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Introduction (I)

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

Bridge collapse without warning

Cracks of steel structure Wind turbine blade Collapse of building structure  Collapse Bridge due to scouring
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Operation Modal Analysis / Seismic Response for Structural Damage Assessment

L

Environmental influences t;

Traffic Scourihé Temperature

5 A =

Damaging influences
on structure

J TN

\ 4
\ 4

Initial Structure \ \ Damaged Structure

Earthquake Corrosion
fi : 5 , C:,_'I Abrupt change f. .o,
i=1~n Time-varying System i=1~n
& other features Nonlinear & other features
L 1. Is the structure damaged? | Damage assessment
2. Can locate and quantify the damage? & Early warning
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Introduction (Il)

Damage assessment of structure using feature extraction and system identification techniques
is needed to explore the current state of the structure.

Features are used to answer the following:

1 Is the system damaged?
— Group classification problem for supervised learning
— ldentification of outliers for unsupervised learning

2 Where is the damage located?

— Group classification or regression analysis problem for supervised
learning

— |dentification of outliers for unsupervised learning

3 What type of damage is present?

— Can only be answered in a supervised learning mode
— Group classification

4 What is the extent of damage?

— Can only be answered in a supervised learning mode
— Group classification or regression analysis

5 What is the remaining useful life of the structure? (Prognosis)
— Can only be answered in a supervised learning mode
— Regression analysis
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Research Objective

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.

Pattern-level Data Fusion

Sensor 1 Sensor 2 Sensor n

Pre-Processing

Pre-Processing

Pre-Processing

Feature Extraction Feature Extraction [ X X X B Foature Extraction

Post-Processing Post-Processing

Post-Processing

Pattern Recognition

Pattern-level
Fusion

Decision

[P W 1 I T

Centralized Data Fusion

i |

Sensor 1

:

Pre-Processing

Pre-Processing

Pre-Processing

.
.

Feature Extraction

1 |
l .
1
Fusion Centre;

Centralised
Fusion

Vibration-based damage detection: a multi-sensor architecture
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Methodologies for Structural Damage Assessment

o B ¥ BRI E R (HR)
\ > p B S T RBPasuj2  (Covariance-driven stochastic subspace 1D,SSI-COV)
\ % £ i /1 AR Model (MV-AR)

0.$$é£$4j§ &R

V3 % Basuli2 (Subspace Identification, SI)

<
\

e 3 5 Bk “o@sw) (Recursive Subspace Identification, RSI)

o BB D GG
o B Y f T E F] (HeHR)

-
VE3F 2RI G @ (Null-space damage index, Q-test)
V2D AR 1 AT AR B 3= (Sammon map) . Le";'l
B 418 (Wavelet-based correlation of scalogram Level-2
ViAp B 1245 % (Wavelet-based correlation of scal )
N 4 &% B @A 54 (Multivariate Singular Spectrum Analysis, MSSA) )
o PHFRFABER(BEFI]EN2#5) Y Level3
VB3R IER (LSSM+EMCM) - &
Level-4
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Structural Health Monitoring: Experimental Studies

Wind turbine\ Structure
in under
operating Structural operating
condition System ID condition
&
Bridge Damage (Building/Bridge\
during P Assessment under
scouring earthquake
process \_ excitation )
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(Level-1 Damage Assessment) Null-space and subspace damage index: DI & DI,
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Level-1 Damage Detection Algorithms: Centralized data analysis (MSSA)

Stage |I: Decomposition

Step 1: Embedding.

B _— -
- ~ -~
- ~

T w2 e (B
, o x(2)  x(3) o x(M+1) [y
1. Develop the trajectory matrix: (\ X, : : : i ,
(from each record) . N o )
SN (N e (N

S~ -
- o I
- —_———

. XI N
\
2. Develop block Hankel trajectory matrix: "'XV =| : |
1
(combine all records) N X, | /
Step 2: Singular Value Decomposition T

3. Perform SVD of X.: X, =X, + X, ++ X

where X, = \/Z-UVI-VV{ Vi = XUy, /A

Ay e A and U

] V rcum V2 2 VLsum

are the eigenvalue and eigenvector of X, XVT
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Damage Detection Algorithms: Centralized fusion (MSSA)

Stage Il: Reconstruction X, X{ X X, e X X))
Xy - X, XTI X, XTI o XX
Block Hankel X, =| : C=X,X, = P X 2P
trajectory matrix ' ' d7td
Xp XoXT XoXs . XpX]

TCUO052 Slngular Spectrum L= 200
. . . . - B~y
Eigenelements: Determine eigenvalues and eigenvectors of C H

\
1
1
I

U

Ce; = \pey, k=1...DM

Principal components: Project X () onto e

£-06 ©-0-6-0-60-0-0-60-0

D M . .
ZZ +j 1 ek(}) 0 5 10 15 20 25 30

d=1 :1 P TCUO052 time history
S-';A zooﬁ T L T T T L L T ]
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Reconstructed components: Combine PCs with e, < ool i
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, 1 M J Time (s)
ro(t) = — E Ap(t — 7+ 1)er(y
k( ) N 4 ( ) ) k(J) TCUO52 time history
=1 100 . . . . . : C C
z  op
3
S -100 -
143.5579
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Time (s)
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System Identification: SSI-COV (for ambient data))

Gather the output data in data Form the block Hankel covariance matrix:
sequence vector- - - - _ _ T 1 &N T
.- Teso cov __ -7 -
£ " HY =Ely Y 1== 2 YV
// k-i+1 \\ p k=2i
/ \
Yeisa | T _[1 o7 T \
o=l =G Ve o Vel | ¢
L " // Factorization of the block Hankel covariance matrix through SVD:
L e T TR, R, .. R%  C ]
yl': = SR'IXl y;T c mlxll J 1 2 i \
H¢IOV _ RZ R3 Ri+1 _\O Q . CA [G AG Ai—lG]
| is the number of sensors and VT —MisE T
i is number of block rows s oo o )
\\ // .—1 . T
_‘Ri\Ri+1 "-_,Rzi-’l_ _CAI | R, =E[ly, Y.l
Obtain the system matrices (A,C): — J,
C= C)i (1: I’ :) Traditional Singular Value Decomposition:
System order T
‘cAl [ ¢ ] S, 0\V
cnz| | on H® =USV'T = (U, uz)( ' ] .
leal, 9 0 0|V,
CA CA Find the Observability matrix O, from the column subspace U;:
. . O, =U, S/
A=0,I(i-12),:y 0,0 +1li:) A e
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Subspace ldentification: Tradition (for EQ excitation)

Kirny = Ay~ Ko+ By - Ugy + Wy
Y = C.- X(k) +D, - Uiy T Vi
Approach 1: Orthogonal Projection:
@_>Yf(k)ntf(k) = Fixf .Htf(k) +H, ) "t U +Gin(k) Ht,(k) +Vf(k) 'Htf(k) Og(r)thogonal Yf(k)Htf(k —;(k)
Y oI, Z.=IXI -2 GW W =Usv'=[u, U] ’ VT ~U, SV’
FH U = ) = o o 1O Ury " =pt0 Tt Usgo "= p(k) 0 S,~0
_ F_Orthogonal Iy
~Finl_Il (k)‘::;(k) [ 1

Approach 2: Oblique Projection:

Oblique __ 1l C,
Ot =i /uy Zoo) Ui =13 X IUi Extended C.A,
i ih _ 2 lix2n
] S, 0 v ] J Obliave U1 observability r;=| C.A® |eR
=USv'=[U, U,] ~U,SV | matrix ;
ol g 5 191V1
2~ V2 C Adi—l
Multi- varlabl_e_Ou{-put'ErFo’r Stafe sPacé algorithm: - - ) )
. Uf(k) Lig 0 0 Qi AN (1) Di .
I = _ 1ar \ _ - irect expansion
e Lo Ly 0 Qi“) , | Oblique Projection | ==) > -
N Y1 2i(m+l)x Lago Loy e 2i(me+1)x2i (m-+1) Qa9 2i(m+1)xj / (2) I—Q - decompOSItlon
O(%Ilqie -~ Yf(k) /Uf(k) oy /U fl(k) L32(k)Q2(k) - o
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Recursive Identification (with/without forgetting factor)

Method 1 (BonaFide RSI): Fixed-length window

Moving time window
deleting one A A

" s B 4 A
data point . c o o o Data

string
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Y 1
. . 1
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Recursive Identification (with/without forgetting factor)

Method 2: Enlarged-length window

Moving time window

SV a — .
| I | o o o o | Data
| f string

Time window

—_—————

Forgetting .
factor [/
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CASE 1 Study: Damage Assessment of Building Structure Using RSI

: Output
Rr%, “;—;r’m? Structural Type :
TELY 3 19

E m 18214— b . _ .
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Damage Assessment of Building Structure Using RSI

CE-NCHU Building 1994 ~2013 : 79 events

Frequency (Hz)
[ 1% T % B N &)

"y

Damping ratio (%)
N kA O M O

150 s

100 -« 1999{(3{9!21
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Damage Assessment of Building Structure Using RSI

8 ! T
Data before !
+ : Chi-Chi Earthquake ;
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Damage Assessment of Building Structure Using RSI

M Damage on column B Damage on slab %_ J E
. I— |
Ref: S.M. Yen, “Story damage index 1 1T
1 Damage on wall for buildings based on identified modal B T 7E
parameters”, Master thesis of National )
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CASE 1 Study: Damage Assessment of Building Structure Using RSI

KVz'I—Q Ko
I /
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Damage Assessment of Building Structure Using RSI

1996-3-5 EQ
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Measurements of
small-scale event
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- == Output on the 6-th Floor

0 10

20 30|

Tinhe (sec)

60

b) Identified Frequency --- RSI-BonaFide-Oblique , WL = 6 .Eec ,SL=0.1sec [Ced=0.0025, Comac =0.95,Cwpe=0.5]
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Damage Assessment of Building Structure Using RSI

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

[ Event-1996/3/5 : PGA=10gal] RSI-BonaFide Identified Mode Shapes at Time = 30.3 sec.
Mode - 1 : 3.1039 Hz Mode -2 : 3.176 Hz Mode - 3 : 4.0516 Hz
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Damage Assessment of Building Structure Using RSI

1999-9-20 EQ

Measurements of

600
400
200

Acceleration (gal)
[w]

(a) Input/Output Longitudinal Acceleration --- Event - 1999/9/20
| | |

1
— Input : Ground Motion
- - - QOutput on the 6-th Floor

Chi-Chi earthquake | g-200-
-400 |-
600~ 1 | | | | | | 1 ]
0 10 20 30 40 50 60 70 80
Time (sec)
gb) Identified Frequency --- RSI-BonaFide-Oblique, WL = 6 sec , SL = 0.1 sec [ Fixed Order = 10, Comac = 0.95, Cwpe = 0.8 ]
T T T T T T T |
54 B " e |
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2 e T S N
o
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o o
o @oank®® W | anl Rgni®ymp o
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Damage Assessment of Building Structure Using RSI

Time at 38.5 sec.
(Before Strong Motion)

Time at 70.0 sec.
(After Strong Motion)

Time at 80.0 sec.
(After Strong Motion)

T
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(1) Least Squares Stiffness Method (LSSM)

» Once modal frequencies and mode shapes are identified by RSI-BonaFide,

and information of mass is properly assumed...
KVzd—@ Kea
Least-squares

TR Member stiffness e
_Al_ kl _Al_ ﬁ KV1:;. Ke1
A ? A _ N
2 — 1 X1
KSystem(I)r,(t:k) = a)r,(t:k)MSystem(I)r,(t:k) :> ;2 X k3 = ;2 :> k_ A A ‘
AS sxn)xn ' _AS J(sxn)x -
L™ d(sn) _knj(m) (sxn)xL
T
[ 1 0 0 07 _¢1,r ¢1,r_¢2,r 0 0 |
0 m 0 0
: ;2 . : : 0 ¢2,r _¢1,r ¢2,r _¢3,r 0
M= : : . : . . . . . . .
w0 A = : : : . : :
i 0 m, | 0 0 ¢n—1,r _¢n—2,r ¢n—1,r _¢n,r
Fk vk, —ks 0 . 0 0 0 Gor —Orar |
—ky  kythky i me, , |
- Moo | | Modal parameter matrices |
. |
- ky—1+k, —ky, Ar:a)(zt:k),rx m3¢3,r :_______p_______________|
| 0 —k, k, | :
L mn¢n,r ]

Ref: J. M. Caicedo, S.J. Dyke and E. A. Johnson. (2004),
Natural excitation technique and eigensystem realization algorithm for phase | of the IASC-ASCE benchmark problem: simulated data, Journal of Engineering

Mechanics, Vol.130, No.1, p49-60.
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(2)

Efficient Model Correction Method (EMCM)

> Input:

(1) Nominal Mass & Stiffness Matrix
(2) Modal Frequencies & Mode Shapes

\ 4

Efficient Model Correction Method
(EMCM)

» Output:

Updated Mass & Stiffness Matrix

/\

(1) Symmetry of
updated matrices

— T
Mupdate - Mupdate

— T
Kupdate - Ku;pdate

(2) Orthogonality of
updated matrices

'

Constructing the M-orthogonal basis vectors : G matrix

(Gram-Schmidt orthogonalization process for unmeasured mode shapes v, )

- {gr = @ayr
9r =vr ,v =5+ 1,.., Neotar_pors

% i [ 7 B

v

Calculating the inverse of transformation matrix : R matrix

it = ~ ~ -4
Rl= 6 [Pws Payz - Pugs Ys#r - Yotarpors)

v

Correcting the mass matrix : M"P%* matrix
Mupdate — (R~1)T M - R—l
Pre-correcting the stiffness matrix : K matrix

i~ = iRt

v

T . .
(pr,upa!ate Mupdate q)p,update

w?

T . . —
(’br,update Kupdate q)p,update_ {

= Ser

@2 -

brp

“Brp

Correcting the stiffness matrix : K"%* matrix

)
Kuwdate = g+ 4 Muvdate . [Z (@2 = w2) B - B, |- MUPdate
r=1

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

Kupdate ‘D

~2 ., b —
Wy Mupdate (pr =0

Ref: K.V. Yuen, “Efficient model correction method with modal measurement,”
Journal of Engineering Mechanics, Vol. 136, No. 1, 91-99 (2010).
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Damage Assessment of Building Structure Using RSI

(a) Reduction of inter-story stiffness in longitudinal direction
I T T T T T | T
—e— Floor 1-3

1= Floor 4-7

[=2]
o

w
o

S
o
I

Reduction of
Longitudinal Stiffness (%)

w
=}
I

N
o
I

-
o
I

Reduction of Stiffness (%)

| |
10 20 30

o

o

Time (sec)

(b) Reduction of inter-story stiffness in transverse direction
T T T T T T

(=2]
(=)

I T
—e— Floor 1-3
—#— Floor 4-7

[4)]
o
|

IS
o
|

Reduction of
Transverse Stiffness (%)

nN oW
==
I I

-
o
I

Reduction of Stiffness (%)

| | Py
10 20 30 4

o

o
o§
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(c) Reduction of inter-story stiffness in torsional direction
| | T T T T

(=2]
(=)

I T
—e— Floor 1-3
—4— Floor 4-7

[4)]
o
|

IS
o
|
|

Reduction of
Torsional Stiffness (%)

nN oW
==
I I

-
o
I

Reduction of Stiffness (%)

o

10 20 30 40 I 50 60 70 80
Time (sec)

o
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Estimation of Computation Time

Computational Time per Identification using traditional LQ decomposition
Preprocess Projection Eigen-value Parameter Computational
RSI-Procedure
(Oblique) Decomp. Extraction Time
Mean (sec.) 0.0194 0.0192 0.0249 0.0046 H 0.0681
STD (sec.) 0.0104 0.0025 0.0041 0.0011 H+20 | 0.1043 l
Computational Time per Idenftification using RSI-BonaFide-OBL
Projection Eigen-value Parameter Computational
RSI-Procedure Preprocess . . .
(Oblique) Decomp. Extraction Time
Initial Conduction 0.0194 0.0252 0.0101 0.0061 0.0608
Updating Method Bona-Fide 132 renewing algorithm
Mean (sec.) 0.0194 0.0050 0.0251 0.0046 H 0.0541
STD (sec.) 0.0104 0.0005 0.0043 0.0012 u+26| 0.0869 l Less
Computational Time per Identification using RSI-Inversion-OBL Th an
RSL Procedure Preprocess Pro je-ction Eigen-value Para me'tel' Compl}taﬁonal S h ift i N g
(Oblique) Decomp. Extraction Time
Initial Conduction 0.0194 0.3149 0.0314 0.0129 0.3786 Length
Updating Method Inversion-Oblique Projection renewing algorithm - 0 . 1 secC
Mean (sec.) 0.0194 0.0032 0.0259 0.0048 H 0.0533 _l
STD (sec.) 0.0104 0.0004 0.0041 0.0016 H+20 | 0.0863 | o)
. ) National Taiwan Universit
2017+ ”% f#i@*’\g’j es }/‘i‘ _Li: 5?'] %(Tii;{’ﬁ%ﬁ ;JI é Department of Civil Engineerin)g/




NCREE-South Center Grand Opening Shaking Table Test

o = = = = = e = = = e = e = e = e = = e = e = = e e = e = =
WN1-test (
[ WN1-test 15t Test WN2-test
SSI-COV analysis '
Riforerced-Based S51-cov (Processed], Cl=100, OMAC =090, MPC =0.96 I
200 3 Fa) Viados o Bba
" % i . y K |
o| B0 E N e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e o e e e e e o = e e = —
e
gm _ 2000 ; . 2000
3™ ™ ! ™
in 2 1000 : 2 1000
f | H c
o i=] ' ! o
. F 0 - ; g 0
» 5 ; : o
3 -1000 ; ; 3 -1000
" . o ' H o
] s " 1 ] m P H H 1 H ' <L
Freaueney (Ha) 2000 | I | L L L L I 2000
mode 1: Freq = 2.517Hz, Damp. Ratio = 6.692%  mode 2: Freq = 14.979Hz, Damp. Ratlo = 1.752% 20 25 30 a5 40 45 50 55 60 20 25 a0 35 40 45 50 55 60
Time (sec) Time (sec)
Identified Frequency — RSI-BonaFide-Oblique, WL = 4sec, SL= 0.4 sec Identified Frequency — RSI-BonaFide-Oblique, WL = 4sec, SL = 0.4 sec
8 ; . . ; . . , ; 8 ‘ : . . ‘ , . ;
Te : : s : :
5 5 i
g 4 g 4
W Z = :
y 0l o 2 ey = @ ; 2%
* C : 1 : u_ 1 1
_ I i i I i i i : \ i i I I i i i
WN2 tESt v 20 25 30 35 40 45 50 55 G0 0 20 25 30 35 40 45 50 55 60
SSI-COV analysis Time (sec) Time (sec)
Aeees e .20 rseaes ot lAC 01, =058 10 Inter-story Stiffness estim ated by Algorithm < 10° Inter-story Stiffness estimated by Algorithm
1 i 3 ) 7 T T T T T T T T T T T T T T T T

il ks 1)

i

Frequensy {Hz)
mode 1: Freq = 1.048Hz, Damp. Ratio = 7.440%  moede 2: Freq = 15.001Hz, Damp. Ratio = 1.545%

1 1 1 1 1 1 1 1 I 1 Il 1 1 1 Il 1 1 I
20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
Time (sec) Time (sec)
NCREE-South Estimated stiffness (KN/m)
Test Initial Minimum Final % of reduction
800 gal excitation 2.28 x 10* 1.87 x 10* 1.93 x 10* 15.4%
1000 gal excitation 2.18 x 10° 1.66 x 107 1.71x 10° 21.6% (25%)

201745 SR 2 it
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Detection & Localization

3

(a) Weak bracing at the 15 FL of A.

Bracel Dimension: 19 mm x 1.2 mm (weak)

&8 Brace2 Dimension: 21.3 mm x 2 mm (normal)

Dimension of each floor: 1.1 mx 1.5mx1.17 m

EQ 200 EQ 300 EQ 450
(216 gal) (289 gal) (444 gal)

EQ 600
(633 gal)

EQ 750 EQ 900
(706 gal) (864 gal)

WN30 1 WN30 2 WN30 3 WNS0 4

Structure damaged in
Lower modes

WN30 5

WN30 6 WN30 7

1.5m
1.Dm_‘=. 1
6F L i
nm ;
aF UL f7
3F Lﬂ_ i
2F
L A
1F
=i

6@1.0m

Structure damaged in
higher modes

Floor Damage Cases
Case 1 Case 2 [Case 3 [Cased |Case5 |Case 6 |[Case7 |(Case 8
6™ FL - - - - - - -
sthopr Original ~ - _ _ _ _ _
Un-
AMFL damaged - - - - - - -
3rd BT Case _ _ _ _ B _ -
2 FL - - - - - Cutas | Cutas
and bg
1 FL Cutas | Cut as Cutas [Cutas |Cutas |[Cutas | Cutas
and b; [andbs |andbe |andbe | and be

Case Case3
=

1F
6om  6em Scm  9cm Sm  9cm Sm  Scm
Case5 Case 6 Case7 Case8

20174 BAEHLR & 4B T iRIATH
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Results from SSI-COV (ambient data)

Freq.(Hz) Case 1

o mm e e e s e

/' Mode 1 4.917

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

L — e m— — e m— — e m— — e e (s e s wees | s s w—

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

Din
DiIn 0.025

0.025

0.0z 0.02

0.015 | 0.015F

0.01F 0.01

0.005 b 0.005

1 2 3 4 5 6 7 i1 2 3 4 5 6 7
test Case test Case

National Taiwan University
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Results from SSI-COV (ambient data)

L3m — , o Freq.(Hz) | Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8
mm_:. A T B Mode 1 1.141 1.139 1.137 1.136 1.138 1.133 1.131 1.129
6F Mode 2 2.224 2.211 2.203 2.200 2.201 2.197 2.190 2.187
— Mode 3 3.632 3.628 3.615 3.612 3.602 3.587 3.579 3.576
SF “ Mode 4 6.299 6.295 6.283 6.277 6.267 6.248 6.245 6.244
Vi Mode 5 8.516 8.478 8.463 8.466 8.458 8.451 8.410 8.380
i 7/ Mode 6 9.189 9.184 9.169 9.162 9.146 9.105 9.091 9.078
- ce1om Mode 7 10.450 10.420 10.390 10.403 10.399 10.395 10.336 10.309
3 Mode 8 12.065 12.064 12.049 12.041 12.032 11.979 11.950 11.933
u | | Mode 9 14.313 14.309 14.299 14.297 14.295 14.282 14.265 14.245
¥ / Mode 10 19.821 19.733 19.631 19.582 19.471 19.125 19.010 18.917
,I | | Mode 11 21.949 21.860 21.783 21.753 21.665 21.446 21.355 21.355
/ Mode 12 27.961 27.954 27.974 27.975 28.019 28.116 28.117 28.114
. | | | { Mode 13 38.407 38.240 37.914 37.794 37.525 37.054 36.931 36.954 \
J_‘ =/ Mode 14 58.419 58.233 57.598 57.294 56.573 54.786 53.778 51.835
= = Mode 15 60.134 59.917 59.660 59.529 59.494 59.422 59.281 59.225
A\ Mode 16 76.283 76.249 75.989 75.944 75.801 75.289 74.380 73.502 )
Mode 17 77.928 77.781 77.221 77.143 76.920 76.668 76.682 76.598

Angle

Din

0.015

0.01

0.005

1 2 3 4 5 [S] 7 8 1 2 3 4 5 (5] 7 8
test Case test Case
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Damage detection & Localization : Sammon Map

Step 1: Create X matrix (consider to be N-dimensional space)

sensor 1(x) e %}‘
sensor 2(x)

Sensor N casel

[X] =

sensor M(x)1,,, Step 4a: Project the high-dimensional
space onto the 2-D dimensional space

where M is the number of sensing nodes, N X)ap-pea =X+ [©(12,22)] 2D-PCA matnx
is the number of discrete Fourier amplitude.
(Time domain data can also be applied.)
X11 X12
X371 X
[X]2p-pca = ?1 22
Step 2: Covariance matrix Ami Xmz
bod C = OAQT Euclidean di :
C = cov X — uclidean distance:
[Clysar = covt) = - | P e
. . Xi,j — Zp:l( ip j,p)
Step 3: Solve for the eigenvalue, eigenvectors of C o i B Tl PO bl Takry
[A] = diag(h,lz, “e AM) where /’{1 > /12 > > /’].M 0 5)(1,2 6X1,M
A _ | 0x21 0 = Oxam
[ PCA—map]MxM - : : . :
Sxma Oxmz - UN

National Taiwan University
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Damage detection & Localization : Sammon Map

Step 4b: To construct the

[XSammon—Map]48><2

sensor 1(f)
. sensor 2
Using [X] = : )
sensor M(f)1,,.n
exi = (ERa(lXie] — a2/
to construct the initial {X}-based map
0 €x1,2 €x1.M
[ ] | €x21 0 Exa,m
WHpxm — | : :
Exm1  €xm2 0 X

From step 4b :

Step S: Minimization

0 &2 " Exim Fromstepdal 0 &y, Ox1 M
exz1 0 Exam A |61 0 Sxam
H 4 H [ PCA—map]MxM = . ' t
Bz - 0 Ly Oxm1  Oxm2 0 Ly
1 (exij— Oxii)?
— AL) XiJ T
E= D — — Minimization
i<j €xi,j €xi,j

i<j

Then we can get the reduce matrix :

X1 N

X2 W2
[X]Sammon Map = '

v Ym

National Taiwan University
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Damage detection & Localization : Sammon Map

Damage Scenario 1

EQ 200 EQ 300 EQ 450 EQ 600 EQ 750 EQ 900

9 B (216 gal) (289 gal) (444 gal) (633 gal) (706 gal) (864 gal)

3 WNS0 1 WNS50 2 WNS50 3 WNS0 4 WN50 5 WN50_6 WN50 7 '
] 1 | 1

7

6 0.015

0.01 |

0.005

Scenario 1 | Reference 7 ladae T8
DS1, WN50-1 DS1, WN504 DS1, WN50-5 DS1, WN50-6
1l e @ |l e © |l o @ |l o @
od
= o © @ < 0 )}éjﬂ@ < 0 © %o ® < 0 ® A
2 @ w @ )9 %) @ wn @
At ® 1 () (©) 1 ® () ! ()
2 ) 2 -2
-2 1 0 1 -2 1 0 1 2 -2 1 0 1 - 1 0 1
SM-1 SM-1 SM-1 SM-1
EQ450 EQ600 EQ750
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Damage detection & Localization : Sammon Map

Damage Scenario 2

EQ 200 EQ_400 EQ 600 EQ 800
(193 gal) (414 gal) (590 gal) (820 gal)

WN50_1 WN350_2 WN50 3 WNS50 4 WN50 5

6
!
Reference T
|:‘}S2, WNSO-‘! 2 DS2, WN50-2 2 DS2, WN50-3 ’ DS2, WN50-4 5 DS2, WN50-5
1 ® ® { 1} @ ® 1 ® ® { 1 ® ® 1 ° ® |
e o g O e % B e 0, Ol 0
5 % © 9 7 Ol R >6>g@>%'°@@$x Q% °l, X @%"@@‘X o)
-1 @ @ 1 1t X @ )?D -1 @ @ ] -1 @ @ 1 @ @
-2 -2 -2 -2 -2
-2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
W1 EQ200 M1 EQ400 M1 EQ600 M1 EQ800 Si-
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Damage detection & Localization : Sammon Map

Case 1 X dir. Case 2 X dir. Case 3 X dir. Case 4 X dir.
1.5 1.5 15 1.5
1 1 1 1
0.5 © ® 0.5 ® ® 0.5 & ® 0.5 @ @
g 0 @ ; 0 @ ; 0 ) ; 0 )] Distance Residual X dir.
@ @ @ 0| @ 20) —
05f ® @ 05 @ @ 050 B¢ @ 05f @6 @
- - -1 -t casel
-1.5 -1.5 -15 -1.5
-15 -1 -05 0 05 1 15 15 -1 -05 0 05 1 15 15 -1 -05 0 05 1 15 15 -1 -05 0 05 1 15
SM-1 SM-1 SM-1 SM-1 case?
O Reference :
X Test case3 1
Case 5 X dir. Case 6 X dir. Case 7 X dir. Case 8 X dir.
1.5 1.5 1.5 1.5 i
1 1 1 1 cased \\ T
0.5 @ @ 0.5 ©6 @ 0.5 @5 @ 0.5 @ @
3 b 3 0 2 3 ) 3 ’9@4 case5 ]
o | @ X(D 7 A @ @ @ QA
051 @6 @ 051 @ X@h 050 @ XDe 05t @ d
1 caseb b
- -1 -1 -1
-1.5 -1.5 -15 -1.5
-15 -1 -05 0 05 1 15 -15 -1 -05 0 05 1 15 15 -1 -05 0 05 1 15 15 -1 -05 0 05 1 15 case7 4
SM-1 SM-1 SM-1 SM-1
X
T - 1 1
I//. 06 07 08
T\ — vy

National Taiwan University
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NCREE-South Center Grand Opening Ambient Vibration Test

[ WN1-test 15t Test WN2-test st Test WN3-test |

:‘ l Input:TCUO52 (PGA=800 gal) l Input:TCUO52 (PGA=1000 gal) l E

________________________________ WN-Sammonmap
x 10" Qindex WN1 X direction WN2 X direction WN3 X direction

40 i 40 ; 40

(O Reference
X Test

.3

SM-2
(=)
SM-2
(=)
SM-2
(=]
&
X

WN1 WN2 WN3 SM-1 SM-1 SM-1

WN1 ] ] 1 1 1 -1F
[ 12F
[ ki3
WN2 -
WN3]| i
12

National Taiwan University
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Damage Assessment of Bridge Under Scouring Process

2010 JLAE I (FANAPI)
1205 1% 130° Tgy

[

s

g/19 U000 A~ 9719 2000
AR EE

LA lum

1500
1208
10
900
800
700

601
B =

PRAREN
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Damage Assessment of Bridge Under Scouring Process

(a) Downstream
- 125 cm > 100 cm e 100 cm >e 125 cm »
 Node 1 Node? Mode3 Node 4 Made 5 Node B | Node 7 Node 8 Node g” Node 10 Made 11 Node 12 T
P B R P RY B
Deck 1 Deck 2 Deck 3 Deck 4 ] l_ =
X distance
“* Rubber Bearing UPSTream
- -TTs~ ~
Nede 1 MNeode 2 Node 3 Node 4 Node 5 Node 8 Nodg7 Node 8§ Node© Node 10 \lode 11 Node 12 Node 13
2cm 1 1 ] =[] FY o o s 3 L i | | [ eemy
N Deck 1 Deck 2 M Deck 3 P ¥ Deck4 > %km
S~ - 23cm
Tem
49[“»
Snd Pier 1 Pier 2 Pier 3 5em
Sand
"_g: sensor No 9
c 10f I I T I T T I I | -
% 0 i
% A0 | | | | | | | | | ]
9F 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
< g | T T T | | . ] ]
c < —
i .
80 i t t t 1 | | | | -
g 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Time (sec)
National Taiwan University
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Moving window SSI-COV (using velocity data)

Scouring Test 2011/01/26, W = 1000, L =10, dn= 1000, Csvd =0.999

100 [ [ [ [ [ [ [ [~ [
pe’ 1 1 MR
90~ ! I .|
3 ' 1
. 1 1
80 > 1 1 -
q 1 B .
&l | i %
7OT 1 1 r. _“:-: ':.-ﬂ
~ v . 1 e 1 ’ Pl EAL
T » \, | 1 . LI AT
= 60 & " : . - .:,;;\ N
Q o J?'{' '. 1 S e 2 .:,.-' - L4 .
§ 50 j}:’: h;"-""u 4 1
3 40 _':..,, -
LL A, " K y": U

30 g - Lt

20 En
g .
10 e, )
’ [ 4 T
0 20 40 60 80 100 120 140 160 180
! Minute i
' :
i Node 9 I
05 [ [ [ [ [ [ [ [ [ [ I
0
€ \ v
L
2 0f
3]
0
0]
>
05 [ [ [ [ [ [ [ [ [ [ [
20 30 40 5 60 70 80 90 100 110 120 130 140
Time (min)

National Taiwan University
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Damage Detection Algorithms: Results from Dl & DI (scouring test)

DI, = mean{|U] U [}

Node 9
0.5; [ r r r r [ [ r C [ C
o}
A
-0.5 C r r r r r r r r r r r L
20 30 40 50 60 70 80 90 100 110 120 130 140
Time (min)

x All Sensor, W =1000, L =10, dn = 1000, Csvd =0.99
3 5¢ [ [ [ [ [ [ [ [ [ [ [
£ al- i
() |
Q0
g &3 i
© £
© I 2 |
8 il
@ 1 B PN Y ™ - g e A
o
9 ot [ r r [ r r [ [ r [ [ [
S 20 30 40 50 60 70 80 90 100 110 120 130 140
P

Time (min)
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Damage detection & Localization : Sammon Map (scouring test)

Euclidean Distance Residual X dir
Case 1 | | | | | | | | | B

. |
<5

[ s6

: I /’ DS?\

I AN EIR
: __-.-.Ill ,' i DS9 !

[1011] [3031] [5051] [7071] |9091] |113111| |130131| \

I

[2021] [40-41] [60-61] [8o-81 ] [100-101] [120-121] \ .SlO 1

\ /

N .S].L

~ o N 7
~~< s
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Bridge Vibration Monitoring under Operating Condition

Environmental Effects for Vibration-based SHM

2011/04/01-2011/04/02, PM14:00-PM14:00 ~

Comparison of Different Time-Frequency Distributions with the RSSI-COV Identification
s ! ! T !

Using moving window

~ SSI-VOV algorithm

Frequency(Hz)

i i i 1
6PM 12AM B6AM 12PM _

National Taiwan University
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Environmental Effect on Modal Parameter Identification

g Mean Frequency=1.5544Hz
3 40 | ‘ E s e T PRGN T
E — e
8~ ——— ———— _ 1.625
1520
E ~ 0 | | \ \
F 0 500 1000 1500 2000
7 1.590
- % 10 o I I # l W el ! E
03 i ® -5 L rd + ""N o ‘;- L) I \_ —
SE it L W T e, VIR A e 5
B8 R it v PN } } W o{ ] e 1555
u.g 10" 4 | I % | y | E o
0 500 1000 1500 2000 e
Number of Data S
2011/04/01-2011/04/02, PM14:00-PM14:00
Acf'orrlp-rllton ot l.)n"erorl.t Time-Froequency Distribution = with the RISSI-C OV Identification
as 1.485 | - ‘

174 220 26.5 311
Temperature

De-mapping Function ¥
A

e

©

Output

Input Mapping Bottleneck De-mapping

10
=o0 Layer Layer Layer Layer Layer
wWhidth () o s 100 (m inputs) (M nodes) (d nodes) (M nodes) (m outputs)
Length (m)

National Taiwan University
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System identification of wind turbine blade under operating condition

Flap-wise
vibration

Edge-wise
vibration

300.5 cm

= m

/ : V4 / A
,7700cm
-
National Taiwan University
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Geometry setup of turbine blade

I\\\
N Blade
surface plane

¢ i Rotating plane
I

| I

|

|

|

|

A

|

|

Pitching angle

¢

Change of tilting angle v,

Axis of rotation

Change of rolling angle y,

National Taiwan University
Department of Civil Engineering
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Coordinate transformation between local and global coordinate system

Blade

. F=rw? (Centrifuge Force N ‘
Rotation plane ( g ) X°. Centrifuge force

_ F=r&

! 7 A} -
Z ’ g (Gravity Force) rar cos®,
7 \
- \
| l
|
—> ! -
| A 3-axes accelerometer ~
," Y ; was installed at thetip 2 SN\ v ]
Global \ of a wind turbine blade
coordinate sygtem Y ! :
(X-Y-Z)
Rotating plane 777777
Local 7777777 Global
X coordinate system coordinate system
- - (X'-y’-Z’) (X-Y-2)
o l —cos8, —sin6, 0 l
Gex] [-relcosg) 1o 0 0 70 a, (t,9,6)}=| sin6, —cos@ 0 |{a,(.p,6
\l‘ {a;(t.6.60} = [”fﬂ'] = [—m:sinﬂ: +(0 sing  cosg ] 0] M} ! ! {M
Qez 1] 0 cos¢ -—singllg O O 1

e

A 3-D accelerometer

F
was installed at the tip &‘L"ﬂ ﬂ }/1
27 0

of a wind turbine blade

Twist in Y-axis

Blade rotated on Y Y
X-Y plane

National Taiwan University
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Methodology of tracking blade geometry setup

a'm(ﬁ):g{(_ysl’_ysz’_7/53){a'tr(t)}
1 |

{am(t)} Sensor Local
coordinate system coordinate system
(XII_YII_ZII) (XI_YI_ZI)

fta, (1)}

R =|nn,(1 - cosB) + ngsind  cosB +ni(l —cos8)  nyny (1 — cosd) — n,sind

cosf +ni(l—cos8)  mn,(1 - cosB) —nysinf  nyny(1 - cosf) + ?1:52'?15']

n.n, (1 — cosB) — nosinf  n.n,(1 — cos6) + n, sind cosf + ni(1 - cosd
1My 2 17z 1 2

c N

a,(B)= R~ Vs~ y ), (1)} Measurement

Minimization of J( B ) = Hae(t,ﬁT)— a,,,(l‘)H

\ Determine ﬁ_=<9 Vs1 Vs2 Vss §0> /

National Taiwan University
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Out-of-plane motion of turbine blade (test case of 50 rpm)

0.8

T
Guess

AR AARAARL MHH“‘\EX???\‘ﬂ”f‘?Tﬂ'?Fi)f

0.6

oal LA RA AN

—
==
=——
———
=
==S

0.2

R i s e

-0.4

Recorded & initial assumption
of flap-wise wave forms

==

AccZ init guess

-0.6
(0]

10 20 30 40 50 60

0.8

0.6 [

0.4 { Hkkn\

oa A AAARA LARARAAAAAARARANARARRRRANRAARRARAAARRARR
NILTATTAIAR AN LULAHLAARAAARARA AT A AARL UL
PURARARE LA LA AR LA RARAR AN AR R N AR VA A AR AR AN ARAEY

-0.4

T
Matched
Exp-az (out of plane)

Recorded and estimated
flap-wise wave form

AccZ opti matched

-0.6
o

10 20 30 40 50 60

Residual signal of flap-wise
wave form L

0.2 —

Accl out of plane

N
o 10 20 30 ao

Table 1b: Identified wind turbine pitching and rolling angles from Test-2.

Test-2 o x, % % :
15 rpm: Case 1 89.96 (90.0) 8 (-5.0) 12.81 (10.0) 0.1 (0.0) ;
15 rpm: Case 2 90.18 (90.0) 9.6 ( 0.0) 12.05 (10.0) 0.63 (0.0) Change !
15 rpm: Case 3 85.1(90.0) 85.1(90.0) 10.69 (10.0) -0.84 (0.0) ‘;';a”ge of Y
Note:  (*) indicate the blade rolling angle in its original setup. & |
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Results of Identification (1)

250 T T X: 3.580 T x: 4199 T |
350 r r ! - T ¥ 2251 Y- 2238
o Ti%asa 50 RPM -
15RPM — 200|- n
<20 — - >x: 3. 723
\P T 150 >x: 0.8911 L 1'469
e el i xvli?é'fs' — ¥ 125
i X: 0.4883 | | _100—
100 - Y:104 6 :
X:0 231; I
Y- 54 51 h\‘f I I - |
1 ALY ’ Jugyh ¥
o N ‘J \ { | L ANy ” A
00 ve ¥ ht = 5 : a : 5 P .-me"h .\(W I 1 ! '-m-«"'f‘
Frequency (Hz) ] o a i s
1 : Frequency (Hz) :
; s 1
200 Y 200 "% Blade flap-wise § ¥ 11
| : frequencv ' K
(LU i M S us e e i i E ' Towser Freqg.
2 Rotatlon Freq. L | Towerfreq. = 150+ 5 i ------------- 24499 | i
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Field Experimental Study
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Field Experimental Study
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a) Recorded acceleration of out-of-plane motion of blade from three different datasei
(b) Plot the stability diagram (from SSI-COV) from each dataset. (c) Plot the stability
diagram (using MSSA to remove the rotation frequency signal) for dataset 31 and 19.
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Field Experimental Study
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Conclusions

Centralized Data Analysis Techniques

(System Identification : A \
Stochastic Subspace Identification (ambient data)
L Recursive Subspace Identification (earthquake response)j

g . Almost
Damage Assessment Level-3 : Real-time
LSSM+EMCM (stiffness reduction---earthquake response) ) > Damage
Assessment

Damage Detection & Localization (Level-1 & Level-2):
Null-space damage index
Sammon map--- 2D visualization j

Sensor-Level Data Analysis Techniques

Damage Detection & Localization (Level-1 & Level-2):
Wavelet-based correlation analysis

National Taiwan University
2 5L >~ h by 3 N > 4 h— =
2017# % Jf##mﬁ?\-“ﬁ- iR &R RT AT o é Department of Civil Engineering




Challenges in SHM of Civil Structures

(o Huge size (large scale) and vast mass of materials, )
Civil ) | © Long service life (> 50 years),
Infrastructures e Harsh and varying environmental conditions

\° In-place conditions different from the design assumptions )

OMA based
damage assessment

- o o e o e e e e e e e o e e e e e ey,

Damage detection

\' Increase the number of excited modes, (alarm level)

\ Eliminate environmental influences,

— o —
o o — -

. \ Increase the sensitivity to local damages, |

T o o mm Em mm Em Em o Em O Em Em EE Em o O Em

P it IR i i IR e i e

‘A Explore more damage related dynamic features, !
\ Consider statistically relevant deviation,

\ For permanent monitoring ‘automatic system identification’ is mandatory,
\ Highly advisable for periodic monitoring,

\ Develop modal updating technologies (Optimization algorithm)

o e e -
e mm mm o
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