies resilience as the joint ability to resist, absorb, and recover from hazards
and organizes modeling approaches empirical, agent-based, system-dynamics, economic, and
network-based around how they represent Q(t)and its evolution under disruptions (Ouyang, 2014).
For climate-resilient infrastructure design, this theoretical lens is particularly appropriate because it
allows climate hazards (e.g., floods, storms, heatwaves) to be represented as time-varying loads or
boundary conditions that perturb Q(t), while adaptation measures (e.g., hardening, redundancy,
operational changes) are treated as modifications to the shape and area of the functionality curve. In
digital twin frameworks, these mathematical definitions provide the backbone for embedding
resilience evaluation directly into simulation workflows, enabling infrastructure designers and
operators to assess how alternative design choices or operating strategies change the integral of
performance over time, rather than focusing solely on instantaneous failure probabilities or static safety
margins (Ouyang, 2014).
More recent theoretical developments extend performance-based resilience metrics from single systems
to interdependent infrastructure networks and explicitly incorporate restoration strategies, which is
critical for climate-resilient infrastructure operating in tightly coupled urban environments. A time-
dependent resilience metric for infrastructure systems conceptualizes resilience as the ratio between
the area under the actual performance curve and the area under a target (no-disruption) performance
curve over a given period, thereby capturing both the magnitude of losses and the frequency and
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duration of disruptive events (Ouyang & Wang, 2015). This framework is particularly relevant for
digital twin-enabled climate-resilient infrastructure because it treats resilience as a function not only of
structural performance but also of restoration decision-making, resource constraints, and
interdependencies between systems such as power, gas, water, and transport. At the same time, unified
approaches to resilience and sustainability in civil infrastructure argue that resilience should be
conceptualized jointly with long-term sustainability objectives, so that short-term robustness and rapid
recovery are evaluated alongside life-cycle environmental, economic, and social performance (Bocchini
et al., 2014). This integrated theoretical stance resonates strongly with climate-resilient infrastructure
design, where reducing greenhouse-gas emissions, conserving resources, and ensuring social equity
must be balanced with the capacity to withstand and recover from climate extremes. In parallel,
indicator-based frameworks for disaster resilience continue to inform which socio-technical
dimensions such as institutional capacity, social capital, or land-use patterns should be represented as
variables or parameters within resilience metrics and digital twin models (Cutter et al., 2010).
Collectively, these theoretical contributions support the present study’s choice to operationalize
resilience through time-dependent, performance-based metrics embedded in digital twin simulations,
while also acknowledging broader contextual factors that shape climate risk and adaptive capacity
across infrastructure systems (Cimellaro et al., 2010).

Conceptual Framework

The conceptual framework for this study positions digital twin-enabled climate-resilient infrastructure
as the outcome of a structured chain of technology adoption, integration, and capability building within
infrastructure organizations. At the technology adoption level, the model draws on the Unified Theory
of Acceptance and Use of Technology 2 (UTAUT?2), which explains how performance expectancy, effort
expectancy, social influence, and facilitating conditions shape the behavioral intention to use advanced
digital tools such as digital twins. In this research, digital twin adoption (DTA) represents the degree to
which decision-makers and technical staff intend to and actually use digital twin platforms for
planning, monitoring, and optimizing infrastructure assets (Gorla et al., 2010). Because climate-resilient
infrastructure requires both sophisticated analytics and continuous data flows, the framework assumes
that higher DTA leads to deeper digital twin integration (DTI) into core engineering, asset management,
and risk-management workflows. Building on innovation assimilation theory, DTI is conceptualized
as the routinization stage in which digital twin tools become embedded in everyday practices rather
than isolated pilot projects (Venkatesh et al., 2012). The framework therefore starts from an adoption-
integration sequence where behavioral intentions and usage (DTA) catalyze structural and procedural
changes in how infrastructure systems are modeled and governed (DTI).

Beyond adoption and integration, the framework emphasizes the role of organizational and contextual
capabilities in transforming digital twin use into measurable climate-resilience outcomes. Research on
innovation assimilation shows that technological, organizational, and environmental contexts jointly
condition whether digital investments progress from initiation through adoption to routinization,
suggesting that organizational readiness, technology readiness, and regulatory pressure are critical
antecedents of effective digital twin deployment in infrastructure agencies. Complementing this
diffusion perspective, information systems quality research indicates that system quality, information
quality, and service quality jointly influence organizational impact, implying that digital twin solutions
must be technically robust, deliver accurate and timely data, and be supported by responsive services
to improve infrastructure performance. In the conceptual framework, these insights are captured
through data and analytics capability (DAC) and platform quality constructs that link digital twin
integration to reliable climate-risk information and actionable decision support. At the same time, the
model incorporates organizational resilience capability including anticipation, coping, and adaptation
capacities as the internal mechanism through which digital intelligence is translated into design
modifications, operational changes, and investment prioritization that collectively enhance climate-
resilient performance. Thus, the framework connects digital twin-related technological capabilities
with broader organizational resilience processes (Lengnick-Hall et al., 2011).
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Figure 7: Structural Relationships Among Digital Twin Adoption, Capabilities, and
Organizational Resilience Performance

CAPABILITIES
Digital Twin
ADOPTION Integration (DTI) OUTCOMES
" Diai : ' \ ( organizationat |
D;\g(;talgwm — | Dataand Analytics | — gesmence
(81‘3;{‘)’" | Capability (DAC) | | Performance
J 3 5 \ (ORP)

| Platform Quality ]

r “\ ( G

’ Resilience Resilience

‘ Capability Capability

‘ (RESCAP)

ORP; = Bo+ B,DTI; + By DAC; + By RESCAP; + €

<, 1
I)II, == F.\'”

To make these relationships operational for quantitative analysis, the conceptual framework is
expressed in terms of latent constructs and structural paths that can be tested using multiple regression
or structural equation modeling. Organizational resilience performance for infrastructure (ORP) is
modeled as a function of digital twin integration, data and analytics capability, and resilience
capabilities:
ORP; = B, + B DTI; + ,DAC; + f3RESCAP; + ¢,

where i denotes each organization or project, and RESCAP represents aggregated resilience capabilities
related to anticipation, coping, and adaptation. Each latent construct is measured as the mean of its

Likert-scale items, for example:
k
1
DTIL = Ez xl-j,
=1

where x;;is respondent i’s score on the j-th digital twin integration item and k is the number of items.
Information systems quality research supports modeling organizational impact as a function of system,
information, and service quality; in this study, those dimensions are embedded within DAC and
platform quality, which are theorized to mediate the relationship between DTI and ORP (Duchek,
2020). Finally, drawing on work that links strategic human resource management to resilience, the
framework assumes that resilience capabilities are themselves shaped by human capital, learning, and
collaborative practices, positioning RESCAP as both an outcome of strategic management and a driver
of infrastructure performance under climate stress. Overall, the conceptual model aligns with a
capability-based view of organizational resilience, in which digital twin technologies are necessary but
not sufficient; resilience emerges when these technologies are assimilated, supported by high-quality
information services, and embedded within organizational capabilities that enable infrastructure
systems to anticipate, absorb, and adapt to climate-related disruptions (Zhu et al., 2006).

METHOD

The methodological approach for this study has been structured to align closely with its objective of
examining how digital twin frameworks have enhanced climate-resilient infrastructure design in
practice. The research has adopted a quantitative, cross-sectional, case-study-based design that has
focused on organizations and projects that have already implemented, piloted, or explored digital twin
solutions in climate-exposed infrastructure contexts. This design has been chosen because it has
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allowed the study to capture variation across different sectors, organizational types, and project scales
at a single point in time, while still grounding the analysis in real-world cases where digital twins have
been used for planning, design, or operational decision-making. The study has been guided by a
conceptual framework that has linked digital twin integration, data and analytics capability, and
organizational resilience capacity to perceived climate-resilient infrastructure performance, and has
derived a set of testable hypotheses that have specified the expected direction and strength of these
relationships.
Figure 8: Methodological Overview
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To operationalize these constructs, the research has developed a structured questionnaire that has used
Likert five-point scales to measure respondents’ perceptions of digital twin maturity and integration,
data quality and analytics capability, organizational readiness and resilience-oriented practices, and
climate-resilient performance outcomes in their projects or organizations. The instrument has been
targeted at professionals who have been directly involved in the planning, design, operation, or
management of infrastructure assets where digital twin concepts or tools have been present, including
engineers, planners, project managers, asset managers, and digital technology specialists. Data
collection has been conducted through an online survey format, which has facilitated access to
geographically dispersed respondents and has supported efficient consolidation and screening of
responses. The resulting dataset has been prepared for analysis through systematic checks for
completeness, consistency, and suitability for multivariate statistical procedures.

For data analysis, the study has relied on descriptive statistics to summarize sample characteristics and
central tendencies of key variables, correlation analysis to explore the strength and direction of bivariate
associations, and regression modeling to test the proposed hypotheses within the conceptual
framework. This combination has allowed the research to estimate the extent to which digital twin
integration and related capabilities have explained variance in perceived climate-resilient
infrastructure performance, while controlling for relevant contextual factors such as sector,
organizational role, and prior exposure to climate-related disruptions.

Research Design

The study has adopted a quantitative, cross-sectional, case-study-based research design to examine
how digital twin frameworks have enhanced climate-resilient infrastructure design across real
organizational settings. This design has been selected because it has allowed the research to capture
perceptions and practices from multiple infrastructure sectors at a single point in time while remaining
anchored in specific projects where digital twins have already been introduced. The approach has been
grounded in the previously developed conceptual framework, which has specified relationships among
digital twin integration, data and analytics capability, organizational resilience capacity, and perceived
climate-resilient performance. The design has therefore combined breadth through a survey of
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professionals in different organizations with depth, by focusing on respondents who have been directly
involved in digital twin-related infrastructure initiatives. In doing so, the research design has aimed to
generate statistically analyzable data that have remained closely linked to real-world implementations
of digital twin frameworks in climate-exposed infrastructure contexts.

Population and Sample

The target population for this study has consisted of professionals who have been engaged in planning,
designing, operating, or managing infrastructure assets where digital twin concepts or tools have been
present. This population has included civil, structural, and systems engineers, asset and facility
managers, urban and transport planners, risk and resilience analysts, and digital technology specialists
working in public agencies, utilities, consulting firms, and technology providers. The sampling frame
has been constructed by identifying organizations and projects that have reported some level of digital
twin adoption in infrastructure and by approaching professional networks, project teams, and industry
forums. The study has employed a non-probability purposive sampling strategy, which has been
appropriate given the requirement that respondents have had first-hand experience with digital twin-
enabled infrastructure initiatives. Sample size has been determined by practical access considerations
and by common guidelines for multivariate analysis, ensuring that the number of valid responses has
been adequate for correlation and regression procedures.

Research Instrument: Questionnaire Design

The research has used a structured questionnaire as its primary data collection instrument, which has
been designed to capture perceptions of digital twin capabilities and climate-resilient infrastructure
performance. The questionnaire has been organized into logically sequenced sections that have covered
respondent background, organizational and project context, digital twin adoption and integration, data
and analytics capability, organizational resilience practices, and perceived climate-resilient design
outcomes. Each construct has been measured using multiple items formulated as clear, concise
statements to which respondents have indicated their level of agreement on a five-point Likert scale
ranging from “strongly disagree” to “strongly agree.” The instrument has also included screening
questions to confirm respondents” involvement with digital twin-related infrastructure activities and
a small number of factual questions (such as sector and role) that have supported contextual analysis.
The questionnaire layout has been designed for clarity and ease of completion, and skip logic in the
online format has been used where necessary to streamline the response process.

Data Collection Procedures

Data collection has been conducted using an online survey platform that has facilitated efficient
distribution, completion, and management of responses across geographically dispersed participants.
Invitations to participate have been sent via email and professional channels to individuals and
organizations identified as relevant to digital twin-enabled infrastructure projects. The invitation
message has explained the purpose of the study, its focus on digital twins and climate-resilient
infrastructure design, and the approximate time required for completion, and has contained a secure
survey link. Participation has been voluntary, and respondents have been informed that their answers
have been treated confidentially and analyzed in aggregated form only. Reminder messages have been
issued after a defined period to improve the response rate, while avoiding excessive contact.
Throughout the data collection period, responses have been monitored for completeness and technical
issues, and the survey has remained open until a sufficient number of valid responses has been
obtained to support the planned statistical analyses.

Measurement of Variables

The study has operationalized its main constructs through multi-item Likert-scale measures that have
reflected both theoretical definitions and practical manifestations of digital twin and resilience
concepts. Digital twin integration has been measured through items that have captured the extent to
which digital twins have been embedded in design, monitoring, and decision-making processes. Data
and analytics capability has been represented by items reflecting data integration, quality, accessibility,
and analytical use within digital twin environments. Organizational resilience capacity has been
measured through items describing anticipation, coping, and adaptation practices related to climate-
related disruptions. Climate-resilient infrastructure performance has been captured via perceived
improvements in reliability, robustness, adaptability, and recovery of infrastructure systems under
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climate stress. Each item has used a five-point agreement scale, and construct scores have been
computed as averages of their respective items. Additional variables, such as sector, organization type,
and experience with climate-related events, have been measured through categorical or ordinal
questions to serve as control or grouping variables.

Instrument Development

The questionnaire has been developed through a structured process that has combined literature
review, expert input, and iterative refinement. Initially, the research has identified key constructs and
dimensions from prior studies on digital twins, data governance, organizational resilience, and climate-
resilient infrastructure, which have provided conceptual anchors for item generation. Draft items have
been written to reflect these dimensions in language accessible to infrastructure practitioners, and
overlapping or ambiguous formulations have been avoided. The draft instrument has then been
reviewed by a small panel of subject matter experts, including academics and practitioners familiar
with digital twin applications and resilience assessment, who have provided feedback on content
coverage, clarity, and relevance. Based on their suggestions, items have been revised, added, or
removed to strengthen alignment with the conceptual framework. A limited pilot test with a small
group of potential respondents has been conducted to check wording, length, and usability of the
online format, and minor adjustments have been made accordingly.

Validity and Reliability

The study has adopted multiple strategies to ensure the validity and reliability of its measures. Content
validity has been supported through the literature-based development of constructs and the expert
review process, which has confirmed that the items have adequately represented digital twin
integration, data and analytics capability, organizational resilience, and climate-resilient performance.
Construct validity has been examined empirically by inspecting item-total correlations and factor
structures, ensuring that items for each construct have loaded coherently and have not exhibited
problematic cross-loadings. Reliability has been assessed using internal consistency measures,
particularly Cronbach’s alpha coefficients, which have indicated the extent to which items within each
scale have measured the same underlying construct. Where reliability indices have suggested
weaknesses, items have been scrutinized and, if necessary, removed from the final scales. These
procedures together have ensured that the resulting measures have met acceptable standards of
psychometric quality and have been suitable for subsequent correlational and regression analyses.
Data Analysis Techniques

The data analysis has proceeded in several stages that have been aligned with the study’s objectives
and hypotheses. First, descriptive statistics have been computed to summarize respondent
characteristics, organizational contexts, and central tendencies and dispersions of all key constructs.
These summaries have provided an overview of digital twin adoption, integration, and resilience-
related practices across the sample. Second, bivariate correlation analyses have been performed to
explore the strength and direction of associations among digital twin integration, data and analytics
capability, organizational resilience capacity, and perceived climate-resilient performance. Third,
multiple regression analyses have been conducted to test the hypothesized relationships within the
conceptual framework, estimating the extent to which digital twin-related variables have predicted
climate-resilient infrastructure performance after controlling for relevant contextual factors. Diagnostic
checks, such as assessments of multicollinearity, normality, and homoscedasticity of residuals, have
been undertaken to verify that regression assumptions have been reasonably satisfied, thereby
supporting the robustness of the statistical inferences.

Software and Tools

The study has relied on widely used statistical and productivity software to manage, analyze, and
present the data. The online survey platform has provided automated data export functions, which
have been used to transfer responses into a statistical package such as SPSS, R, or an equivalent tool for
cleaning and analysis. Within this environment, procedures for descriptive statistics, reliability
analysis, correlation, and multiple regression have been executed using built-in functions and standard
syntax. Spreadsheet software has been used to perform preliminary checks, derive composite scores
for constructs, and create simple tables and charts for reporting. Word processing and reference
management tools have supported the preparation of the methods and results sections, ensuring
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consistency in terminology and documentation of analytical choices. Together, these software tools
have enabled efficient handling of the dataset, transparent implementation of analytical steps, and clear
presentation of findings related to digital twin frameworks and climate-resilient infrastructure design.
FINDINGS

The analysis of the survey data has provided clear empirical support for the study’s objectives and the
majority of its hypotheses, based on responses from 210 professionals involved in digital twin-enabled
infrastructure projects. On the five-point Likert scale (1 = strongly disagree, 5 = strongly agree), the
overall level of digital twin integration into infrastructure planning, design, and operations has shown
a moderately high mean of 3.74 (SD = 0.71), while data and analytics capability has recorded a mean of
3.62 (SD =0.76), and organizational resilience capacity has averaged 3.55 (SD = 0.69). Perceived climate-
resilient infrastructure performance capturing robustness, adaptability, and recovery under climate-
related stresses has exhibited a mean score of 3.79 (SD = 0.72), suggesting that respondents have
generally agreed that their organizations’” infrastructure systems have been performing relatively well
in the face of climate risks. Scale reliabilities have been acceptable to high, with Cronbach’s alpha values
of 0.89 for digital twin integration, 0.87 for data and analytics capability, 0.85 for organizational
resilience capacity, and 0.90 for climate-resilient performance, indicating strong internal consistency
and supporting the use of composite scores in subsequent analyses.

Figure 9: Key Descriptive and Inferential Results on Digital Twin-Enabled Climate-Resilient
Infrastructure
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Initial correlation analysis has revealed strong, positive and statistically significant associations among
the key constructs, indicating that organizations reporting higher levels of digital twin integration and
stronger data capabilities have also tended to report higher levels of resilience capacity and climate-
resilient performance. Specifically, digital twin integration has correlated at r = .61 (p <.001) with data
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and analytics capability, r = .54 (p <.001) with organizational resilience capacity, and r = .63 (p <.001)
with climate-resilient performance, while data and analytics capability has demonstrated a correlation
of r = .66 (p <.001) with climate-resilient performance. These correlation patterns have provided initial
support for the notion that digital twin frameworks and related analytical competencies have been
closely intertwined with how organizations have assessed and improved the resilience of their
infrastructure to climate-related hazards.

To test the hypotheses more rigorously and address the study objectives, multiple regression models
have been estimated with climate-resilient infrastructure performance as the dependent variable and
digital twin integration, data and analytics capability, and organizational resilience capacity as key
predictors, controlling for sector (transport, energy, water, urban), organization type (public vs.
private), and prior experience with major climate-related disruptions. The full model has been
statistically significant, F(6, 203) = 37.82, p <.001, and has explained 52% of the variance in perceived
climate-resilient performance (adjusted R? = .52), indicating a substantial combined effect of digital
twin-related and organizational factors. In line with H1, digital twin integration has emerged as a
strong and significant predictor (B = .34, t = 5.89, p < .001), demonstrating that higher levels of
integration of digital twin tools into core processes have been associated with higher reported
effectiveness of climate-resilient design and operation. H2 has also been supported, as data and
analytics capability has shown a positive and significant effect (p = .29, t = 5.02, p < .001), indicating
that organizations with better-integrated, higher-quality data and stronger analytical use within their
digital twin environments have reported higher quality in climate risk assessment and decision-
making. Consistent with H3, organizational resilience capacity has contributed additional explanatory
power (p =.22,t=3.91, p < .001), suggesting that anticipation, coping, and adaptation practices have
acted as a critical conduit through which digital intelligence has translated into actual resilience
outcomes. Together, these results have demonstrated that the combined presence of integrated digital
twin frameworks, robust data and analytics, and mature resilience practices has been strongly
associated with improved climate-resilient performance of infrastructure systems.

Further analyses have examined H4 and H5 concerning the broader effectiveness of digital twin
frameworks, including exploratory tests of moderation effects. A separate regression model focusing
on climate risk assessment effectiveness as an intermediate outcome has shown that digital twin
integration ( = .38, p <.001) and data and analytics capability ( = .32, p <.001) have jointly explained
48% of the variance in this construct (adjusted R? = .48), providing strong support for the objective of
demonstrating how digital twin frameworks have improved climate risk assessment processes. To
explore whether organizational resilience capacity has moderated the relationship between digital twin
integration and climate-resilient performance (an extension of H4), an interaction term (DTI x RESCAP)
has been introduced into the main model. The interaction has reached marginal statistical significance
(B =.11,t=1.97, p = .050), suggesting that the positive effect of digital twin integration on performance
has been somewhat stronger in organizations with higher resilience capacity, but that this moderating
influence has been weaker than the direct effects captured by the main predictors. This pattern has
indicated partial support for the idea that organizational capabilities have shaped the payoff from
digital twin investments. Overall, the findings have confirmed the central hypotheses that digital twin
integration, supported by robust data and analytics capability, has been significantly associated with
enhanced climate-resilient infrastructure performance, thereby fulfilling the primary research objective
of empirically linking digital twin frameworks to climate-resilience outcomes in infrastructure design
and management.

Response Rate and Data Screening

The response rate and data screening process have been summarized in Table 1 and have provided a
basis for assessing the robustness of the empirical analysis. The study has distributed 300 invitations to
professionals involved in digital twin-enabled infrastructure projects, and 230 responses have been
received, which has represented a raw response rate of 76.7%. This response level has been considered
satisfactory for a specialized professional population and has indicated that interest in the themes of
digital twins and climate-resilient infrastructure has been widespread among the targeted respondents.
To protect the quality of the dataset, the study has applied systematic screening criteria. Responses that
have been substantially incomplete such as those with large sections of missing answers on key
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constructs have been removed, resulting in the exclusion of 12 cases (4.0%).

Table 1: Survey participation and data screening results

Item Count Percentage
Invitations that have been distributed 300 100.0%
Responses that have been received 230 76.7%
Incomplete responses that have been removed 12 4.0%
Straight-line / low-quality responses removed 8 2.7%
Final usable responses 210 70.0%

In addition, the study has performed checks for straight-lining and other indicators of low engagement,
such as identical answers across all Likert items and unrealistically short completion times; this
procedure has led to the removal of a further 8 responses (2.7%). After these steps, 210 responses have
remained and have been classified as final usable cases, corresponding to an effective usable response
rate of 70.0%. This final sample size has been sufficient for the planned correlation and regression
analyses, which have typically required at least 10-15 cases per predictor variable. The screening
process has ensured that only considered and internally consistent responses have entered the analysis,
thereby strengthening the credibility of the findings that have been used to test the hypotheses and
address the research objectives concerning digital twin integration, data and analytics capability,
organizational resilience, and climate-resilient infrastructure performance.

Demographic and Organizational Profile

Table 2: Demographic and organizational characteristics of respondents (N = 210)

Characteristic Category n Percentage
Sector Transport 68 32.4%
Energy 54 25.7%
Water / Wastewater 46 21.9%
Urban / Multi-utility 42 20.0%
Organization type Public 128 61.0%
Private 82 39.0%
Professional role Engineer / Technical 109 51.9%
Manager / Executive 61 29.0%
Planner / Analyst 40 19.0%
Years of experience 0-5 years 34 16.2%
6-10 years 72 34.3%
11-20 years 69 32.9%
>20 years 35 16.7%
Prior major climate-event experience Yes 143 68.1%
No 67 31.9%

The demographic and organizational profile in Table 2 has described the composition of the sample
and has provided important context for interpreting the findings and testing the hypotheses. The
respondents have come from a balanced spread of infrastructure sectors, with transport (32.4%) and
energy (25.7%) having formed the largest groups, followed by water/wastewater (21.9%) and urban or
multi-utility organizations (20.0%). This spread has ensured that the investigation of digital twin
frameworks has not been limited to a single type of infrastructure, but instead has covered multiple
lifeline systems that have been relevant for climate resilience. In terms of organization type, public
entities have accounted for 61.0% of the sample, while private organizations have represented 39.0%.
This distribution has reflected the prominent role that public agencies and utilities have had in owning
and operating critical infrastructure, while also recognizing the growing contribution of private
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engineering, consulting, and technology firms to digital twin development and deployment. The roles
of respondents have been predominantly technical or engineering (51.9%), complemented by
managerial or executive positions (29.0%) and planner/analyst roles (19.0%). This mix has ensured that
the data have captured both detailed technical perspectives and higher-level strategic views on digital
twin integration and resilience. Regarding professional experience, the sample has contained a
substantial proportion of mid-career and senior professionals, with 34.3% having had 6-10 years of
experience and 32.9% having had 11-20 years, while 16.7% have reported more than 20 years of
practice. This has indicated that respondents have generally been well positioned to evaluate the
evolution of digital twin practices and resilience measures within their organizations. Importantly,
68.1% of respondents have indicated that their organizations have experienced at least one major
climate-related event (such as severe flooding, heatwaves, or storms), which has meant that a large
share of the sample has had direct exposure to climate impacts on infrastructure. Together, these
characteristics have suggested that the dataset has been both diverse and sufficiently experienced,
thereby supporting the study’s objective of assessing digital twin frameworks and resilience outcomes
across a realistic range of sectors and organizational contexts.

Descriptive Statistics of Key Variables

Table 3: Descriptive statistics for main constructs (Likert 1-5; N = 210)

Construct Items (k) Mean SD Min Max
374 071 18 5.0
362 076 1.7 5.0

Digital Twin Integration (DTI)
Data & Analytics Capability (DAC)
Organizational Resilience Capacity (RESCAP) 355 069 19 49
Climate Risk Assessment Effectiveness (CRAE) 370 073 16 49
Climate-Resilient Infrastructure Performance (CRIP) 6 379 072 20 5.0

The descriptive statistics in Table 3 have provided an initial overview of how respondents have
perceived digital twin integration, data and analytics capability, organizational resilience, and climate-
resilient performance in their organizations. All constructs have been measured on a five-point Likert
scale, and the means have fallen between 3.55 and 3.79, which has indicated that, on average,
respondents have tended to agree that digital twin and resilience-related practices have been present
at moderate to moderately high levels. Digital Twin Integration (DTI) has recorded a mean of 3.74 (SD
= 0.71), suggesting that digital twin tools have been integrated into design, monitoring, and decision-
making processes to an appreciable extent, though with room for further enhancement. Data &
Analytics Capability (DAC) has shown a mean of 3.62 (SD = 0.76), implying that organizations have
already possessed reasonably strong capabilities to collect, integrate, and analyze data within digital
twin environments, but that such capabilities have not yet reached uniformly high levels across the
sample. Organizational Resilience Capacity (RESCAP) has had the lowest mean among the core
constructs at 3.55 (SD = 0.69), which has suggested that while anticipation, coping, and adaptation
practices have been present, they have remained less fully developed than the technological aspects.
Climate Risk Assessment Effectiveness (CRAE) has displayed a mean of 3.70 (SD = 0.73), indicating
that digital twin-enabled risk assessment processes have generally been perceived as effective, aligning
with the study’s objective of demonstrating improvements in climate risk analysis. Climate-Resilient
Infrastructure Performance (CRIP) has shown the highest mean at 3.79 (SD = 0.72), which has suggested
that respondents have perceived tangible gains in robustness, adaptability, and recovery performance
under climate-related stresses. The standard deviations, ranging from 0.69 to 0.76, have indicated
moderate variability, meaning that some organizations have reported much higher levels of integration
and resilience than others. This variability has been crucial for the subsequent correlation and
regression analyses, because it has provided the dispersion required to detect meaningful statistical
relationships. Overall, the descriptive findings have supported the premise that digital twin
frameworks and resilience practices have been sufficiently established to allow quantitative testing of
the hypotheses, while also confirming that opportunities for further improvement have remained.

a1 o o O
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Reliability and Validity Results
Table 4: Internal consistency and item-total statistics for main constructs

Construct Cronbach’s a Mean inter-item correlation Item-total correlation range
DTI 0.89 0.52 0.58 - 0.74
DAC 0.87 0.49 0.54-0.72
RESCAP 0.85 0.46 0.50 - 0.69
CRAE 0.86 0.48 0.53-0.70
CRIP 0.90 0.55 0.61-0.78

The reliability and validity results in Table 4 have demonstrated that the measurement scales for the
main constructs have possessed satisfactory psychometric properties and have been appropriate for
testing the study’s hypotheses. Cronbach’s alpha values have ranged from 0.85 to 0.90, comfortably
exceeding the commonly accepted threshold of 0.70 for internal consistency. Digital Twin Integration
(DTI) has achieved an alpha of 0.89, with item-total correlations between 0.58 and 0.74, indicating that
all items have contributed meaningfully to the overall scale and that none have behaved as outliers.
Data & Analytics Capability (DAC) has shown a Cronbach’s alpha of 0.87 and item-total correlations
between 0.54 and 0.72, confirming that the items capturing data integration, quality, accessibility, and
analytical use have formed a coherent construct. Organizational Resilience Capacity (RESCAP) has
recorded an alpha of 0.85, with item-total correlations spanning 0.50-0.69, which has suggested that
anticipation, coping, and adaptation items have held together as a single dimension. Climate Risk
Assessment Effectiveness (CRAE) has also exhibited strong reliability (a = 0.86), implying that the items
assessing the thoroughness, transparency, and usefulness of digital twin-supported risk assessments
have been internally consistent. Climate-Resilient Infrastructure Performance (CRIP) has reached the
highest alpha value of 0.90, with a mean inter-item correlation of 0.55 and item-total correlations
ranging from 0.61 to 0.78, signaling an especially robust scale. These results have indicated that each
construct has been measured with sufficient precision to support correlation and regression analyses,
which have relied on the assumption that scale scores have represented underlying latent variables
with limited measurement error. The consistently high item-total correlations have also suggested that
content validity has been strong, because all items have aligned closely with their intended constructs.
Taken together, the reliability and validity evidence has reinforced confidence that any substantive
relationships observed among digital twin integration, data capability, resilience capacity, and climate-
resilient performance have reflected real underlying patterns rather than artefacts of poor
measurement, thereby directly supporting the study’s objectives and hypotheses.

Correlation Analysis

Table 5: Pearson correlations among main constructs (N = 210)

Variable 1. DTI 2. DAC 3. RESCAP 4. CRAE 5. CRIP
1. DTI 1.00
2.DAC 0.61*** 1.00
3. RESCAP 0.54*** 0.57*** 1.00
4. CRAE 0.58*** 0.64*** 0.52%** 1.00
5. CRIP 0.63*** 0.66*** 0.59%** 0.68*** 1.00

Note: ** p <.001 (two-tailed).

The correlation matrix in Table 5 has revealed strong and statistically significant relationships among
the main constructs, lending clear support to the hypothesized linkages in the conceptual framework.
Digital Twin Integration (DTI) has exhibited a substantial positive correlation with Data & Analytics
Capability (DAC) (r = .61, p <.001), indicating that organizations that have integrated digital twin tools
more extensively into their processes have also tended to possess more advanced data and analytics
infrastructures. DTI has also correlated positively with Organizational Resilience Capacity (RESCAP)
(r = .54, p < .001), suggesting that where digital twins have been embedded in operations, broader
resilience practices such as anticipation, coping, and adaptation have been stronger. The correlation
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between DTT and Climate Risk Assessment Effectiveness (CRAE) (r = .58, p < .001) has indicated that
digital twin integration has been closely associated with more thorough and effective climate risk
assessments, aligning directly with the objective of demonstrating the role of digital twins in enhancing
risk analysis. Most importantly for the study’s primary hypotheses, DTI has shown a strong positive
correlation with Climate-Resilient Infrastructure Performance (CRIP) (r = .63, p <.001), implying that
higher levels of digital twin integration have gone hand in hand with improved perceived robustness,
adaptability, and recovery of infrastructure under climate stresses. DAC has displayed similarly strong
correlations with CRAE (r = .64, p < .001) and CRIP (r = .66, p < .001), which has underscored the
importance of data quality and analytical capability as key mechanisms through which digital twins
have delivered resilience benefits. RESCAP has also correlated positively with CRIP (r = .59, p <.001),
indicating that organizations with stronger resilience capacities have reported better climate-resilient
performance. The strength and consistency of these correlations have been fully consistent with the
theoretical expectation that digital twin integration, enabled by data and analytics and embedded
within resilient organizations, has been strongly associated with better climate-resilient infrastructure
outcomes. At the same time, the correlations have remained below .80, suggesting that multicollinearity
has not been excessive and that the constructs have retained sufficient distinctiveness for subsequent
regression modeling.

Regression Results

Table 6: Multiple regression predicting Climate-Resilient Infrastructure Performance (CRIP)

Predictor B SEB t p
Constant 0.81 0.23 3.52 <.001
Digital Twin Integration (DTT) 032 0.05 0.34 589 <.001
Data & Analytics Capability (DAC) 0.27 0.05 0.29 5.02 <.001
Organizational Resilience Capacity (RESCAP) 021 0.05 0.22 391 <.001
Sector (coded: 0 = others, 1 = transport/energy) 0.09 0.05 0.08 1.73 .085
Organization type (0 = private, 1 = public) 0.06 0.05 0.06 1.21 .228
Prior major climate-event experience (0 =no, 1 = yes) 011 0.05 010 2.09 .038

Model statistics: R? = .53; Adjusted R? = .52; F(6, 203) = 37.82, p <.001.

The regression results presented in Table 6 have provided strong support for the central hypotheses of
the study and have directly addressed the primary research objective of linking digital twin
frameworks to climate-resilient infrastructure performance. The full model predicting CRIP has been
statistically significant, with F(6, 203) = 37.82, p <.001, and has explained 53% of the variance in climate-
resilient performance (adjusted R? = .52). This level of explained variance has indicated a substantial
combined contribution from digital twin integration, data and analytics capability, and organizational
resilience capacity, even after controlling for sector, organization type, and prior experience with major
climate-related events. Consistent with H1, Digital Twin Integration (DTI) has emerged as a strong and
significant predictor, with a standardized coefficient § = 0.34 (p < .001). This result has meant that,
holding other factors constant, organizations that have reported higher digital twin integration have
tended to report higher levels of climate-resilient performance, confirming the hypothesis that deeper
digital twin embedding has been associated with improved infrastructure resilience outcomes. H2 has
also been supported, as Data & Analytics Capability (DAC) has shown a statistically significant effect
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(B =0.29, p <.001), indicating that stronger data infrastructures and analytical practices have been
positively associated with climate-resilient performance. This finding has reinforced the idea that
digital twin frameworks have delivered resilience benefits not merely through visualization but
through underlying data and analytics capabilities. H3 has been confirmed by the significant effect of
Organizational Resilience Capacity (RESCAP) (B = 0.22, p < .001), suggesting that organizational
anticipation, coping, and adaptation practices have amplified the impact of digital twin and data
capabilities on resilience outcomes. Among the control variables, prior experience with a major climate
event has had a modest but significant effect (B = 0.10, p = .038), implying that organizations that have
faced such events have reported slightly higher climate-resilient performance, possibly because they
have invested more heavily in resilience measures. Sector and organization type have not reached
conventional significance levels, suggesting that the relationships between digital twin frameworks
and resilience outcomes have been broadly similar across sectors and between public and private
organizations. Overall, these regression results have shown that the core hypotheses H1-H3 have been
strongly supported, and they have demonstrated quantitatively that digital twin integration, when
combined with robust data/analytics and organizational resilience capacity, has significantly
contributed to enhanced climate-resilient infrastructure performance.

Exploratory Analyses
Table 7: Differences in CRIP by sector and level of Digital Twin Integration
Group n Mean CRIP SD
High DTI (= 4.00) 84 412 0.54
Medium DTI (3.00-3.99) 86 3.73 0.55
Low DTI (< 3.00) 40 3.21 0.63
Transport sector 68 3.83 0.69
Energy sector 54 3.88 0.68
Water / Wastewater sector 46 3.74 0.73
Urban / Multi-utility sector 42 3.69 0.78

ANOVA for DTI groups on CRIP: F(2, 207) = 19.46, p < .001.

ANOVA for sectors on CRIP: F(3, 206) = 0.74, p = .529.

The exploratory analyses summarized in Table 7 have extended the main findings by examining how
climate-resilient infrastructure performance (CRIP) has varied across different levels of digital twin
integration and across sectors. For the first analysis, respondents have been grouped into low, medium,
and high DTI categories based on their composite DTI scores. The mean CRIP score for the high DTI
group (=4.00) has been 4.12 (SD = 0.54), compared with 3.73 (SD = 0.55) for the medium group and 3.21
(SD = 0.63) for the low group. The one-way ANOVA has indicated a statistically significant difference
among these groups, F(2, 207) = 19.46, p < .001. Post hoc comparisons (not shown in the table) have
indicated that all pairwise differences have been significant at p < .01, meaning that organizations with
high digital twin integration have reported materially higher climate-resilient performance than those
with medium or low integration, and medium-integration organizations have outperformed low-
integration ones. This pattern has been consistent with, and has further illustrated, the regression
finding that DTI has been a strong predictor of CRIP, thereby reinforcing H1 and the broader objective
of showing that digital twin frameworks have been associated with better resilience outcomes. In the
second exploratory analysis, CRIP has been compared across sectors. Mean CRIP scores have ranged
narrowly from 3.69 (urban/multi-utility) to 3.88 (energy), and the sectoral ANOVA has yielded F(3,
206) = 0.74, p = .529, indicating that differences among sectors have not been statistically significant.
This result has suggested that, although sector-specific contexts have existed, the overall relationship
between digital twin integration and resilience performance has been broadly similar across transport,
energy, water, and urban infrastructure. The absence of significant sectoral differences has been aligned
with the regression result in which sector has not shown a significant effect when digital twin and
organizational variables have been controlled. Together, these exploratory findings have highlighted
that the level of digital twin integration has been a more important differentiator of climate-resilient
performance than sector membership itself, supporting the view that digital twin frameworks represent
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a cross-cutting capability that has been applicable and beneficial across diverse infrastructure domains.
DISCUSSION

The findings of this study have shown that digital twin integration, data and analytics capability, and
organizational resilience capacity together explain more than half of the variance in perceived climate-
resilient infrastructure performance, with digital twin integration emerging as the strongest single
predictor. This pattern is consistent with the idea that resilience is not just a structural property of assets
but a systems property emerging from continuous monitoring, analysis, and adaptive management
(Cimellaro et al., 2010). The relatively high mean scores for digital twin integration (M = 3.74) and
climate-resilient performance (M = 3.79) suggest that organizations in the sample have already moved
beyond proof-of-concept pilots and begun to embed digital twins into routine planning and operational
workflows. This aligns with calls in the resilience literature to treat resilience as an explicit performance
dimension that can be quantified and optimized, rather than a vague aspiration (Bocchini et al., 2014).
At the same time, the somewhat lower mean for organizational resilience capacity (M = 3.55) indicates
that socio-organizational capabilities have lagged behind technological advances, reinforcing earlier
arguments that technology alone is insufficient without appropriate organizational processes and
culture (Lengnick-Hall et al., 2011). In short, the results have confirmed the central premise of this
research: digital twin frameworks are strongly associated with improved climate-resilient
infrastructure design and performance, but their impact is mediated and amplified by data/analytics
and organizational resilience capabilities.

Figure 10: Empirical and Theoretical Pathways Explaining Climate-Resilient Infrastructure
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Comparing these findings with prior work on digital twins highlights both convergence and extension.
The strong relationships between digital twin integration, data and analytics capability, and climate
risk assessment effectiveness are broadly consistent with Rasheed et al.’s (2020) argument that the value
of digital twins arises from hybrid modeling pipelines that continuously assimilate heterogeneous data
and update predictions under uncertainty. Similarly, the positive link between digital twin integration
and resilience performance mirrors Wagg et al’s (2020) claim that digital twins in engineering
dynamics can support ongoing verification, validation, and uncertainty management, which are
foundational for reliable performance under variable loading, including climate-related extremes.
However, most existing digital twin research has focused on manufacturing, smart workshops, or
product lifecycle optimization (Jones et al., 2020), whereas the present results have demonstrated that
similar architectures and principles are being applied in large-scale infrastructure contexts exposed to
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climate risk. The strong correlations between digital twin constructs and climate risk assessment
effectiveness (r = .58-.64) reinforce conceptual proposals that city-scale and network-scale twins can act
as platforms for scenario-based adaptation planning (Ruohomiki et al., 2018), but this study has gone
further by quantifying those relationships across a multi-sector sample. In that sense, the findings have
extended the digital twin literature from technical architectures and case descriptions toward
empirically grounded, organization-level evidence linking twin adoption to climate resilience
outcomes.

The results also resonate strongly with and deepen the infrastructure resilience literature. Performance-
based resilience metrics conceptualize resilience as the normalized area under a functionality curve
Q(t)over a control period (Cimellaro et al., 2010), and prior studies have emphasized that both the
depth of performance loss and the speed of recovery matter. Although the present study has not
directly measured Q(t)at asset level, respondents” perceptions of climate-resilient performance have
implicitly captured similar ideas: robustness under climatic stress, adaptability of operations, and rapid
recovery. The fact that digital twin integration and data capability together significantly predict
perceived resilience performance is consistent with the theoretical expectation that improved
monitoring, prediction, and decision support shift the shape of the functionality curve in favorable
ways reducing performance dips and shortening recovery time (Bocchini et al., 2014). Furthermore, the
positive role of organizational resilience capacity echoes Cutter et al.’s (2010) emphasis on institutional
and community capacities, and Duchek’s (2020) capability-based view, which frame resilience as a
dynamic capability built through anticipation, coping, and adaptation cycles. Our findings have shown
that organizations reporting higher anticipatory and adaptive practices benefit more from digital twin
integration, as reflected in the significant coefficient for resilience capacity in the regression model.
Thus, the study has bridged two previously parallel streams quantitative resilience metrics and digital
twin architectures by demonstrating that digital twin capabilities and resilience capabilities are
empirically intertwined in producing climate-resilient infrastructure outcomes.

From a practical standpoint, the findings have important implications for senior decision-makers such
as chief infrastructure officers, chief information/digital officers, CISOs in critical infrastructure
organizations, and system architects responsible for designing and operating digital twin
environments. First, the strong independent effects of digital twin integration and data/analytics
capability suggest that simply acquiring a digital twin platform is not enough; organizations have
needed to integrate it deeply into design reviews, asset management workflows, and emergency
planning processes, and to invest in high-quality, interoperable data pipelines and analytics talent (Boje
et al., 2020). Second, the significant contribution of organizational resilience capacity implies that
leadership should treat digital twin initiatives as part of a broader resilience program that also reforms
procedures, training, and governance. For example, CISOs and technology architects in energy or
transport utilities should ensure that operational technology (OT) security, data governance, and
resilience engineering teams are involved early, so that the twin can be safely and reliably connected
to real-time data and used for climate scenario testing without compromising cybersecurity or privacy
(Weber et al.,, 2009). Third, the exploratory analysis showing markedly higher climate-resilient
performance among high-DTI organizations suggests a practical maturity path: starting from isolated
pilots, moving to cross-project platforms, and eventually embedding digital twin analytics into
enterprise risk management and capital planning processes. In practice, this means that architects
should design twins not only as visual models but as decision pipelines from sensing and data ingestion
through predictive models to resilience-oriented dashboards explicitly aligned with climate risk and
adaptation decisions, rather than purely operational efficiency.

Theoretically, the study has offered several contributions and refinements to existing models of
technology adoption and resilience. By combining UTAUT2-style adoption constructs, innovation
assimilation perspectives, information systems quality dimensions, and capability-based resilience
theory (Venkatesh et al., 2012), the conceptual framework has treated digital twins as part of a socio-
technical capability pipeline rather than an isolated technology. The empirical support for the structural
path in which digital twin integration and data/analytics capability predict resilience performance,
mediated by organizational resilience capacity, has suggested that resilience in digital twin-enabled
infrastructure organizations emerges from a layered pipeline: adoption — integration — data/analytics
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quality — resilience capabilities — performance. This pipeline view refines performance-based
resilience theory by highlighting the upstream digital capabilities that condition the shape of the
functionality curve Q(t)under climate shocks (Cimellaro et al., 2010). It also extends digital twin theory
beyond architectures and models, showing that organizational capabilities are statistically significant
co-determinants of impact. For resilience scholarship, the findings support the capability-based
argument that resilience is not a static property but a composite of sensing, seizing, and reconfiguring
capabilities (Lengnick-Hall et al., 2011), now empirically connected to concrete digital technologies and
analytics pipelines. For information systems theory, the strong effects of data/analytics capability and
the high internal consistency of these scales reinforce the centrality of information quality and analytical
use as bridges between system implementation and organizational impact (Gorla et al., 2010).

Despite these strengths, several limitations of the study have to be acknowledged and revisited. First,
the cross-sectional survey design has captured perceptions at a single point in time and has not directly
measured changes in infrastructure performance before and after digital twin implementation. As a
result, causal inferences must be made cautiously, even though the results align with theoretical
expectations from resilience metrics and digital twin modeling studies (Cimellaro et al., 2010). Second,
the study has relied on self-reported perceptions of digital twin integration, data capability, and
resilience performance, which may be subject to optimism bias or influenced by organizational
narratives. While high reliability coefficients suggest coherent measurement, the absence of objective
performance indicators (such as recorded downtime, cost of disruptions, or modeled resilience indices
based on Q(t)) remains a constraint. Third, the sample, though diverse across sectors and roles, has
been based on purposive, non-probability sampling of organizations already engaging with digital
twins. This may limit generalizability to infrastructure owners and operators who have not yet adopted
digital twin technologies or who are operating in very different regulatory or resource environments.
Finally, the constructs have focused on internal organizational and technological capabilities; external
governance factors such as regulatory frameworks, financing conditions, and inter-organizational
coordination, which the resilience and infrastructure investment literature highlight as important
(Kennedy & Corfee-Morlot, 2013), have not been extensively modeled.

These limitations open several promising avenues for future research. Longitudinal studies that track
organizations over time as they plan, implement, and mature digital twin frameworks would allow
researchers to observe how changes in digital twin integration and data capability translate into
measurable shifts in resilience metrics derived from functionality curves Q(t), recovery times, and loss
distributions (Ouyang, 2014). Mixed-methods designs could combine quantitative surveys with in-
depth case studies of critical events such as major floods, heatwaves, or storms to examine in detail
how digital twins have been used in planning, response, and recovery, and how their outputs have
influenced decisions. Future work could also integrate objective network-level performance indicators
and simulation-based resilience measures, leveraging digital twin logs and event data to validate and
calibrate perception-based findings. At the theoretical level, researchers may refine the capability
pipeline by distinguishing different layers of analytics (descriptive, diagnostic, predictive, prescriptive)
and examining how each relates to specific phases of the resilience cycle (anticipation, absorption,
recovery, adaptation) (Francis & Bekera, 2014). Finally, given rising concerns about cybersecurity,
privacy, and ethical use of data in highly connected digital twins, future studies might explicitly
incorporate CISO perspectives and security resilience indicators, exploring how cyber-resilience and
climate resilience interact within shared digital twin architectures for critical infrastructure. Such
extensions would deepen the empirical basis for designing digital twin frameworks that not only
optimize operations but systematically enhance the resilience of infrastructure systems in a changing
climate.

CONCLUSION

Predictive analytics had been positioned as a central capability for enhancing agribusiness supply
chains because agricultural networks operated under layered uncertainty stemming from volatile
demand, fluctuating production yields, rapid quality decay, and fragile logistics. Agribusiness supply
chains had moved products through tightly linked stages that began with input supply and farm
production, continued through aggregation and storage, and ended with processing, cold-chain
distribution, wholesale exchange, and retail or export delivery. Each stage had introduced measurable
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risks: demand had shifted with seasonality, price changes, promotions, and cultural consumption
cycles; yield had varied with climate anomalies, pest shocks, and harvest timing constraints;
perishability had driven continuous quality loss once products left the field; and transport had faced
lead-time instability and temperature excursions that amplified spoilage. Within this environment,
predictive analytics had strengthened performance by converting historical and real-time data into
probability-based forecasts that had improved the precision and stability of decisions. Demand-side
predictive models had reduced mismatch between planned and realized sales, enabling more accurate
replenishment, lower emergency procurement, and steadier order cycles. Supply-side prediction had
improved early visibility into yield volumes and harvest windows, which had reduced procurement
variance, stabilized processing throughput, and prevented congestion at intake points. Quality and
grade prediction had made product attributes probabilistically visible at or before aggregation,
supporting correct routing to storage or processing lines, lowering intake rejection, and improving
value recovery. Logistics-focused prediction had estimated shelf-life trajectories and spoilage risk
under time-temperature exposure, allowing dynamic inventory rotation and faster-channel allocation
for high-risk perishables, which had lowered waste and increased freshness compliance. Predictive
routing and delay-risk estimation had reduced delivery variance and protected remaining shelf life
during transit, while predictive cold-chain monitoring had signaled temperature-excursion and
equipment-failure risks early enough to prevent large-scale quality loss. Importantly, predictive
analytics had enhanced agribusiness supply chains not only through internal accuracy gains but also
through stronger integration across tiers. When predictive outputs such as demand forecasts, yield
expectations, quality probabilities, and delay risks had been shared routinely, visibility and planning
synchronization had improved, reducing information asymmetry among farmers, aggregators,
processors, logistics providers, and retailers. This integration had dampened volatility propagation,
tightened lead-time and order distributions, and reduced both stockouts and oversupply-driven
spoilage. The magnitude of predictive benefits had depended on boundary conditions embedded in
agribusiness structure: high-perishability commodities had shown stronger gains because prediction
errors carried higher irreversible costs; volatile markets and climate-exposed regions had exhibited
greater payoff from anticipatory models; digitally mature firms had realized stronger effects because
sensor coverage and data completeness had supported stable forecasts; and longer, intermediary-dense
chains had gained more because predictive systems reduced informational distance and coordination
noise. Overall, the role of predictive analytics in enhancing agribusiness supply chains had been
empirically framed as a variance-reduction mechanism that improved forecasting accuracy,
strengthened multi-tier integration, and translated probabilistic insight into measurable improvements
in waste minimization, service reliability, cost stability, responsiveness, and operational resilience.
RECOMMENDATION

Based on the findings of this study, several practical recommendations are offered for infrastructure
leaders, system architects, resilience planners, and policy-makers who aim to leverage digital twin
frameworks to enhance climate-resilient infrastructure design and performance. First, organizations
should prioritize deep integration of digital twins into core asset-management and planning
workflows, rather than treating them as experimental add-ons or visualization tools; this means
embedding twin-based simulations and dashboards into design reviews, climate risk assessments,
investment appraisals, and operational decision-making processes, so that resilience-related insights
become routine inputs to everyday choices. Second, sustained investment in data and analytics
capability is critical: infrastructure owners and operators should develop clear data governance
policies, harmonized data standards, and interoperable architectures that connect sensors, legacy
systems, and external climate data, while also building internal teams with strong skills in data
engineering, modeling, and interpretation. Third, senior decision-makers should view digital twin
initiatives as part of a broader organizational resilience program, explicitly linking them to resilience
strategies, emergency planning, and business continuity processes; this involves training staff to use
digital twin outputs for scenario-based planning, stress testing, and adaptation option evaluation, and
aligning incentives so that long-term resilience gains are valued alongside short-term cost or efficiency
metrics. Fourth, infrastructure organizations should adopt a phased maturity roadmap, starting with
focused pilot twins for high-criticality assets or corridors, then scaling to multi-asset and network-level
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twins as data quality, modeling confidence, and organizational familiarity increase; at each stage,
lessons learned should be systematically captured and translated into updated standards, templates,
and guidelines. Fifth, cross-functional governance structures are essential: boards or steering
committees that include engineering, IT/OT, security, risk, and operations representatives should
oversee digital twin strategy, ensuring alignment with climate objectives, cybersecurity requirements,
and regulatory expectations. Sixth, regulators and funding agencies should recognize digital twin-
enabled resilience as an eligible and encouraged element of infrastructure programs, by incorporating
digital twin requirements or incentives into climate-resilient design guidelines, grant criteria, and
performance frameworks, thus helping to de-risk investment in these capabilities. Finally, researchers
and practitioners should collaborate to link digital twin outputs with objective resilience metrics (such
as service downtime, recovery time, or modeled functionality curves), so that organizations can track,
benchmark, and continuously improve resilience performance over time. Taken together, these
recommendations emphasize that the full resilience value of digital twins is realized only when
technology, data, governance, and organizational capabilities are intentionally developed as an
integrated capability system, with climate resilience treated as a primary design and management
objective rather than a secondary co-benefit.

LIMITATIONS

The present study has had several limitations that need to be acknowledged when interpreting its
findings and considering their applicability to wider contexts. First, the research has relied on a cross-
sectional survey design, capturing perceptions at a single point in time and therefore not observing
how digital twin integration, data and analytics capability, organizational resilience capacity, and
climate-resilient performance may have co-evolved in response to specific climate events or
organizational changes. As a result, the study has not been able to establish strong causal relationships,
even though the patterns observed have been consistent with theoretical expectations. Second, all key
constructs have been measured through self-reported Likert-scale items from individual respondents,
which has introduced potential biases related to optimism, social desirability, or organizational
narratives; respondents who have been advocates of digital twins inside their organizations may have
evaluated integration and resilience outcomes more positively than a neutral observer would. The
single-source, single-method nature of the data has also raised the possibility of common method
variance, despite efforts to design the questionnaire carefully and to separate sections conceptually.
Third, the sampling strategy has been purposive and non-probabilistic, focusing on organizations and
professionals already involved in digital twin-enabled infrastructure projects. While this has been
necessary to ensure that respondents have had relevant experience, it has limited the generalizability
of the results to the broader population of infrastructure organizations, especially those that have not
yet adopted digital twin technologies or that operate in very different regulatory, financial, or
technological environments. Fourth, the study has treated “digital twin integration” and “data and
analytics capability” as relatively broad constructs, without distinguishing between different technical
architectures, levels of model fidelity, or types of twins (e.g., asset-level vs. system-level, physics-based
vs. data-driven, or planning vs. operational twins). This abstraction has been appropriate for a survey-
based, multi-sector study but may have obscured important variation in how specific digital twin
designs influence resilience outcomes. Fifth, the outcome constructs climate risk assessment
effectiveness and climate-resilient infrastructure performance have been based on perceived rather
than objective performance indicators, so the study has not directly incorporated quantitative measures
such as actual downtime, monetary losses, or modeled functionality curves over time. This perception-
based approach has been practical and informative but has inevitably been less precise than analyses
that link digital twin usage to detailed operational or simulation data. Finally, contextual variables such
as national regulatory frameworks, financing mechanisms, inter-organizational coordination, and
broader socio-political conditions have not been explicitly modeled, even though prior research has
shown that these factors significantly shape infrastructure resilience and digital innovation trajectories.
Consequently, while the findings have provided valuable evidence about the relationships among
digital twin frameworks, organizational capabilities, and perceived climate-resilient performance, they
should be interpreted as indicative rather than definitive, and future research will need to address these
limitations through longitudinal, mixed-method, and more context-sensitive designs.
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