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Introduction (1)

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

Bridge collapse without warning Bridge during scouring

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

Environmental influences:. | w

=A !H l"[

Traffic Scouriﬁg Temperature

5 A=

Damaging influences
on structure

SN

Earthquake || Corrosion

\ 4
\ 4

Initial Structure\

\ Damaged Structure

f.f,z Abrupt change f.f,z
i=1 ~n Timevarying System i=1 ~n
Nonlinear & other features

& other features

L 1. Is the structure damaged? | Damage assessmet

2. Can locate and quantify the damage? ? & Early warning
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Introduction (I1)

Damage assessment of structure usiegture extractionandsystem identificationtechniques
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

§ N 1CRAd
1 (
= | 'E n A (Covariancariven stochastic subspace ID;E81V)
R AR ModelMV-AR)

Ch
N’

Ol E n A (Subspace Identification, SI)
O Nl E N N (Recursivesubspace IdentificatiofiRS)

8 K
T (0) -
O I E N (Null -space damage index, Q-test)
O2DK 03 K (Sammommap) >Le‘é‘ej‘1
O1 A r (Waveletbased correlation ofcalogran Level2
O "~ 8 1 wuné A (Mulivariate Singular Spectrum Analysis, MS§A)
T 7 (. N 7)) 1 Level3
g < K (LSSM+EMCM) - &
Leveld
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Structural Health Monitoring: Experimental Studies

Wind turbin; Structure
in under
operating Structural operating
condition System ID condition
&
Bridge (Building/Bridge
during Assessment /| under
scouring e earthquake
Process N excitation y




(Levell Damage Assessmemill-spaceand subspace damage indéX, & DL

— i —
= -~
- =~

O v 3 ikl
.’Iy—gl[z] y[3 3 y[K+1]w\eYz —_— T=YY =P X=T
. 64 4 6 4 @,/SYfH

ev[L] yiL+1 3 yINI- (i

K
U:ous 5 0 a XiTXi - XiTUsoUzoXi
DI =2

S

B 3 x7x,

i=1

DI, = mearf|U;,U

, National Taiwan University /£ )
201771 Z 3 v Department of Civil Engineering \&2J%




Levell Damage Detection Algorithms: Centralized data analyssS@

Stage I: Decomposition

Step 1: Embedding.

B _— -
- ~ -~
- ~

X)) x(2) e x(A]
. . // xz(z) xg(B) xg(M-l—l) \\‘
1. Develop the trajectory matrix: (\ X, : : : . ,
(from each record) . o 7 P4
SO HO(NTD) D X (N'HD) e x(N)7
D AN
\
2. Develop block Hankel trajectory matrix: "'XV =| : |
!
(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 gexle XX, 3 xlxgg
eX,o Gy w7 o®X] XX 3 XX]6
Block Hankel y -€ 4U vV T ae T )
: v T a Ty 4 4 Xy Xyg 4 =
trajectory matrix = & : 9
exXoH X X1 9
TCUO052 Slngular Spectrum L 200
Eigenelements: Determine eigenvalues and eigenvectors of C
Cé, = \rog, k=1...DM
Principal components: Project X () onto e
D M P |
=2_ 2 walt +Jj = 1ek()) °
d=1 :1 P TCUO052 time history
SSA 200l L L L L L L L L ]
S 0
Reconstructed components: Combine PCs with e, < ool W\Q/WW
0 1r0 2r0 3r0 4r0 5r0 6r0 7r0 8r0 90
, 1 M J Time (s)
w(t) = — At —7+1 7
rie(t) M Z k( J+ Der(d) TCUO52 time history
i=1 100 - - - . - : - -
= OK—/—A\/UW
$ soor 143.5579 |
200, 10 20 30 40 50 60 70 80 90
Time (s)
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System ldentificationSSICOMfor ambient data))

Gather the output data in data
sequence vector---____

/’ =
A ~
7 E¥ind
-

yk-'+2‘ T

+ i T T T

) () 1[yk.i Yeir = Yean
v e ... u

| is the number of sensors and
i 1S number of block rows

e R
e
L L Rt
yk I A yk I A13I|

~

Obtain the system matrice8,0O:
Cc=0,(xl:)

eCAg e C ¢

ol 6~ U
LA, _g CA 0a,
e ...u e ... u

€~,il €. ,i1l
eCA' 3 &A™

A=0,(tIi- 2),:)°0,( +1l:)

Form the blockHankelcovariance matrix:

cov + 1.y .
Hy :E[ykykT]zia kakT

v

—— =l
- -~ -

SRR, . RB 8Co
R OR R._Y% €cal |
Hev=€T2 T “U=0q,=¢ " UG AG .. A"G]
L6 VI e ..
. e g é. iU
\éRi Ria Rzi-’lg aCA 1l] R, =E[y, YI-i]

~ -
Il

Traditional Singular Value Decomposition:
System order

a8S, 0@V, @
He = USV' = (U, u2)£)1 iy
0%/ &
¢V PxVe =
Find theObservabilitymatrix O, from the column subspadéd;:
O, =U, S
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Subspace ldentification: Tradition (for EQ excitation)

Xern = Ay OK g+ By LY+ Wy
Yorny = C. Oy + D 3+

m— Y, =0, +H, @ +G WO V,

Approach 1: Orthogonal Projection:

A e iy 2 A Orthogonal _ T
YiwP Ury u; X Guf(k) M GW, Bf OVf ®) @ Iuw) Oy "™ =Yy Ry, ? o
0 & o

“ - T 2 . T =usv' U, U SV
Yf(k)P b 0 T EX PG O Wp@ M(m 1 ]eo s,0o0 & 4™ 1S4

r Orth I
ui 0gonal 0 U1

°GX, B, 2]

I Uty P(K)

Approach 2: Oblique Projection:

—

Obligue — - 2y A e C o
O =Mig &,y ? 00) Uky =1 X, QUy! Extended ¢c.a U
0 o, o —, (jObliue ) ) | observabilitya, + éc A’ WR™
JUSARE V) U]e uEJslvT i 1| matrix ¢ 0
g0 S,°0gg T e u
s ! &C.A" H
Multi varlable, OutpuatError StaEPaEGﬁIQGmhm --
AU : ﬁk) 0 0 g __QJng L\\\ : )
. = Lgy Lay O u @%k"? L | || Oblique Projection | == (1) Direct expanS|o.n-
I SYf(k) ﬂ(mﬂ)q Lﬁk) Lagy  Laa z(th 2% 1) + sz)gm m-ll; L (2) LQ - decomposition
O(Clzt))llqge_Yf(k) b ? o0 Ulw  LaeQan _,,—*”

- =
- -—
e —————
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Recursive Identification (with/without forgetting factor)

Method 1 BonaFideRSI)Fixedlength window

deleting one

data point .,

Moving time window

N

A
r A

W W oy oy Data
|, | | j | | I string
N v /. \appending |

Time window

one data point

/ Fixed Wlindow

‘\

Forgetting | Vo

factor - ]

(8] 5 10 15

i Time (sec) .

! 1 ! 1

! 1 ! 1

| ' : '

1 : I
1
1
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Recursive Identification (with/without forgetting factor)

Method 2. Enlargedength window

Moving time window
1 A 1

| l | ® ) © Q | Data
| ; | string

Y

Time window

Forgetting |
factor [/

Time (sec)
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CASE 1 Studypamage Assessment of Building Structure Using RSI

: : Output
Rrg ’—l;_:r’mm? Structural Type
7ELY 22 19 .
E ?ﬂﬁﬂﬁﬂﬁﬂﬁﬁﬂmﬁﬂﬁﬁﬁﬂﬁﬁﬁﬁ iz Y‘_TX 7-story with one story of basement
|| e P P s e P P s e P 7 e e ! RC building with wall and open cor
e N il lnunnInnnnInnnnkunnnlunnslannndnnndunnninnandnnnntunnn lnsnninnnnlnnnntunnal
B e e P e e p————— % L Total number of channels:
b umnmmumumnmﬂlumﬂﬂnmnmumummnm 1 1 11 1 _
c — — il 1 T 117 2
4| ™| o R R = F 0 ef e e b e p | 29 INCLUDING FREE FIELD
S [ i e ] L= = .
= %7 2426 1 5% T ¥ 3
7 g loput | |
Fao 11 15@350 5.9 S 4305'K G 900 2k ~m s -
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26
J | 7
25.5 (}%%’ .
z}% 6.8
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24.5 0
- 464
24
s Lk de2
) L2
£ 235 n R
g
23 L g
22.5 5.6
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215 5.2
21 -
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Longitude,(E)
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Damage Assessment of Building Structure Using RSI

CE-NCHU Building 1994 ~2013 : 79 events

N W B g

Frequency (Hz)

"y

Damping ratio (%)

- T
94/10 99/09 00/05  02/03 05/01 10/01 11/05  12/02
Year/Month
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Damage Assessment of Building Structure Using RSI

4.5 g : :
Data before !
_~ i Chi-Chi Earthquake
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Damage Assessment of Building Structure Using RSI

M Damage on column ® Damage on slab %_ J E
Re f : S. M. Yen, fiSto ﬁ 'd‘%}%a i*nrdye =
= Damage on wall for buildings based on identified modal Tl 7F
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CASE 1 Studypamage Assessment of Building Structure Using RSI

KVzd—@ Ko
A/

I
RFLy [ |
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TELY 19.
L = 3 18 214— )
s ! FT Kys Kos
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00 Selected Seismic Events of the 7-story RC Building
S _ | 1" Vioderaié Damage dud 7 e
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Damage Assessment of Building Structure Using RSI

19963-5 EQ

Measurements
smaliscale event

Frequency (Hz)

e
o
@

Damping Ratio

Damping Ratio

o
o
[¥)

al)

Acceleration (

Frequency (Hz)

o
o
>

e

o

e
|

50

(a) Input/Output Longitudinal Acceleration --- Event : 1996/3/5
|

40
30
20
10

0

— Input : Ground Motion
- == Output on the 6-th Floor

I ll:'l
|I ‘.

-10
-20
-30
-40
-50

0

10
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30|
Tinhe (sec)

60

] éb) Identified Frequency --- RSI-BonaFide-Oblique , WL =6 .Eec ,SL=0.1sec [Ced=0.0025, Comac =0.95,Cwpe=0.5]
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I
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I

Cowmm @yt v TR - N

0

0 I1dentified Dam

10
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30l 40
6|sec ,SL =0.1 sec

o

o

o

o
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ping Ratio --- RSI-BonaFide-Oblique , WL =
T T

o

[ Ced =0.0025, Comac = 0.95, Cwpe =0.5]
] T T 1

Time (sec)
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Damage Assessment of Building Structure Using RSI

Mode Shapes at time = 30.3 se¢he smalscaleseismic 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

19999-20 EQ
Measurements of | <
Chi-Chi earthquake s
Frequency (Hz)

Damping Ratio

Damping Ratio

-400 |-
-600

600
400
200 -

(=]

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

-200 -

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

| |

10

20 30 40 50 60

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

70 80

BT S i
B
GCJ 3 B o e “‘_ & 5 - s —— o
& ° :
o
w2r O e b s i e

1 | | ao | ] ] ] ] |

0 10 20 30 40 50 60 70 80

oId5entified Damping Ratio --- RS

I-BonaFide-Oblique, WL =6 sec, SL = 0.1 sec
T

o

Time (sec)
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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)
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(1) Least Squares Stiffness Method (LSSM)

U Oncemodal frequenciesand mode shapesare identified by RSBonaFide,

andinformation ofmassA & LINR LISNI & | 4adzyYSRX )
Leastsquares e @K

Member stiffness |
ek, o . ﬁ
HOo g 0 R¢ 4 Vi@ Ok
é U L é U 2
Ksystent 1=k = M/r?,(t oM syseld 1t 19 :> gq% 3 3 gkg Uu =$:2 3::> k=A"TA o
g%u(g)s é: u Qeé uu —_
"Bk M, (s9
T
[ 0 ] efy, - . O » 0
wl: 7 0 fu f o st >0
m,—y 0 szg: :
i 0 m,] ¢ 0 0 » fore far nhy —nif
F ki th, — ks 0 . g0 0 » 0 For= fur
—ky  kytks é, rrlfl'r
- | N
ke | am, g | Modalperameter matices
|0 ~k, k, | ¢
Emfs,,

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)  EfficientModel Correction Method (EMCM)

;

Constructing the M-orthogonal basis vectors : G matrix

U Input:
(1) Nominal Mass & Stiffneddatrix
(2) Modal Frequencies & Mode Shapes

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

G = {gr = Duyr P [
Ir = U; =5+ 1 “"NtotalfDOFs

\ 4 *
Efficient Model Correction Method
(EMCWN

Calculating the inverse of transformation matrix : R matrix

o - s =1
Ri= G'[®wa Pwa - Yotal_pors]

a(k),s Js+1 -

v

Correcting the mass matrix : M"P%* matrix

Mupdate — (Rfl)T M - R~1

U Output:
Updated Mass & Stiffneddatrix

/\
(1) Symmetry of || (2) Orthogonality of

Pre-correcting the stiffness matrix : K matrix

i~ = iRt

v

Correcting the stiffness matrix : K" matrix

updated matrices

updatedmatrices

(3) Satisfaction of Eigeaquation

s
_ update — * update ., T 2Nesieh o T . Mupdate
M date = MT (pg:,upa!ate : Mupdate : q)p,update = ‘Snp K = " & M [Z (@7 w") (p(k)ﬂ” ¢(k)v7” M
update — - =
D update o X o wrz . 5r'p r=1
— T ) . =
Kupdate — Ku;pdate r,update update p.update w?? . ar,p

Ref: KV. Yuen, AEfficient model
Journal of Engineering Mechanics, Vol. 136, No. 1, 91-99 (2010).

correcti o

[Model Error= 0]

~2 ., b —
- Wy Mupdate (13,.—0

Kupdate ‘D
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Damage Assessment of Building Structure Using RSI

Reduction of
LongitudinalStiffness (%)

Reduction of
Transversé&tiffness (%)

Reduction of

— n w A OO o
[« -] o o o O

Reduction of Stiffness (%)

o

(a) Reduction of inter-story stiffness in longitudinal direction

1

—— Floor 1-3

1= Floor 4-7

I | I | I | |
Q

—t n (o8] & G (o2]
o o o o O (=]

Reduction of Stiffness (%)

o

o

10

20 30
Time (sec)

—e— Floor 1-3

| Floor 4-7

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

~ O @
o o o

Reduction of Stiffness (%)

o

10

Time (sec)

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

—e— Floor 1-3

'|—— Floor 4-7

TorsionalStiffness (%) 3 .
- 20+ |
10 : |
0 ' I | | |
0 10 20 30 40 50 60 70 80
Time (sec)
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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 T h an
RSL Procedure Preprocess Pro je-ction Eigen-value Para me'tel' Compl}taﬁonal S h |ft| 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 — O ] 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 “+20 | 0.0863 | o)
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NCRESouth Center Grand Opening Shaking Table Test

U
WN1-test i
i WN1-test 15t Test WN2-test
SSI-COV analysis '
Ritorercad-Based 581cov (Processed), Cl=100, OMAC =099, MPC =0.96 I
200 3 8 L Vil g .m% -; )
o i l
w| o N et e e e e e e e e e e e e e e e e e e e e e L e e e e e, e, e e e e e e e = = =
180
Fue 2000 2000
o —_— ' —
3™ ™ H ™
P 2 1000 : 2 1000
c ! ' c
® g - - S
. g : s 5 o
o H H o
N & 1000 : : 2 1000
. . . o ' ' o
] s n " £ n e ' H I ' ' <1
Frequeney fHz) 2000 | | | | | | | 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-BenaFide-Oblique, WL = 4 sec, SL= 0.4 sec Identified Frequency —- RSI-BonaFide-Oblique, WL = 4sec, SL = 0.4 sec
8 : . . : : . : ; 8 : . . : : . : ;
Te ' s ; :
z z i i
5 £ | s
o 2 |
y LIS o2 = o B :
’ v : : ~ : :
- | 1 1 | 1 1 1 i | 1 1 | | 1 1 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)
R}gmnsgganna $5cou (Frecessd) Gt DUAC =038, MPC =095 %10 Inter-story Stiffness estim ated by Algorithm £ 10° Inter-story Stiffness estimated by Algorithm
; it p ] 7 T T T T T T T T T T T T T T T T

g

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%)
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Damage Detection & Localization

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

Bracel Dimension: 19 ml.2 mm (weak)

S8 Brace2 Dimension: 21.3 moi2 mm (normal)

Dimension of each floor: 1.1 th1.5 mU1.17m

1.5m
1.0m s E
6F
UL A
sF J_\l_
A
%
aF
UL — s@10m
3F Lﬂ_ i
2F
L A
1F
=] e

EQ 200 EQ 300 EQ 450 EQ 600 EQ 750 EQ 900 Floor Damage Cases
(216 gal) (289 gal) (444 ga) (633 gal) (706 gal) (864 gal) Casel |Case2 [Case3 |[Cased |Case S |Case 6 [Case 7 |Case 8
6™ FL - - -
V: v ' . . . 5th P Original _ _ _
WNS0 1 WNS0 2 WNS0 3 WNS0 4 WNS0 5 WN30 6 WNS0 7 : Une
AMFL | damaged - - -
3rd BT Case _ _ _
ond pL. _ - Cut as Cut as
and bg
1 FL Cutas | Cut as Cutas [Cutas |Cutas |[Cutas | Cutas
and b; [andbs |andbe |andbe | and be

Structure damaged ir
Lower modes

—

Structure damaged i
higher modes

2F 2F
N
Casel Case 2

2F 2F
IB("\ 6cm I l Scm 9cm l

Case

Case5

6

2F
3cm
Case3 Cased

2F
I 6cm I I 6cm I
27 2F
.
1F
%m  %cm Sm  9cm
Case7 Case8

20171
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Results from S&OV (ambient data)

Fr@.(ﬂz)— _ C_asE 1_
/' Model | 4.917
Mode 2 7.133
Mode 3 15.434
\ _Mgde_4_ _22.710
Mode 5 21.843
Mode 6 27.817
Mode 7 33.775
Mode 8 38.511
Mode 9 39.978
0.025 Din 0.025 Dln

0.02} 0.02}

0.015 0.015 ¢}

0.01 0.01F

0.005 0.005

°T 2 3 4 5 6 7 °T % 2 3 4 5 6 7
test Case test Case
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Results from S&OV (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 & Localizatio®ammonMap

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 & Localizatio®ammonMap

Step 4b: To construct the

[XSammon—Map]48><2

Step S: Minimization

Fromstep4b: [ 0 €x1,2 Ex1,M Fromstep4a[ 0 Ox12 Ox1 M
_|&xz21 O Exa2,m é 0 )
sensor 1(f) (8], = ; ; [Beca-maplyy e =| 5 xem
Using [X] = senso:r 2(5) SRR UL Vi oxma Gz - 0 1oy
sensor M(f)1,,.n
2
_ 1 (SXi,j _5Xi,j) e
E= S i P Minimization
i<j<Xt,j i<j Xi,j
exij = T @Xisd — DuD?/N
to construct the initial {X}-based map
Then we can get the reduce matrix :
X1 N
X2 W2
[X]sammon Map = :
0 €x1,2 €x1,M P
[A ] | €x21 0 Ex2.M M Ym
{x} MxM - . H .
Exma  Exmz - 0 M XM
. National Taiwan University
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Damage detection & Localizatio®ammonMap

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)

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

Z

6 0.015

0.01 |

0.005

Scenario 1 | Reference T2 il e 700
DS1, WN50-1 DS1, WN50-4 DS1, WN50-5 DS1, WN50-6
1 e @ | ® 9 e @ 1 e @
oy ®
I @ 0% 1o %@ Zo O @ o @ug
w @ w @ )9 w @ w @
A4 ® @ 1 © (©) y ® ©)] 1 ® ©)]
2 2 2 2
2 1 0 1 2 -2 1 0 1 2 2 1 0 1 2 2 1 0 1 2
SM-1 SM-1 SM-1 SM-1
EQ450 EQ600 EQ750
. National Taiwan University £<
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Damage detection & Localizatio®ammonMap

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 o
DS2, WN50-1 ) DS2, WN50-2 ) DS2,WN50-3 ) DS2, WN50-4 ,__DS2, WN505
1 ® ® | 1} @ ® 1 ® ® | 1 ® ® 1t ® ® |
.| ® L | © My O o .19 s 2 L | ®© y
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 4 0 1 2/, 2 4 0 1 2,2 4 0 1 2,2 4 0 1 2, =2 4 0 1 2
W1 EQ200 M1 EQ400 M1 EQ600 M1 EQ800 Si-
20171 2 3 Vi National Taiwan University £«
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Damage detection & Localizatio®ammonMap
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