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Damage detection in structures using finite element model updating based on changes

in wavelet transform coefficients of a correlation function
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ABSTRACT: In this paper, an innovative finite element updating method is presented based on the
sensitivity of wavelet transform coefficients of correlations function structural parameters is proposed
to identify the damage. The Quasi-linear sensitivity of the wavelet coefficients of the WTCF concerning
the structural parameters is evaluated based on incomplete measured structural responses. This WTCF
sensitivity is more sensitive to local structural changes than the wavelet transform function response
sensitivity. The model is updated by the wavelet transform coefficients achieved in the frequency range
in the vicinity of the resonances, in which damping and incomplete measurements have no significant
effect on the results of the parameter estimation. The proposed algorithm is used to estimate the structural
parameters of the frame model. By the solution of the sensitivity equation through the Least-squares
method, the finite element model of the structure is updated for estimation of the location and severity
of structural damages, simultaneously. The proposed method was successfully applied to a 2D frame
model using simulated data contaminated by measurement and modeling errors. The robustness of the
method against modeling and mass measurement errors is investigated by adding random errors to the
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1- Introduction

Large structures such as marine platforms, ships, bridges,
and so on are designed to be used for long periods of time.
The lack of proper functioning of these structures or their
failure may lead to irreparable economic and life losses.
Thus, to prevent these, researchers are always looking for
methods to identify the damages created in the structure and
the remaining life of the structure despite the damage [1].
The main methods for damage identification of the structures
are: visual inspection methods, non-destructive tests using
piezoelectric and ultrasonic equipment, as well as the use
of identification algorithms based on data collection from
the structure to identify damages [2]. Therefore, an ideal
method for damage detection should be able to detect the
occurrence of the damage in the initial stages without having
previous data, and also identify the location and severity of
the damage within the scope of the sensors’ performance [3].
Therefore, in this research, a new sensitivity equation has
been extracted using the wavelet transform coefficients of the
correlation function to update the finite element model. This
index is more sensitive to changes in structural parameters
than other modal indices and frequency response function.
The sensitivity equation provides a quasi-linear relationship
for changes in wavelet coefficients according to changes in
structural parameters.
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2- Theoretical relationships
For the arbitrary function f(¢), the continuous wavelet
transform is presented as follows:
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Where ‘I‘*(t) is the complex conjugate of the mother
wavelet function, @ andb are the time scale and time
transfer of function¥(r), respectively. In order to speed
up calculations, the binary discrete wavelet transform is
proposed. Discrete wavelet transform is shown as Equation 2:
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The relationship between the wavelet transform function
of the response and the wavelet transform of the correlation
function of the multi-degree-freedom structural response is
presented as Equation 3 [4]:
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Fig. 1. The geometry model of the frame
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Where, #,,(; r)is the wavelet transform function of the
structural response; ™, (; 1y shows the complex conjugate
transpose (Hermit matrix) of the WTF of the structural
response;sﬁ;’k) and s/ 4 Are the wavelet transform of
the response correlation function and the wavelet transform
of the input correlation function to the system, respectively.
The final sensitivity equation of the wavelet transform
of the correlation function for all degrees of freedom is as

follows(equation(4)):
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3- Numerical validation

This algorithm is used to identify the damage to a frame
structure presented in Figure 1. The length of the sides of the
frame is 0.9 meters, and the number of degrees of freedom is
78 (each node has two translational degrees along the X and
Y axes and one rotational degree around the Z axis).

The frame is made of steel, the Young’s modulus of
the members is 200 GPa, the mass per unit length of each
element is 2.813 kg/m, the moment of inertia is 0.264 cm?,
the cross-sectional area of each member is 3.61 cm?, and
the length of each member of the structure is 10 cm. The
unknown structural parameters of the beam-column element
are EI flexural stiffness and AE axial stiffness, where A, I and
E are cross-sectional area, the moment of inertia and Young’s
modulus, respectively. Structural responses are decomposed
into Daubechies4 (Db4) wavelet levels.

138

Table 1. The selected range of a4 &y coefficients for
updating

Damage Case
(-0.6)~(-0.9)
(-2.1)~(-2.8)
(-2.3)~(-3.4)

(-12.2)~(-13.7)

a(j oy range

*10(e+3)

4- Results and Discusgion

The selection of U*) wavelet coefficients is very
effective based on the structural parameters for the success
of the estimatiop, In order to increase the accuracy of
approximated #,(;yand as a result of increasing the
sensitivity equation, (j,k) coefficients have been chosen
close to the natural frequencies of the damaged and intact
structure. The selected range of these coefficients is presented
to be placed in the proposed sensitivity equation in Table 1 in
different time and shift scales.

The result of updating the model presented in Figure
2a shows that the proposed sensitivity equation is capable
of accurately identifying the location and the severity of
structural damage. The stability of the results obtained from
the proposed sensitivity equation by evaluating the coefficient
of variation of COV parameters is shown in Figure 2b. The
low coefficient of variation shows the good accuracy of the
method and the low dispersion of the predicted results.

In order to quantitatively study the predicted results
and compare them, the closeness index can be used, which
indicates the relative distance between the predicted and
actual damage vectors. Therefore, it can be written [5] :

Cl=1- M (5)
o5

Where, 5P, and 5P, are actual and predicted values of
damage vector. TheCI values of the considered damage
scenarios are presented in Table 2:

5- Conclusion

This article has developed a method of updating the
structural model in the domain of time-scale using the wavelet
transform of the correlation function and it has been used to
identify the damage to the studied structure. The structure
model is updated by using the wavelet transform coefficients
obtained in the range of natural frequencies, in the vicinity
of resonance frequencies, where damping and incomplete
measurements do not have a major impact on the results
obtained from the parameters. The proposed sensitivity
equations to reach the changes in structural parameters have
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DOReal Damage
B Predicted Damage-5% Measurement ersor
B Predicted Damage-5% Measwrement ersor+ 5% Mass error

Damage Percent

Table 2. Closeness index of frame model considering
measurement and modeling error.
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Fig. 2. (a) First case damage predicted parameter at
considering 5% measurement error and 5% modeling
error, b) COV of the predicted parameters.

been solved using the least squares method. In order to reduce
the negative effects of incomplete measurements in structures,
the approximation method and the data related to the damaged
and intact structures have been used. The proposed method
was successfully applied to a two-dimensional frame model
using simulated data containing measurement and modeling
erTors.

CI
Damage With measurement with measurement
Cases .
error and modeling error
1 0.84 0.83
References

[1]H. Sohn, C.R. Farrar, FM. Hemez, J.J. Czarnecki, A
review of structural health review of structural health
monitoring literature 1996-2001, Los Alamos National
Laboratory, 2002.

[2] S. Baybordi, A. Esfandiari, Model updating and damage
detection of jacket type platform using explicit and exact

time domain sensitivity equation, Ocean Engineering,
269 (2023) 113551.

[3]S.W. Doebling, C.R. Farrar, M.B. Prime, D.W. Shevitz,
Damage identification and health monitoring of structural
and mechanical systems from changes in their vibration
characteristics: a literature review, (1996).

[4]F. Kong, P.D. Spanos, J. Li, I.A. Kougioumtzoglou,
Response evolutionary power spectrum determination
of chain-like MDOF non-linear structural systems via
harmonic wavelets, International Journal of Non-Linear
Mechanics, 66 (2014) 3-17.

[5] F. Bakhtiari-Nejad, A. Rahai, A. Esfandiari, A structural
damage detection method using static noisy data,
Engineering structures, 27(12) (2005) 1784-1793.

HOW TO CITE THIS ARTICLE

function, Amirkabir J. Civil Eng., 55(3) (2023) 137-140.

DOI: 10.22060/ceej.2023.20796.7528

M. Sadeghian, A. Esfandiari, M. Fadavi, Damage detection in structures using finite element
model updating based on changes in wavelet transform coefficients of a correlation

139






785 500 ()] yo (o kien & i

FA B ESD Sloo VYT Jlo & o)lod DO 090 < oS yuol (ylpas wdine &y il
DOI: 10.22060/ceej.2023.20796.7528

o3liiw! b dgusxe ylodl Juo (lw i 5 3liw! U b o3l 4 cow! ool
Samod 2l K90 i gl e Sl 51

65'@ P ‘*d)l:’.m‘ )-SI col-g..g-!l.-.o )

Ol (5 S el (st > s oSl

18,5913 4y )b St 1l Sargo s Cal o Comlus e d9ae ol Jao Sloyjepm can dilygle by, @lio opl )3 s

V¥ o[- AIVY redl
DRA RV e
VANV 2oy
VAN oMl )

1605 Clols

dgicee loll (Sl
(ot 26

Sago s

ool 32 (Siamod @b g ol (s and Sl .l 005 &) Cannl oLl Cr slojl (sl el by &)
ovbol y (eolpiuiin Camlus dlas Cawl 0ids bl ¢ a8l oddb (6 0jll (glojlu (slaguol 4 dsg5 b e glojlu (sl ol )l
I gyt gl 0l (dove sl 4 sl ol Gy Sage fad g b dalie 3 (Steer &l Sage Joas
5 e o 3 48 Lo puiligs) Syglome 1 izmen 5 rbs (SlauilS B o390 3 ool Cund &y Srge b cals
el 01 Slusyig 2 5 3,90 5l 13 sl lolid Stz )5 el (30055 U5 2 2B 1T Bl (slas Sl
Wlayo Jlis ) 4 gl dlas o b el o o3l QB Jaa (glojlo (sl ol (35055 sl ccslaiviig wi o5
Sgeo 4 gy bl sl 005 Sloyig lojam yobo 4y ojls (slau] i g IS (055 (gl 0l d9ame (i) S
ool Lassuld (3 g, (64 y18 ol .ol 00 48,5 )15 dalllas 390 sl (605l Cpti ;3 ol ojl g9y p oD

Iy py yohyls g 0000 o] Je slodly (gilwdnds 4 Bolal glallas 9381 b o> (65uS03l0l g (gl e sllad ply 5o

@l Qe 9 O s g pasds 3 ) ol 51 S e cuige
S a1y b lusl (5055 s &5 a8 05 anlgs suelaxsls wonlys 4 yxie
Coe b dales 50 ool eolasdl Glilus 4 e 4l sl
2 LB slaosly o GleMbl sl @ b da oy, oyl 5l ealaiwl Lol
G oasis Gy Jlen) B9y cplply bl e o1 cu] 3blie
b ks 5 sl slye olad 3 &8 ail azsls |y o cubls o Wl
o] LD g e pmismed ¢ amd el |y cawl £489 ( LS claodly
LF] sl ololis b S 5 Sas 0dgd5e j0 1,
oidgute 51 (S Slils)) e el lold (slagbs,
Cosdly cpl g SLB)l e plolid lagby) il by,
IS5 [0 9 F] (b 8,8 1 8 5 Ibge (slaedly &S itwa lgiul
9 WIS 290 JS5 s 9 [ 9 Ve ] 90 S8 sl V5 A] 590
el 9 oy ojl (5w I (g 039 05l S (S5 sla S I[N
153 03l Cundg 3)50 53 (295 sl DlEMB] 5 Al g0 0jl e

Wbl sl o dgaoe slrodly By dayogy 1 SO o cB pd o )l

dodde —
Sl ops 9 bk daiS (2L lagS s S)j slaojle
sl J)Slo.c ple Lgd @\)]o uﬁ@b claple; oslaiwl
5 b phloles ahls cuwl See ‘Lm‘_’j e by bojles oy
Caa ojlw 0aiS wags Jolse calis 14 csly awsly s 4 (goladl
ol ol 51y sl yolaio ol ot Sl o] ()18 5 yrass
@app S LS wes olagbyy JWd 4 ojlgen oKiagh
I WT 5959 b ojlo oxile Bl yas g o3l jo ond sl LSL"’%":':“’T
ojle oM (il gt eolaisl (ol cpl w10 a0l jasuie
hlud g ladijo Aol 4 (55 S8 pudine it sladise; )
lbo)L.o Jel L.A.wj GJLA)LAA) Lglmuu” odos [\] ) oa)f L;LQ 9 u;l>
S8 4 et clagile)l by oyl slasbyy 5l W)ke
Slae oSl 5l ookl pimen 5 Sgul W K xSz liaes

pis [Y 9 \N] WT @L»Lw dl)) o)lm )l d)b)f"‘)b » u.‘.u.,o u;l.wl.w)

a_esfandiari@aut.ac.ir :olslse Jsosgs sty ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

£50



gy ool 1 et 403 Gl dslas 1 [VF] e 5 ool
H53ges o3ltwl O] w93 1 K ] Slelis cas ilS
2 e JAa Glayjon hgy €8 Sl gl VO] o)Sen 5 (o
gl @B sbodls jlegilo Jio 5 s Soiluil glallad jgis 55 ol
6 bdiawl 05505 0dlail 565 05l (o) p addllae oy wilS)S
b cslojlu sl piel)ly paseds cae e Jde (Sloyjon sl cote oS V7]
Camwlue daleo .Cuol 031> &1yl uilS )8 0565 50 45,5 (slaodly ;| ooliiu!
0l (B g pyx ed I lojlo el esS Car ooloidny
o glygel ojl i3)S glaodly pr gie (ouilS)8 Gl @l 4325
Cawlue gl o (il Jde cballas & s (golgiuiiy ddlre o]
Slg s Al o5l )3 39250 claul Lol 4y 006 5 A5k 0 oS
wlolis 4 Sunen ol (gyll sloodls 5l oslizul b {YV] ) Ken o
Ol by e 5 oges g & Augy adye oy )3 G
o 3 ojls gl T ately jslie wolis ozl 5 solizal |
ool s (a3l 5l ookl b g 03905 glyscil 1) 1y 0105 ool g wllo
bl sttty adlas 390 Jde 5> o] s 4 blite  Siasen
o3l yuo 93 55 litlofl Jao 5l oolotiy byy (eiwslisl Car
[YA] ol 5 55 . bilodges odlatwl (golpiuiny jigy sl sl (s518
gy ) ol gy (b (JBe @l olol 2 Coslus @yl olisl
b (ol 5 b IS5 o i JISp 5 Ol slagel 53503
I @b Comlas (U035 o gl il S 28 e by, 5l edlizs
Cawd 4 Gude Lolel p 1) dlojle cuwl oyl & cons Lab
wosls (PSD) ik JSs ol 5 [VA] ySad g plyy 53,1
3 a8 Aslee )l silodges odlatul ojle y3 ol olulis (¢lp 5,8
gyl 1y 535S eloosly Lol i S &b ool ol
bl cas osly 39y a8l sl Lolos 15l priomon oLl 0905
303 )13 )2 3590 325 1y o]
Gl (0l JuSew 53 (lady ©pgo 4 e SMBL S (6l
2 @iz slagyen 5l edlitwl IV .G sdalie bB g 039 oyl
all BByt 5 mro oMbl (o9l Cuss & el WS il
Col ol Sloj 4 S (ouil8 )8 059 (Sba gy Cuje Bl oo ()95
238l (639)9 S9SNl 4 (3l Canl (e la gy (il )3 &S
2l @lolid (b glojon) sliwly 13 cunl (Ko (939)5 Slaseie 2By
58 05 slagsby) wae JUWSl igd (ololid e sl el

G539 b sl oSy o 4y (ably (sl jd aS” cunl oy

u.))f WS dl).v ‘_{05): 9 4)])519: ‘_gLDau»9) )‘ oalael 14 s.kwl)ua )A.oS
b o plolid (pizren 5 Slujon Caa Jghie (laby) S
DY 9 V] Canl g sloms g0 (slaoals 1 aolazal

GleMbl (b (S5 g 90 JSB 4 Cunsd (iS5l
Sl S0 wyle 4 wd o &l ojle sla She dyse (g ypel>
Iy o5l dlﬁ’gs?}i9 3 R g Cowl i o5l 5l d)ﬁfo}bﬂ slaodly
Sl g (655050l (slad & o o5 Colus 2300 (LS s
&b 5 eolaol (gblie (S0 5l cglojlu gl yiol)ly Ol s 4y Canss 0l
Sllas da Shg g Lo ool 4 425 b .l (FRF) ousls 3 gl
CJL )] odlaswl 9 FRF Lngb.)l.) u«:l.w] » w»] u’.sL»Lu.u Lgl)J Q;O.l»}u
S W] ohlSen g oo, STs [V ¢ V] ol 0id ity (Sisor
S )1 odlaiwl 9 u.wlf)s @»L é’l’ u.al.w‘ 2 MT R AR
350 05k (S5 ool b g ol ol (ANN) o gtas ae
b I @l lojle slagaly 05 gl I xiges Q) (o)
L duglio > PSD el 43,8 )3 dvg 390 1pd] & ol (PSD)
L;Lmab 9 Jw:bgfc )Ju«:Lu.o pw.»] L Cod cJ]J}c 9 FRF ‘_gl.bb)‘.)
oo g Lol DA 5 VA wms o )l Jue Slujion sy sy
vasis 1y 1y (SSE) Lab (5,5 65, slaodly I oslizal [Y+]
MSE a3l jl Jools zols b1y 563 zulbs byl .055,8 slgiiun ol
IPse sy & Comid ik LS 5 e sblze 9 2008 anglie
51 ol b 1) 3¢5 (edlaidin winyo3l g B9y Como byl 133 ,S" exlazul
303 )13 )y g 25 2090 (2 Blejl Jhe s

gy 51 o2lizl b elojlo (sl el ol gla_bs, 51 05,8 G
Sbagby) b Hlotl Conla e Jae Sloyjen p jl
S o Sloyigp Sloll g 3 1) lojls sl piel )l ol (e
BMWB ¢ o)y cpl S ol 1) glojle o] @ud 5 oo U
2 Sloye JBls @ 1) odd duwloee g ol (g pS0jlul slagwly e
4 o (glojlo (saguoly > Sl 55 awlus (e oy,
SGSS 2a oo dawlore lpuss ]S 51 eolawl b (glojle (sl el b
0286 (6 xS0l wgazme slinl sl Jae Sl yigp (sl odes S
ol laguol Sluyjep B 5 Codgace 4 e a5l laosly
OB FS g Jho (Bl (o) «MSe cpl 2 ade (gl el iy 98 oo
LYY 5 VY] sl 5L 5550 ool

555



iy g3k it By (5 Jhe gl y9S Sage s 5l U
odlazul b Loyl 155405 odlitnl edle oBaSS b 5 G o S b
JIVF] ol)Sen 9 B9 s S5 plolid & 390 105 Joas |l
2 SF sl Cax 8 Jgl 390 IS gy ¢ gy Sage b
wl)..o Bl C.»I)...w 41:.‘.“:9 4 l) c_{).s JD:A Lm‘_'ﬂ .,\33)5 oaliiwl ‘_’j $9)
o pd 0S5 Bas i jglate &) (piman LNIdged (sl Sage S
ol odlatwl Koo i colps 5 Sy onimd byl leie 4 cond
Yoo &l 4 oS g0 i 5l eolaiol b [YO] (55l 5 4,L0 .l
ka5 @l 4 coles )3 9 (3 5 ploj 0jg> 3 (Stsen @y (2L)
{¥7] (ool s KI5 ity oM g5 opl (oll p (Stwsed &b
LTS G dnS Soge Jad Gliis colps AN b,
Dol eolazal b VY] LulySan g oY Lang0d odlatwl S 1S
e slojls (ol ol )by s 4 s 2yl S g0 ol s L0l
sl Camlas o3)ls glalad g 595 ) s & (Jb 3 Wlples Sl
Oigy & o (gilw e 5l eolanwl b [YA] LulKea 5 L L5y
275 dlowg 4 odd Cugl Sbdyg ) 2 lelid 4 dgi0e (L]
lSan 5 puig 3908 22l 1) (BT (o2l B9y oS5 51 (b ]
W) » d)\f}‘) LSLQAJ}' 2 wi L;:L»L.w S v ;§>9p J.a.\.u )‘ c[\ﬂc\]
yolyb polie Wby L LT sl Jloge (slmodls I oslizwl b oy b
f..\l)l.) LS")L) AMs e )90 dged O w»] )l RET Jd 2 u.wlg)ﬁ
sodly 4o 5l adllas 3y50 o5l o Sl e Slolis gl 1Y
JUSew 4355 S (6399 JUWSew (lgis @ 023 g5l (025 Jloge
o 51 ¥ ] Ll 9 K 090 ool jiwly Soge dliwy
CJL’ L3> ged ool u.s] 2 dl.ﬁé\]}] Pl WT L;:L»Lw Cu> L_gayc
W5l 9 odel Cawd 4 (Sealind (slagunl a5 sl L bl pwy
Je Liilesy) el & Soge i 1 eolaiwl b ¥V ] il e
2 b L g Wdged dunbe 1y b LK (g5l F il g8
wi oo & s |y 65 sl (6550l &9 Ol & lawlus
ol Caz (g dw S g0 & (9 g S 3 (s L 4y

ojlo g5 opl y ool Cows 4y (laodls )l a1 eolil b ol

218w glp s ool ua o o cas Ul sy,

S5y

bl b se, ol cmen wibe slasl e YL (cladgs
S wils )8 wolys o S o (Jod (slapiius 4 dgae |y W JIdge
MbdwmyémdlpummMBo)yéfuw
JSS 5 b uils)8 lgal 4 (il Sloj ojg> sbaby, o5 Jb o
Sdod leMbl pudtne job a b ybg) pl S o olatwl (Sl
ojo Sbey 4 nlply D9d o0 Jols 1) S50 (o Jae sladge
Srge 39255 o0 RS JeSo 3 b (sl (il B 059> g Sle
a8 5,8 Cuwyd (Jao e 5 sl atdly dgng i I LS il &S
09y olid ly (b S (Gl 1) o] Gloj slaaoso b
248 Sloise walyd |y Sl ) Sorgo o 355 ol loj o>
5 sl aine Vb e b ol sl uls 3 cleMbl Jgas oS bl
g 090 Vb uils p el & (Ll ) g 5 5Ysb (Sloj ol
5 i 3y 5 1 famles oslizul olisS oy Lolss 5l sl
AV op o ilS 6 = ploj 5 ()3 clej 09> aw 5l b lagely
929 b o Canl (538 0jg> 53 wre slagbyy S (S ygd Jds
GBibr 3 SIFL pes (mlee & Gl o9y cnl 28 JB LS
1 3503 0,L1 iloj cublad il izman o LS 5 bl sl JiSis
SHIYV] 0,8 oS oo o b il ,8 050> o o) 05> (sla gy 40 b
oy & e (il 5 0lej 0je 53 JiKew (A3 sblze dlo
Sl by JiSe Sy o) 5 iS4 plojan
o)Ll il widlS )8 slabil 4w yiwd ) g HluLL sl JuKew
25 sl JUuSus (31053 e > giasjyl Il Sarge o W 5905
561 S5 ol 45 25l 00 ol 1) il (Slogi (S rals S 4
Cobil S g0 odos Cuje Db pbsl JiSw Sl wilS 8- los
) rols 4l mdgn oo ke 4 b one b plosl 5o Lo
3 JiSs o s s 85 a8l oy 9 515,50 Ui o
Koo bt cogMeay 1l i byl ololis 4 06 a8 Lo Jusd
56 00 M gt JiSs S (25 5295 b (sile i B )
Sogo it s Vb Colas L5 45 03958l [¥V] al 13,5
oasll Sl Sage iad p e by (o8 gl U 4
u‘)...w .,\.:Iyu.o WT I)J) ol 045 o3l (S (}"QK J5le w]

S slogy] b)) U g ik ol 53 aps B
D05 0 )Ll [YY] Lol g clly Glisios 4y ()lg5 oo canl o o3liul



0dd dpidey (29990 S Sgo fad Oluslre yud Caa

(29990 &S Sy b Janl g a wlde yel)b 1 bas cpl ) .l
s jJENS b=k2j9a=2j WS Gygo & d3,5 o (513 pdiges
dwnS SS90 b o 1y Sloy Jnl g Jloy wlie kg j .kEZ
OLis (V) dblae &0 @ dtunS Sago i nlpls o (LS

!l 0l 03ld

;o he
W) =2 2 RN Fow @ i—kydr )

Tl (Suod 16 S g0 b5 g gl Soge Jods U oy il

PEY] ol o &l (V) dleo @ jgo 1 (3151 a3 )3 di> o5l

%

XX ff
5 w(j,k)Sw(j,k)HW( 7 (v)

w(jik) ~

g ol ojlo Gl Soge bas b Hy (g o,l »

b (omtopp pile) blie ggae odleily JKisles ¢ HW(J 5
Sﬁ. S men ibe ojle el Soge s
WUR) 2 Sy (k) T e o Bk S
8395 (Nuwmar @l Sage his g Gl (Sed pb Soge Jois
() dboleo b ojles sl Sage b @l (gly adlbie plus 4

V] cisg ol o

-1 =(Ma

S I o

_ -1
Hy oy = k) T (%)

sl 5 B o Slogmyle iy @ [C] 5 [K]« [M]
2) C’)?‘od".b(jk)Q a(]k) ‘)“"9J““"“’l"Ls")L"")9“'r""wuw

33,5 oo iy yai

4 k) =V by OV oy Od

b(j,k) = IW(],k) (t)‘//(j’k)(t)dt

3D g0 &1, RPRC OLQJ‘ Sl Jre
bas colyps jl eolatwl b dis Comwlus dolee S ¢ yidgh opl 5
X W) C‘)z.\.ml .)9.).>:A |)>l JJ.A u.}l.w))a)) ‘_gl).: M é’l’ A.i>9ﬁ
Slojl (gl yiolyl Ol 4 Cand (6 pudin Gl cdad i opl .l
adleo cpl o)y wdlS)8 Fwly 1l g JIoge slodasls plo b dwslds
adg b Soge colps Glps gy (a4l dal) S conles
oS ABY 0 UL.» d}bw C“L*’ A2 o d.il)l L;lo)’L» L;Lm)lal)lg: pevey]
R RV PR Svo o ] Sl wjlw gV il sladge
D)5 o Lasuie OT Swolnd slagwl | dbgyye Soge culps
b leosls (6,503l g p > (gilw]re sllad ply j3 o9y slaobly
w.o] Je o0 (gilwans Lgl.h:é.wl,g Py uﬁ)La.» slals Os)f aslsl

sl 48)S )13 (g2 3p90 o3 yially g 03

S99 baalg, =¥

Logn Soge g S Sargo ool diwd 9 4 Soge S5
2 g Too 3l 4 s odlatul OS5 008 o (e
1 00,5 o oalatwl platel JS5 b ol Soge milyi 5l Soge i
o sty 1y gy lyasis b ol JiSaw gt b 005 cam yal )
LYY] 2505

Sago gl =) =Y
4;|)‘ ) Oygo & dlwgw ;§>9n J;M f(l‘)bb?d.) eb Lgl)J

20,5 o0

© [y ( ) ()

(ab)_T —

cipabga s b Sege ol blisw g P (1) o p oS
S Sege b bW pb Sy Jasl 5 Sloj el
Oygo by (S (pl &S 03,8 sbol V(1) 5 (1) &b o (Siwnod
53,5 oolatw] diwgn Soge i 51 ,51.00)5 o sy ol psd (6w S
JUl g o polide plo Sage i 5 f(1) @ g0z &9 4 clps ()]
S0 dalgd Sage b colps (J1,S5l Juols bl o cand 4 oss o3l
LIV] Canl (7)) @b 5 Sogo b (o (Sod o L oS

SEA



35l cad)le (Snod U Soge i Ol plplo

XX _ . *¥D Jf _
Ay dy =y G ao)Sw G oMy i)
*D

« M)
XX
By G o™ G vk

_*D
Ay ey = (G ojoy (AMa oy + ACh

(j k) +AK)H

ik OY)

b5 sl g () daily )3 (F) dlas (1) dbolee () lI00 L

by (Shumod @l SS90
XX _*D ¥ia _
8y =y 05w 02 G i
By G )i PG oyl 07)

59 &94 z_m:b G’L L;);c)’l,\jl 4 5l wud Sl Cowlees ddlee

A S5 g (B glacadgize Jds 4 )b 1) ool s ples
B 9 owrwd 593 9 (ool Sla s pled > dwlus cond M
2 Solypdls &b i ytaS (Vb sladize g olil @l ]
sl Jao Sloyjgp 3 JolS (50510l pac o b el wls s plos
b b g Joo puals slahg) (S cnl @8 (sl wmatans 929y 39000
oolizal Jg 35 359 JalS (6pSolil phe oMo o (sl ol
Sl p o colgSips g syl k) Lats 4 e by, ol
dacgdgioe cpl (il caa 1 008 e dgae Iial e Sluyjep
23 Oygpe & ol d) 290 JSS ol ol Fl Sage s U

1FF] 3500 iy

T
_ PR
Hy ey _Rzzlg

%3+a(j,k) +ib(j,k)QR (V¥)

554

dy90 SS90 sy 4 U, | ; ay, . Ybakl, pas
TR VG Y Gy Gk T

s il o bl Soge U pgd Buke g Jsl 4y Fhie b
Sppe & gl ) 63919 gy 9 loilo ol (Stuwer @y

3905 (93]l (F) doles

*

XX _ ff
2 i S = My GaoSu i 5)

*
Jusl @b ggore pmyle ol woas Z ol » s

by s e g sl 0333 el 0jlas S ol 51 o bl o

+AS™Y }:

* * xx
{Zl//(j,k)+AZy/(j,k)}[S'//(j,k) v k)

Vi
[Hy/u,k)”Hw(j,k)}Sw(j,k)

iy (F) Ables 31 okl 5 (V) dolee baws b

* * XX B
{Zw(j,k) +AZl//(j,k)}ASl//(j,k) -

(A)
Jf AT XX
SuG oMy k)T G0 v b
My ey = Moy +ACP gy 45 ®)

WT o)L.» s <D )i:l.w.:) o) w] D)Lw JLQ».:I csl.s uu).u 9

(b o ol 1y o2

—1
D
Hy k) ‘[Zw(j,k) *Azwu,k)} (V)



K M
AS, . =8 . AP +S." . AP A
() =W G K TG M ()

4 s Sl G plo S Vi dboles 5 &8

M SK
w (k) ? Sy (k)
Jolae 55t cov b @¥olao 5 Slos aisb o py> 5 5t yiol )b
Sl g gl (6 5S03lul glallad g g0 (sbaodls sluss dlos 51 alises
M)?ijl «Yolao 30159 ‘gi;)z: 9 Lg),fo)'bjl Lg[mol&.o ul?w‘ P>
o] ‘_gb)_;)\f LngC%DBJDu 9 Lg)'L»% aliue J> dl){ odlal D)0
6 bwdiape Aliue cplply 2,105 o )...sb lpiuig igy 3,Sas p &S
sl 0Ad oy 0 2 yd
|SAP—AS, (')

min|
AP

G99y 5l Yolse o g 01 ol 5l yial)b (AP agulxe ¢l
awl o o3kl Cdio 38l 5,5 Isqlin s g claye J5las

LA B ylie! =Y

2 Sl el glzwl 3 ooleidy whyeSl a8
opl il 003)3 adlhae (o308 Oygo 4y sl Gl g e gLl
SV IS 53 4GB ojl Ko (59) 2 ol ol o o)
50,5 YA hls oo <8 QB el o) Jsb s 00 o3lizl o3
a3 93 b 0,5 ) YA ply ol oolil @ls s sluss g o3gr bl VY
s Js> (hgd 20 S o X g X jome sl o Jal 090 &
5 oS ez oad 4S5 > ol Sl izmen Sl (Z
ol odds o3l L YV JSS j0 Soledd Cjgo 4 guoly (6503101

»15 £ > ARE GPa slac! &L& Jj“\" 9 039 JY? > )‘ ulB
<IVEE eml ol oysl Glee FIAVY Kg/m ol Gl e Job
Aibe Ve CMojlo | guiae ya Job 5 V/8) €M guse o platio o
e 9 B pdad (e (g =5 ol lojlo Jseome slo el
9w)a;| uln..o céjahéamw);chBI cAdS‘a.)%AE Sy
g EV FY XY A Y ool ol pimgd opl il e SSb g
ojlw S0 y55 (gl VY g YA YY (oolil ls ps g 00l (g 5051l (¢l V8

sl 0 s

Ve

& Gl Koo a5 Gl Jo pSeilal 1) dhlao
S cdlllas oyl jo oplply e daless kISl Jas codgase Lo

[Y‘\] Cawl 00 odlaiwl odsd w»] b)l.w )l U.u)ﬁa JLO.UI é)l; uw)JLa

T

D _nm Ip Pp
T T T —-

RD T k) T k) RD

T (Vo)

n ¢R¢R

_ 2 .
R=nm+lOp +ag; 1y ¥ 1) 2R

b Gl 8 5 090 S el i 4 g (sl pie YU dlee
| o3l ol (6 pSojlul la ywilS )8 Dl yisren g AL o 03l

by b glyce ) pr2 g (5w ol ) s ade i |y o

9905 ol (VA)
ne
AK =3 K,APK
n=l (%)
ne
AM =Y, M,aRM
n=l1

w039 bledl oy g (5w odiad WS <M, 9 Ky YL OYoleo y

ARy

Lo yioll 55 yueis odimd ol &S 015 Jloy clps APM
Ll by plo 3503 Jrowl odizd Ll (res codle 5 Aitud
Slojlw oyl eslnn b lagpe camlus o ylo )l cpl 5 oolaiul

23,5 o S (V) dslee Oy 4 (p > 9 (5w)

K _ *D ff _

Sui )=y G oK nHy e

Ay GaeyXnty G goSwi o w

W)
*D ff‘ _ (
Mo Ay G aeySu G nHy i
y(.k) T(Uk)| L *D * Yid
Ay GaoMnly G ioSu e

b yiahl )3yt dnwle (gl 0 sl SYslee (Lld )90
23,5 o ol (VA) dsleo &jao & (glojl



11 12 13 14 15 16 17 18 19
10¢ M > m > - B > " - e > = - = - T ™
]
9 . 12 . 19
09 *20
8 20
A ® 21
7 21
e -e 22
6 22
6
™ $ 2
5 23
e ¢ 24
4 24
4 @ul ® 25
3 [zs
2 26
2e e 27
1 27
1
¥ pr L

Ol awsia Jow Y UG

Fig. 1. The geometry of the frame model
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Table 4. Closeness index of the frame model considering measurement and modeling error

CI polio
P b Al gpoilail gl oszg b Sge Jood b (Sl gllas 2929 L
o3l Gwly Sogo Jrod P2 ilwdae sl ol yod 4 05l Gl
\ A oIA
N «/AY
v -[aY YA

03ls i (Cov) Olyuss o pd lgie 4 9 30,5 o pands 60 duwlee
GAHF U @Y gl S 5 oad 1)) Jao Sl yigp bt ol o
oo 38> olwlis 4 pB ooliin Cuwlus ddle & w2 o ol
5 ol zols (6ylub il o (slojlo (slacam] Gad s § ol
b yiall Slyess o ps b)) b ol Cumolas dloles 1 oalisl
Copd (g el ol ol ooy (lid =¥ B Y sl S > Cov
B0 00l i bt oS (S8 g by s il L il
0235 Sl ol duglie g 00 st @l (oS o polaie &

By 5 oAb (it ol o O o Aol Sy &5 (S

(¥F] cuser g, o I L3905 o3liiml 1le3, o cdSls
Y JIYe Faad J'P® «°

3 el dw i 5 (2lg polie cui g @ 513p 9 é'lé Ly
D9 bl 585 & ygo 4 b ledl 4S5 Co] Slolis asslis a5l e
45,5 a5 5 ol (slag ) lw CT pdlie g anlgs 5 ol CT polio
ool 0 1)1 ¥ ojloss Jada ) ol
ol )| guls WS o Aol 1y 0 jg Jie ol Jliel «CT yolis
Cygo ) 1y Jde ol B ool Camwlus dolee & s 0 oyl
Siledse 5 ojle Gl Sage fas @b opSojlul lalad 924

A Jlasign Josb JB B3 o

1  Closeness index

VY

2350 Sleion ol g (S b g odas i (heh Sl
25 00) dbben g5 )b il ot (s o oo sl sl
ol 31 51 g3 JyS O gy o5 Conles il s
SeS st S5 g oalatal (uilig)) slaodls 4 S35 Sage s
polie e BB als el wds guSoilil gl by, 5o
ol SWslas 3 (o3b5 Sl el g 3350 OF ag
D 5l eolaiwl was o Hlis GYolee > g (gilwdnds gols 2ad 0
s b dunlio 13 aojlas 15 csms] Lol g Stsad b Szgo
Lo ¥eagis 3 1) Slaloes (loj (il 38 0j5> )3 (il JSs &6
A2 o ials

Jed 3l game plall Gluyiop il ) Gl e (slallas
L¥O] W)l dg2 g 05l gl j3 (65 03lul 5 (il Jde ¢ Jae slallas
el gols > ol sl g bl ol dgng 4 dogi b s o @
3 D5 sl onis adlsl b g sboans ) 4 las  dlas polie coowl
Silwdands sloodly & caleSy x5 b Bokal gllad duo )3 O cdllis oy
S > 4 ol Bly (claojle yiia ) .l oud a8lsl o
01 sl gl (slaojls (gl pi2 Gl g 03 (e (glo el )y
355 Cal (S 0dd (513 iy (sl yiall g ol bl LSy
ol 48 )8 a5 3 35 ey (il sl oD B (liee 4 1Y LaiilS
Sh ol i el pSelul olas acgeme B )l sgMe Ll
4 048 035 (3055 (gl il (ke el 0ad odlital (o3l B9,
ol SuSTy & sl ¥ g Mblpes gl B> okimd ol Ll
330 5 (COV) lyets oo el g0 4 Silie o SILLI o
25 )3 s

ke 2 odal Causd 4y lis yline Blyoul oolie (3905 a2



cov

40 OReal Damage
B Predicted Damage-5% Measurement ersor
35 B Predicted Damage-3% Measurement errort3% Mass emor

Damage Percent

-5 Element No.

0.05 -

0.03 -

0.01 -

1 3 5 7 9 11 13 15 17 19 21 23 25 1
Element No.

s 203 0 5 05lw Fwly Sag0 Jiad @l (5550511 (b 10 )3 O b Jgl (592 )Uaw 4 25l 5Lyl sl (oo (1Y JSUd
e @ Ot cups (@ 02 gilodae
Fig. 2. a) First case damage predicted parameter at considering 5% measurement error and 5% modeling error,
b) COV of the predicted parameters

SVF



FAe G 5FD dambo NY-Y JL» &y Q)Lo.w AT 0,93 ‘)ﬁ.‘f)m\ LJ‘)""C L;\-\)W 4.1).»..:

25 OReal Damage
B Predicted Damage- 3% Measurement error
B Predicted Damage-3% Measurement error+3% Mass error
20
15
E
al)
0
(]
=1
5
ﬂ 4
1 3 5 7 9 11 15 7
_ Element No.
0.06 - B 3% Measurement error
B 3% Measurement error+3% Mass error
0.05 -
0.04 -
-
03 -
0.02 -
0.01
o -
1 3 5 T 9 11 13 15 17 19 11 23 15 27

Element No.

Silwdae glhad o3 B g 0jlw fwly Sage J1ad iU (5525101 (slhd o3 O b 9 (592 )Uaw 53 05l (S Lol sl (e (1Y U
s 2 Ot cups (@ 02
Fig. 3. a) Second case damage predicted parameter at considering 5% measurement error and 5% modeling error,
b) COV of the predicted parameters

Y0



30 -

0.06

0.0s

0.04

0.03

0.02

0.01

OFReal Damage
B Predicted Damage-5% Measurement error
B Predicted Damage-5% Measurement error+3% Mass emor

3 ] 7 1 13 15 17 19
Element No.

B 5% Measurement error
B 5% Measurement error+3% Mass emror

3 H] T 9 11 13 15 17 19 21 23 15 7
Element No.

Giwdae slad o )5 0 g 05w fowly K90 Joiwd @il (65505101 glad 0o 3 O U pgw (599 b 1 05l (gL ylall o] (paoss (A1 .F IS5

s @l Ol o po (@ 02

Fig. 4. a) Third case damage predicted parameter at considering 5% measurement error and 5% modeling error, b)

COYV of the predicted parameters

sv5



method vs mode-shape-based method, Engineering

structures, 25(1) (2003) 57-67.
[6] A. Esfandiari, F. Bakhtiari-Nejad, A. Rahai, Theoretical

and experimental structural damage diagnosis method
using natural frequencies through an improved sensitivity
equation, International Journal of Mechanical Sciences,
70 (2013) 79-89.

[7]1 H. Li, J. Wang, S.-L.J. Hu, Using incomplete modal data
for damage detection in offshore jacket structures, Ocean

Engineering, 35(17) (2008) 1793-1799.

[8]A. Esfandiari, An innovative sensitivity-based method for
structural model updating using incomplete modal data,

Structural Control and Health Monitoring, 24(4) (2017).

[9] Y. Ho, D. Ewins, Numerical evaluation of the damage
index, Structural Health Monitoring, 1999 (2000) 995-
1011.

[10] Y. Zhang, L. Wang, Z. Xiang, Damage detection by
mode shape squares extracted from a passing vehicle,

Journal of Sound and Vibration, 331(2) (2012) 291-307.
[11] N. Stubbs, J. Kim, K. Topole, An efficient and robust

algorithm for damage localization in offshore platforms,
in: Proceedings of the ASCE 10th Structures Congress,
1992, pp. 543-546.

[12] C. Dong, P. Zhang, W. Feng, T. Huang, The sensitivity
study of the modal parameters of a cracked beam, in:
Proceedings of the 12th International Modal Analysis,
1994, pp. 98.

[13] S. Modak, T. Kundra, B. Nakra, Comparative study of
model updating methods using simulated experimental

data, Computers & structures, 80(5-6) (2002) 437-447.
[14] X. Li, F. Liu, A nonmode-shape-based model

updating method for offshore structures using extracted
components from measured accelerations, Applied

Ocean Research, 121 (2022) 103087.
[15] Y. Li, S. Wang, M. Zhang, C. Zheng, An improved

modal strain energy method for damage detection in
offshore platform structures, Journal of Marine Science
and Application, 15(2) (2016) 182-192.

[16] A. Esfandiari, Structural parameter estimation and

Yy

S 5 s -F

b glej= (olide 0jg> 3 1y o5l Jaa (Sluion by o dlis ()
ol s g 0ud 03 drwgl  Siuwed Bl Sogo s 1 eolaiuwl
ol dlae cowl 0 48,5 11,3 oslizunl 3,40 axlllas 3590 0jlu sl
colps ) oolazal b ojle Jao .ol odds zlyocinl 38> 4l &g
Cygloe )0 5 s (b WilS )8 03902 odel Cauwd & Sog0 s
locySoilil g oo o] 53 45 09 lsign o pilis) il 2
SVoleo )85 b yielyb jl odel Cowd 4 gl (lodes (3l adl
P95 b slojlo slo )l yes (9] s 4y el oMy sl
sl g ypSoilul o e @l b Lials cas ol o o Gloyo JBlis
013 o] (sloodl 1 o3lisul g ooy g, 3l e3liul danojlu )3 a8l
swodly 3l oolatwl b o lping o9y Lol 045 031> U cp]Lw 9
slp uidgn b gilogre g (6503l slalas 4 o3gll 0l (giloand
2 ohgy by samd i @ls ab Jleel sam 93 OB Ja S
d)w uP9) P&’xa.w‘ L] d‘b)'wd L;me.ui O g J?u UJL.»LM»
ol 01 4o 2ol )b pmess guls COV (oS palia L

&be

[1] H. Sohn, C.R. Farrar, FM. Hemez, J.J. Czarnecki, A
review of structural health review of structural health
monitoring literature 1996-2001, Los Alamos National

Laboratory, 2002.

[2] L. Wang, T.H. Chan, Review of vibration-based damage
detection and condition assessment of bridge structures
using structural health monitoring, in, QUT Conference

Proceedings, 2009.

[3] S. Baybordi, A. Esfandiari, Model updating and damage
detection of jacket type platform using explicit and exact

time domain sensitivity equation, Ocean Engineering,
269 (2023) 113551.

[4] S.W. Doebling, C.R. Farrar, M.B. Prime, D.W. Shevitz,
Damage identification and health monitoring of structural
and mechanical systems from changes in their vibration
characteristics: a literature review, (1996).

[5] J.-T. Kim, Y.-S. Ryu, H.-M. Cho, N. Stubbs, Damage

identification in beam-type structures: frequency-based



incomplete transfer function of strain data, Journal of

Sound and Vibration, 333(16) (2014) 3657-3670.
[27] M.J. Khosraviani, O. Bahar, S.H. Ghasemi, Damage

detection in continuous deck bridges using statistical
cross-correlation function method, Amirkabir Journal of
Civil Engineering, (2020).

[28] Z. Zheng, Z. Lu, W. Chen, J. Liu, Structural damage
identification based on power spectral density sensitivity

analysis of dynamic responses, Computers & Structures,
146 (2015) 176-184.

[29] M. Pedram, A. Esfandiari, M.R. Khedmati, Finite
element model updating using strain-based power
spectral density for damage detection, Structural Control

and Health Monitoring, 23(11) (2016) 1314-1333.

[30] G.H. Granlund, H. Knutsson, Signal processing for
computer vision, Springer Science & Business Media,
2013.

[31] G.H. Granlund, H. Knutsson, Signal processing for

computer vision, Springer Science & Business Media,
2013.

[32] O. Rioul, M. Vetterli, Wavelets and signal processing,
IEEE signal processing magazine, 8(4) (1991) 14-38.

[33] C. Valente, D. Spina, Crack Detection in Beam Elements
Using the Gabor Transform, Proceedings of Adaptive

Computing in Engineering Design and Control’96,
(1997) 147-156.

[34] E. Douka, S. Loutridis, A. Trochidis, Crack identification
in beams using wavelet analysis, International Journal of

Solids and Structures, 40(13-14) (2003) 3557-3569.

[35] T. Tabaru, S. Shin, Relation between spectrum
density and wavelet transform of correlation function,
Transactions of the Society of Instrument and Control

Engineers, 39(5) (2003) 425-431.
[36] S. Zhong, S.O. Oyadiji, Crack detection in simply

supported beams without baseline modal parameters by
stationary wavelet transform, Mechanical Systems and

Signal Processing, 21(4) (2007) 1853-1884.

[37] S. Law, X. Li, Wavelet-based sensitivity analysis of the
impulse response function for damage detection, Journal

of applied mechanics, 74(2) (2007)375-377.

FYA

damage detection using experimental transfer function
data, Inverse Problems in Science and Engineering, 28(1)
(2020) 2-20.

[17] U. Dackermann, J. Li, B. Samali, Identification of
member connectivity and mass changes on a two-storey
framed structure using frequency response functions
and artificial neural networks, Journal of Sound and
Vibration, 332(16) (2013) 3636-3653.

[18] D.C. Kammer, S. Nimityongskul, Frequency band
averaging of spectral densities for updating finite element

models, Journal of Vibration and Acoustics, 131(4)
(2009) 041007.

[19] M. Pedram, A. Esfandiari, F. Shadan, Finite Element
Model Updating Using Power Spectral Density of

EWSHM-7th European

Workshop on Structural Health Monitoring, 2014.

Structural Response, in:
[20] W. Bayissa, N. Haritos, Structural damage identification

in plates using spectral strain energy analysis, Journal of

Sound and Vibration, 307(1-2) (2007) 226-249.

[21] J. Li, H. Hao, J.V. Lo, Structural damage identification
with power spectral density transmissibility: numerical
and experimental studies, Smart Struct. Syst, 15(1)
(2015) 15-40.

[22] J.A. Dos Santos, C.M. Soares, C.M. Soares, N. Maia,
Structural damage identification in laminated structures
using FRF data, Composite Structures, 67(2) (2005) 239-
249.

[23] S. Baybordi, A. Esfandiari, A novel sensitivity-based
finite element model updating and damage detection
using time domain response, Journal of Sound and

Vibration, 537 (2022) 117187.

[24] F. Shadan, F. Khoshnoudian, D.J. Inman, A. Esfandiari,
Experimental validation of a FRF-based model updating
method, Journal of Vibration and Control, 24(8) (2018)
1570-1583.

[25] M. Sanayei, A. Esfandiari, A. Rahai, F. Bakhtiari-Nejad,
Quasi-linear sensitivity-based structural model updating
using experimental transfer functions, Structural Health
Monitoring, 11(6) (2012) 656-670.

[26] A. Esfandiari, Structural model updating using



2D wavelet decomposition and heat map, including soil-

structure interaction, in: Structures, Elsevier, 2021, pp.
842-861.

[43] F. Kong, P.D. Spanos, J. Li, [.A. Kougioumtzoglou,
Response evolutionary power spectrum determination
of chain-like MDOF non-linear structural systems via
harmonic wavelets, International Journal of Non-Linear

Mechanics, 66 (2)(2014)17-30.
[44] A.S. Mansourabadi, A. Esfandiari, Structural model

updating using sensitivity of wavelet transform
coefficients of incomplete structural response, Journal of
Civil Structural Health Monitoring, 9(1) (2019) 37-51.
[45] M. Friswell, J. Penny, S. Garvey, Parameter subset
selection in damage location, Inverse Problems in
Engineering, 5(3) (1997) 189-215.
[46] F. Bakhtiari-Nejad, A. Rahai, A. Esfandiari, A structural

damage detection method using static noisy data,

Engineering structures, 27(12)(2005)1784-1793.

[38] S. Zhong, S.O. Oyadiji, Detection of cracks in simply-
supported beams by continuous wavelet transform of

reconstructed modal data, Computers & structures, 89(1)
(2011) 127-148.

[39] A. Younesi, O. Rezacifar, M. Gholhaki, A. Esfandiari,
Damage detection in concrete filled tube columns based
on experimental modal data and wavelet technique,

Mechanics of Advanced Composite Structures, 7(2)
(2020) 245-254.

[40] X.-L. Peng, H. Hao, Z.-X. Li, K.-Q. Fan, Experimental

study on subsea pipeline bedding condition assessment

using wavelet packet transform, Engineering Structures,
48 (2013) 81-97.

[41] B. Asgarian, V. Aghaeidoost, H.R. Shokrgozar, Damage
detection of jacket type offshore platforms using rate of
signal energy using wavelet packet transform, Marine
Structures, 45 (2016) 1-21.

[42] M.M. Motlagh, A. Bahar, O. Bahar, Damage detection

in a 3D wind turbine tower by using extensive multilevel

DOI: 10.22060/ceej.2023.20796.7528

M. Sadeghian, A. Esfandiari, M. Fadavi, Damage detection in structures using finite
element model updating based on changes in wavelet transform coefficients of a correla-
tion function, Amirkabir J. Civil Eng., 55(3) (2023) 665-680.

w3 gyl o ol 4 digR

YA






