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1. Background – Bridge Failures
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1. Background - Cable-Stayed Bridges
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Years (Data from Wikipedia) 

• Globally, of the total bridge construction in 2019, investment in 
cable-stayed bridges ≈ truss + arch + suspension bridges.

• Evolving design and construction technologies mean spans now 
reach over 1000m.

• Ease and speed of construction – the same flow of forces is 
present during free-cantilever construction as after completion.

• Much greater stiffness than suspension bridges – deformations of 
the deck are reduced, critical wind speed for the onset of flutter is 
higher.
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1. Background – SHM of Cable-Stayed Bridges
• Hong Kong
• Kap Shui Mun Bridge
• Ting Kau Bridge
• Stonecutters Bridge
• Shenzhen Bay Bridge

• China
• Over 80 cable supported bridges with SHM systems
• Hutong Yangtze River Bridge (2nd longest cable-stayed bridge)
• Sutong Yangtze River Bridge (3rd longest cable-stayed bridge)
• Hong Kong-Zhuhai-Macao Bridge (55km bridge/tunnel system)

• South Korea
• Seohae Bridge
• Jindo Bridge
• Hwamyeong Bridge
• Incheon Bridge

• Vietnam
• Phu My Bridge
• Can Tho Bridge
• Rach Mieu Bridge
• Bay Chay Bridge
• Kien Bridge 5

• Japan
• Tatara Bridge (longest cable-stayed bridge in Japan)

• France
• Millau Viaduct (tallest cable-stayed bridge in the world)

• Sweden/Denmark
• Oresund Bridge (longest road/rail bridge in Europe)

• Scotland
• Queensferry Crossing (world’s longest three tower cable-stayed 

bridge)

• USA
• Arthur Ravenel Jr Bridge (3rd longest in Western hemisphere)

• Panama
• Atlantic Bridge

• Portugal/Spain
• Guadiana International Bridge



1. Background – SHM Monitoring Data

Data Measurements
• Strain
• Acceleration
• Displacement
• Inclination
• Temperature
• Wind speed
• Humidity
• Weigh-in-motion
• Corrosion

(Svensson, 2013)
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1. Background - SHM Outcomes
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Data Based
• Examine changes in data features 
• Use of data-driven algorithms
• Statistical pattern recognition/machine learning
• High confidence in the data
• Sufficient numbers and locations of sensors to 

offer level of completeness

Model Based
• Data used with numerical model of structure
• Insight into physical processes
• Can simulate behaviour under various conditions
• Useful when sensors are limited, model have 

offer complete picture
• Uncertainties and assumptions introduced when 

modelling
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2. Case Study - Phu My Bridge

Features
• Concrete Bridge
• 380m main span
• 162.5m side spans
• 134.5m high towers
• 27.5m wide deck
• 144 stay cables

SHM System
• 3 Inclinometers
• 8 Accelerometers
• 6 Cameras
• 1 Weather station
• 1 Anemometer

Dates
• Opened Sept. 2009
• SHM installed 2019
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2. Phu My Bridge Sensors and Data Sample
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Phu My Bridge SHM Sensors

Data Sample from SHM System



2. Phu My Bridge – Raw Data
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Lateral direction time series acceleration data – main span (3-4am 28 April 2020)

Vertical direction time series acceleration data – main span (2-3am 04 August 2020)



2. Operational Modal Analysis
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Frequency peaks of singular value decomposition (SVD) identified using Enhanced Frequency Domain Decomposition method.



2. Operational Modal Analysis - Results

13

Histograms of selected natural frequency ranges identified from accelerometer data.



2. Operational Modal Analysis - Results
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Probability density distributions identified from accelerometer data.



2. Operational Modal Analysis - Results
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Selected mode shapes identified from accelerometer data.



2. Operational Modal Analysis - Results
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Frequency and mode shapes identified from OMA of deck accelerometers.
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3. Phu My Bridge Initial FE Model
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3. Phu My Bridge Initial FE Model Inputs
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3. Phu My Bridge Initial FE Model Results
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3. Phu My Bridge Initial FE Model Result Comparison
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4. Model Updating – Objective Function
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Original FE model input parameters Original FE model results

Measured structure resultsUnknown ‘objective’ parameters

WE = weighting matrix reflecting measurement uncertainty / variability (inverse of the data variance)

WP = weighting matrix reflecting parameter uncertainty / variability



4. Model Updating – Selection of Updating Parameters
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4. Model Updating – Parameters for Updating
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4. Model Updating –Updating Results
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4. Model Updating – Uses of updated model
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 Baseline reference model

 Assisting in long-term monitoring of the bridge in conjunction with the SHM system

 Assisting in damage detection and damage simulation studies

 Assessing cable tension forces

 Identifying global behaviour with a limited number of on-structure sensors



4. Model Updating – Findings and challenges
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 SHM data variability throughout the year
 Varying environmental conditions = a range of values
 FE model output = single value
 Acknowledging and incorporating data variability

 The measurement weighting matrix
 Reflects certainty/uncertainty in data
 Prioritizes modes for updating

 Matching and identifying measured and FE model modes
 Measurement uncertainty 
 FE model uncertainty i.e. modelling assumptions
 More complex FE model ≠ more accuracy



Thank you.
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