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To detect and prevent structural damage caused by various loads on marine structures and ships, structural health monitoring
procedure is essential, Estimating loads acting on the structures which are measured by sensors that are mounted properly are
crucial for structural health monitoring, However, attaching an excessive number of sensors to the structure without consideration
can be inefficient due to the high costs involved and the potential for inducing structural instability, In this study, we introduce
a method to determine the optimal number of sensors and their optimized locations for strain measurement sensors, allowing for
accurate load estimation throughout the structure using model expansion method, To estimate the loads exerted on the entire
structure with minimal sensors, we construct a strain—oad interpolation matrix using the strain mode shapes of the finite element
(FE) model and select the optimal sensor locations by applying D—Optimal Design and the row exchange algorithm, Finally, we
estimate the loads exerted on the entire structure using the model expansion method, To validate the proposed method, we
compare the results obtained by applying the optimal sensor placement and model expansion method to an FE model subjected
to arbitrary loads with the loads exerted on the entire FE model, demonstrating efficiency and accuracy.,

Keywords : Digital twin(C|X[EE2]), Structural health monitoring(22x 74744 HLIE{Z), Optimal sensor placement(E[& MIA HHX]),
Structural dynamic analysis(TtAE =XI6HAY). Model expansion method(Z2&! 2F&t 7|=)

1. A—I 2 Zget RN HololM Fett daks Hbich Reted
DH(FE model)2 EQ RHZM 1Al 2xEo| 22| EAMS
CIX/E E21(Digital twin)2 Salxel Alrgolt Zeaag  HESH =L, oS vIgteR 7x20] 84, HE, 22l 7IE
=rlsio] 7HAle| EQIS MAMSl= 7|42 tsinf, TASHE Bot L5 22M EAMS Melop| olEstke ol 28EICt
ollAtE MM ElOfE], o] AlARY, J217 4| colef 7|&mt ZEt TEATY RHEZ0IM TS o] =E fas Tzl
510] XS 74EIA BUER Mgstis AlTrtolroxim et JRIAIE SIS B2 FEEE F8E ok ozl It
(Jones and Snider, 2020). 0|2 S5l AlR| A|[AEIo| AlElZ X5t SlE FH0| 0|07l =, 2Y B¢l == 24, HY, S
S 2A of|=st 4 glom, Myl gl 6ok xS0 22 A =M S8 Atk £ glen, FxE9| oML} MEldE FA|
oA EHMIEHE X 510 AlSsl| CH2510] AlA[ZF X DL SIHA Ol x| ek 2ol AR 4= Ue 7|HkS DiEEt = QUCh
E{ZS & £ et (Arichiello and Gualeni, 2020). Jwgtof2l TESC ME oY $BES olF, TSt HES
S5t 48 (Finite Element Method, FEM)2 CIX[E EQig TAIES ARl RS Solsk| eict SR FE=2 tRE
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SEst gelel & siEg ZA¥sp =od, o8 S& k=0
oiet gok= ofsdE &= Uct
Mol 5 FH ekH2 D-ZX AMH|(D-optimal design)
7|2Re| YA (Inverse method)O| Ut (Johnson and Nachtsheim,
1983). 0| YooM= D-zA MAE S5 +==0 F=HE
HMe| /IXIE Z&eiL, B2 MM XM HAES SEet =
AHS Sl Fx=20l| 7RiXl= otE2 FYSINCE o] THFolA
HAo| x| HEXol MEE Sl 2d=1, olof w2t §4
=M gE0| Z[thEEALL 2 aEE =S siQict J2(1 o] EH

=
=5 S5S 515 20| HENTL ol elzio| 22 oz Ua

To—l o
FCh of ghetof| ek A2 2FolM 2ot AIE| 7|&sict,
Desanghere= Tl Q99| Inverse methodS 0185t 55 &
M1} 2= 2HIE of15ICt duEoz BN 2ix|olAMe| 2E0|
TxE9| £Y 2o ofsf XMooz Akgsin, ol M2l ¢
xlof| w2l SE sk sEe| =ZoM 2P P“E* , ooz 7
Z=0| 7BliXl= 5t £ MEwof P&kE n|Flcks s BAlsH

it (Desanghere, 1983).

T2 FEE MM AE 242 S5t 5tE FY 2HIE inverse
nmethod= siZ2sk= 7 [fH2 Busby@t Triillodll 215l A=At (Busby
and Trijillo, 1987). Ol= FMst 7= SHut FME =X &
Zte| xo|E FAsRIT, 10 XFRE cantilever beam ZZlof|
HE510{ 2848 A3IC F. SHX|ok sliE o= FREC| 370t
XD SEEIESE S 284 2 HETt $iMs| HolRlck=
TS X2 *Ack

0I5 dliZdsk| 2l Guptas F2+=3} 7[Hke| Reduced
order model(ROM) 7| (Craig and Bampton, 1968)2 0|25}
0, T2l FEE HYE MM HS 42 Sdll ofF FHE st
QACt (Gupta, 2013). ==01 7RliX|l= k=0l w2} Wdsk= &
He 7x20 55 2ol &g iY| 2ol =22 7 & K|uf
ol 2= oIS 0|8510q 515 FHS 5852 25t

A AATSH VIHER T2 TV|°F SEMo| AR ui2}
SIE FHo| Ut Wok|= CE Holod, AT S&E 2|
oMl 5tE FM2 H|wA HESIK|ITE MIM7HEEEX| ok2 2o
HisiM= Meteot o Hot RoiZct xS0 F2E £ U
Mol 7447t o ®sko| 1, MAZF SRR oh= S| Cht
Pt CIXE ERl 7|2olMe o ER8t Hels J2iE o,
Ol2f3h 7|&e| 7|He| 2 A840| o Hofx|A| =it

2t 2 AF0Me oM gt BHEES S5 fI6l,
HESD} Helo| AE Holsp| e AT &Z(coefficient
matrix) S 0-7% 2K (eigenvalue problem)2EE] Hol5l3 1

2 EH(direct time integration) (Bathe, 1996)22%E]
B2t sEE| MAIE Holop| fist A dES HelsINct
2|2 of F el Al HHRREH, HAEED sFE Aol 2F
AN 2h= A B THSIQIC) sk o] HFS o=
D-z|& MAHE 35101 Z& MA XE M™SIGUCE
7|Ee| V| HEC| oS IFotaAf, MAL A=K ok 21|
oliMe| 515 FHofl thst ME=E =0|7| flsHl System Equivalent
Reduction Expansion Process (SEREP) 7| (Javad and

P

HJIO
l
fr
ol

3%

Kedar, 2018)2 S&3101, M Q|| Cist 5k 3 HPES
SP| fst 2Rt diE(fullfield expansion matrix)S H2lsICt
A 7[Ht ofF FEPo| CHstod
212k TS MYsl, 3TollM= & AATFolAM Mok dHHs
aI0skcl J2| 48T sFoMe okt dhiHg Cleksh $=X|

o
ofixoll HE3l0f YeHdE ABIAL, ZES MAISINICE

1o s

2FollM= 7I1ES| D-21H

2. D-optimal design 7|t} 51&E FH

i
il

=20 7RI 5K £ 2Al= A (1)2 2ol ¢
€,2 515 HE F o BAMSR Foieh o= QAT

€,=AF, Q)

HE] ¢ o 515 He| F,of A4 8

(Coefficient matrix)0|c! 2 7 1=2°| &5 -?’—lxloil/\ﬁ

0o7|M B 4 = HHE
b4 (1)
O HAES2 Al dE 4o & HEX F | 5t HE F, °|

=
Al

Tk g QP | S2Moz = BxE|o{Y, 22| HE
HADL o2t 7 E 22, 515 HlE F ol thet S22
Al (3)z} Zo| Mogt = @It (Masroor and Zachary, 1991).
var EQ)ZUQ(ATAYI 3)
017 |M Uar(Fg)% S0 WHS olosict
2|30 A (oM Al dH Aol st DIdE dEH §5
Cks Al (4 )QF Zo| Hogt == Uct
S=(A74)" @
MMl HISE| 5450 HAL 52 of| Chslod DIIE 34 §o| Chzt

MEDiagordl tem) P [E ZASl] 5 FAMo| MAUTE Ty
= lond, o] fHE doptimelity ariteria2t St (Fedorov, 1972).
Al (4)25E clg Al (5)2 Zo| ME A (Information matrix)

ME Bl 5 4,

M=A"4A (5)
D-optimal Criteria= M2 &3 M 2| Determinantg Z|ci =}
st= giHo= SEEICH (Mitchell, 1974). Ol ZHYE 2lsi de

weksP| I3t 2|52 ARSSICt (Galil and Keifer, 1980).
o] FIt s A E ol oot M2 - A 2| determinant
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| M, |= My M y) (6)

047 IM [+] A% 32 Aol ML o] 27} [-]= 7| so|
AFE olofsich

¥ Wet YIS0 =g Saf D-AN MAE BSo=H
(o]
A

x
= B HO[X|7} 7=

3. 2[5 MM bR L DY B e

0lRst 5HF £

SEZ[X| 2 fxloMel skE B HYEES FHSP| 206
System Equivalent Reduction Expansion Process(SEREP) 7
(O'Callahan and Avitabile, 1988)& 2235101 Full-field &2 &

o — =
Hg TEsh}

Myug+Kgug—0 ®
OpIM M, 3t K, = 22t B2 3 ZHEES L, o, 9
u,E 22 IKSE U 9 HEIE Liekic)

u,(t) ==z sin(wt+0) 9
'ﬁg(t) :*w2$gsin(wt+9) (10)
71N g, Zst 2 sin(wt+0)ol et 37] 2

(magnitude vector)£ 2|o|sict,

Al (9)2F A (102 A (8)ol| thlslH ch3zt 2ol Hel=ich
7w2qugsin(wt+9)+qugsin(u)t+9)=0 (11)
—szqxg+an:g:O (12)

A

o
— —
ER=ENE]

=
S

K,(¢,);=\M,(¢,); for i=1,2, -, N, (13)

o7IM, ;2 (¢, )= 22T M DREHeigervalue) 2t 17HIE]
(eigenvector) 0|12, N, & M3t 29| & AIFT JH40|ct
L (¢,),8 7% ZE(eigen

mode)2} E&5P | Sict
M AlAkEl 17 HiE|(eigenvecton) 2 ARRSI0Y, TR Al (14)

oF Zo| #e| U y S Feolg 5= Uk

u, =P q, With
q1

8, = [(6,)1(@,)s BIx]). q, = | (14)
v,

o7IM & & DFHEl(eigenvector) (4,), 58 EBSHE 17
HIE| S (eigenvector matrix)0|1, ¢, 2= 7|0f Al HE
£ LIERH, 8tEEHIE](generalized coordinate vector)2} St

Al (14255 FXslof & A2 IRHE (eigenvector)
(¢,) 52 diel HE o, & ESSP| 2l 7|X HE(basis
vector) 2 AR2EIckhs Holct,

Al (14)0] Rof-HZ= FAI As#E (moore—penrose inverse)

2 ARSslo] deEtEAE ¢, = CRSa 20| F3EC

0

q, = Pu, vih &, = (3/3,)" '] (15)

AL (14014 ERE Blot RAY (5, u, = B,q,), ¥

& HlE| ¢, & EJSP| 212t 7[H HE(Basis vector) 7t ZXY5t
1, 10| &8sk= 7104 AlTh EAeict,
€, = ¥,q, with
q
W, = (@) @)y @)x], g, =% (16)
qy
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D-2{% A8] Al 718k A& MM Bix 2 BE S JMS 083t 51 XX
o7IM, & = HEE 2= dH(strain mode matrix)0|L, 11 2lof t+ At 1 (! "2 —yt) (22)
TEIE(0] Q4 HE] (y,), S2 HEE 2=(stain mode)2t Bick ! patt ! 5
o Wsim Hiel . = mas 1 -t 1—28 -
O| HEIS2 HHE HE| ¢, & HEFP| 22t 71 HEIZ AS TN ( 23 Ju,
Eich J2|1 g, = 2t HEE SHoll 7|ofsks HYEE 2= 7(of
H=(modal participation factor) #IE{0|C}. Aty (uf+Af ut) (23)
1o N s NNIN g
e 2= 7|0AF g, 2 ORIV IXIZ, A (16)0] HEE 2= 3 25
')/— .t . ')/ .t
710} A g, £ POHHEE FAL TS HZ5l0] TS A (17) —5 Uy Aty
1 Zo| EeE 5 qUct
oI 3o} v sl Hatzol obAol mat ZHY 4 9
q. = U,e, with ¥, = (@/w, ) 'w] (17) & oi7hEdrolct. Newmarks Q191X 241E Tlap| 2lsh =
AlZFZ

3t el B J|oAS g, oF HHE RS Jl0] A% g, =
Solsickn Jpgsie, ohg Al (18)2} Zo| EaiEt 4+ ok
7.~ g, (18)

w2pM, A (15), (16), (17), (18)2FE, CiS=t 20| HEE
HIE] €, oF B9l HE] o Of St 2AMS E5E 5 RUTh

,=Bu,wih B=v,(3/6,) '] (20)

o7|M &H B= &S| AF &H(coefficient matrix)0[0d,
2

HE] u, AlO|2] ZHIE Fold 5 Qe

A (stra|n—d|sp|acement relation matrix)2}

3.2 He-51E A dE e

Albt+ AtolM g delie] Fx=o S5 YyA2 T
A (21)n Zo| EHECE
Mq"l)»;+At+qutZ+At+K thAL _ gt At (21)

M, C,= &4 3‘:HE'E*(Darrplng matnx)E }EH—H_T'_, Fe= Azt
StE HEE LiERHCE
time—integration method)—
ME Newmark—3 method (Newmark, 1959)
J—EOR“;El‘.

Newmerk-3 method25Ef T&8F a0l 75T HE u of

o
_Ii
oII
2
:oé
mju

& HE y & Ch3Df Zo| EsEt

0 Zte mokict gel zte 2 1ot ¢+ At Sek It

TOF HSICI 7= gl w2t HSt, Trapezoidal rule

(Newmark 1950)0l| 2f3f 5 = 0.252| g2 Ak=RICH
Al (22)94 A} (23)0] TR HE] 4, 0 BT Hef § B A
(21)a| EH°.=.3F3 I—LP Zo| 2 F3P| gidEl 2]
SiE HlE{Q A LIERE 4= RAck
Ku, " =F (24a)
R=[ M+ CctK] (24b)
VN~ BAL

1 ! 1 -t+1—2ﬂ&t]

T pttAt
F=F +M[(ﬂAt2u+ﬁAtw 23

Y Nt FTB Aty et
+0[(ﬁm)u+ 3 u+2(5 2)u |
(24c)
Al (24a) 2 HE] Cl21} 20| Bi9l-51E &S Holgh 4= RUck
u;+ At _ (j-(\vq )* lﬁv (25)

3.3 D-optimal design 7|8t =& MIA dlix|

3170l Ak S A = D-2M MAE
AslAlF0F Bk 0|2 9ls) ™ A4
HE 8™ S ci23) 2ol Alaksim,
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3.4 Full-field &2+ i Ho|

2 dA7olMe HIM7E BE=X] g2 2{X|(honsensor field)
oMol S= FXME SF/| SEREP 7IH2 285101 ojod
(full-field) 9| & oI5 &2t sidg Hols|yict 2at a2

o
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€, =V¥,q with €,

HE

rir

o7IM w2t &, = HEE HH €,2 ¢,0 S
ZE 710{ A$olch ST M2 HEE HEH e, = MM 0|F
Z QIRMe] B2 E, AME= MMIF FE=X]| 2210 o]0
ofshM AHltl=l= B EolCE

4 (3002 F&f M7t F2HE 9

ChS2t 20| Felg & Uch

R|of| CHet HYHE HE e, =

— L

TxE29 MA GA(fullfield)ollMe] HHEE SEHstrain
response)S T&517| 2l A (34)S Al (30)0ll CHRlSIH, kS
Al (35)2} Zo| A QxloMe] HHE AZZE =2 MA
ARTel HYE Zioz Xse HHE 2% dH(stran

expansion matrix) B, & AHire = qlct,

o

€,=Ee  vith E, =¥ ¥/ (35)

HYED DRPIX|Z 31F HEl= Chgdt Zo| dF 2

(Matrix partitioning) & = UL}

F,=A., vwith A, = AZ , F,= F, (36)
5t5 F fIX| Aol tist stE #iEf= A (37)2} 20| &

2lg = Ut

F,=Ag, (37)

ORREERIZ Al (37) A6 (31)2} 20| D|X|g=2e| £=7} gigAlo|
Tof ZIX| ptotZ 0| diEAlel R YUdis| ofgiE dhH
(generalized inverse method)2} least-squares approachE AL

5101 Z0{0}f BTt

(A4,)"F, =(4,) 4., (38)

(A?A ) (4 )TF‘S:(AS'AS) (A )TAgeg (20
4] (39)2 HYE HE ¢ off 2 Ao HRIE 51
e, =(A)TA (A))TF, “0)

&% £ U= Force expansion matrix £, 4 (42)2 20|
Hhket 4= Ut

* . : Fs
F,=A4,,6with A, = % F, = F (41)
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A J18E 2 A eix] 3 2 SR 7S 018

F,=E/F, vwith E,=A4,A, (42)
Al (42)0M AL 5KE HiE{e| ofzt dEHS I°oF04 =4
Hoz st50| kXl IR0l Tl stEE &= TH ==

d

RiXlE stz 2Eslo], stEe FESIAL ol— ARIE A
Toll MFSHK| 1 F== A =201 7RiXlE §

s 2 9lch

=2 &3

r

ﬂJ

4. 315 24 |
Mokt 7|He| Mg ABsP| 2l E 7KK $=%| ofxloll H&
5101 ZESICE x| 0 Ixﬂoﬂ CHH FE 223, Zd dE 3 5
= HE 75 52 A8 FE slilA software?l ABAQUSE 0|E3s
Qick 22 Mok E'g*té.._ MATLAB Z[gte| In-house ZEZ
TE510] ofE 8 "Il ARBSICE

= AFoM= sHMol ME8E siEn FHE slEe

B HAEZ 2lal, HE] nome AHXISlo] cl2nt Zbo|
(%)E AHlLksict

_ \/Z(fapp B frec)2

A;rn‘s_(

O ox
Lo
H

S
o

x100)%

s 3

=

o7l 7, £ skl TSl TRl B1E HEfo] AlEo|T,
£ 2 HiokE 515 1 72 0185101 FHE 51E HE(o] A
olc

4.1 Jacket structure problem

2 oM olell Fig. 12t 20| B =37m, H=87m, ¥ t =
0.025mel AFRE 155766702 Jacket structure modelS Shell
element® 22| 5104 Main column F20| 25 = gkt 5150|

7hiRl= S5 siAlg sASIict

Amplitude [N]

-200 T T T T T
0.0 05 1.0 15 2.0 25 3.0
Time [sec]

Fig. 2 Applied load profile of the jacket structure

Fote4 Zdof| M3t element type® ABAQUS S4 shell
clementE ARRSIND, XB= ERAL E = 206000MPa,
Poisson’s Ratio = 0.321 &(mild steel)S AFSSIQICE F+=&
of 7BlEl X slE2 3% &°F main column SF 7He| AT E
Clol| x& glekoz ME3I T, JklEl 5 amplitudeoi] CHst
load profile2 Ol Fig. 22} Z20i jacket structure2| main

column=2| et AREEE all-fixed ZAH Z71g o101
siAlg RIESIRACE

Jacket structure FE Z2EIOA{S] D =M HAHE Sall &
XM MM == 2X|E ol2l Fig. 37} 20| A, X
x| ==L MM ZtE YFSE2 Table. 10 WAL

Fig. 4= target nodedllA D-optimal design 7
Hit Mokt otF FEHE Sl FHS HA ot
FE 2ol 717l sFEnt doft Ax|Sh=X|of CHal TAls

Target nodedilM2| 3H8 £ XS D-optimal 7|t
2 24.7%0|41, M|otst 51 FHEO| @Rp= 7.2%2 & o

|'|JE
‘\'T

TollAM FMoket SIS Mol Hatrt oM 7|He| Mzt
et de & Urk

ot 2t 7o RSt 5IS2 018510 TEE HelEH
A Helete] x| YETE Fig. 5ok &0l ESIICE 2t 5t
T FHES 0lEsio %?J el ol o 2&ps2
D-optimal 7|8t 515 FHH2 43%0I°*1 Hlokst EI% =3

H2 9.6%2| 2AEE HRIOME 5152t 0

Ho| Yetdg ASsIct

Table 1 Optimal gauge node numbers and axial orientations
Node number Axial orientations
9794 X
9685 z
5057 X
22917 y
23136 z
Fig. 1 The FE model of the jacket structure
120 gt Msts| =22 XM 613 XS 20244 48



Section 1. Node # 9794

Fig. 3 Optimal gauge locations of jacket structure problem

(a)
300
200
100 -
3
o 0+
=
Z
= -0
g
<
-200 -
-300 —— Applied force
—0— D-optimal inverse
-400 T T T T T

00 05 10 L5 20 25 io

Time [sec]

Section 5. Node
#23136

(b)
150
z
o
=
g
<
150 & 7
=] 0| Applied force
©  Proposed method
200 - T .
00 0.5 1.0 L5 20 25 0
Time [sec]

Fig. 4 Applied load recovery results on target node (a) D—optimal inverse method (b) Proposed method

(@)

Displacement [mm)]

FEA displacement
©  D-optimal inverse

T T
00 0.5 10 L5 20 25 io

Time [sec|

(b)
404
204
E
g
oy 0
g
=]
5 204
B
[
604 FEA displacement |
©  Proposed method |
T T T T

T
0.0 0.5 1.0 1.5 20 25 kX

Time [sec]

Fig. 5 Displacement recovery results on target node (a) D—optimal inverse method (b) Proposed method

4.2 Stiffened plate problem

= of|Fl= ol Fig. 62 20| B = L = 1200mm, w = 400mm,
I = 300mm SH t = 20mm2l AFRE 110058702 stiffened
plate modelS shell element2 2EZ 50 bottom plate £
20l y 28k pressure StE0| A= S5 Mg FEst
Qict.

Fote4 2ol M5t dement type2 MM o2t RRE K2

ABAQUS S4 shell elementE ALSSIIL, ME= EFMAIS E =
206000MPa, Poisson’s Ratio = 0.32] 3&(mild stee)S AR
SIict.

Tx20| 7BIE X B2 3% S0t stiffened plate2| St
F Plateol] HHMHCZ y= Wk pressure SEELE HESIAUL,
71iZl 515 amplitudeoll CHS load profile of2l Fig. 72+ 22
i stiffened plate®| &f Bt AFRE=S all-fixed dH =4S

HZ310{ oiA2 TSIt
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Fig. 8 Optimal gauge locations of jacket structure problem
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Fig. 9 Applied load recovery results on target node (a) D—optimal inverse method (b) Proposed method
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Fig. 10 Displacement recovery results on target node (a) D-optimal inverse method (b) Proposed method
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