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ABSTRACT

Keywords: AI ~ IoT ~ Structural safety monitoring

Taiwan is located on the Circum-Pacific beltand at a

compressive tectonic boundary, so frequent earthquakes often pose a
threat to people’s lives and property. As the technologies of 10T and
Al have matured over time, applying them to the structural safety
monitoring system is increasingly being put into practice. Therefore,
this research aims to combine IoT and Al technologies to collect and
analyze relevant data of buildings’ structure before and after an
earthquake, to help better protect people’s lives and property.
By collecting structural safety monitoring data gathered and
evaluated by AloT technologies at home and abroad, the research
aims to understand current feasible methods for structural safety
monitoring and analysis, and to discuss a range of applications of
combining Al and loT technologies for structural monitoring and
analyzing, in order to reduce the manpower required for monitoring.
In addition, by using long-term monitoring and ambient vibration
measurements, the research selects a field to serve as evidence for
evaluating structural safety monitoring. Through real-time
monitoring and data collection, the research seeks to prove the
feasibility of applying Al to analyzing the structural status of
buildings, and to establish operational processes for long-term
monitoring and ambient vibration measurement. Moreover, by
discussing laws and policies as well as dissemination, the research
proposes possible ways to promote the application of AloT to monitor
structural safety and hopes to reduce future resistance to adoption of
these technologies.

This research adopts relevant AloT technologies to collect
related structural data of buildings before and after an earthquake
automatically. Meanwhile, it immediately identifies potential

problems in a building to assist the owners and management entities

VI
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in doing advance preparation, and also serves as a reference for
emergency response and restoration measures after accidents. Make
use of smart technologies to protect people’s lives and property, and

to build a smart city so people may enjoy a good and prosperous life.
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JeR A o MU R A ESEERZER O ATRET G AR E S
FRAL P FTEEANREICRFNEL 2V A A R %
oo RIEGED PR L PERA] S PR AN R LK e
oz fbilk{.uﬁ“‘;jﬁa;ﬁz Fo#g Al ae ngﬁ%gﬁ  Bd R OB

Erotr o B REHREDFERT ABHE ST RE DL K

ARG e TR R S RRFAN ERRALE L FE

MR Bt g o 3 1996 £ Pincus[32]H 4 F 7 R T
(Cross-Approximate entropy, C-ApEn)2 # 3 » & 22 L% 2 4 {7 4
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1 B
2017 # > Guan[36] % * & 7 - A& HT 4 B R O GFE
BE o EOTRIE e i B Y REECLR S EEE R N

A F R BT N R R % _ﬁéﬂ}#jﬁfgﬁ_ﬁ BB
FREAHFRKELERERNE > I A PR ERELRT T 2RV
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=
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14 =122
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BsTeq
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BB s RRITER LB RTRERESFF BL D ETEA G

N n[40 ~ 41~ 4210 E A4 ~ R HAI[43 - 44] 5 5 AR o B

\";

REull R RS EERIDE S AL BRI RI|HE S K
BBETRE o &r%”ﬁ‘:}ﬁ;ﬁ GRS s RS G PBE D 4 o T el A
BHFEIFERDRAP S o V- 25 > SES RS BARER I 5
B TR G AEROSEF B SO RET 7 8 (A8 D
TIRBEEE R B FAR - R oo A 2 AN A E g
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=l
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ﬁ

RS SUEcE T R EE R L BB o

Kl

R REEED RS PR RE AR aE A
EITE KA L Eg E o A ES Y (machine learning)

BHRERERT LA FHR AR G F TR0 A LT kPR

DR E R o 5 A 5 % B (CNN > convolutional neural

network) 2 it A 2 S EE Y &, E R & ¥ (deep learning)# E e o 4o

B 2-3 #7570 H B AN IFR RERE e B @ %%, wfﬁx;\

A 3 endF g B~ (feature selection) o v #icdy 5% % (data driven) #7318 ¥

EX PSS SN TS 3
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Feature Maps

| | - - :‘:‘.
{ B | — 1@

i
Inputs Convolutlonal layers  RelU £ Poollng Convolutlonal layers  RelLU + Poollng Flaltenlng ch +Dropout  Outputs

Feature Extraction Layers Classification Layers

B 2-3 % ff # 5 % B % 4 [50]

CNN iz :}f;ﬁﬁj MR enA 8w a5 o4 #g 3] (classification) & _p 14 iR
3l (object detection) » T kK 7 Z W B X ELE ® L N33 ¢ D
K (soft-story) 5 B [51]m 2 41 * B i a3 5 kol % B hdf i [52] -
PRt X RF BAIER 0 LU[S3]E 4 M B RE PRI kRGP
#g &~ # (TFD > time-frequency distribution) Bl & # :E/F & ¥ #F 4 5 8
RSP GARRME ~? ~ L) Wu[b4] % 4 Pl E %58 CNN &%
BB R EGFERERFRISHEF TRAE S ERFER - 2 %W 1D
g P s AL 2-D B0 CNN §77 12§ »c® By RIS SF 5o 2
mE BT RESAAEAN Y Ry o R s R B BRI
WAHACNNHIA P gE A3 P FHRBY ~CNN Y- BYF L AFER
i 2 4% 7 i3 1 (interpretability) « 7 b B 3E 20 50 iR B e B2
B EY 2 5L PRAPEIE > D BEAY £ ES BRA

Zhang[55] % % #-# 4 Fd > fe 8 (T2 % - FH T E)iIF 5358 CNN
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PRenp S Bk A T e B R Sl F c H B ET L EEY ok
TRl b s g 4 F P13 f?_ii FEFFE R LT U KA T
DI TR 4 CNN #-Al ende 32 f2 8 44 o H 97 dg L3t 4 12 2 p 2

CNN(PhyCNN) % -4 @] 2-4 “7 7 -

Deep CNN with Unknown Parameter: 0 = (W, b} Differentiation
State Space Variable Modeling: z = CNN(¥,) g. Finite Difference
Layer input size Layer output size Layer output size Layer output size Output z() size
¥, nXpy nxp nxp, nxpy nxp,
® Sample points
B Zero-padding
2 ‘ \ i
3 1 i r) (0, 2(0))
o ) ) ( X(0),%(0), g(0))
\ g\ ..ﬁ‘ (1)
i . «ty) Physics Constraints
g : — A ... > 1) i )
{0 E) - g - fix@)+gn=-T¥,~0
{ % E’“’ ) 4 (' ' Data Loss:
¢ Eho) e s s e N .
| sls -y Jo(®) = Ix = x4 + [k = %] + g - g7
(@) ie ) Physics Loss:
Conv Layer 1 Conv Layer ¢ FClLayer1 ... FC Layer o Jp@) = |Ix = x| + X, + g+ B
Ixkxpoxp **° IXkXp XD, Pq nodes P, nodes Total Loss: J(8) = a,J(6) + @,J,(0)
—— —— 2
Input Layer Feature Learning Layer Fully Connected Layer Output Layer Solution: @ = arg min J(0
)

 2-4 PhyCNN % #[55]

AR RERLZ R TEE E G T DR EF BT 0

FRGHEERT ~ 7 BB R AL LR SRS L

FrRRITE VERIZHE RHBE LT LB ED E PhyCNN
* R % fg_g;.uﬁg:;;, g;géﬂ_ r‘igﬁﬁﬁ.ﬁ_o pLoeh s Bl 3 E A E/P‘J %

VRS R SR A TRE o PR R F 2 CNN HA] 5 F st

N.

ek

WOE R f;rﬁ,,,] oW ,fs-‘?‘;ﬂ]r#ﬁv_;“ M TGS E D

F 4 (real-time feedback) - #F 3 2 - T F b LH T ELH TR F
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¥ - & kR E R
FI* SR F 2 FEEE - Rt 2RI RE UGS H i S
PO e R 2 BOf )k 3 b fi S8 o WL 3 @ W 32 5% (Stochastic
Subspace Identification, SSI) ¥ g - Bnkapd &2 12 & %h > 2

gdd BEEE 2 AR FTREES 4 T AT
Mi(t) + Gx(r) + Kx(r) = f(£) = Bu(r) (3.1.1)

Ad x()eR": pagmrteeessgt; M, G, KeR™™
AR Rz REY AR Sk PEEAT L FT L K
fM)eR™ 2 e+ » 7 U)eR™ v £ & @it et B eR™™ % 7 -

7o Mg gy~ o U(L) €R™ 5 £ 1 gp 38 &L B e RV sy wenf o &

ﬂj;\l :

AR IR kB o Vg4

=
o=

}q’l\l

i

5(1)=As(t)+Bu(r) (3.1.2)

y(t) = C,x(t) + Cx(t) + C,x(t) (3.1.3)
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SARACE R RBR G L T
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Sa=AdAs,+w, . ¥, =Cs +v, (3.1.4)

e B Y@ i A CHr

Yo Vi o Yia
Vi Y2 Y,

Y = yl—l yl yl+]—2 _|_p c R2|I><j (3. 1 .5)
Yi Yia o Yija Y,

yi+1 yi+2 yi+j

| Yoia Y2 o Yaisjo |
LEpEgen s el s loop
a Hee iz s jgraisg
PEds il 2 mEHN e R Ykl g TR @mshymy gr 3 if

e o p jrapEnl-2+legipete s w2 Y, eR™M i

kY, eR™ A na o
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He«]" S pEE > T EE
5

pE
T v QR AR (TR EY .

t
d4-

haEFiy-¢

i i 74 B @ 4 f2(Singular Value Decomposition,
SVD) :

gﬁ,?‘:ffu]‘g‘éﬁ n - ;‘Z"%’ﬂgl’ﬁ?"}é_‘f

rh B E A LA A
0/ =Usv’=(U U)(& OJ\C ~USY] (3.1
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3y EmEmpEL > L
[ C
CA _
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I-—l v 2 2 ¢ 2 T I_l v 2 > .
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45 14
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™ N ™ ™ N
T 3t T T T T
© © © © ©
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0 0
WHN1T WHN2ZM odel WN1 WN2Z Model WHN1T WHN2ZModel WN1T WN2ZM odel
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A A 2 N
(b) #- £ =5

B 3-1 3 40 & 22 i
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FERAE > Ea RS ELRA RIS Fal o A S E R
(Coast-grained) 2. @ B2 25/ > @ R4 M BB L L7 F 2 R DF L
1% > FF 2 5 % ¢ R (Multiscale Entropy » MSE) -
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P
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B BB PR B R s KR 5 R RS <
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J
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| 4

oL BB AL 2 A BARECERAR R F R T
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@ _ [, ,@® @ M1y = , He p% Aalw E s ki 2 5 kBdmd it B 5
Vi = YkrYe2- Yep(® T > =" P& 7 I 7 % kBt B 7

#

w
(7

TR A4 B2 Rkt B 5B~k (Sample Entropy)

Vq)
o
b
W
.

P RBECRTZRE S FE SRR AT
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CMSE(x,r,m,r)=128ampEn(y§’),m,r) (3.2.3)
T

k=1

pE A IR > 0 E AT 2R EE WD (D=Sp ¥ SREF
FEd BLRIAF & 5 % R (CMSE) 2| BlAf s & 2 g $+ % 1+ > 320 5 < R
FoGd A EREECAFEEMTLAAE IR RAFERS CREHE
A& % RRAR B

2R B~ % (Cross-Sample Entropy)® % 4 Richman[33]#73% & »
Berpr P EREF PHE-FFAREINE LR  FESELA AT PR
FRARFIMBEEFAITZ 32 0 AR P2 ANFEGEAPRFERRT FAF
RRZFPRZMEFAREIMET > FALR 2 (dissimilarity) £ 2L ¥ 42
% (asynchrony) o #-3 @R B 5| &2 p &4 5 iz 2 B > 704p RS 2 %
£V E @R AFNAE AR THAIIBREGE cFP AR

P E AR R 2 EAE 0 PR e T

FAOHEA AR ERE N 2ZBFFAI{X)={x,.. x,.. n}E
YI=0n Vi) BESAPFERF A AR EH LR FMB B2
t * (1) = {x;, Xi41 ) s Xipm-13 ) 1<i=N-m+ 12
v, (J) Z{}*J,-,}fj-+1....,}z,-+m_1} ,1SjsSN-m+1> 2 %8 e s i 4 pm

9 7 & (pattern space) » T, 2 T, & 4v T
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X M M O M ( )
XN —-m+1 XN -m+2 L XN
Y1 Y, Ly
y2 y3 L ym+l
T = 3.2.5
y M M O M ( )
Ynomia Ynemez L YN

ML RAFEKE S AT EEA BE R, )2, ()2 4 B
#-Ap B E AT & n];-"(r) v H o &K Ao T Aron
N-m ] ]
0" (r)= 2 d[uy (i).va (1)] (3.2.6)
j=1
BoRREAR R > B A E H A RS L A 2 iRy o PR LR AT

dfu_(@),v,(i)]= max{|x(i +k)—y(j+k)[:0<k< m—l} (3.2.7)

dfu, (), v, (D11, 1< j<N-m (3.2.8)

£3.287¢ riRME . S EAFEFLFAAMZER - E N A K
W BEAL T o SIS A S B A AR @ R LA R
TR R EH BB g o F A R RE S FH G e BT
g BT R EEA) YR B2 A BB () TE R 47 4

R 2 A s F U)o de T 5
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et AloT e F2 A% 2R 4 =ik &

UP ) = (3.2.9)

PHRMERIDE Mo b N E i s F e 5 R -

IBEH T, BTk HiFE N 4eT o

Um(r)(v]lu)= >R ) (3.2.10)
(N- m)

#.3.2.10 @2 UMm)(vllw) > 2 A ek £ R 2R A FGSd 4543
BEEMERRFIFEPNBILELIAELPELRE A TARFLIR

ZeHhHE o dm R BRFIFE R ’1<L%F$F&F;-JI:}%}? L E B mtl

2 AR - P EEE e RE T U )l Fgd
TR MR R
um“(r)(vnu)}
CS Umr,N)=—4n{ = (3.2.11)
- U™ (r)(v]u)

3 i &L 5 R2tA  YIn[35]E A H DAL S RS

<k
%
ks

# % (Composite multiscale cross-sample entropy, CMSCE) -

i
™
i

Ehef it BRI G c HFH 2 2 AP ARG LT B

FRIAEr Lt HiIR R LEAIRBEF A RO

[ I o

CMSCE(x,y,t,m,r) :% EzlSampEn(x,ET},yf},m, r)
(3.2.12)
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BE N FE FEUND=S) Mo FLE TG 22 BE B
BIAYAH L S R R B (CMSCE)* 2 &= B T & 0 A B

A S 2 2R AR o
=8 AIOT # » 3 3

BHMARE R BF L EE BB R B A B

r
:
9

BREPARRFEY o FAPLE FEAKBRDEF LR (T
WEFFREL-HFRGHFFL AT - 25 0 EPEFD R

FEEFXRETRERI BB FHERAET BN S - FB

N\

B2 2[4 KR f B en® 24k o gt b ST R RIS il E o0 kB
BRpFm A Sk E s { Baw e -

EHE R ERI R LB REA TS E SR AF R

B EI A RERE 2 R EERETHE R St A F S
WRFE R L BB BRATTIFREZ A I HFEN SRR BF A EA

(surrogate model) k#f 2* S 4y <X RF B2 P SR o 9T F 2 By 5 W

Goritz phd TN R R hE RER O Y - R

i

5
ﬁﬁﬁ%ﬁiﬁ%%%J%’ﬂ%ﬁﬁﬁﬁﬁé%ﬁﬁﬁﬁwﬁﬁﬁ$
o By BB S S M R @SS {8 (CUBE) 8,546 7
frB: 2R PRI AKRTREFRY o

AT REVRZA GRRFERR T O EFA KA (convolutional
layer)i& 7 p & i Bl chiE P » T HZFRHH 4 2862 250 R LR

fLoor i B 2B 1B F & ¥ 2 98 1 (interpretability) -
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B AlOT #imie (7 A4 % 2ot Rt 4 =Rk &

(kernel) p # it

% - 4c ]

P e

32 “h o dyh 2 B h bk RSB AP

A Bl (feature map) » & 5 - B HF A - 5

PR B >Rk (fully-connected layer) #-#7 3 # g ~ ¢

T J d },’Ef#—

R

- WA 5 f 5w » @i (forward propagation)

DR R ERSL 0 B - kH e @Rz EE

ARG A B e L 0 B XS RRZ R E XTSRRI SR

0% e

7

“~

% ¥

TS ENAE A2 Sl R 2 4 2 (chain rule)

#EFBE A - RS 6w @i (backward propagation) o A e % %

B2 Bt YA EEF Foow e Bide B B4 kb ] a Y

im

WA =B FRFNTER - PEFHEIS > AN EFT VL L2 E o

r';\‘lzb'ﬁ‘fl‘ ’—,ﬂ.

Adro ed A g

PMAC2 Ko SRR EREDR ks

PRRFZHAFRFHFLLEEL p b FRREPRZ B

Lz 2% e %—ﬁé—*}#i#@‘rﬁfz‘*{f&_ VM E R G R E LR F

1334

W R TR R

o - A B

network)[1] -

UE 2 (de? L LR )REEBLHE - &d RECBER - - F2

BARRhes P ESHELKRESF 2 F LR

PhyCNN(physic-based convolutional neural

J(©) = Ix = x|l (1)

Mi + Ci + Kx = —MXx, (2)

Bl 3-2 S Pt HE*FRAM GREZIFH S5 EHEPT R A G
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X, Kernel filter ',F eature map
4
]
——-}‘;—'. i X
(%) x(r))
‘? ¥lty) x(t3)
% YLE?: x(1y)
2 Ag.ﬁ x(tﬁ)
X (fr—l) :
(1,3 X(t, )
X (t, )
’."g("n—l) x(In—l)
X(r,) x(1,)
Input layer Convolutional layer Fully-connected  Output layer

layer
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— T
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004 015 True
awct
e w10
— e
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Pradiction u

B3F

i
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Time (sec)
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PEEECAINB RS RF BLT A A B R
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RTX2080 k 4ri# 3" R4 - — '/ = 5 5000 =x =
B FE e BUEpEAT Y 2 W8 B R T ' 2 (stochastic gradient descent) ##
* 0.0001 2 & ¥ I (learning rate) k#&F ¥ 1 g | 35 4 Sn#e2 S ¥ o
PR % k4o @) 3-5 R o BE AR BRI WY f - B RE #(EI Centro)
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Sensor Type Tri-axial FBA accelerometer
Measuring Range 0.5, 1, 2, 4¢
Selectable

L 20, 10, 5, 2.5 V/g
Sensitivities

> 150dB from 0.1Hz to 20Hz

Dynamic Range )
with 2g full scale

Full Scale Output 10V fully differential at 50 ohm
Power Consumption 80mA at 12 VDC

Power Supply 12 vDC

Operating Temperature -20~+70 °C
Bandwidth DC-200Hz
Waterproof IP67

Weight 2.6 kg

Dimension (L x W x

205 x 160 x 80 mm
H)
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Project Ttem
Start Time 2021/10/24 13:11:39.000 Amplitude MAX - Vertical(z) -36.487~ 33.616
Station Code 5024 Amplitude MAX - Radial(x) -78.237~ 75.605
Record Length(sec) 122.00 Amplitude MAX - Transverse(y) -96.122~ 81.288
Sampling Rate(Hz) 100 Intensity 4.0

5024(6F)

Slarl Time:2021/10/24 13:11:39.000

X-Axis Acccelaration

Y-Axis Accelaration

Slarl Time: 202110024 13:11:38.000

5024(6F)

5024(6F)

Z-Axis Accelaration

Start Time: 2021/ 0/24 13:11:39.000

975 97.5 975
) ] 8
= 535 = 585 = 585
2 Z m 2 »
£ 195 £ 135 g 195
= o k 0 ; 0
£ res é 195 E 195 *
g 33 § -39 § -39
< 535 < -585 < -585
78 78 78
-a7.5 -97.5 -97.5
0 100 0 100 b 100
X-Axis ¥-Axis Z-Asis
Project Item
Start Time 2021/10/24 13:11:38.010 Amplitude MAX - Vertical(z) -36.606~ 34.692
Station Code 5081 Amplitude MAX - Radial(x) -82.305~ 80.869

Start Time:2021/10/24 13:11:38.010

78

X-Axis Acccelaration

75
78

Y-Axis Accelaration

Start Time:2021/10/24 13:11:38.010

Record Length(sec) 123.00 Amplitude MAX - Transverse(y) -96.122~ 81.288
Sampling Rate(Hz) 100 Intensity 4.0
508 1(7F) 5081(7F) 5081(7F)

Z-Axis Accelaration

Start Time:2021/10/24 13:11:38.010

Acceleration(gal)

-97.5

kS
585
33
195
o

-195

-33

-58.5

78

—

Z-Axis

= 555 = 585
s & w
S 195 S a5
x 0 % 0
1‘: 195 E 195
] g -39
< 585 < -585
.78 -78
-97.5 -97.6
0 100 0 100
X-Axis ¥-Axis
page 2
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EVENT OF 2021/09/13 18:42:55

HAZUS REPORT

Relative Displacement

0.0376942

0.038439

0.027

Absolute Displacement
0.0614327
0.051547

0.0614327

it

Average Drift Ratio

1.10616e-05

62e-05

Safe Slight Monderale
<0.0025  0.0026 0.005
] 0.0025 0.005 00075 a0t 00125 0.015 00175 002
Damage Status
0 0.0025 0.006 00075 0.01 00125 0.015 00175 002
0 0.0025 0.0056 00075 201 00125 0.015 00175 0.02
Drift Ratio 6.75062¢-05
0 0.0025 0.005 0.0075 0.01 0.0125 0.015 20175 0.02
Rel disp. 0.0270025 cm
Project Item
Event Time 2021/09/13 18:42:55 Amplitude MAX - Vertical(z) 1.136 ~ -1.256
Station Code 5094 Amplitude MAX - Radial(x) 1.854 ~ -1.794
Record Length(sec) 66.00 Amplitude MAX - Transverse(y) 2.034 ~-2.153
Sampling Rate(Hz) 100 Intensity 2.0
5094(B1) 5094(B1) 5094(B1)
X-Axis Acccelaration Y-Axis Accelaration Z-Axis Accelaration
Datelime:2021/0813 16:42:55 = Detelime:2021/08/13 154255 = Detelime:2021/091 5 184255 =5
25 25 25
2 2 2
= 15 = 15 = 15
£ 05 £ 05 £ 05
% 0 ® 0 % ]
B 08 05 5 05
< -15 < 15 < 15
2 -2 -2
-25 25 25
D] 50 D] 50 2 50
X-Axis Y-Axis Z-Axis
page 1
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it

X-Axis Acccelaration

=
Datelime:2021/0913 18:42:55 ==

Y-Axis Accelaration

=
Dalelime:2021/0913 18:42:55 ==

Project Ttem
Event Time 2021/09/13 18:42:55 Amplitude MAX - Vertical(z) 3.888 ~ -2.931
Station Code 5024 Amplitude MAX - Radial(x}) 10.228 ~ -9.929
Record Length(sec) 66.00 Amplitude MAX - Transverse(y) 8.553 ~ -8.673
Sampling Rate(Hz) 100 Intensity 3.0

5024(6F) 5024(6F) 5024(6F)

Z-Axis Accelaration

=
Datelime: 2021/08/13 18:42:55 =

125 125 125
10 0 10
= 15 = 15 = 5
ERE Z s E
c 25 g 25 g 25
2 -2 2 * .
il 0 o
E; 25 E a5 g s
% 5 § 5 § 5
€ 75 < 75 < -75
-0 -10 -10
125 -125 -125
0 50 0 50 b 50
X-Axis Y-Axis Z-Axis
Project Item
Event Time 2021/09/13 18:42:55 Amplitude MAX - Vertical(z) 3.828 ~ -2.871
Station Code 5081 Amplitude MAX - Radial(x) 11.006 ~ -10.647
Record Length(sec) 66.00 Amplitude MAX - Transverse(y) 8.553 ~ -8.673
Sampling Rate(Hz) 100 Intensity 3.0
508 1(7F) 5081(7F) 5081(7F)

X-Axis Acccelaration

Datelime:2021/0913 18:42:55 =

Y-Axis Accelaration

Daletime:2021/0913 16:42:55 ==

25

10 10
= 75 = 75
s 5 g °
£ Z.g ,E Z.Z
®
1‘: 25 E 25
2 g -5
< 75 < 75

=10 -10
-125 -125

0 50 0 50
X-Axis ¥-Axis
page 2
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Acceleration(gal)

75
5
25

o *——-
-25
5
75
=10
-125

b 50
2-Axis

Z-Axis Accelaration

Datelime:2021/09/13 18:42:55 ==
125
10




it

HAZUS REPORT

REPORT TIME: 2021/10/24 13:12:52

Drift Ratio

0.8355000

0.2623000 0.9504000

0.1402000 0.9582000

Average Drift Ratio

13:11:48
Safe Slight Moderate
<0.0025  0.0025 0.005
0 0.0025 0.005 0.0075 001 0.0125 2015 00175 0.02

Damage Status

0 0.0025 0.005 00075 001 0.0125 0.015 00175 00z

0 00025 0.005 0.0075 001 0.0125 0015 00175 002
Drift Ratio 0.0003510
Abs disp. 0.9582000 em
" ]
Rel disp. 0.1402000 cm
0 0.0025 0.005 0.0075 0.01 0.0125 0.015 0.0175 0.02
Project Item
Start Time 2021/10/24 13:11:38.000 Amplitude MAX - Vertical(z) -10.527~ 12.51
Station Code 5094 Amplitude MAX - Radial(x) -25.840~ 24 045
Record Length(sec) 121.00 Amplitude MAX - Transverse(y) -26.318~ 23.447
Sampling Rate(Hz) 100 Intensity 4.0
5094B1) 5094(B1) 5094B1)
X-Axis Acccelaration Y-Axis Accelaration Z-Axis Accelaration
Start Time:2021/10/24 13:11:36.000 Starl Time: 20211 0/24 13:11:36.000 Starl Time:2021/10/24 13:11:38.000
22 22 2
= 165 = 165 = 165
& n & n & n
£ 55 S 55 S ss
2 7y 2 EE
E 55 E 55 E o
§ -1 § -1 § -1
< 165 < 165 < 165
-22 -22 -22
275 275 275
0 100 0 100 0 00
K-Axis Y-Axis Z-Axis
page 1
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Past, Present and Future of
Building Structural Health Monitoring
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* Methodology
* CMSCE Analysis for Structural Health Monitoring

s Integration of SHM and EEWS
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Introduction
+ Taiwan is located in the Pacific “Ring of Fire, ” which makes it
vulnerable to intense earthquake events
"/
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Introduction

* As the structural performance of the building which frequently
subjected to natural hazards or the use of human was likely to lose its
original strength over time.

* Taiwan is an important industrial center for semiconductor foundry.
When the structure of the High-Tech Factories is damaged, the
productionline may stop or delay.

How to evaluate whether the building is safe or not
has become an important issue!

Introduction : SHM

* The process of implementing a damage detection strategy for
aerospace, civil and mechanical engineering infrastructureis
referred to as Structural Health Monitoring (SHM).

* The SHM process involves1. the observation of a system overtime
using periodically sampled dynamic response measurements from
an array of sensors; 2. the extraction of damage-sensitive features
fromthese measurements, and 3. the statistical analysis of these
features to determine the current state of system health.

Brain "
Spinal cord

o-eeeeeeeeee PrOCESSING UNIL

weeeeeee - COMMunication Bus

Smart Sensors
|
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Structural Health Monitoring (SHM)

DE Obtain samples from the structure
— Evaluate the health c_)f Apply compressive or tensile
structures by destruction stress on the structure
— gchExr i Evaluate by frequency, vibration
____|Evaluate e 2 :
eihant catising el signal, sound, hght,.heat and other
damage properties

Structural health monitoring is a strategy of damage identification for
infrastructures, including the bridges, dams, and buildings.

The Operation method of SHM can be divided into Destructive
Evaluation(DE) and Non Destructive Evaluation(NDE).

Introduction : Entropy

212

In thermodynamics, entropy is a measure of
the number of specific ways, commonly
understood as a measure of disorder.

In information theory, entropy (more
specifically, Shannon entropy) is
the expected valuelaverage) of the
information contained in each message
received.

Messages don't have to be text; a message is
simply any flow of information.

The entropy of the message is its amount of
uncertainty; it increases when the message
is closer to random, and decreases when it is
less random.

Rudolf Clausius
(1822-1888)

Claude Elwood
Shannon (1916-2001)

8
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Introduction : Information Flow

» Information flow in an information theoretical context is the
transfer of information froma variable x to a variable y in a
given process.

* Transfer entropy: a non-parametric statistic measuring the
amount of directed (time-asymmetric) transferof information
between two random processes.

Nichols J M Examining structural dynamics using
information flow Probabilistic Eng. Mech. 21 420-33 (2006)

= = FFT-based estimate

~+= Kernel (bandwidth)

- Kernel (mass)
Theory

TE(x(1)ix.¥(T)) (bits)

Introduction : Multi-scale Entropy

* Detrended fluctuation analysis (DFA) is
based on statistical physics, measures
fractal properties of physiologic signals.

* Multiscale entropy (MSE) measures the
complexity of a (physiological) time-series.

* Information-based similarity (IBS) is an
algorithm based on information theory and Chung-Kang Peng
statistical physics for linguistic analysis of
symbolic sequences. It has been applied to Beth Israel

bio-medical signals. Deaconess Medical
Center / Harvard

« ECG-based cardiopulmonary coupling (CPC) Medical School

analysis forthe study of sleep

Beth Israel Deaconess
Medical Center

A~ AN M A AW A 10

213



53

Previous Research

» T.XK.Lin,etal. " Three-dimensional
structural health monitoring based
on multiscale cross-sample entropy,
" Earthquakes and Structures, vol. 12,

pp. 673-687,2017.

........

-------

:::::::

lm N ! + T.XK Linand A.G. Lainez, " Entropy-Based

%\Y

Structural Health Monitoring System for
Damage Detection in Multi-Bay Three-

CMSCE Diagram of 2F

\\‘. N Dimensional Structures," Entropy, vol. 20,
b~ % p. 49,2018.
A
+ T.K.Linand Y.H Chien, " Entropy-Based ez
Structural Health Monitoring System for — § re
Damage Detection in Multi-Bay Three- ‘3 e

Dimensional Structures," Elltrop vy, 21(1), 41, : w4 :

2019.

* Methodology
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Thesis Flowchart

Research Background and Method Survey

Collect the Monitoring Data of Dexin Building

2
G

Design a CMISCE Software Operation Interface

Optimized the Composite Multiscale Cross-sample Entropy
(CMSCE)

& /
:
&

Violent earthquake CMSCE Analysis  |H——SS Aa S S S

Result Discussion
Conclusion and Future Work

e
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Coarse-graining Procedure

* In the concept of multiscale entropy (MSE) proposed by Costa, an original
signal is transformed into various scales through coarse graining; thus, the
signal can be accurately analyzed.

* To construct multiple time series at different time scales, a time series
undergoes a coarse-graining procedure.

w

E——

* The original time series can be divided into nonoverlapping windows
with a scale factor T ranging from 1 to N; the length of each coarse-grained
time series is N/t

* Next, a new time series [ y/( T)} is constructed by taking the arithmetic mean

of each set of data values.

v &

T 5

y/(-)=—r E X d Sf<HNy
=G
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Coarse-graining Procedure (cont’d)

Example of the construction of new time series with t=2, t=3:

N X X X X X% X X% X e X X1 X2

Yy Y, Ys ety Y

Composite Coarse-graining Procedure

* Wuetal. proposed the concept of composite MSE (CMSE) to improve
the accuracy of MSE by increasing the number of coarse-grained time
series.

* the kth coarse-grained series y;(r) = { yg(rg,yg(g yg{?} is constructed,

.VE(? is obtained by taking the arithmetic mean of each set of data values.

i JT+k—1
y§;?=; Z x1<j<sNMp1<k<z
i=(j —1)T+k
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Composite Coarse-graining Procedure (cont’d)

* Example of the construction of new time series with 1=2, 1=3:

Scale 2
Xy X2 X3 Xy Xs Xg X7 4 Xie1 Xie2
| I | | | | | | | | .- - "
(2) - @ b @ bd ® .. - @ 2 Xt X
Yy yu Y12 Y13 Yoy v- ==
Xy X2 X3 Xy Xs Xe X7 e Xy Xisr Xie2
B - - - |} ] | = ] | ]
(2) b @ @) b @) o @ o Xisa + Xiaz
Y2 yu 22 Y23 o Yoo =S
Scal
Xy  eeses Xiey X Xios Xing
R = 5 m)n
3) ®, ® xtmatres
Y1 ya? 2 aaw Wil e
X s Xe Xz e X Xiva
& s & ® ) = & &
R e L] iar + Xioz + Ko
I_Y2 Y2, l"” YZ.I‘J) ------ yll‘“’ s __—3*“—-‘
Xy Xz 6 X7 X Xisy 2 X Xisa
- om o ‘// " E (" =
l ® ¢ e O 2t X3t
Y3 Vi1 ¥32® ... y3, = 3

Cross-sample Entropy

* Cross-sample entropy (cross-SampEn) primarily entails evaluating the
degree of asynchrony and dissimilarity between two time series from the
same system.

The procedure to calculate Cross-SampEnis as follows:
+ Take two individual time series {X;} = {xq, ..., X}, ..., AN} and {Y} =

J

* Thesignals are segmented into N-11+1 templates of length 1.

xl x2 e xm 7

s Templatel, u,, (1)
T = X2 X3 o Xm—1
X H H % .

> Template2, u,,(2)

[ XN-m+1  XN-m+2 " XN

= Temi)late N-m+1, u,, (i)

Y1 V2 T Ym ->Templatel,vm(1)
T, = y:Z y:3 - y"f'l > Template2, v,,(2)

| YN-m+1 YN-m+2 " YN

> Template N-m+1, v, (i)

18
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Cross-sample Entropy (cont’d)

* The maximum distance d[u,, (i), v, (j)] between two templates u,, (i) and
v, (j) is expressed as

[t (D), v ()] = max{| x(i + B) —y( +B)|:0 Sk <m —1)

* If the maximum distance is within r, which is a predetermined threshold,
n;"*(r) canbe calculated.
dlumD, vipDI £ 1< jSN—m

N-m
M=), Al @, )]

* The similarity probability of the templatesis evaluated as

O = D

(N —m)
Cross-sample Entropy (cont’d)

* Then, the average probability of similarity is

1 N—m

UMD = g Dy YO

* Subsequently, the procedureis repeated by assembling new templates
with length m+1.

* The Cross-SampEn values can then be calculated by

(U™ ) @l
CSg(m, 1, N) = h{w}
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Composite Multiscale Cross-sample Entropy (CMSCE)

* SampEnvalues can be calculated for all coarse-grained time series.

* Composite Multi-scale Cross-sample Entropy (CMSCE) can be
expressed as:

T
_1 ® @
CMSCE(x,y,t,m,r) = p SampEn(xk s ,m,r)
k=1

* CMSCE values can be derived for the two time series. The derived
values can then be plotted as a function of scale factor (At)=Sg)

«-B2'IF
1F2F
- & -2F3F
+~3FTF |
- @ -7F*14F|

Cross-SampEn

N\, -
'\ - ‘
" .

\ ~ -4

o - LN v |
Mg i Piady o |

it B 35 S8 bdat

o 1oz oo

s 6 7 8 9
Scale factor

Damage Index

* For a structure with F floors, the following matrices can be used to
derive CMSCE curves for evaluated and reference floors:, F is the total

floor.
Hl Dl
H D
CMSCEreference = :2 CMSCEevaluared = :2
Hp D

* Hy and Dy can expressed as
Hy = {csg™, csfF? esg, .. csifF} by ={csg™, csPF2 esp, . csgFe)

* The Damage Index (DI) of each floor is calculated as

DIp = ) (€57 - C5p)
a=1

-
1
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Damage Index (cont’d)

* The DI of each floor can be calculated by subtracting the entropy value
of the damaged(tobe analyze) structure from the reference entropy
value of the healthy structure on the same floor and then adding the
values up.

* A positive DI value indicates that the flooris damaged(structural
instability), whereas a negative DI value indicates that the floor is
healthy.

Healthy structure Instability structure

Damage Index Damage Index

value
value

o 4 N

B2*1F  1F*2F 2F*3F 3F'7F T7F"14F B2'1F  1F'2F 2F'3F 3F'7F T7F'14F
Structure Floor Structure Fioor

* CMSCE Analysis for Structural Health Monitoring
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Compound Earthquake Real-time Report Service

7z )

Regional earthquake
real-time report

ﬁC WEEEW"

real-time report

¢ Earthquakeevent
data sharing

* Remote monitoring
and maintenance
of equipment

[On-site earthquakeﬁ

Compound earthquake
real-time reporting platform

¢ Compound earthquake
real-time report

* multipledelivery
method

* performance report of
the system

¢ information of history

Kearthquake event /

\

Application place

¢ school

¢ high-tech fab

¢ HSR

* residential
b_uilding
a1

—A B3

_
i

pplication equipmeg
* smart linked .I.!!,
* alarmbroadcast

T

| AWM Ao A

* 97 campus on-site earthquake rapid

report (main station)
+ 3509 Campus EEWS (secondary station)
+ 20Kindergarten (secondary station)

* 21Fire department

* 1 Earthquake education park

* 2Science park

* 6 High-tech fab

* 1HSR

WWWW¢WW#~MV\/VAWMMNWWMMNWWWMwW
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Compound Earthquake Real-time Report Service
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Compound Earthquake Real-time Report Service

* Eightbuildings of Guang-Fu campus in NYCU was taken as
demonstration sites.

* Applying earthquake disaster preventionand EEWS.
* Earthquake disaster prevention integration platform.
* Expected benefits :

» As the first campus to install EEWS, NYCU can provide relevant
supervisors with earthquake disaster prevention information.

» After the development of structural safety monitoring tech, it can be
extended to science park near by.
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Dexin residential building

* Dexin residential buildinglocated in Hsinchu City, Taiwan.

*  Constructed in October 1991, a reinforced concrete structure with 14
aboveground floors and 2 underground floors.

* structure was designed in accordance with the ACI-318-77 and UBC.

ARSI L%
ANEREAN
&
29T AR
ARERR

+ARU 395 19
~ - 2 (]

Sensor Location

* Accelerationdata for each floor were measured using strong-motion
seismometers (FBA-11).

*  When the measured peak ground acceleration (PGA) exceeded 4 gal, a
trigger mechanism will activate the monitoring system to collect data.

* Acceleration data were mainly recorded by the sensors in channels?2, 8,
11,14,17, 20 (X-axis) and channels 1, 7, 10, 13, 16, 19 (Y-axis) on the 2nd
basement floor (B2), 1st floor (1F), 2nd floor (2F), 3rd floor (3F), 7th floor
(7F), 14th floor (14F).
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Sensor Location (cont’d)

8 11 14 17 20

X-axis 2
Senor channel
Y-axis 1 7 10 13 16 19
Senor channel
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i = 2= w P
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_____________________

CMSCE User Interface

* The SHM interface integrated the complex operation and
visualized the building information, time history, CMSCE curves,
and DI graphs.

Dexin building {29 Time History m CMSCE Diagram Damaged Index W

Damaged Index
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CMSCE Analysis Procedure

1.Select the event data
and 2.Setting parameters 3.CMSCE diagram 4.Damage Index

vibration orientation

* Four parameters are needed to calculate CMSCE.

* The parameters were chosen after a series of optimization searches

Parameters for calculation of CMSCE

Template length m 4
Threshold r 0.1
Signal length N 2500
Scale factor T 15

* Damage Index 0 is used as the alertlevel.
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Long-term Minor Earthquakes Event

Long-term CMSCE events
No Data FCA (gal) S Lo
X-axis Yeaxis intensity s e
1 1994/11/26 391 635 2 1/ 7 % ”"/fr
2 1995/7/14 423 418 2 u'&ﬁ.,.‘ ';%ﬁﬁa
3 1995/12/18 3.77 5.99 2 ZLE
4 1996/3/5 3.62 8 2
5 1996/11/26 6.8 8.61 2
6 1998/7/17 7.87 7.25 2
7 2001/1/11 6.52 7.12 2
8 2002/2/12 10.9 7.18 2
9 2003/83 5.62 7.02 2
10 2004/5/1 6.69 492 2
1 20041111 12.19 0.4 3
12 2005/4/30 318 3.08 2
13 2005/7/26 4.69 8.3 2
1 2007/9/6 133 13.87 3
15 2008/9/9 457 8.69 2
16 2010/3/4 6.76 5.36 2
2
1

F|rst earthquake with a
magnitude of more than
4.5 in the area in 58
ears

2013/3/7

21 2014/5/21 7.91 7.06 2
E A ) MUYV VAU

Long-term CMSCE Analysis and DI

X-axis 1994~1996
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Long-term CMSCE Analysis and DI (cont’d)
X-axis 1996~2002
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Long-term CMSCE Analysis and DI (cont’d)

Apply 20Hz low-pass filter after 2008
s Tr 2008
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Long-term CMSCE Analysis and DI (cont’d)

X-axis 2010~2012(ufte21(; {‘liltering)
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Long-term CMSCE Analysis and DI (cont’d)

2014

20140521 X-axis CMSCE Diagram

X-axis 2013~2014(after filteri
axis 2O(lagf er filtering)
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Long-term CMSCE Analysis and DI (cont’d)
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Long-term CMSCE Analysis and DI (cont’d)

Y-axis 1996~2002
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Long-term CMSCE Analysis and DI (cont’d)
Apply 20Hz low-pass filter after 2008

—
: .., 20080909 Y-axis CMSCE Diagram _
o7y A - B2''F
. -0~ 1F2F
. bkl
. o
Sl | el
o . Y %
Before filtering fu 8
- g +
B b o |
” “od
il =
# I

1234867809 0M YW

Scale factor

20080909 Y-axis Damage Index

I . i
',"\-.w“, AW 3 v al |
._- N ; g - ; -15 1
!y ' 25 1
4 N 3.

gl i i i i
B2IF 1F'2F  2FIF  IFTF 7F14F
Structure Floor

value

Long-term CMSCE Analysis and DI (cont’d)

Y-axis 2010~2012(after filtering)
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Long-term CMSCE Analysis and DI (cont’d)

Y-axis 2013~2014( after filtering)
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Long-term Damage Index Trend Chart

B2*1F Damage Index Trend
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Long-term analysis results evaluation

The entropy curve will change in different signal environments, CMSCE
value is very sensitive to signal changes.

The long-term damage index of each floor is slightly upward. Based on
this result, it is inferred that the structure has ageing due to long-term
use and minor earthquakes.

From the DI analysis of 2012/6/13 events, it can be seen that when the
structure is close to the epicenter and the earthquake depth is shallow,
the DI in subsequent years will show more positive values.

Long-term analysis results evaluation (cont’d)

When positive DI values occur frequently, it means that the structure is
relatively unhealthy compared to the reference.

In practice, it can be said that the structure needs to be maintained and
strengthened or the sensor equipment needs to be updated and replaced.

The long-term CMSCE SHM results further verify the feasibility to bring
the entropy analysis experimental theory to practical application.
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921 Major Earthquakes

* The 921 earthquake occurred on September 21,1999 in Jiji township,
Nantou City.

* The earthquake intensity was recorded to be 7.3 on the Richter scale.
The epicenter of the earthquake was at 23.85°N (latitude) and 120.82°E
(longitude), with a depth of focus of approximately 8 km.

* According to the records of the Central Weather Bureau, 44 significant

earthquakes occurred on September 21 and 18 occurred on September
22, > . P ’/‘1_{’1' b
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921 Major Earthquakes Dexin Event

1999/9/21 Dexin Earthquake Events

CWB 10 e PGA(gal) Seismic
X-axis Y-axis litensity
043 01:47 131.77 94.14 5
01:49 3.18 5.05 2
- 01:51 9.46 10.39 3
“ 01:57 17.95 18.4 3
- 01:59 4.22 5.79 2
047 02:03 11.53 15.15 3
= 02:05 9.07 12.51 3
- 02:11 77.4 60.86 4
048 02:16 12149 65.81 5

1999/9/22 Dexin Earthquake Events

PGA(gal) Seismic
X-axis Y-axis intensity

092 08:14 50.56 41.45 4

m 08:49 30.17 3242 4

CWB no. Time
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Major Earthquake CMSCE Analysis and DI

X-axis 921 043,048 and 9/22 092,094 events
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Major Earthquake CMSCE Analysis and DI(cont’d)
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X-axis Damage Index and PGA Chart

X-axis Dexin Buiding DI and PGA Trend
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Relationship between Major Earthquake and DI

The trend of abnormal increase DI coincides with the protrusion of the
PGA histogram in continuous violent earthquakes. Based on the analysis
results, the inference is as follows:

* In the short time, intensive and frequent earthquakes occur in the same
monitoring building, which will increase the signal complexity and then
increase the entropy value.

I oy e S A ) S S S i A T

01:47 0149  ouS1 0157 0159 0203 0205 0211  (2:16 08:14 08:49

T G T [ 7 0 T T T I

*  When experiencing a very strong earthquake to make the structure
unstable, the DI value will rise sharply.

Relationship between Major Earthquake and DI

The entropy characteristics mentioned in the field of biomedicine are as
follows:

* Richman developed Cross Sample entropy in 2000. The results indicated
that time series is more synchronized than the other pair of time series,
then cross sample entropy are lower.

* In 1991, Pincus improved the Kolmogorov entropy with Approximate
entropy (ApEn). The larger the ApEn, the more irregular or more
complex. Conversely, the smaller the ApEn is, the more regular is.

The results of the research using CMSCE in violent earthquake for SHM
correspond to the previous entropy analysis in the biomedical field.
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* Integration of SHM and EEWS

NCREE Building

* Apply SHM and CMSCE analysis to the structural analysis of
NCREE building.

* Extend SHM system to long-term monitoring; besides, EEWS is
also applied for future monitoring.

. Y

A

239



45 T

Sensor Location
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CMSCE Analysis and DI
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SHM automatically generates reports

45T

XM

MRAANETMAER REMELNAKS

TAPBAF-B R 3 R T R5 K T 5 Kk
BMESEMNA KA 9L RRE

Py £ 110104

8y 2021/10/24
e 0 13:12:43

HEAARETUATRE AEALzaNLes

TAPBAF- B R 36 K T &5 5 ¥ o K
HMELENAKA HERRE

R 110055

& 8 M : 2021/07/08
EEER 0 06:11:56

HELAREFRARN KEAKIMOT IS

TAPBAF- 36K T R5 K ¥ K
BMELEN A% A HEERE

RS 110077

R8N 2021/08/05
e ¢ 05:50:45

241



53

242

Major Earthquake Events

No. 110026 110055 110077

Date 110.04.18 110.07.08 110.08.05
Time 22:14:38 06:11:55 05:50:45
Location 23.86N,121.48E 23.89N,121.57E 24.8N,122.32E
Deep 14.4km 8.2km 7.0km

Richter scale | 6.2 5.5 6.0

Major Earthquake Events

No. 110103 110104

Date 110.10.24 110.10.24

Time 13:11:34 13:12:42
Location 24.57N,121.78E 24.57N,121.78E
Deep 65.6km 64.1km

Richter scale | 6.5 525

68



Major Earthquake CMSCE Analysis and DI

Case 110103 Acceleration time chart
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Case 110104 Acceleration time chart
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Pre-processing
Case 110103
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Pre-earthquake earthquake Post-earthquake
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Major Earthquake CMSCE Analysis and DI
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Major Earthquake CMSCE Analysis and DI
Y-axis 110103, 110104
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Major Earthquake CMSCE Analysis and DI
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Conclusions

* The analysis results show that DI increases to the positive value frequently,
which can determine that the structure is in an unstable state relative to
the reference events. The values could provide an early and efficient
warning of structural instability.

* From the analysis results of the serious seismic event on 921 and
922, the abnormally high DI shows the advantage of the entropy
analysis of this research.

* real-time monitoring : When the real structure has not been destructively
damaged, the signal similarity can be used to determine whether the
structure is unstable or unhealthy.

* Applying CMSCE into EEW system can accelerate the process of
analyzing, which offer an reliable alarm system and integral structural
safety information.

®
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Dynamic Response of 2DOF Structure
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2-DOF sys’rem foxt < fra
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2-DOF system
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Phase in Torsion
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