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Abstract

Sustainable urban infrastructure requires continuous performance governance across planning, design, construction,
operation, maintenance, and rehabilitation stages. Smart buildings, transportation facilities, drainage networks,
foundations, retaining systems, and public infrastructure assets are often evaluated separately, limiting the ability of
decision makers to assess long-term resilience and service reliability. This study proposes a Lifecycle Performance
Governance framework for smart buildings and critical infrastructure within sustainable urban systems. The
framework integrates infrastructure performance indicators, environmental exposure variables, geotechnical
reliability factors, and construction delivery metrics into a structured governance process. A Lifecycle Performance
Score (LPS) is developed using weighted indicators representing structural serviceability, environmental vulnerability,
maintenance priority, drainage sensitivity, foundation reliability, construction complexity, and operational resilience.
The framework also incorporates Digital Twin-inspired condition updating using assumed, simulated, or publicly
available performance information. The analytical evaluation demonstrates that the proposed framework provides
consistent lifecycle performance assessment and supports maintenance prioritization, rehabilitation planning,
investment allocation, and governance decision-making across multiple infrastructure categories. The proposed
framework addresses the identified research gap through an integrated lifecycle governance approach and supports
sustainable management of smart buildings and critical infrastructure without relying on proprietary operational
datasets.

Keywords: Lifecycle Performance Governance; Smart Buildings; Critical Infrastructure; Sustainable Urban Systems;
Digital Twin; Lifecycle Performance Score; Infrastructure Asset Management; Performance Assessment.

1. Introduction

The sustainability of urban development requires infrastructure systems that are always secure and functional
throughout their entire service life cycle. Smart buildings, smart transportation, drainage systems, foundation, retaining
structures, and public utilities must undergo regular performance assessment in order to make informed engineering
decisions and investments. The increasing demand for sustainable infrastructure due to the rapid growth of urban
areas, climate risks, the aging of infrastructure, and the increasing demands on its performance have made this need
wider. Despite advances in digital engineering, which enhance the monitoring of infrastructures, the current approach
typically focuses on the individual performance at each stage of the infrastructure service life cycle.
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1.1. Background and Motivation

The infrastructure of the city serves as the base for sustainable economic development, safety, and well-being of the
community. Modern smart buildings and infrastructure facilities function in changing environment, increasing
requirements, and deteriorating physical components, which impact their performance in the long run. New trends in
Building Information Modeling, Digital Twin solutions, and intelligent monitoring systems contribute to the efficient
management of the infrastructure; however, the practical application is usually limited to certain stages of the lifecycle.
The integration of governance practices for continuous performance assessment at all lifecycle stages is needed for
governments, infrastructure owners, and facility managers.

1.2. Problem Statement

Current methods for the management of infrastructure consider the structural performance of infrastructure,
maintenance strategy development, environmental impact evaluation, geotechnical performance analysis, and
construction quality evaluation as separate engineering processes. Such an isolated approach limits the potential of
decision-makers to determine the overall lifecycle status of the infrastructure asset and allocate resources accordingly.
In addition, many research projects related to Digital Twin and smart infrastructure have been conducted using
proprietary operational data or continuous sensor data, limiting their wider academic applications. Moreover, current
governance frameworks have not considered integrating engineering performance indicators in a lifecycle performance
assessment methodology.

1.3. Proposed Solution

This study proposes a Lifecycle Performance Governance framework that integrates engineering performance
assessment with structured infrastructure governance throughout the asset lifecycle. The proposed framework
combines structural serviceability, foundation reliability, environmental vulnerability, drainage sensitivity,
construction complexity, maintenance priority, and operational resilience within a weighted Lifecycle Performance
Score. A Digital Twin-inspired condition updating process represents infrastructure performance changes using
analytical scenarios, simulated engineering conditions, and publicly available technical information instead of
proprietary operational datasets. The resulting governance framework supports lifecycle evaluation, maintenance
prioritization, rehabilitation planning, investment allocation, and engineering decision-making across smart buildings
and critical infrastructure operating within sustainable urban systems.

1.4. Contributions

In terms of contributions, this research work brings a holistic analysis framework for lifecycle performance governance
which expands on the current approaches to infrastructure management through lifecycle assessments. This research
work provides an approach to computing a standard Lifecycle Performance Score by combining different indicators
from engineering. Furthermore, it also provides an update process for the conditions using the concept of Digital Twin
without relying on continuous sensor data for analytical purposes. The framework is designed to support lifecycle
performance governance by making planning, rehabilitation, infrastructure investment and engineering decisions
easier during the different stages of the infrastructure.

1.5. Paper Organization

The remainder of this paper is organized as follows. Section Il reviews previous studies related to Digital Twins,
infrastructure governance, construction quality, sustainable maintenance, and lifecycle management while identifying
the research gap addressed in this study. Section III presents the proposed methodology, including the Lifecycle
Performance Governance framework, Digital Twin-inspired condition updating process, governance decision
framework, and validation strategy. Section IV presents the analytical results and discusses the findings. Section V
concludes the paper with the principal outcomes, study limitations, and future research directions.

The objective of this study is to develop and evaluate an integrated Lifecycle Performance Governance framework for
sustainable management of smart buildings and critical infrastructure.

2. Related Work

Lifecycle performance governance has become increasingly important as cities adopt smart infrastructure, digital
engineering platforms, and sustainable asset management practices. Recent studies investigate digital twins, building
maintenance, project governance, infrastructure resilience, and construction quality from different perspectives.
However, most existing research examines individual lifecycle stages rather than providing a unified governance
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framework that continuously evaluates infrastructure performance from planning through long-term operation. The
following subsections summarize the most relevant research domains and identify the remaining research gap
addressed by this study.

2.1. Digital Twin and Smart Infrastructure

Digital Twin technology has become an important approach for smart infrastructure management. Olaseni [1]
integrated Building Information Modeling (BIM) with Digital Twins to support predictive maintenance, while Hossain
[9] proposed an explainable digital twin framework for infrastructure risk assessment and maintenance planning.
Belizaire [11] highlighted the role of digital technologies in resilient urban infrastructure governance. Despite these
advances, current studies mainly address maintenance activities and give limited attention to integrated lifecycle
governance covering planning, construction, operation, rehabilitation, and long-term performance assessment. Before
discussing construction governance, project delivery practices require consideration because infrastructure quality
depends on effective coordination, quality control, and engineering management. Existing research improves
construction performance and reduces project errors, but continuous governance throughout the operational lifecycle
remains insufficiently addressed.

2.2. Construction Quality and Project Governance

Construction governance research has focused on improving project quality, reducing construction risks, and
strengthening engineering coordination. Al Abid et al. [4] proposed a risk-based construction inspection framework for
transportation infrastructure that supports systematic quality management throughout project execution. Al Morshed
[5] introduced BIM-based coordination techniques to minimize design conflicts and construction rework in commerecial
projects. Avi [6] demonstrated that concrete quality parameters significantly influence long-term durability and
structural reliability, while Avi et al. [7] expanded this perspective through an integrated quality assurance and
geotechnical compliance framework for large-scale urban infrastructure. Although these studies improve construction
delivery, they provide limited support for continuous governance after commissioning or lifecycle-based infrastructure
performance assessment.

2.3. Sustainable Maintenance and Infrastructure Resilience

Sustainable infrastructure management increasingly emphasizes maintenance, structural resilience, environmental
performance, and intelligent transportation systems. Hauashdh et al. [3] developed an integrated building maintenance
framework that aligns maintenance operations with climate change mitigation, Sustainable Development Goals (SDGs),
and emerging technologies. Kamalanathan [13] investigated machine learning based structural damage detection for
hybrid composite systems, improving infrastructure reliability. Khalid et al. [15] evaluated steel industrial facilities
under seismic and wind loading conditions to improve structural safety. Emon [8] and Karim et al. [14] demonstrated
intelligent energy optimization for sustainable infrastructure systems, while Abid [2] applied Al-driven traffic signal
optimization to improve urban mobility efficiency and reduce emissions. However, these contributions remain domain
specific rather than providing integrated lifecycle governance.

2.4. Integrated Governance for Sustainable Urban Systems

Governance oriented research has recently expanded toward resilient urban infrastructure management. Islam [10]
proposed governance models for large transportation and energy infrastructure projects by integrating project risks
with strategic management practices. Islam et al. [12] developed infrastructure project governance frameworks that
strengthen risk management during project implementation. Belizaire [11] highlighted collaborative governance for
sustainable smart cities through integrated infrastructure planning and adaptive urban management. Despite these
advancements, existing studies do not establish a unified Lifecycle Performance Governance framework that combines
weighted infrastructure indicators, digital-twin-inspired condition updating, environmental vulnerability, geotechnical
reliability, and lifecycle performance scoring. This research addresses that gap by developing an integrated governance
model for sustainable urban systems.

3. Methodology

This study adopts an analytical and model-based methodology to develop a Lifecycle Performance Governance (LPG)
framework for smart buildings and critical infrastructure operating within sustainable urban systems. The methodology
integrates lifecycle asset management, digital twin logic, infrastructure engineering, project governance, and
sustainability principles into a unified analytical framework. The proposed model evaluates infrastructure performance
from planning to end-of-life using simulated engineering conditions and weighted performance indicators instead of
proprietary operational datasets. This approach supports transparent decision-making while remaining applicable to
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various urban infrastructure assets, including buildings, transportation facilities, drainage systems, foundations, and
public utilities. The framework also provides a foundation for future implementation with BIM, IoT, and Digital
Twinlatforms.

3.1. Research Design

The proposed research follows a design-oriented methodology that develops an integrated governance framework
without relying on proprietary infrastructure datasets. The framework combines engineering assumptions, publicly
available technical knowledge, simulated infrastructure conditions, and standardized lifecycle indicators to evaluate
asset performance. The research process begins with identifying critical infrastructure components and selecting
variables representing structural, environmental, operational, and construction performance. These variables are
normalized and incorporated into a weighted evaluation framework for lifecycle assessment. Digital Twin-inspired logic
is then incorporated to represent infrastructure condition changes throughout planning, construction, operation,
maintenance, rehabilitation, and end of life stages. The resulting framework supports engineering decision-making for
sustainable urban infrastructure while remaining adaptable for future practical implementation.
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Figure 1 Overall Research Methodology and Lifecycle Performance Governance Framework

3.2. Lifecycle Performance Governance Framework

The proposed Lifecycle Performance Governance (LPG) framework consists of four sequential stages. First, critical
infrastructure assets and their corresponding performance indicators are identified according to engineering
characteristics. Second, all indicators are normalized to a common scale so that variables with different measurement
units can be evaluated together. Third, weighted indicator values are combined to calculate a Lifecycle Performance
Score (LPS), representing the overall infrastructure condition. Finally, the calculated score supports governance
decisions related to maintenance scheduling, rehabilitation planning, resource allocation, and infrastructure
investment. The framework remains independent of proprietary monitoring systems while maintaining compatibility
with BIM platforms, Digital Twins, loT technologies, and Public Private Partnership (PPP) asset management practices.

where

LPS = Lifecycle Performance Score
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P; = Normalized value of performance indicator i

w; = Weight assigned to indicator i

n = Number of performance indicators subject to

Table 1 Lifecycle Performance Indicators Used in the Proposed Framework

Indicator ]S ymbo Description :Nelgh
Structural Serviceability P, Structural condition and service performance 0.20
Foundation Reliability P, Stability of foundation and supporting soil 0.15
EnVIronmgntal Ps Exposure to climate and environmental hazards 0.15
Vulnerability
) e P, Drainage performance during varying environmental
Drainage Sensitivity (s 0.10
conditions

Construction Complexity Ps Engineering and construction difficulty 0.10
Maintenance Priority Pq Urgency of maintenance intervention 0.15
Operational Resilience P, Service continuity under operational disturbances 0.15

3.3. Digital Twin Inspired Condition Updating

The Digital Twin inspired module updates infrastructure condition states throughout the asset lifecycle using simulated
engineering scenarios. The initial Lifecycle Performance Score serves as the baseline for condition evaluation. During
each assessment cycle, the framework considers structural deterioration, maintenance activities, environmental
exposure, drainage performance, and operational resilience. These factors modify the infrastructure condition and
produce an updated performance score for subsequent governance decisions. Unlike conventional Digital Twin systems
that require continuous sensor data, the proposed framework uses engineering assumptions and publicly available
knowledge to represent infrastructure evolution. This methodology supports long-term planning while remaining
compatible with future integration of BIM platforms, IoT devices, and Digital Twin technologies.

Where

C; = Current infrastructure condition

C:+, = Updated infrastructure condition

Cesr =Cp +AM — AD

AM = Improvement resulting from maintenance or rehabilitation

AD = Performance reduction caused by deterioration or environmental effects
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Figure 2 Digital Twin Inspired Lifecycle Condition Updating Framework

3.4. Governance Decision Framework

The Governance Decision Framework transforms the updated Lifecycle Performance Score into engineering and
management decisions throughout the infrastructure lifecycle. Assets with high performance scores continue routine
inspection and preventive maintenance. Moderate scores indicate the need for scheduled maintenance or minor
rehabilitation to prevent further deterioration. Low scores require detailed engineering assessment, structural
rehabilitation, or replacement planning according to infrastructure criticality. Decision priorities also consider
environmental vulnerability, foundation reliability, construction complexity, and operational resilience to support
balanced resource allocation. The framework provides a transparent decision process suitable for government agencies,
facility managers, and Public Private Partnership (PPP) organizations responsible for sustainable urban infrastructure
management.

Table 2 Governance Actions Based on Lifecycle Performance Assessment

Lif le Perf Inf . A
tfecycle Performance | Infrastructure Recommended Governance Action Priority

Score Status

> 85 Excellent R01.1tine monitoring and  preventive Low
maintenance

70-84 Good $chedu!ed maintenance and periodic Medium
inspection

55-69 Moderate Corre(.:tive maintenance and rehabilitation High
planning

40-54 Poor Detall.efi engineering assessment and major V(.ery
rehabilitation High

<40 Critical Immediate intervention or infrastructure Critical
replacement

3.5. Model Validation Strategy

The proposed framework is validated through conceptual analysis, scenario evaluation, and sensitivity assessment.
Conceptual validation verifies that each performance indicator contributes logically to lifecycle governance and
infrastructure assessment. Scenario evaluation examines the framework under different infrastructure conditions
representing variations in structural serviceability, environmental vulnerability, maintenance priority, drainage
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sensitivity, foundation reliability, construction complexity, and operational resilience. Sensitivity assessment evaluates
the influence of indicator weights on the final Lifecycle Performance Score to determine the stability of governance
decisions. Together, these validation procedures demonstrate that the proposed framework provides consistent
engineering recommendations while remaining suitable for future implementation using BIM platforms, Digital Twins,
[oT systems, and other smart infrastructure technologies.

4. Results and Discussion

The proposed Lifecycle Performance Governance framework was evaluated through analytical scenarios representing
different infrastructure conditions. The assessment examined the interaction among structural serviceability,
foundation reliability, environmental vulnerability, drainage sensitivity, construction complexity, maintenance priority,
and operational resilience within a unified governance model. The results demonstrate the capability of the proposed
framework to produce consistent lifecycle performance evaluation and structured governance decisions for smart
buildings and critical infrastructure. The discussion also examines the contribution of the proposed framework in
relation to the research objectives, identified gaps, and existing lifecycle management approaches.

4.1. Lifecycle Performance Assessment Results

The analytical evaluation indicates that the proposed Lifecycle Performance Governance framework produces
consistent performance assessment across different infrastructure categories. Assets with higher structural
serviceability, operational resilience, and foundation reliability achieved greater Lifecycle Performance Scores, while
infrastructure exposed to higher environmental vulnerability, drainage sensitivity, and construction complexity
obtained comparatively lower scores. The integrated assessment also demonstrates that a single engineering indicator
does not dominate the final evaluation because each variable contributes according to its assigned weight. This balanced
assessment provides a comprehensive representation of infrastructure condition throughout the lifecycle.
Consequently, the proposed framework supports lifecycle evaluation across smart buildings, transportation facilities,
drainage systems, foundations, and public utilities without requiring separate assessment models for each
infrastructure category.
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Figure 3 Comparative Lifecycle Performance Assessment of Infrastructure Assets

The proposed framework consistently differentiates infrastructure performance using integrated lifecycle indicators,
supporting comparative assessment across multiple engineering systems.

4.2. Governance Decision Analysis

The analytical evaluation shows that the proposed governance framework converts the Lifecycle Performance Score
into practical engineering decisions for infrastructure management. Assets with higher performance scores require
routine inspection and preventive maintenance to preserve their operational condition. Infrastructure with moderate
scores receives scheduled maintenance and rehabilitation according to identified engineering deficiencies. Assets with
lower scores are assigned higher priority for detailed structural assessment, rehabilitation planning, or replacement.
Unlike conventional maintenance models that focus on isolated infrastructure conditions, the proposed framework
considers structural serviceability, environmental vulnerability, operational resilience, foundation reliability, drainage
sensitivity, and construction complexity simultaneously. This integrated decision process supports transparent
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infrastructure governance and assists policymakers, engineers, and facility managers in allocating maintenance
resources according to lifecycle performance priorities.

4.3. Digital Twin-Inspired Lifecycle Evaluation

The analytical results indicate that the proposed Digital Twin-inspired framework continuously updates infrastructure
conditions throughout successive lifecycle stages. Infrastructure assets receiving scheduled maintenance exhibit
gradual improvement in Lifecycle Performance Score, whereas assets exposed to prolonged deterioration show
declining performance and higher governance priority. Environmental vulnerability and operational resilience also
influence condition transitions, producing different lifecycle trajectories for infrastructure with similar initial
performance. The analytical assessment confirms that periodic condition updating provides a more comprehensive
representation of infrastructure status than isolated inspections. Consequently, governance decisions remain consistent
with changing infrastructure conditions and support timely maintenance, rehabilitation, and investment planning
across smart buildings and critical infrastructure throughout the operational lifecycle.
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Figure 4 Digital Twin-Inspired Lifecycle Performance Transition

4.4. Limitation of the Study

The proposed framework relies on analytical scenarios and simulated engineering conditions instead of real-world
operational datasets. Future studies may validate the framework using field data collected from diverse infrastructure
systems.

5. Conclusion

This study proposed a Lifecycle Performance Governance (LPG) framework for smart buildings and critical
infrastructure within sustainable urban systems. The framework integrates lifecycle asset management, engineering
performance assessment, Digital Twin-inspired condition updating, and governance decision support into a unified
analytical model. A Lifecycle Performance Score (LPS) was developed by considering structural serviceability,
foundation reliability, environmental vulnerability, drainage sensitivity, construction complexity, maintenance priority,
and operational resilience as weights. The results of the analytical evaluation revealed that the proposed LPG
framework offers a consistent lifecycle evaluation for various types of infrastructure as well as maintenance scheduling,
rehabilitation priorities, funding allocation, and governance decisions in a sustainable manner. At the same time, the
research gap mentioned in the previous section has been addressed by this framework as it includes a lifecycle
governance framework not using any proprietary operational data.

Future research may validate the proposed framework using operational data collected from smart buildings and
critical infrastructure under different environmental and operational conditions. Additional studies may incorporate
real-time Digital Twin platforms, Building Information Modeling (BIM), Internet of Things (IoT) technologies, and
advanced optimization techniques to support dynamic lifecycle governance, predictive infrastructure management, and
decision making across large scale urban infrastructure networks.
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