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ABSTRACT: This study presents a baseline-free framework for damage identification in free-free
aluminum beams under multi-point transient impact excitation. The beam responses were measured using
accelerometers, and modal parameters were extracted through an integrated experimental, analytical,
and numerical approach. Experimental modal testing was conducted with six and nine excitation points,
showing that a higher number of excitation locations improves the accuracy of identified mode shapes
and natural frequencies.The analytical model was developed using Euler—Bernoulli beam theory, while
a finite element model was built in Abaqus and verified against the analytical and experimental results.
Several damage scenarios involving transverse cracks with different depths and locations were simulated
to evaluate the sensitivity of the proposed method. The key contribution of this study is an improved
Modal Assurance Criterion (CT-MAC) that combines mode shape curvature with contourlet transform
to obtain noise-robust features, which are then classified by a one-dimensional convolutional neural
network (1D-CNN). The proposed approach achieves 94% accuracy in detecting crack location and ~ Improved Modal Assurance Criterion
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severity, with strong robustness against measurement noise.
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Convolutional ~ Neural = Network
(CNN)
Structural Health Monitoring (SHM)

1- Introduction

Beams have long been used in dynamic damage analysis
because of their simplicity and relevance in structural
engineering [1,2]. Free-free beams are especially suitable
for modal testing since they vibrate without boundary
constraints, making them useful for identifying changes
in natural frequencies and mode shapes caused by damage
such as cracks [3]. Crack formation reduces stiffness and
alters dynamic characteristics, which makes vibration-based
damage detection a practical method for structural health
monitoring[4—6]. However, many conventional approaches
depend on baseline data from a healthy structure, which is
often unavailable in real applications such as aerospace
systems. In addition, frequency-based methods alone are often
sensitive to noise and may not provide accurate information
about damage location. For this reason, more advanced
approaches based on modal curvature, signal processing, and
machine learning have been proposed [7,8].Recent studies
have shown that contourlet transforms can improve damage-

*Corresponding author’s email: javadi@ssau.ac.ir

sensitive feature extraction because they preserve directional
information better than wavelet transforms and reduce noise
effects more effectively [9]. Similarly, curvature-based
modal features have demonstrated strong sensitivity to local
damage. These findings motivate the present study, which
develops a baseline-free framework combining experimental
modal testing, finite element simulation, analytical modeling,
and enhanced feature extraction. The novelty of this work
lies in integrating multi-point impact excitation, improved
MAC analysis, contourlet-based curvature features, and a
ID-CNN classifier for accurate damage identification in
free-free aluminum beams [8,9,10]. The proposed method is
intended to overcome the limitations of baseline-dependent
and noise-sensitive techniques while remaining suitable for
practical SHM applications where healthy reference data is
not available.

2- Methodology
The research employs a tripartite validation approach:
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Fig. 1. Experimental modal testing setup for the free—
free aluminum beam: (a) overall view of the suspended
beam using elastic cords to simulate free—free boundary
conditions, (b) location of the calibrated impact ham-
mer and the single axis accelerometer mounted with
wax at the reference point, and (c) connection to the
amplifier and data acquisition system.

Analytical: Euler—Bernoulli beam theory is used to define
baseline dynamic properties.

Numerical: A finite element model (FEM) is constructed
in Abaqus using C3D8R elements, verified against analytical
results with <3% error.

Experimental: Impact hammer testing is performed with
6 and 9 excitation points. The beam is suspended using elastic
cords to simulate free-free boundary conditions.

3- Discussion and Results

The analytical results obtained in MATLAB show natural
frequencies ranging from 89.74 Hz for the first bending
mode to 1672.52 Hz for the sixth mode. The Abaqus results
are very close to the analytical values, with an error of less
than 3%, confirming the validity of the numerical model.
Experimental results show that using 6 excitation points leads
to larger deviations, especially in higher modes, while using 9
excitation points improves agreement with the analytical and
numerical data. This confirms that denser spatial excitation
provides better reconstruction of modal shapes and more
accurate curvature estimation. Damage simulations indicate
that transverse cracks reduce the natural frequencies, with
reductions reaching up to 50% for deep cracks. Higher modes
are more sensitive to damage than lower modes. However,
frequency changes alone mainly capture global stiffness
loss and are not sufficient for precise crack localization. By
contrast, modal curvature provides strong local sensitivity
and reveals peak changes near the crack position. When
combined with contourlet transform, the extracted features
become more robust against noise. The proposed CT-MAC
framework, together with the 1D-CNN classifier, achieves
94% accuracy in identifying both crack location and severity.
The reported performance metrics show the superiority of the
proposed method:
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Table 1. Comparison of the Obtained Results.

STAR STAR

Mode = Mode Abaqus Analﬁical Software = Software
Shape Type Solution (6 ©
Points) Points)

1 Bending ~ 87.872 89.79 94.79 78.53
2 Bending = 242.58 246.33 185.31 205.65
3 Bending =~ 476.76 485.18 461.17 401.68
4 Bending =~ 783.07 802.11 635.94 643.00
5 Bending = 1185.10 1198.24 — —
6 Bending = 1660.90 1673.48 — —

RMSE of crack location: 6.4 mm

RMSE of crack severity: 3.7%

AUC: 0.98

These results outperform frequency-based methods and
standard MAC-based approaches. The method is also more
robust than wavelet-curvature and CNN-based alternatives,
demonstrating that contourlet-based feature extraction is
more effective for this problem.

4- Conclusions

This research introduces a comprehensive framework for
dynamic sensitivity analysis and damage identification in
free—free aluminum beams, integrating analytical, numerical,
and experimental methods with an enhanced modal
assurance criterion (CT-MAC). Key conclusions affirm the
tripartite validation: analytical Euler-Bernoulli models and
Abaqus simulations align with <3%frequency error, while
experiments with 9 excitation points minimize discrepancies
in higher modes compared to 6 points, underscoring the need
for dense sampling in modal extraction. The enhanced CT-
MAC, combining contourlet-transformed curvatures with 1D
CNN, achieves 94% accuracy, RMSE of 6.4 mm (location)
and 3.7% (depth), and AUC=0.98, outperforming traditional
frequency-based (77% location improvement), standard MAC
(68% depth), and wavelet methods. Baseline-free operation
eliminates healthy data needs, enhancing applicability in
aerospace.

Noise robustness up to 5% and low false positives (6%)
validate practical utility. Statistical confidence intervals mm
for location indicate superior stability.

Compared to studies on cantilever or fixed beams,
this free—free focus addresses unique challenges like
rigid mode exclusion. Innovations include directional
feature extraction via contourlets over wavelets and CNN
integration for nonlinear patterns. Future extensions could
include multi-damage or real-time monitoring. Overall,
this framework advances SHM by providing precise,
robust damage detection, reducing errors by 68-77%
versus baselines, and enabling early intervention in critical
structures.
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Fig. 2. Percentage reduction in the natural frequencies
of the six bending modes in the presence of a trans-
verse crack with various depths (5% to 50%).

Table 2. Statistical Evaluation of the Performance of

Different Methods.
RMSE of Mean RMSE of
Method Crac.k Absolute Star.lda}rd Crac}(
Location Error Deviation Severity
(mm) (%)

FC 28.3 22.7 9.4 14.6
MAC+MLP 19.7 15.3 6.1 9.2
WC+CNN 12.4 9.6 4.3 6.2
IMAC+CT 6.4 4.8 2.1 3.1

References

[1] A.A. Fadlalla, Modal Analysis of Beams Using Finite
Element Methods, Journal of Civil and Construction
Engineering Research (JCCER), 1(1) (2024).

[2] M. Avcar, Free vibration analysis of beams considering
different geometric characteristics and boundary
conditions, system, 4(2) (2014) 2.

[3]1 D.H. Nguyen, L.V. Ho, T. Bui-Tien, G. De Roeck, M.A.
Wahab, Damage evaluation of free-free beam based on
vibration testing, Applied Mechanics, 1(2) (2020) 142-
152.

[4]J. Pacheco-Chérrez, O. Probst, Vibration-based damage
detection in a wind turbine blade through operational

1325

Table 3. Performance Comparison of Different Dam-

age Detection Methods.

Damage Detection Baseline Noise Crack Crack
Method Data Robustn = Locatio = Severity

Required ess n RMSE RMSE

(mm) (%)
Natural Frequency Yes Low 283 14.6
Change
Modal Curvature Yes Moderat 17.9 9.8
e
Wavelet Curvature Yes Moderate 12.4 6.2
to High

Improved MAC No High 6.4 3.1
with Proposed
Contourlet

modal analysis under wind excitation, Materials Today:
Proceedings, 56 (2022) 291-297.

[5]M. Modesti, C. Gentilini, A. Palermo, E. Reynders, G.
Lombaert, A two-step procedure for damage detection in
beam structures with incomplete mode shapes, Journal
of Civil Structural Health Monitoring, 15(2) (2025) 287-
306.

[6] T.T. Paulsen, G. Coppotelli, I.F. Santos, Remarks on the
effects of the boundary conditions on the accuracy of the
estimate of the modal parameters in operational modal
analysis, Journal of the Brazilian Society of Mechanical
Sciences and Engineering, 47(11) (2025) 574.

[71Y. Zhang, S. Wei, B. Pang, H. Cheng, J. Guo, Double
Damage Identification of Fully Free Beams Based
on Curvature Modes, Journal of Marine Science and
Application, (2025) 1-14.

[8] B. Rajashekharam, M. Alapati, Impact of feature selection
on predictive damage identification in beams using
free vibration data-based machine learning algorithm,
Innovative Infrastructure Solutions, 10(12) (2025) 581.

[9]1F. Sokhangou, L. Sorelli, L. Chouinard, P. Dey, D.
Conciatori, Detecting multiple damages in UHPFRC
beams through modal curvature analysis, Sensors, 24(3)
(2024) 971.

[10] AM. Mohammadi, A. Soleymani, H. Jahangir, M.
Khatibinia, J.V.A.d. Santos, H.M. Lopes, Damage

Identification in Beams via Contourlet Transform of
Shearography Modal Data, Vibration, 8(3) (2025) 53.


https://dx.doi.org/10.22060/mej.2026.24330.7861

75 ool SlSo (owigee g pui

WOA B AYFYY Sloio VFF Jlo o)+ oyl @Y 093 S puol SilSle woties 40y
DOI: 10.22060/me;j.2026.24330.7861

Slabiine (6,38 glamd SG o0 Coxd O3] pwed cogamegd] i (Suolad Cow

Gl ulo

At 3,549, b (Julos (55l 5 (5335 (65 Lwanasd ¢ 02,25 Jldge LT 5 aalizul |
wb 29 J,b}o u‘uwo]o‘ )h.&o ‘_5)9,9.’ 2 w.w‘

8dlgd5rmn ¢ 03,S D e

Ol el eyl dapas oSy ¢ clas o 0aSLisl

18,93 e )b
VEF/ENY el
VEF/AINY 1,555
VXY 0 5y
VFed/-YIYA 1o Wl 1))

oS sl 005 ) Sl jusgd (g0 bl U (omgrizagll (1o 53 sl lulis (el b sl gl ol o Ao YB
Sl glagesl 9 ©8)5 )5 (dlalabinia (dlayps S48 COB (2 3)90 55 S (o0 ool @0 slaodld @ Sl (g
4,5 000 (6348 § (el (5225 (sl sbg) S 5 e Jnge (sl el 380 ol el (gl b ol jledlizal b o
bl il oy glas gols g 0 plodl SO o0 dlais a5 ¢ i cls 93 53 (s (iSo b JIdge s ¢ 0yo0 isu jd A

s oy 2 b i 5 8k b e i e e S 5 e S gl 28 S

cdygnls s
wdlbdgge Joge Glisebol )line
SIS 45

Lgla)'Lu CoMw uu.;b

me?o ).) u_.o)_c L_{)J l.: dL&:y)L.m cw.wi u.:lmL.m L.Sl)" W u:c...»)h‘:.d U.J)_')U dl.ho.)l.) l.: 9 u&l.: da.m}: u»;b’l )l)Blf);
ool 5l ool b S il oo €adldgngs J1dge laebol lxe? dauwgs ¢ idgly Lol 9lg 3,5 (6 jlwdens Calisco Glesl g
U9y Ol ol (s Sy bglgls’ a8 ol dis g g 4 pglie sl Shg gl el (sl yglS it g oo JSU5
Jose lisabol jlons b uilS )8 pusis 2 site Jyle (slo gy & G 9 0351 S5 St g Jomo Lol 4y B ZAF ey

ol 5 Ladlgn (slad )5 &) wuend bl g 00l L (6503l 1555 il 13 YL ()b pizman 3)ly (g5t 3 Sas

.C«m‘)]) ‘) S))J

Wb go Jhaiye Seoludgnl slogys cov o alaojle (53l
g Gl (o35 g oy el 3 (Sloj 0jex 53 oy Al
5l oolaiwl cgadse Cped (gl il Lo Bolal OIS o0 4 asg b
ool (5] Cundy a3 (S E sl s oSl b,
2 )l gl s S V] ol cgenl Pl jl Bolas
B9y {8338 9 (275 (loS) (a9t 3,509, L3l w93 ogiisedl]
odly jldge IS5 o S dlaai Cudgize 4y dogi b dJussl .ol oa
g liseds] jlre 51 oolitel b (s 395 oo (g3l ol g S ol
L. L)M U"l ‘Fab d.l>),o ).) J?‘“’u’" a.))’ d”"’d W»T 4J9| wa.‘?yo 9

opl 33,5 o omwyliel Ihge Uil ine ] a3l Al

dodlo —
o3léts! éﬁl&g‘.} w»] =y dl)) lm),“.: &S conl u)s gg) )] O
calio 1390 3BT (gly ol olas,l s 4o ol31-0] 5

LY Ig[ V]S g oo

05l Cutal g1y Wndisn) oy et 5| (S lojlo sl olulus [5
o 3 i g (il (st LialS @ e w0 0 S Cwl
2 Sl By | plgiee |y ol es 5 Sy e alulid g e
e ilS 5 &S T 1[0 o [F] 5,5 oy ojil Seoliys lasie
GBS don (g oo 5l gyl dlaly ST o3l g ST e b auds
wlolis (glp 1y (B slaosly (ol (b (wilSyd 95 ;0 Gl &S
&y o3l & il g0 (slaydy) [P S o wal S S5 Ges g g9
CoMw Cundy ol G p[A-Y] Lt g 4 Geles 5 B)b L

javadi@ssau.ac.ir :olile lsosge ok g

(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 )


https://dx.doi.org/10.22060/mej.2026.24330.7861
https://orcid.org/0000-0003-0280-3643
https://www.creativecommons.org/licenses/by-nc/4.0/legalcode

WOA B ATYY doio VFF Jlo Ve 0yloud DY 095 ¢y ool SilSn i 4y

SlPen g 09 polie waD Sang ply ) () cpl S oLl
90§y (o) Egeie 3 3 QLS (oS g e300 B b (5>
IV 295 00 s099 (slrojlo 1> ol s 5 Jomo yoend )3 CES Sgup
oo o2 oy 50 ol lolid sl (S5 gy adlllao ol
L Jloge (Sagmd o o o1 a6 Y1y sl 8 3,Skae L Gl &
@y 8 S g o] 1 dw WS e Bl (Saed Sy s
b gwols WY eolatwl b ol ol il el g ord asle
Pl (225 @l (mw)lisl lp ade ilodde (opzmen 35
By 8 A G (Shied (grupe SNB] 3 (Shso sl (a3l 93 03
€8> (el (5 5 Py &S b (U gl ()5 13 (pyp 3590
9 ey cdalllae ol 53 VY] 0,15 ospdial (2l ololis ) oYL
Gl ) daxie 5 SogS slacawl ololis (clp g ye ool 4 LS
03 3 Cupmlua Sl 1 (650500 b b9y cnl ol 0ad @) 53V 53
b ol 385 ool 4 06 ¢ xub (uilS )5 o0 b ey uilS )3
] Gl oo (S055 50 s o a5 g duo 30 Bl s
eSS o jlojlgen dldlensin Sl g pluly 9 <8 RSl ol
oas odlitul g5 Bl glp (wglS (635 eSke JlS g @2 pe (S
03 Ll ol g o a0 g (60 Oygody by, sl .l
@lio ol 50 [VF] id ol lolis ) ol Jlub 5 38> 5,8
oS3 claosls jl enlazul b oljl (ol 5> ol plolids (gly o,
5 Silwaed b gy ol ol 0ad )l (o338 Juo (Sloyjg st 9 (b
Ui oS g odd wyp ol 4l 93 b G ) sla s (gg; iule]
A o ool 93 B b1y ] e 3)lge yiiny )3 a5 amd e
e (el gy 85 ol (2l (S35 yge 0 J ol b
ol obj)l Jod B 55 slrosly o do )3V d2s0s SIS slas
Bl sloy cods (il sl Foe )l plyisar ooty b9, 9
45 g (Sned sladge jlodliul b eiaghy nl 33 V]39S o (Bypme
ool 5 0 Sas ol olulid oy (o8 B9y (SIS
e 5 B P V1 P ISV, 1 1 W KV W N PN S
P9y 93 el o plonil ' ag) (65 e 5SSy iy e
5 ol LS ln T @ig @l g Tl el a3l

onl 4 md e Lt golis 1) )4 ol s Julos (610 8 el b

1. PZT-SLDV
2. D-index
3. CDF

\YYY

Gk §l ol v g il |y coml dix Glojen olulid bl b,
126 i g (535 Sl sy 228 slagilesl g o205 (il oo
L;lmui;ﬂl,oﬂ pbol b slles JIoge Juloo g yls o A ]l oui
Sl Comlis «gjpe balpd 05 9 oS juSh 5 95 5
ol 08 wypr (635030l Slanlas g puosS (sl gy ) Cans g0
Hee (BO0]9 P9y Sl eSS CB3 dgme g Cualad pas ialS (gl
i ialesl LSS b o)) (w45 oads edlatwl JIdge (paensi jhxe
JSs 5 wilS 3 opess cdd o aimd e Ui @l ol s Al
g ol pie Gl (o bl 5 Cl 2l S il 350
Sl oy ol gl Jlo ;5 [A]5)1 3559 (b i8S s 3 s
5 S Wl dnng wle s slaojle 5> o] plolis clp o3asie
slapasls glzcl lp cdygsls’ s Sl pSo e g sl
ol ST (50 lald 53 Jge (sla Saed g s> ) ]
oo it esdcmsl ogisodl] 15 Jlha g9y 0 wllas S s
ol S5 g oo oy 50 bl 4 cans Jge sla Siued oS
bl sl pllo @ yo (sloosly 3929 (izmed )15 (6 5(3:83 3 Slas
oS 305 ot 55 oy Lok b dumlio ol (6905 SrgS (gl
(Hee (sbgy cdaldl )3 A8 o Mg Wl (295 ) (58 g5 g8
iye bl b (288 6y ) ol (alolid (gl (Sued slodge 5
ol el (ggnyb s aBilel g (odae Judo b slgiday olj
Vb ed L) e s oleien lacasl cul B oy cpl &5 ol
ol LV Tysl wbls 1y ojls (glalind ies) vy lSel 5 03,8 ol
323051 alas)) slmosly 5l anil el sla Syl wyp 4 dulllas
xS0y bl as by 5,5 1o ola s ) ol ololis cdd
2 e Sy by 4 omdle o2y gSl g 399200 (glj2l Jaa 01 ]
odbgibdto 5ol (glaguol 5 4l (sladge S ¢ Jlogo (sl uils b
sl obuls a8 o lis gls 8,8 1,8 eolatsl 5yg0 (£39)5 ylgied
055 Olsear 5 505 ool 4 G ) Sl (2 (glol Jlogo
Lo ol 5 V] oo (Syme 0ilo codlo b lp (S
Pge sl piel)ly o(Balas (sLadyj i )sl g w55 51 650 e
S 4 b sloys 3 el lld sl 5 gl S8
oz Mol ayylai a4l b WilS)8 pegy oS D LS s .
a5 e amd o A1) Cun] Sl AES eSS (oSibgess
YU 85 b ] oo sl 5,8 Jloge JS od5 Jloy coglis



WOA B VPYY dmio VF-¥ L Ve oylos DY 095 ¢5usS pool (Sl pusiges 4yl

¢)n (x)(on ('xO) (Yl)
mx(w; -’ + j26,0,0)

H(x,x,,) :Z

el Ol & Cul (Seeluy JUl @i o @Bly > i)

&b ol S e i WS 8 2 ) |y sy g9y Sl ol
D 1) e 5 e el e (Kol sla S
goxm Ll ol uilS )5 Sy ) iy Sz e (K038 0 ]
Copd 4 Cond ojle &5 ols wal GuilS)8 o] 0 wads o
H (%0, @) ol 3 45 w300 oLt |y olomle uly oy S o8
o (Sl abail 5 xy S0 dali (g g (5 B Gl U
dail 3 390 JSb 0, X, 9 X 355 dlail )3 g 390 JSIQ,X X
5 K055 il 3 D s ke W S, Xy 02 (5o}l
se s sl by, 5l (Ko adlise 5 M dge e o,
ol @b sl Jbges o 3 & wble Sizd Sy b,
03 i opld Sy Ljgo A (b (W p (S35 > (il
PIAGVA] ool 00 0351 (F) dlslee ygu0 s ] IS dolae 4 295 o0

(Re(aw) —a)’ +(Im(aw)—b)* = R (¥)

4 .\wbk;o o),{‘.) &L&w R 9 cbﬁl) ){)ﬁ (a,b)4§ u.sl>
Cygo 4 uilS B oojex ) JiSe S 4y Eel S O
s wdlS 3 gy 0 H (X, %, @) o] 52 & 35550 ol (B)alalas

DA VA] asl o 625 (95 )98 S

w(x, ) = H(x,x,,0)x F, )

ol 1) JiSs S§,00 iz glao)S (gl (59 @b () dolee

V5[ VA] a3z

s(x,t) = &]XZ% (x)xsin(am,t) (%)

w9 i kb b SO Glp Sl sladge S dlblae
L S bl S(00) o o 4wl oss @) (F)absbeo 4 ol

Sl 15 5 03,8 ololis Y €85 b 1y ol oo 15,30 a b,
@ kS & lagh il VIS ileeS S50 jeba | Ses8
;9 el S b aSh il (Al bty (oxielas]
paldise gt sl Gt 3 yild (o8 il g0 Jge liselsl Sine

Sled By |y i gla jhg)y (lacudgize Wlgi o oS

S U (gl dlinano b 5 S lza Y

YO o cteide OF+ Jsb & (ogriagll 5 jome S altus
g & 5 Sjpe bulpd Ded e plonl o e O ol g o o
Sl Jgde o 2o 1) VY- Joloo ghaws SISz 5 0392 313l puogd
) o 45,8 a5 )3 /P pgulyy iy 5 JISisly S Ve okeo
st 9y 9 gidS ol Sl 9> g0 45 (5550 Ll oS L
Al yho Jolas y5 pgd

odlaswl (\) doles )l PR s an.'o L)wlg)ﬁ Ml.?u dl).:

(V] 394500
_(B.L) [EL
Jo= 2\ pAl’ ()

Lolps by (Seoliny jlidy o oSls Woleo b yuiy olisl ol

o 9 Jbge Jelos oSl Laly, el alox 1l s 93 (6550
o il 25 wos [Wherye el b (slapls 3
> sobe) 9 siye kil b (0l il e e > (rolr LMD
o) ol gl 558 Sy o Wle e &S dad e &) Lo
o yiea) iy Ko cllo 3398 By ko o Lnsilo £
sojp> » X i ) y5 (Seelid gl (larps (15 bl
ole (V) dilee ©pgots Xp das > oadJlasl (5958 ST 0 ¢uilS 5

V] 5 [VA] 58500

X(x,0)= H(x,&,0)F (¢,0) (v)

32 Sl oo uiiopnsy b e golil dxpd win b (s i S gl
DA 5 DAL 598 ol (¥) dblee )90 (815)] slase (ol

IYYA



WOA B ATYY doio VFF Jlo Ve 0yloud DY 095 ¢y ool SilSn i 4y

S ol 29d Cagl (il Cap b JUSw b S (oo Jlol 16
pored)l (slp gl o S 5 S Jgdo (ypmlsy oy ale
Sl il 35 3] i 3y50 s (s 45 g 4B
43§ Sl sla JUiSew 1)1y 001 i piuw bl Llgn b o
Cap Pl 4 ot g 03,8 o Jiod 4 1y pB Ll 5l s
S5l pp p3 odd (gl qen slaodly S o Jluyl laodly Julos g e
Dhalos it uilS 3 gy @b (sla U 5 @l g o conyl il
Do o 03l
b il 3 48 b 1 S ol i duglie oyl §) Jols b
dmdge JSi B3 iyl (g3gamme BMB] iyl g5y > oz el
g psbdy gl & b )3 VL 5 Sle sladge )3 ofaga
e S 3 NS e B S ol M I
Silwjb cuasS 4 S clitie duwbre 1y oyl Jbge (slial
drogi 5 ohb )3 logits cuglio ol ol Cusl Atuly b3gn IS5
390 ChgHlS o5 it 4l Sguge Jbge sl Jlre w2l
Clacuwl 4 cuns (ol by Cawlus b wlad S )15 exlacl
Joge Ginlefl Gl 51 (LolS Slads VS5l QI3 ndge

Ao U5 1) (egeiaesll 55 2

lg é‘)’]— 9o sogmg.ﬂ ).u GO J..\.o LSjL“”°°Lﬁi~ -¥f
osSLT 1380 55 50 o

5 alﬂ Jwgd anyl 2 Seelud 8, eoae oo jelaied
ol pasls Csp)le iyl g ane Sl piY sloedls (s3lunl 8
A 0Bl woSUl Jl38la s > 583 dgamme (slinl Jao S codlpiii
odlo Sle oled 5 05,5 Ciyyai  alBioloj] diges b gollas p5 dwiin
Slastie Golol p ¢ S 5 Gowley oy « Sk Jgte Joli posiseg]
ojlw Lo S > Bl L NHEN iy bl Al Jlesl dgad (a8lg
Jge Jolow 1> cdio gladge 595 51 6 05,5 (gilwosly (g3de &0
(Jebos g (5] sldge gl il € ) plsabl (gl 098 (S sl
o J.:J)f (nlzu" Yd).xed»} ‘_glmdwl )] odlawl b u‘:‘“’hﬁ L
9 U’“‘Jo duu*“ls)s PR FDIDUI ‘“b)Je )1)..&0 Ja.l?é' U)yodu le?t)
Do duwlee Hlidle Blie sladge JSi

1. DAQ:Data Acquisition
2. C3D8R
3. Eigen Frequency Extraction
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Fig. 1. Experimental modal testing setup for the free—free aluminum beam: (a) overall view of

the suspended beam using elastic cords to simulate free—free boundary conditions, (b) location

of the calibrated impact hammer and the single axis accelerometer mounted with wax at the
reference point, and (c) connection to the amplifier and data acquisition system.
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0DB: Job-1.0db  Abaqus/Standard 2024 Tue May 27 22:59:44 Iran Standar

Step: Step-1
Mode 1: Value = -3,73197€-05 Freq = 0.0000  (cycles/time)
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Fig. 2. Geometric definition and meshing of the aluminum beam in Abaqus software.
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Table 1. Natural frequencies obtained from MATLAB programming.
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Fig. 3. First to sixth bending mode shapes of the intact beam, extracted from the analytical solution in
MATLAB and normalized with respect to the maximum displacement.
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Fig. 4. Circle fitting diagram based on the output data from STAR software.
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.10-2 Frequency Response Function (Measured Peaks)
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Fig. 5. Variations of receptance within the frequency range of 0 to 1600.
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Table 2. Dynamic parameters obtained from the experimental six point test in STAR software.
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Table 3. Dynamic parameters obtained from the experimental nine point test in STAR software.

(55 )t oo 803 il (55 )l 59 390 05l
V¥ Y-y YZIAY
VXYY \/¥ OY/FA
\IY VY FOA YAIOY \
V-4 <IYA \VYY/PY
VO « 17 Y020 Y
VY < [1OY Yeeva
\/YF </F) AERVIN Y
YRR <IvE [NAXIARE
AVERYN <\Y 7Y/ 0 ¥

Jb 55 sbeojle ) (lojl codlos il sl cuwlie glanjs & 1)
S (oo has e yied Syt g lide SR 5yl p0 00

bl olwl p 1y (N/M/S?) diels 5 (45,5) 516 WS 1oolde ¥ Jgis
J5lesi 33 (oS gl ) sl ) s g (5 S50 il
ISV C‘W‘ pieom

3 S 5 Gy 5 als (S ey 85 5 US54, 225

doeS oyl A lg oo dad o LS wilS B 05l 10 ety )& yulide ol

VYo

Sxe (o3l ozly s Gl 1) (S ey Wl e Sus v
3 39m IS5 sl 1S3 ygslS s 5 €l sty Jge ol
S s pSojlul lulyd ) (o i Jldge sl p e sl Sy
o) ] BB Lasais & B 55
Mo 4 5l e uale (bt (Bgy o cul 45T 4 p5Y

Ol (SS9 onl o dly Wl ojle zope slaodly 4 g 3l ‘b

1. baseline-free



WA B AYYY domio AFF Jlo )+ yleuds DY 093 pusS pual SilSlo pwntigen

AR 0 lid lisee b Sy o wlwl g 1y diold g 310 BWAT Jlade .F Joua

Table 4. Phase and amplitude deviations based on excitation at different points.
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Fig. 6. Frequency response function (FRF) diagram based on the excitation points extracted from STAR software.
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Fig. 7. Phase diagram based on the excitation points extracted from STAR software.
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Fig. 8. Amplitude variation diagram over the frequency range in STAR software for the six excitation points ex-
tracted from the software.
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Fig. 9. Phase variation diagram as a function of frequency in STAR software for the six excitation points extracted
from the software.
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Fig. 10. Frequency response function (FRF) of the beam excited in STAR software for the six excitation points
extracted from the software.
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Fig. 11. Nyquist diagram for different excitation points extracted from STAR software.
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Fig. 12. The first through sixth bending mode shapes of the intact beam, extracted from the modal testing, are
presented in.
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Fig. 13. First to ninth bending mode shapes of the intact beam extracted from the modal testing.
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Fig. 14. Primary bending mode shapes extracted from the modal testing under nine excitation points.
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Table 5. Parameters obtained from the beam analysis in ABAQUS software.
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Fig. 15. First to sixth bending mode shapes of the intact beam extracted from the ABAQUS analysis.
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Table 6. Results of the analysis of six bending modes of the damaged beam extracted from ABAQUS.
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Fig. 16. First to sixth bending mode shapes of the damaged beam (mid span crack with 50% depth) extracted from
the ABAQUS analysis.
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1. MAC (Modal Assurance Criterion)
2. Finite Element Method — FEM
3. Experimental Modal Analysis
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Table 7. Modal assurance criterion (MAC) values between the experimental results (nine excitation
points), numerical results, and analytical results for the six bending modes.
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Fig. 17. Modal assurance criterion (MAC) values between the experimental results (nine excitation points),
numerical results, and analytical results for the six bending modes.
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Table 8. Comparison of the accuracy in detecting the location and severity of a transverse crack using the pro-
posed improved Modal Assurance Criterion (MAC) based on the Contourlet Transform and conventional meth-
ods, evaluated over 120 simulated damage scenarios in ABAQUS and validated using nine point experimental
data with up to 5% Gaussian noise. The root mean square error (RMSE) is reported in millimeters for crack
location and in percentage of stiffness reduction for crack depth. (Source: Authors’ MATLAB computations).
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Fig. 18. Confusion matrix for classifying damage severity (five crack depth classes) using the improved Mod-
al Assurance Criterion (MAC) based on the Contourlet Transform, showing an overall accuracy of 94%.
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Fig. 19. Receiver Operating Characteristic (ROC) curve for binary classification of damage presence using

the improved Modal Assurance Criterion (MAC) based on the Contourlet Transform (AUC = 0.98) under
5% Gaussian noise
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Fig. 20. Comparison of the accuracy of the proposed improved Modal Assurance Criterion (MAC) based on

the Contourlet Transform with conventional methods, using the root mean square error (RMSE) of crack
location and crack depth.
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Fig. 21. Percentage reduction in the natural frequencies of the six bending modes in the presence of a trans-
verse crack with various depths (5% to 50%).
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Table 9. Comparison of the Obtained Results.
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Comparison of Natural Frequencies by Different Methods
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Fig. 22. Comparison Chart of the Obtained Results.
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Table 10. Statistical Evaluation of the Performance of Different Methods.
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Table 11. Performance Comparison of Different Damage Detection Methods.
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