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Bridges and transportation infrastructure represent the critical lifelines of modern socio-economic activity, yet
they face unprecedented threats from global aging, escalating traffic volumes, and increasingly severe
environmental conditions. Conventional bridge management systems rely heavily on periodic visual inspections,
typically conducted every five years in many jurisdictions, and reactive maintenance policies. These traditional
imethods provide only static, fragmented assessments that often fail to detect sub-surface structural damage or
predict long-term performance degradation before reaching a critical state. This research addresses these
deficiencies by proposing and validating a comprehensive Digital Twin (DT) framework designed for autonomous|
long-term structural health monitoring (SHM) and transportation system analysis. By integrating Building]
[nformation Modeling (BITM), High-Precision Global Navigation Satellite System (GNSS) displacement]
imonitoring, Ensemble Kalman Filter (EnKF) data assimilation, Random Forest (RF) machine learning, and
physics-based Finite Element Analysis (FEA), the study creates a multi-layered digital environment capable of
synchronizing physical reality with digital simulation in real-time.

The proposed framework conceptualizes the Digital Twin not merely as a 3D visualization but as a dynamic
virtual representation that facilitates interpretation, validation, and decision support across the entire infrastructure
lifecycle. BIM serves as the semantic backbone, providing the geometric and material data necessary fo
interoperability between design, construction, and operational phases. To bridge the gap between physical sensors
and digital models, high-precision GNSS monitoring is utilized to capture three-dimensional displacement datal
under operational and environmental loads. A central technical contribution of this research is the development of
a hybrid data-processing pipeline that combines the EnKF for state estimation with RF models to mitigate thermal
bias and signal noise. This dual-approach addresses the inherent volatility of GNSS data in civil engineering
applications, transforming raw coordinate measurements into high-fidelity structural insights. By accounting for
environmental variables and sensor uncertainty, the framework ensures that displacement estimations are both
accurate and reliable for long-term monitoring. The estimated displacements are further validated through|
physics-based finite element models, including soil-structure interaction effects, ensuring that observed behavior
are structurally consistent and physically interpretable.

The practical implementation of this Digital Twin architecture is demonstrated through extensive case studies af
both the asset and system levels. At the asset level, the framework was first applied to a prestressed concrete

box-girder bridge to investigate BIM-FEA interoperability, specifically evaluating shear-lag effects and structural

stiffness. The methodology’s robustness was further tested following the 2018 vessel collision at the Oshimal
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Bridge in Japan. In this instance, the Digital Twin enabled an immediate, objective assessment of the structural
integrity through synchronized GNSS monitoring and FEA validation, providing a level of rapid response and|
safety assurance that traditional manual inspections could not match. Furthermore, a 436-day long-term study of
continuous curved steel bridge was conducted to analyze complex 3D behaviors under seasonal thermal cycles.
The Digital Twin successfully captured longitudinal displacements of up to 43.6 mm and unexpected lateral
movements of 10.9 mm, identifying that thermal expansion had exceeded the original design gaps of the
abutments. This longitudinal observation underscores the system’s ability to detect structural anomalies and
validate physics-based models through continuous, real-time observation.

[Expanding the scope to the system level, the research integrates Digital Twin-based BIM with microscopic traffic
simulation to analyze urban mobility in Dili, Timor-Leste. This addresses the challenges of rapid urbanization and|
traffic congestion by linking structural performance with system-level mobility analysis. By calculating Average
Daily Traffic (ADT) and developing Origin-Destination (OD) matrices, the framework evaluates the symbioti
relationship between structural performance and traffic dynamics. This system-level approach allows for the
estimation of environmental impacts, specifically the concentrations of air pollutants like NOx and PM10, based
on congestion patterns and traffic flow models. This integration demonstrates how Digital Twins can serve as
powerful tools for evidence-based urban planning and infrastructure policy, particularly in developing nations|
where infrastructure demand is rapidly outpacing maintenance budgets.

Ultimately, the results of this research demonstrate that the proposed Digital Twin framework significantly
enhances displacement estimation accuracy and enables early anomaly detection through continuous|
sensing-simulation comparisons. By providing richer lifecycle insights and improved reliability compared to|
conventional approaches, the framework supports a transition from reactive infrastructure management toward|
proactive, predictive, and resilient digital systems. The study concludes that the convergence of BIM,
high-precision sensing, and advanced data analytics provides a scalable methodology for ensuring the safety and
longevity of critical transportation networks globally. This research lays the foundation for Digital Twins to evolvel
into fully autonomous decision-support systems, capable of optimizing maintenance costs and enhancing disaster

resilience through continuous, multi-scale integration across the built environment.
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