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ABSTRACT: Structural integrity and safety are paramount for bridges, vital components of our transportation
infrastructure. Traditional structural health monitoring methods often struggle to manage and interpret large,
heterogeneous datasets from sensors, inspections, and environmental sources. Digital twins (DTs) offer a dynamic
solution, acting as virtual replicas of physical bridges that continuously update with real-time data and enable predictive
insights. This research synthesizes contributions up to 2020, covering approaches that integrate Building Information
Modeling (BIM), finite element (FE) models, SensorML frameworks, and statistical and physics-based modeling. A
notable study by Ye etal. (2019) lays a comprehensive foundation, exploring real-time data management via BIM,
physics-driven FE modeling, data-driven analytics, and hybrid frameworks synthesizing these paradigms for actual
railway bridges dpi-proceedings.comlOPscience. Similarly, Dang etal. (2018) present a digital twin maintenance
strategy combining CAD data, inspection records, and photographic mapping to monitor deterioration 10Pscience.
Methodologies like BrIM, BIM-SensorML integration, federated models, and Gaussian Process-based temperature
behavior prediction underscore evolving complexity in DT frameworks IOPscience. These digital twins support
visualization, condition assessment, simulation, and risk-based “what-if” analyses, transforming passive monitoring
into proactive management 10Pscience. This abstract sets the stage by highlighting how DT architectures established
before 2020 laid the groundwork for smart, responsive, and predictive bridge health monitoring systems.
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I. INTRODUCTION

Bridges are essential assets that connect communities and facilitate economic activity, yet they face threats from aging,
environmental exposure, and increasing loads. Ensuring their safety and longevity requires effective Structural Health
Monitoring (SHM). Conventional approaches rely on periodic inspections and static models, which may delay
detection of critical issues.

Digital twins (DTs)—real-time, virtual counterparts of physical structures—offer a transformative approach for bridge
SHM. Unlike traditional simulation models, DTs continuously update their state using data from sensors, inspections,
and environmental inputs. This makes them ideal for real-time condition tracking, anomaly detection, and predictive
maintenance.

Before 2020, pioneering work by Ye etal. (2019) crystallized the DT concept for bridges. The study integrated real-
time data management via BIM, physics-based FE simulations, and data-driven analytics, ultimately advocating a
hybrid data-centric engineering approach for SHM tasks dpi-proceedings.comlOPscience. Other significant
contributions include Dang et al. (2018), which built DT frameworks using CAD, inspection records, and photographic
mapping to support maintenance I0OPscience. Earlier methodologies, such as Marzouk & Hisham’s BrIM for condition
modeling (2012), and Jeong etal.’s integration of BIM, SensorML, SQL/NoSQL, and Gaussian Process modeling
(2016-17), also laid key groundwork IOPscience. These advancements showcase how DTs evolved—from static
repositories of structural data to dynamic, predictive models capable of simulating damage progression, deformation,
and environmental effects. In the coming sections, we explore the literature, methodologies, benefits, limitations, and
future directions stemming from these foundational pre-2020 studies.

Il. LITERATURE REVIEW
The early evolution of Digital Twins (DTs) for bridge SHM revolves around three core modeling paradigms:
1. Physics-Based Modeling

2. Ye etal. (2019) applied finite element (FE) models and BIM to create accurate digital replicas, enabling simulation
and monitoring of structural response to real-time data dpi-proceedings.comlOPscience. Marzouk & Hisham (2012)

1JRAI©2021 | AnISO 9001:2008 Certified Journal | 4901



https://www.dpi-proceedings.com/index.php/shm2019/article/view/32287?utm_source=chatgpt.com
https://www.dpi-proceedings.com/index.php/shm2019/article/view/32287?utm_source=chatgpt.com
https://iopscience.iop.org/article/10.1088/1361-665X/ad2bd7?utm_source=chatgpt.com
https://iopscience.iop.org/article/10.1088/1361-665X/ad2bd7?utm_source=chatgpt.com
https://iopscience.iop.org/article/10.1088/1361-665X/ad2bd7?utm_source=chatgpt.com
https://www.dpi-proceedings.com/index.php/shm2019/article/view/32287?utm_source=chatgpt.com
https://www.dpi-proceedings.com/index.php/shm2019/article/view/32287?utm_source=chatgpt.com
https://iopscience.iop.org/article/10.1088/1361-665X/ad2bd7?utm_source=chatgpt.com
https://iopscience.iop.org/article/10.1088/1361-665X/ad2bd7?utm_source=chatgpt.com
https://www.dpi-proceedings.com/index.php/shm2019/article/view/32287?utm_source=chatgpt.com
https://www.dpi-proceedings.com/index.php/shm2019/article/view/32287?utm_source=chatgpt.com

International Journal of Research and Applied Innovations (JRAI)

| ISSN: 2455-1864 | www.ijrai.com | editor@ijrai.com | A Bimonthly, Scholarly and Peer-Reviewed Journal |

||[Volume 4, Issue 2, March-April 2021||
DOI:10.15662/1JRAI.2021.0402002

introduced BrIM (Bridge Information Modeling) that integrated CAD/BIM data with inspection records and corrosion
models for simulation-based condition evaluation 10OPscience.

3. Data-Driven Modeling

4. Jeong etal. (2016-17) fused sensor data with BIM using SensorML and NoSQL databases, leveraging Gaussian
Process modeling to forecast temperature-induced structural changes 10Pscience. Dang et al. (2018) developed a DT
maintenance framework integrating CAD, inspection data, and photographic mapping via APl for mapping
deterioration 1OPscience.

5. Hybrid / Data-Centric Engineering

6. Ye etal. (2019) proposed a synergistic framework uniting BIM, FE modeling, and statistical analytics for
comprehensive bridge monitoring dpi-proceedings.comlOPscience. Shim etal. (2019) presented federated 3D DT
models combining historical data and as-built geometry, enabling simulation through interoperable FE models
IOPscience.

These works also emphasize DT capabilities for visualization, simulation, anomaly detection, and maintenance
planning, setting the stage for more intelligent, responsive infrastructure systems 10Pscience.

I1l. RESEARCH METHODOLOGY

Early DT methodologies for bridge SHM typically followed a structured, multi-step process:

1. Physical-Digital Model Initialization

2. Develop a digital replica using BIM or BrIM, integrating CAD geometry, structural attributes, and inspection
metadata (e.g., Marzouk & Hisham, 2012) IOPscience.

3. Sensor Data Integration

4. Deploy sensors (strain gauges, accelerometers) and link streaming data via SensorML with BIM assets, as
demonstrated by Jeong et al. (2016-17) IOPscience.

5. Modeling Approaches

o Physics-Based FE Modeling: Use finite element analysis calibrated against real-time sensor data to simulate
structural responses (Ye et al., 2019) 10Pscience.

o Data-Driven Analytics: Apply statistical techniques (e.g., Gaussian Process models) to predict behavior like
temperature-induced deformation (Jeong et al.) IOPscience.

o Hybrid Methods: Fuse both modeling styles to enhance prediction and assessment capabilities (Ye etal.)
IOPscience.

6. Simulations & Updates

7. DT models undergo real-time updating using sensor streams, enabling dynamic calibration and "what-if" analysis
(Ye etal.) dpi-proceedings.comlOPscience.

8. Visualization and SHM Tasks

9. Leverage the DT for condition assessment, anomaly detection, maintenance recommendations, visual dashboards,
and structural simulations (Dang et al., Shim et al., Ye etal.) IOPscience.

10. Proof-of-Concept Implementations

11.Ye etal. (2019) applied this methodology to two railway bridges in the UK; other studies established federated
models for maintenance and assessment frameworks using real-world bridges (Dang et al., Shim et al.).

Through this methodological foundation, DTs emerged as dynamic, data-rich platforms for predictive SHM and
decision support.

IV. ADVANTAGES

e Real-time Monitoring & Decision Support: DTs enable continuous tracking and predictive analysis of bridge
conditions (Ye et al. 2019) dpi-proceedings.comlOPscience.

e Comprehensive Modeling: Hybrid integration of BIM, FE models, and data analytics enhances assessment
accuracy (Ye etal.; Jeong et al.) IOPscience.

e Condition Visualization: DTs support intuitive visual dashboards and BIM environments for inspecting damage
and deformations (Shim et al., Dang et al.) IOPscience.

e Maintenance Planning: Linking inspection logs and simulations allows for proactive maintenance scheduling
(Dang et al.; BrIM models) IOPscience.
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V. DISADVANTAGES

e High Complexity & Integration Overhead: Merging BIM, sensors, FE simulations, and databases requires
specialized expertise and can be challenging to implement (Angira Sharma etal., despite being 2020, underscore
domain dependency and technical gaps) arXiv.

e Data Silos & Interoperability: Disparate formats across CAD, BIM, and sensor systems impede seamless
integration (general DT challenges) Interscale Education.

e Resource Requirements: Real-time sensor data, high-fidelity models, and computational needs pose
implementation challenges for widespread adoption.

VI. RESULTS AND DISCUSSION

e Case Studies & Feasibility:

o Ye etal. (2019) piloted DT creation for two railway bridges, demonstrating capability in real-time data fusion,
modeling, and risk evaluation dpi-proceedings.comlOPscience.

o Shim etal. (2019) showed success in combining as-built geometry and historical data within federated DT
environments for maintenance applications 10Pscience.

e Model Calibration & Accuracy: Hybrid models demonstrated improved alignment between simulated behavior
and observed data, enabling refined assessments of modal parameters, deformations, and anomalies.

e Challenges Observed: Integration complexities, data inconsistencies, and domain-specific model tuning emerged
as barriers, suggesting a need for standardization and optimized frameworks.

VII. CONCLUSION

By 2020, digital twins for bridge health monitoring had evolved from theoretical constructs to practical prototypes
integrating BIM, FE modeling, and data analytics. Foundational studies like Ye etal. (2019), Dang et al. (2018), Shim
etal. (2019), and BrIM/Jeong et al. frameworks collectively demonstrate the potential of DTs to enhance visualization,
simulation, and maintenance planning in SHM. Despite evident benefits in predictive monitoring and decision-making,
challenges like system complexity, data integration, and cost remain critical barriers to broader adoption.

VIIl. FUTURE WORK

e Standardization Frameworks: Develop unified ontologies and data schemas to streamline integration across
sensors, BIM, and modeling platforms.

e Scalability & Automation: Automate DT model updating, management, and anomaly detection at scale.

o Simplified Toolchains: Create user-friendly workflows and tools to reduce expert dependency.

¢ Resilient, Lightweight DTs: Design DTs optimized for resource constraints without compromising insight.

e Validation Studies: Conduct long-term real-world applications across varied bridge types to evaluate performance
and reliability.
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