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Integratlon of Physucs-Based Models with Data

Forward Modeling

* Uncertain Parameters
* Unknown Inputs

Model Inversion
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* Parameter Estimation
* |Input Estimation
* Uncertainty Quantification
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Digital Twinning Situational Awareness
Virtual Sensing ‘ Predictive Maintenance
Diagnosis & Prognosis Emergency Response




Baye5|an Model Updatmg
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F|rst-0rder Approximation: Kalman F|Iter|ng
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Unknown Input Excitation: Output-OnIy Model Updatmg

Unknown Base Excitation
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Baye5|an Model Updatlng Appllcatlons

Digital Twinning of
Offshore Wind Systems

Soil-Structure Model
Updating

Digital Twinning of
Civil Structures

Wlldflre

Remote Monitoring of
Offshore Structures

Wildfire Simulation and
Data Assimilation

Diagnosis & Prognosis of
Drivetrains

Rapid Post-Earthquake
Assessment

Bayesian FE Model Updating
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Operational Monitoring of
Aging Bridges
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Maintenance

Post-Earthquake

Monltormg and Dlagn05|s of Agmg Brldges

Inspection

Inspection

Costly

Periodic

Subjective

No system-level insight

Hidden damage

# of bridges x inspection time x chaos = ?
Intensity-based metrics can be inaccurate!
Inspection complexity
Hidden damage

No system-level insight
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Operational Monitoring Framework
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Object Tracking / Type Detection

Bayesian FE Model Updating

(Integrating Data with Model) Online
| Portal
Permanent/temporary <. Stochastic Mechanics-based FE Model , Vehille
sensors ! Filtering ons
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, Estimate jointly the model parameters and vehicular loads
Online Portal

Measurements m Share Information with
3 Stakeholders

€ Regular camera system

[trlpc_)d or drone mounted) Digital Twin
e On-site laptop
) Office/server computer N. Malekghaini, F. Ghahari, H. Ebrahimian, M. Bowers, H. Azari, E. Taciroglu, “Time-Domain Finite Element Model Updating for

Operational Monitoring and Damage ldentification of Bridges,” Structural Control and Health Monitoring, 2023.



Omaha Bridge

East Yutan Bridge

Raspberry
Pi camera
and battery
pack

Nebraska Qutdoor
Bridge Lab

Sandbag

Projected Vehicle Location

Width of the Bridge

Length of the Bridge 9







Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.




Finite Element Modeling
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N. Malekghaini, F. Ghahari, H. Ebrahimian, M. Bowers, E. Ahlberg, E. Taciroglu, “A Two Step FE Model Updating Approach for System and Damage 10
Identification of Prestressed Bridge Girders,” Buildings, 2023.



Time-Domain Model Updatmg
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Damage Identification
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Operatlonal Monltormg of Offshore Wmd Turbines
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Fatigue damage
and failure

Expensive operation and maintenance cost
Levelized cost of energy
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Condition monitoring for load estimation
through physics-based digital twins
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Physical twin

Acc. and strain
data
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Accelerometers

Estimated loads
and parameters

Strain gauges
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Wind and wave direction

M. Valikhani, M. Nabiyan, M. Song, V. Jahangiri, H. Ebrahimian, B. Moaveni, “Bayesian Finite Element Model Inversion of Offshore Wind Turbine 14

Structures for Joint Parameter-Load Estimation,” Ocean Engineering, 2024.



Tlme-Domam Model Updatmg







Application to Block Island Wind Turbine Data
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M. Song, B. Moaveni, H. Ebrahimian, E. Hines, A. Bajric, “Joint
Parameter-input Estimation for Digital Twinning of the Block
Island Wind Turbine using Output-only Measurements,”
Mechanical Systems and Signal Processing, 2023.
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Limitation: Modeling Error or Model-Form Uncertamty
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M-S. Nabiyan, H. Ebrahimian, B. Moaveni, C. Papadimitriou, “Adaptive Bayesian Inference Framework for Joint Model and Noise Identification,” ASCE Journal of Engineering
Mechanics, 2022.



Adaptlve Baye5|an Inference for Model Updatmg
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Joint Parameter, Input, and Noise Estimation
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Non-Adaptive vs. Adaptive Estimation

Estimate E, a, & Input Motion with Non-Stationary Non-Zero Mean Noise
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Machine-Infused Physics-Based Model Updating

Integration Point Material

Structural Level Element Level N
(IP) Level Constitutive Model

Disassembly + q°%: element disp.
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NSF CAREER Award, “Bayesian Machine-Infused Physics-Based Data Assimilation for Digital Twinning and Uncertainty Quantification of Dynamical Systems,”
DCSD Program, 2024.
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