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Abstract

In this research, the application of 2D curvelet, 2D wavelet, and Contourlet transform for damage detection of shell
structure are presented. For this study, the equation of discrete curvelet transforms using unequally-spaced fast Fourier
and wrapping transforms are employed. Four scenario models with one and more damages with different percentages
and locations were considered for investigation of proposed methods. As real data has noise, and the existence of noise
in the input data may affect the accuracy of damage detection methods. To consider the natural conditions, white noise
has been applied to the data extracted from the FEM. First, the coefficients of transforms related to the noisy signal
are calculated, then thresholding the previous coefficients calculated, and finally, the de-noise signal is reconstructed.
Based on the presented results, the curvelet transform better identifies the location of damage than the wavelet
transforms. Wavelet transform based on the direction of the damage element may be specified in some subbands. But
in curvelet and Contourlet, it can better identify different damages in different directions due to the multi-directional
transform. The curvelet transform has been modified based on polar space and poses challenges for non-polar (normal)
discrete space. Therefore, using the Contourlet is divided into multiple directions because of each of the available
general directions. According to the obtained results, the proposed methods are sensitive to the location and percentage
of damage and can identify the location of damage with a low percentage of damage. Also, to confirm the results of
the proposed methods, the results are evaluated using laboratory results. The results show that the proposed methods
can identify the location of damages and with a percentage of damage of up to 3%.
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1. Introduction

damage identification of structures by considering dynamic properties changes is an issue much attention has been
paid to the technical literature over the past decade. The concept of damage identification means similarity of the
existing structural situation of the defected material and the prior base situation that is not considered damaged.

Damage in structure probably due to any change in hardness, properties of the material, or elemental joints affected
by operation forces. For instance: collision, bending, fatigue, corrosion, buckling, overstress in the time of large and
unsafe structural deformations. Consequently, dynamic properties based on these changes caused some properties
such as damping ratio, mode shape, and natural frequencies of the structure to deviate from the undamaged situation.
Therefore, there is a need to develop advanced and robust techniques to quickly identify damages and avoid accidents

that may lead to total structural rupture.
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Damage detection methods can commonly categorize into four degrees: step 1: identification of damage in the current
structure, step 2: designation of damaged geometry, step 3: Determination of the amount of damage, and step 4:
Prediction of the rest of the useful life of the structure [1].

Damage identification methods can be local or global. Commonly used techniques such as magnetic fields, acoustic,
eddy currents, etc., are useful but local in nature. They require that the proximity of the location of damage be easily
accessible to part of the controlled structure[2]. At global methods, a structure's safety index is measured by the
variation in vibratory properties[3].

Most vibration-based damage assessment methods require system detection techniques such as Fourier transform (FT)
to determine the measured signals' specific characteristics. Some features of FT can affect the accuracy of damage
detection. First, FT is a small process; therefore, some information about the structural condition can be lost.

Second, FT cannot show the time affiliation of signals and cannot record the changing properties typically seen in
signals measured from excited structures. Structural damage is usually a local phenomenon that can be detected by
prominent frequency signals. These higher frequencies generally are close together but slightly excited.

The main behavior of Fourier analysis is to transform the signal from a time or space domain into the frequency-based
domain, see Figure 1. Regrettably, information concerning space or time is lost during such a transformation, and
sometimes it is not possible to determine where and when a particular event occurred [3]. To remedy this deficiency,
the short-term Fourier transform (STFT) was proposed by Gabor (1946)[4]. With this window technique, however,
only a small portion of the signal can be analyzed at a time. The STFT explains a signal into a time-frequency or
space-frequency 2D function. This future can be seen in Figure 2. The disadvantage of this progress is with reduced
accuracy of space-frequency, or time-frequency information can be accrued. Higher time-frequency or space-
frequency range cannot arrive simultaneously because it is similar for every frequency when the window size is
selected.

The new method for exact analysis of the signal proposed is wavelet transformation (WT). The WT solves problems
that other signal processing methods exhibited. Wavelet functions consist of a family of basic functions that can
describe a signal in the domain of time (or space) and frequency (or scale), as shown in Figure 3.

The important advantage of using wavelets is performing local analysis of a signal, i.e., zoom in to the damaged range
of time or space. The local operation application allows simultaneous modification of the time-frequency resolution,
resulting in a representation with several resolutions for the transient data see Figure 3. Wavelet transform can
determine hidden properties of signal that other techniques for signal analyzing cannot identify. This future is
individually significant for damage identification techniques. Due to its property of multiple time-frequency

resolutions, the WT has lately proven to be a useful tool for identification damage to structures.
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Figure 1. Fourier analysis transform [5].
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Figure 2. Application of the Short-Time Fourier Transform (STFT)[5].
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Figure 3. Demonstration on how to use wavelet transform (WT) [5].
A plausible disadvantage of WT related to the frequency resolution in the upper frequency range is relatively poor.
Accordingly, discrimination is, however, difficult when it involves high-frequency components of contiguous signals.
The Wavelet Packet Transform (WPT) is an extended wavelet that provides a complete signal level breakdown. The
WPT is created by a linear combination of ordinary wavelet functions[6], [7]. Therefore, packet wavelet transform
provides the ability to extract the characteristics of non-stationary and stationary signals at different frequencies.
The recent multi-scale power tool with the facts of all positions and directions on each needle-shaped element and
scale on the fine-scale proposed is the curvelet transform. The curvelet transform shows a better performance than the
traditional transforms, the same as a wavelet.
Curvelet was first introduced in 2000 by Candes and Dunho [8]. These performances are leaning the basic design,

which uses a preprocessing level that includes a particular dividing of phase space pursued with transform named



Ridgelet that applied to blocks of localized data in frequency and space. Candes and Donoho presented a recent narrow
curvelet frame and demonstrated that curvelets offer the optimal and most sparse image of objects with uniqueness
along the C-ridges.

Man and Plonka have done a lot of research on curvelet transform. For example, they studied the application of
curvelet in turbulent flows, image processing, seismic data processing, and compacted measurement. Also, they
described how to use curvelet transform[9]. Ma and Plonka also review the curvelet history, including its past of
wavelet transform, its reasonable connection to other multi-directional and multi-resolution methods, essential theory
and separate algorithms, and the latest usage in engineering [10]. Wavelet packet energy ratio index (WPERI)
proposed by Shahverdi et al. for identification of damage in free span pipeline and offshore jacket platforms [11],
[12]. Lotfollahi-Yaghin and Koohdragh have also examined the performance of wavelet packet translation and
continuous wavelet transformation (CWT) to identify crack properties [13]. As a result, WPT makes it possible to
extract characteristics from signals that combine stationary and unstable characteristics at the damaged frequency. All
of the above posts worked with frequency or time domain. Few studies have been done to identify damage to free-
standing pipe structures. No one has used time-to-frequency wavelet packet translation to determine damage to these
structures under ambient load (sinusoidal load). Asgarian et al. predicted the location of the damaged members of the
jacket offshore platform by changing the strain energy of the elements. Damage often reduces the stiffness in some
elements, hence the modal parameters; Modal shapes and natural frequencies of the damaged structure are different
from those of a healthy structure. The location of the damage is determined by calculating the modal strain energy
change index (MSECR) for each structural element, which elements with a higher MSECR are suspected of being
damaged. For each suspected damaged element, by calculating the strain energy of the diagonal matrix (CMSE),
assuming that the mass matrix of the damaged structure and the healthy structure are the same, the severity of the
damage as a stiffness reduction factor - which represents the ratio of changes in stiffness to stiffness. Defective is
estimated. The results show that the proposed method can be used to detect damage to these types of structures[1].
Karami et al. Investigated a method to locate multiple lesions in the beds of a dolphin jetty. In the first step of the
proposed method, a damage index is introduced based on a combination of Wavelet Bundle Energy Curvature
Difference (WPECD) and Richardson extrapolation, in order to precisely localize the damaged areas. Damaged piles
at Dolphin Wharf. The difference in curvature of the energy of the closed wave results from the vibration signals of
the structure. Using an image processing technique, in the second step of the process, the damaged areas were extracted
by the WPECD process. Numerical and experimental results confirmed the effectiveness and capacity of the proposed
method. A 3D scanner first scanned the exact geometry of the damage in the test model. The scanned images were
then processed and entered as input files into the digital model. Finally, the results showed that the proposed method
makes it possible to capture multiple structural damage with acceptable precision.[14].

Dost Mohammadi et al. Had examined the properties of voltage and current signals extracted with 2D DWT. 2D DWT
can provide valuable discrete wavelet transform (DWT) functionality with a lower degree of decomposition. 2D DWT
can even compress data suitable for smart grids, where large amounts of data are a problem. A new feature selection
method has been proposed to reduce redundant data, feature vector dimensions, and computational load. The selector

backbone is the classification function used in the corresponding pattern system and compatible with the classification.



The results show the high precision of the proposed method to identify the factors that cause vibrations in VAWTS. It
has been shown that the characteristics extracted from the current and voltage signal by 2D DWT are superior to the
characteristics extracted from the voltage signal by DWT. He also demonstrated the advantage of selecting the
proposed functionality over the Relieff method[15]. Nigam and Singh investigated that an optimistic attempt to detect
cracks in a ray using a discrete wavelet transform has been proposed. The finite element beam model is considered to
be simply supported with transverse open cracks. The tearing of a beam causes a discontinuity in the slope in the
elastic line. The beam deflection is used to determine the location of the slope discontinuities using the wavelet
transform. The effect of the noise measured on the surface of the wavelet decomposition was examined. For
experimental research, an inexpensive method based on the digital image was used to obtain a deflection of the cracked
beam. White pixels are removed due to dust particles using the component algorithm. An appropriate edge detection
technique is selected to find the edge image based on the signal-to-noise ratio values. The edgeless deflection of the
beam is used as an input to convert the wavelet to detect the location of the crack. The detection of cracks in beams
with different crack depths was investigated experimentally. The proposed method works well with simulated and
experimentally measured crack deformations. [16]. Yan and Yam were identified using wavelet analysis on composite
panels to analyze dynamic responses[17]. Ashory et al. had investigated the introduction of a combined damaged
detection method, which both increases the sensitivity of damaged detection and detects quantitative parameters of
injuries. The wavelet transformation determines the location of the initial damage, and the damage parameters,
including location, depth, and severity, were separated during the model update process. The wavelet transform is
obtained as a function of the nature of the signals, which results in better wavelet transform performance. Then the
elevator design algorithm process was performed to increase the efficiency of the wavelets in damage detection. In
addition, an appropriate signal based on the strain energy was used to detect wavelet transform damage. Finally, the
genetic algorithm method was used in the proposed model update method to identify the damage parameters using a
new error function. The selected error function was based on strain energy and had the best performance among the
previously defined criteria. Consequently, the precision of the identification of the damage parameters using the
proposed method has been improved, especially in the presence of noise. Additionally, this solution is faster than
previous update methods which only used genetic algorithms based on naturally occurring shapes and frequencies to
detect damage. [18]. Poodle et al. Suggested using digital video images to see damage in structures. Mode shapes are
derived from time series to determine the functions of the state difference function between damaged and reference
modes. They were subjected to a wavelet transform in order to determine the location of the damaged[19].

Hajizadeh et al. Focused on damage detection of various types of faults in plate structures using wavelet transform
(WT) and curvelet translation (CT). These two methods have been further developed to diagnose injury in the last few
years. In recent years, the Curvelet transform method has been introduced to overcome the inherent limitations of
traditional multiscale transformations such as wavelets. In this study, the performance of curvelet and wavelet
transforms is compared in order to demonstrate their ability to detect various types of faults in plate structures. This
goal is investigated by causing various types of damage to the rectangular sheet that is trapped on all four sides. Using
the first model of the plate structure and distributing the coefficients of variation, the presence of damage, the location

of the failure and the approximate shape of the failure are identified. In addition, the accuracy and performance of the



transformations are confirmed by the use of one-page modal experimental data[20]. Bagheri et al. Have studied a new
method based on Curvelet translation to evaluate the position of damage in plate structures. In this study, Curvelet
was used to identify linear properties due to its optimal performance. Discrete Curvelet translation equations were
investigated using Fourier transform fast to detect plate damage. The proposed method is investigated using a
rectangular plate containing one or two faults of damaged length, depth and location. After that, damage to the plate
was detected using the proposed method. By comparing the situation obtained from the proposed method and the
simulated model, they found that the proposed method is sensitive to damage. In addition, the performance of the
method has been confirmed through the use of experimental data [21].

In the study of Ying et al., The first discrete three-dimensional curvelet transform is presented. This conversion is a
format for translation two-dimensional curvelet provided by Candes et al[22][23]. Rucka and Wilde proposed a
method to estimate the location of the damage in the beam and in the plate using a continuous wavelet transform, the
location of which is determined by a peak in the spatial variation of the transformed response[24]. Bayissa et al.
proposed damage identification technique using the continuous wavelet transform to detect damage in a concrete plate

model and in steel plate girder of a bridge structure[25].

2. Wavelet Analysis

The wavelet transforms as a development of the traditional Fourier transform method that can provide a time-
frequency analysis and multi-resolution analysis of non-stationary data.

This method can identify d structures’' damage according to previous research [26]. In this research, the application of
wavelet transform method in two-dimensional structures is investigated. Below is a brief description of the equations
of this method.

Wavelet is a function W(x) € L* (R) that is an oscillatory, real or complex value with finite length and zero mean[13].
The mother wavelet 'y (x) ', that is the fundamental wavelet function, is dilated (compressed or stretched) by s and

translated in space by T to generate a set of basic functions ¥ (X) as follows [13]:

1 X -7
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&) (1)
The wavelet transform (in the version of discrete or continuous) show a connection between the function f(x), with

¥ ().

The continuous wavelet transform (CWT) coefficients is presented as follow:

X

C(s,f):%jf(x)y/( _T)dx=jf(x)‘{fs,(x)dx ©)

S
The above equation (2) shows how the wavelet transform is related to the feature of signal by decomposition.

Therefore, high-amplitude wavelet coefficients indicate the existence of strong transitions in f(x), which is exactly
the basis of the damage identifying method of f(x).



For constructing the main function f(x) from its wavelet coefficients C (s,t), we need inverse function.
Then, the CWT has an inverse that is defined by retrieving the coefficients C from the wavelet transform to f(x)
according to the following equation;

f(x)z_wi@bj C(s,7)¥, (x)dfg—f 3)
The value of K, depends on the type of wavelet. Generating of large number of wavelet coefficients during

decomposition is one of the main drawbacks of CWT transform [27]. As previous research has shown, all of CWT

coefficients (C(s,t)) are not required to reconstruct the f(x), and some of them based on the purpose of translation,

that are not necessary can be omitted[13]. Therefore, the parameters' discrete values are used instead of using the
continuous wavelet transform [27]. Discrete Wavelet Transform (DWT) can be defined using discrete scales; for more
details, please refer to [27]:

C,\ = jf(x)av( )dx_Jf(x)WJk(x)dx ()

The inverse of the scale ==2" represented the resolution of the signal and the level of decomposition is presented
s

by the integer of j.

Decreasing the level and scale increases the resolution and allows finer and smaller parts of the function f(x) to be

gained access.

Like a CWT, the signal can be reconstructed from the wavelet coefficients C;, , and the reconstruction algorithm is

called an Inverted Discrete Wavelet Transform (IDWT).

5

f(x)= ZCJKI//(ZJX k)zzl/2 ©)
replacing ¢(x) insisted of y (x) in equation (2) function D (s0, ) can be obtained as follow:

D(so,r)—JJ— ~ [ 1008, . (x)dx (6)

According to the following equation, the coefficients are obtained by applying equation (4) following this equation.
cDJ(k):J.f(x)Y’jyk(x)dx (7)

The coefficients CD, (k) expressed in eq. (7) are known as the detail coefficients at J-level of decomposition.

Using the binary scale and the decomposition level of J, eq. (6) leads to a series of other coefficients as follows:

e, (K) = [ £ (X)dy (X)X ®)

The coefficients cD, (k) expressed in eq. (8) are known as the approximation coefficients at J-level of

decomposition.



Then by applying the inverse of wavelet transform to the approximation and detail coefficients, as bellow the f(x)

reconstructed:
f0= . [ > CDj(k)’//j,k(X)]+ D A (k)4 (). )
j=—0o\ k=—x j=—0

The function stated above (eq. (9)) is divided into two parts. The part in the parentheses is known as the detail function

at the decomposition level j, which is expressed by the following equation:

f(x) = eD,(k)w;,(x) (10)
k =—o0
The second part of eq. (9) is called the approximation function at the J level of decomposition:
Ar(x) = D" cAy(K) gy K (X). a1
j=®

As shown in Eg. (9) and figure 5, the main performance of the wavelet transform can be understood as the sum of the
approximation coefficients of the decomposition plus all the coefficients of the decomposition details up to the same

level:
f(x):AJ(X)+ZDj(X)- (12)
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Figure 4. Discrete Wavelet Transform Decomposition Tree

To using wavelet transform in any type of application, the most important case is to use the most appropriate type of
wavelet for the damaged transform. In this study, to analyze the structural models, the optimal wave has been selected

using trial and error.
3. Wavelet Packet Transform

Using DWT analysis by applying a binary filter bank, only the approximation components at each level of the analysis
are obtained, which results in low-frequency resolution at low levels such as Al and D1.

Therefore, it may cause problems when using DWT where vital information is in the higher frequency components.
To solve this problem, wavelet packet translation (WPT) is proposed. WPT is similar to DWT, except that in addition
to decomposing only the approximation component at each level, a component is further decomposed to obtain its
own approximation components and details. To see how the wavelet packet transform works see Figure 5.

The WPT has the feature such as time-frequency localization and orthonormality. Providing that the wavelet packet

functions are orthogonal



Vi (Ov] (1) =0 ifm=n (13)

WPT y/ij K is afunction expressed in the following equation with three indices in which the integers k,j and i are the

translation, scale, and modulation parameters, respectively.

v =27 (2%t -K), =123, (14)
By applying WPT to function f(t) the Ci,-,k(t) WP coefficients obtained as bellow:

¢l (D)= T f(t)y), (Ddt, (15)
The signal fji (t) can be demonstrated by eq. (16) that is a combination of wavelet packet functions W}k(t) ;

HOBVROVNCE (16)
the original signal f(t) after decomposition of signal with WPT at j level, can be represented as:

f(t):ifj‘(t), (17)

Original Signal

AA2

Dctall Signal

Figure 5. The tree of WPT Decomposition [11], [28]

4. Methodology
4.1. 2D Wavelet transform

4.1.1. 2-D discrete wavelet transform
Considering that multi-resolution analysis theories are presented in one dimension, but most of the problems required
by the engineering department are two-dimensional and three-dimensional. Therefore, these theories can be
generalized to higher dimensions, for example, as (18):

(%, y) =p(X)p(y) (18)



in the following equation, we will have expansion by applying the dilation conditions:

o(X,y) = ZZh(k, De(2x—-k,2y—1)

As mentioned above, most of the engineering data is two-dimensional. Therefore, the two-dimensional wavelet
transform developed based on a one-dimensional wavelet is used to analyze them. The two-dimensional wavelet is

the combination of three decomposed matrices of horizontal, vertical, and diagonal coefficients [21]:

v (v, %) =w(y)e(x)
v (y,%) = o(y)w(x)
v (¥, %) = (Y)w(x)

Where ",y and y° measures variations along with columns, rows, and diagonals coefficients. The one-level

2D wavelet decomposition shows in Figure 6. For other levels of decomposition can be obtained shows a one-level

decomposition. The other levels of decomposition are obtained by repeating the above decomposition on the low-pass

image aa.

Input Image

Figure 6. Schematic diagram of the input image in the first level using two-dimensional wavelet transform
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Figure 7. Algorithm of decomposition of the input image by using 2-D wavelet transform
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4.2. Curvelet 2D transform

The new design of curvelets transform is in the form of two-dimensional waveforms presented for multidimensional
analysis in two-dimensional space.
Like wavelets, curves can be localized in scale (frequency domain) and position (spatial domain). Still, the advantage
of using them is the localized orientation that is not present in wavelets. This feature of the curvelets provides the
curved structure with interesting features; this feature is a completely scattered description of the uniqueness's based
on the C? curves aboard two dimensions. In the spatial dimension, a j-scale curvelet is a directional weight that is
enclosed in a rectangle measuring 27 by 272 and thus follows the ratio of the width = length2. In the frequency
dimension, a j-scale curvelet is a wedge whose frequency coverage is inside a rectangle measuring 2j by 2j/2.
It is a dispersed optimized base for Fourier integral operators (FI1Os), Pseudo-differential operators (PDOs), and for
several problems of image processing can be a useful tool.

4.2.1. Continues curvelet transform
In this section, we introduce the equation of curvelet transform in two-dimensional space. Suppose x = (x4, x,) is the
location variable,  is the frequency variable, and r and 0 are the polar coordinates of the frequency space. Also,
consider the two variables W(r) and V (t), with the names of the radial and angular windows, respectively. These two
are uniform, non-negative, and with real values.
The amplitude of the function W positive numbers belongs to the interval r € [3/4, 3/2] and the amplitude of the
function V of the real numbers belongs to the interval t € [-1/2, 1/2]. Besides, these two window functions always

follow the following conditions:



j=+4o

Z W?@2/r) =1 r € (3/43/2) (21)
j=—o
Z V(-0 =1 re(-1/21/2) (22)
[=—00

Now using these two equations, the frequency window defined in Fourier space for each j > j, the as follows:

3j . 21210
Ui(r,0) = 27a W)V (5 ) (23)
Where (j/2) represents the integer part of j/2. Thus, the definition of the domain U; is a polar parabolic wedge that is
applied by W and V to scale-dependent extensions in different directions. To obtain real-valued curvelets, it is easy to
work on the symmetrized of, U;(r, 8) + U;(r, 6 + m).
In this equation, we will introduce the mother of curvelet ¢;(x) with scale j, the reason for this naming is that curvelets

with scales 27/ are obtained by rotation or transfer of @;j(x). Consider the following two definitions:

e Equal set of distances of the angles of the period 6, = 2n.2‘[§].l with [ = 0,1,.. Such that

0 < 6, < 2m (note that the distance between two consecutive angles depends on the scale).

e and set of transfer parameters k = (k1, k2) € z2.
Using these definitions, curvelets with 27 scale and function of x = (X1, X2), position x,?*”:

Ry (k1.27/,k,.277/%) and orientation 6, can be created as follows:

. 24
@ 1k(x) = @; (Rel (x - x,E] l))), (24)
Where Ry is the radius 0 angle, and Ry? its inverse (also its transpose);

( cosO sinf (25)
9 —

JR;Y=RT =R_,.
—sin@ cos@) o 6 o

the curvelet coefficients are simply obtained by the internal multiplication of the elements f € L?(R?) and @, 4,

(26)
cG,Lk) =<f, 0k >= f ). @ (x)dx.
R2

Like what we have about wavelet transform, there are large-scale elements in the curvelet pyramid. For k,, k, € Z,

large-scale curvelets are defined as follows:
©joc(X) = @, (x = 2710k) @7
B, (@) = 270w, (270 |w] (28)
Thus, curvelet with all scale transforms include directional elements (¢;,,),j = jo, L, k on a small scale and isotropic

wavelets on a large scale. Figure 8 summarizes the main components of a curvelet.



a) b)
Figure 8: The basic explanation of digital tiling (frequency and space). Figure a, shows the induced tiling of the

frequency space separation. The figure b, shows symbolically expresses the Cartesian network of space of a

particular scale and direction [23].

4.2.2. Discrete curvelet transform
The Collection of cartesian curvelets for discrete curvelet transform (DCT) suggested [22], [23]. The important

components key of this construction summarized in Error! Reference source not found..
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Figure 9:shows the basic digital tile of the image. The windows Uj_l gently place the Fourier transform near the

obedient parabolic scale wedges. The shaded area represents such a typical wedge [23].
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Where b = (ky.27/,k,.277/%) and Ry = (2% 5% ) R71 = R} = R_g

—sinf cos6
( )

the discrete curvelet coefficients given:

1
(2m)?

A (=T . _ .
f(f(a))U]Rgllw)el<R91 bw) dm:(z;Z JFRew) T (w) > dw

CU,Lk)=

Where l7](a)) is cartesian window based on bellow equation ():

~ ~ I
0)(@): = V(@) Wy (@) = V2l (@20, [94@) + 93 @)
So that v is defined as a 1D low-pass window product defined:

: : . ; J ;
(@1, 0) = @27 w1) 927V wz), 2/ S wy < 2Mand —272 < TL/< 277
2

The coefficients of DCT become:
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More information can be found in Candes and Donho [23]

4.3. Contourlet transform

(30)

(31)

(32)

(33)

Contourlet's main purpose was to acquire a scattered development for ordinary 2D signals that are partially away from

straight lines. 2D wavelets, with the basic functions of the tensor product as shown in Figure 10(a), are directionless

and only skilled at capturing point interruptions but cannot obtain the lines' geometric strainer. Contourlets have been

developed for this inefficiency as an improvement over wavelets. The resulting transformation has time-frequency in

the wavelets' local and multi-scale properties and provides a high level of anisotropy and direction. In particular, as

shown in Figure 10(b), the contourlet transform includes a fundamental purpose in any authority of two directions

with visible appearance ratios. Together with this basic collection of functions, the smooth contour can be represented

with contourlet coefficients smaller than the wavelets, as shown in Figure 11.



a b

Figure 10: Comparing a contourlet and wavelet display for 2D signals (images). (a) five basic wavelet images. (b)

four basic contourlet images.

a) wavelet transform b) contourlet transform

Figure 11: An image that shows square-supported wavelets that only point interruptions can be recorded, while b)
contourlet with lengthened backing can record linear sections of lines, and therefore can successfully show with

lower coefficients of a smooth contour.

Based on this structure, the multi-scale cascade and the directional analysis decomposition steps at the CT are
independent. Each scale can be decomposed to any damaged value from two directions, and various scales can be
decomposed into different directions. This feature causes the CT a special transform that can reach a brilliant
variability in decomposition while close to critical sampling (till 33% too full, which achieve from the LP).

This transform, as shown in Figure 12, is based on Laplace Pyramid (LP) filter bank and directional filter bank (DFB),

which constructed a Pyramid Directional Filter Bank (PDFB).



Laplacian Pyramid
(LP)

Figure 12: DFB and LP for contourlet transform

LP: Each LP stage consists of two operations:

Step 1: Reduction action, A Low Pass (LP) filter to an input signal applied then subsamples the signal multiplied by
2 in every dimension.

Step 2: Development action, the output of the previous step was upsampled by 2 in each dimension, and then the LP
filter was applied to the signal.

As illustrated in Figure 13, the input signal is applied by a low pass filter (LPF) named H, then M that is the sampling
matrix in each dimension of signal subsampled by 2. This produces part C, which is the approximate section of the
signal (reduction action). In the next step, C is upsampled by a coefficient of 2 (sampling matrix), and then G (LPF)

applies to it (expansion action). Finally, by subtracting it from the original signal, d is generated as the signal detail.

Hence:
C = reduction action (34)
d = signal — expand action (35)

This action repeated the same on C.
DFB: A binary I-level tree decomposition of 2l subbands corresponds to 21 construction filters D,El) and a sampling
matrix. Diagonal forms of sampling matrices are defined as the following equation:

dia(2'71,2) 0<k<2t
dia(2,2""Y) 2"t <k < 2! (36)

s =60 ={
The sampling matrices consist of two parts: mostly horizontally based on 0 < k < 2! also mostly vertical based on
2t < k< 2L
PDFB: Suppose it ay[n] represents the input image, then the I-level of the Laplace Pyramid breaks down the image
a;_1[n] into a rough (bandpass) image and a detailed image b;[n]. Besides, the lj-level directional filter bank
decomposed each bj[n] into the 2% bandpass directional images. Then, with applying lj-level DFB decomposition

on b;[n], CT coefficients would be presented as:

¢ =5 2Y (37)

jik PTL+jkn

Which cj(lk") is CT coefficients at scale L, j=1,2, 3, ..., .



Step1 , Step 2

Figure 13: Laplace Pyramid decomposition; ¢

5. Damage identification method

This article aims to introduce the method according to the Curvelet transformation to identify different damage shapes
in rectangle structures. In the suggested transform, by using FFT the discrete curvelet transform is computed that are
unevenly spaced.
5.1. Mode shape estimation

Numerical models are developed as a rectangular plate in both states of the structure with damage and without damage
in ANSYSS finite element software. The input data of the damaged translation used for damage detection is extracted
based on the structure's displacements due to its shape and uniform load on the structure.
The geometric shape of the damaged rectangular plate is generally shown in Figure 14.
As shown in Figure 14, the damaged area's dimensions and size are generally equal to the B*L*t and D*w,
respectively. Also, the damage location is at a distance of L1, B1 from the left corner of the plate and with an angle
of a. The damaged part is expressed by decreasing in thickness or modulus of elasticity. The free vibration equation
for a damaged structure is defined as follows:

MX +CX+KX=0 (38)
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Figure 14: damage location and geometry of the structure



where K, C, and M are stiffhess, damping, and mass matrices, respectively. Mode shapes are obtained by solving the
above equation. In this study, in addition to using the structure's mode shape, static analysis of the structure under the
effect of uniform load on the plate has been used. Solving Equation (38) leads to calculating of the mode shape, which
i, is the number of mode shapes. In cases related to damage diagnosis, in addition to using the mode shape, the
displacement of the structure in both damaged §¢ and healthy modes 8% can be used.

Damage of structure is modeled by defining Young modulus degradation or thickness reduction or any change that
leads to a change in the dynamic behavior of the structure. For example, the following equation shows how to calculate
the Young's modulus of the damaged structure:

E‘=E(1-d) (39)

Where E and E® are the undamaged and damaged modulus of Young's, respectively, and the intensity of element

damage is d in the finite element model.

5.2. Apply noise to data and denoising input data
The input data extracted from the real structure include noise. The existence of noise may have a

significant effect on the damage detection accuracy. Noise reduction is one of the unavoidable,
important of damage identification. One problem is knowing it is not predestined with assurances
of how much and whether the data measured are distorted with the noise. If denoising methods are
improperly applied to very low-noisy data, useful future information important to damage

identification may be wasted from this process, leading to incorrect results [21], [29].
For the application of data denoising based on the curvelet transformation, Bagheri et al. proposed three steps as below
[21], [30]:

= Recording data from the finite element method (FEM),

= Apply the noise to the data (simulate the actual data),

=  Calculate the xlet-based decomposition of data contain noise,

=  The threshold value of coefficients computed,

= Then the denoising data reconstructed.

In this section, the curvelet transform is used to remove noise from the extracted data of the structure. The standard
method is used to delete extra data. Suppose the data containing the noise are obtained as follows:
6" =8(1+n4) (40)
Where 1 and A are the degree of noise and random matrix in the range of [-1,1], respectively.
5.3. Calculation of damage index

To determine the damaged transforms coefficients based on mode shape, discrete curvelet transform based on the
wrapping method is used. The it transform coefficients for damaged and healthy structures are ¢ and ¢, respectively
Finally, the damage detection index is calculated based on the relative root mean square error of the damaged and

healthy structural coefficients for the i node, and as a result, the damage index is defined as follows:



(G, LK) =t —¢ j=1,2,..,n (42)
Where n is number of input image nodes. Denoising is achieved using a hard threshold law for estimating unknown
curvelet coefficients [18]. There are many methods for calculating the noise level, for example, by calculating the
norm of a unique curvelet, and in this paper, we use the forward curve to form a state with a delta function at its center.
Finally, the denoised mode shape was obtained based on the inverse curvelet deformation.

According to Table 1, the proposed methods for damage identification using 4 scenarios with different damage, as

well as with different length, width and position are shown.

Table 1: scenario type and damaged percentage

Scenario | Type of Damage Damage percentage

1 Tow triangular damaged shapes reduced 5% of the thickness
2 one triangular damaged shape reduced 5% of the thickness
3 Tow rectangular damaged shapes reduced 3% of the thickness
4 One obligue damaged shape reduced 3% of the thickness

For this purpose, four scenarios as bellow conceded:

Scenario 1: a fixed support rectangle structure considered with 600 cm width, the thickness 200 mm, and 600 cm
height. The material properties of the rectangle structure are assumed to include Young's modulus E = 20 GPa, the
mass density of p=2500 kg/m, and Poisson's ratio ¥ = 0.3. ANSYS WORKBENCH software package has been
employed to build the model used in the finite element method. In the finite element model, the damage is represented
as the elements with the reduced thickness or Young's modulus. To damage detection, two damage triangles have been

considered. The FEM model is shown in Figure 15.
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Figure 15: scenario 1, Geometry of the rectangle structure was considered triangular damage with 5 percent reduced

thickness.

As shown in Error! Reference source not found.-a, the FEM model meshed, Figure 16(b) the noise data added to
the input data for simulation of reality situation, and the first mode shape of the damaged and undamaged model was
used as input data for proposed methods Figure 16(c,d). Figure 17 shows the application of 2D wavelet transform.
According to the figure shown, depending on the damage's direction, each of the sub-bands may show a part of the
damage location. For example, horizontal wavelet coefficients can detect only damage in the horizontal direction as
Figure 17(b), vertical wavelet coefficients are only able to show vertical damage as Figure 17 (c), and also diagonal
wavelet coefficients show only diagonal damage as Figure 17(d), and this is a sign of one-way wavelet. This shows
the weakness of the above method, and therefore two-dimensional curvelet has been used to identify the damage, the

results shown in Figure 18.
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Figure 16: a) FEM model meshed of scenario 1, b) Noise added to input data (random), c) Mode shape of

undamaged model, and d) mode shape of damaged model
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Figure 17: 2D Daubechies wavelet decomposition of scenario 1, at level 2 decomposition; a) approximation

coefficients, b) Horizontal coefficients, ¢) Vertical coefficients, d) Diameter coefficients.

To investigate the application of two-dimensional curvelet transform for damage identification, Scenario 1 has been

used by applying threshold and different scales from 3 to 5. The results are shown in Figure 18.
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Figure 18: Two-dimensional curvelet transform of scenario 1 at nb_scale decomposition 3-5: a,c,f) 2D view of

curvelet coffitions, b,d,g) apply threshold, and c,e,h) 3D view of curvelet coefficients of scale 3,4,5 respectively.

As shown in Figure 18, the damage's location is shown as a peak in the figures, and the location of the damage is
exactly specified. Based on Figure 18(a, d, g) in three scales, scale=3,4 and 5 respectively, show the exact location of
damaged area. Also, based on Figure 18(b, e, h), by applying the threshold, it can be seen that the location of the
damaged area is clearer in terms of clarity compared to other cases, and this limitation makes the peaks of the location
of damaged appear better. In Figure 18(c, f, i), the three-dimensional coefficients of the curvelet show the location of
the damage better. As can be seen in Figure 18(c, f, i), the damaged area location larger corroding coefficients than

the rest of the undamaged parts.

Scenario 2: Senario 2 is according to the previous scenario, however, a thickness reduction of 5% has been applied

in one of the triangles.



Senario (2) Approximate coefficient(5%reduced T)at L=2 Senario (2) Horizontal coefficient(5%reduced T)at L=2
50 T i :

40 B

30
20
10
10 20 30 40 50 10 20 30 40 50
a b
Senario (2) Vertical coefficient(5%reduced T)at L=2 Senario (2)Diagonal coefficient(5%reduced T)at L=2

10 20 30 40 50 10 20 30 40 50
c d
Sena[]i% (2) Approximate coefficient(5%reduced T)at L=4 Sen?réo (2) Horizontal coefficient(5%reduced T)at L=4
HEEEEE '



B(cm)

Seﬁlgrio (2) Vertical coefficient(5%reduced T)at L=4 Seq%'io (2)Diagonal coefficient(5%reduced T)at L=4
— =

14 — ' 14
12 oL 12 f
10 10
8 8
6 6
4 + 4
: :
5 10 15 5 10 15
g h

Figure 19: 2D Daubechies wavelet decomposition of scenario 2, at level 2 and 4 decomposition; a and ¢)
approximation coefficients, b and f) Horizontal coefficients, ¢ and g) Vertical coefficients, d and h) Diameter

coefficients at level 2 and 4 decomposition, respectively.
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Figure 20: Two-dimensional curvelet transform of scenario 2 at nb_scale=3 and 5 decomposition that; figure a and
d) 2D view of curvelet coffitions, b and ¢) apply threshold, and ¢ and f) 3D view of curvelet coefficients at scale 3

and 5, respectively.

Scenario 3: According to Figure 21, a square structure with dimensions of 500 cm in both directions, with a fixed
support on all four sides and modulus of elasticity E = 20 GPa, mass density of p=2500 kg/m and Poisson's ratio ¥ =
0.3, and with 3 percent damage is considered.
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Figure 21: scenario 3, Geometry of the rectangle structure were considered rectangular damage with 3 percent

reduced thickness.
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Figure 22: 2D Daubechies wavelet decomposition of scenario 3, at level 3 and 4 decomposition; a,e) approximation

coefficients, b, f) Horizontal coefficients, c, g) Vertical coefficients, d, h) Diameter coefficients for level 3 and 4

respectively.
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Figure 23: Two-dimensional curvelet transform of scenario 3 at nb_scale=3 and 4 decomposition that; figure: a and
d) 2D view of curvelet coffitions, b and ¢) apply threshold, and ¢ and f) 3D view of curvelet coefficients at scale 3

and 4, respectively.

Scenario 4: According to Figure 24, a square dimension of 400 cm in both directions and a thickness of 20 mm, with
fixed support on all four sides, modulus of elasticity of E = 20 GPa, mass density of p=2500 kg/m, Poisson's ratio

9 = 0.3, and with 3 percent damage is considered.
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Figure 24: scenario 4, Geometry of the rectangle structure were considered rectangular damage with 3 percent reduced

thickness.
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Figure 25: 2D Daubechies wavelet decomposition of scenario 4, at level 2 and 4 decomposition; a,e) approximation
coefficients, b, f) Horizontal coefficients, c, g) Vertical coefficients, d, h) Diameter coefficients for decomposition

level 2 and 4 respectively.
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Figure 26: Two-dimensional curvelet transform of scenario 4 at nb_scale=3 and 4 decomposition that; figure: a
and d) 2D view of curvelet coffitions, b and e) apply threshold, and ¢ and f) 3D view of curvelet coefficients at

scale 3 and 4, respectively.

As shown in Figure 17 to Figure 26, the curvelet transform has a better ability than the wavelet transform to identify
the location of damage with different percentages of damage, so the curvelet transform is recommended in identifying
damage to two-dimensional structures due to its internal properties.

In order to investigate the application of contourlet transformation, 4 scenarios presented in the previous section have
been examined by this converter. As shown in Figure 27 to Figure 30, this translation is able to correctly identify the

location of damage.
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Figure 27: Damage detection of scenario 1, based on contourlet transform, a) 2D view of contourlet coefficients,

b) 3D view of contourlet coefficients.
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Figure 28: Damage detection of scenario 2, based on contourlet transform, a) 2D view of contourlet coefficients,

b) 3D view of contourlet coefficients.
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Figure 29: Damage detection of scenario 3, based on contourlet transform, a) 2D view of contourlet coefficients,

b) 3D view of contourlet coefficients.
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Figure 30: Damage detection of scenario 4, based on contourlet transform, a) 2D view of contourlet coefficients,
b) 3D view of contourlet coefficients.
6. Experimental validation study

In the previous section, the damage detection methods were evaluated based on numerical modeling for 4 scenarios.
However, in order to evaluate the efficiency of the proposed methods, the efficiency of the above methods is examined
based on laboratory data. In this section in accordance with an experimental data from the work of Rucka and Wilde
[24], which is a steel plate with the specifications stated below.

According to Figure 31, a rectangle plate with dimension of L=560 mm and B=480mm, with thickness of 2 mm, with
fixed support on all four sides, modulus of elasticity of E = 192 GPa, mass density of p=7850 kg/m?3, Poisson's ratio
of 9 = 0.25, and with rectangle damage with 80m* 80mm and thickness 1.5 mm that equal to 25 percent damage in

damaged area that located x=240 mm and y=240mm, considered.
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Figure 31: experimental steel plate based on Rucka and Wilde [24].

Based on the data extracted from the laboratory model, the above-mentioned transformations are used to
troubleshoot the damaged structure, the results of which can be seen in the following figures. Due to the fact
that the extracted data are accompanied by noise, for this purpose, the proposed method in section 5.2 has
been used to add noise to the data.

Figure 32 shows the mode shape of the rectangle plate with noise and without noise. First, noise is applied
to the input data, then the damaged transformation is applied to the data, and finally, using the threshold
definition, the applied noise to the damaged transformation coefficients is removed. Figure 33 to Figure 35
show the results of wavelet, curvelet, and contourlet transformations. As can be seen, the transformation of
contourlet and curvelet has more ability than the wavelet transforms in the detection of damage, and the
contourlet against to curvelet has acted almost better and shows the location of the damaged with a better
approximation. The results of this section confirm the results of numerical models in the 4 scenarios examined

above.
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Figure 32: a) Experimental mode shape undamaged structure, b) mode shape of damaged model.
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Figure 33: 2D Daubechies wavelet decomposition of Experimental data, at level 1 and 4 decomposition; a,e)
approximation coefficients, b, f) Horizontal coefficients, c, g) Vertical coefficients, d, h) Diameter coefficients for

decomposition level 1 and 4 respectively.
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Figure 34: Two-dimensional curvelet transform of experimental data at nb_scale=3 and 4 decomposition that;
figure: a and d) 2D view of curvelet coffitions, b and e) apply threshold, and ¢ and f) 3D view of curvelet

coefficients at scale 3 and 4, respectively.
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Figure 35: Damage detection of experimental plate based on Rucka and Wilde research data, a) 3D view

of contourlet coefficients, b) 2D view of contourlet coefficients [24].

7. Conclusion
In this paper, three multi-scale transformations, including wavelet transforms, two-dimensional curvelet, and
contourlet for fault detection in rectangular structures, were examined. To evaluate these transformations'
performance, 4 scenarios with different locations, shapes, and percentage of damage were examined. Finally,
laboratory results were used for a more detailed review. As the results show, the two-dimensional wavelet
transform is weak in identifying the damage compared to the curvelet, and Contourlet transforms. The
weakness of wavelet transform in damage detection is that the wavelet transform detects signals in one
direction and cannot rotate. This translation is mostly used to identify one-way problems such as signals.
Furthermore, the damage in different directions using two directional transformations of curvelet and

contourlet has been identified. The curvelet and Contourlet transforms had a better display of a signal's details



due to their multi-scale and multi-directional nature. Because they were able to display details in all selected
directions. The results show that both methods successfully identified the location of the damage. Still, in
comparison with each other, the contourlet transform had more capability and almost better identified the

damage's location.
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