
Journal of Rehabilitation in Civil Engineering 11-4 (2023) 22-43 

How to cite this article: 

Abbasi, A., Khatibinia, M., Jahangir, H., Dos Santos, J. V. A., & Lopes, H. M. R. (2023). Shearography-Wavelet-

Based Damage Detection Methodology for Aluminum Beams. Journal of Rehabilitation in Civil Engineering, 

11(4), 22-43. https://doi.org/10.22075/jrce.2023.29435.1780 
 

 

Journal homepage: http://civiljournal.semnan.ac.ir/ 

Shearography-Wavelet-Based Damage Detection 

Methodology for Aluminum Beams 

Amirhossein Abbasi 
1
; Mohsen Khatibinia 

2
; Hashem Jahangir 

3,*
; José Viriato 

Araújo Dos Santos 
4

; Hernani Miguel Reis Lopes 
5

 

1. M.Sc. Student, Civil Engineering Department, University of Birjand, Birjand, Iran 

2. Associate Professor, Department of Civil Engineering, University of Birjand, Birjand, Iran 

3. Assistant Professor, Department of Civil Engineering, University of Birjand, Birjand, Iran 

4. Professor of Mechanical Engineering, University of Lisbon, Instituto Superior Tecnico, Lisbon, Portugal 

5. Assistant Professor, Department of Mechanical Engineering, DEM-ISEP, Instituto Politécnico do Porto, Porto, 

Portugal 

* Corresponding author: h.jahangir@birjand.ac.ir 

ARTICLE INFO 
 

ABSTRACT 

Article history: 

Received: 27 December 2022 

Revised: 19 January 2023 

Accepted: 14 March 2023 

 

In this paper, aluminum beams in undamaged status and 

with single and double damage scenarios as slots with the 

ratio of the slot depth to the beam thickness of 7% and 28% 

were constructed at the University of Lisbon, Portugal. 

Then, with the help of the shrearography method, the 

modal rotations of each beam were calculated for the first 

to third vibration mode shapes. By deriving the modal 

rotations, the modal strains were obtained and introduced 

as the input of 22 different families of 2D wavelet 

transforms with three different scales 1, 7, and 15. Utilizing 

the wavelet coefficients as damage indices, the results 

showed that the sensitivity of modal curvatures is higher 

than other modal data for identifying the location of 

damages. In addition, among scales 1, 7, and 15, 

considering scale 7 for wavelet families provides more 

suitable results. On the other hand, the sinc and isodog 

wavelet families showed a better ability to reveal the 

damage location than other wavelets. Investigating the ratio 

of the maximum value of the wavelet coefficients in the 

middle part of the beams to the maximum value of the 

wavelet coefficients in the boundaries showed that among 

the two selected wavelets, sinc and isodog, the sinc wavelet 

is more sensitive than the isodog wavelet in identifying 

damages with obtained results of 0.81, 7.81 and 27.10 for 

first, second and third damage scenarios, respectively. And 

therefore, it can be considered the best wavelet for 

detecting artificial damage in the tested aluminum beams. 
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1. Introduction 

The damage status of a structure can be 

identified by changing its inherent 

characteristics classified as mass, stiffness, 

and damping. With the help of the modal 

analysis method, these characteristics can be 

converted into natural frequencies, mode 

shapes, and damping ratios [1]. These 

characteristics can also be obtained 

experimentally and by conducting modal 

tests. To perform modal tests on the structure, 

based on the required accuracy of the test 

outputs, a grid of points is considered as 

degrees of freedom on the structure. Then, by 

applying shocks with a small intensity on 

each of the degrees of freedom, the vibration 

responses of the structure are received with 

the help of sensors placed on the structure 

[2,3]. 

Since the mode shapes of a structure 

simultaneously provide information about its 

mass and stiffness, they can be a suitable 

basis for identifying the damaged state of the 

structure. The presence of damage in 

structures causes changes in their 

characteristics [4–6]. Any geometrical and 

mechanical changes in the structures lead to 

changes in the mode shapes; therefore, by 

examining the mode shapes at different 

times, it is possible to find out the existence 

of damage in the structures. 

In order to obtain the mode shapes with the 

help of modal tests, impact hammers are used 

to apply vibration forces to the structures. In 

addition, the vibration responses of the 

structure against these shocks are measured 

with the help of sensors installed on the 

structure [7]. 

Since in the modal test, the process of 

applying impact must be done for all the 

degrees of freedom, in practice, the number 

of degrees of freedom of the structure cannot 

be considered too much, and as a result, the 

distance between them increases. Increasing 

the distance between the degrees of freedom 

of the structure leads to a decrease in the 

accuracy of the mode shapes received from 

them. On the other hand, installing the sensor 

on the structure adds extra weight to the 

structure, which changes the weight of the 

structure [8]. In most cases, the effect of 

sensor weight is ignored in modal tests, 

which adds to the measurement error of 

modal data. In addition, in many structural 

health monitoring operations, it is impossible 

to access the surface of the existing structure 

to apply vibration shocks and install sensors 

[9]. All these cases prompted the researchers 

to look for new solutions to receive the 

modal data of structures. 

The shearography method is the process of 

obtaining the modal data of structures 

without the need to access the surface of the 

structure, install a sensor and apply vibration 

shocks to it [10]. In this method, vibration 

forces are applied to the structure with the 

help of mechanical sound waves. For this 

purpose, loudspeakers are used that can send 

sound waves with desired frequencies toward 

the structure. The vibration responses of the 

structure are also measured with the help of 

microphones placed near the structure and 

receive the sound waves reflected from the 

structure's surface [11]. In this method, 

instead of gridding the structure into degrees 

of freedom with a predetermined distance, a 

pattern of points is irradiated on the surface 

of the structure and with the help of cameras 

that in short time intervals, they take pictures 
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of the pattern of points, and their location is 

recorded. To measure the displacement of all 

these points due to the collision of sound 

waves, laser beams were used [12]. The laser 

projection device shines light rays on the 

surface of the structure, and by receiving it in 

the laser sensor, the displacement of each 

point in the optical pattern is measured. 

In the shearography method, the waves sent 

to the surface of the structure and received 

from it have a phase difference of Δφ. This 

phase difference can be related to the number 

of displacements created on the surface of the 

structure w(x,y) in the horizontal x and 

vertical y direction due to mechanical sound 

waves. Eq. (1) shows the relationship 

between the phase difference and the surface 

displacements of the structure [13]: 

∆∅(𝑥, 𝑦) ≈
4𝜋𝛿𝑥

𝜆
∙

𝜕𝑤(𝑥, 𝑦)

𝜕𝑥
  (1) 

In Eq. (1), 𝜆 indicates the wavelength of the 

laser, and 𝛿𝑥 indicates the size of the selected 

slices on the image taken from the surface of 

the structure in the x direction [16]. 

Therefore, by considering the mode shapes of 

a structure as its surface displacements, a 

relationship between the first derivative of 

the mode shapes (modal rotation) and the 

phase difference measured in the 

shearography process can be established 

[13]. As a result, by measuring the phase 

difference in the shearography method, it is 

possible to access the modal data of the 

structure without the need to contact the 

surface of the structure [14]. 

Although there are many types of research in 

the field of using wavelets to identify damage 

in structures [15–20], the number of damage 

detection researches in which the modal data 

is obtained from the shearography method is 

limited. In the research of Katunin et al. [21], 

the generalized 1D Maar wavelet was used to 

detect damages in a beam. In their research, 

the modal rotations (the first derivative of the 

shape of the vibration modes) in beams in 

two states, undamaged and damaged, were 

obtained from the shearography test and were 

considered as the input of the Maar wavelet 

transformation. The results of their research 

showed that by considering the difference of 

modal rotations in the damaged and 

undamaged state as the input of the Maar 

wavelet, the location of damages can be 

revealed with more appropriate accuracy 

[21]. In another study, Katunin et al. [22] 

identified damages with vertical and oblique 

slots on beams. They used modal rotations as 

the input of 1D discrete wavelets by 

changing the angle of the wavelets in the 

direction of 45 and 90 degrees. The results 

showed that the proposed method in their 

research could not identify fake damage with 

oblique slots. In another study, dos Santos et 

al. [23] evaluated damages, including slots 

with different geometric shapes in a metal 

plate created as a finite element model 

(FEM) in ABAQUS software [24]. They 

obtained the modal rotations of the structure 

in different states of damage and introduced 

them as input to transform the generalized 

2D wavelet from the 1D B-Spline wavelet. 

The results showed that using of generalized 

1D wavelet can identify damages with 

different geometric shapes in the numerical 

model of the metal plate. 

2. Research significance 

Examining the few previous researches in the 

field of using modal data obtained from 

shearography tests to identify damage in 
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structures show that there are many 

shortcomings and there is a need of 

improvements in this field. Some of the 

shortcomings in the background of 

researches can be categorized as follows: 

 In most of the previous research, the 

used wavelets were 1D wavelets that 

were applied in horizontal, vertical, or 

oblique directions on the structures. This 

shortcoming makes the proposed method 

unable to detect damages with 

complicated geometrical shapes. In this 

case, utilizing 2D wavelets can be 

helpful. 

 In most previous research, a special 

wavelet family has been used for 

damage detection. Since there are 

different families of wavelets with 

different geometric shapes, it is possible 

to carry out a comprehensive study on 

all wavelet families and select the most 

suitable wavelet family as the optimal 

damage index can be introduced. 

In this research, the experimental modal data 

were obtained with the help of shearograpgy 

process to identify the damage in aluminum 

beams. For this purpose, undamaged and 

damaged beams are tested by creating slots 

as damage scenarios in different places of the 

beams, and their modal rotations were 

obtained. These modal data were introduced 

as input to damage indices based on wavelet 

transform, and the location and severity of 

artificial damages in beams were estimated. 

The accuracy of the localization of the 

estimated damages was compared with the 

actual damages, and the most appropriate 

damage index was introduced as a suitable 

method to identify the damage using the 

shearography method. 

Besides the advantages of shearograpgy 

method, in some cases, the surface of the 

structural element is not available or the 

environmental conditions affect the obtained 

results, which can be introduced as the 

limitations and weaknesses of this method. 

3. Experimental program 

3.1. Aluminum beams 

In this paper, according to Fig. 1 and Table 1, 

in the University of Lisbon, Portugal, 

aluminum beams with a length of 400 mm 

and a width of 40 mm in four states, 

including undamaged (B0), with single 

damage in the middle of the beam length (in 

length X = 200 mm) with the ratio of the 

depth of the slot to the thickness of the sheet 

equal to 7% (B1), with double damages in 

the middle of the beam (in length X = 200 

mm) and on the left side (in length X = 64.5 

mm) the beam with the ratio of the depth of 

the slot to the beam thickness equal to 5% 

(B2), and having double damage in the 

middle of the beam (in the length of X = 200 

mm) and on the left side (in the length of X = 

64.5 mm) were made with the ratio of the 

depth of the slot to the thickness of the sheet 

equal to 28% (B3) [25]. Then, with the help 

of the shearography method, the modal data 

of each aluminum beam were obtained from 

modal rotations for the first to third mode 

shapes. By deriving the modal rotations, the 

modal curvatures were calculated for each of 

the mode shapes, which will be used as the 

input of the damage index. Figs. 2 to 5, 

respectively, show the modal rotations of 

beams B0, B1, B2, and B3. 
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Table 1. Geometrical properties of damage scenarios. 

Slot’s depth to beam’s thickness ratio 

(%) 
Slot’s Width 

(mm) 
Slot’s Depth 

(mm) 
Damage Location 

X (mm) 
Beam Slot 

7 10 0.2 200 B1 

1 7 10 0.2 200 B2 

28 10 0.85 200 B3 

- - - - - 

2 7 10 0.2 64.5 B2 

28 10 0.85 64.5 B3 
 

 
Fig. 1. Tested aluminum beams: a) B0; b) B1; c) B2 and d) B3 [25]. 

 
Fig. 2. 3D and 2D view of modal rotations in B0: a & b) first model; c & d) second mode and e &f) third 

mode. 
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Fig. 3. 3D and 2D view of modal rotations in B1: a & b) first model; c & d) second mode and e &f) third 

mode. 

 
Fig. 4. 3D and 2D view of modal rotations in B2: a & b) first model; c & d) second mode and e &f) third 

mode. 

 
Fig. 5. 3D and 2D view of modal rotations in B3: a & b) first model; c & d) second mode and e &f) third 

mode. 
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3.2. Utilized 2D wavelets 

In this research, 2D wavelets including 

gabmexh, morl, mexh, paul, sinc, dog, 

cauchy, escauchy, wheel, fan, pethat, 

dogpow, esmorl, esmexh, gaus, gaus2, gaus3, 

isodog, dog2, isomorl, rmorl and endstop1 

has been used with three different scales of 1, 

7 and 15, to identify single and double 

damage scenarios in beams named B1, B2, 

and B3. Figs. 6 to 8, respectively, showed the 

geometric shape of the wavelets used in this 

paper with scales of 1, 7, and 15. 

In this paper, the difference of modal 

curvatures in beams B1, B2, and B3 with 

modal curvatures in beam B0, which is 

considered the base beam, is introduced as 

the input of each 2D wavelet, and the 

Wavelet coefficients were used as a damage 

index to identify the location of damage 

scenarios in beams B1 to B3. Fig. 9 

showcases the overall damage 

detectionprocess in this paper. 

 

 
Fig. 6. Utilized 2D wavelets with scale 1. 
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Fig. 7. Utilized 2D wavelets with scale 7. 

 

 
Fig. 8. Utilized 2D wavelets with scale 15. 
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Fig. 9. The overall flowchart of the damage detection process. 

4. Results 

4.1. Damage Detection in B1 

B1 aluminum beam has a single artificial 

damage in the middle of the beam length (X 

= 200 mm) with the ratio of the depth of the 

slot to the thickness of the beam equal to 7%. 

To check the ability of different 2D wavelets 

to identify this damage, the difference 

between the modal curvatures of the first to 

third modes in beam B1 with their equivalent 

curvatures in the undamaged state, as an 

input to each of the wavelets. The 

coefficients obtained from the wavelets were 

evaluated as damage index (DI) in three 

different scales of 1, 7, and 15. In this paper, 

the symbol WN_MC_Sn has been used to 

name the proposed damage indices. In this 

symbol, WN represents the name of the 

applied wavelet, MC represents the input 

modal curvature (M1: first modal curvature, 

M2: second modal curvature, M3: third 

modal curvature, and SUM: the sum of the 

wavelet coefficients applied on three modal 

curvatures), and Sn shows the scale 

considered in the wavelet transformation (S1: 

scale 1, S7: scale 7 and S15: scale 15). 

Investigating the results showed that scale 7 

has shown more appropriate responses 

among the three different scales than scales 1 

and 15. Moreover, the results showed that 

among the 22 different wavelets, the most 

proper responses were taken from sinc and 

isodog wavelets. Figs. 10 and 11, 

respectively, show the results obtained by 

applying the sinc and isodig wavelets with a 

scale of 7 on the input data of beam B1. 
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Fig. 10. 3D and 2D view of damage index (DI) with sinc wavelet and scale 7 in B1: a & b) first model; c 

& d) second mode; e & f) third mode and g & h) summation of first three modes. 

 

 
Fig. 11. 3D and 2D view of damage index (DI) with isodog wavelet and scale 7 in B1: a & b) first model; 

c & d) second mode; e & f) third mode and g & h) summation of first three modes. 

 

As seen in Figs. 10 and 11, the sinc and 

isodog wavelets were able to reveal the 

location of the damage in beam B1. 

To show the obtained results of all utilized 

2D wavelets, the average damage index 

profiles were introduced in this paper. These 
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profiles show the side view of the 3D 

damage indices that provide the average 

values of the damage index for different Ys 

for each X. In order to automatically 

determine the most suitable wavelets based 

on these profiles, the following two 

conditions have been applied: 

The first and second peaks of the profiles 

show the place of damage scenarios. 

The ratio of the maximum value of the 

wavelet coefficients in the middle part of the 

beams (MaxMiddle: the section between the 

left and right sides of the beams on the 

horizontal axis) to the maximum value of the 

wavelet coefficients on the sides (MaxBoundary: 

a section measuring 25 mm from the right 

and left side of the horizontal X axis), named 

MMR is defined as the following 

relationship: 

𝑀𝑀𝑅 =
𝑀𝑎𝑥𝑀𝑖𝑑𝑑𝑙𝑒

𝑀𝑎𝑥𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦
 (2) 

The best wavelets were selected with an 

MMR ratio greater than 0.7 

In Figs. 12 to 15, the name of the wavelets (1 

to 22 different wavelets were utilized in this 

paper) along with the scale used (according 

to the predefined naming pattern 

WN_MC_Sn), the maximum value of the 

damage index on the sides (PB_Val.), the 

value of the damage index in the first peak 

(PM1_Val.) and the second peak (PM2_Val.), 

along with the location of the first peaks 

(PM1_Loc.) and the second peak 

(PM2_Loc.) are presented for B1. In these 

figures, the profiles that had the two stated 

conditions were shown with green color and 

other profiles with red color. 

As it can be concluded from Figs. 12 to 15, 

among the 22 different wavelets, the sinc and 

isodog wavelets were the ones with the best 

results in determining the locations of 

damages in B1. 

 
Fig. 12. Average profiles of damage index with scale 7 in beam B1 (wavelet number: 1-6). 
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Fig. 13. Average profiles of damage index with scale 7 in beam B1 (wavelet number: 7-12). 

 
Fig. 14. Average profiles of damage index with scale 7 in beam B1 (wavelet number: 13-18). 

 
Fig. 15. Average profiles of damage index with scale 7 in beam B1 (wavelet number: 19-22). 
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4.2. Damage detection in B2 

B2 aluminum beam has double slots in the 

middle of the beam length (X = 200 mm) and 

its left side (X = 5.64 mm) with the ratio of 

the depth of the slot to the beam thickness 

equal to 7%. Similar to beam B1, in order to 

investigate the ability of different 2D 

wavelets to identify the double damages of 

beam B2, the difference of the modal 

curvatures of the first to third modes in beam 

B2 with their equivalent curvatures in the 

undamaged state introduced as the input and 

the obtained wavelet coefficients were 

evaluated as damage index (DI) in three 

different scales 1, 7 and 15. Consistently to 

the results of B1, in B2 aluminum beam, the 

sinc and isodog wavelets with scale 7 

revealed the most proper responses, which 

are illustrated in Figs. 16 and 17. 

The overperforming of sinc and isodog 

wavelets among the other 22 utilized 

wavelets can be approved by investigating 

the 2D profiles illustrated in Figs. 18 to 21. 

 

 
Fig. 16. 3D and 2D view of damage index (DI) with sinc wavelet and scale 7 in B2: a & b) first model; c 

& d) second mode; e & f) third mode and g & h) summation of first three modes. 
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Fig. 17. 3D and 2D view of damage index (DI) with isodog wavelet and scale 7 in B2: a & b) first model; 

c & d) second mode; e & f) third mode and g & h) summation of first three modes. 

 

 
Fig. 18. Average profiles of damage index with scale 7 in beam B2 (wavelet number: 1-6). 
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Fig. 19. Average profiles of damage index with scale 7 in beam B2 (wavelet number: 7-12). 

 
Fig. 20. Average profiles of damage index with scale 7 in beam B2 (wavelet number: 13-18). 

 
Fig. 21. Average profiles of damage index with scale 7 in beam B2 (wavelet number: 19-22). 
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4.3. Damage detection in B3 

B3 aluminum beam, similar to the B2 beam, 

has two slots as damage scenario in the 

middle of the beam length (X = 200 mm) and 

its left side (X = 64.5 mm), but the ratio of 

the depth of the slots to the beam thickness in 

this beam is 30%. be Similar to beams B1 

and B2, in order to check the ability of 

different 2D wavelets to identify the double 

damages of beam B3, the difference of the 

modal curvatures of the first to third modes 

in beam B3 with their equivalent curvatures 

in the undamaged state were introduced as 

input to wavelet transform with scales 1, 7 

and 15 and the obtained wavelet coefficients 

were named as damage index (DI). The 

outcomes showed the same as B1 and B2, in 

B3 aluminum beam sinc and isodog wavelets 

with scale 7 lead to the best results as shown 

in Figs. 22 and 23, respectively, and also 

illustrated in profiles in Figs. 24 to 27. 

 

 
Fig. 22. 3D and 2D view of damage index (DI) with sinc wavelet and scale 7 in B3: a & b) first model; c 

& d) second mode; e & f) third mode and g & h) summation of first three modes. 
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Fig. 23. 3D and 2D view of damage index (DI) with isodog wavelet and scale 7 in B3: a & b) first model; 

c & d) second mode; e & f) third mode and g & h) summation of first three modes. 

 
Fig. 24. Average profiles of damage index with scale 7 in beam B3 (wavelet number: 1-6). 
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Fig. 25. Average profiles of damage index with scale 7 in beam B3 (wavelet number: 7-12). 

 
Fig. 26. Average profiles of damage index with scale 7 in beam B3 (wavelet number: 13-18). 

 
Fig. 27. Average profiles of damage index with scale 7 in beam B3 (wavelet number: 19-22). 
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4.4. Best wavelet selection 

As it is shown in sections 4.1 to 4.23, among 

different utilized 2D wavelets, only the sinc 

and the isodog wavelets have been able to 

reveal the location of the double damages 

and the rest of the wavelets did not have the 

ability to detect single and double damage in 

beams B1, B2, and B3. 

To select the best wavelet between the sinc 

and isodog wavelets, the MMR ratios for all 

three B1, B2, and B3 beams are depicted in 

Fig. 28. 

 
Fig. 28. MMR ratio calculated using sinc and 

isodog wavelets for different beams. 

As shown in Fig. 28, in all three beams, B1, 

B2, and B3, the value of MMR ratios for sinc 

wavelet is higher than that of isodog wavelet. 

Therefore, it can be concluded that the sinc 

wavelet is more sensitive to damage 

scenarios than the isodog wavelet, and it can 

be considered the best wavelet for detecting 

damages in the tested aluminum beams. 

5. Conclusion 

In this research, aluminum beams with a 

length of 400 mm and a width of 40 mm in 

four undamaged states (B0), with single 

damage in the middle of the beam length (X 

= 200 mm length) with the ratio of the depth 

of the crack to the thickness of the sheet 

equal to 7% (B1), with double damages in 

the middle of the beam (in length X = 200 

mm) and the left side (in length X = 64.5 

mm) of the beam with the ratio of the depth 

of the crack to the thickness of the sheet 

equal to 7% (B2) and with double damages 

in the middle of the beam (in length X = 200 

mm) and the left side (in length X = 64.5 

mm) of the beam were made with the ratio of 

the depth of the gap to the thickness of the 

sheet equal to 28% (B3). Then, with the help 

of shearography method, the modal data of 

each of them were taken in the form of modal 

rotations for the first to third mode shapes. 

By deriving the modal rotations, the modal 

curvatures were calculated for each of the 

mode shapes and introduced as the input of 

22 different families of wavelet transforms 

with three different scales 1, 7, and 15, with 

their help, different states of damage in 

beams can be identified. The results of this 

research can be summarized as follows: 

 The results showed that by deriving the 

mode shape, the sensitivity of the 

damage indicators increases. Based on 

this, considering the modal curvatures as 

the input of the wavelet transformation 

compared to the modal rotations and 

mode shapes themselves leads to the 

proper detection of most of the damages 

in the beams. 

 The evaluation of the trial-and-error 

process showed that among scales 1, 7, 

and 15, considering scale 7 for wavelet 

families provides more appropriate 

outcomes. 

 Comparison of the location of the first 

and second peaks of the average profiles 
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obtained from the coefficients of 

different families of 2D wavelets 

showed that sinc and isodog wavelet 

families can identify the location of 

damage scenarios in three cases of 

damages in B1, B2, and B3 aluminum 

beams. 

 The results showed that between the best 

selected wavelets, sinc wavelet is more 

sensitive to damage scenarios than the 

isodog wavelet, and it can be considered 

the best wavelet for detecting damages 

in the tested aluminum beams. 
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