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1 Introduction vibration shape of an undamaged beam is not needed as it is
obtained from a polynomial that fits a vibration shape of a dam-
aged beam; the method was extended to identify damage in plates
using vibration shapes measured in a point-by-point manner by a
scanning laser Doppler vibrometer [11]. A wavelet-based method
was proposed in Ref. [8], where slope vibration shapes of dam-
aged beams are wavelet-transformed and damage can be identified
in neighborhoods with large wavelet-transform coefficients. The
polynomial- and wavelet-based methods inspect smoothness of
vibration shapes of beams by identifying prominent local anoma-
lies in curvature and slope vibration shapes caused by damage,
and they can be extended to identify delamination in laminated
composite plates, since delamination can also cause local anoma-
lies in curvature vibration shapes of plates.

A laser Doppler vibrometer is capable of accurate, noncontact
surface vibration measurement thanks to Doppler shifts between
the incident light from and scattered light back to the vibrometer
[12]. A laser Doppler vibrometer becomes a scanning laser Dopp-
ler vibrometer when equipped with a scanner that consists of a
pair of orthogonal scan mirrors and its laser beam can be directed
to any position visible to the scanner. However, point-by-point
acquisition of a vibration shape of a large-sized structure with a
dense measurement grid can be time-consuming even though it
can be achieved in an automatic and well-controlled manner. The
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Among various types of structural damage, delamination is one
that frequently occurs in laminated composite structures. Since
delamination is usually hidden from external view, it can be diffi-
cult to identify. When delamination occurs, local stiffness of a
laminated composite structure in neighborhoods of the delamina-
tion can change and modal parameters of the structure, including
natural frequencies, modal damping ratios and mode shapes, can
subsequently change [1-3]. Effects of delamination on modal
parameters of composite structures have been studied with their
analytical, semi-analytical, and finite element models [4-6]. Spe-
cifically, vibration shapes, such as mode shapes and operating
deflection shapes, have been widely used for structural damage
identification since spatial derivatives of vibration shapes, such as
curvature vibration shapes [7] and slope vibration shapes [8], bet-
ter manifest local anomalies caused by the damage, and identifica-
tion methods that use curvature vibration shapes of laminated
composite structures have been developed [3,9,10]. A polynomial-
based method was proposed in Ref. [7], where curvature mode
shapes of damaged and undamaged beams are compared and dam-
age can be identified in neighborhoods with large differences
between them. In the polynomial-based method, a curvature
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Chebyshev series. Two vibration shape measurement methods for
continuous scanning, including demodulation and polynomial
methods, were later proposed in Refs. [15-17]. The demodulation
method was extended for structures under impact and multisine
excitation in Refs. [18] and [19], respectively. A lifting method
was proposed to obtain mode shapes of a structure under impact
excitation by treating its free response measured by a continuously
scanning laser Doppler vibrometer (CSLDV) system as that of a
linear time-periodic system [20]. The demodulation and polyno-
mial methods were synthesized to identify damage in beams,
where damage behind an intact surface of a beam could be identi-
fied by use of a CSLDV system that scanned the intact surface
[21]. A new type of vibration shapes called free-response shapes
was developed and a corresponding damage identification method
was proposed to identify damage in beams undergoing free vibra-
tion [22]. Damage indices associated with multiple elastic modes
of beams can be obtained in one measurement by a CSLDV sys-
tem and damage can be identified near neighborhoods with consis-
tently high damage index values.

In this work, the polynomial- and wavelet-based identification
methods are extended from beam damage identification to lami-
nated composite plate delamination identification using a CSLDV
system. A continuous scanning scheme is developed for general
quadrangular scan areas assigned on a plate. A vibration shape of
a plate is formed by vibration shapes along straight scan paths
spanning a scan area assigned on the plate. Damage indices on
each scan path from the two methods constitute corresponding
damage indices of a whole plate and edges of delamination areas
can be identified near neighborhoods with high damage index val-
ues. Effectiveness of the two identification methods is numerically
investigated with a finite element model of a composite plate with
a delamination area. The composite plate was manufactured to
experimentally investigate effectiveness of the two methods, and
experimental delamination identification results were compared
with that of a C-scan image of the plate.

2 Methodology

2.1 Damage Identification Using Curvature Vibration
Shapes. A curvature vibration shape of a beam is the second-
order spatial derivative of a vibration shape z along the direction
of its length X', and it can be calculated using a central finite dif-
ference scheme

2 —h)=2z2(¢) +z(¥ + h)

zew(¥) = e M

where £ is the distance between two neighboring measurement
points of z along x’. Structural damage can cause local changes of
bending stiffness of a beam EI. Since the relationship between
zvy and EI can be expressed by [8]

B M)
T EIW)

(@)
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with M denoting the bending moment of the beam, prominent
local anomalies can be observed in zyy in neighborhoods of the
damage, and the damage can be identified by inspecting z, for
anomalies.

A similar relationship between bending stiffness of a plate
ER*/(12(v* — 1)) and its curvatures along an arbitrary scan path
of a CSLDV system, with x and y denoting its tangential and nor-
mal directions, respectively, can be expressed by [23]

Mol ER 1 vz
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where z,, and z,, denote curvatures of the plate along x and y,
respectively; M., M,, and v denote bending moments along x
and y and Poison’s ratio of the plate, respectively. As structural
damage can cause changes to £A4?/(12(v* — 1)), prominent local
anomalies can be observed in neighborhoods of the damage, and
the damage can be identified by inspecting z,, and/or z,,. Straight
scan paths are assigned on a plate and its vibration shapes are
formed by those along assigned straight scan paths on the plate.
The central finite difference scheme in Eq. (1) can be applied to
calculate z,., and it can be expressed by

z(x + h) — 2z(x) + z(x — h)
2

“

Zee(X) =

By assuming that measurement points on a straight scan path are
equally spaced, the smaller /# in Eq. (4) the more accurate the
resulting z,,, which is true when z is free of measurement noise.
When z is contaminated by measurement noise, it can be
expressed by

z(x) = 2N (x) + a(x) 3)

where zNF and ¢ denote a noise-free vibration shape and measure-
ment noise, respectively. Substituting Eq. (5) into Eq. (4) yields

NE(x+h) + o(x+ h) = 22N (x) — 20(x) + 2N (x = h) + a(x — h)

Ze(¥) =

2
a(x+h) —20(x) + alx —h)

h2

NF(x 4 h) — 22NF (x) + 2NF(x — 1) N

e ©)

When £ is small, adverse effects of ¢ can be drastically amplified in the resulting z,, due to the term (a(x + /) — 20(x) + o(x — h))/H?
in Eq. (6). One can modify Eq. (4) by introducing a resolution parameter n

_ zlx+nh) —2z(x) + z(x — nh)

Substituting Eq. (5) into Eq. (7) yields

Zu(x) =

Zue(X) (i)’ N
NE(x + nh) + o(x + nh) — 22NF(x) — 20(x) + 2NF(x — nh) + o(x — nh)
(nh)’
B N (x4 nh) = 22NF(x) + NF(x — nh)  o(x + nh) — 20(x) + o(x — nh) @)

(nh)?
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By comparing the term (a(x + /) — 26(x) + o(x — h))/h* in Eq.
(6) and the term (o(x + nh) — 20(x) + o(x — nh))/(nh)* in Eq.
(8), one can see that adverse effects of measurement noise on z,,
can be alleviated in the latter by n? times due to introduction of .
A suitable value of 7 is the least one with which z,, seems free of
adverse effects of measurement noise and one can obtain such a
value by increasing # from a small value and observing the resulting
Zw When x in Eq. (4) is close to a boundary of z, z(x + &) and
z(x — h) may not exist and the central finite difference scheme can
fail. A mode shape extension technique was proposed in Ref. [7]
to append virtual mode shape extensions to boundaries of a
mode shape so that both z(x + /) and z(x — &) become available
even when x in Eq. (4) is close to a boundary of z. The
mode shape extension technique is applicable to an operating
deflection shape.

2.2 Demodulation Method. Application of the demodulation
method for obtaining a vibration shape along a straight scan path
using a CSLDV system is summarized below. Steady-state
response of a structure under sinusoidal excitation with a fre-
quency f measured by a CSLDV system can be expressed by

(1) = =(x(1))cos 2mft — o — 0) ©)

where x(¢) denotes the spatial position of the laser spot from the
CSLDV system on the structure, o is the difference between a
phase determined by initial conditions of the structure and that
determined by a mirror feedback signal, and 0 is a phase variable
that controls amplitudes of in-phase and quadrature components
of z, which can be expressed by

z7(x) = z(x)cos(o + 0) (10)
and
zo(x) = z(x)sin(o + 0) (11)

respectively [21]. Each obtained vibration shape from the demod-
ulation method corresponds to a half-scan period. A half-scan
period starts when the laser spot of the CSLDV system arrives at
one end of a scan path and ends when the laser spot arrives at the
other end. The steady-state response r(¢) in Eq. (9) can be further
expressed by

r(t) = z;(x(r))cos(2nft) + zo(x(1))sin(2nft) (12)
Multiplying Eq. (12) by cos(27ft) and sin(27ft) yields

r(f)cos( 2nft) = z;(x(t)) cos®( 27ft) + zo(x(t))sin( 27ft)cos( 2nft)

= Sa(x(0) + 5 7 (e))eos(4f) + 5 do(x(0)

2 2
x sin( 4mft) (13)

and

r(£)sin( 2nft) = z;(x(t))cos( 2mft)sin( 2nft) + zo(x(r)) sin®( 2xfr)

= 2 20(x(0) — 520 (x())eos(4) + 5 2 (x()
x sin( 47ft) (14)

respectively. A low-pass filter is applied to r(7)cos(2nft) and
r(1)sin(2nft) to obtain (1/2)z; and (1/2)z¢, respectively, and
terms corresponding to the frequency 2f in Egs. (13) and (14) can
be removed. Further, z; and z, can be obtained by multiplying the
corresponding filtered response by two. The value of 6 in Eq. (11)
can be optimized so that z; and zy attain their maximum and
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minimum amplitudes, respectively. In what follows, all vibration
shapes from the demodulation method are presented as their in-
phase components with maximum amplitudes, which are denoted
by z for convenience.

2.3 Polynomial-Based Damage Identification. As men-
tioned in Sec. 2.1, damage can cause prominent local anomalies in
curvature vibration shapes. Such anomalies can be identified by
comparing curvature vibration shapes of undamaged and damaged
structures. However, vibration shapes and curvature vibration
shapes of undamaged structures are usually unavailable in prac-
tice. It was shown in Ref. [7] that curvature vibration shapes of an
undamaged beam can be well approximated by those from poly-
nomials that fit vibration shapes of a damaged beam outside their
boundary regions. Though vibration shapes from polynomial fits
may not satisfy boundary conditions of damaged and undamaged
beams, curvature vibration shapes associated with the vibration
shapes can be used for damage identification purposes outside
boundary regions. The mode shape extension technique in Ref.
[7] can yield curvature mode shapes from polynomial fits that
well approximate those of whole undamaged beams. However,
this technique is inapplicable to vibration shapes of beams that are
obtained using the demodulation method, as their curvature vibra-
tion shapes have inherent local distortions near boundaries of scan
paths [21]. Due to the same reason, the mode shape extension
technique mentioned in Ref. [7] is not applicable to vibration
shapes of plates. A polynomial that fits z of a damaged plate along
a straight scan path with order r can be expressed by

Px) = Z agx! 15)
q=0

where a, are coefficients of the polynomial that can be obtained
by solving a linear equation

Ua=z (16)

in which U is an M X (r 4+ 1) Vandermonde matrix with M being
the number of measurement points of z

I oxy 2 - X
I xx x5 - X

U= ) a7
1 xy xﬁ,, e Xy

a=[a a .. a]" is an (r+ 1)-dimensional coefficient
vector, and z is the vibration shape vector to be fit. To avoid ill-
conditioning of U, it is proposed that x in Eq. (15) be normalized
using the “center and scale” technique [24] before formulating the
linear equation in Eq. (15). The normalized coordinate X can be
expressed by

2x — 2%
[

=

(18)

where X is the x-coordinate of the center point of a straight scan
path and / is its length.

In order to determine the proper value of r, a fitting index fit
and a convergence index con can be used. Fitting index fit at r can
be expressed by

RMS(z)

i) = RMS(z) + RMS(e)

x 100% (19)

where RMS(+) denotes the root-mean-square value of a vector and
e =Ua —z is an error vector. Convergence index con can be
expressed by
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con(r) = fit(r) — fit(r — 2) (20)

where 7 > 3. When fit is close to 100%, zP completely fits z; the
lower fit, the lower the level of fitting of zP to z. When con is close
to 0, increasing r cannot further improve how well zP fits z; the
lower con, the higher the level of convergence of zP. It is proposed
in this work that the proper value of r be the minimum value of r
with which con(r) is below 0.05%. When zP is obtained from a
polynomial with a proper order, a curvature damage index p can
be defined along a straight scan path at x [7]

px) = lzu(x) = () 2D

and the damage can be identified in neighborhoods with high p.
When p associated with n different vibration shapes is available,
an auxiliary curvature damage index p, is proposed

pa%,y) = Y Pe(x,y) (22)

where p, is the normalized damage index associated with the kth
available vibration shape, whose maximum index value is one, and
2 denotes summation over all available normalized damage indi-
ces. Due to inherent local distortions in curvature vibration shapes
near boundaries of scan paths, only p outside boundary regions are
considered for delamination identification purposes here.

2.4 Wavelet-Based Damage Identification. A wavelet trans-
formation can be defined by

+00
Wyz(u,s) = J z(x)h (x)dx (23)
—00
where Wy, denotes a wavelet transformation operator with a wave-
let function

Vis(2) = %w(x - ”) @4

in which u and s are spatial and scale parameters of ,, ., respectively,
and the superscript * denotes complex conjugation. In this work, a
wavelet function is defined in the real domain and the superscript *
in Eq. (23) can be dropped. The wavelet transformation in Eq. (23)
can be expressed in the form of a convolution

—00

Woyz(u, ) = %Jm () (” ;x)dx - \/%z@J 25)

where an overbar denotes function reflection over the y-axis, i.e.,
Y (x) = ¥(—x), and ® denotes convolution.

controller board

scanner

The energy-normalized Gaussian function

go(x) = (%)e (26)

T[

is used to generate Gaussian wavelet family for the wavelet trans-
formation in this work due to its smoothness, differentiability,
localization in the spatial domain and explicit mathematical
expressions. The pth order Gaussian wavelet function can be
expressed by

d’go(x)
dx?

&) =(=1)" @27

In order to inspect vibration shapes for local anomalies caused by
structural damage, g, is used in a wavelet transformation of z,,(x)
that is expressed by

1 _
Wgz Zxx(u7 S) = %Zxx ® g2 (28)

By the theorem of convolution differentiation [25], W,, in Eq.
(28) can be further expressed by

1 s 1
I/ngzm(u7 §) = %Z ® e = gz ® g4 29)

A wavelet damage index ¢ can be defined along a straight scan
path at the location u with the scale s

2

1
o(u,8) = |WEZZM~(M,S)|2 = EW%Z(M, 5) (30)

and damage can be identified near neighborhoods with high o.
When 6 associated with n different vibration shapes is available,
an auxiliary wavelet damage index J, is proposed

Sa(x,y) =D Su(x,y) 3D

where 0 is the normalized wavelet damage index associated with
the kth available vibration shape, whose maximum index value is
one.

3 Continuous Scanning Scheme for a Plate

A typical CSLDV system comprises of three key components,
including a single-point laser Doppler vibrometer, a scanner, and
a control unit that is a dSPACE MicroLabBox in this work, as
shown in Fig. 1(a). The vibrometer measures the velocity along
the direction of its laser beam at a measurement point where its

(b)

Fig.1 (a) Components of a CSLDV system and (b) a simplified diagram of the CSLDV system
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laser spot is located. The scanner directs the laser spot onto an
assigned measurement point P [26], as shown in Fig. 1(b). The
scanner has two orthogonal scan mirrors called X and Y mirrors,
and rotation angles of the two mirrors are positioned by two inde-
pendent stepper motors inside the scanner, which are controlled
by the control unit. The X and Y mirrors control horizontal and
vertical positions of the laser spot, respectively.

Various scan trajectories of the laser spot can be created by pro-
viding proper signals for the scanner via the control unit. Zigzag
scan trajectories are generated to obtain vibration shapes of a plate
in this work. A zigzag scan trajectory consists of straight scan
paths that span an assigned quadrangular scan area, and a vibra-
tion shape of the plate is formed by its vibration shape along each
scan path that is obtained from the demodulation method. An
example of a zigzag scan trajectory that spans a rectangular scan
area is shown in Fig. 2. The trajectory in Fig. 2(a) is called a hori-
zontal scan trajectory as its scan paths span mainly in the horizon-
tal direction, i.e., the x-direction. A counterpart of a horizontal
scan trajectory is a vertical scan trajectory as shown in Fig. 2(b),
which consists of straight scan paths spanning mainly in the verti-
cal direction, i.e., the y-direction.

In a vibration shape of a beam, there is one value of each dam-
age index that can be obtained at one point of the vibration shape,
as the vibration can only be measured along one direction, i.e.,
along its length, by a CSLDV system. However, there can be
countless values of each damage index that can be obtained at one
point of a vibration shape of a plate measured by a CSLDV sys-
tem, as the vibration shape of the plate at the point can be meas-
ured along countless directions. While horizontal and vertical
scan trajectories are selected to form damage indices here, scan
paths in a scan trajectory do not need to be horizontal or vertical,
and they can be any smooth curves.

A continuous scanning scheme is introduced here to generate
horizontal and vertical scan trajectories on a general quadrangular
scan area as shown in Fig. 3. The quadrangular scan area is

for + (i — 1) X Aoy + kyi X 1, i

(o + 1 X Aoy) — ko X 8, i
o =
[og + (i — 1) X Aoy ] + ko X 1, i
(o +1i % Aoy) — ki X 1, i
1| pommmmeeenaae . 1
L
08t ! 08
T
1
~ 0.6 ! 06
G i &
S04l =04
i
02 : 02
i
0f b= 5 0
0o 02 06 08 0 02 04 06 08

Fig.2 (a) Horizontal scan trajectory (solid lines) and (b) a verti-
cal scan trajectory (solid lines) on a rectangular plate (dashed
lines)
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defined by four vertices Py, Py, Py, and Py, which correspond to
its lower left, lower right, upper left, and upper right corners,
respectively. Cartesian coordinate system is defined with Py as its
origin. A mathematical description of the continuous scanning
scheme to generate a horizontal scan trajectory is provided below.

Without loss of generality, the description is provided with
voltage signals used as control variables, which is directly related
to rotation angles of the two mirrors. Voltage signals provided for
the X and Y mirrors corresponding to Py, Py, Py, and P, are
(OCH?.BH)’ (‘xlﬁﬁlr)? (fxulvﬂul)’ and (auraﬁur)’ respectively, where o
and f values denote voltage signals provided for the X and Y mir-
rors, respectively. Both lines PP, and PP, are evenly divided
into N — 1 parts by N numbered points, as shown in Fig. 3, and a
total of 2N — 1 straight scan paths can be formed on the scan area.
A straight scan path in the trajectory is formed by connecting one
point on the line PP and one on the line PP.;.

The increment of an o value from one numbered point to the
next on the line P, P, can be expressed by

Oyl — 01

Aoy = 32
0= (32)
and that on the line PPy, can be expressed by
Olyr — %jr
Ao, = -~ 33
T = (33)

Averaging can improve signal-to-noise ratios of vibration shapes
measured by a CSLDV system [26]. On each scan path of a scan
trajectory, M end-to-end scans are performed before the laser
spot scans the next scan path and a vibration shape along the scan
path can be averaged from measurements from the M scans. The
number of averages per scan path M is an odd number so that scan-
ning of a scan path can start from one numbered point and end at
the other. The « value for the ith scan path can be expressed by

1,3,...,2N—1and j =1, 3,

=1,3,..,2N—1land j=2,4, .... M —1
(34)
=2,4,..,2N—2and j=1,3, ... M
=2,4,..,2N—2and j=2,4, ... M — 1
12 — : : : : :
I Scan trajectory ®  Boundary points = = = Boundaries|
P 4
10 "ueocos=====--- T
[ ]
8 4 1 1
i 1
- [} 1
> 8 h J
. '}
4 B = 1 7
: !
l' !
2r | i .
0,52;_ ——————y 2 |
Il | ! ! P | S

Fig. 3 General quadrangular scan area with a horizontal scan

trajectory
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Y mirror

0 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Time (s) Time (s)

(a) (b)

Fig. 4 Voltage signals for the (a) X and (b) Y mirrors to gener-
ate the scan trajectory in Fig. 3

unit: cm

Fig. 5 Dimensions of a six-laminate [0 deg/90 deg/0 deg]; IM-7
fiber-reinforced polymer composite plate with delamination.
The delamination area is a square with the side length of 4.0cm
and located between the third and fourth laminates of the com-
posite plate.

where k,; denotes the constant slope of the scan path associated
with the X mirror that can be expressed by

(o +i x Aoty — oy + (i — 1) x Ay

L i=1,3,..,2N—1
b — 0.5 /fscan
O” (o +ix Aoy) — oy, + (i — 1) x Aay,] 24 N2
O.S/f‘scan b b 3y
(35)

in which fi.,, is a scan frequency for each scan path and the dura-
tion for an end-to-end scan on a scan path is 0.5 /fscn. Increments
of § from one numbered point to the next on the line PyP, and
the f value for the ith scan path can be expressed by equations
similar to those associated with o.

A horizontal scan trajectory in Fig. 3 can be generated using
the scanning scheme with voltage signals provided for the X and Y
mirrors shown in Figs. 4(a) and 4(b), respectively; the trajectory
is generated with N =40, M =3, and f,.., = 0.1 Hz. The total scan
time is (2N —1) X 0.5 X M /fean = (2% 40— 1) x 0.5 x3/0.1 =585
s. Note that the scanning scheme described above can also be used
to generate a vertical scan trajectory by swapping the voltage sig-
nals for the X and Y mirrors.

The continuous scanning scheme can create a scan trajectory
that enables a CSLDV system to obtain a vibration shape on an
assigned scan area that is defined by four vertices. Besides a scan
area, three parameters N, M, and fi.., directly determine densities
of scan paths for a scan trajectory and its total scan time. A larger
value of N corresponds to a larger number of scan paths and a
more spatially detailed description of a vibration shape. A larger
value of M can improve the signal-to-noise ratio of a measured
vibration shape by averaging measurements of a CSLDV system.
It has been shown in Ref. [26] that scanning with fi.,, smaller than
1 Hz and a large number of averages can enable one to obtain a
vibration shape with a high signal-to-noise ratio. Hence, it is recom-
mended that a large value of M and a small value of f;.,, be used to
measure vibration shapes of a plate by a CSLDV system, and a
large value of N be used to better describe the vibration shapes.

4 Numerical and Experimental Investigation

4.1 Numerical Investigation. A finite element model of a
six-laminate [0 deg/90 deg/0deg], IM-7 fiber reinforced polymer
composite plate is constructed to numerically investigate effec-
tiveness of the two delamination identification methods. The com-
posite plate has a delamination area between its third and fourth
laminates. Dimensions of the composite plate and delamination
area are shown in Fig. 5; the composite plate has a thickness of
0.98 mm. Its mass density is 1545 kg/m® and its stiffness matrix is

[ 286 173 1705 0 0
173 286 1705 0 0
170.5 1705 269.5 0 0
0 0 0 453 0
0 0 0 0 45
0 0 0 0 0 5

0
0
0 GPa (36)
0
0
6

The composite plate has clamped-free-free-free boundary condi-
tions, as shown in Fig. 5, and the clamped boundary is located at
its lower boundary. In the finite element model, each laminate is
modeled using a total of 350 x 350 plate elements. Mode shapes

Znum,4

0.35
0.3
0.2 0.2
0.1
0 0

(b)

y (m) z (m)

Fig. 6 (a) Mode shape of the second out-of-plane mode of the composite plate and (b) that of

the fourth out-of-plane mode of the plate
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Fig. 7 (a) Simulated vertical scan trajectory on the composite
plate for Z""™2 and (b) the simulated horizontal scan trajectory
on the plate for Z"'™*

of its second and fourth out-of-plane modes, denoted by Z™™?2

and Z™™*, respectively, are calculated and shown in Fig. 6. The
mode shapes are normalized so that their maximum amplitudes
are one.

Vertical and horizontal scan trajectories with N =20 are
assigned to the composite plate. Mode shapes measured by a
simulated CSLDV system, denoted by Z**™? and Z**# are
obtained by interpolating Z™™? and Z™™*, respectively, along
straight scan paths of the trajectories shown in Fig. 7, respectively.
In this investigation, n2=0.005 m and s =0.005 m are used to
calculate curvature vibration shapes and wavelet transforms of
mode shapes, respectively. Curvature damage indices associated
with Z52 and Z5* are shown in Figs. 8(a) and 8(b), respec-
tively, and the associated auxiliary curvature damage index is
shown in Fig. 8(c). Wavelet damage indices associated with

P2 1078

2
03
0.25 15
0.2
0.15 1
0.1
0.5
0.05
0
0 02 03

0 .1

y (m)

x (m)

(a)

0.3
0.25
0.2

y ()

0.15
0.1
0.05

7542 and Z*°®* are shown in Figs. 9(a) and 9(b), respectively,
and the associated auxiliary wavelet damage index is shown in
Fig. 9(c). It can be seen in Figs. 8(a) and 9(a) that upper and lower
edges of the delamination area can be clearly identified; it can be
seen in Figs. 8(b) and 9(b) that left and right edges of the delami-
nation area can be clearly identified. In Figs. 8(c) and 9(c), four
edges of the delamination area can be clearly identified in the aux-
iliary curvature damage index and auxiliary wavelet damage
index, respectively.

4.2 Experimental Investigation. A laminated composite
plate with delamination was manufactured using FS-A23 resin
and FS-B412 hardener to experimentally investigate effectiveness
of the two damage identification methods. Its dimensions and
material properties and dimensions of the delamination area were
the same as those of the composite plate in the numerical investi-
gation. In the composite plate, a teflon film was embedded
between the third and fourth laminates of the composite plate dur-
ing its manufacturing process to simulate the delamination. A strip
area with the width of 2.54 cm adjacent to one boundary of the
composite plate was clamped by two aluminum beams with the
width of 2.54 cm that were clamped by a bench vice, as shown in
Fig. 10(a). Since the width of the bench vice jaw was smaller than
the side length of the composite plate, the clamping force imposed
on the clamped area of the composite plate was not evenly distrib-
uted along the length of the clamped area and the clamped bound-
ary condition was imperfect. Since the two damage identification
methods intend to identify local anomalies in vibration shapes
caused by delamination in composite plates, they can be applica-
ble to composite plates with any boundary conditions, such as the
imperfectly clamped boundary in the experiment here, as well as
those with nonlinearities.

Pix107®
0.3 4
0.25
3
= 02
&
>0.15 2
0.1
1
0.05
0
0 0.1 0.2 0.3
z (m)
b
p?l ( )
1
0.8
0.6
0.4
0.2

0 0.1

0.2
z ()

(c)

0.3

Fig. 8 (a) Curvature damage index associated with Z5°"2 (b) the curvature damage index
associated with Z°°®"4, and (c) the auxiliary curvature damage index associated with Z°°®"2 and

scan4,
Z 3
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nh=0.005 m is used to calculate curvature vibration shapes

AUGUST 2018, Vol. 140 / 041001-7

Q8L L L¥9/L00L¥0/7/0% | APA-B[01LE/SOISNOOBUONEIGIA/LLIOD IBUOIBA|IS OPaWSE//:dNY WOlj PapEo|UMOQ

70 Ovl

20z Iudy g1 uo 3senb Aq ypd-L00L Y0



92510710 d15 10710
3.5 6
3 0.3 5
25 0.25 4
2 = 0.2
& 3
15 =0.15
1 0.1 2
0.5 0.05 1
0
0 0.1 0.2 0.3 0 0.1 0.2 0.3
x (m) z (m)
(a) (b)
5?1
1
0.3
0.25 0.8
’é\ 0.2 0.6
= 0.15
0.4
0.1
0.05 o
0
0 0.1 0.2 0.3
z (m)

(c)

Fig. 9 (a) Wavelet damage index associated with Z5°®"2, (b) the wavelet damage index associ-
ated with 2°°®™*, and (c) the auxiliary wavelet damage index associated with Z5°®"2 and Z5®a"#;
s=0.005 m is used to calculate wavelet transforms of mode shapes

B ek |

“(b)

Fig. 10 (a) Fixture of the composite plate with delamination
and (b) the test setup for measurement of vibration shapes of
the plate, where “SLDV” stands for scanning laser Doppler
vibrometer

The test setup of vibration shape measurement of the composite
plate is shown in Fig. 10. A speaker was used to excite the com-
posite plate and a Polytec PSV-500 scanning laser Doppler
vibrometer was used to measure its velocity response, which was
placed with a relatively long distance from the composite plate.
The vibrometer has two key components of the CSLDV system in
Fig. 1(a), including a single-point laser vibrometer and a scanner.
A dSPACE MicroLabBox was connected to the vibrometer to
control X and Y mirrors of the scanner. Approximate frequency
response functions of the composite plate were measured, with

041001-8 / Vol. 140, AUGUST 2018

velocity response of the composite plate measured by the vibrom-
eter and a burst chirp signal given to the speaker, which served as
response and excitation signals, respectively. There were two
peaks at 89Hz and 150Hz in a measured frequency response
function. Sinusoidal signals with frequencies of 89 Hz and 150 Hz
were then given to the speaker to generate acoustic excitation.
Vertical and horizontal scan trajectories were assigned on the
composite plate to measure its vibration shapes at 89 Hz and
150 Hz, respectively. Vibration shapes at the two frequencies are
shown in Fig. 11. Measured vibration shapes at 89 Hz and 150 Hz
correspond to the second and fourth modes of the composite plate
in its finite element model.

In this experimental investigation, 74 =0.005 m and s = 0.005
m were used to calculate curvature vibration shapes and wavelet
transforms of vibration shapes, respectively. Curvature damage
indices associated with vibration shapes at 89 Hz and 150 Hz are
shown in Figs. 12(a) and 12(b), respectively, and the associated
auxiliary curvature damage index is shown in Fig. 12(c). Wavelet
damage indices associated with vibration shapes at 89 Hz and
150 Hz are shown in Figs. 13(a) and 13(b), respectively, and the
associated auxiliary wavelet damage index is shown in Fig. 13(c).
It can be seen in Figs. 12(a) and 13(a) that upper and lower edges
of the delamination area can be clearly identified; it can be seen in
Figs. 12(b) and 13(b) that left and right edges of the delamination
area can be clearly identified. In Figs. 12(c) and 13(c), four edges
of the delamination area can be clearly identified. Delamination
identification results from the two methods also compared well
with that of a C-scan image of the composite plate shown in
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Fig. 11 (a) Vibration shape of the composite plate at 89 Hz and (b) that of the plate at 150 Hz
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Fig. 12 (a) Curvature damage index associated with the mode shape at 89 Hz, (b) the curvature

damage index associated with the mode shape at 150 Hz, and (c) the auxiliary curvature damage
index associated with the two mode shapes; nh=0.005 m was used to calculate curvature

vibration shapes

Fig. 14. Delamination identification results from the two methods
compared well with those from the numerical investigation. Com-
paring damage identification results from the polynomial-based
and wavelet-based methods in Figs. 12 and 13, respectively, one
can see that the former has a larger identifiable area than the latter
since wavelet transforms can incur severe boundary distortion in
associated wavelet damage indices. More importantly, the former
yielded the better auxiliary damage index than the latter as a lower
level of noise is observed in Fig. 12(c).

5 Conclusions

Two non-model-based methods are used to identify delamina-
tion in a laminated composite plate using a CSLDV system and

Journal of Vibration and Acoustics

their identification results are compared. One is a polynomial-
based method that uses polynomial fits to approximate curvature
vibration shapes of a corresponding undamaged composite plate
and the other is a wavelet-based method that uses continuous
wavelet transforms of vibration shapes. In the two methods, local
anomalies caused by delamination in curvature vibration shapes
are identified in neighborhoods with high damage index values.
Auxiliary damage indices associated with curvature damage and
wavelet damage indices are formulated, from which positions and
lengths of delamination edges can be accurately and completely
identified. Both methods do not require any a priori and baseline
information of composite plates, such as dimensions, boundary
conditions, material properties, and vibration shapes of corre-
sponding undamaged plates. Effectiveness of the two methods has
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Fig. 13 (a) Wavelet damage index associated with the vibration shape at 89 Hz, (b) the wavelet
damage index associated with the vibration shape at 150 Hz, and (c) the auxiliary wavelet dam-
age index associated with the two vibration shapes; s =0.005 m was used to calculate wavelet

transforms of vibration shapes

Fig. 14 C-scan image of the composite plate with delamination

been numerically and experimentally investigated to identify
delamination in the composite plate. Experimental delamination
identification results compare well with that from a C-scan image
of the composite plate, and the position and dimensions of the
delamination area were accurately and completely identified.
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