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Research Background

¢ Performance of isolated bridge depends on performance of isolators.

* In the past earthquakes, there were cases where isolators failed to
function properly because side stopper were locked. As a result, deck was
not isolated completely, and unexpected load redistribution occurred.

* Monitoring system can be used to evaluate isolation bearing condition and
prevent the failure.
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Research Objectives

* Develop a structural monitoring system to detect isolation bearing
malfunction directly from seismic records using machine learning
and sparse representation.

* Implement the detection system to full-scale monitoring of multi-
span continuous girder isolated bridge using wireless sensor
network.
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Methodologies m#mEoy=—7Ly MEfsEERC

¢ Continuous Wavelet Transform (CWT) : to detect shifts in the vibration frequency of
accelerations by extracting the instantaneous frequency (IF) from the continuous
wavelet time-frequency map (Grossmann and Morlet 1984).
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» Discrete wavelet transform (DWT) (4t Order Daubechies wavelet) : to detect
irregularities in the high frequency of acceleration. By sparse representation analysis
the irregularities are associated with the change in the detail component (Di) caused
by stiffness characteristics of isolation bearing.

x(t) = 4; +zi:Dj

* K-means Clustering Algorithm (Machine] Learning) (Arthur & Vassilvitskii 2007): to
perform partition of data space (CWT & DWT results) into clusters associated with
normal and malfunction bearing via data training and pattern recognition. Euclidean
metric is computed to determine the distance between the clusters:

Dist(U,V) = |lU-V]| =
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Finite Element Simulation
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¢ Condition of locked (malfunction) bearing is simulated numerically by Finite
Element model using nonlinear structural dynamics.
¢ Locked bearing is model by changing the hysteresis model of isolator with

added friction.

* 3D-Continuous girder isolated bridge with 5 piers.
* Model made in SAP 2000.
¢ Input : Various-scale 1995 Kobe Earthquake Takatori.
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Results of simulation show that bearing malfunction can be detected from
1. Pattern of Instantaneous Frequency Shift from Continuous Wavelet Transform.
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Results of simulation show that bearing malfunction can be detected from

2. Pattern of Large spikes on the High-frequency detail function from DWT.
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Finite Element Simulations for Locked Bearings
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Damage scenarios (32 cases): 32__’_7ij

1. All bearings function normally. (No) ?‘“\'CIET‘%’

2. One pier with locked bearings (P1,P2,..P5) = 5 cases. — 2 D&z v v 7

3. Two piers with locked bearings (P12, P13,..P45) = 10 cases. 22 D&l v v 7

4. Three piers with locked bearings(P123, P124,... P345) =10 cases 32 Diglo v v 7
5. Four piers with locked bearings (P1234,...,P1345) =5 cases 42 DfEIz v v 7

6. All bearings at five piers locked (All) 3~ T DEfIZ v v 7

For each case:

1. Nonlinear seismic response calculated.
2. CWT & DWT Analysis conducted.
3. K-means Clustering analysis is performed

Y-axis: ND values from classification

K-means Clustering of FE Simulation - CWT Results

The distance between two clusters of instantaneous frequencies (U4, U,;) is normalized
with the absolute difference between the pier freq (w, ) and girder frequency (wy) in
each case, called the normalized distance (ND):

(Uer = Uez)
w

ND - 1 (normal bearing)

ND(Uc1,Ucz) = ND -> 0 (locked bearing)

p — Wy

Result of Bearing Classification based on CWT & k-means Clustering
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X-axis: Simulate locked bearing)

K-means Clustering of FE Simulation - DWT Results

* The distance between the cluster of normalized D, to the threshold value is computed for
the interval time of peak excitation.
¢ The normalized distance (ND) between the cluster’s centroid of detail components DWT
(Uc) and the threshold value (U ) are used to define condition of isolation bearing.
. U,—-U ND >0 (normal bearing)
ND(UC’ U) T ND <0 (locked bearing)

Result of Bearing Classification based on DWT & k-means Clustering

Y-axis: ND values from classification
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X-axis: Simulate 1 locked bearing)

Implementation on Katsuta Bridge
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Earthquake List Recorded on Katsuta Bridge (2018-2020)

e List of earthquakes recorded on Katsuta Bridge between 2018-2020.
¢ The seismic responses were recorded from Wireless Sensor Network (WSN)

Date Epicenter Depth (km) Magnitude Distance PGA
(M) (km) (cm/s2)

7/17/2018 36.43N,140.7E M4.8 143.7
EQ2 6/17/2019 36.50N,140.6E 80 M5.1 16 137.4
EQ3 3/30/2018 36.44N,140.6E 56 M5.1 11 121.8
EQ4 6/4/2020 36.4N,140.7E 50 M4.7 14 116.6
EQS5 1/21/2020 36.4N,140.7E 50 M4.3 14 61.38
EQ6 4/12/2020 36.2N,140.0E 50 M5.1 59 42.48
EQ7 6/1/2020 36.2N,140.4E 100 M5.3 22 31.64
EQ8 1/14/2020 36.1N,139.9E 50 M5.0 66 26.78
EQ9 9/5/2018 36.4N,141.3E 60 M5.5 72 25.02
EQ10 2/1/2020 36.0N,140.1E 70 M5.3 57 23.57
EQ11 8/4/2019 37.7N,141.7E 50 M6.4 181 16.03
EQ12 5/17/2018 36.35N,140.6E 52 M5.3 75 10.4
EQ13 6/18/2019 38.6N,139.5E 10 M6.8 266 9.51
EQ14 7/7/2018 35.3N,140.6E 70 M6.0 118 7.98
EQ15 4/18/2020 27.2N,140.7E 50 M6.9 1018 2.48
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Characteristics of Instantaneous Frequency of CWT and Details q.
Components of DWT from Seismic Records on Katsuta Bridge

CWT, Largest Earthquake (EQ1, July 17, 2018) Smallest Earthquake (EQ15, April 18,2020)

Girder Pier Girder Pier

DWT, Largest Earthquake (EQ1, July 17, 2018) DWT, Smallest Earthquake (EQ15, April 18,2020)

Large earthquake > Large spike on detail

Small earthquake - Detail components of DWT
components of DWT crosses the threshold value

are below the threshold value

Assessment of Bearing Condition by K-means Clustering
based on CWT Results
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Largest ND - 1 (normal bearing) Smallest

Earthquake ND > 0 (locked bearing) Earthquake
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Assessment of Bearing Condition by K-means Clustering
based on DWT Results
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Conclusions

< Continuous and Discrete Wavelet with Sparse representation techniques were
employed to detect malfunction of isolation bearing directly from seismic response.
Classification of bearing condition is made by machine-learning based K-cluster
technique.

« The techniques were verified in the finite element simulation and implemented on a
Katsuta Bridge, a continuous multi-span girder bridge using seismic responses from
15 earthquakes recorded by wireless sensor network.

¢ Results show that isolation bearings have functioned properly without observed
locked bearing during large (PGA>100cm/s?) and moderate (10 cm/s?< PGA < 100
cm/s2) earthquakes. Possible locked bearing was observed during small
earthquakes (PGA<10cm/s2) because the isolation mechanism has not been
initiated due to the small amplitude of excitation.
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