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Fault detection of laminated composite plate with delamination damage using
neural network training based on the free vibration response
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Faculty of Mechanical and Energy Engineering, Shahid Beheshti University,Tehran, Iran
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ARTICLE INFORMATION ABSTRACT
Original Research Paper In this study, error back-propagation neural network is used for fault detection of composite plate with
Received 25 December 2016 delamination damage. At the first step of the fault detection process, a free vibration analysis of

Accepted 15 March 2017

- v laminated composite plates is performed based on numerical finite element method and the natural
Available Online 03 May 2017

frequencies of individual modes is obtained for different delamination models (size, geometry and
location of the delamination region). Then natural frequencies extracted from the model are considered

Keywords: . A . L .

Laminated composite plate as the input parameter and the size, geometry and location of the de_lamlnatl_on region are also
Delamination considered as the output parameters of the neural network. 8-layers composite plate is modeled based on
Fault detection based on modal analysis the three-dimensional elasticity theory and considering hexagonal brick elements. So, transverse shear

Error back-propagation neural network deformations effect is taken into account in the modeling of composite plate. ABAQUS software

capabilities are used for modeling because of the complexity of process governing on the composite
plate with delamination. The numerical results obtained by the finite element method are compared and
validated with available numerical and experimental data. Two training methods including Levenberg -
Marquardt and Error propagation flexible algorithm are used to train the neural network and compare
responses. Predicted results by Levenberg — Marquardt training method are in very good agreement
with the values obtained by the finite element method. After training the neural network, the model
generalization is used for the damage prediction and detection in composite plate.
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Table 1 Mechanical properties of the orthotropic material for the upper
and lower layers [26]
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Table 2 Mechanical Properties of Epoxy resin [26]
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Table 4 Comparison of the results for six frequency modes of the composite plate with stacking [0°/0°/0°/0°],
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Tabel 5 Natural frequencies of the composite plate with delamination at various points (Hz)

a=bh=475 a=b=45 a=b=425 a=bh=40 a=bh=37.5 a=b=35 a=b=30 a=bh=25 a=b=2255 a=b=16.5 a=b=11.275 3 50
69.633 69.638 69.643 69.647 69.651 69.655  69.657 69.659 69.666 69.671 69.673 1
133.951 134.030 134.100 134.143  134.183 134.206 134.234 134.237 134.248 134.252 134.254 2
168.523  168.703  168.856  168.963  169.045  169.104 169.172 169.183 169.202 169.202 169.205 3
192,495 192,883  193.254  193.554  193.817  194.042 194.374 194.568 194.652 194.752 194.790 4
216.170  216.444  216.706  216.905 217.089  217.230 217.448 217.572 217.632 217.705 217.726 5
345401  349.303  352.839 353.897 354.759  355.338 356.064 356.351 356.445 356.528 356.541 6
349.334  351.175 353.442 356.848 360.124  362.879 367.352 370.343 371.312 372.867 373.443 7
403.492 410995  419.112  423.019 423.365 423.630 423.949 424.066 424.140 424.182 424.193 8
421.221 421948 422571 426120 432949  438.854 448.375 454.574 456.544 459.632 460.725 9
499.220 500.972  502.553  503.711 504.632  505.328 506.190 506.556 506.695 506.809 506.827 10
548.464  552.244  556.634 560.514 564.673  568.475 575557 581.038 582.971 586.271 587.552 11
560.404  586.893  590.901 595.057 600.054 605.179 615.899 625.069 628.439 634325 636.605 12
583.869 600.461  656.150 684.415 705.299  714.244 723.505 726.903 727.679 728.511 728.658 13
720481  734.031 760.738  773.045 773.888 774577 775808 776.750 T777.174 777.836 778.103 14
769.345 770.828  772.115 788.695 831.828  852.395 859.858 863.549 864.584 865.660 865.845 15
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Fig. 12 Natural frequencies of modes 11 and 12 versus eccentricity
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Fig. 8 The mode shape of the ninth mode (natural frequency of 448.375
Hz)
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Fig. 9 The mode shape of the eleventh mode (natural frequency of
575.557)
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Fig. 10 Variation of the natural frequencies of the first to fifth
modes versus different values of delamination size parameter.
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Fig. 11 Variation of the natural frequencies of the sixth to tenth
modes versus different values of delamation size parameter.
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Tabel 6 Natural frequencies of the composite plate for different values of parameter b (Hz)

b=37.5 b=35 b=30 b=25 b=20 b=15 b=10 b=5 ol5 3 390
69.651 69.653 69.660 69.664 69.673 69.673 69.675 69.675 1
134.183 134.202 134.234 134.250 134.264 134.267 134.269 134.271 2
169.045 169.064 169.102 169.135 169.169 169.187 169.195 169.198 3
193.817 193.938 194.167 194.369 194.550 194.684 194.771 194.817 4
217.089 217.172 217.334 217.466 217.574 217.656 217.707 217.773 5
354.759 355.034 355.527 355.900 356.204 356.368 356.458 356.494 6
360.124 361.455 364.366 367.144 369.598 371.506 372.819 373.450 7
423.365 423.475 423.680 423.844 424.001 424.094 424173 424.207 8
432.949 436.603 443.538 449.430 454.102 457.522 459.738 460.814 9
504.632 505.114 505.833 506.280 506.559 506.717 506.797 506.830 10
564.673 566.542 570.953 575.587 580.041 583.693 586.251 587.573 11
600.054 603.043 609.972 617.322 624.384 630.659 634.638 636.861 12
705.299 710.568 719.074 724.428 727.166 728.339 728.758 728.763 13
773.888 774177 774.870 775.612 776.512 777.306 777.919 778.226 14
831.828 842.038 855.820 859.783 862.601 864.331 865.372 865.830 15
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Start

y

Assigning initial values to the weights and

Determining a proper educational
pattern (sought inputs and outputs)

y

Calculating the actual outputs of intermediate
neurons and output neurons

X

Setting weights and biases by using error between the
actual output and the sought output

A

Changing the
educational pattern

v

Is training patterns is
over?

Increasing the number of
iteration

End of iterations

End

Fig. 13 Algorithm of the error back-propagation neural network.
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Table 7 Effect of the delamination location factor on the natural
frequencies of the composite plate

y=0 y=0 y=0 y=0 y=0 590
x=40 x=30 x=20 x=0 x=0 .
ala
69.656 69.660 69.660 69.661 69.657 1
134226  134.231  134.231  134.234  134.234 2
168.593  168.789  168.982  169.121  169.172 3
194513 194453 194410  194.383  194.374 4
217572 217533  217.487  217.460  217.448 5
353532 354300 355.154  355.818  356.064 6
367.268  367.297  367.281  367.323  367.352 7
421,770 422,686  423.366  423.800  423.949 8
459.251  456.470  452.726  499.576  448.375 9
505.346 505582  505.894  506.098  506.190 10
583.151  580.477  577.952  576.180  575.557 11
633.468  628.752  622.320 617.564  615.899 12
723425 723507  723.489 723486  723.505 13
773521  774.093 774900 775561  775.808 14
850.349  850.549  855.391 858569  859.858 15
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Table 8 The neural network settings
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500 S5 e
43t 180 ooy oo
0.01 A 3590 sl

* Over Fitting

?Mean Squared Error (mse)

* MATLAB R2013a

* Levenberg-Marquardt (trainlm)

® Resilient Backpropagation (trainrp)
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Fig. 14 Model of the error back-propagation neural network
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Best Training Performance is 0.0096458 at epoch 49
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Fig. 15 Performance characteristic of the neural network with
Levenberg — Marquardt training at optimal state
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Table 9 Comparison of the network performance with different inputs

053l Can o) A 69,5 Slasy
0.0592 0.0238 0.0511 0.1951 mse

127 88 140 - S5 olaws

10 9 12 - (a8) oyl

158 o= sl g, 4 (higel b aSd calises (sl it Lo 5 10 Jgue

Table 10 The results of various network structures via training by Levenberg — Marquardt method

4-13-20-10 4-14-22-10 4-20-25-10
0.0064 0.0088 0.0169
49 56 62
3 6 10

4-17-23-10 4-15-30-10 4-12-25-10 e
0.0146 0.0153 0.0075 mse

61 71 53 S5 sl

7 11 7 (48 ol

iyl sl LEl gy 3, & gl b At Gilie sl il b 11 Jgu
Table 11 The results of various network structures via training by flexible error propagation method

4-13-20-10 4-14-22-10 4-20-25-10 4-17-23-10 4-15-30-10 4-12-25-10 Sl
0.0094 0.0198 0.0228 0.0206 0.0221 0.0175 mse
323 412 577 535 522 408 S5 olass
9 9 9 9 9 9 (a6) oo
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Table 12 comparison of the results predicted by the neural network with real values

(o) (emas 4l b odd iy (e) msSLT 15810 5 51 oae] sy ol 0 Loy
y X alb a y X a/b a Cend

-0.00082 -0.00046 1.001685 0.025266 0 0 1 0.0252 1
0.000095 0.002447 0.976543 0.035214 0 0 1 0.036 2
-0.001532 0.001211 0.982524 0.040763 0 0 1 0.0405 3
-.000729 0.028567 1.048041 0.045439 0 0.03 1 0.0454 4
0.05051 0.05448 1.69132 0.034507 0.05 0.05 1.775 0.0355 5
0.011857 0.00915 2.115381 0.03695 0.01 0.01 2.083333 0.0375 6
-0.00234 0.046689 1.387067 0.037001 0 0.05 1.388889 0.0375 7
0.03256 0.012207 1.98730 0.043863 0.03 0.01 1.956522 0.045 8
0.030073 0.031324 1.343246 0.043873 0.03 0.03 1.323529 0.045 9
0.002274 0.00645 1.88863 0.045835 0 0 1.9 0.0475 10
0.008736 0.050114 0.921283 0.023524 0.01 0.05 1 0.025 11
-0.00017 0.069587 0.961084 0.025619 0 0.07 1 0.026 12
0.048097 0.029894 0.962125 0.024899 0.05 0.03 1 0.027 13
0.06887 0.04969 0.92176 0.028879 0.07 0.05 1 0.0295 14
0.016991 0.011365 1.144904 0.0298 0.01 0.01 1 0.0296 15
0.028033 0.030887 0.972384 0.029532 0.03 0.03 1 0.03 16
0.00988 0.032824 0.964365 0.029504 0.01 0.03 1 0.0302 17
0.002041 0.03844 0.937243 0.030452 0 0.04 1 0.0302 18
0.031912 0.010263 1.069595 0.033637 0.03 0.01 1 0.032 19
0.002412 0.070757 1.077244 0.033538 0 0.07 1 0.0335 20
0.000552 0.048522 0.924577 0.034556 0 0.05 1 0.0345 21
0.029973 0.052328 1.003725 0.036044 0.03 0.05 1 0.0345 22
0.051645 0.008607 0.94419 0.034836 0.05 0.01 1 0.0355 23
0.049564 0.048356 0.983706 0.03548 0.05 0.05 1 0.0355 24
0.000931 0.030997 0.90513 0.037904 0 0.03 1 0.038 25
0.049949 0.030405 1.123352 0.039802 0.05 0.03 1 0.0385 26
0.69456 0.029877 1.006958 0.038308 0.07 0.03 1 0.0395 27
0.010289 0.031952 0.008465 0.039766 0.01 0.03 1 0.0398 28
-0.00035 0.04943 1.028327 0.040458 0.01 0.05 1 0.0403 29
0.00812 0.011886 0.987579 0.040527 0.01 0.01 1 0.0413 30
0.017065 0.051081 0.903645 0.040914 0.01 0.05 1 0.0402 31
0.029947 0.011051 1.117795 0.046052 0.03 0.01 1 0.0447 32
0.030052 0.029976 0.900129 0.048484 0.03 0.03 1 0.0485 33
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