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delaminations in composites using
wavenumber analysis: numerical and
experimental studies
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Abstract
Delamination is one of the most common and dangerous failure modes for composites because it takes place and grows
in the absence of any visible surface damage. The successful implementation of delamination detection in aerospace com-
posite structures is always challenging due to the general anisotropic behavior of composites and multilayer delamination
scenarios. This article presents a numerical and experimental investigation to detect and characterize the multilayer dela-
minations in carbon fiber–reinforced polymer composite plates using guided waves and wavenumber analysis.
Multiphysics three-dimensional finite element simulations of the composite plate with five different delamination scenar-
ios are conducted to provide the out-of-plane wave motion for wavenumber analysis. The out-of-plane results from finite
element simulations of one delamination and two delaminations are validated by the scanning laser Doppler vibrometer
measurements. It is found that the wavenumber analysis can identify the plies between which the delamination occurs
and evaluate the delamination severity by comparing the new wavenumbers due to the trapped waves in the delamina-
tion regions, which is potentially related to delamination severity. Both numerical and experimental results demonstrate
a good capability for the detection and characterization of multilayer delaminations in composite structures.
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Introduction

Composite materials have been extensively used in
aerospace structures due to their superior strength and
stiffness, resistance to corrosion, design flexibility, and
lightweight.1 However, various damage modes exist
(e.g. delamination, debonding, and impact damage) in
composites and their detection and quantification are
much more difficult than those in metallic materials.2–6

Delamination is the most common and dangerous fail-
ure mode for composite materials, because it occurs
and grows in the absence of any visible surface damage,
making it difficult to detect by visual inspection. Due
to the general anisotropic behavior7 and complex dam-
age scenarios, the successful implementation of delami-
nation detection in composite structures is always
challenging.

Many non-destructive testing (NDT) methods have
been developed to detect and quantify the delamination
in composite structures, such as eddy current,8 X-rays,

and ultrasound methods.9–11 However, these NDT
methods are often labor-intensive and depend heavily
on the skill and experience of the operator. Structural
health monitoring (SHM) technologies offer a promis-
ing alternative and involve collecting data from various
sensors installed on structures to make reliable and
cost-effective decisions.12 In recent years, various SHM
methods have been developed, such as electromechani-
cal impedance (EMI),13 acoustic emission (AE),14 and
guided wave–based methods.15 Among them, guided
waves have been studied extensively for delamination
detection due to their ability to inspect a large area
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while maintaining a sensitivity to various types of dam-
age.16–34

In recent years, damage detection using the guided
wavefield analysis has been widely investigated. In this
method, a permanently installed piezoelectric wafer
active sensor (PWAS) transducer was typically utilized
to excite guided waves propagating in the composites,
and guided wavefield was measured by a scanning laser
Doppler vibrometer (SLDV). The delamination can be
unveiled through wavefield analysis, such as the wave-
field amplitude profile,19 frequency–wavenumber anal-
ysis,20 and local wavenumber analysis.21–25 Staszewski
et al.19 used the wavefield amplitude profiles to locate
the delamination and estimate its severity in composite
laminates. Tian et al.20 applied the frequency–
wavenumber analysis to detect and quantify a single-
layer delamination, showing that wavenumber methods
can not only determine the delaminated region but also
identify the plies between which the delamination
occurs. Rogge and Leckey21 presented a local wave-
number domain analysis to process the wavefield, and
they demonstrated that it could be used to quantify the
delamination depth and size.

Moreover, various wavenumber imaging methods
were applied for improved visualization of delamina-
tion in composites, such as frequency–wavenumber fil-
tering,26–28 standing wave filtering,29 zero-lag cross-
correlation (ZLCC) imaging,30,31 time-reversal ima-
ging,32 spatial wavenumber imaging,33 and wavenum-
ber adaptive image filtering.34 Sohn et al.29 designed a
standing wave filter to remove propagating waves from
the wavefield and obtain standing waves in the delami-
nation region for damage visualization. Girolamo
et al.31 applied the ZLCC imaging condition for visua-
lizing impact damage in a honeycomb composite panel.
Tian et al.33 improved the damage visualization algo-
rithm using the filtering reconstruction imaging and
spatial wavenumber imaging. Kudela et al.34 utilized
the wavenumber adaptive image filtering to detect and
visualize the impact-induced delaminations under dif-
ferent impact energies.

Computational wave simulation has proven to be an
effective tool for clarifying complex ultrasonic wave
phenomena. Previous investigators have reported the
use of numerical simulations to study guided wave pro-
pagation and interaction with delaminations.35–44 Guo
and Cawley35 used a two-dimensional (2D) finite ele-
ment method (FEM) with plane strain assumption to
study the reflection of the S0 mode from a delamination
in unidirectional and cross-ply laminates. Ramadas
et al.36,37 investigated the A0 mode interaction with the
symmetric and asymmetric delaminations using a 2D
model. They showed that the mode-converted S0 mode
was confined only to the sublaminates within the dela-
mination region and converts back to the A0 mode

when exiting the delamination that is symmetrically
located across the thickness, while the propagation of
S0 mode in the main laminate was observed when A0
mode interacts with the delamination that is located
asymmetrically across the thickness. Munian et al.38

used a 2D time-domain spectral finite element (TSFE)
method to investigate the interaction between guided
waves and the delamination. However, all the afore-
mentioned studies are limited to 2D situations which
consider the delamination to be across the full width of
the composite laminates. To solve this problem, three-
dimensional (3D) finite element (FE) simulations were
conducted to investigate guided wave interactions with
the delaminations in a more realistic way and the scat-
tering characteristics in different directions.39–41 More
recently, Leckey et al.39 presented the benchmark stud-
ies of four different simulation tools, three commercial
packages COMSOL, ABAQUS, and ANSYS, and a
custom code, elastodynamic finite integration technique
(EFIT), for 3D modeling of guided wave interaction
with single delamination in composites. Ng and Veidt40

investigated the scattering directivity pattern of a single
delamination in a quasi-isotropic laminate using an
experimentally validated 3D FE model. They showed
that the behavior of the backward scattering amplitude
is generally more complicated than that of the forward
scattering amplitude and is generally smaller in magni-
tude particularly for larger delamination.

However, prior studies in the literature have focused
on single delamination scenarios (i.e. a single delamina-
tion through the composite thickness). Leckey and
Seebo42 conducted a preliminary simulation to investi-
gate differences in trapped energy for multilayer dela-
minations, and their studies showed that the trapped
energy increases at the composite surface when addi-
tional delaminations exist through the composite thick-
ness. In addition, 3D modeling of guided wave
propagation and interaction with the actual impact
damage was investigated in Leckey et al.43 and Zhang
et al.44 These studies have facilitated our understanding
of guided wave–based delamination detection using
wavefield analysis. However, the numerical and experi-
mental characterization of guided wave interactions
with multilayer delaminations using wavenumber anal-
ysis and their sensitivity to the delamination severity
are very limited.

This article presents a numerical and experimental
investigation on the detection and characterization of
multilayer delaminations in carbon fiber–reinforced
polymer (CFRP) composite plates using guided waves
and wavenumber analysis. First, a 3-mm in-house quasi-
isotropic [245/90/45/0]3s CFRP composite plate with
purpose-built delaminations by inserting Teflon films
was manufactured, and the ultrasonic C-scan was con-
ducted to verify and image the simulated multilayer
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delaminations including one delamination and two
delaminations. Then, multiphysics 3D FE simulations
of the composite plate with five different delamination
scenarios using the commercial ANSYS FE software
were carried out to study guided wave interaction with
delaminations, especially the trapped waves due to the
multilayer delaminations. Next, experimental valida-
tions using SLDV measurements were conducted to
measure out-of-plane wave motion on the composite
plate with one delamination and two delaminations.
Wavenumber analysis was used to study guided wave
interactions with delaminates in order to better under-
stand the complex behavior that occurs when waves
encounter multilayer delaminations. Finally, for proof
of concept, a pitch–catch experiment using angle
beam transducers is carried out as a suggestion for
practical implementations to detect and separate one
and two delaminations. Both numerical and experi-
mental results demonstrate a good capability for the
detection and characterization of multilayer delami-
nations in composite structures.

Composite specimen

Simulated multilayer delaminations

In this study, a 3-mm thick in-house quasi-isotropic
CFRP composite plate with a stacking sequence of
[245/90/45/0]3s was investigated. The IM7 12K/

CYCOM 5320-1 prepreg was used to manufacture the
composite specimen. Two different delamination
scenarios—one and two delaminations—were generated
by inserting Teflon films during the ply layup process.

Figure 1 shows the schematic of the 3-mm thick
quasi-isotropic CFRP composite plate with purpose-
built multilayer delaminations. One delamination was
created by inserting a circular Teflon film (25 mm in
diameter) between plies 20 and 21. Two delaminations
were generated by inserting two Teflon films of differ-
ent sizes at various depths. First, a large circular Teflon
film (25 mm in diameter) was inserted between plies 20
and 21, which is the same size and depth of one delami-
nation. Then, an additional small circular Teflon film
(20 mm in diameter) was inserted between plies 16 and
17. The thickness of Teflon film is 50 microns. The
depth of the Teflon insert was based on the experimen-
tal results in Wallentine and Uchic.11 The delamination
size was determined from the practical application,
where the critical delamination size for growth moni-
toring is around 25 mm diameter. After the ply layup,
the specimen was placed in a hot press machine for cur-
ing. The experimental setup and curing cycle of speci-
men manufacturing are given in Figure 2.

Ultrasonic non-destructive inspection

Ultrasonic non-destructive testing (NDT) was con-
ducted to verify and image the simulated delaminations

Figure 1. Schematic of 3-mm thick quasi-isotropic [245/90/45/0]3s carbon fiber–reinforced polymer (CFRP) composite plate with
one delamination and two delaminations.
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in the quasi-isotropic CFRP composite plate. An ultra-
sonic immersion tank was used to inspect the specimen.
In the experiment, a 10 MHz, 25.4-mm focused trans-
ducer was utilized. First, a full specimen inspection was
performed, and it was found that there were no manu-
facturing defects other than the simulated delamina-
tions. Then, small-area C-scans were conducted to
verify and image the simulated delaminations. The scan
area is 100 mm 3 100 mm. Figure 3(a) shows the ultra-
sonic C-scan results of the pristine area. It can be found
that no manufacturing defects and the quasi-isotropic
layup were observed. Figure 3(b) and (c) gives the

C-scan results of one delamination. In this case, ultra-
sonic C-scans were conducted on both bottom surface
(bottom scan) and top surface (top scan). It can be seen
that one 25-mm delamination was clearly noted from
both bottom and top scans. From the C-scan images,
the size and shape of the delamination can be clearly
observed.

The NDT inspection results of two delaminations
are shown in Figure 4. First, the ultrasonic C-scan was
conducted on the bottom surface which is close to the
large 25-mm delamination. Figure 4(a) shows the C-
scan result of the bottom scan. It can be found that

(a) (b)

(c)

Figure 2. Experimental setup and curing cycle of the specimen manufacturing: (a) Teflon inserts, (b) hot press machine, and (c)
curing cycle.
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only a 25-mm delamination was observed because the
large delamination is close to the bottom surface, which
blocks all the ultrasonic waves to penetrate. Therefore,
the hidden small delamination cannot be detected from
the bottom surface and this may happen in the practical
applications when only single-sided access is available.

In order to detect the small delamination, the top
scan with different focusing was performed. First, a 20-
mm delamination was noted in Figure 4(b) when the
focus was conducted at the depth of the small delamina-
tion, while a 25-mm delamination was also observed
when the focus was performed at the depth of the large
delamination as shown in Figure 4(c). A 20-mm shadow
was clearly observed in Figure 4(c), which is the small
delamination at a different depth, and it blocks the
ultrasonic wave to penetrate. Therefore, the simulated
multilayer delaminations were successfully detected and
quantified from the ultrasonic NDT detection, which is
consistent with the design.

Guided waves in the composites

Measurement of material properties

The material properties of the in-house composite plate
were measured experimentally using the ultrasonic
immersion technique proposed in Barazanchy et al.45

The retrieved engineering elastic constants are given in
Table 1. To validate the retrieved material properties, a
comparison between the experimental frequency–
wavenumber dispersion curve and the theoretical dis-
persion curve was conducted. In this experiment, the
time-space guided wave data were obtained from the
SLDV line scan in the 0� direction on the pristine area.
The quantity measured by the SLDV is the out-of-
plane velocity of surface particle motion. The excitation
signal applied to the PWAS transducer is a linear sine
wave chirp from 50 to 900 kHz.

To obtain the frequency–wavenumber dispersion
curves, the measured time-space data u(t, x) were

(a) (b) (c)

Figure 3. NDTultrasonic C-scan results: (a) pristine area, (b) bottom scan of one delamination, and (c) top scan of one
delamination.

(a) (b) (c)

Figure 4. Ultrasonic NDT inspection results of two delaminations: (a) bottom scan showing 25-mm delamination, (b) top scan
showing 20-mm delamination, and (c) top scan showing 20-mm and 25-mm delaminations.
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transformed into the frequency–wavenumber domain
by applying a 2D fast Fourier transform (FFT)46

U f , jð Þ=

ð‘

�‘

ð‘

�‘

u t, xð Þe�i jx�2pftð Þdtdx ð1Þ

where U(f, j) is the experimental frequency–
wavenumber representation in terms of the frequency
variable f and the wavenumber variable j.

The theoretical frequency–wavenumber dispersion
curve was calculated using the measured material prop-
erties and the SAFE approach.7 For the SAFE
approach, 48 one-dimensional (1D) quadratic elements
across the thickness direction were utilized to ensure
the convergence of the solution. The comparison
between experimental and theoretical frequency–
wavenumber dispersion curves in the 0� direction is
shown in Figure 5. The dotted lines are the theoretical
frequency–wavenumber dispersion curves for all the
wave modes in the quasi-isotropic CFRP composite
plate. A good match between the experiment and the
prediction of measured material properties was
achieved. Besides the fundamental A0, S0, and SH0
modes, high-order modes such as A1, SH1, and SH2
were successfully generated in the 3-mm quasi-isotropic
composite plate. It can be found that the A0 mode has
a strong out-of-plane velocity at low frequency (below
250 kHz).

Prediction of dispersion curves in the composite plate

In this section, the SAFE approach was used to calcu-
late the dispersion curves in the quasi-isotropic compo-
site plate based on the retrieved material properties.
Figure 6(a) presents the phase velocity curves in the 0�
direction. It can be noted that at relatively low fre-
quency, only three fundamental wave modes (S0, SH0,
and A0) exist. The S0 mode is not very dispersive at the
frequency below 300 kHz and S0 mode has a large
phase velocity. The A0 mode, however, is highly disper-
sive and has the lowest phase velocity. The SH0 mode
is mildly dispersive at the frequency below 400 kHz and
possesses a phase velocity between A0 and S0. Figure
6(b) shows the phase velocity curves in the 90� direc-
tion. It should be noted that, compared with the results
in the 0� direction, S0 mode, SH0 mode, and A0 mode
do not change much at the frequency below 400 kHz
because the specimen investigated is a quasi-isotropic
composite. However, obvious differences are observed
for high-order modes at the frequency above 400 kHz.

Figure 7 shows the group-velocity directivity plot at
200 kHz. The curves represent the spatial wave propaga-
tion pattern. It can be observed that all the three wave
modes, S0, SH0, and A0, have similar group velocities in
all directions. This is because the quasi-isotropic compo-
site plate has similar material properties in various direc-
tions. Thus, if the waves are excited by a point source,
then a quasi-circular wave crest would be obtained.

Multiphysics FE simulation

3D multiphysics FE models were utilized to simulate
guided wave propagation and interaction with different
delamination scenarios—one delamination, two delami-
nations, three delaminations, four delaminations, and
five delaminations—in the 3-mm thick [245/90/45/0]3s
CFRP composite plate.

Delamination modeling

Six sets of 3D simulations were carried out to charac-
terize multiple delaminations: (1) 3D wave propagation
in the pristine plate, (2) 3D wave propagation in the
damaged plate with one delamination, (3) 3D wave
propagation in the damaged plate with two delamina-
tions, (4) 3D wave propagation in the damaged plate

Table 1. Engineering constants of the unidirectional prepreg.

E11 E22 E33 n12 n13 n23 G12 G13 G23 r

153 GPa 8.7 GPa 8.7 GPa 0.37 0.37 0.5 6.9 GPa 6.9 GPa 2.9 GPa 1625 kg/m3

Figure 5. Comparison between experimental and theoretical
frequency–wavenumber dispersion curves in the 0� direction.
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with three delaminations, (5) 3D wave propagation in
the damaged plate with four delaminations, and (6) 3D
wave propagation in the damaged plate with five dela-
minations. Figure 8 shows the FE models of the quasi-
isotropic CFRP composite plate with five different
delamination cases. In this study, the delaminations
were modeled by detaching the nodes, which have been
widely used by many authors Tian et al.20 and
Ramadas et al.36,37 The number of delaminations is

increased from one to five to study the guided wave
interactions with various multilayer delaminations. For
the case of one delamination, a 25-mm delamination is
created between plies 20 and 21 by specifying the dela-
mination as two planes, which are defined by the same
coordinates but are not tied together. For the case of
two delaminations, a 25-mm delamination between
plies 20 and 21 and a 20-mm delamination between
plies 16 and 17 are generated. One more 16-mm delami-
nation between plies 11 and 12 is introduced for the
case of three delaminations based on two delamina-
tions. For the case of four delaminations, an additional
13-mm delamination between plies 7 and 8 is added
based on three delaminations. Finally, one more 10-
mm delamination between plies 3 and 4 is introduced
for the case of five delaminations, as shown in Figure
8. These delamination depths were chosen based on the
experimental results in Wallentine and Uchic.11

The PZT-5A material properties are assigned to the
PWAS transducer as follows

Cp

� �
=

120:2 75:1 75 0 0 0

75:1 120:2 75 0 0 0

75 75 110:7 0 0 0

0 0 0 21:1 0 0

0 0 0 0 21:1 0

0 0 0 0 0 22:6

2
6666664

3
7777775
GPa

ð2Þ

ep

� �
=

918 0 0

0 918 0

0 0 827

2
4

3
5310�8F=m ð3Þ

(b)(a)

Figure 6. Phase-velocity dispersion curves in the 3-mm quasi-isotropic CFRP composite plate: (a) 0� and (b) 90�.

Figure 7. Group-velocity directivity curves at 200 kHz in the
3-mm quasi-isotropic CFRP composite plate.
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0 0 0 12:29 0 0

�5:35 �5:35 15:78 0 0 0

2
4

3
5C=m2

ð4Þ

where ½Cp� is the stiffness matrix, ½ep� is the dielectric
matrix, and ½ep� is the piezoelectric matrix. The density
of the PWAS material is 7800 kg/m3.

Non-reflective boundaries (NRB) developed by
Shen and Giurgiutiu47 can eliminate boundary reflec-
tions, and thus allow for the simulation of guided wave
propagation in an infinite medium with small-size mod-
els. This NRB was implemented around the 3D FE
models to calculate the transient response under the
PWAS excitation. The PWAS transducer was modeled
with coupled field elements (SOLID5) in the commer-
cial FE package ANSYS 17. Structural solid elements
(SOLID185) were used to mesh the composite plate.
COMBIN14 spring-damper elements were utilized to
construct the NRB. A Rayleigh damping (b = 3 3

1028) was considered to simulate the damping effect of
the composite material. The damping value was deter-
mined by iterative calibration to match the experimen-
tally measured attenuation coefficient.

In this study, the excitation signal is a three-count
Hanning window modulated tone burst with the center
frequency of 200 kHz, which is in the less dispersive

region. A0 mode at 200 kHz has a dominant out-of-
plane wave motion as shown in Figure 5. Besides, A0
mode has a short wavelength, which is sensitive to
small-size delaminations. The mesh size adopted in this
study was 0.5 mm for in-plane direction to guarantee
that more than 20 elements exist per wavelength and
0.125 mm for the thickness direction to ensure one ele-
ment per ply. The PWAS transducer and delamination
regions were meshed with even finer elements to accom-
modate the high-stress gradient. The time step was set
to 0.25 ms to ensure convergence.

Simulation results

First, the out-of-plane velocity on the top surface was
extracted and visualized to study the guided wave inter-
action with the multiple delaminations. Figure 9 shows
the comparison of the transient spatial wavefields
among the pristine plate and the damaged plate with
five various delamination cases.

For the pristine case in Figure 9(a), it can be found
that a quasi-circular wavefront was generated because
of the quasi-isotropic stacking sequence used for this
CFRP composite plate, strong near the wave source
and weak at the far field due to the outward propaga-
tion pattern. At 25 ms, the fast propagating S0 mode
with a long wavelength and lower amplitude and the

Figure 8. Multiphysics finite element model of the quasi-isotropic composite plate with five different delamination cases.
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slowly propagating A0 mode with a short wavelength
and higher amplitude can be clearly identified. At 65
ms, the incident waves were successfully absorbed by
NRB and no reflections occurred. Figure 9(b) to (e)
shows the guided wave propagation and interaction
with one, two, three, and four delaminations, respec-
tively. At 25 ms, no obvious S0 interaction with the
delaminations can be identified. At 65 ms, the A0 wave
interactions with the delaminations became stronger
when the number of delaminations increased. This is
because the newly added delamination is close to the
top surface as shown in Figure 8. The wave interaction
with five delaminations is given in Figure 9(f). It was
found that strong trapped waves were noted within the
10-mm delamination region after A0 interacted with
the delaminations.

Second, the guided wavefield on the bottom surface
was investigated. Figure 10 shows the comparison of
the transient spatial wavefield on the bottom surface of
the 3-mm quasi-isotropic composite plate. Figure 10(a)
presents the guided wave propagation in the pristine
plate. Similar to the results on the top surface, the
strong A0 mode with a short wavelength was clearly
observed. Figure 10(b) to (f) shows the guided wave
propagation and interaction with five different delami-
nation cases on the bottom surface. At 75 ms, after A0
waves interact with the delaminations, strong trapped
waves in the delamination regions can be observed for
five different delamination cases. This is because the
largest 25-mm delamination is close to the bottom sur-
face for all the scenarios, as shown in Figure 8.
Previous studies have confirmed the multiple reflections
within the delamination area and a considerable
amount of ultrasonic energy is trapped in the delami-
nated region. The observed behavior agrees well with
the wavefield observations presented in Tian et al.20

However, various multiple delaminations cannot be
characterized by directly comparing the guided
wavefield.

Wavenumber analysis

To further analyze the wave interaction with multilayer
delaminations, line scans across the delamination areas
on the top and bottom surfaces were extracted from the
simulation results. Figure 11(a) to (e) shows the time-
space wavefields of the out-of-plane velocity on the top
and bottom surfaces for the cases of one delamination,
two delaminations, three delaminations, four delamina-
tions, and five delaminations, respectively. As it can be
seen, the out-of-plane velocity of A0 mode has a higher
amplitude than the S0 mode.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 9. Comparison of the transient spatial wavefield in the
composite plate showing the out-of-plane velocity on the top
surface: (a) pristine plate, (b) one delamination, (c) two
delaminations, (d) three delaminations, (e) four delaminations,
and (f) five delaminations.
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For the results on the top surface, it was found that
wave interaction became stronger when the number of
delaminations increased from one to five. This is
because the newly added delaminations are close to the
top surface. These phenomena may be used to indicate
delamination severity. Similarly, a higher amplitude but
slower A0 mode and a lower amplitude but faster S0
mode were observed from the time-space wavefields of
out-of-plane velocity on the bottom surfaces for all the
delamination cases. Comparing with the wavefield on
the top surface, it can be found that the strong trapped

waves within the delamination regions were observed
on the bottom surface. However, slight differences were
noted for all the delamination cases. Therefore, it is dif-
ficult to distinguish the various delamination cases by
analyzing the wavefield on the bottom surface because
the dominant wave interaction occurs at the largest 25-
mm delamination near the bottom surface.

Although wave interactions with the delamination
and the boundaries are visualized in the time-space
wavefield, implicit wave propagation characteristics
such as wave mode content and how modes change

(a)

(c)

(e)

(b)

(d)

(f)

Figure 10. Comparison of the transient spatial wavefield in the composite plate showing the out-of-plane velocity on the bottom
surface: (a) pristine plate, (b) one delamination, (c) two delaminations, (d) three delaminations, (e) four delaminations, and (f) five
delaminations.
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along the wave propagation path are not readily seen.
It has been demonstrated that wavenumber analysis
representing the wavenumber content has abundant
information regarding the existence of various wave
modes and wave propagation characteristics.20

Therefore, the time-space wavefield was transformed
into frequency–wavenumber representation using 2D
FFT.

Wavenumber analysis of full wavefield. First, the wavenum-
ber analysis of one and two delaminations using the full

wavefield was conducted. Figure 12 shows the compari-
son of frequency–wavenumber spectrums on the top
surface between one and two delaminations. The black
and red solid lines are the theoretical dispersion curves
of A0 mode and S0 mode in the quasi-isotropic CFRP
composite plate, respectively. It can be found that
strong incident A0 mode (positive wavenumber) was
observed in the frequency–wavenumber spectrums,
which agrees well with the theoretical dispersion curves.
Compared with the result of one delamination, it was
found that a stronger negative wavenumber (backward
propagation) was clearly observed for the case of two
delaminations, which demonstrates that the more dela-
mination, the stronger reflections.

Figure 13 shows the comparison of frequency–
wavenumber spectrums using full wavefield on the bot-
tom surface between one and two delaminations. It can
be found that new wavenumber components including
both positive (forward propagation) and negative
(backward propagation) due to the delaminations can
be clearly observed. It is expected that the new wave-
number components are related to the wave propaga-
tion in the delamination regions. The meaning of the
new wavenumber was further investigated to better
understand the trapped waves in the delamination
regions. Unlike conventional guided wave methods
which only determine the delamination location in the
plate, wavenumber analysis will identify the ply below
which the delamination occurs.20 This is because the
sublaminates above or below the delaminations will
have different layups and thicknesses compared to the
pristine composite plate. The propagation characteris-
tics and wavenumbers would be modified due to the
thickness and layup change.

The depth of delamination was estimated by fitting
the newly wavenumber components with the theoretical
dispersion curves of the sublaminates due to the dela-
mination. Theoretical dispersion curves of the sublami-
nates were calculated using the ply-level material
properties and layup. For example, the layups of bot-
tom four layers and eight layers for this specific speci-
men are [245/90/45/0] and [245/90/45/0/245/90/45/0],
respectively. From the wavenumber spectrum of one
delamination, it can be found that the new frequency–
wavenumber components are mainly related to the A0
mode in the bottom four [245/90/45/0] layers.
Therefore, the delamination depth can be estimated
above the bottom fourth ply. For the case of two dela-
minations, strong new negative wavenumber due to the
trapped waves in the delamination regions was
observed when an additional delamination exists,
which indicates that the more delaminations in the
composite, the stronger wave energy was trapped.
However, the new frequency–wavenumber components
corresponding to the bottom eight layers were hardly

Figure 11. Comparison of FEM time-space wavefield on the
top surface and the bottom surface: (a) one delamination, (b)
two delaminations, (c) three delaminations, (d) four
delaminations, and (e) five delaminations.
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Figure 12. Comparison of FEM frequency–wavenumber spectrums on the top surface between one delamination and two
delaminations.

Figure 13. Comparison of FEM frequency–wavenumber spectrums on the bottom surface between one delamination and two
delaminations.
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observed for the case of two delaminations because the
trapped waves observed mainly came from the wave
interaction with the largest 25-mm delamination near
the bottom surface.

Wavenumber analysis of windowed delamination wavefield. In
this section, a windowed delamination wavefield was
used for wavenumber analysis to characterize the mul-
tiple delaminations, which is the time-space wavefield
in the delamination region from 57.5 to 82.5 mm, as
shown in Figure 11. Figure 14 shows the frequency–
wavenumber spectrums of the windowed wavefields on
the top surface for five various delamination cases. The
five different delamination cases can be distinguished
based on the various frequency–wavenumber spec-
trums. It was found that the positive wavenumbers
match well the theoretical wavenumber in the sublami-
nates above the delaminations. Therefore, the domi-
nant A0 wavenumber was identified from the top
sublaminate of delamination near the top surface.
Figure 14(a) and (b) shows the spectrums of one dela-
mination and two delaminations. It was found that
stronger negative new wavenumbers were observed
when the number of delaminations increased from one
to two.

Figure 15 shows the frequency–wavenumber spec-
trums of the windowed wavefields on the bottom sur-
face for five delamination cases. First, a large difference
in the new negative wavenumber was noted for various
delamination cases. The positive wavenumbers agree
well with the theoretical A0 wavenumber in the subla-
minate of bottom four layers. This is because the largest
25-mm delamination is close to the bottom surface,
where the dominant wave–delamination interaction
occurs. For the cases of one delamination and two dela-
minations, it was found that stronger negative new
wavenumbers were observed when the number of dela-
minations increased from one to two, which is consis-
tent with the results on the top surface.

The study in this section has confirmed that as waves
propagate through a delamination region and they can
be trapped in the delamination, generating new wave-
numbers. These new wavenumbers measured on the
composite surface close to the delamination can be used
to detect the delamination depth.

Discussion of delamination ply depth detection. In this study,
the delamination ply depth detection is achieved by fit-
ting new wavenumbers obtained from theoretical wave-
number dispersion of assumed sublaminates and
comparing it with the observed frequency–wavenumber
spectrum. However, the accuracy of this method
depends on the new wavenumber difference in
sublaminates.

Figure 16(a) shows the theoretical dispersion curves
of A0 mode in the sublaminates of bottom six plies,
eight plies, and ten plies, respectively. At the excitation
frequency of 200 kHz, a large wavenumber difference
was observed in sublaminates of bottom six plies and
eight plies, as shown in Figure 16(b). Therefore, it is
easy to distinguish the delamination occurring above
the bottom eighth ply and bottom sixth ply. However,
a slight difference was noted in sublaminates of bottom
eight plies and ten plies, which challenges the estima-
tion of delamination occurring above bottom eighth
ply and bottom tenth ply. To improve the estimation in
this scenario, a higher excitation frequency would be
utilized. Because the wavenumber difference increases
with the frequency and it will be more sensitive to the
delamination location.

Scattering directivity patterns of multilayer
delaminations

To further investigate the sensitivity of guided waves to
delamination severity, the scattering directivity patterns
were obtained by determining the maximum absolute
amplitude of the scattered waves, which are the differ-
ences between pristine signals and damaged signals
along a circular line as shown in Figure 17.

By extracting simulation signals along a circular line
on the composite plate with and without delaminations,
the scattered waves generated from the guided wave
interaction with the multilayer delaminations can be
determined and separated from the incident waves by

vS
z r, u, tð Þ = vD

z r, u, tð Þ � vP
z r, u, tð Þ ð5Þ

where vD
z (r, u, t) and vP

z (r, u, t) are the FEM out-of-
plane velocity of guided waves at location (r, u) for the
composite plate with and without delamination, respec-
tively. vS

z (r, u, t) is the out-of-plane velocity of the scat-
tered waves from the multilayer delaminations. r and u

are the radial and azimuthal coordinates of the cylind-
rical coordinate system shown in Figure 17.

For determining the scattering directivity pattern of
the delaminations, the out-of-plane velocities of 180
points at r = 25mm and 08<u<3608 with 28 step incre-
ments were collected for both the pristine plate and the
damaged plate with five different delamination cases.
The scattering directivity pattern was obtained by
determining the maximum absolute amplitude of the
scattered waves using equation (5) in the time domain.
It should be noted that all scattering amplitudes are
normalized by the maximum absolute amplitude of the
incident wave at the delamination center location of
the pristine plate. As a representative, Figure 18 pre-
sents the comparison of the scattered waves between
one and two delaminations in the forward direction
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Figure 14. Frequency–wavenumber spectrums of the windowed wavefields on the top surface: (a) one delamination, (b) two
delaminations, (c) three delaminations, (d) four delaminations, and (e) five delaminations.
Note: the number of plies is counted from the top of the full plate.
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Figure 15. Frequency–wavenumber spectrums of the windowed wavefields on the bottom surface: (a) one delamination, (b) two
delaminations, (c) three delaminations, (d) four delaminations, and (e) five delaminations.
Note: the number of plies is counted from the bottom of the full plate.
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(u = 0�). It can be found that the scattered wave ampli-
tude increases significantly when an additional delami-
nation appears. This is because the trapped wave
energy increases with the delamination severity, which
is consistent with the results reported in Leckey and
Seebo.42 In the case of a pitch–catch damage detection
approach, it is likely that the delamination severity can
be detected if the sensor is located in the forward direc-
tion of the incident wave.

Figure 19 shows the scattering directivity patterns of
five different delamination cases. It can be found that
the backward scattering amplitude is generally smaller
than the forward scattering amplitude for all the

delamination cases. This is because weak scattered
waves in the backward direction were captured due to
the strong trapped waves in the delamination regions.
However, a large amplitude loss was observed due to
trapped waves in the forward direction, compared with
the pristine signal. Therefore, a large forward scattering
amplitude was observed for all the delamination cases.
As a point of interest, the scattering pattern is not
symmetric with respect to the 0� direction although
the delamination is symmetric. This non-symmetric
behavior of the scattering pattern is due to the
non-symmetric layup for the sublaminates at the dela-
mination regions and the non-symmetric distribution of
incident wave amplitude. In addition, the forward scat-
tering amplitude increases when the number of delami-
nations increases from one to three. Therefore, the
delamination severity could be estimated by comparing
the forward scattering amplitude for these three delami-
nation cases.

However, for the cases of four and five delamina-
tions, the forward scattering amplitudes slightly
decreased, compared to the case of three delaminations.
It should be noted that two sidelobes in the 30� and
330� directions were observed for the cases of four and
five delaminations. In addition, the amplitude of the
sidelobe increases when the number of delaminations
increases from four to five. As shown in Figure 19, the
scattering amplitudes around the directions perpendi-
cular and opposite to the incident wave have relatively
small amplitudes. Therefore, it is unlikely that the

(a) (b)

Figure 16. Delamination ply depth detection: (a) theoretical dispersion curve of A0 mode for different numbers of plies and (b)
wavenumbers at 200 kHz versus the number of plies.
Note: the number of plies is counted from the bottom of the full plate.

Figure 17. Schematic of scattering directivity pattern
extraction from FEM simulations.
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delamination can be detected if the sensor is located
along these directions in a pitch–catch method.

Experimental validations

Experimental setup

Figure 20 shows the experimental setup of the hybrid
SLDV-PWAS measurements. Two PWAS transducers
(STEMINC SM412, 7 mm diameter and 0.5 mm thick)
were mounted on the bottom surface to excite guided
wave propagating in the 3-mm quasi-isotropic compo-
site plate. The function generator (Tektronix
AFG3052C) was used to generate a three-count
Hanning window modulated tone burst with the center
frequency of 200 kHz, which was amplified to 120 Vpp
by the power amplifier (NF HSA4014) and applied to
the PWAS transducers. Guided waves generated by the
PWAS propagated in the composite plate, interacted
with delaminations, and were measured by the SLDV
(Polytec PSV-400-M2). The quantity measured by
SLDV is the out-of-plane velocity. A thin reflective
tape was attached to the plate surface to enhance the
signal quality.

Experimental wavefield

From the FE simulation results, it can be found that
strong wave interaction was observed when the mea-
sured surfaces are close to the delaminations. In this
experiment, two SLDV area scans on the bottom sur-
face were conducted for both one and two

delaminations to investigate the wave damage interac-
tion. Figure 21(a) and (b) shows the transient spatial
wavefields for one delamination and two delamina-
tions, respectively. At 25 ms after the initial excitation,
the lower amplitude S0 mode with a fast speed and a
long wavelength and the higher amplitude A0 mode
with a slow speed and a short wavelength can be clearly
identified for both one and two delaminations, which
agree well with the FEM predictions. In addition, weak
trapped waves due to the S0 interactions with the dela-
minations were noted.

At 75 ms, after A0 waves interact with the multilayer
delaminations, stronger trapped waves in the delamina-
tion regions were clearly observed, which are consistent
with the simulation results in Figure 10. This is known
as the wave trapping phenomenon.29 Furthermore, the
energy distributions of the wavefields were calculated
to visualize the delaminations,48 as shown in Figure 22.
It was found that the approximate sizes of one and two
delaminations can be estimated from the trapped waves
in the delamination regions. However, it is not possible
to separate the one and two delaminations by directly
comparing the transient spatial wavefield. Therefore,
wavenumber analysis was used to further analyze the
experimental guided wavefield to compare with the
results of FE simulations.

Wavenumber analysis

First, SLDV line scans were carried out across the dela-
mination regions on the top surface for both one and

Figure 18. Waveform comparison of the scattered signals between one delamination and two delaminations in the 0� direction.
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two delaminations. The time-space wavefields obtained
on the top surface were given in Figure 23. Comparing
to the out-of-plane FE wavefield in Figure 11(a) and
(b), both wavefields show the existence of the higher
amplitude A0 mode with a slow speed and the lower

amplitude S0 mode with a fast speed. The experimental
wavefield is much more dispersive than the FE simula-
tions. Reflections were clearly observed at the
delamination boundaries for both one and two
delaminations.

(a) (b)

(c) (d)

(e)

Figure 19. Comparison of the scattering directivity pattern at different delaminations: (a) one delamination, (b) two delaminations,
(c) three delaminations, (d) four delaminations, and (e) five delaminations.
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To obtain the experimental frequency–wavenumber
spectrums, the measured time-space wavefields on the
top surface were transformed into the frequency–
wavenumber domain by 2D FFT. Figure 24 shows the
comparison of experimental frequency–wavenumber
spectrums on the top surface between one and two
delaminations. Strong incident A0 mode (positive
wavenumber) was observed in the frequency–
wavenumber spectrums and agrees well with the theo-
retical dispersion curves (black lines in the spectrums).
Comparing with the result of one delamination, a
stronger negative wavenumber was observed for the
case of two delaminations, which agrees well with the
simulation in Figure 12. Experimental results con-
firmed that the more delaminations in the composite,
the stronger reflections were observed. However, no
obvious new wavenumbers can be observed in the
wavenumber spectrum on the top surface, because it is
far away from the delaminations.

The delamination ply depth can be identified when
new wavenumbers are present in the wavenumber spec-
trum. To characterize the depth of the delaminations,
SLDV line scans across the delamination region on the
bottom surface were conducted. The time-space wave-
field obtained on the bottom surface is shown in

Figure 20. Experimental setup of the hybrid SLDV-PWAS measurements.

(a)

(b)

Figure 21. Comparison of the experimental transient spatial
wavefield in the composite plate showing the out-of-plane
velocity on the bottom surface: (a) one delamination and (b)
two delaminations.
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Figure 25. The wavefield shows the higher amplitude
A0 and the lower amplitude S0 mode as well. Similar
to the simulation results in Figure 11(a) and (b), new
strong trapped waves within the delamination regions
can be clearly observed in both cases. To obtain the
experimental frequency–wavenumber dispersion curves,

the measured time-space wavefield was transformed
into the frequency–wavenumber domain.

Figure 26 shows the comparison of experimental
frequency–wavenumber spectrums between one and
two delaminations. It can be found that new wavenum-
ber components (both positive and negative) can be

Figure 22. Comparison of the energy distribution of the wavefield in the composite plate: (a) one delamination and (b) two
delaminations.

Figure 23. Time-space wavefield comparison of SLDV measurements on the top surface: (a) one delamination and (b) two
delaminations.
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observed, which agree well with the simulation results
in Figure 13. The new wavenumber components are
correlated to the wave propagation in the delamination
regions. Comparing to the simulation, the experimental
spectrum of one delamination also confirmed that the
new wavenumber components are related to the A0

mode in the bottom four [245/90/45/0] layers. Thus,
the delamination was detected above the bottom fourth
ply. From the experimental spectrum of two delamina-
tions, besides the new wavenumber in bottom four
layers, weak wavenumber components related to the
A0 mode in the bottom eight layers were also observed

Figure 24. Frequency–wavenumber spectrum comparison of SLDV measurements on the top surface between one delamination
and two delaminations.

Figure 25. Time-space wavefield comparison of SLDV measurements on the bottom surface: (a) one delamination and (b) two
delaminations.
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for the case of two delaminations. Because there is an
additional delamination between plies 16 and 17 (above
bottom eighth ply).

Note that the new negative wavenumbers in the
SLDV results are weaker than those in FE simulation
(Figure 13). It is expected that this is due to the differ-
ences between Teflon inserts for the simulated delami-
nations in the experiment and the node detachment
(zero volume delamination) in the simulation. The
experimental results validate that strong new negative
wavenumber due to the trapped waves in the delamina-
tion regions was observed when an additional delami-
nation exists, which agrees well with the simulation
results. It demonstrates that the more delaminations in
the composite, the stronger wave energy was trapped.
Therefore, the delamination severity can be character-
ized through the wavenumber analysis.

Suggestion for practical implementations

It should be noted that the prior studies in guided
wavefield analysis and the work presented in this article
rely on the point-by-point SLDV scanning for record-
ing wavefield data. However, point-by-point scanning

can be time-consuming which diminishes one of the
main advantages of guided wave–based damage detec-
tion for practical applications, that is, rapid large-scale
inspection. Thus, the work presented in this article can
be viewed as providing deep physical insight into the
guided wave interaction with multilayer delaminations,
which can be used to validate and improve the perfor-
mance of guided wave damage detection methods by
selecting transducer locations and hence help to further
advance the use of guided waves for delamination
detection and characterization.

Both numerical and experimental results show that
strong energy was trapped in the delamination region.
In addition, stronger trapped waves and reflections
were observed when the severity of delamination
increased. In the case of a pitch–catch damage detec-
tion approach, it is likely that the delamination severity
can be detected if the sensor is located in the forward
direction of the incident wave.

For practical implementations, one suggestion is to
use angle beam transducers to conduct a pitch–catch
experiment for delamination detection, which has been
demonstrated that it could be used for the rapid detec-
tion of different types of manufacturing flaws and

Figure 26. Frequency–wavenumber spectrum comparison of SLDV measurements on the bottom surface between one
delamination and two delaminations.
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operational damage in composite structures over large
areas without doing point-by-point scanning.49–52 For
proof of concept, adjustable angle beam transducers
were used as the transmitter and the receiver to gener-
ate pure-mode guided waves for the detection and char-
acterization of multilayer delaminations.

In this study, pitch–catch experiments were con-
ducted for both one and two delaminations, as shown
in Figure 27. Two 500-kHz broadband angle beam
transducers (Olympus A413S-SB) mounted on adjusta-
ble wedges (Olympus ABWX-2001) were used as the
transmitter and the receiver. The adjustable angle beam
transducer pair was used to generate a pure SH0 mode
guided wave for the delamination detection in the 3-
mm quasi-isotropic CFRP composite plate. The inci-
dent angle of the wedge was set to 48� for pure SH0
mode excitation at 500 kHz. The detailed experimental
setup can be found in Mei et al.51 A three-count
Hanning-windowed tone burst at the central frequency
of 500 kHz was used as the excitation signal. A spacing
of 100 mm was ensured between transmitter and recei-
ver using a rigid frame.

Signal comparison among the pristine and delamina-
tions is shown in Figure 28. It can be found that strong
and non-dispersive wave packets were clearly observed
in the response signals and an amplitude drop can be
clearly noted due to the presence of delaminations.
Moreover, the amplitude further decreased when the
delamination number increases from one to two, which
is consistent with the numerical and experimental
results in sections ‘‘Multiphysics FE simulation’’ and
‘‘Experimental validations,’’ that is, the more

delaminations in the composite, the stronger wave
energy was trapped.

Similarly, amplitude drop can be noted in the short-
time Fourier transform (STFT) spectrograms as shown
in Figure 28. It should be noted that the delamination
spectrograms were normalized by the peak value of the
pristine spectrogram. Therefore, the delaminations were
successfully detected using the angle beam transducers.
Moreover, one and two delaminations can be further
distinguished based on the amplitude information of
the received signals. The results demonstrate a potential
technique for identifying and characterizing the pres-
ence of hidden multilayer delaminations in practical
applications. It could be a very useful technique for the
rapid large-area inspection.

Summary, conclusion, and future work

Summary

In this article, a numerical and experimental investiga-
tion on guided wave interaction with multilayer delami-
nations was conducted. First, two different
delamination scenarios—one delamination and two
delaminations—in a 3-mm quasi-isotropic [245/90/45/
0]3s CFRP composite plate were successfully verified
and visualized through the ultrasonic C-scan. Then, a
multiphysics 3D FE simulation of the composite plate
with five different delamination scenarios was con-
ducted to study guided wave interaction with multiple
delaminations. Next, the simulation wavefield was vali-
dated by the SLDV measurements on the quasi-
isotropic composite plate with multilayer delamina-
tions. A good match was achieved between the simula-
tion and the experiment. The wavefield data were
further analyzed using wavenumber analysis to study
the wave trapping phenomenon and to characterize the
wave behaviors at the delamination regions. Finally, a
pitch–catch experiment using angle beam transducers
was conducted to detect the one and two delamina-
tions. The results are a preliminary proof of concept
for using trapped wave phenomena to evaluate the
delamination severity.

Conclusion

Multiphysics FE simulations show strong trapped
waves in the delamination regions when the measured
surface is close to the delamination. The scattering
directivity patterns of multilayer delaminations show
that the backward scattering amplitude is smaller than
the forward scattering amplitude. A larger forward
scattering amplitude was observed when an additional
delamination exists. In the case of a pitch–catch dam-
age detection approach, it is likely that the

Figure 27. Experimental setup for delamination detection in
the quasi-isotropic composite plate: (a) one delamination and (b)
two delaminations.
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delamination can be detected if the sensor is located in
the forward direction of the incident wave. The
frequency–wavenumber spectrums indicate that the
new wavenumbers come from the trapped waves in the
delamination regions. The depth of the delamination
near the measured surfaces was estimated by compar-
ing and fitting the new wavenumber components to
theoretical predictions calculated using the sublaminate
thickness and layup of the delamination region.
However, the estimation accuracy depends on the dif-
ference of the new wavenumbers in sublaminates. Both
numerical and experimental results confirm that the
new negative wavenumber due to the trapped waves in
the delamination regions is potentially related to the
delamination severity.

Future work

A higher excitation frequency will be used to character-
ize the multilayer delaminations. In addition, the cur-
rent work would be extended to the simulation and

experimental validation of guided wave interaction
with low-velocity impact damage, which is a commonly
observed damage in engineering applications. Impact
damage is a combination of matrix cracking, fiber
breakage, and interlaminar delamination. It is expected
that guided waves would have a strong and complex
interaction with the impact damage.
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