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Abstract

This paper develops a data-driven autonomous method for detection of fatigue damage and classification of the associated
damage risk in mechanical structures, based on ultrasonic signal energy. The underlying concept is built upon attenuation of
the signal and stability of the attenuation process. The attenuation provides pertinent information for damage quantification,
whereas the stability represents resistance towards the fatigue damage growth. The proposed neural network (NN) model has
been trained using the scaled conjugate-gradient back-propagation method. The NN model is capable of damage detection and
damage classification into five classes of increasing risk. The Daubechies wavelet transform has been used to reduce the noisy
pattern of the ultrasonic signal energy by using the associated approximation coefficients. The results show that the proposed

method of approximation signal energy can detect and classify the damage with an accuracy of upto 98 .5 % .

Hosted file

Fatigue Damage Detection and Risk Assessment via Wavelet Transform and Neural Network Analysis of Ultr
available at https://authorea.com/users/438987/articles/540029-fatigue-damage-detection-and-
risk-assessment-via-wavelet-transform-and-neural-network-analysis-of-ultrasonic-signals

-

e
o

Normalized Signal Energy
)
o o

2000 4000 6000 8000 10000 12000 14000 16000
Time (s)


https://authorea.com/users/438987/articles/540029-fatigue-damage-detection-and-risk-assessment-via-wavelet-transform-and-neural-network-analysis-of-ultrasonic-signals
https://authorea.com/users/438987/articles/540029-fatigue-damage-detection-and-risk-assessment-via-wavelet-transform-and-neural-network-analysis-of-ultrasonic-signals

P e : .
I
' Class_2
- o mm mm mm Em Em omm N —
-
05 / Ui | 1
| M-
A =
B 5 Class_1 Class_3
2 0 |
S 2
g -
- 2 Class_4
2 =]
= 0.5 1
- B - —
= g
= I
2 2 R 1
- Crack detection +— i .
g 45— i
g '
1l
1
2 | 1 1 | 1 1 Il 1 Il 1
0z . e 08 Number of ﬂl’le uT measur(lahzsignal el = 18 xqu
Single layer Shallow Deep

Neural network

Neural network

Neural network

Input Output
Layer Layer

Input Hidden Output
Layer Layer Layer

Input Hidden Output
Layer Layers Layer

permission

Class_1 Class 2

eserved. No reuse with
Normalized signal energy
= : ©
o - o
T T T

S

25 1 1 ! I
0 05 1 15 2 25 3

Number of the measured UT signals <104

Jet 2021







Normalized signal energy

0.5

2000

4000

Crack detection ]

6000 8000 10000
Number of the UT measured signals

Class_2

EEEEEEEEEEEEESE RS RE R

1

Class_3

2000

Class_4

14000




%10 Error Histogram with 20 Bins
6 I Training
Validation
I Test
Zero Error
5
4k
w
I}
Q
g
B[
£
oL
s
0 1 Il 1 1 L Il L 1 — — L 1 L - L L 1 1
[fe] I~ o2 - [+¢] wn ~ (=] — wn o o o] w ot o w == [{=]
s y 8889 giIeEgEeIgRy e
@ @©®@ K~ © 1 4 5 A = 5 F = g5 O 0O O 5 @ R
§ § 6§ ¢ § ¢ ¢ ¢ ¢ 2 5 © e © © © s <
Errors = Targets - Outputs
150 -
100 |
© 50
h=l
2
g
E o
w
c
2
n -50 ]
-100 |
150 b 1 1 1 1 |
0 50 100 150 200 250 300 350 400 450 50

Ultrasonic echo signals for cracked specimen, crack length <1 mm



Training Confusion Matrix Validation Confusion Matrix

Cross-Entropy (crossentropy)

;| 4220 1 0 0 0 |100.0% 1| 884 1 0 0 0 |99.9%
50.4% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% 49.3% | 0.1% | 0.0% | 0.0% | 0.0% [ 0.1%
a0 116 | 24 0 0 |97.9% o © 243 3 0 0 |o88%
0.0% [13.3% | 0.3% | 0.0% | 0.0% | 2.1% 0.0% [13.6% | 0.2% | 0.0% | 0.0% | 1.2%
1] w
g4 0 78 671 7 0 |ess% 4] 0 16 147 1 0 |89.6%
O | 00% [09% | 8.0% | 01% | 0.0% [11.2% C | 00% | 09% | 8.2% | 0.1% | 0.0% |10.4%
] -]
2, 0 0 0 706 0 |100% 2, o 0 1 127 0 |99.2%
8 | 00% | 00% | 0.0% | 84% | 0.0% | 0.0% S | 00% | 00% | 04% | 7.4% | 0.0% | 08%
sl 0 0 0 651 | 895 |57.9% 5 0 0 0 165 | 205 |[55.4%
0.0% | 0.0% | 0.0% | 7.8% |10.7% |42.1% 0.0% | 0.0% | 0.0% | 9.2% |11.4% |44.6%
100% |93.4% | 96.5% [51.8% | 100% |90.9% 100% |935% |97.4% |43.3% | 100% |89.6%
0.0% | 6:6% | 35% [48.2% | 0.0% | 9.1% 0.0% | 6.5% | 2.6% [56.7% | 0.0% [10.4%
~ % ) & B ~ @ [ & B
Target Class Target Class
Test Confusion Matrix All C ion Matrix
897 0 0 0 0 |100% ;| 8001 2 0 0 0 [100.0%
50.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% 50.2% | 0.0% | 0.0% | 0.0% | 0.0% [ 0.0%
s 0 227 4 0 0 |e83% s 0 1586 | 31 [] 0 |98.1%
0.0% [12.7% | 02% | 0.0% | 0.0% | 1.7% 0.0% [13.3% | 0.3% | 0.0% | 0.0% | 1.9%
1] w
24 0 19 150 0 0 |ess% 24 0 113 | 968 8 0 |889%
O | 00% | 11% | 84% | 0.0% | 00% [11.2% O | 00% | 09% | 8B.1% [ 01% | 0.0% |11.1%
- -
] ]
2,1 o 0 1 140 0 |99.3% E,|l 0 0 2 973 0 |99.8%
g | 00% | 00% | 01% | 78% | 0.0% | 07% S | 00% | 00% | 0.0% | 81% | 00% |02%
sl © 0 0 154 | 201 |56.6% 5 0 0 0 970 | 1301 |57.3%
0.0% | 0.0% | 0.0% | 8.6% |11.2% |43.4% 0.0% | 0.0% | 0.0% | 8.1% |10.8% |42.7%
100% |92.3% | 96.8% [47.6% | 100% |90.1% 100% |93.2% 49.9% | 100% |90.6%
0.0% | 7.7% | 3.2% |52.4% | 0.0% | 9.9% 0.0% | 6.8% | 3.3% [50.1% | 0.0% | 9.4%
N o L) ™ o ~ P * ) o
Target Class Target Class
Best Validation Performance is 0.054082 at epoch 35
10°¢ -
Train
Validation
Test
-~ Best
10tk
77777777777777777777777777777777 N
Ny
2| :
1 0 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40

41 Epochs



Attenuation #1

Attenuation #2

o
o
T

Damage resistance #1
< Attenuation #3

Damage resistance #2

of signal energy, Level 5
& °

Attenuation #4

Normalized approximation coefficients

Damage resistance #3

2000 4000 6000 8000 10000 12000 14000 16000
Time (s)

150 — . . . . -

100

50

Signal amplitude
(=]

=100

150 1 1 1 1 1
v] 50 100 150 200 250 300 350 400 450 500
Ultrasonic echo signals for cracked specimen, crack length < 1mm

Damage_class_1 Damage_class_2 Damage_class_3 Damage_class_4



Training Confusion Matrix

;| 4200 0 0 0 0 | 100%
45.3% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
a0 1167 0 0 0 |100%
0.0% [12.6% | 0.0% | 0.0% | 0.0% | 0.0%
1]
g4 0 0 694 0 0 | 100%
O | 00% | 00% | 75% | 0.0% | 0.0% | 0.0%
]
2, 0 0 0 592 0 |100%
g | 00% | 00% | 0.0% | 4% | 0.0% | 0.0%
sl 0 0 0 142 | 2469 |094.6%
0.0% | 0.0% | 0.0% | 1.5% [26.7% | 5.4%
100% | 100% | 100% |80.7% | 100% |98.5%
00% | 00% | 0.0% |19.3% | 0.0% | 1.5%
~ % ® ™ B
Target Class
Test Confusion Matrix
4| eo0 0 0 0 0 |100%
45.3% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
s 0 265 0 0 0 | 100%
0.0% [13.4% | 0.0% | 0.0% | 0.0% | 0.0%
1]
24 0 0 158 0 0 | 100%
O | 0.0% | 0.0% | 80% | 00% |00% | 0.0%
-
]
2,1 o 0 0 108 0 | 100%
S | 00% | 00% | 0.0% | 54% | 0.0% | 0.0%
sl © 0 0 26 528 [953%
0.0% | 0.0% | 0.0% | 1.3% [26.6% | 4.7%
100% | 100% | 100% | 80.6% | 100% |98.7%
0.0% | 0.0% | 0.0% |[19.4% | 0.0% | 1.3%
N @ L3 ™ o
Target Class

Validation Confusion Matrix

1| 901 0 0 0 0 | 100%
45.4% | 0.0% | 0.0% | 0.0% | 0.0% [ 0.0%
o © 269 0 0 0 | 100%
0.0% |13.6% | 0.0% | 0.0% | 0.0% | 0.0%
w
4] 0 0 149 0 0 | 100%
G | 0.0% | 00% | 75% | 0.0% | 0.0% | 0.0%
-]
g2, 0 0 0 105 0 | 100%
S | 00% | 00% | 0.0% | 53% | 0.0% | 0.0%
sl © 0 0 28 §33 [95.0%
0.0% | 0.0% | 0.0% | 1.4% |26.9% | 5.0%
100% | 100% | 100% | 78.9% | 100% |98.6%
0.0% [ 0.0% | 0.0% [21.1% | 0.0% | 1.4%
~ o > ) °
Target Class
AllC Matrix
;| 8001 0 0 0 0 | 100%
45.3% | 0.0% | 0.0% | 0.0% | 0.0% [ 0.0%
s 0 1701 0 [] 0 | 100%
0.0% [12.9% | 0.0% | 0.0% | 0.0% | 0.0%
w
24 0 0 1001 0 0 | 100%
O | 0.0% | 00% | 76% | 0.0% | 0.0% | 0.0%
-
]
E,|l 0 0 0 805 0 | 100%
S | 00% | 00% | 0.0% | 61% | 00% [ 00%
5| © 0 0 196 | 3530 |04.7%
0.0% | 0.0% | 0.0% | 1.5% [26.7% | 5.3%
100% | 100% | 100% |80.4% | 100% |98.5%
0.0% | 0.0% | 0.0% [19.6% | 0.0% | 1.5%
~ o ) ) o
Target Class

X ER"

Oo

Y1

01




Data may be preliminary

and has not been peer revi

“

No reuse without permission

Al rights reserved

ight holder is the author/funder.

The cop

Posted on Authorea 1 Oct 2021

30

20

Signal amplitude
o

50 100 150 200 250 300 350 400 450
Ultrasonic echo signals for cracked specimen, crack length =1 mm

fx)

500



o
o
T

Data may be preliminary

Normalized Signal Energy
(=]
T

05— <
g A =
f 15 1 1 1 L 1 =
g 2000 4000 6000 8000 10000 12000 14000 16000
2 Number of the UT measured signals
& 15
= s 4

o
w«

5

10.06
Normalized Approximation coefficients
of signal energy, Level 5
o

2 -0.5 .
- - ~
3 . . . ‘ 1
o 2000 4000 6000 8000 10000 12000 14000 16000
E Number of the UT measured signals
g 150 T T T T
E 100 - -
2 g s0- .
g 2
: g
: 50
z g
o (=)
g @ S0 -
B -100
; 150 1 | | 1 1 1
1] 50 100 150 200 250 300 350 400 450 50
2 Ultrasonic echo sianals for cracked specimen, crack lenath <1 mm

10



Normalized approximation coefficients

Initialize random weights.

Calculate the activation rate of hidden layers from the input data and assigned weights between
input layer and hidden layers.

Repeat step 2 for next layers until the output layer, where the input data of each layer is the outputs
of the previous layer, and the weights are the assigned weights between the previous layer and
current layer.

Find the error between outputs of ANN and the desired outputs.

of signal energy, Level 5

Adjust the weights between output layer and hidden layer using the current weights and calculated
error.

Adjust the weights between hidden layer and input layer.

Repeat step 2 to step 6 for all training data.

Repeat step 2 to step 7 till the error converges to an acceptable limit.
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Cross-Entropy (crossentropy)

Best Validation Performance is 0.029514 at epoch 53
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