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ABSTRACT

This study presents a novel sensitivity-based finite element model updating approach to
estimate structural parameters using output-only data. A quasi-exact sensitivity relation
based on transmissibility data is introduced. Partially measured structural responses are
included in mathematical formulations to address incomplete measurement problems
and improve the accuracy of the sensitivity relationship. The least-squares algorithm is
used to solve the normalized set of equations, and also a weighting approach is used to
improve the parameter estimation results. The performance of the proposed method is
evaluated based on numerical data of a ship structure model. Appropriate approaches
have been used to select the excitation points and optimal sensor placement. The
stability of the proposed method against measurement and mass modelling errors, and
incompleteness of the measured responses are studied.

onz G sy [wls 3 Gola g o905 doudio — )
slaol) (Gl @lxd 59 el Wi alaojls 3wt slaojlo o cdle (Bl g 2l alobis
il e Jase Can; Ol 5 (goladl Ladlyn cwaige sloojle ol 1395 5 ol Cuoal
sl slosl 2> partess slaghs) ncnl 51HT] 55 P > (B sy 9 Shbee o> 0 L)0 g Ol
el oad slgriy bojle cuwSs 5l gyl 02 5l G sl (5993 ¢ Sond wiile (g% Jale


mailto:a_izadi@aut.ac.ir
http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

(YA-FVNF Y i) g 5wl « poooe Jlo o cwdige 403 g basanl ST gop! desl

Silads Hloges Ko (b ¥ S 0 [YO] wileas 3 ,me
Er el oad ooy lid alide Colus OYolas
&b Giie lawgs sdel s (Comwlu dlolae) &l pos
ool alal) ol o0l ools olas tany L las
Oloreds a8l (6 yuSojll Jdods (o s BBt o330
aolee b &l Gollae & 5 .l 0als ools jLis tan6
Lol 385 Jlake 4y o3 a8 Bl dgapy Comli>
[Y#] ol sas ools Las tand,

P (sf3ore Sl ably §) = tan@,

— 8l S5y Sl abaly S, = tand, _
— 580 Sl abl; § = tan @ AELlesl Jae

AT el i

goue Jue

Ap (> lsbsuiio Ol ks

aoleo ;fs ) ‘;Lw)p&’».ef. allowo c&uLo.& )|.>9.oi Al JSu»
[¥5] e ool

Sl Jedoa) lojlor slagewly o azgs BB Sl s
e o by, el 5L el (lojle (sla el )b o
sle g, 5l ol Cavsts Comlu Yolae g §iie p
zlsl el 5l 0gd co dgame Jolay aile goue
Joe Slo,ps Glp 4l ssgy ol SYoles
Slooge S (liios plo jo adlioe 5L5 9550 &8s
POt R YV S RVRNUUO B WP SRR PSARY
Slp abogay Comlus dole G5 [YV] o)) e
s VA" Sosle 5 0 s slotiey 050 S8 Sl it
sle 1y ssscal ol slasge s [V (s boin
Doges ooliinl amdly 39 Comlas dolee gl Sl
EERPICUN G NISY A RUC PP PRPSIIREr W
0,5 e e b LS8 slaosls bl |,
sle 1y [¥Y] 2l Jgod [¥V]Tsamls 5 (o basanl
b b louils 2 Lawgi 090 S5 Slpss (e

5310 Sgugs 00l (5 S ojlail gu
(FRF®) slS3 sely sl aisle uslS 8 0555 (slaosls
(TF)s iy JUessl &b 5 PSD) sy oo SISz o
S e o0k Slsd lojle slayell o s b
Sloypllage sl Vb a8 b ol Yol ol by

Elgl Cds aiin (59,0 4Bl dgge Sgazme sl Jow

Lol (L3l slo el 5l olas )l p (e slahs)
aandd 09l oo colaiul ojle o Sl Slulls ol
oS Sl aiigd Sualy cnl yo Bl 2 (e Slahs)
o5l (S8 Sleogas jo Slss celiojls jo o>
2 s slaghsy 4ods jsbas [Y] a2 e 50 058 0
IS o Gl likore sl ool Byme olas )l
el ol [PVl lagls o [Fe0]ose
Vs ] Jloge (25,5 551 [AA] (FRF) - guils 5
LF10] St mub [IVIT] 05 S Ll
sla el b V] esilaidl slogps [VF] Jloge ooy
Sy L ] Sl ol VA] Jlasl b
Q.g‘\ Llosls )‘)é axJlao 3,90 6“’}[-‘*’ (_gl.m).'l.al)l._g‘ a)ﬂ).;
5 Joe (e slad Ko atws 90 4 lgiee | Lo,
Dged (GAdiwd oo 5l Jaiuw

30 vt aless SO sgame sl o Sl plgs
Sl 4 e a5 wib o lojle sloyial )l pass
g8y [V+] 0900 (ARasLe3T 5 (s00e (slagsly yitn
o5l g dgazme slizl Jaw glagwly o Solas el o>
usLQ) Ls u‘s.:‘so ‘) LEC.MJLJ O s 05"“"&5’4 OA:OMT
sgazme sl Jaw g s el ol sla el
Joe meais b olg5 g0 1) 0o samlice B ols yioled
Siloy JBlas 4 Jdowe & g0y Sgaes <l 32

Sgaze syl Jow glo,msBpn sl plde b SuSS
Slo g,y bl 4w g3 a4 aS YV-YY] wladl arwgs
JSK8) Wgd oo el (65,5 b pprline i€ g pdians
[re]o

FEM Updating Methods |
. y
[ 1
Direct Methods Indirect
(Iterative)
‘ |
Matrix Update vity-] B
N Iethol:ls Sem{?‘:‘:ﬁ‘ ;’:“d FEM Updating Bayesian Monte
- Methods Using Carlo Approaches
Computational
Optimal Matrix Intelligence
Methods Modal Response Surface
Data-Based Methods
Error Matrix Methods Machine Learning
Methods Techniques
. Frequency
. Response Evolutionary
Eigen Structure Data-Based Algorithms
Assignment Methods
Methods

[Yf]ég.\zo ;|).>| J..\.o @Lw) ‘elfd.ed ‘519.3)5.15) Al J.Su.»

élo)l».» é‘lew.wj ué-*?b-w 6‘)-’ wl‘“’ b (5“*‘“‘°


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

6}D\AJ‘_JLE.~DI @U wl..o aJoles A.L..M:j.\ )5L;.;f; LRV c)'L...v J.\A LSILM)‘@KL@& /g_g)lg..\.&..;l )..Sl 56\)}.'[' Koo

L c@idl dgupy Sl aoles wlul 5 0505 s3]
Al Gl dlolas aiS oo &1 (6 ds sl sloosls
3 emb Olsreas |y (6 mdy Jail glaosls jo &l sy o
Comlus alaly cdo 0S8 oo Lo ojle (2lb o st
S ge 8 )3 oad 5 pSojlail slojle slagaly oS 5 L
Oigy b oo gl pmiwl O¥oles el @il oguge 2L,
J> slosle glayell Geeds slp Slaye Pl
Sore Sly o clie (o83 (s She) St 5l N S
ol jehaiedy .cwl ool eolawl jal)l ez gl
Spd sl sbeosls 5l eads &3l Cowlus aolre e lld
oo ooliiuwl Hglid G Aoy dtwg Jaw slas 4 syl
payesl SO eolpin ol Aol el
5 Siledae slalbs jax L) g98 Joo Glo ol

Aled oo A1l (655051l

S99 blg, =Y
Ol b @bl azps Tojl o (ol 3 035> Gl
ged i (V) alal) &)900

X(w) = H(w) F(w) Q)
(mx1) by cwia Flw) ¢ X(w) (V) akal, o
Ll W2 W s Jleel 955 9 Eb

ol S il 3 mul @b H(w) .ol S o0
D9 o0 oo (V) alal, & g0 a5 caul (n X 1)

Hw) = (—0*M + joC+K)1 =Z(w)™? )

e (sFe X)) sla syl e ju M 3 € K
asbgaf = V=1 g st oy

039> lojle slagwl s laieay 6 pdy JUiKl &b
Olgre (1) aluly &jg0a alids abadi 5o 0 (5,35
ST

X;(w) )
Ty (@) = ==
(J)( ) X]-(w)

Slosle slagul cos X (w) 5 X;(@) «(F) akal, )0
3L G Al 8 basee ol j g pli goliT Gl o o
&b wgh Jel ol b ol axy0 0 550 35 e
3 el 2l slgssys el iyl

Bl oo Cawods (F) alayl ) & jg0

izl Joe silo, sl sl Comles S¥olas Cilises
[Yf]ewl oass cmyp o San 5 ol Lawgs Sgame
Ol 5 035> (0125 glaodls I VY] o 5en 5 nlio
Doges oolatuwl a8l vy Cuwlus dolae bl
sy b obas [FF] g bt 5 V63,500
WS e ley 0355 slaesls ulul 1, aily

5 ol Jeb Gl o5y Olpear S slal
Lbsy 51 ol 5o Sgamme shizl oo Slo plSg
Ele glacasgaze 5 6,05k Ll wia )55
bzl Joo Slopplle o Gl S oS
S 6L sl odizmn 5 S5 slaosle sgue
OSoe i b 5ledd sl (Sllos 5 (oa8ly Lul,l )0 00
lojle 4 00l 5y lagys 5 (0 cnl 2 ogdle oun
S5 03l BB Lo lgel 9 adis Lilug ) ol bawgs
FB Gl 4 (2955 5 (e slaghy ol plis it
e G 3l 1y et 53 pibolant Jelse Sl 42y
Sy Ko Olyreas Baee 6l Jl e (slagts,
5 55 lond soliial 15l sla o o ray s Lie
i glp |yl lagasls [VF]) Glagllae
5 55 0,5 Sl el il ey lojle o]
Gl gl ) w5 iy Jml ob S [Y0] ) Ken
Wo,S slpin ol slecdl asis jo ol o ,Sles
bl iUl (og, S [YFOSes 5 g
S See sl Sl lawsi oals (6,50 5ll slesls
[¥V] Mool 5 s wols axwgs |, goVos alg)
@losles o] Laniis el 1, Jnl colld gla gl )
szl Jao p (e 133l 5 5l oolial b Laylse slal
sl [YA] WolKea 5 ol sy e sgame
5 Slojle cdlor &l Sz g pdy JUI b Julow
ogdle oly J18 oy g gy 950 ) e (lulid
T 2 e Slojl ol (lulid gy So el
povie 5l esliiul b comles aobee G Lulul
dolrs ol o @) [¥A] ) Ka g 95 Lawgs (5 JUsl
@ axg booad gLl el pled dbws Conls
5 Teonl S gl aslial gl sl
Sgag (330 dnd Coruals alslae o 5 [YF] (o basan
30,5 slpring (o pdy Jal glaosly ulwl 1y azdly
Joe Gl ol slp 1) g0z 9,505, 09 Gl B


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

(YA-FVNF Y i) g 5wl « poooe Jlo o cwdige 403 g basanl ST gop! desl

OlFen |y 0ad ol Cundy 5o s pdy Jlanl b ol
Dl Liales (0) adaly & g0

YU g oms ol Cundg D" gVl (B) Ak, 4o
Lly; plnil b awo go plad | o5l adsl Comog "T" 58
Db oo Gl (F) daly &y50a B) a5

HE, ) (w) _ H{; ) (w) + AH(; ) ()

H p)(0)Fp(0)  Hpy(w)

= 9
H(j,b) (w)Fy(w) H(j,b) (w)

Tgj(w) =

&b Gyl s, Hip(0) s Hip(w) «F) akal, ;o
oS ey gl (sl i dlS )5 iy
O 3 005 o0 AH(0) jladke b (oudlS 3 ey &b o

Tap(@) = HP, ;) () B H{; ;) (@) + AH(j ) (@) ©

TG jy (@)H(; ) (@) = H{; 5y (@) = AH () (@) = TG jy (@) AHj 4y () *)

AH(; j)(w) = —H{, j)(0) (—w?AM + jwAC + AK)H{; j(w) V)

TG jy (@) H{; (@) — H{; (@) = TE jy (@)H ) (0)AK H{, ) (0)—HE ;) () AK H{, ;) (w) \)

gy Oygods Gl o 1y ol (B o pile Ol s
g0 Ol syl jo gBw o e Ol s

Ne
AK=ZKnAPn ()
n=1

AP, e g Conl ol yo slizl slaw n, (Y 4) alal, o
S yeol)ly ped Olposs a5 ol glaslint )l
dolee jo (Vo) dolee 6350 L ams o plas 1y pln

g oo Jol> (V1) aoles «(A)

() abal) &j50 Ol |y (oilS 8 ol @b Ol s
1ol Slocamml 4ol (2,3 b raizmen [+ ]oges ol
Olyeesd 5l 09800 (S i plo )0 5ot ay yonie LS
o5 ol b emleiee e a5 )2 50
& s Jlazsl @L’; 30 Slpss of(F) dolae jo (V) aoles
(YY-Y) dlayl) co Cano 058 o0 o (A) alayly & g0,

e ss ) S AN L pln )

AN = TG ;) (@)H{; (@) — H{; ) (@) Q)

Ne
AN = " (HE,) (@)K, HE ) (@) = T8 ) (0B, (@)K, HE ) (@) AP, an
n=1
Ne
AN = z S, (0)AP, an
n=1
Sn (@) = HE ) (@)K, H{, 1y (@) — TG jy (@)H ) (0)Ky, HE, (@) QAD)

oS gyl alor 5l ke Jelse o] kS
Il GFlil 5 K gl oSy slaglse
osliinl 8,90 (s30e Loy, (22l Joo S0 ¢ S
el owilS )8 00guze 5 DYolre e J> sl
ol BB amg (Jaw Slo,pllge sl cl aly
slolhs  pale, Jila> 4 el wige e
&b s el ogh sgame sl Jaw Sl
b @l @ Cod | i slaosls g iyl
s &5 s il aliie @l s

D505 Gl (V) alasly 0345 lg5 oo 1) AN Uy Ol yoss
lg .]a.ufo éwaLw| é.’l.a wL..o aJoles Sn(w)
Db sa e (VY) dolas 0 pln cioew slo il by
Slade 4y jz ale o sla g, 31 d(VY) doleo as azgi b
S sl (LS) Glape Jilas> 5 (SVDP) o440
Sges oolaiwl Glgr go SFew sl el )l o Ol s
O3S slp Slaye Blam g, 5l B cnl o
Sl i 0gd o oolainl SBew slayialll
5 3290 el o B (VY) dobee lawgy ool gl i


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

6}D\AJ‘_JLE.~DI @U wl..o aJoles A.L..M:j.\ )5L;.;f; LRV c)'L...v J.\A LSILM)‘@KL@& /g_g)lg..\.&..;l )..Sl 56\)}.'[' Koo

o] elold golging g, arg, - ai)lo yielily pesd

Dged oddlice ¥ SS O)l>gls o les o ]
S8 sl eag | o3l i8S )8 Zuly Al Ao
f Judods (Jcpl bl (5500 (V) dlolee jo yols
(olil Sl plas yo g pSojlail 5 S5 (05 los
by, o e es HP (w) S s pSo;lail
Gl @b ke b ol o 1) HP (w) Jloie s, S5
oIS nly 5 5l 35 5 sl ol oS3
3 e sl S B dsge IS8 Sl aaliial b olsise

n
T
PiP;
H(w) = Z Ve
(w) = .QLZ —(1)2 +2}€lﬂlw ( )

S xS i Gy g @y Ly T 0 oS
S8 Slaagly B 5 W gl Tl ee S g 390
wizs 585l lgiee HP (@) Geess jgliteds .ol
ool Joge slogially 5 USite a5 (VF) alobee s
U 51 eoliwl b HP () bl (! 5 0905 ool
odd (g pSojlal b sla WilS )8 cadgl o5le slasge
o3l o (6, Sosll ole Cond g 0o o o5l

L8] o9 0 005 s oyl

S P!

A LY
Hy™ () = Z 0z
i=1 D

—w?+2j¢pQipw

olre pgo idn 098 Jol> lawabl Jaw Slo )oK
&l 50510 o HP (@) 00is (5,50 3l0il csnd 4 (V0)
[ﬁ] Sg o0 solarwl ot sl Soslail @l il Q‘)"."?

Db oo dgage ,1,S5 a0 T8 b o (10) dolae s

Yy

SrdJasl @b glaosls Gulul 5 Jae (Glo,pllse
=l ,8 Al alb sesls s s 5l 58
slawy ondlS 3wl b e lagbg, Lol
SYolee slawy a5 aws oo lid (6 8y Jlal b sbesls
my kn ol o a8 el kxnxm/2(m—1)
5 S blE (S ol B slasd ol e
29 oo 0adline a5 jghailen .alivs (g S0l oS
Olereds b oo Gl (6Kt jsbay DY olas olass
laa o Wy oo s pM JESI 2 (G (Bg) «Sape So
Das rals ol eyl Glidss 5 Olygss
O 7555 g00e polie b ol S¥olas 5l (S
S8 il cou 1) Camlus S¥olas plo Sledbl ol
celie (23059 b plgiee ) S polie SIST s
&l P sl g, ol s Cawles Yol
U‘Jl )l é: ] 00 L)LQ.&-A-&-A.AJ SYolee W Gaou)j
sl alslas oo e 51 s, o 55l Jlos lots,
5w, s ol adlas o .l o pes Veye b
Wgbsa (B30)9 395 9 ey b Cemlus S¥olas
w5 oKer b conlas EYolae oles ol plo

n T
Z Pip; o
5 > - o)
e g~ w? + 2800

SrSolul b sl s 3 slaw m (V) adal, ;o
‘5’.».,.,0 QMJlS)S U”)}—‘ el (_5\)‘)] QL?)& slas n 9 W)
B asl S, B ojlasla ol (V) dlobas Jol idu 4o
&l oolatul 5550 LuilS 8 eogae o HP (W) cds


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

(YA-FVNF Y i) g 5wl « poooe Jlo o cwdige 403 g basanl ST gop! desl

| sTART |
- ~ P> ~
Finite Element Model | {  Experimental Structure
(Intact State) (Damaged State)
A ) ) 7 \\_\ i i ,./'
Modal Analysis (K, M, C) Modal Identification
Obtain Natural Frequencies. Mode Obtain Natural Frequencies, Mode Shapes
Shapes and FRF from FEM and FRF (H,) from Measurements
Calculate Transmissibility T(w) Calculate Approximated Hy (w)
v
Calculate Transmissibility T(c)
AT <Desired an Undamaged
Tolerance Structure

-

. -

[ Structural Damage |
e

~

—

Select Frequency Ranges
Select Excitation DOFs
Select Measurement DOFs

v

—» Calculate Sensitivity Matrix S(w)

v
Normalizing S(w)
Weighting Each Row

!

Find AP Using the Least Square Optimization Problem
(Min Residual ||AT — S&P||)

K+ 8K

Properties

Knew

Calculate New Modal

" 8P <Desired
Tolerance

Yesr,'-"'
| Damage Quantified |

[YF] 630 JUs! 2ol osls 31 ooliim! b Camlus 3 S Sgazxe =131 Jowo Slw yolots o9y @ laold ¥ IS

odalice jolid Al aiwgy Jow 3l ol T USS jo .ol

D9 50

LLULS jalud aivy diwgy Joro F S5

‘5.3..&.: .b).g)lf—\“

Juo wlasin g bz —)-Y
@bl @bl g bl mess (B9, silwesly jshaieas
Grdy JEl al ol dolas 5 02,6801 6 lgnl
5 995 o0 oolaiul Holid G aiay aswgy Jow 3l eads &5l
LS 50 000 ol izl Slaad g Dol (abse LB
B adllae sy0e oF plelid  Jue Sloplp
Ailee LLU go 5l H5led ainy atugy Joe 05 o0

o sslizal sl 331 05 5l g jloe 5 (b


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

Sl b colus dloles alwgy Holids w50y o5l Jow (Slo,mp8us /5 basinl ;5T (g0 5 sex]

59l Ay dwgy Juo (S8 Olasin g ol ) Jgus

lodo Olasin [l
Srosheo VY- sk
yodis £V P
yonds YA F el
Fackes ¥ (8) 6y 5 sl
AA 5-AY EVRVgES
Yv--kg/m® (P) oz 0>
v-Gpa (E) asmaa¥! Jgoe
HARS (F) ygmslsy oy

9L iy diwgy Jowo 098 Wlaie Y Sl

0959 s (Swolns ol 4565 0 sl (gl
Camslgo I ol I adgl o5l Saliys lasin
g oge JSb (50)9] Camds jolateds uilS 3 o
Spdy el bl W atugy Joo b Gl S
Vo Jgaz 50 jslid oy atwgy Jaw (ormb (il 5 il
gy JAA Sge J&w u.u.u: Oypired el od.lé)f e
&b loges .l oad ools lad A S jo 0l 4y
VS jo s pelid aay atwgy Joe odlS Bl

el 00 00l u»aLoJ

29bud Aoy diwgy Joo (g fossl (graub (il )8 s .Y Jgu

(3 8 e oilS 58 290 0 e
VYA \
AEYANY Y
FANA Y
\Aia A
ARRYE N
\YY/FY 7

GrSelul izen 5 S L 5 SO plnl g
Llis 5 golil lo s sl 4 S b Lol

Gilw oo b las o Glasie plo g olol YV ooz o
Gl oo .l 0008 )5 &5l 1 5 glils dsay o5l dgamxe s3]
Hd‘ojf )LQ.> L;‘ gy ;‘).>‘ &qu )5L~w Ay dwg
shlo o) 12 90,5 Lz Jold i o .l ool alol
5 Sl ol a0 aw Jolis (ool axyo pi
Js> Sso solil az s 4w 5 Zo Y« X (slajme (5L,

Ll 00l o0lo LJ’“‘"L"" Soles Sy (5“’; )LQ‘>

%ﬂ%

SloyS ez atwg 3o Siled pwlod O JSCb

Solid Ay diwgy Sgaze szl Jow goue (gjlwans
gac olaws ol 045> axl 2 5 Cowl Al Ve Jolis
A8 ol jolid aiay awgy Sguzee sliz! Jow aib o0
Aibce golyl ax 0 YOYY olaw g 0,5 FYY gae
PSS 50 pglid oy dwgy Joe (st g sal

el 00l ool oyl
oo Ll ol pasas g Joe (Sl el jslareas
adys Sy il ainy dlwg Jae Goged ke Zuz
ol dude aladl du (o sl Ay Alwgy e 090 oo
RWFRRV R ESH PRSP WP [ PESONIC RN IR o
g oo 0dalin Y IS jo a4zl )3 laiis 5908 Sleas

38l Ay dwgy Joo Gy 9 Guwansl F S


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

(YA-FVNF Y i) g 5wl « poooe Jlo o cwdige 403 g basanl ST gop! desl

1 o Ky alis cnl aited (5 pFojlail B ol
slo g, il ails lg dioy ol jo Sldass ploil 4
slp e slocasdse (3L Gln gouaie 5k
&5 slaghyy ez 5l w)ls 2527 o S (o 1S sl
SUED g Jis slagts; 5 (KE) Jlae i
S5 golyl Ol s g blis axies o bg, o sael,lS
oads ooy oled Vo SS9 ¥ Joaz jo s uSojll g

el
PRRL SPSRE I N I B SRR JEROV PR
ooy cyiehly (e @Sy oddcenl Szl Cal
or Sledae 5 @xSeill glalks (glears
ol 1y ol slacdls Slasie F Jsas aloads
sadl oled sl SO o0 g (6 S oIl bl oo o

Dy oo aid)S Jlai s (LS ol

S0l g Sy ol wloryo ¥ Jour

Sy golil Wl SrSelail golT iy

YEA YA~ YAF -
YaA  FEY  FA- £aA
YIS VY V¥ AO¥

YY.  VAY YA
A¥S  ASe AFY
VEEY VAYY  VASY

5o o5 Jogl 5,3 b 393 pladl (6 S 03l 5 S,
(Y )90 GL‘*") ) L;’Jl} Silaw P Oges Oyga
553 galy 55 03lail 5 o2 5k Jleel soliT o
A3 (79700 Ll )9) (il Sloxio  3gac g JU
5 Lg).u)uJLo.»." LSL‘M‘)“) as LS’LZ"T )‘ el 00 43_9;
“»3'“(5& c\.....ul.‘}bo Wlfjs GA.A}L' el.: 6[&00‘\5 u.ul.m‘
&0 o le (5w 2 ggezme slmin b S 0 gla) S
S0 gl uilS )8 00900 ;o (SFRFI) (owdlS 3 el

gl oo ol (V9) alayl) Javgs o oLl

%)

oVl & bgpe @331 Glays (1F) abal) & azsi L
2 @l ol o T Glee 5l g 00 puns SFRF 30l

g so Sl SO o S ¥ 9 sl
Jolre 5l T pledsz g 03le 59, p K (S oy
anTd g ol cadle o la gl wlas 5 5)9,
i lye ol 5l a5 cal canl glulis
")i“*’ 6)‘3561-?'
S ol caml aas el sl jics b jgadw
Slryd 5l o8 ol Ll K0 sgu 5l 090 il

Sass 4z, gd oo oL (OSPP)

polez dge S5

pom 390 JSO

S Sge S

59l A gy Jowo i U Jgl sldogo S A ISl

oy ogo SO


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

SrdJlnl ab cowlus dolas awgy Haliss day o5l Jow (gl ,n g /(g basanl ;ST (g0 3! s

Log FRF

'
=

'
(5%}

10 20 30 40 50

pac wlge olss wgamo syl 1o i ojlasl o gasee s3]
el py siledae g (o208 i lulyh e s
53 Bzl 4 e 99 58 (g5l se 5 6 o3Il slallas
o el plas b—il’.‘ﬂ 3logd o0 ol Cowdas =
ot @mls 4 wileads euilnS Colus SYolre
a5l laedsl ol b il sinlys ol el b
Suglio oollacl Sl Gl pln yo eoleiinn ()
iz glail cgoae slo gy 0 conl ppe jlws S oo
Sgaze sli>l slvosls 4y Bolas slacl 34331 L lallas ;|

[ ] s 00 s 5loares

G503l glallas — V-Y-¥
G503l slojles slaguly aen IS (5 o3Il slallas
ol SISl oiils gyl 5l anS e gl | s
Lv] el ppe o (o3 ol @l 2 (6 S5l
(ot sl e cBs pae g5 Gl sileand platee
X§ 553¢ odddmls slojlu slagwl 4 dolas ,olie

X, =X3(1+E)) Y

&l sl a3 laie By g Csl g as 0091 slassls Xy
e (Sl ypllige @l » ot alisie zolaw 250 (w0
L colesy oud mojei Polai slallas wgass slj]
ol (gilwand sbosls 4 canlite jobay 70 I,

60

70 80 90 100 110 120

Frequency (Hz)
29l iy gy Joko oS5 Frasly S foges & JSC

e

Measurement Points |l

Excitation Points

29lels diay awgy Juto (5 S 03Il g Sy bl e Yo

oud (St ] w0 g S sl F Jgue
H9led Ay dwgy Jowo Cy>

&P w0 g szl oylods P PE N [P
A 5..5.:0)@
\
Yo ‘531)5.).0)0
\# Y gac o lads
Y
Yo Yo ‘53])5“)0
YA q Y gac o,lods
v
A\ Y- YO o gl aey
Y V'Y 7 Y gac o,lods .
¥ Yo V- ANATEP FER W
\Wv Y Y N \ gac o lads N
Yo Y6 f- Y Y. IEESRWRY
VY A 5.5.(:0)[‘:.34 .
Y. Voo Gl ey
s —Y-Y

I e 1 - Yo S e WON S DV~ EX JUR LR
30 Ygors ballas pl 0gd oo Uas 4 00gll gull 4y i
olon slbalbs 5 b Kas daze Ll ST ases
Siladas o plalas Guizmes Wisd oo ol JUSw
&l Joeys @ledlonsl 51 (36 a5 o ls o2y goue


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

(YA-FVNF Y i) g 5wl « poooe Jlo o cwdige 403 g basanl ST gop! desl

Ol i o o — ¥F-Y-Y
5 o0l St byl ploiul pw)n sl
500 3590 (sla el (eSilee el (ST aslllas
SR Sl 9550 ead aysln glayelly (M oSile
@ 00g)] sloosls 5l acgamae ol jalate (ol 4 &S o
oad 418 5 A )3 slojle bl )ly (e sl Uas-
GBS s b spaa izl Jas o, ol gl
B (h V) ‘_gL:bJS.,L o ‘_gﬁfo)"..\jl 9 ‘_g)L....»J..\.a 6LL:.'$-
Foh)ly et Ol i oy el 00 o 3 () VO
WV sla IS jo Uas 4 oaglT slaools 5l eoliul b

RGO W (ol 5 (@) AN La(u)

OActual Damage
0.25 WPredicted Damage Noise Free
@Predicted Damage 5% measurement Error + 5% Modeling Error

Damage Ratio

Element No.

B5% Measurement Error + 5% Modeling Error

cov

1 3 5 7 9 11 13 15
Element No.

S oo gallas — Y-Y-¥
slalbs 5b cou wyame sl Jow SloplKig mls
fx Gilkedoe oz wile pdb ol g5l o
5o ez olol cel pym (5,8 10 Cd0 pae 0,5 0 1,8
Aolre ol gl oS 05 o ddow slagul posw
5 ooleion Loy, [FV]as walys solinwl cowlas
Slagaly 0,5l Cassts sl Slojle o2 slo el
59 S o oslaiul (6 8y JUl g (w88 ks cslojle
25U e sl poojle cul o)lge i
5 S w b e Gl p Ll oS
Ol o el 5 ol slacsles 1o o7 sl el
ool (Sen (2858 prr slayiell wezs onl bl
s gjloarcs gl il onii asie s
@70 eSS @i b (Bolai sl So (gile e

g se a8LSl o> (slatall

()

(=)

0 (St L Yol Ol et w18 (00 ) (21,5 Sl 0 59l iy gy Joo (S (e 9 ($2S8l9 Ol (A1) S

0.45 4 DActual Damage
mPredicted Damage Noise Free

Damage Ratio

Element No.
0.09 B5% Measurement Enor + 5% Modeling Exror
0.08
0.07
0.06
0.05
0.04
0.03
0.02
001

cov

1 3 5 7 9 11 13 15
Element No.

@Predicted Damage 5% measurement Exror + 5% Modeling Error

(&

0 (S L Yol Ol et w18 (0 ¥ (25 Sl 50 5Ll iy Aty oo (o (S 9 (2Bl Ol S (ANAY S0


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

OO (gt et

00l et et
2
5
(-1
2
E
8
>
3
o
O (o s,

Sl b colus dloles alwgy Holids w50y o5l Jow (Slo,mp8us /5 basinl ;5T (g0 5 sex]

0.35 7 DActual Damage
®Predicted Damage Noise Free

(&
@Predicted Damage 5% measurement Error + 5% Modeling Error
0.25
0.15
0.05 4
1 3 < 7 9 1 13 15 1 19

-0.05 7

Damage Ratio

Element No.
0.14 1 @5% Measurement Error + 5% Modeling Error (=)

0.12
0.1

5 008

o

C 006
0.04
0.02

1 3 5 7 -} 11 13 15 17 19
Element No.

S yolly Ol il o 3o (@ F (2155 Sl 50 5oLl oy diwgy Joho (how (St it 9 (528l Oy (ANNY IS

0.45 - OAcmal Damage (ah
B Predicted Damage Noise Free
@ Predicted Damage 5% measurement Error + 5% Modeling Error

0.15

Damage Ratio

0.05

1 s 9 11 13
-0.05
Element No.

0.14 7 m5% Measurement Error + 5% Modeling Emor
0.12

0.1
0.08

oV

006
0.04
0.02

1 3 5 7 9 1 13 15 17 19
Element No.

(8 ol Syl g 6 (0 F (i3 o 50 59l Wity dasgy ko ik it st 9 23l s (U1 NF S

045 5 DAcmal Damage (i)
W Predicted Damage Noise Free
035 BPredicted Damage 5% measurement Emor + 5% Modeling Error
0.25
0.15
0.05
-0.05
Element No.
0.14 1 @5% Measurement Emor + 5% Modeling Error )

0.12
0.1
0.08

0.06
0.04
0.02

1 3 5 7 9 11 13 15 17 19
Element No.

S yolyl Oyl G 1 (2 B (21,5 Sl 53 5Ll iy altwrgy Joho (S (S i 9 (2819 Ol i (W11 SO

YA


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

(YA-FVNF Y i) g 5wl « poooe Jlo o cwdige 403 g basanl ST gop! desl

O Actunal Damage
7 ®Predicted Damage Noise Free

03 4 @ Predicted Damage 5% measurement Error + 5% Modeling Error

Damage Ratio

1 3 5 7 9 11
-0.05 - Element No.

1 @5% Measurement Eiror + 5% Modeling Error

1 3 5 7 9 11 13 15
Element No.

(&)

=)

0l (St s (U ol yly Oyt g 3 (0 F (25 Sl j0 Hglus Al dswgy Joo (SR (St sty 9 (B9 Ol ki (AI)NE IS

OB 3lg wls
1- Linetal.
2- Chen and Maung
3- Esfandiari
4- Esfandiari and Vahedi
5- Wang
6- Frequency Response Function
7- Power Spectral Density
8- Transmissibility Function
9- Sanayei et al.
10- Baybordi
11- Zhou and Abdel Wahab
12- Khalil and Aljanaideh
13- Yan et al.
14- 1zadi
15- Singular Value Decomposition
16- Least Square
17- Norm
18- Rhino
19- S4R
20- Optimal sensor placement
21- Coefficient of Variations (COV)

&=l -0

1. Zhang S, Pedersen PT, Ocakli H. 2015.
Collisions damage assessment of ships and
jack-up rigs. Ships and Offshore Structures.
10(5).

2. Deeb H, Mehdi RA, Hahn A. 2017. A review
of damage assessment models in the maritime
domain. Ships and Offshore Structures. 12.

3. Sohn H, Farrar CR, Hemez FM, Czarnecki JJ.
2004. A Review of Structural Health
Monitoring  Literature :  1996-2001; Los

Sl eSS ) 45w oo LS el il (eSS il
oz a5 009)] jlows (sloosls sl oslazul b wilgs oo oals &l )|
cdoas 1) glojles glaccml (gl ainy wiwgy Joo sl
ot Oml Oled copd aled (o5 g le e
oyl oS (SaSy 5 cds oaams lis jo b iell

el 00l JPESEI &lojls

&S Az - F

Sgaze syl Jow Sle sy by, S adlas oy
&b laosls sl eslawl b 1) conlus alobae 5 e
ool d.:.wy Ls“’)l*" MT ngLw: LE‘J" 6JJJOJLQ.~?‘
=l » GrSoilail slalls 5 gilwJoe Ol
olar slallas 09381 b sgame sly>l Jow Slu jpSige
ad,s b o o seosls 4 CBlESy cad a e
s yehly (5l polie o)l b oy okl 090 oo
o3 gl 39 oo oy Dl pdS G pS g 00 3551
Ao ]y eoleian Gy, ylnl g plul )l
colyo w8 o bl il aw g g pSeslail slalls
oS (SaSTy oais lis ouds pllige byl )b Ol s
el el )l ez


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

SrdJlnl ab cowlus dolas awgy Haliss day o5l Jow (gl ,n g /(g basanl ;ST (g0 3! s

Engineering. 170.

17. Ricles JM, Kosmatka JB. 1992. Damage
detection in elastic structures using vibratory
residual forces and weighted sensitivity. AIAA
Journal. 30(9).

18. Lew JS. 1995. Using transfer function
parameter changes for damage detection of
structures. AIAA Journal. 33(11).

19. Providakis C, Tsistrakis S, Voutetaki M,
Tsompanakis Y, Stavroulaki M, Agadakos J,
Kampianakis E, Pentes G. 2015. A new damage
identification approach based on impedance-
type measurements and 2D error statistics.
Structural Monitoring and Maintenance. 2(4).
20. Marwala T. 2010. Finite-element-model
updating using computional intelligence
techniques:  Applications to  structural
dynamics.

21. Malekzehtab H, Golafshani AA, Nikraz H.
2013. Application of Finite-Element Model
Updating in Damage Detection of Offshore
Jacket Platforms Using Particle Swarm
Optimization with Noisy Modal Data.

22. Hokmabady H, Mojtahedi A, Ali Lotfollahi-
Yaghin M, Farajpour I. 2019. Calibration and
Bias-Correction of the Steel Offshore Jacket
Platform Models Using Experimental Data.
Journal of Waterway, Port, Coastal, and Ocean
Engineering. 145(3).

23. Hokmabady H, Mojtahedi A,
Mohammadyzadeh S, Ettefagh MM. 2019.
Structural control of a fixed offshore structure
using a new developed tuned liquid column ball
gas damper (TLCBGD). Ocean Engineering.
192.

24. lzadi A, Esfandiari A. 2022. Structural
damage identification by a sensitivity-based
finite element model updating method using
transmissibility function data. Ships and
offshore structures. [Internet]. [accessed 2022
Sep 12]

DOI: 10.1080/17445302.2022.2120296

25. Mottershead JE, Link M, Friswell MI. 2011.
The sensitivity method in finite element model
updating: A tutorial. Mechanical Systems and
Signal Processing. 25(7).

26. Lin RM, Lim MK, Ong JH. 1993. Improving
finite element models in the higher frequency
range using modified frequency response
function sensitivity method. Finite elements in
analysis and design. 15(2):157-175.

27. Lin RM, Lim MK, Du H. 1995. Improved
inverse eigensensitivity method for structural

Alamos National Laboratory Report, LA-
13976-MS. Los Alamos. LA-13976-M(LA-
13976-MS).

4, Salawu OS, Williams C. 1995. Review of full-
scale dynamic testing of bridge structures.
Engineering Structures. 17(2).

5. Yang ZR, Li HS, Guo XL, Li HY. 2007.
Damage assessment in pipeline structures using
modal parameter. In: Ships and Offshore
Structures. Vol. 2.

6. Cawley P, Adams RD. 1979. The location of
defects in structures from measurements of
natural frequencies. The Journal of Strain
Analysis for Engineering Design. 14(2).

7. Salawu OS. 1997. Detection of structural
damage through changes in frequency: A
review. Engineering Structures. 19(9).

8. Thyagarajan SK, Schulz MJ, Pai PF, Chung
J. 1998. Detecting structural damage using
frequency response functions. Journal of Sound
and Vibration. 210(1).

9. Esfandiari A, Bakhtiari-Nejad F, Sanayei M,
Rahai A. 2010. Structural finite element model
updating using transfer function data.
Computers and Structures. 88(1-2).

10. Asgarian B, Aghaeidoost V, Shokrgozar
HR. 2016. Damage detection of jacket type
offshore platforms using rate of signal energy
using wavelet packet transform. Marine
Structures. 45.

11. Xu M, Wang S, Li H. 2019. A residual
strain energy based damage localisation
method for offshore platforms under
environmental variations. Ships and Offshore
Structures. 14(7).

12. Pandey AK, Biswas M, Samman MM.
1991. Damage detection from changes in
curvature mode shapes. Journal of Sound and
Vibration. 145(2).

13. Sampaio RPC, Maia NMM, Silva JMM.
1999. Damage detection using the frequency-
response-function curvature method. Journal of
Sound and Vibration. 226(5).

14. Hjelmstad KD, Shin S. 1997. Damage
Detection and Assessment of Structures from
Static Response. Journal of Engineering
Mechanics. 123(6).

15. Yeo I, Shin S, Lee HS, Chang S-P. 2000.
Statistical Damage Assessment of Framed
Structures from Static Responses. Journal of
Engineering Mechanics. 126(4).

16. Liu K, Yan RJ, Guedes Soares C. 2018a.
Damage identification in offshore jacket
structures based on modal flexibility. Ocean


http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html

[ Downloaded from marine-eng.ir on 2025-08-26 ]

[ DOR: 20.1001.1.17357608.1401.18.37.3.8 ]

[ DOI: 10.52547/marineeng.18.37.28 ]

(YA-FVNF Y i) g 5wl « poooe Jlo o cwdige 403 g basanl ST gop! desl

identify surface cracks in welded steel pipes
based on transmissibility. International Journal
of Pressure Vessels and Piping. 168.

37. Khalil A, Aljanaideh KF. 2018. Aircraft
Structural Health Monitoring Using
Transmissibility Identification. In: Vol. 51.

38. Yan WJ, Zhao MY, Sun Q, Ren WX. 2019.
Transmissibility-based system identification for
structural health Monitoring: Fundamentals,
approaches, and applications. Mechanical
Systems and Signal Processing. 117.

39. Zhou XQ, Xia Y, Hao H. 2013. Sensor
placement for structural damage detection
considering  measurement  uncertainties.
Advances in Structural Engineering. 16(5).

40. Esfandiari A, Bakhtiari-Nejad F, Rahai A,
Sanayei M. 2009. Structural model updating
using frequency response function and quasi-
linear sensitivity equation. Journal of Sound
and Vibration. 326(3-5).

41. Hajela P, Soeiro FJ (1990), Recent
developments in damage detection based on
system identification methods. Structural
Optimization, 2(1):1-10.

42. Hjelmstad KD, Wood SL, Clark SJ (1992),
Mutual Residual Energy Method for Parameter
Estimation in Structures. Journal of Structural
Engineering, 118(1):223-242.

43. Mottershead JE, Link M, Friswell MI
(2011), The sensitivity method in finite element
model updating: A tutorial. Mechanical

Systems and Signal Processing, 25(7):2275-
2296.

44, Baybordi S, Esfandiari A. 2022. A novel
sensitivity-based ~ finite  element  model
updating and damage detection using time
domain response. Journal of
Sound and Vibration [Internet]. [accessed 2022
Aug 1]537:117187.
doi:10.1016/J.JSV.2022.117187

analytical model updating. Journal of Vibration
and Acoustics, Transactions of the ASME.
117(2).

28. Chen HP, Maung TS. 2014. Regularised
finite element model updating using measured
incomplete modal data. Journal of Sound and
Vibration. 333(21).

29. Esfandiari A. 2017. An innovative
sensitivity-based method for structural model
updating using incomplete modal data.
Structural Control and Health Monitoring.
24(4):e1905.

30. Esfandiari A, Bakhtiari-Nejad F, Rahai A.
2013. Theoretical and experimental structural
damage diagnosis method using natural
frequencies through an improved sensitivity
equation. International Journal of Mechanical
Sciences. 70.

31. Esfandiari A, Vahedi M. 2018. Enhanced
Sensitivity for Structural Damage Detection
Using Incomplete Modal Data. International
Journal of Structural Stability and Dynamics.
18(4).

32. Wang BP. 1991. Improved approximate
methods for computing eigenvector derivatives
in structural dynamics. AIAA Journal. 29(6).
33. Sanayei M, Esfandiari A, Rahai A,
Bakhtiari-Nejad F.  2012.  Quasi-linear
sensitivity-based structural model updating
using  experimental transfer  functions.
Structural Health Monitoring. 11(6).

34. Zhou YL, Abdel Wahab M. 2017. Cosine
based and extended transmissibility damage
indicators for structural damage detection.
Engineering Structures. 141.

35. Zhou YL, Cao H, Liu Q, Wahab MA. 2017.
Output-based structural damage detection by
using correlation analysis together with
transmissibility. Materials. 10(8).

36. Zhou YL, Qian X, Birnie A, Zhao XL. 2018.
A reference free ultrasonic phased array to



http://dx.doi.org/10.52547/marineeng.18.37.28
https://dor.isc.ac/dor/20.1001.1.17357608.1401.18.37.3.8
https://marine-eng.ir/article-1-1011-en.html
http://www.tcpdf.org

