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Damage detection in Glass Fiber Reinforced Plastic (GFRP) using neural
network based on denoising with different mother wavelets
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ARTICLE INFORMATION ABSTRACT

Original Research Paper In this paper, a vibration-based damage detection approach for multi-layered woven glass laminate
Received 06 March 2017 using time signal processing and Neural Network (NN) is presented. Wavelet denoising technique has
Accepted 04 June 2017

been applied in order to eliminate noise from the experimental extracted signals. After data mining and

Available Online 04 August 2017 feature extraction from processed signals, NN is employed as a classifier to detect the damaged GFRP.

Different NN structures were tested to recognize the most remarkable performance in damage detection.

K ds: . .

GT:yg\gJ e Also, the presented method was evaluated when different mothers of wavelets at different
Damage Detection decomposition levels denoise signals so that the best signal processing method could be selected.
Neural Network Results demonstrate the effect of NN structure on the damage detection technique which, in this
Denoising

research, the best NN performance was obtained with 75 hidden layers and allocating 80%, 10% and
10% of data to training, evaluation and testing, respectively. Furthermore, denoising using db3 and
bior3.7 mother wavelets at 2" decomposition level leads to the highest accuracy as well as suitable
calculation time compared to other mother wavelets. The proposed method based on real data at the data
acquisition points detects damage in composite laminate with high accuracy at reasonable calculation
time, hence it can be used for condition monitoring of composite laminate either offline or online,
provided that online data acquisition equipment is implemented.
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Fig. 3 Acceleration signals for pristine laminate and after compression
damage with excitation at plate center
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Fig. 1 Glass-fiber laminate under static compression load with constant
strain rate 0.005 mm/s
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Fig. 6 Raw and denoised signal for pristine laminate using db2 at level
2 with excitation at plate center
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Fig. 7 Raw and denoised signal for damaged laminate using db2 at
level 2 with excitation at plate center

by gre Sl 10 CojenlS aVaiz sl o) g g pls JLKew T SO
amio S 50 oo akads (02 gal> 0 (02 Ldugs ol Soge

@ 098 ghgial pls Gl il 5l 5is 50 Sledlbl 920 4 oS ol
a8 gylSools s JUSow o lsime 51 Gl Sledbl 2l 3l anl b
eba o bl @y o zhinl bwg Yoane solSools [23] 055 o
S e &b 30 51 regh cnl )3 S pdyos plol la U 51 (S &l
oS ol @ly o a5 wd oolitul 5l glo LKl sslSools Cup
LTS £ YOO SV R PRRRCCTT P N P PICOU I PN FES g [FX 00

S bl s el c oley sl UiKew 51 b g 5l o &S,
MaJse s cpl jo0mdoe Glis igdioo glyFnl Cojenls aVun
x(n) coles ,5 5 JiSew o bl sl N o JuSew 5 polie ooSile

iz glosls blas jo JuKw S polas

Egan (gmas e -4-3
S by Giimly s ool 5l (S Sekas oras 4D
odndig (oS p ol Olsl Gled )5 5 gaal S 05950l &S el egtan
Gakb 5 (ackis an alb ol e 0 Sleojex 5l (S e
Shows g Cuxdy Gl Sy Coldge b oyl By, cpl el o
a3l Gty cnl 5o [24,12] cnl oads a8 55 4y Sl sbvaslols

A ool o jemelS Vi 0 Cas adid Gy Leas omas

7 oolais 17 095 1396 juo (w30 SilSo i



Obled 9 SHrd duxe

23lo S0 Sl Ja s wilike £lgil bawngs 135 3195 b puas A 3l 0.3liusl by Al LIl s 39rels 4s¥ i Ao )3 Hrd Al

0.4
& 02t
@ gE-02
2 0.4 L L L L
0 0.2 04 . 0.6 0.8 1
Time (s)
04
§ o2
g o
0 ®E-02F}
o E
2 _0‘4 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Time (s)
» 0.1
3 /
= 253.1 Hz
Zoos 2992 Hz
=
© E /
=y A . ‘
0 200 400 600 200 1000
Frequency (Hz)
01
o 7
£ 244.1 Hz
(@ "%—‘005 | T20m 2842}&2972}&
E LY M
o A= . .
0 200 400 500 300 1000
Frequency (Hz)
01
= [ -
= 253.1Hz
E’" 0.05 1 2992 Hz
(e) S 4 839.5 Hz
k 7194 Hz
E: ok L ~a l
0 200 400 600 200 1000
Frequency (Hz)

Fig. 8 Time and frequency domain signals after denoising: (a) and (c)
pristine GFRP, (b) and (d) damaged GFRP- (e) frequency domain
signal for pristine GFRP before denoising

(2) il Vi ool olo) ng i8S B b g loj slo LK 8 S
Wl aVair iS5 Gl () — g Sl s (d) 5 (B) wplle Sl 45 (©)

PSSR

oS pley g w80 Bl jLdle o gange B ol plsl s 5 (oaw
o 4l b (MLP) Yoz gty (omas 4502 090 Jol> coe
oools yg03] o ooliiwl lgS Lo =5 yig) &l b (b5g0] b, 9 ,Lil
WYz 0 ol adkid (0 uac AUl o Sles ol atuie C@
el 00l oolainl Cy jenelS

Sl bl sl 325 cnl l Jol> @l medy 4 o95]
S8 59y p Alie 3l Szge ply Sl g (Eoan (oras AL A
005 oo ailo y CujemelS MYas Cus Lauis

war olils)l geeil plml Caz S ole &5 sboles
ploal Lo ol 4y sel cpl (00 5 (saipnds alats 25 olass 4y o jauelS
olass .00 )5 ooliiwl o Lawxis Cqo by woled sbrosls 51 L aye )5
9 IS8 bawgi Cojeals aVaizr 59, » S weal Jore g alali 25

el 00y ol lis

7 o)l 17 095 1396 e (o0 Suilfo wise

O emas a5l &S la)lisle 5l plaS e Sold;s 995 o0 oS alal>
33 9 00D (omagh &S B ) ganples dend Cgse pantis 50 9 Sles
08,8 oo ool [l T 51 Sbcaws aieian ailol
A 9o 52 0 AVair amio Gl slagiSew Gragh nl 5o
2l e SLlS & g0ty 45 50 3 olaws 4 b 25 10 cogne 5 pllo
Yoz amio > 90 5l il JuKw 150 slass cggamme,s 14 .00 5
oy 008 eoliiul lagl 5l cue Lankid cqz U ows S gl Sl
Wl o i oo ooliinal d (1303 5 (i)l i Bisel Sz 45 plpesls
xSl caz sl ool wil cos Lacis cBs (6,08
lise gloyllo (G ol 50 gy, 4 aSed a3l Shjsel
Sole)d B ad walss lesl (asiie cos Al Ce oras 4SS
Yoz cos (el 4 ol bl lEle e b oeae 4SS

331 Sl

gl -4
o3ld sy odd plxl gla fdow wMSs jseay lanl (i cpl o
A aalys ) 3 ol 5l Jols gl g o3 Sals>

Ll Ge el At sl d a5 ol Gl &S Jebles
2P S Soge had GBS opl o Wl Soe e 21 g
b g Glojy JuSew 5l (Jloo w000 5 oslital (Sloj pls sla JUiSow (2135
ot yild (dlS 3 il diged S olyen 4y ond 2ld JiSews ilS B
S5 b sal)) o ol SILLE ol ond ool (les 8 UK s
oud plail Ggnn 5 ol Sl Atz anslie jsliiea Bpo bl 4
8 S s amalin b1 il 3 o (55, 2 (25 98 plonil Sl o
45 s g (IS5 93 ol oo dnmlie L g sunlice g3 oo (€) 5 (b)
o ) Sge hos g 8395 HZ 5 7194 HZ Gaes LuilS 5 oo il
el 03905 Cugi |, 2531 HZ LI LulS 3 & y0d aSSl s el 4,
ol 00l 1y olS 3 i o bl w5eT s 4 Sl S LG

aVaizy cl o ead 2l0) ngh (S P b ploo dnlie planil L
@bl &5 d9e5 osalive lgioe (d) 5 (€) 8 JSB ol shilo g ollu
sl ol @lyye caloslog, (b oS Suz o uils); sleelS B
5 el ol o sl ouds (uilig; (S B alS g (St (b S
OB rimed el Fosgie 2531HZ Ll 5 (L g ol uils
olis a5 cal 4l zals 3 ey oo 4 i), sla uls
o Sl S 58 Cgane axio oy (B JUSw aiels a3 oo
g ounlie 15 (D) 5 (8) 8 USs aslin b olion |, yol ) 9 Cansl

Yz 5l gledais Vb cdo b sz 5 S50 jUT jslatee;
oAt Wighioe (2F il S0 (38, Vb 4 mie oS CujenslS
S oyt ol dsrs 45 b wales bl bl «adly Lo ol aalys
lhowe auld sl (See Cg il walss bl ol wlils)l 1,
=S Dot wb LS atiy Sledlbl wiadsn slagty; vy
G LS I L Jgar 5o oud Byme g 30 14 5 wis S oolitul b6
isel Sl Gl 65 005 o glpel by sl om Ol
Al anlgs ooliiwl cmac aSs (ae;l 5 (o liel

olaiz ui"}}"" 4 as ool sl colatnl b cgias as 4SS
a4 aS bosly 3l gasye wles s o 1) (hieel sale e wiloads ools
sl gyl il e ol laools Gsail 5 (milzel o 3550]

368



Ol 9 Frd duxe

23lo S0 Sl Ja s wilike £lgil bawngs 135 3195 b puas A 3l 0.3liusl by Al LIl s 39rels 4s¥ i Ao )3 Hrd Al

A walg oolaiul dige obcus cya LSle cpl Gaass cpl dalol yo
11 IS 50 1 ptug ol Soge 1 oolainl b cue andeidd mlis
Ao o b ayjo0 alo e (1al381 L aST 55,5 e cdalive .l oad ools ylas
By s 4 galge o Ly Al Rl ces pasas cds 4
po A 0 10 Coe Laseis cds cwl anils SWl elS cue ausis
ol 00gr L Liugs lawgs ol B anteid C8s o piiin T8W Slade 4y
453 al> o 5l i sl p90 5 sl aloye 30 sras &S B350l Ol
ol Soge cpl bwg coe jaskil CEd wges Oygod Sl ooy
e Sorge i 1, CipeelS Vi e s s 12 IS8
3L 1w Jolp )0 cue aseid C8s poled ams o L 2 Liuge
0390 84% L ol 1 al> e j0 cue Lauidd G5 op s 9 80% (oYL
Slog Dygon 45 a>pe 4 Cod Gboas CBs Lo Wy,
2 d> o 5l i 1 als o o0 b e aseis C8s a5 IS 4wl

el yiaS dan 314 al> g0 92 al> e 5l i 3 al>
bug @ g b e 4GS ploitioe 5 ces arnis CBo
50 &80 Vb el sl eoly lis 13 IS (0 3 Ldugs ol S>ge
Ao yloj g Sl 85.3% pl g 0ads Juol> 3 4320 al> o 10 05,5 ()

1 - 1

0 —e— Detection Accuracy 00
R &= — — —® — = — Computation time -
X %)
<80 | 19E
g g
3 =
& 60 1808
5 g
[s]
g0t {78

20 60

dbl 1 dbl 2 dbl 3 dbl 4

Fig. 11 Detection accuracy and computation time for Daubechies 1
mother wavelet at different decomposition levels

ol Soge vy ol g Glp amlbre Glo) 5 o akis cds 11 JSCS
o575 iie g 01 g

100 - 100
—e—— Detection Accuracy

— & — Computation time

9\; 80 i ‘\'/‘\. b 90 g
Q [«5)
£
S 60 | {8 &
= =
2 A El
:6)-':’ =~ ~ 7 < N N g
8 40 + \\ o N 4 70 8
a
20 60

db2 1 db2.2 db2-3 db2_4

Fig. 12 Detection accuracy and computation time for Daubechies 2

mother wavelet at different decomposition levels

Pl S>go bawgs o) psi lp dulxe lo) 5 cue asis cds 12 K%
40525 Al polan 192 Shug

369

1 |12 |8 |14 |15

[ Sensor Attachment Point |
Py ® Py

16 17 18 9 20
@ Excitation Points

a1 2 B A %
Fig. 9 Excitation and sensor attachment points
Joge JiSe lawg S, blis 5 5w cual Joe 9 S50

Oley o 1y cus ansid oS esian omas aSLE Ay Hlsle Okl
1) Sl s il i b 5l ot Gi5u was plxl Sl
Az 0 el Lo 55 1y DT S5 ansetd (o eolaiwl collB b, oyl
GP9) 0992 Sl e loy (S 9 S8 (e b e artts
doyd g olen oy slass ols wales iuliél (Ol coe s o,
sloyahl olysar eas 4SS (bjsel 4wl plaisl sleesls
Rl e R L I P R
Soge ol b lawg bools olo) g (omae aSud ol Hlisle
§ et paseis &80 10 JSS aw ) plodl 4 4y 50 al> 0 g0 B2 Liugs
elal as s s s aY slasi b geac a0l laug 1) Ol e
Sl b as aes s Las 10 s aes co lid il ijsel (slaosls
olBl 4l 8ol plytae eges Dysods (len oY olass
Gl g3l oy Y sy 2l Gl el a6l o coiom
dmlre gloj (%eS g 0es (e el 00l e SIS parii
ol 00 Jol> o350l 4 oosls 80% plais! 9 75 oloen 4Y sluss o

200
Training data 60% y
- — & — Training data 70% /
;E; 150 | — #— - Training data 80% //
S — -+ — Training data 85%
= 9 ’ ’
5 —
£100 -+
= e
[=H
£
o
o
50 1 1 n 1 n 1 n 1 n 1 n 1 n 1 n
10 25 50 75 100 200 300 400
Number of Hidden Layers
90 — —
Training data 60% — & — Training data 70%

< — 4— - Training data 80% — < — Training data 85%
=85
]
3
&
§80 |
g
D
o

75

10 25 50 75 100 200 300 400
Number of Hidden Layers

Fig. 10 Detection accuracy and computation time for different NN
structures

sras a8 Galidee gla,lisle )0 deulxe lo) 5 cue (i Cd5 10 S0

7 oplais 17 095 1396 MR )3 Sulse Swiie



Obled 9 SHrd duxe

23lo S0 Sl Ja s wilike £lgil bawngs 135 3195 b puas A 3l 0.3liusl by Al LIl s 39rels 4s¥ i Ao )3 Hrd Al

100 - 100
—e— Detection Accuracy
= — & — Computation time -
Sgo f 19E
g 2
3 A =
S60 | 7N\ {858
= / \ k=]
k=l / 5
°© / \ 2
2 o N\ S
8 40 r N - 178
=
20 60
coif2_1 coif2_2 coif2_3 coif2_4
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wavelet at different decomposition levels
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Fig. 18 Detection accuracy and computation time for Bior3.7 mother
wavelet at different decomposition levels
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