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Curvelet transform; form, expressing the need for more efficient transfor
Contourlet transform; Therefore, some transforms, including curvelet
Shearlet transform; contourlet, have been evaluated so far forpriowing the
Damagedetection performance of traditional transforms. Although  the

transforms have overcome the deficiencies of prev
methods, they have a weakness in detecting se
imperfections with various shapes in plate structuéesne
of the essential requiremts that each transform shou
possess. In this study, we have used the shearlet tran
that is used for the first time to detect identification ¢
overcome all previous transform dysfunctionalities. In
regard, these transforms were applied to aurfixed
supported square plate with various defects. The obte
results revealed that the shearlet transform has the pr
capability to demonstrate all kinds of damages compare
the other transforms, namely wavelet, Laplacian pyral
curvelet, ad contourlet. Also, the shearlet transform can
considered as an excellent and operational approact
demonstrate different forms of defects. Furthermore,
performance and correctness of the transforms have
verified via the experiment.
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1. Introduction

Non-destructive methods in civil engineering (e.g., wavelet transform) have received significant
attention in recent decadg. In the past few years, the application of wavelet transforms for
health monitoring of structures (SHM) and dwiteg damages have been investigated by many
researchers. Ovanesova and SudHz used wavelet transform to find defects in frame
structures, showing that this method merely needs response data of the defective structure. Kim
and Melhem([2] offered the wavelet analysis method for defect identification. They first
presented the theory of waveletrisform and then used it in the detection of cracks in a beam
and mechanical gear. Yun et |] proposed a technique based on analyzing the wavelet signal

of the smart wireless sensor for the identification of the decemidatizfect. They verified this
proposed method with experimental tests. Bagheri efdhlexpressed the ability of a two
dimensional discrete wavelet transform to identéynége of plates using modal data. Also, they
used experimental data to validate the proposed technique. Cafbesaggested the utilization

of the Teager energy operator along with wavelet transform for lokzemnage recognition in

noisy conditions. They applied this method on several analytical cases to show the competence
of their proposed technique. Yang and Nagarajialsuggested the blind damage detection by
analyzing independent compent via wavelet transform. Moreover, examples of the seismic
excited structures are stated to indicate the ability of the developed method. UlriksefT]et al.
developed a new technig based on wavelet transform and modal analysis to identify defects of
wind turbine blades. Shahsavari et @] presented the mode shape analysis with wavelet
transform to detect defects of beams. Wang ¢®hintroduced a new form of wavelet transform
based on residual forceector for fault recognition of underground tunnel structures. They
introduced a novel damage index, which can be used as an efficient defect detection indicator.
Zhu et al.[10] proposed an approach for crack recognition using continwauslet transform
through introducing a new index for defect discernment. Jahangir ¢113l.presented an
approach based on wavelet analysis to identify damage to RC beams. Fakharian and Naderpour
[12] utilized two various methods including wavelet padkatsform and peak picking to assess

the quantification of defect severity. Naderpour et{EB] presented shear strength prediction
using three different approaches including ANN, GMBIN, and GEP. They showed all of the
methods are capable of predicting properly. Ghanizadeh[édhlised evolutionary polynomial
regression to develop a prediction model for collapse settlement and stress release coefficients.
Naderpour et al[15] utilized a new approach based on the data handling group method to the
estimation of the moment capacity of ferrocement members. Bagheri and Kojir&hli
presented a wavelet analysis bassgthod to defect identification. Koureljli7] used wavelet
transform to structural health monitoring of steel frames. Ghannadi and Kojdrighlised a

slim mold algorithm to damage detection. Ghagtirand Kourehl[19] suggested a new method
based on a motflame algorithm to defect identification. Also, there are some useful methods
including wavelet transform and optimization that haveenbaised recently for damage
demonstratiorf20i 23]. Another transform that has been evaluated in thngstigation is the
Laplacian pyramid transform. Burt and Adelsi@4] suggested the new method based on the
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Laplacian pyramid, well suited for image anasyand compression. Also, Do and Vett¢2b]

used the Laplacian pyramid to create a new transform, named pyramid directional filter bank.
They demonstrated that once the Laplacian pyramid is applied on a signal, two parts are
produced, including approximation cletail. Although wavelets have been widely utilized in
damage detection, they have offered a poor performance on representing objects with highly
anisotropic elements. Accordingly, other transforms have been introduced to overcome the
weakness of traditinal approaches. In what follows, some of these transforms are expressed.
Candes et al26] presented the fast disteecurvelet transform, i.e., the second generation of
curvelet transform. Bagheri et §27] used the curvelet transforrorfrecognition of vibration

based defects of plate structures, demonstrating its excellent ability to show line features.
Nicknam et al[28] propounded curvelet transform via wrapping procedure for fault discernment
in two-dimensional structures. They used both numeaoal experimental data to display the
superior performance of this technique. Another transform that has been developed to improve
the traditional multiscale representation is the contourlet transform. Do and VE&rli
proposed a new twdimensional image representation named the contourlet transform. Po and
Do [30] exhibited that contourlets are composed of basics oriented at various directions, which
enables this &msform to show smooth contours of natural images effectively. Vafaie and
Salajeghel31] compared wavelet and contourlet transforms for the identification of vibration
based damage of plate structures, showing the superiority of contourlets over wavelets in the
detection of curved cracks in the plate structures. Jahangir[82hproposed using contourlet
transform to damage localization and assessment of severity. Although these transforms have
been successful in owaming the weakness of the previous techniques, they could not detect
damages with various shapes excellently. Thus, the shearlet transform has been presented as an
efficient technique in this study. Lif83] suggested the discrete shearlet transform, utilized to
provide efficient multiscale directional representation. Xu et[24] applied the shearlet
transform for the surface defects classification of metals. Expyessed that since various
damages have information in several directions and on different scales, another transform
superior to wavelet should be used, i.e., the shearlet transform.

2. Researchsignificance

This investigation mainly aims to present thfectiveness of a shearlet transfelbased
approach which is used for the first time to defect detection, and compared to the wavelet,
Laplacian pyramid, curvelet, and contourlet transforms, to detect imperfections with various
shapes in plate structureBhus, eight examples with multiple damages have been discussed to
check the transform performance. The rest of this paper is organized as follows. In section 2, the
overview of the algorithm of wavelet, Laplacian pyramid, curvelet, contourlet, and shearle
transforms is presented. Then, the process of defect identification with these five transforms is
expressed, and a damage index is also introduced to show flaws. In section 3, eight numerical
examples are addressed. Performance evaluation of the trassflorough an experimental
model is carried out in section 4. Finally, section 5 represents the concluding remarks.
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3. Methods

Defect detection with wavelet, Laplacian pyramid, curvelet, contourlet, and shearlet transforms
includes the following steps:

T Modl a plate

T Obtain the structur al response of the plate
f Denoi se the structur al response of the pl at:
T Apply the transfor ms

T Determine the damage index (DI)

TPl ot the damage i ndexX

These steps are presented comprehensively as below:

3.1 Mo d e | a plate

In this part, the plate with and without damage is simulated. A defect in the plate can be
modeled as the reduction of cres=ctional area, material properties, stiffness, and so forth. In

this research, t he f Il aw i s madulusinithe daendgedapkate.t h e r
As can be seen in Eq. (1), Youn®dés mnherel us f o
stands for the intensity of defect, aBd i s Youngdbs modulus of the

is worth mentiomg that d could be located between 0 and 1 (in our examples 0.05, 0.1, and 0.2
was considered). In addition, d is equal to 0 and 1 meaning undamaged yddrdiged states,
respectively.

(0] 0 p Q (1)
322 Obtauatuhael stesponse of the plates

After modeling a plate, the structural response of the plate is required for fault identification. In
this investigation, the plate mode shape was used to obtain the displacement of nodes in the
fundamental mode shape of the plate as the structural ssspmeded for the procedure of
damage identification. It is worth noting that the finite element method (FEM) was implemented
to specify the plate mode shape. The equation of free vibration is defined as:

0060 VOO QO (2
Whered hy hand Qarethe mass, stiffness matrices, and force vector, respectively. Atsajd

are acceleration and displacement, respectively. According to the harmonic motion, the natural
frequencies and the modes of vibration are gained as

6 1 0. T 0 pRfBR 3)

Where] is the natural frequency, is the“@h vibration mode shape vector, aad is the
structural modes numbgg5].
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33. -Deise the structur al response of the pl

Since measured data of the structures contain noise in a real experiraenisig plays an
essential role in the process of defect recognition. However, the noise amount is ambiguous, and,
in turn, it is likely to delete useful information containing noise in the processdidimg the
measured information with low noise. refore, denoising is one of the significant sections in

the defect detection process. In this studyndising was performed as follows:

1. The transform was applied to the signal (t
shape) to obmacoet hieciteminsf o

2. Set the coefficient threshol d.

3. Denoi sed coefficients wenmei udd I sdizgegrdalt.o reco

It should be noted that the white Gaussian noise hasduked to the signal randomly.

7 )

(4)

Wherew is drawn from a normal distribution with a mean value of zero and the variance N, and
it adds the noise randomly to our signal whickisIn addition, we have compared two various
methods based on wavelet sym4 and dbl to denoise the noisy signale drade used sym4
according to the superior performance of syB&].

34, Appl yrahsfor ms

In this section:

a) An overview of the wavelet, Lapl acian py
transform is given.

b) Then, the structurd&domrseisdeornesde aosf tthhee dpil saf
nodes in the firsets monded hsibsa psetiubdfyz ¢ heapl a
these transforms to acquire the transform

c) Finally, these detail coefficients are u:
defect detection.

In all formulas, the following notationseused:

VQdecomposition level of the transform
Vad number of directions fhormpdihspl ayi ng det ai
VI opass of signal =apmrsax iorhatsiigmap a&r td;ethaiidh p

34 ..1 Wavelasmmts f or m

Two parts are produced by applying tdionensional wavelet to asignal for'Q U
approximation @ 0) and three detall coefficients

(Yo "o M Ko " R pRiv 0 o (Fig. 1).
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Approximation o
coefficient S
Apply wavelet “
i et These are use(
Detail v / in  Damage

coefficients - index

vl T JL ofw I W
T I s s

FigThe scheme of wavelet transformlfor damage
Also, as choosing the proper wavelet is very important due to its significant impact on damage
identification, in this study, three waveldtsHaar, Symlet, and Discrete Meyg&rare used to
compare their performance and choose the one having the suffesieney in detecting a flaw.

Haar wavelet: The Haar wavelet is a rescaled function sequence {shapesl) that form a
wavelet family. The Haar wavelet mother and its scaling fundtjon oo & are determined
as follows[35]:

p T O T
[ W p ™ ® p (5)
n £ LA Q
o . p T ® p
How o £EDL 000 0 (6)

Symlet wavelet: The family of Symlet wavelets is a modified version of Daubechies wavelets
with increased symmetr87]. The mother wavelet and scaling function are represented in Fig.
2.

1.5 1.2

0.5

-0.5

o 1 2 3 4 5 6 7

(a) Mother func (b) Scaling fun
FiaSymlet wavggElBet function
Discrete Meyer wavelet: The Meyer wavelet is infinitely differentiable with infinite support;
defined in the frequency domain in terms of functicas[39]:



S. Vafaie,/lJBur®allajodgltSelit Comp2QioR42a n Ciw%i l Engi

|'vm_—OE:|\" $_$ p 'Q T 'Q"‘Q $ S —_

(2N AT e 22 p a7 e s — (7)
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P Mo p

In this investigation, all three above wavelets are evaluated in the second numerical example.
34.2 Lapl acian pyramid and Contourl et transfor

Contourlet transform is a multiresolution transform with basic funcfiogg. Thus, the
contourlet transform of signalis determined as:

6 wé e 4 QU oo 9
Whered o ¢ &hEXE is the inner product ofignal with the basic functions ( fr); Ghod

niscale;¢  decomposition levels number of the directional filter bank. Alise) ¢ &hgaYe
determines coefficients of the contourlet transform, which includes high andérdquency

parts, se¢25] for more information. In this study, we considered an effectiverelis contourlet
transform scheme based on a Laplacian pyramid combined with proper directional filter banks,

which was proposed if29], (section a=Laplacian pyramidatrsform, section(a+b)= contourlet
transform).

Section a) First, Lapl acian pyramid transf
pyramid st agthi-gthhses adtdgpapkk0 p (i n the fir
to coarse opaeg )sdagmala | ow

Therefore, by applying Laplacian pyramid onsmnal for’Q 0, two parts are produced;
approximation @ 6) and detail coefficientq¢’'O ) p . In this study, as indicated in Fig. 3,
Laplacian pyramid transform is applied on the structural response of the intact and imperfect
plate, which is the node displacement in the plate initial mode shape, to generate the detalil
coefficient. In the next step, the detail coefficieqt® R p is used ago O (detail
coefficients of the damaged plat#)d ‘O (detail coefficients of the undamaged plate)

in section3.5. Damage index, Eq. 15. Fig. 3 illustrates the Laplacian pyramid transform
decomposition fo'@1.
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Approximation .
coefficient .
Apply This is used in

Laplacian — _ / Damage index
pyramid \ _ l PR

The detail |
coefficient

l oy N '

Fi”@The scheme of Laplacian pyramid trankform for
Section b) Second, a di ®®di ipo(nhaibgaht 51 s Egn bk
Each -pmrisgsh ¢s® '@ epigflBhyd pis further decomposed
filter c¢bhangkasisntdoi recd@mo mpaBsiodappr oxi mati o
coeffi ci@ceat,aialndc[@Rfficients)

| -
.-
==

Therefore, by applying contourlet transform tosignal for’Q U, two parts are pouced,;
approximation @ 6 ) and detail coefficient®> Ohx phF8 R (contourlet can show details in
various directions). In this research, as demonstrated in Fig. 4, the contourlet transform is applied
to the structural response of flawless and enmgxt plate, the node displacement in the
fundamental mode shape, to produce the detail coefficients. In the next step, the detail
coefficients 'Ot plefB A)  are utilized agh 'O (detail coefficients of the damaged
plate) and O (detail coefficients of the undamaged plaite)section3.5. Damage

index, Eq. 15. Fig. 4 indicates the decomposition of contourlet transform @hgi=4.

Approximation
/> coefficient
Apply

contourlet

These are use(
in Damage
index

Detall
coefficients

Fi4The scheme of contourlet transforlm4sr damag
Also, selecting theappropriate Laplacian filter is very important in contourlet and Laplacian
pyramid transforms for damage identification. Accordingly, 9/7 wavelet filter bank and PKVA
filter (filters from the ladder structure) are utilized in this stirdghe second exan®
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34..3 Curvel et transform

Curvelets consists of the two forms of block ridgelet transform and curvelet transform on the
Fourier domain. In block ridgelet transform, signals are segmented into blocks, and iglgelet
performed on the blocks. In the curvelet transform, frequency partitioning is performed on the
frequency domain. Therefore, the curvelet transform efgaal with basic functions . is

defined as:

6 MO M 4 QM GO (10)
Where§ @ 6 fl@a1T) is the inner product of "Q'Qéwidhéthe basic functions ( :); ¢
Tiscale; n /Mo the sequence of translation parameters. Also,

6 @6 wfim determines the coefficients ofetturvelet transform, including high and low
frequency parts, see[4D]; [26]) for more information. In this research, digital curvelet
transform is considered as the following:

Yoo: dd B HOha pifs i (11)

Where 06 is a low pass version of the signal (approximation part), andm

pltiB M) represents details of the signal, §2@] for more information. Therefore, by applying
curvelet transform on signalfor 'Q 0, two parts of approximatior(d ) and detail coefficient
@O plB A (curvelet can exhibit detailin several directions) are produced. In this
investigation, as exhibited in Fig. 5, the curvelet transform is applied to the structural response of
intact and imperfect plate to generate the detail coefficients. In the next step, the detall
coefficients (O 'Ot pltfB I are used aso O (detail coefficients of the damaged
plate) and & 'O (detail coefficients of the undamaged plaite)section3.5. Damage

index, Eq. 15. Fig. 5 demonstrates the curvelet transform decompositiori@ihér4.

Approximation
/' coefficient These are
Apply used in
curvelel Bl R Damage
G index
Detail
coefficients

w B AL 4L
l, | i i AL

Fi@The scheme of curvelet transform fhAr damage

34..4 Shearl et transform

The shearlet transform is a multiresolution transform with basic func¢tiong defined as:

[ sr OT 0 Y @ ®© (12)
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5 Ry (13)

Where¢ch s scale; 7Y is position;i | T the slope in the frequency domaih; is
parabolic scaling matrix; ant is the shear matti Therefore, the shearlet transform dfignal
is defined as:

6 IO 0 QO @po (14)
Where 6 (D & tfufi is the inner product o$ignal and the basic functions (7). Also,
6 I GO fihi  defines the coefficients of the shearlet transform, which includes high and low

frequency parts[41]; [42]). In this study, a discrete shearlet transform was considetedh
included the Laplacian pyramid and shearing fil{8d. First, the Laplacianywamid transform

was applied to aignal where the outputs consisted of0 high-pass signal®@O hQ

pltf8 N0 pand lowpass signab 6.Second, proper shearing filters were applied to
w0 [ ph (high-pass signal) to generaigigh-pass directional signald Ot pigi B ;

(w6 defines approximation coefficient, ard O defines detail coefficients ind directions).
Therefore, by applying shearlet transform tosignal for’Q 0, two parts are produced;
approximation (00 ) and detail coefficient GOy plgf8 f (shearlets are capable of
demonstrating details in various directions). In this study, as demonstrated in Fig. 6, the shearlet

transform is applied to the structural response of damaged and undgptetgedi.e., the node
displacement in the initial mode shape of the plates, to produce the detail coefficients. In the next

step, the detail coefficientso(@tx pltF8 )  were used a& O (detail coefficients of
the damaged platend® ‘O (detail coefficients of the undamaged plateyection3.5.
Damage index, Eq. 15. Fig. 6 displays shearlet transform decompositiori@ihér6.

Approximation o
/> coefficient ‘
Apply
i

[ These are useq
as in Damage
index

shearle

_:;‘ o !

i | -
.-
=m
i | .
=r-
1]
| -
—.r-
==

Detail
coefficients

L = d = J|If|'|.'

FigThe scheme of shearl et transform f@Gr damage
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35.Determine the damage index (DI)

The specification of the appropriate connection, named as damage index, is a central part of the
flaw identification proces§l4]. Accordingly, after obtaining detail coefficients of the damage

and undamaged plates, a proper relationship was defined between both of them that led to the
efficient demonstration of the defect placeeTamage index is defined as follows:

-B
00 — (15)

w0 , andow 'O determine the detail coefficients of the transforms for theagjah
and undamaged plates, respectively.

3.6. Pl ot the damage i ndex

Finally, the defect location was obtained for each transform by plotting the damage index. In
other words, the defect location was determined as the maximum value of the damage index in
all transforms. As indicated in Fig. 7, the fault detection procedure was identical for all
transforms.

plate plate

The damaged ‘ - ‘ | The undamaged ‘ ' o

Apply wavelet transform and plot
damage index

Damagdocation

o

Damage index in 2D Damage index in 3D

FidaThe gener al procedure of damage detection usin
defect exampl e.

4. Results

4.1 Numeri cal resul ts

This research aims to present a new approach via shearlet transform compared otitlerthe
transforms; the waveletransforms Laplacian pyramid transform, curvelet transform, and
contourlet transform; to find defect types in plate structures. To this end, the ability of all
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transforms to detect cracks of plate structures was evaluatedigiit numerical examples. In

all cases, a square plate with a thicknesp at dwas considered with four fixed boundary
conditions. Properties of pl aDe ¢ nod ththe inasd I ncl
density” ¢ v TQifH and Poi s <on&Bk is wath mentiorang that for
simulating different geometry defects in the ABAQUS software, after modeling a plate, the
defect with different shapes was considered in the plate as a new section with various materials.
Then, all the plate could have meshed as one unit. The next step includes gathering results of
ABAQUS such as nodal coordinates (x and y), and displacement in the y direction for the
damaged and undamaged plates. In MATLAB software; these four vectorsnaigeced input
variables. In this step, the scatter interpolate method has been used to make @adnieshegx

and y directions.

411.The pl ate with a point defect

The first example contains a plate with a widthroft 6 dand a length of 16 ¢ including a
square point damage witho alength and with, located as shown in Fig. 8.

195 cm

————%
200 cm

(a) The geometry of the plate w

200 w10t

i

100 120 140 160 180 200

(bNavel et
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The second example includes a plate with a width ofaa ¢and a length of 1161 § containing
a horizontal linear defect witp T alength anduv w dwidth, which is located as illustrated in

Fig. 9.
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4. 1T.h3e pl ate with a diagonal |l i near defect

The third example consists of a fixed support plate with a width ofés @ and a length
of T T g including a diagonal linear damage withroo alengtifv @ awidth, and the angle of

T vldcated as in Fig. 10.



