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Abstract.

This paper investigates the free vibration and crack identification of functionally graded material (FGM)
plates with a through-width edge crack. The material properties of the FGM plates change continuously with
the power law distribution along the plate thickness direction. The crack in an FGM plate is simulated as a
massless rotational spring and the plate is separated into two sub-plates at the crack location connected by the
line spring. The stress intensity factor (SIF) in the FGM strip is calculated to determine the stiffness of the
spring. The governing equations of cracked FGM plates are derived from the Mindlin plate theory and solved
by the differential quadrature (DQ) method to obtain modal parameters. The vibrational mode of a cracked
FGM plate is analyzed by utilizing continuous wavelet transform (CWT). A novel damage index (DI) is
developed based on calculated wavelet coefficients to localize the crack in FGM plates. This method can

localize the crack accurately and reduce the edge effect even with the measurement noise.
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1. Introduction

To address the challenges in scientific and industrial applications, composite materials with
continuous spatial change in constituents and material properties were produced to improve their
thermo-mechanical performance as thermal barrier and are named as the functionally graded materials
(FGMs) [1-3]. FGMs can be designed with desirable mechanical, physical and electrical properties so that
they can be applied in many areas, such as automobile, defense, energy, biomedical, aerospace, etc. [4]. In
these application areas, FGM plate-like structures such as rectangular, circular, annular, trapezoidal and
skew plates are important components of industrial structures, e.g. the automotive turbocharger turbine [5],
cutting-tool [6], wind tunnel blade [7], broadband ultrasonic transducers [8], B-pillar [9], etc. Since FGM
plates are in general used in hard working environments, damages to the plates often occur. Therefore, it is
vitally important to estimate the locations and severity of damages in FGM plate-like structures.

It is well-known that damages can reduce the local stiffness and change the vibration characteristics
of structures. Base on the vibration characteristics, many frequency-based damage identification methods
for structures were developed in the last three decades. Frequency-based methods were achieved by
monitoring the natural frequency change of structures [10]. Pan et al. [11] experimentally detected the
delamination in the composite curved plates based on surrogate assisted genetic algorithm and frequency
shift polluted by noise. However, there are some limitations to predicate the damage location for
frequency-based methods [12]. The database of frequency changes from different damage scenarios is
needed to train the model for structural damage detection [13]. In general, the frequency change is
insensitive to the structural local damage, and the uncertainties in numerical models, operational
environments and measurement noise have a significant impact on the accuracy of structural damage
identification.

Mode shape is another modal parameter which can be easily obtained and used to implement damage
localization in structures. The mode of a structure can provide the local information of the structure
comparing with the natural frequency of the structure. Moreover, with the development of the non-contact
vibration measurement, the mode shape can be measured precisely and obtained by enough sampling
points [14-16]. However, the mode shape is insensitive to damages [12]. In 1991, Pandey et al. [17] first
proposed the modal curvature shapes change method to identify the presence of the crack and its location
for damaged beams. For plate-like structures, Aratijo dos Santos et al. [18] studied the damage detection in
a carbon fiber reinforced epoxy plate by using the modal curvature differences. Actually, the
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differentiation will enlarge the measurement errors in the modal shape for the method based on the
curvature shape [19].

Note that the aforementioned methods require that the model parameters from intact structures are
obtained as the baseline when comparing with the model parameters from damaged structures. In general,
an imprecise baseline may result in the error of the change of model parameters between intact and
damaged structures. Therefore, baseline-free damage detection methods are much suitable for practical
applications. The baseline-free methods were proposed by many researchers, including gapped smoothing
method, fractal dimension method, wavelet-based method etc. [20-22]. The wavelet-based methods were
developed by using wavelet transform in which the static deflection [23], the mode shape [24], the
operational deflection shapes [25] or the active thermography [26] can be treated as the input signal. By
observing the sudden change in wavelet coefficients, the wavelet transform enables the singularity in the
input signal to be detected [27]. In other words, damage location may be forecasted from the sudden
change of wavelet coefficients at the spatial position. Douka et al. [28] employed one-dimensional
continuous wavelet transform (CWT) method in the damage detection of plates with an all-over
part-through crack. Fan and Qiao [29] took two-dimensional CWT of mode shapes to identify the crack
location in plates. Katunin [30] presented numerical and experimental investigations for the damage
identification based on two-dimensional discrete wavelet transform. This method was effective for
localizing the damage in the plate with crack, notch and spatial damages. Zhou and Li [31] proposed a
damage index for detecting sandwich composite plates with damaged core. Xu et al. [32] proposed a
damage identification method for of plate-like structures by employing the mode shape curvatures under
noisy conditions. The calculated wavelet coefficients were equal to the sum of wavelet coefficients
produced from the CWT of mode shape curvatures along the length and width directions.

According to the aforementioned literatures, many modal based damage identification methods are
studied in homogeneous and laminated structures. A little research has been reported on damage
identification of FGM structures. Khiem and Huyen [33] presented frequency-based crack identification
method for FGM beams. A crack identification method is developed by Yu and Chu [34] based on the
natural frequency change between the intact and cracked FGM beams. Yang et al. [35] investigated the
damage identification of FGM beams based on the change of the modal strain energy. Lu et al. [36]
detected the damages in the axial FGM beam by employing model updating approach. For the
vibration-based damage identification method of FGM plates, the model parameters need to be obtained
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first for cracked FGM plates. Studies on the vibration analysis of cracked FGM plates have been reported
in [37-42].

In this paper, the free vibration and crack identification of FGM plates with a through-width edge
crack are presented. The material properties of FGM plates vary continuous in the plate thickness direction
as the power law distribution. The crack is simulated as a massless line rotational spring. The stiffness of
the line spring depends on the stress intensity factors (SIFs) which are determined from the material
properties, the graded index and the crack depth. SIFs are calculated by using the ABAQUS software
package. The governing equations of a cracked FGM plate are solved to obtain the eigen frequencies and
the corresponding mode shapes. The mode shapes are decomposed into wavelet components by utilizing
the CWT along the x- and y-directions, respectively. Based on calculated wavelet coefficients, a novel

damage index (DI) is proposed to localize the crack in FGM plates under normal and noise conditions.

2. Linear rotational spring model

Fig. la depicts an FGM plate with a through-width edge crack of depth a located at x=L,. The
thickness, length and width of the plate are 4, L, and L, respectively. The Young’s modulus E (2),

Poisson’s ratio (z) and mass density po(z) of FGM plates change with the power law function in the

z-axis direction, 1.€.

E(z):(Eb—Et)[%+%j +E,, (1)
1 n

ﬂ(Z):(ﬂh_ﬂt)(%-i_E) T4, (2)
z 1Y

p(Z):(pb_pt)(Z-i_Ej +10t’ (3)

where 7 is the gradient index and the subscripts # and b represent the top and bottom surfaces of FGM
plates, respectively.

In Fig. 1b, the through-width edge crack is replaced by a massless rotational spring. The cracked FGM
plate is composed of two sub-plates connected by a spring. In the rotational spring model, only the
discontinuity of the bending slop at the crack section is considered. This model will be used to analyze the

vibration of FGM plates. The relationship between bending stiffness S, and the flexibility F of the
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spring is defined by

; (4)

and the flexibility can be calculated from [43]

[l—yz (a)]KI2 _ M? dF
E(a) 2 da’

©)

where K, is the mode I SIF under the pure bending moment M,; E(a) and u(a) are the Young’s
modulus and Poisson’s ratio at the crack tip, respectively.

K, is calculated from the J-contour integral within the software ABAQUS. Fig. 2 shows a
multilayer model of FGM strip for the numerical calculation of SIFs. A couple of opposite pure bending
moment M is applied to the ends of the edge-cracked layer with thickness /# and the length L. The
collapsed elements are used at the crack tip. The element type is CPS8R. To simulate the graded

properties of FGM layer, the layer is discretized into Ny sub-layers. The thickness of the /-th sub-layer 4,

is deﬁnedby
a-0.01k [=12,...307,
30y
By =10.025, F=1+30% ”
hoaz0O0h - 2130y,..31,
30(1- )

where y= a/ h is the ratio of the crack depth and layer thickness and is chosen as 0.1, 0.2, ...., 0.7 in this

study.
The Young’s modulus and Poisson’s ratio of each sub-layer can be calculated by using the equivalent

discrete layer approach [44]

zuE(Z) Zu/,[(Z)
Ezzjszldz, “f:Lbh—le’l:Lz’K’“’ %)

where z, and z, are the coordinates of the upper and lower faces of the /-th sub-layer, respectively.

Then, SIFs can be calculated by using the ABAQUS software package and normalized as

K __6M ©
ora’ e
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The FGM plates in this study are made of SUS304 and SizNs on the top and bottom surfaces,
respectively. Table 1 gives material properties of SUS304 and Si3N4. Table 2 presents the SIFs with

different grade index » and crack depth ratio y . Based on the values of the mode I SIFs in Table 2, the

relationship between K, and y can be given by the Lagrange interpolation method [45]:

oM \/7ch
= 22N (g, =2, ©)

K
! h? h

where the crack depth ratio 0<y <0.7 and ®(y) is given as

n=0: ®O(y)=1.157-2.21963y+15.7218y* —56.6562 1°

(10a)
+133.451 7% —163.042 ° +86.8056 1°,
n=0.5: ®(x)=1.0122-2.27355y +20.0475 y* —76.9708 ° (100)
+174.736 * —202.417 7° +101.1114°,
n=1: CD(;() =0.9366—0.5017 7 +3.28803 7> —7.89792 4 (106)
C
+32.2569 7% —58.2083 1" +44.0278 1°,
n=2: @ (;() =0.9888-0.759933 7 +3.04561 1" —4.41667 i° (10d)
+21.5694 7% —44.0 7> +36.9444 1°,
Substituting Eq. (9) into Eq. (5) yields
e’ 727z[1—u2(a)];c<b2(z)d an
0 E(a)h’ z
Then, the bending stiffness of the rotational spring can be calculated from Egs. (4) and (11).
3. Vibration of cracked FGM plates
According to the Mindlin hypothesis, the displacement field of an FGM plate can be given as
u(x,y,z,t) =u(x,y,t)+z¢ (x, y,1), (12)
V(X, y,2,t) =V(X, y,1) + 28, (x, 1, 1), (13)
W(x, y,2,1) = w(x, ,1), (14)

where u(x,y,t), v(x,y,t) and w(x,y,t) are the displacement of the point on the middle plane along

the x-, y- and z-directions, respectively; ¢ .(x,y,f) and @, (x,y,f) are the rotations of a transverse

normal about y- and x-axis, respectively; # is the time.
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The strains are given by

%)

ea= sl o B oo, (152

ox  oax Y oy oy

cu Cv op. CP, cw cw
- 4 _rx 4 — _— = _ 15b
Vs 6y+8x+z[8y+6x > Fa ¢X+8x’ Ve ¢y+8y (15b)
The stresses are
0. =0, +Q128yy’ o, = Qllgyy + 0, (16a)
Txy = Q667/xy’ sz = Q667/xz’ Tyz = Q667/yz’ (16b)
where
(), _m(2)E(:) E(2)
= ) = ) = 17
(o8 l—yz(z) O 1—/12(2) o 2[1+ﬂ(z):| (17)
The internal forces are
h/2
{NXX,NW,NIW} = J._h/z{am,aw,rxy} dz, (18a)
hl2
{MXX,MW,MW}=J._h/2{am,ayy,rxy}z dz, (18b)
h/2

{Qx,Qy} = Kj_h/z{fxz,fyz} dz, (18c)

where x is the shear correction factor. According to Efraim and Eisenberger [46], the shear correction

factor of FGM plates can be expressed as

K= > (19)

6_(/'!be +/utVt) ,

where V, and V, denotes the volume fraction of each materials. The stiffness components are defined

as
h/2
{Am Ay, A66} = LM{QU’ 015, O }dZ, (20a)
hi2
{Bw B, B66} = th/z {Qll NOPNO> }ZdZ’ (20b)
h/2
{DII’DIZ’Déﬁ} = J:h/z{Qll’QIZ’Qﬁé}szZ‘ (20¢)

The virtual strain energy OU of the cracked FGM plate is



oU = J.OL‘V K, [¢xl (LDJ’) ~-9., (LpJ’)} 5[¢x1 (Ll,y) -9, (Ll,y)] dy
aul 6¢x1 8w1 % %
+J. J. |: Mxxla Qx1§(¢ Py ]+ny15( P + j

ox
M, [6@1 j Nyﬂézy %+le§(¢iyl a(;;lﬂdydx @1)
R O (R R e
+Mxy25(6¢‘2 ] N}yzé'aa‘;j i 8; Qﬂa[ y2+é;W—yﬂdydx.

The virtual kinetic energy is

SOK = J-L'J. (% %4_%5%4_8‘4}1 5%) (Gul 56¢x 8¢x1 5%
ct ot ot ot ct ot ct ot

+%5%+%5% +7 8¢x156¢x1+8¢y158¢y1 dydx
ot ot ot ot et ot ot et

o { (auz +6v25%+%5%j+,(au25a¢xz+a¢x25

(22)

ct ot ot ct ct ct ct ct

O W O 500 )y (80 5000 Tho 500 || g
ot et e o) Lea o o ot ’

where the subscript 1, 2 denotes the left sub-plate and right sub-plate; /,, I, and /, are inertia terms

{1,,1,,1,) j p(z){Lz,2*|dz. (23)
By using the Hamilton principle,
[[(sU-5K)di=0, (24)

the governing equations of cracked FGM plates are derived as

ON, Ny _, Cu O,

du, thw + ay,j =1, 6t21 +1, PRt (25)
Sv, : 82]:" + agjy" =1, 6;2;’ +1, 5;¢2y,- , (26)
54, az;c az;w 0, =1, 8;? 286% (28)



eM,, oM, v, 3%,
dg,: o =1 ‘2}’+2 ¢2y’. (29)
T ox oy, ot ot
The boundary conditions satisfy
u;=00orN_;=0,v,=00rN_,=0,w,=00rQ, =0, (30a)
¢, =00rM _,=0,¢4 =00rM_ =0, (30b)
at x,=0 and x, =L_, wherei=1,2;
=0orN,, =0,v,=00rN 6 =0, w,=00r0Q,=0, (31a)
¢, =00rM =0, ¢,=00rM =0, (31b)
at y, :O,Ly,where i=1, 2.
Meanwhile, the compatibility conditions at x = L, require
u (L, ») =uy(L, ), v(L,»)=vy (L, ¥, WL, n)=w, (L, »,), (32a)
¢y1(L1’yl):¢y2(Ll’y2) N I(Llayl) viz(Llsyz) N 1(L1’y1) N 2(L15y2) (32b)

M. (L, y)=M (L, y,), Mxyl(Llayl) :MxyZ(Ll’yZ)’ O, (L, ») =0,(L, ), (32¢)

ST[¢x1(L1ay1)_¢xz(Ll>y2)]:Mxxl (L19y1)' (32d)

By introducing the dimensionless quantities

X, o L, L L,
gl Ll s 51 Ly b al Lx s /11 Ly s 771 ]’l s ( a)
_ X A L. -1 :LX—L1 :L -L 33b
¢ L1 s &) L » & L s A L > 1 h (33b)
SV W, - - - A, A4,,A4 S B,,B,,B
(_m_nw,):(ul . W) (AII’AIZ’A%) Ma (BH’BIZ’B%) M’ (33¢)

_ D,,D,,,Dy,) / /A
(D1, Dy, Dy ) = (D Alz i) ,Q=oL, A ;, (33d)

where [, and A4  are the value of I, and A of the homogeneous plate (n=0) ie., I =ph
and A, =Ebh/(l—,ub2).

Then, the governing equations can be rewritten as
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a2 2 _ _ 2— 27 _ 2%
11 c 4 11 ‘ ¢ i\ A + 4 ) o D66 C 4B, ¢yl
o) 55 og, 55 elgtes elgtels
&%, ? &%, &%,
+/1 A66 aé 12333 i =& Io ar? + 1211 art’
_ &% _ 0. _ . _ | %
66_‘/';+B66—¢?+ z( Aﬁé) l i(BIZ+B66) ¢m
o¢; ¢ 0¢; o¢,og;
yill/ 9, &y .20,
/11.2A” oF /112 11 85; =& Io a2 izlla—z_;’
_ 2— 2 255 52_ A=
KA66 21 +771 8 ¢ ﬂ’tzAll a 2 i l ¢V’ 1210 8 21 9
ol og; cs, g ot
_&u = &4, = = O _ 9,
B, —5+D,—/; +;tf(Blz+B ) +/1i(D12+D66) -
og? e 0428 228
n 821’71‘ ) azgzxi 1 T awz‘ T 827’2‘ T 62¢7xi
+/1i2366 aéz +;tizD33 aéz — K Agg (ni2¢xi +1 8_§,j =ai211 a7’ +ai2]2 a2’
_ v - &9, _ _ 0 _
B66 ; +D66 ; +ﬂ“i (Blz +B66)—l+ﬁ'i (Dlz +D66) -
ol o¢, elgtest elgtes
25 o . = _ A2y _ &%
ﬂﬁan i /12D11 ¢ KAse 1; ¢z 771 i 8 aizll ‘ Vzl +ai212 ¢;l .
8@. 551. 7 86; ot ot

The boundary conditions can be expressed in dimensionless form as

L7i=‘7i=wi=¢xi=¢yi=05
at £, =0 and &, =1, where i=1, 2;
L7i=‘7i=wi=¢xi=¢yi=05

at & =0,1, where i=1, 2, for the cracked FGM plate with all boundaries clamped (CCCC);

w=v=%=5,=0 B %D, % 15 T 5, %
oz, tPnag, tPa gy T AP e
at ;=0 and &, =1, where i=1, 2;
- o) = _ 3¢,
L—li:v: ¢ _ ’ 61/[ +D128¢XI+/1B”6—V AD ¢y1:0’

Pyt Do T MG T e

at & =0,1, where i=1, 2, for the cracked FGM plate with all boundaries hinged (HHHH);
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at ¢, =0;

I e
11
o, e,

5 Cu,
teg, e,

_ _ 8_
66 avz +B66 ¢
¢, og,

_ _ a_
66 avz +D66 ¢
¢, 852

at ¢, =1;

= O,

F 5
6684,
o = 09,

§66 a_é,i+D66 a_é/,

at & =0,1, where i=1, 2, for the cantilever cracked FGM plate (CFFF).
The compatibility conditions at £, =1 or &, =0, can be rewritten in dimensionless form as
in(L,4)=1,(0,5,), % (L&)=%(0.5),
W (L&) =(0.5,), 4,(1.5)=4,,(0.5,),

Sr[a(16) -0 (0.6)]= By

+A A12

_ 04
8\/2 +12D12 2 =
* 8¢,

+D,, o¢., +A,B,,

+ A =

b £ Ry |

12 _l+512 %—i—ﬁigll Ae
¢, ol ¢,

+B, L+ A A, —+
LTS 2¢,

+A.B,

6\/2
552

Ct,
s,

8u2
552

_ 04
_+/1i811¥_

_ &4
+j’iD11¥_

_l"'ﬂﬁDss & =

- ow.
K Ay (77,¢ +4 E

_ éul +511 88?
1

(44a)

(44b)

(44c)

(44d)

(44e)

(45a)

(45b)

(45c¢)

(45d)

(45e)

(46a)

(46b)

(46¢)



— ou - &g ov o4,
1 — +B, ¢1 +/11A12 — +21312
o¢, cg, o ol
a - o, o = 09, ov. o4,
:_lAll 8_2 _lBll 2 +/11‘412 —= +ﬂ1312 >
a, g, o o¢, os, oS,
= Ou, = 6¢x 8v ¢5
1 54’1 8 : 11 12 5 — A1 12 Py
1 1
-4 Bll 5142 &511 8¢x2 ﬂ1Blz avz ﬂ'l 12 >
0(2 64/2 0(2 og, 52
- 8\/ 8u op.
A Il A it 8 B x1
66 5{1 5 +4 6 5 + A B 8¢
a - oOv, ¢ 6u o,
:a_lA(;é?‘i'a_ 84/ //LIA66 — ﬂ'lB 52
2 2 2 2
— v, = ou %)
66 —+D 66 A‘IB66 —+ /11 66 ¢XI
o¢, 551 o o)
_ 1%
= &B% Py 051 D66 ¢y2 + ﬂ1366 51/12 /1ID66 a¢x2
a, aé/z a, o¢, oS, 852
ow - o oW,
= +L 7,
771¢x1 oc, 9. a, oc,

4. Methodology

(46d)

(46¢)

(46f)

(46¢)

(46h)

The differential quadrature (DQ) method is able to find approximate solutions of partial differential

equations [47]. The displacement and their ri-th and 7»-th partial derivatives, respectively, can be denoted

in discretized domain as

n=l m=1
¢XI nm él[ 5 ¢y, nm (é,lnaél m’ )}
¢t ot (_ _ _ - =+
aé«rl aé/rz ut’ i t’¢xi’¢yi} =
g i gizgf.kl !éi:é‘,kz

1
{,nm (gi,n s é:i,m > T) s ¢yi,nm (é/i,n s é:i,m s T)} ’

where N and M are the total node numbers along the £, and & axes, respectively; /

n(é/i) and

l

12

)
> 2L () EN T (GG T) T (1 G T)s o (S € 7).
),

N M
(1) () —
chk:j'tcrz { lnm(é/ln’é:lm’ )’ lnm (é/i,n’éi,m’z-)’vvi,nm (é/i,n’gi,m’r)’
n=1
Xi

(47)

(48)



[, (fl) are the Lagrange interpolation polynomials; CIE,:‘]) and C}S:,iz) are weighting coefficients which

are calculated by the recursive functions as shown in Ref. [47]. In the discretized domain, grid points are

placed based on the Chebyshev—Gauss—Lobatto distribution, i.e.,

1 z(k —1)
. =—|1-cos| —= | |,k,=1L2K,N,
Sik = N1 1
k, -1

The discretized governing equations are given as
N

N M
A (2)— (2) A A (1) (1) >
All Z Ck]n i nk2 Z kyn Txi,nk, + ﬂ’i (AIZ + A66 ) Z z Ck]n kzm i,nm

n=1 n=1 =1 m=1
N M N
(1) (1) n Z
z Z kin kzm xi,nm /,i’iBIZ
m=1 n=1

+4 2B33 z C/EZriz = 0"21_()’;7' + 0‘-2I1¢m‘ >

yi,kym i i i

=

C(l) M

kn k2m¢y1 nm

ﬁMs

N N N M
A (2)— ) 5 n n O~
A66 Z Ck]n i nkz Z Ckln Vi, nk2 1 (BIZ + B66 )Z Z Ckl Ck2m¢xz nm
n=1
N

+A. (212 +Zé6)z M C(I)CISL_I . +/1i22”f:c(z)‘7
n=1 m=1 )

+A’B,, Z CO4,

kym ¥ yi kym

=a’ly +a, J‘Zﬂ,

A (2) (2)
KA66 |:z C Wz ,nky + 771 Z Ckln xi,nk,
n

n=1

(2) (2) — ~ 2T 5
+ﬂ‘z Allzczm tkm+/1nzzczm yzklm:|_ai IOM)i’

m=1 m=1

N N

B oM CPq4 Oo 3
Bll Ckln lnkz z k1n¢xtnk (312+B66)ZZC Ckzm i,nm

n=1 n=1 n=1 m=1

N M
(1) (1) 2 (2) 2D (2)
+Z’1( 2+ 66)22 klnckzm yznm+ﬂ“ Béézckqm 1km+2“i D33zck2m Vi,kim

n=l m=1 m=1 m=1

i 27 ) _ 2T iy
—K Ag (77[ ¢xi,k]k2 +7712Ckn Wi niey j =a lu +a°1,9,,

n=1

N M
D ) )7 (1) (1) =
B662Ck1n znk2+D66ZC Vi, nk, (BIZ+B66)ZZCkln kzm i,nm
n=1

n=1 m=1

+)“i(5 D )ZZC/EIIIZCISL xi,nm ﬂ“iZEIIZC/EZer zkm Z’izﬁllzclizzn)z vikym

n=1 m=1

() _ 2T 2T
KA66 [771 yzkk +771 chm zkmj_ai Ilvi+ai ]2¢yi’
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where the second partial derivative about the dimensionless time 7 is represent by the two over dots.

The boundary conditions are discretized as follows:

at ¢

at £ =0,1,where k, isequaltoland M when & =0 and & =1, respectively, for CCCC cracked

FGM plate;

™
Bllzckn 1nk

n=1

at ¢,

2] W
B12 Z Ckln i nk2

n=1

at & =0,1,where k, isequaltoland Mwhen &£ =0 and & =1, respectively, for HHHH cracked

FGM plate;

at ¢, =0;

N

A M=

Anz CNnMZ,nkz
n=l1

N

n M=
an CNnMZ,nkZ

n=l1

A6 6

M=

(kv
CNnVZ,nkz

n

=0 and £, =1, where k, isequaltoland Nwhen ¢

=0 and ¢, =1, where k, isequaltoland Nwhen &,

= ¢xi,k,k2 = ¢yi,k1kz =0,

Uik, = Yikk, = Wikk,

Uiy, = Yidkk, = Wik, = ¢xi,k,k2 = ¢yi,k1k2 =0,

7 1) (1) _
+DIIZC ¢x1nk2 +2’BIZZCkm 1km+/1DIZZCk2m vikm T

Uik, = Vikk, = Wik, = ¢yi,k,k2 =0,

N

(1) n Oy (1)
Z k1n¢ri,nk2 +ﬂ“iBHZCk m 1 km +Z’Dllzck2m yikim
m=1

n=l1

= ¢xi,klk2 =0,

Uik, =

= ¢xl,lk2 = ¢y1,1k2 =0,

N
n (1) 1) (1)
+B, Z Na P, T E’ZAIZZ Ckzmv2 m T A’ZBIZZ Ckzm 2, N
n=1

=

+D11Z (ln) 2,k +/123122C1$2nv2 Nin +22D122C1$3n 2, Nm

=

N
Z C(D y2,nk, + //LZA66 Z C(iZnuZ Nm + ﬂ2B66 Z C(Bn x2,Nm

N N

n D= ) (1) 1) (1)

3662 CNnVZ,nkz + Dy Z ok, T /12366 z CkZmMZ m + A D66 Z Ck mPx2, Nm
n=1 n=1

m=l1 m=l1
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=0 and &, =1, respectively;

=0 and ¢, =1, respectively;

=0

=0,

=0,

=0,

=0,

(56)

(57)

(58a)

(58b)

(59a)

(59b)

(60)

(61a)

(61b)

(6lc)

(61d)



K‘Z66 (7725):2,1% + z CU)WZ nk, j =0,

at ¢, =1;

=

N
(1)— M Oy (1) —
z kn tnk2 zckln wnkz—l—ﬂ“AllzCkm tkm+/lBllzck2m Vi, kym _O’

n=1 n=l1

=

N
(O > (O] (Okvy (1) —
ZCkln tnk2 DIZZCI{I vtnk2+ﬂ’BllZCkm tkm+2’DIIZCk2m ytklm_o’
n=1 n=1 m=1
_ N
(1)— n M A (1) (1) —
A66 Z Ckln i,nk, B66 z Ckln Vi,nk, + ﬂ’iA66 z Ck m”i,km + 2’ 3662 Ckzm xi,kym O’
n=l1 n=l1 m=1

N N
) Ok N m R M = (1) —
B662Ckln tnk2 DGGZCkln yi,nk2+ﬂ’[B662Ckm tkm+ﬂ’D66ZC2m xi kym _O’
n=l1 n=l1 m=1

KZ% [niayi,klkz +4 Z ngfn Wi klmj =0,

(6le)

(62a)

(62b)

(62c)

(62d)

(62e)

at & =0,1, where k, isequaltoland M when & =0 and & =1, respectively, for CFFF cracked FGM

plate.

The compatibility conditions at the crack location are rewritten in dimensionless form as

Uy vk, = Uiy Ving = Yok

Wink, = Watky ¢y1,Nk2 :¢y2,1k2’

N

q (1)— (1) r
ST (¢xl,Nk2 x2,1k, ) Bll z CNn 1 nk2 z Nn'T'x1,nk,

n=1

n ) = (])
‘MquzZC V1 Nm+/1D122Ck2m 1, Nm?

m=1

N
M= Oyy QY] (l)
A ZC Uk, +Bllzc NPtk +1IA122Ck2mvl Nm+2’IBIZZCk2m o1, Nim
n=I =
& 7 N0 N C! ( (
_ M= Hr D 1)
= _Allzcln Uy i, T z n P, T j'114122‘,Ckzm"2 m T ﬂ'lBlzZCkzm 2 1m >
az n=1 n=1 m=1
N N
n M= (1 1) (l)
Bllchnul,nkz ZCNn x1,nk, + A’IBIZZCkzmvl Nm + A'IDIZZCkzm v1I,Nm
n=l n=l1 m=l
4 7 N0 (07 ) » 7
_ M= (1 ¢ 1
= a_Bllzcln Uy i, T Z 0 Der ok, T j’IBUZCkzva m T A‘IDHZCkZm )2, 1m >
2 n=1 n=1
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(63b)

(63c)

(63d)

(63e)



A o m A @ (1) —
A66z C1Nnvl nk, + 8662 CNn yl,nk, + /11A66 Z Ckzmul Nm + 43662 Ck2m x1,Nm —

n=1 n=1

(631)
a = O @ 7z M) = m 3
a_AészC Vs, nk, B6GZC V2,nk, +ﬂ1A66ZCk2mu2 Im +ﬂ’1B6GZCk2m x2,1m>
2 n= n=1
n D Oy 1) (1) _
8662 C vl ,nk,y + D66 Z CNﬂ yl,nk, + 2‘1866 z Ckzmul Nm + A'ID66Z Cwkzm x1,Nm —
n= n=l1 m=1
o Lo (63g)
1 n (ks LD Oyy 1) (1)
— By Z G, v, wky, T Dy, Z G ¢y2 b, T j1366 z Ckzmu2 m T ﬂ‘lD66 z Ckzm ) 2,1m >
a, =1 C¥2 =
M= M
771 eI, Nk, +ZC i Wik, 771 2,1k, +_ZC Wk, - (63h)
az n=l1
The unknown quantities in the vector form are written as
_ _ _ _ _ T
d= {{ui,k12}9{vz’,k|2}’{M/i,klz}’{¢xi,k]2}9{¢yi,k12 }} s k=1, 2,K, NxM, (64)

where
ki, =Nx(k —1)+k,,k =1,2K ,N,k, =1,2K ,M.

Substituting the boundary and compatibility conditions of the discrete dimensionless form into

discretized governing equations Egs. (52)-(56), then, the system of equation is obtained as
Kd=M& (65)

where M is mass matrix; K represents stiffness matrix.

Qr

For the vibration analysis, substituting d = d’e®" into Eq. (65), the eigenvalue equations can be

obtained as
Kd' =-Q°Md,, (66)

from which the dimensionless nature frequencies and mode shapes are obtained. The relationship between

the dimensionless and dimensional frequencies is given in Eq. (33d).

5. Crack identification

The continuous wavelet transform (CWT) has a wide application in the structural damage
identification, such as beams [24], plates [31] and shells [26]. In our previous work, a new damage index
based on CWT was developed to implement in the crack identification of FGM beams [48]. In this paper,
this method is further applied for the crack identification of FGM plates. According to the compatibility

conditions at the crack section, there is the discontinuity for the rotations. So, the mode shape can be
16



treated as an input signal.

An input signal f(g) to be transformed into the wavelet transform coefficients Wf(b,s) by
using CWT, i.e., [49]

W (b.s)=1(2)*@,(b)=[ 1 (2)@,.de. (67)

where the star * represents the convolution of two functions; the mother wavelet function (p( g) is

transformed to a series of wavelet function @, = T(B(g—j by the translation parameter b and
S s

scale parameter s; and g?)( g) denotes the complex conjugate of (o( g) that satisfies

Iﬂo ‘ﬁ(w)‘z

|w| do =C, <+, (68)

where (ﬁ(w) is the Fourier transform of the wavelet function go( g) . Eq. (70) implies that go( g) has a

Zero average,

J‘_w o(g)dg=0. (69)
For crack identification, the mode shapes of cracked FGM plates are decomposed into wavelet

coefficients by CWT along the x- and y-axes, respectively. The wavelet coefficients are defined by
Wf. (b,s)=w(x,y,)*®,(b), ny(b,s)zw(xo,y)*gbs (b). (70)
The wavelet coefficient modulus may show sudden changes at the crack location and boundaries. The

large value at the boundaries results in the confusion for crack identification, namely, edge effect [50]. The

maximum value of the wavelet coefficient modulus always occurs at the crack location when the scale
parameter varies. In certain scale s, and spatial position b,, Wf (bO,SO) is referred to be the wavelet

coefficient maxima if it satisfies

8Wf(b0,s0)

=0 .
&b b

Utilizing the character about the maxima of wavelet coefficient modulus, the damage index (DI) for

crack identification in plate-like structures at (xo , yo) can be defined by

Smax

DI (xy,y,)= Y, DWf, + Z DWf, :Dl(x)|y:y0 +DI(y)

$=Smin

. (72)

S=Smin
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where s . and s, are the minimum and maximum scale parameter, respectively;

0 cwf. (b,s) 40 0 8ny (b,s) .
9 ab 9 9 8b 9
DWf. = . DWf. = . 73
J: oW, (bys) / o (b) 7
b 8b b b 8b b

The vanishing moment of wavelet function have important effect on crack detection [51]. The
symlets wavelet with 8 vanishing moment is selected as the mother wavelet function to conduct the crack
localization in FGM plates. The peak of DI indicates the existence of crack and its location. Meanwhile,

the merit of the present method is that the edge effect is significantly decreased by introducing the DI.

6. Results and discussion
The numerical results of the vibration and crack identification of cracked FGM plates with various

boundary conditions are presented in this section. Unless otherwise stated, the parameters of FGM plates

are assumed as & = 0.01 m, L =0.1 m and L, =0.1 m. The top and bottom surfaces of FGM plates are

fabricated by SUS304 and Si;N,, respectively, and their properties are given in Table 1. In the ABAQUS

modeling of SIFs, the FGM layer is discretized into 31 sub-layers. The total numbers of the grid points N

and M are taken as N=M for simplicity.

6.1 Comparison and convergence study
To validate linear spring model, the mode I SIFs in the isotropic homogeneous layer and FGM layers
with the exponential varying properties are calculated to compare with the reported results. The layer

slenderness ratio is considered as 10. The thickness and length of the layer are assumed as 24 mm and 240
mm, respectively. Table 3 compares the present normalized SIFs I?l for a homogeneous layer with
results given by Tada et al. [52]. The Young’s modulus and Poisson’s ratio of each layer are constant:
E =20GPa and g =0.33. Our results are in good agreement with the results in [52].
For the graded layer with exponentially varying Young’s modulus,
E(z)=E;”, (82)

where f=In(E, /E)/h and E, isthe Young’s modulus at z=0. Table 4 compares the present SIFs
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with results given by Erdogan and Wu [53] and Song et al. [54]. The Young’s modulus of the top surface is

equal to 20GPa and Poisson’s ratio is constant, £#=0.33. Again, a good agreement is achieved.

L
Table 5 shows the convergence of the dimensionless fundamental frequency (7‘9) for the intact
FGM plates made of SUS304/Si,N, . The parameters of the intact FGM plate are taken as L _=0.1 m,

L,=0.1 m, #=0.01 m and n = 2. By increasing grid points N, the accuracy of results is improved, and the

results are converged to Zhao et al.’s results [55] when N is greater than 13 for all boundary conditions.

Hence, N=13 is applied in the later numerical simulation.

2

Table 6 lists the fundamental frequencies ( d

Q2) of cracked homogeneous plates with L,=3m,

X

L,=2m, a/h=0.5 and h/L,=0.2. The parameters in this example are used as n=0, 1, =0.3 and x =0.86667.

The results given by Hosseini-Hashemi et al. [56] are also given for comparison. It shows a good

agreement again.

6.2 Vibration analysis

The effect of the graded index n on the relationship of the dimensionless fundamental frequency €

versus the crack location L,/ L_ for cracked FGM plates is depicted in Fig. 3 with a/4=0.3. It is found

that the frequency €2 reduces when the graded index changes from 0 to 2. The crack location has marked
influence on the frequency of FGM plates with different boundary conditions. The frequency curves are

symmetric for the FGM plate with symmetric boundary conditions, such as CCCC and HHHH plates. The

curves have the turning points at L, / L =0.2, 0.5 and 0.8 for the CCCC plate, at L, /L =0.2 and 0.6 for

the CCHH plate, and at L, /L = 0.5 for the HHHH plate. The fundamental frequency of the CFFF FGM

plate becomes larger as the crack moves from the clamped edge to the free edge.

Fig. 4 shows the effect of the graded index n on the relationship of the fundamental frequency €
versus the crack depth a/h for cracked FGM plates with Li/Ly=0.5. It is seen that the frequency is very
sensitive to crack depth. The frequency reduces with increasing crack depth. Figs. 5-8 highlight the mode
shape of intact and cracked CFFF, HHHH, CCHH, CCCC FGM plates with a/h=0.3, L;/L,=0.5 and n=2,

respectively. A slight difference between the intact and cracked plates is observed for CFFF, HHHH,
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CCHH, CCCC FGM plates.

As observed in Fig. 4, crack strongly affects the frequency of FGM plates. However, it is difficult to
use these results for the damage identification of cracked plates. The reason is that the frequency change is
difficult to provide the effective information for localizing the crack in FGM plates. Moreover, in Figs. 5-8,
the mode shape cannot be employed directly for the damage identification because it is insensitive to the
crack. However, the application of the CWT enables the mode shape to provide useful information for the
damage identification. The next sub-section will use the novel crack identification method based on the

mode shape and CWT as presented in Section 5.

6.3 Damage identification based on CWT

Figs. 9-12 present the wavelet coefficients modulus of cracked FGM plates with s=16, a/h=0.3,
Li/L,=0.5 and n=2. The deflection data of plates with 501 x 501 sampling points are analyzed by the sym8
wavelet. For CCCC, CCHH and HHHH FGM plates in Figs. 10a-12a, the wavelet coefficient modulus
|Wfy has the large amplitude at the crack location (L;/L,=0.5) and boundary ends. For the CFFF FGM
plate in Fig. 9a, the value of |Wf| at the free end is too large to observe the sharp transition at the crack
location. Figs. 9b-12b illustrate the wavelet coefficient modulus || only has the large amplitude at
boundary ends because the crack is along the x-direction.

Figs. 13-16 show the wavelet coefficient modulus with varying scale parameter s for the cracked
FGM plates with a/h=0.3, L;/L,=0.5 and n=2. The modes at y=0.5 and x=0.5 are treated as the input
signals of the CWT to obtained |Wf| and |W}f,|, respectively. As can be seen in Figs. 13(a)-16(a), the
wavelet coefficient modulus |Wf,| is convergent at the crack location and boundary with reducing the scale
parameter. For varying scale parameter, the maximum wavelet coefficient modulus always occurs at the
crack location. In particular, the observable peak of the wavelet coefficient modulus |#f;| does not occur at
the crack location for the CFFF plate because of the edge effect. Similarly, the wavelet coefficient
modulus |#f,| in Figs. 13b-16b does not have clear change at the crack location.

In Figs. 9-16, we can find that the wavelet coefficient modulus based damage identification does not
work well because of the edge effect of cracked plates. Therefore, we suggest to use the damage index (DI)
in Eq. (72) for the damage identification. Fig. 17 gives the DI of cracked FGM plates with a/h=0.3,
Li/L,=0.5 and n=2. The range of the scale parameter is taken as 1-32. For all plates, the peak in DI occur at
the crack location so that the crack can be localized accurately. Furthermore, the edge effect is reduced for
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all types of boundary conditions by using DI. We can see the clear peak at the crack location for the CFFF
FGM plate, while it is not observed in the method based on wavelet coefficient modulus.

For the practical measurement, the mode shape may be polluted by the noise. The effect of the noise
should be considered in the damage detection method [32]. To simulate the noisy condition, white
Gaussian noise is mixed with the normalized mode shape [57]. Fig. 18 shows the DI of the cracked FGM

plates with the noisy condition 80 dB. The minimum and maximum scale parameters and the maximum

scale parameter are taken as s, =1 and s, , =64, respectively. We can see that the proposed method

performs well under the measurement noise for CFFF, HHHH, CCHH, CCCC FGM plates.

7. Conclusions
This paper investigates the free vibration and crack identification of FGM plate with a through-width

edge crack. The mode shapes of cracked FGM plates are decomposed into wavelet coefficients with CWT

along the x- and y- directions, respectively. Based on maxima of calculated wavelet coefficients modulus

in the varying scale, a novel damage index is proposed to conduct the crack localization in cracked FGM

plates. The robustness of the damage index is studied under the noise condition. We can conclude that:

1. The crack significantly affects the frequency of the FGM plate, while the mode shape is insensitive to
the crack.

2. The crack identification is hardly achievable by using the effect of the crack on frequency and mode
shape directly.

3. The wavelet coefficient modulus based damage identification does not work well because of the edge
effect of cracked plates.

4. The proposed damage index is able to localize cracks accurately and reduce the edge effect. The crack
location is implied by the maximum damage index.

5. The developed method performs well with the measurement noise for the four types of considered

boundary conditions.
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Figure captions

Fig. 1. A cracked FGM plate (a) and the massless rotational spring model (b).

Fig. 2. Multilayer model of cracked FGM strip.

Fig. 3. The effect of graded index n on relation of the fundamental frequency versus the crack location
with a/h=0.3: (a) CFFF, (b) CCCC, (¢c) CCHH, (d) HHHH.

Fig. 4. The effect of graded index n on relation of the fundamental frequency versus the crack depth with
L/L.=0.5: (a) CFFF, (b) CCCC, (c¢) CCHH, (d) HHHH.

Fig. 5. The mode shape of CFFF FGM plates with a/A=0.3, L1/L,=0.5 and n=2: (a) intact plate and (b)
cracked plate.

Fig. 6. The mode shape of CCCC FGM plates with a/h=0.3, Li/L,=0.5 and n=2: (a) intact plate and (b)
cracked plate.

Fig. 7. The mode shape of CCHH FGM plates with a/h=0.3, Li/L,=0.5 and n=2: (a) intact plate and (b)
cracked plate.

Fig. 8. The mode shape of HHHH FGM plates with a/A=0.3, L/L,=0.5 and n=2: (a) intact plate and (b)
cracked plate.

Fig. 9. Wavelet coefficient modulus of CFFFF cracked FGM plates with s=16, a/h=0.3, L/L,=0.5 and n=2:
(a) || and (b)| 7).

Fig. 10. Wavelet coefficient modulus of CCCC cracked FGM plates with s=16, a/h=0.3, L/L,=0.5 and n=2:
(a) || and (b)| 7).

Fig. 11. Wavelet coefficient modulus of CCHH cracked FGM plates with s=16, a/h=0.3, Li/L,=0.5 and
n=2: (a) |Wf| and (b)|W},|.

Fig. 12. Wavelet coefficient modulus of HHHH cracked FGM plates with s=16, a/h=0.3, Li/L.=0.5 and
n=2: (a) |Wf| and (b)|Wf,|.

Fig. 13. Wavelet coefficient modulus of deflection lines of the CFFF cracked FGM plate in the scale space
(s=1-32) with a/h=0.3, Li/L,=0.5 and n=2: (a)|Wf,| at y=0.5 and (b)|Wf,| at x=0.5.

Fig. 14. Wavelet coefficient modulus of deflection lines of the CCCC cracked FGM plate in the scale
space (s=1-32) with a/h=0.3, L1/L,=0.5 and n=2: (a)|Wf;| at y=0.5 and (b)|Wf;| at x=0.5.

Fig. 15. Wavelet coefficient modulus of deflection lines of the CCHH cracked FGM plate in the scale

space (s=1-32) with a/h=0.3, L1/L,=0.5 and n=2: (a)|Wf;| at y=0.5 and (b)|Wf;| at x=0.5.
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Fig. 16. Wavelet coefficient modulus of deflection lines of the HHHH cracked FGM plate in the scale
space (s=1-32) with a/h=0.3, L1/L,=0.5 and n=2: (a)|Wf;| at y=0.5 and (b)|Wf;| at x=0.5.

Fig. 17. Damage index of cracked FGM plates with a/h=0.3, L1/L,=0.5 and n=2: (a) CFFF, (b) CCCC, (c)
CCHH, and(d)HHHH.

Fig. 18. Damage index of cracked FGM plates under 80 dB noise condition with a/A=0.3, Li/L,=0.5 and

n=2: (a)CFFF, (b)CCCC, (c)CCHH, and (d)HHHH.
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Table 1 Material property of the components

Material Young’s modulus (GPa) Mass density (kg/m’) Poisson’s ratio
SUS304 207.78 8166 0.3177
Si;N, 322.27 2370 0.24
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Table 2 Normalized SIFs of an FGM (SUS304/S1,N,, ) layer with power law distribution

alh 0 0.5 1 2
0.1 1.0474 0.9239 0.9141 0.9406
0.2 1.0556 0.9649 0.9404 0.9461
0.3 1.1244 1.0534 1.0207 1.0104
0.4 1.2610 1.1989 1.1666 1.1424
0.5 1.4976 1.4413 1.4055 1.3685
0.6 1.9145 1.8628 1.8217 1.7729

0.7 2.7257 2.6726 2.6292 2.5645
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Table 3 Normalized SIFs of a homogeneous layer containing an edge crack

alh Present Tada et al. [52]
0.1 1.0474 1.0384
0.2 1.0556 1.0405
0.3 1.1244 1.1080
04 1.2610 1.2488
0.5 1.4976 1.4909
0.6 1.9145 1.9215

0.7 2.7257 2.7569
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Table 4 Normalized SIFs of an FGM layer with exponential distribution

E,/E =02 E,/E =5
alh Erdoganand  Song et Erdogan and Song et al.
Present Present
Wu [53] al. [54] Wu [53] [54]

0.1 1.6641 1.6743 1.6823 0.6411 0.6385 0.6469
0.2 1.5861 1.5952 1.5978 0.6887 0.6871 0.6973
0.3 1.6011 1.6122 1.6084 0.7791 0.7778 0.7923
0.4 1.7043 1.7210 1.7082 0.9252 0.9236 0.9450
0.5 1.9236 1.9534 1.9246 1.1605 1.1518 1.1901
0.6 2.3385 2.4037 -- 1.5636 1.5597 --
0.7 3.1669 3.3536 -- 2.3445 2.3360 --
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Table 5 Convergence and comparison studies of the fundamental frequency of the intact FGM plates.

N HHHH CCCC CFFF CCHH
4 5.1183 8.8933 0.4321 7.0740
6 3.0389 5.1971 0.5464 4.0290
8 3.0461 5.1870 0.5469 4.0321
10 3.0460 5.1861 0.5459 4.0312
12 3.0460 5.1859 0.5454 4.0311
13 3.0460 5.1859 0.5453 4.0311
14 3.0460 5.1859 0.5453 4.0311

Zhao et al. [55] 3.0813 5.2874 0.5576 --
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Table 6 Comparison of the fundamental frequencies for homogenous edge-cracked plates.

HHHH CHCH

Li /L. Present Hosseini-Hashemi Present Hosseini-Hashemi

et al. [56] et al. [56]
0.25  12.6349 12.5747 14.8453 14.7806
0.5 12.3521 12.4089 14.0615 14.2545
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Fig. 1. A cracked FGM plate (a) and the massless rotational spring model (b).
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Fig. 2. Multilayer model of cracked FGM strip.
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Fig. 3. The effect of graded index »n on relation of the fundamental frequency versus the crack location

with a/h=0.3: (a) CFFF, (b) CCCC, (c) CCHH, (d) HHHH.
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Fig. 4. The effect of graded index n on relation of the fundamental frequency versus the crack depth with

Li/L,=0.5: (a) CFFF, (b) CCCC, (c) CCHH, (d) HHHH.
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(b)
Fig. 5. The mode shape of CFFF FGM plates with a/A=0.3, L1/L,=0.5 and n=2: (a) intact plate and (b)

cracked plate.
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Fig. 6. The mode shape of CCCC FGM plates with a/h=0.3, Li/L,=0.5 and n=2: (a) intact plate and (b)

cracked plate.
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Fig. 7. The mode shape of CCHH FGM plates with a/h=0.3, Li/L,=0.5 and n=2: (a) intact plate and (b)

cracked plate.
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Fig. 8. The mode shape of HHHH FGM plates with a/A=0.3, L1/L,=0.5 and n=2: (a) intact plate and (b)

cracked plate.
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(b)
Fig. 9. Wavelet coefficient modulus of CFFFF cracked FGM plates with s=16, a/h=0.3, L/L,=0.5 and n=2:

(a) | and (b) [W£|.
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(b)
Fig. 10. Wavelet coefficient modulus of CCCC cracked FGM plates with s=16, a/h=0.3, Li/L,=0.5 and n=2:

(a) | and (b) [/
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(b)
Fig. 11. Wavelet coefficient modulus of CCHH cracked FGM plates with s=16, a/h=0.3, Li/L,=0.5 and

n=2: (a) [Wf.| and (b) |W},|.
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(b)
Fig. 12. Wavelet coefficient modulus of HHHH cracked FGM plates with s=16, a/h=0.3, Li/L,=0.5 and

n=2: (a) [Wf.| and (b) |W},|.
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(b)
Fig. 13. Wavelet coefficient modulus of deflection lines of the CFFF cracked FGM plate in the scale space

(s=1-32) with a/h=0.3, L/L,=0.5 and n=2: (a) |Wf:| at y=0.5 and (b) |Wf,| at x=0.5.
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(b)
Fig. 14. Wavelet coefficient modulus of deflection lines of the CCCC cracked FGM plate in the scale

space (s=1-32) with a/h=0.3, Li/L,=0.5 and n=2: (a) |Wf.| at y=0.5 and (b) |Wf,| at x=0.5.
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Fig. 15. Wavelet coefficient modulus of deflection lines of the CCHH cracked FGM plate in the scale

space (s=1-32) with a/h=0.3, Li/L,=0.5 and n=2: (a) |Wf.| at y=0.5 and (b) |Wf,| at x=0.5.
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Fig. 16. Wavelet coefficient modulus of deflection lines of the HHHH cracked FGM plate in the scale

space (s=1-32) with a/h=0.3, Li/L,=0.5 and n=2: (a) |Wf.| at y=0.5 and (b) |Wf,| at x=0.5.
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Fig. 17. Damage index of cracked FGM plates with a/A=0.3, L1/L,=0.5 and n=2: (a) CFFF, (b) CCCC, (c)

CCHH, and (d) HHHH.
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Fig. 18. Damage index of cracked FGM plates under 80 dB noise condition with a/A=0.3, L/L,=0.5 and

n=2: (a) CFFF, (b) CCCC, (c) CCHH, and (d) HHHH.
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