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Wind turbine blade 

Bridge during scouring Building damage during earthquake 

Cracks of steel structure Collapse of building structure Collapse Bridge due to scouring

Bridge collapse without warning

Structural damage due to earthquake, scouring, aging, environmental impact load, etc. 

Introduction (I)



Operation Modal Analysis / Seismic Response for Structural Damage Assessment
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Environmental influences

Initial Structure Damaged Structure
Damaging influences 

on structure

Traffic Scouring Temperature 

Earthquake Corrosion 

1. Is the structure damaged?
2. Location and intensity of the damage?

ii ,,f zf ii ,,f zf

i=1 ~ n i=1 ~ n

& other features & other features

Abrupt change
Time-varying         System               
Nonlinear

1. Is the structure damaged?
2. Can locate and quantify the damage?

Damage assessment 
& Early warning
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Introduction (II)

Features are used to answer the following:

Damage assessment of structure using feature extraction and system identification techniques
is needed to explore the current state of the structure.
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Vibration-based damage detection: a multi-sensor architecture

Pattern-level Data Fusion Centralized Data Fusion

Objective: Develop an on-line and almost real-time monitoring of structural modal 

parameters (or feature extraction techniques) under operating conditions/earthquake 

loading, and conduct damage assessment on the structure.

Research Objective
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§ Ṇ ᵑѠᾎȸ

¶ ( )

Õԓᴞ ІῈ ᵑᾎ (Covariance-driven stochastic subspace ID,SSI-COV)

Õֵ ҏAR Model (MV-AR)

¶ ֮ ч

ÕІῈ ᵑᾎ (Subspace Identification, SI)

Õ ἤІῈ Ṇ ᵑ (Recursive Subspace Identification, RSI)

§ ᴷ

¶ ( )

Õ ІῈ ᵑ (Null - space damage index, Q- test)

Õ2DҠ оᶾ ᴷ (Sammonmap)

Õד ἤ╓ (Wavelet-based correlation of scalogram)

Õֵ ố иέᾎ (Multivariate Singular Spectrum Analysis, MSSA)

¶ ֮ ч ( ֥ Ṇ ᵑ )

Õ⁬⇔᷉ ᴷ (LSSM+EMCM)

Methodologies for Structural Damage Assessment

Level-1
& 

Level-2

Level-3
& 

Level-4
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Structural
System ID

&
Damage 

Assessment
Building/Bridge

under
earthquake
excitation

Structure 
under

operating 
condition

Bridge
during 

scouring
process

Wind turbine
in

operating 
condition

Structural Health Monitoring: Experimental Studies



(Level-1 Damage Assessment)  Null-space and subspace damage index: DIn & DIs
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Stage I: Decomposition

Step 2: Singular Value Decomposition

Level-1 Damage Detection Algorithms: Centralized data analysis (MSSA)
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Stage II: Reconstruction 

Damage Detection Algorithms: Centralized fusion (MSSA)

National Taiwan University

Department of Civil Engineering2017ד ᶼ ᶾ שׁ

0 5 10 15 20 25 30
0

5

10

15

20

25

TCU052  Singular Spectrum, L = 200

0 5 10 15 20 25 30
0

5

10

15

20

TCU068  Singular Spectrum, L = 200

0 5 10 15 20 25 30
0

2

4

6

8

TCU075  Singular Spectrum, L = 200

0 5 10 15 20 25 30
0

5

10

15

20

TCU102  Singular Spectrum, L = 200

0 10 20 30 40 50 60 70 80 90

-200

0

200

Time (s)

A
c
c

TCU052 time history

0 10 20 30 40 50 60 70 80 90

-200

0

200

Time (s)

A
c
c

TCU068 time history

0 10 20 30 40 50 60 70 80 90

-200

0

200

Time (s)

A
c
c

TCU075 time history

0 10 20 30 40 50 60 70 80 90

-200

0

200

Time (s)

A
c
c

TCU102 time history

0 10 20 30 40 50 60 70 80 90
-200

-100

0

100

-143.5579

Time (s)

V
el

oc
ity

TCU052 time history

0 10 20 30 40 50 60 70 80 90
-400

-200

0

200

-233.3376

Time (s)

V
el

oc
ity

TCU068 time history

0 10 20 30 40 50 60 70 80 90
-50

0

50

100
89.2992

Time (s)

V
el

oc
ity

TCU075 time history

0 10 20 30 40 50 60 70 80 90
-100

0

100

-79.0999

Time (s)

V
el

oc
ity

TCU102 time history



Form the block Hankelcovariance matrix:

Find the Observabilitymatrix Oi from the column subspace U1:

2/1

11i SUO =

Gather the output data in data 
sequence vector:
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Factorization of the block Hankel covariance matrix through SVD:
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Traditional Singular Value Decomposition:
System order
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System Identification: SSI-COV (for ambient data))

National Taiwan University

Department of Civil Engineering2017ד ᶼ ᶾ שׁ



12

Subspace Identification: Tradition (for EQ excitation)
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Approach 1: Orthogonal Projection: 

Approach 2: Oblique Projection: 
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Method 1 (BonaFideRSI): Fixed-length window

Time window

Moving time window

appending 
one data point

ω  ω  ω  ω

Recursive Identification (with/without forgetting factor)

Data 
string

deleting one 
data point

Forgetting 
factor

Fixed window
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Recursive Identification (with/without forgetting factor)

Time window

Moving time window

ω  ω  ω  ω

Method 2: Enlarged-length window

Forgetting 
factor

Data 
string
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Input

Output

CASE 1 Study: Damage Assessment of Building Structure Using RSI
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1994 ~2013 : 79 eventsCE-NCHU Building

Damage Assessment of Building Structure Using RSI
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Damage Assessment of Building Structure Using RSI
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1F

2F

3F

4F

5F

6F

7F
Damage on wall

Damage on column Damage on slab

Ref:  S.M. Yen, ñStory damage index 

for buildings based on identified modal 

parametersò, Master thesis of National 

Chung Hsing University (2005).

Damage Assessment of Building Structure Using RSI



National Taiwan University

Department of Civil Engineering2017ד ᶼ ᶾ שׁ

Input

Output

Simplified 2-story 

Torsionally Coupled Model

Moderate Damage due 

to Chi-Chi earthquake

CASE 1 Study: Damage Assessment of Building Structure Using RSI
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Frequency (Hz)

Measurements of 

small-scale event

Damping Ratio

Damage Assessment of Building Structure Using RSI

1996-3-5 EQ



National Taiwan University

Department of Civil Engineering2017ד ᶼ ᶾ שׁ

Mode Shapes at time = 30.3 sec. in the small-scale seismic event

Damage Assessment of Building Structure Using RSI
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Frequency (Hz)

Measurements of 

Chi-Chi earthquake

Damping Ratio

Damage Assessment of Building Structure Using RSI

1999-9-20 EQ
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Time at 38.5 sec.

(Before Strong Motion)

Time at 70.0 sec.

(After Strong Motion)

Time at 80.0 sec.

(After Strong Motion)

Damage Assessment of Building Structure Using RSI
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(1)        Least Squares Stiffness Method  (LSSM)

Ref:   J. M. Caicedo, S.J. Dyke and E. A. Johnson. (2004), 

Natural excitation technique and eigensystem realization algorithm for phase I of the IASC-ASCE benchmark problem: simulated data, Journal of Engineering 

Mechanics, Vol.130, No.1, p49-60.

ü Oncemodal frequenciesand mode shapesare identified by RSI-BonaFide, 
and information of massƛǎ ǇǊƻǇŜǊƭȅ ŀǎǎǳƳŜŘΧ 
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Member stiffness
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(2) Efficient Model Correction Method  (EMCM)

Efficient Model Correction Method  
(EMCM)

ü Input: 
(1) Nominal Mass & StiffnessMatrix
(2) Modal Frequencies & Mode Shapes

ü Output: 
Updated Mass & StiffnessMatrix

(1) Symmetry of  
updated matrices

(2) Orthogonality of 
updatedmatrices

(3) Satisfaction of Eigen-equation
[Model Error= 0] 

Ref:  K.V. Yuen, ñEfficient model correction method with modal measurement,ò 

Journal of Engineering Mechanics, Vol. 136, No. 1, 91-99 (2010).
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Reduction of 

LongitudinalStiffness  (%)

Reduction of 

TransverseStiffness  (%)

Reduction of 

TorsionalStiffness  (%)

Damage Assessment of Building Structure Using RSI
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Less
Than
Shifting
Length
= 0.1 sec

Estimation of Computation Time
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NCREE-South Center Grand Opening Shaking Table Test
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Damage Detection & Localization

Structure damaged in
Lower modes

Structure damaged in 
higher modes

Brace1 Dimension: 19 mm Ȗ1.2 mm (weak)
Brace2 Dimension: 21.3 mm Ȗ2 mm (normal)
Dimension of each floor: 1.1 m Ȗ1.5 m Ȗ1.17 m
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Results from SSI-COV (ambient data)

Freq.(Hz) Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7

Mode 1 4.917 4.899 4.896 4.872 3.251 2.329 1.744

Mode 2 7.133 7.112 7.143 7.130 6.655 6.559 6.502

Mode 3 15.434 15.398 15.418 15.326 11.860 11.056 10.646

Mode 4 20.770 20.782 20.757 20.748 20.362 20.417 20.224

Mode 5 21.843 21.749 21.855 21.768 21.252 21.010 22.399

Mode 6 27.817 27.817 27.712 27.780 27.782 27.464 27.238

Mode 7 33.775 33.655 32.647 32.868 32.823 32.745 38.072

Mode 8 38.511 38.028 37.750 37.597 37.631 37.760 34.574

Mode 9 39.978 39.534 38.361 38.422 39.198 38.966 38.864



National Taiwan University

Department of Civil Engineering2017ד ᶼ ᶾ שׁ

Results from SSI-COV (ambient data)
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Damage detection & Localization : SammonMap

M N
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Damage detection & Localization : SammonMap
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Damage detection & Localization : SammonMap
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Damage detection & Localization : SammonMap
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Damage detection & Localization : SammonMap


