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Abstract: Identification of initial delamination is crucial to ensure the safety of the fiber-reinforced
laminated composite structures. Amongst the identification approaches based on mode shapes, the
concept of multiscale shear-strain gradient (MSG) has an explicit physical sense of characterizing
delamination-induced singularity of shear strains; moreover, it is robust against noise interference
owing to the merits of multiscale analysis. However, the capacity of the MSG for identifying
initial delamination is insufficient because the delamination-induced singularity peak can be largely
obscured by the global component of the MSG. Addressing this problem, this study proposes an
enhanced approach for identifying initial delamination in fiber-reinforced composite laminates. In
particular, the multiscale modulation filter (MMF) is proposed to modulate the MSG with the aim of
focusing on damage features, by which a new concept of enhanced MSG (EMSG) is formulated to
extract damage features. By taking advantage of the MMF with the optimal frequency translation
parameters, the EMSG is concentrated in a narrow wavenumber band, which is dominated by the
damage-induced singularity peak. As a consequence, the delamination-induced singularity peak in
the EMSG can be isolated from the global component. The capacity of the approach for identifying
initial delamination is experimentally validated on a carbon fiber reinforced polymer (CFRP) laminate,
whose mode shapes are acquired via non-contact laser measurement. The experimental results reveal
that the EMSG-based approach is capable of graphically characterizing the presence, location, and
size of initial delamination in CFRP laminates.

Keywords: CFRP laminate; identification of initial delamination; shear strain singularity; multiscale
modulation filter; non-contact laser measurement

1. Introduction

Carbon fiber reinforced polymer (CFRP) laminates have been increasingly utilized in
structural components such as wind turbine blades owing to their appealing advantages
of high strength, low density, and anti-corrosion. However, transverse impacts can cause
local delamination (debonding of adjacent plies) in CFRP laminates. As a type of barely
visible impact damage (BVID), delamination can hardly be judged from the appearance of
the fiber-reinforced composite laminates [1]. To prevent delamination from developing to
severe degrees, it is of significance to identify delamination at the early stage.

Utilizing local changes in physical properties caused by delamination, nondestructive
testing (NDT) techniques have been widely applied for the detection of delamination in
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fiber-reinforced composite laminates [2-17]. Recently, ultrasonic waves have been utilized
for the identification of delamination by capturing characteristics of waves [18-27]. More
recently, with the aid of the laser scanning technique, mode shapes of fiber-reinforced com-
posite laminates can be acquired by measuring full-field operating deflection shapes (ODSs)
at resonances. Existing researches suggest that delamination can induce discontinuities in
derivatives of mode shapes with respect to spatial coordinates, and such discontinuities can
become ideal indicators to characterize the presence, location, and size of the delamination.
Representative studies are as follows: Inspired by the delamination-induced singularity in
normal strains, curvature mode shapes (CMSs) have been widely utilized for the identifi-
cation of delamination in fiber-reinforced composite laminates. Three typical algorithms
based on mode shapes are compared by Qiao et al. [28] to evaluate their capacities for
identifying delamination in CFRP laminates. Araujo dos Santos et al. [29] used acoustics
to excite a CFRP laminate and measured its mode shapes via TV holography. The differ-
ence between CMSs under structurally intact and damaged statuses was utilized for the
identification of delamination caused by the impact. Pérez et al. [30] proposed a curvature
damage factor based on the integrated utilization of natural frequencies and CMSs, by
which the delamination in CFRP laminates can be pinpointed. The complex-wavelet CMS
was formulated by Xu et al. [31] for the identification of delamination in CFRP laminates.
Superior to the conventional CMS, sensitivity to delamination and robustness against
noise interference is enhanced in the complex-wavelet CMS. The Fourier spectral CMS was
formulated by Yang et al. [32,33] through integrating the Fourier spectral method into the
conventional CMS, whose capacity for identifying delamination was verified in the CFRP
laminates. By means of continuous laser scanning, Chen et al. [34] and Xu et al. [35] used
local anomalies in mode shapes for the identification of delamination in CFRP laminates.
Inspired by the delamination-induced singularity of shear strains, Cao et al. [36] formulated
the concept of a multiscale shear-strain gradient (MSG) for identifying delamination in
glass-fiber-reinforced polymer (GFRP) laminates. Nevertheless, it is difficult to identify ini-
tial delamination using the MSG, because the stiffness reduction in the delamination region
is slight [37]. As a consequence, slight singularity peaks caused by initial delamination can
be obscured by the global components of MSGs and become ambiguous for the identifi-
cation of initial delamination. With this concern, the Teager—Kaiser modal energy [38,39]
was formulated to evaluate the point-wise energy of a mode shape. Local changes in
the Teager-Kaiser modal energy can be utilized to identify initial delamination. Further-
more, the approach’s robustness against noise interference is enhanced by integrating
multi-resolution analysis into the Teager—Kaiser modal energy. Recently, a damage index
was built on the equation of out-of-plane motion, representing the delamination-induced
perturbation to the dynamic equilibrium [40]. The applicability of the damage index was
validated on a CFRP laminate with initial delamination.

The MSG-based approach is enhanced in this study for identifying initial delamination
in fiber-reinforced composite laminates. In particular, a multiscale modulation filter (MMF)
is proposed to modulate the MSG with the aim of focusing on damage features. On
the basis of the MMF, a new concept of enhanced MSG (EMSG) is formulated to extract
damage features. By taking advantage of the MMF with the optimal frequency translation
parameters, the EMSG is concentrated in a narrow wavenumber band, which is dominated
by the damage-induced singularity peak.

The rest of the paper is organized as follows: Section 2 proposes an EMSG-based ap-
proach for the identification of initial delamination in fiber-reinforced composite laminates.
Section 3 experimentally validates the capacity of the approach on a CFRP laminate that
bears initial delamination. A scanning laser vibrometer (SLV) is utilized to measure its
mode shapes via non-contact laser measurement. Section 4 presents the conclusions.
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2. EMSG-Based Approach for Identification of Initial Delamination in
Fiber-Reinforced Composite Laminates

2.1. Identification of Delamination by Singularity of Shear Strain

For a Kirchhoff plate with in-plane coordinates x and y and transverse coordinate z,
the distribution of engineering shear strains 7, for an out-of-plane mode shape W(x, y)

can be written as [41]:
_ L PW(xy)
Tay = 722 oxoy @

Local damage such as delamination can cause singularity of shear strains, i.e., local
discontinuity of the derivatives of shear strains. Therefore, the concept of SG was proposed

<~
to characterize the delamination-induced singularity of shear strains, denoted as 7, [36]:

o *W(x,y)
Vay = _ZZW. 2)

Inspired by the physical sense of the SG, a damage index (DI), denoted as DI(x,y),
was established to characterize the delamination-induced singularity of surficial shear
strains in a fiber-reinforced composite laminate:

_'W(x,y)

DI(x,y) = ox20y2 ! (©)

by which the presence, location, and size of the delamination can be characterized in a
graphical manner.

2.2. Multiscale Analysis for Elimination of Noise Components

Although the SG has an explicit physical sense for the identification of delamination
in fiber-reinforced composite laminates, direct use of the DI by Equation (3) could lead to
intensive noise interference because noise components in densely measured mode shapes
can be amplified significantly owing to differential operation [42].

Addressing this problem, integration of the SG and multiscale analysis produces the

concept of MSG, denoted as ('?iy:

S d _
’ny = ,)/xy & 82,25/ (4)

based on which the multiscale DI (MDI), denoted as MDI,(u, v), was established by wavelet
transform [43]:
84

B _ _ 4
MDIs(u,v) = W® g2, (u,v) =5 92002

(W®3g,)(u,0), ®)

1 ef(x2/2173+y2/20y2)
271(7x¢7y

where g(x,y) = is the Gaussian function with ¢y and 0y denot-

. . . . . . _ d*g(xy)
ing the standard variances in the x- and y-directions, respectively, g22(x,y) = ox2ay2 *
T

22,(x,y) = Lgo(=%, =), s is the scale parameter, and u and v are the spatial trans-
lation parameters in the x- and y-directions. The essence of the relationship between
Equations (3) and (5) is that W in Equation (3) is convolved with g,(x,y) = 1g(=%, =)
and scaled by s* in Equation (5). The principle of multiscale analysis for an MSG is as
follows [43]: the high-frequency noise components and low-frequency global component
of the MSG are associated with small and large scales, respectively. By gradually increasing
the scale parameter, the noise components at small scales can be averaged in ever-wider
scaled Gaussian windows and gradually eliminated. Meanwhile, delamination-induced
singularity can be retained with the increase in the scale parameter. When the scale pa-
rameter reaches its optimal value, which is between the scales associated with noise and
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global components, only the delamination-induced singularity peak arises in the MSG. In
consequence, the singularity peak can manifest the presence of the delamination. Moreover,
the spatial distribution of the singularity peak can characterize the location and size of
the delamination.

2.3. MMF for Extraction of Initial Delamination Features

Although the delamination-induced singularity of shear strains is retained in the MSG,
the wavenumber band associated with the singularity peak is narrow. As a result, it is
difficult to find the optimal scale parameter to thoroughly isolate the delamination-induced
singularity peak from the global component of the MSG, leading to the mixed distribution of
the aforementioned components in the MSG. Unfortunately, in most situations, singularity
peaks induced by initial delamination can be largely obscured by the global components
of MSGs. Therefore, the capacity of the MSG for identifying initial delamination in fiber-
reinforced composite laminates is insufficient.

To overcome this barrier, the MMF is proposed in this study to enhance the MSG with
the aim of focusing on and extracting damage features by isolating singularity peaks from
global components: the Gabor function G(x, y) is utilized to replace the Gaussian function
g(x,y) in Equation (5), which leads to a new concept of EMSG. On the basis of the EMSG,
an enhanced MDI (EMDI) is established for the identification of initial delamination in
fiber-reinforced composite laminates, denoted as EMDI;(u, v):

4

EMDI(u,v) = W ® Gaag(1,v) = 8 52007

(We Gs)( v), (6)

where G(x,y) = g(x,y)e!("™*+7) is the Gabor function with i denoting the imaginary unit
and v and 7 denoting the frequency translation parameters in the x- and y-directions,

. _ Gy /m— 1 —x
respectively, Goo(x,y) = Goos(x,y) = 5Go2* (5 —) with Gyo* denoting the

ox20y? ’ s/ s

complex conjugate of the motﬁer wavelet Gp,(x,y). The essence of the relationship be-
tween Equations (5) and (6) is that g, (x, y) is multiplied by the MMF d(r 15 to produce
Gs(x,y) = 1G(=%, =Y). Thereby, the MSG can be modulated by the MMF to concentrate
in the narrow wavenumber band, which is dominated by the delamination-induced sin-
gularity peak. By taking advantage of the MMF with the optimal frequency translation
parameters 7y and #, the EMSG is capable of focusing on the singularity peak, such that
the features of initial delamination can be extracted. As a consequence, the delamination-
induced singularity peak can be readily isolated from the global component of the MSG.

The 2D Gabor function G(x, y) can be written as the product of two 1D Gabor functions
in the x- and y-directions:

G(x,y) = G(x)G(y) = g(x)e " g(y)e™. @)

The 1D Gabor function G(x) is formulated by multiplying the 1D Gaussian function
¢(x) by a complex exponential function e'*:

G(x) = g(x)e™. ®)

As per Equation (7), Go2(x,y) can be expressed as:

4G (x 4G(x 4o (x)el7® o
Gop(x,y) = aagz(a}%) =3 [Ca;;(czgsz(y)] _ 2s( )axzafz(y) 1] )
— (L5 — 2g(x) + 2980 (459 - ig(y) + 2y B p)elOx ),

As a mother wavelet, Gy, (x, y) satisfies the zero-mean condition [43]:

/ / G (x, y)dxdy = 0. (10)
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It is noteworthy that the damage features contained in an EMDI heavily depend on
the mode shape one selects. In that situation, a single mode is insufficient to characterize
full details of the damage. With this concern, an integrating scheme is utilized in this study
for the identification of initial delamination in fiber-reinforced composite laminates, by
which the fused EMDI (FEMDI) is established with the intersection of multiple EMDIs [44],
denoted as FEMDI;(x,y):

N
FEMDI;(x,y) = N EMDI!(x,y). (11)
n=

3. Proof of Concept

The capacity of the EMSG-based approach for identifying initial delamination is
experimentally validated via non-contact laser scanning of vibration using an SLV. It is
noteworthy that although the experimental specimen in this study is a CFRP laminate, the
applicability of the approach can be extended to other fiber-reinforced composite laminates,
including GFRP laminates.

3.1. Experimental Setup and Specimen

Take an eight-ply CFRP symmetric cross-ply laminate as an experimental speci-
men, whose fiber orientations are 0/90°. The plane dimensions of the laminate are
500 x 500 mm? in the x- and y-directions, respectively; the thickness of the laminate is
3 mm in the z-directions. For the sake of description, the surface belonging to the first ply
is defined as the front surface of the specimen, and the reverse side is defined as the back
surface. To manufacture initial delamination, a square Teflon sheet was inserted between
the interfaces of the second and third plies when the specimen was fabricated. The delam-
ination is almost invisible, even from the zoomed-in view of the specimen surface. On
the front surface of the specimen, white outlines are marked to indicate the delamination
region. The dimensions of the initial delamination are 15 x 15 mm?. The delamination
spans from 117.5 to 132.5 mm in the x-direction and 367.5 to 382.5 mm in the y-direction, the
center of which is located at x = 125 mm and y = 375 mm. In the dimensionless coordinates
¢ = x/500 and n = y/500, the center of the delamination is located at { = 0.25 and
7 = 0.75, and the delamination area spans from 0.235 to 0.265 in ¢ and 0.735 to 0.765 in 7.
Figure 1 shows the experimental setup and specimen. Suspended by two strings in the
upper corners, the boundary conditions of the specimen at four edges are considered free.
Note that the approach is applicable to arbitrary boundary conditions of fiber-reinforced
composite laminates. On the front surface of the specimen, a circular lead zirconate titanate
(PZT) actuator (10 mm in diameter) is mounted in its geometrical center to generate high-
frequency harmonic waves to excite the CFRP laminate. Simultaneously, an SLV (PSV-400,
Polytec, Waldbronn, Germany) scans the entire back surface (covered by reflection tapes)
in rows from top to bottom. The measurement grid on the back surface is 375 x 375 with a
uniform interval of 1.33 mm in both x- and y-directions.

3.2. Experimental Results

Six natural frequencies, i.e., 1260.94, 1639.06, 2346.88, 3184.38, 4142.19, and 4440.63 Hz,
are arbitrarily selected after modal analysis. The corresponding mode shapes are utilized
for experimental validation, denoted as Scenarios I-VI. The CFRP laminate is excited at
these frequencies to pump more energy into it, such that a higher signal-to-noise ratio can
be achieved owing to the higher magnitudes of vibration. The ODSs associated with the
natural frequencies approximate the corresponding mode shapes of this lightly damped
specimen. Therefore, the measured ODSs are regarded as the mode shapes, which are
shown in Figure 2. Note that the ODSs are normalized, with their maximum amplitudes
being units. Taking Scenario V for illustration, the DI is obtained by Equation (3) using
the finite difference method and shown in Figure 3a. It can be seen from Figure 3a that
noise components dominate the DI, whereas the delamination-induced singularity peak
is masked by noise interference and can barely be identified. To investigate components
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of the DIs with different wavelengths, the 2D Fourier transform is adopted to obtain their
wavenumber spectra:
fllex, ky) /

in which a signal f(x,y) in the spatial domain is transformed to f (ky, ky) in the wavenumber
domain with k; and k, denoting the wavenumbers in the x- and y-directions (higher
wavenumbers indicate lower wavelengths). By 2D Fourier transform, the DI for Scenario
V is mapped to the wavenumber domain and shown in Figure 3b, in which only noise
components appear at high wavenumbers (highlighted by a dashed rectangle). Without
losing generality, one can divide the wavenumbers ky and k, by K, and Ky, respectively,
which are the spatial sampling frequencies in the x- and y-directions. By Equation (5), the
Dl is transformed to MDIs with an increase in scale parameters from 2 to 12 (Figure 4), the
wavenumber spectra of which are obtained by Equation (12) and shown in Figure 5. To
remove distortions produced by the wavelet transform [36], values of the MDIs vanish in
the vicinity of the boundaries and geometrical center where the PZT actuator is mounted.
As can be seen from MDI, with s = 2 (Figure 4a), noise interference is less pronounced,
and a global component appears; in its wavenumber spectrum in Figure 5a, besides the
noise components highlighted by a dashed rectangle, the global component highlighted by
a dotted rectangle appears at low wavenumbers. In MDI; with s = 4 (Figure 4b), noise
components are further suppressed; meanwhile, the delamination-induced singularity
peak arises. However, the singularity peak is surrounded by the global component and
becomes ambiguous to indicate the delamination. In the wavenumber spectrum of MDIy
(Figure 5b), the features of the singularity peak are shadowed by the global component. By
further increasing the scale from 6 to 12, the singularity peaks are totally obscured by the
global components (Figure 4c—f), and only the global components can be identified in the
wavenumber spectra of the MDIs (Figure 5c—f). In consequence, it is difficult to search for
the optimal scale parameter at which the delamination-induced singularity peak can be
isolated from the global component.

f x, y 7127T(kxx+kxy)dxdy (12)

8\8

Figure 1. Experimental setup and specimen.
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(a) (b) (c)

(d) (e) (f)
Figure 2. Mode shapes of the CFRP laminate for Scenarios (a) I, (b) II, (c) III, (d) IV, (e) V, and (f) VL.

(a) (b)
Figure 3. (a) DI and its (b) wavenumber spectrum for Scenario V.

To isolate delamination-induced singularity peaks, the MDIs are enhanced by Equation (6)
to produce the EMDISs, as shown in Figure 6. The optimal frequency translation parameters
v and 7 are determined to be three after trials. It can be seen that in each EMDI, noise
and global components are basically eliminated. Meanwhile, the delamination-induced
singularity peak is retained and concentrated in the delamination region. In the wavenum-
ber spectra of the EMDIs (Figure 7), it can be found that features highlighted by dashed
circles evidently indicate the presence of the delamination-induced singularity peaks, the
wavenumber bands of which are between those of noise and global components, as shown
in Figure 6. As can be seen from Figure 8, the singularity peaks in the planforms of the
EMDISs clearly pinpoint the initial delamination: the identified delamination is centered at
¢ = 0.25and 5 = 0.75. To characterize full details of the delamination, the EMDISs are fused
by Equation (11) to obtain the FEMDI, whose zoomed-in planform is shown in Figure 9.
The FEMDI clearly indicates that the identified delamination spans from about 0.235 to
0.265 in g, and about 0.735 to 0.765 in 7, which corresponds well with the actual region of
the delamination, whose outlines are marked in red. Hereby, superior to the MSG-based
approach, the EMSG-based approach is capable of graphically characterizing the presence,
location, and size of the initial delamination.
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Figure 4. MDISs for Scenario V with scale parameters of (a) 2, (b) 4, (c) 6, (d) 8, (e) 10, and (f) 12.

0.25

0.25 025
0.2 0.2 0.2
015 0.15 0.15
v". £ a
¥
0.1 0.1 0.1
0.05 0.05 0.05
LI 0 - o °
0 0 0
0.25 0.25 0.25
0.2 0.2 0.2
015 0.15 0.15
W - -
he
0.1 0.1 0.1
005 005 005
0 ! [ 0 S
0 0 0

(d) (e) ()

Figure 5. Wavenumber spectra of the MDIs for Scenario V with scale parameters of (a) 2, (b) 4, (c) 6,
(d) 8, (e) 10, and (f) 12.
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Figure 6. EMDIs for Scenarios (a) I, (b) II, (c) IIL, (d) IV, (e) V, and (f) VL

Figure 7. Wavenumber spectra of EMDISs for Scenarios (a) I, (b) 11, (c) I1I, (d) IV, (e) V, and (f) VI.
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Figure 8. Planforms of the EMDISs for Scenarios (a) I, (b) II, (c) IIL, (d) IV, (e) V, and (f) VI (values
vanish in the vicinity of boundaries and geometrical center).

Figure 9. Zoomed-in planform of the FEMDI (outlines of the actual region of the delamination are
marked in red).
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4. Conclusions

Inspired by the delamination-induced singularity of shear strains, MSGs have been
utilized for the identification of delamination in fiber-reinforced composite laminates;
however, insensitivity to initial delamination hinders its applicability to the early-stage
diagnosis of laminated composite structures. To overcome this barrier, the MMF is proposed
to modulate the MSG, by which a new concept of EMSG is formulated for the identification
of initial delamination in fiber-reinforced composite laminates. The capacity of the approach
is experimentally validated on a CFRP laminate with initial delamination, whose mode
shapes are acquired via non-contact laser measurement using an SLV. The experimental
results reveal that the EMSG-based approach can graphically characterize the presence,
location, and size of the initial delamination. Some conclusions are as follows.

(1) Due to the difficulty in finding the optimal scale parameter of the MSG, the singularity
peak induced by initial delamination cannot be thoroughly isolated from the global
component. In consequence, the singularity peak can be largely obscured by the global
component, which hinders the capacity of the MSG for identifying initial delamination
in fiber-reinforced composite laminates.

(2) The MMEF with the optimal frequency translation parameters can enhance the EMSG
to concentrate in a narrow wavenumber band, which is dominated by the damage-
induced peak. In that situation, the EMSG can focus on the damage features and extract
them for the identification of initial delamination. To be specific, the delamination-
induced peak in the EMSG can be isolated from the global component, whereby the
presence, location, and size of the initial delamination can be graphically characterized.

(3) The EMDI built on a single mode shape may contain insufficient features of the initial
delamination. To extract the full features of the initial delamination, an integrating
scheme is utilized to fuse the delamination-induced singularity peaks associated with
multiple mode shapes, whereby the FEMDI is formulated with the intersection of
multiple EMDISs.

Author Contributions: Conceptualization, M.C., W.O. and W.X.; methodology, W.X., M.C., M.R. and
W.O,; software, W.X,, Y.L. and R.Z,; validation, M.R. and W.O.; writing—original draft preparation,
W.X,; writing—review and editing, W.X.; funding acquisition, W.X. and M.C. All authors have read
and agreed to the published version of the manuscript.

Funding: W. Xu is grateful for the support from the Fundamental Research Funds for the Central
Universities through Grant No. B210201034. M. Cao is grateful for the support from the Key R&D
Project of Anhui Science and Technology Department through Grant No. 202004b11020026.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Wei Xu is thankful for the support from the Young Scientific and Technological
Talents Supporting Program of Jiangsu Association for Science and Technology.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or
in the decision to publish the results.

1. Katunin, A,; Dragan, K.; Dziendzikowski, M. Damage identification in aircraft composite structures: A case study using various
non-destructive testing techniques. Compos. Struct. 2015, 127, 1-9. [CrossRef]

2. Cantwell, W.; Morton, ]J. Detection of impact damage in CFRP laminates. Compos. Struct. 1985, 3, 241-257. [CrossRef]

3. Komorowski, J.; Simspson, D.; Gould, R. A technique for rapid impact damage detection with implication for composite aircraft
structures. Composites 1990, 21, 169-173. [CrossRef]

4. Hosur, M.; Murthy, C.; Ramamurthy, T.; Shet, A. Estimation of impact-induced damage in CFRP laminates through ultrasonic
imaging. NDT E Int. 1998, 31, 359-374. [CrossRef]


http://doi.org/10.1016/j.compstruct.2015.02.080
http://doi.org/10.1016/0263-8223(85)90056-X
http://doi.org/10.1016/0010-4361(90)90009-L
http://doi.org/10.1016/S0963-8695(97)00053-4

Polymers 2022, 14, 2305 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Tsutsui, H.; Kawamata, A.; Kimoto, J.; Isoe, A.; Hirose, Y.; Sanda, T.; Takeda, N. Impact damage detection system using
small-diameter optical-fiber sensors embedded in CFRP laminate structures. Adv. Compos. Mater. 2004, 13, 43-55. [CrossRef]
Tsutsui, H.; Kawamata, A.; Sanda, T.; Takeda, N. Detection of impact damage of stiffened composite panels using embedded
small-diameter optical fibers. Smart Mater. Struct. 2004, 13, 1284-1290. [CrossRef]

Takeda, S.; Minakuchi, S.; Okabe, Y.; Takeda, N. Delamination monitoring of laminated composites subjected to low-velocity
impact using small-diameter FBG sensors. Compos. Part A Appl. Sci. Manuf. 2005, 36, 903-908. [CrossRef]

Frieden, J.; Cugnoni, J.; Botsis, J.; Gmuer, T. Low energy impact damage monitoring of composites using dynamic strain signals
from FBG sensors—Part I: Impact detection and localization. Compos. Struct. 2012, 94, 438-445. [CrossRef]

Frieden, J.; Cugnoni, J.; Botsis, J.; Gmuer, T. Low energy impact damage monitoring of composites using dynamic strain signals
from FBG sensors—Part II: Damage identification. Compos. Struct. 2012, 94, 593-600. [CrossRef]

Graham, D.; Maas, P,; Donaldson, G.; Carr, C. Impact damage detection in carbon fibre composites using HTS SQUIDs and neural
networks. NDT E Int. 2004, 37, 565-570. [CrossRef]

Liang, T.; Ren, W,; Tian, G.; Elradi, M.; Gao, Y. Low energy impact damage detection in CFRP using eddy current pulsed
thermography. Compos. Struct. 2016, 143, 352-361. [CrossRef]

Angelidis, N.; Irving, P. Detection of impact damage in CFRP laminates by means of electrical potential techniques. Compos. Sci.
Technol. 2007, 67, 594-604. [CrossRef]

Ball, R.; Almond, D. The detection and measurement of impact damage in thick carbon fibre reinforced laminates by transient
thermography. NDT E Int. 1998, 31, 165-173. [CrossRef]

Barden, T.; Almond, D.; Pickering, S.; Morbidini, M.; Cawley, P. Detection of impact damage in CFRP composites by thermosonics.
Nondestruct. Test. Eval. 2007, 22, 71-82. [CrossRef]

Pieczonka, L.; Aymerich, F; Brozek, G.; Szwedo, M.; Staszewski, W.; Uhl, T. Modelling and numerical simulations of vibrother-
mography for impact damage detection in composites structures. Struct. Control. Health Monit. 2013, 20, 626-638. [CrossRef]
Maier, A.; Schmidt, R.; Oswald-Tranta, B.; Schledjewski, R. Non-destructive thermography analysis of impact damage on
large-scale CFRP automotive parts. Materials 2014, 7, 413-429. [CrossRef] [PubMed]

Gryzagoridis, J.; Findeis, D. Impact damage detection on composites using optical NDT techniques. Insight 2010, 52, 248-251.
[CrossRef]

Su, Z.; Ye, L.; Lu, Y. Guided Lamb waves for identification of damage in composite structures: A review. J. Sound Vib. 2006, 295,
753-780. [CrossRef]

Eremin, A.; Golub, M.; Glushkov, E.; Glushkova, N. Identification of delamination based on the Lamb wave scattering resonance
frequencies. NDT E Int. 2019, 103, 145-153. [CrossRef]

Su, Z.; Yang, C.; Pan, N.; Ye, L.; Zhou, L. Assessment of delamination in composite beams using shear horizontal (SH) wave
mode. Compos. Sci. Technol. 2007, 67, 244-251. [CrossRef]

Quaegebeur, N.; Micheau, P.; Masson, P.; Maslouhi, A. Structural health monitoring strategy for detection of interlaminar
delamination in composite plates. Smart Mater. Struct. 2010, 19, 085005. [CrossRef]

Hettler, J.; Tabatabaeipour, M.; Delrue, S.; van den Abeele, K. Linear and nonlinear guided wave imaging of impact damage in
CFRP using a probabilistic approach. Materials 2016, 9, 901. [CrossRef]

Solodov, I.; Busse, G. Nonlinear air-coupled emission: The signature to reveal and image microdamage in solid materials. Appl.
Phys. Lett. 2007, 91, 251910. [CrossRef]

Polimeno, U.; Meo, M. Detecting barely visible impact damage detection on aircraft composites structures. Compos. Struct. 2009,
91, 398-402. [CrossRef]

Aymerich, F.; Staszewski, W. Impact damage detection in composite laminates using nonlinear acoustics. Compos. Part A Appl. Sci.
Manuf. 2010, 41, 1084-1092. [CrossRef]

Klepka, A.; Staszewski, W.; di Maio, D.; Scarpa, F. Impact damage detection in composite chiral sandwich panels using nonlinear
vibro-acoustic modulations. Smart Mater. Struct. 2013, 22, 084011. [CrossRef]

Pieczonka, L.; Ukowski, P.; Klepka, A.; Staszewski, W.; Uhl, T.; Aymerich, F. Impact damage detection in light composite sandwich
panels using piezo-based nonlinear vibro-acoustic modulations. Smart Mater. Struct. 2014, 23, 105021. [CrossRef]

Qiao, P; Lu, K,; Lestari, W.; Wang, J. Curvature mode shape-based damage detection in composite laminated plates. Compos.
Struct. 2007, 80, 409-428. [CrossRef]

Aratjo dos Santos, J.; Lopes, H.; Vaz, M.; Soares, C.M.; Soares, C.A.; de Freitas, M. Damage localization in laminated composite
plates using mode shapes measured by pulsed TV holography. Compos. Struct. 2006, 76, 272-281. [CrossRef]

Pérez, M.; Gil, L.; Oller, S. Impact damage identification in composite laminates using vibration testing. Compos. Struct. 2014, 108,
267-276. [CrossRef]

Xu, W.; Cao, M,; Li, X,; Radzieniski, M.; Ostachowicz, W.; Bai, R. Delamination monitoring in CFRP laminated plates under noisy
conditions using complex-wavelet 2D curvature mode shapes. Smart Mater. Struct. 2017, 26, 104008. [CrossRef]

Yang, Z.; Radzienski, M.; Kudela, P.; Ostachowicz, W. Two-dimensional modal curvature estimation via Fourier spectral method
for damage detection. Compos. Struct. 2016, 148, 155-167. [CrossRef]

Yang, Z.; Radzienski, M.; Kudela, P.; Ostachowicz, W. Two-dimensional Chebyshev pseudo spectral modal curvature and its
application in damage detection for composite plates. Compos. Struct. 2017, 168, 372-383. [CrossRef]


http://doi.org/10.1163/1568551041408813
http://doi.org/10.1088/0964-1726/13/6/002
http://doi.org/10.1016/j.compositesa.2004.12.005
http://doi.org/10.1016/j.compstruct.2011.08.003
http://doi.org/10.1016/j.compstruct.2011.08.025
http://doi.org/10.1016/j.ndteint.2004.03.001
http://doi.org/10.1016/j.compstruct.2016.02.039
http://doi.org/10.1016/j.compscitech.2006.07.033
http://doi.org/10.1016/S0963-8695(97)00052-2
http://doi.org/10.1080/10589750701447540
http://doi.org/10.1002/stc.1483
http://doi.org/10.3390/ma7010413
http://www.ncbi.nlm.nih.gov/pubmed/28788464
http://doi.org/10.1784/insi.2010.52.5.248
http://doi.org/10.1016/j.jsv.2006.01.020
http://doi.org/10.1016/j.ndteint.2019.03.001
http://doi.org/10.1016/j.compscitech.2006.08.019
http://doi.org/10.1088/0964-1726/19/8/085005
http://doi.org/10.3390/ma9110901
http://doi.org/10.1063/1.2827193
http://doi.org/10.1016/j.compstruct.2009.04.014
http://doi.org/10.1016/j.compositesa.2009.09.004
http://doi.org/10.1088/0964-1726/22/8/084011
http://doi.org/10.1088/0964-1726/23/10/105021
http://doi.org/10.1016/j.compstruct.2006.05.026
http://doi.org/10.1016/j.compstruct.2006.06.034
http://doi.org/10.1016/j.compstruct.2013.09.025
http://doi.org/10.1088/1361-665X/aa8316
http://doi.org/10.1016/j.compstruct.2016.04.001
http://doi.org/10.1016/j.compstruct.2017.02.066

Polymers 2022, 14, 2305 13 of 13

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.
44.

Chen, D.; Xu, Y.; Zhu, W. Non-model-based identification of delamination in laminated composite plates using a continuously
scanning laser Doppler vibrometer system. J. Vib. Acoust. 2018, 140, 041001. [CrossRef]

Xu, Y;; Chen, D.; Zhu, W.; Li, G.; Chattopadhyay, A. Delamination identification of laminated composite plates using measured
mode shapes. Smart Struct. Syst. 2019, 23, 195-205.

Cao, M.; Ostachowicz, W.; Radzieriski, M.; Xu, W. Multiscale shear-strain gradient for detecting delamination in composite
laminates. Appl. Phys. Lett. 2013, 103, 101910. [CrossRef]

Fan, W.; Qiao, P. Vibration-based damage identification methods: A review and comparative study. Struct. Health Monit. Int. ].
2011, 10, 83-111. [CrossRef]

Xu, W,; Fang, H.; Cao, M.; Zhou, L.; Wang, Q.; Ostachowicz, W. A noise-robust damage indicator for characterizing singularity
of mode shapes for incipient delamination identification in CFRP laminates. Mech. Syst. Signal Processing 2019, 121, 183-200.
[CrossRef]

Xu, W.; Su, Z,; Liu, J.; Cao, M.; Ostachowicz, W. Singular energy component for identification of initial delamination in CFRP
laminates through piezoelectric actuation and non-contact measurement. Smart Mater. Struct. 2020, 29, 045001. [CrossRef]

Cao, M.; Su, Z.; Xu, H.; Radzieniski, M.; Xu, W.; Ostachowicz, W. A novel damage characterization approach for laminated
composites in the absence of material and structural information. Mech. Syst. Signal Processing 2020, 143, 106831. [CrossRef]
Leissa, A.; Qatu, M. Vibration of Continuous Systems; McGraw Hill: New York, NY, USA, 2011.

Xu, W,; Cao, M.; Ostachowicz, W.; Radzieniski, M.; Xia, N. Two-dimensional curvature mode shape method based on wavelets
and Teager energy for damage detection in plates. J. Sound Vib. 2015, 347, 266-278. [CrossRef]

Mallat, S. A Wavelet Tour of Signal Processing; Academic Press: Salt Lake City, UT, USA, 2008.

Xu, H.; Su, Z.; Cheng, L.; Guyader, J.L.; Hamelin, P. Reconstructing interfacial force distribution for identification of multi-
debonding in steel-reinforced concrete structures using noncontact laser vibrometry. Struct. Health Monit. Int. J. 2013, 12, 507-521.
[CrossRef]


http://doi.org/10.1115/1.4038734
http://doi.org/10.1063/1.4820182
http://doi.org/10.1177/1475921710365419
http://doi.org/10.1016/j.ymssp.2018.10.025
http://doi.org/10.1088/1361-665X/ab6fe6
http://doi.org/10.1016/j.ymssp.2020.106831
http://doi.org/10.1016/j.jsv.2015.02.038
http://doi.org/10.1177/1475921713502837

	Introduction 
	EMSG-Based Approach for Identification of Initial Delamination in Fiber-Reinforced Composite Laminates 
	Identification of Delamination by Singularity of Shear Strain 
	Multiscale Analysis for Elimination of Noise Components 
	MMF for Extraction of Initial Delamination Features 

	Proof of Concept 
	Experimental Setup and Specimen 
	Experimental Results 

	Conclusions 
	References

