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Abstract

In this paper, the non-destructive testing (NDT), structural health monitoring (SHM), and scanning laser Doppler vib-
rometer (SLDV) techniques were presented to quantify three simulated delaminations inserted at different depths of a
unidirectional composite plate. First, the RollerFORM and Omniscan equipment were sufficiently used to identify the
delaminations. Second, in conjunction with guided waves, the developed imaging method was successfully used to detect
and quantify the interested delaminations. The tuning curves were determined experimentally to define the dominant
Lamb wave modes of incident waves. Third, multi-physics three-dimensional finite element simulations of propagating
and interacting Lamb waves with delaminations were implemented to extract the wavefield data for wavenumber analy-
sis. The experimental part was conducted to validate the numerical results using SLDV. The effect of the delamination
depth on the trapped waves generated over the delamination region was studied numerically and experimentally. The
results showed that trapped waves could be affected by the delamination depth. Both numerical and experimental results
demonstrated that the near surface delamination has strong trapped waves over the delamination region while the far
surface delamination has weak trapped waves. The energy distribution maps of numerical and experimental wavefields
data sufficiently quantified the interested delaminations. A good agreement was achieved between the numerical and
experimental results.

Keywords
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l. Introduction
I.1. State of the art

The advantages of the mechanical properties of compo-
site materials have contributed to the development of
aerospace structures. These materials have excellent
mechanical properties and lightweight compared with
metallic materials (Giurgiutiu, 2014; Migot et al.,
2020). Different kinds of damage can occur in compo-
site structures, such as delamination, matrix crack, and
disbonding (Mei and Giurgiutiu, 2019a). These defects
may be induced during manufacturing or by external
impact and aging. They may grow and subsequently
cause structural failure. Delamination represents the
most invisible dangerous structural damage, leading to
a catastrophic accident (Zou et al., 2000). The develop-
ment and design of efficient structural health monitor-
ing (SHM) techniques for successfully detecting and
quantifying delamination is an argent demand. The

anisotropic behavior of composite materials makes the
process of detecting damage more difficult compared
with metallic materials (Gomes et al., 2018; Mei and
Giurgiutiu, 2018). In recent years, various types of
non-destructive testing (NDT) techniques have been
developed and used to identify the structural damage
such as ultrasonic testing, radiographic testing, electro-
magnetic testing, etc. (He and Hutchinson, 1989; He
et al., 2017). However, NDT methods are much expen-
sive and need more experience. The increasing use of
aerospace and naval vehicles worldwide has made
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Figure 1. Schematic of the 5.5 mm unidirectional [0]3o CFRP composite plate with three delaminations of the same sizes at various

depths.

structural health monitoring (SHM) field an attractive
scope for many researchers. The development of SHM
techniques opens a perfect domain for using cheap, reli-
able, and effective monitoring systems by installing
integrated sensors and analyzing the recorded data
(Mei et al., 2016; Su et al., 2006). Many recent research
works have approved the ability of SHM techniques
for detecting and quantifying structural damage such
as delamination. The SHM techniques, which include
guided waves-based method, acoustic emission method,
and electromechanical impedance (EMI) have been
successfully used to detect delamination in composite
structures (Michaels and Michaels, 2007; Migot et al.,
2019; Park et al., 2014). Understanding the interaction
of guided waves with damage is the key to the develop-
ment of SHM techniques. Ultrasonic guided wave tech-
niques have been widely used and demonstrated as a
useful tool for structural health monitoring because of
its sensitivity for damage detection and monitoring
large area (Giurgiutiu and Soutis, 2012; Mei et al.,
2019b). Piezoelectric wafer active sensors (PWAS) have
been developed as cheap and lightweight sensors. These
sensors can be easily installed on an interesting struc-
ture to generate and receive Lamb waves for SHM
applications (Mei and Giurgiutiu, 2019b; Migot and
Giurgiutiu, 2017). The FEM simulation provides a
good tool for studying and analyzing guided wave
interaction with different kinds of structural damage. It
makes the design and development of SHM tools more
easily (Mei et al., 2019a; Shen and Cesnik, 2016). The
Lamb waves propagating in a composite plate are dis-
persive. Their velocities depend on the plate thickness,
the frequency of excitation signal, and the fiber direc-
tion and laminate layup configurations (Hayashi and
Kawashima, 2002). In recent years, many works have
been implemented using guided waves for damage
detection and localization in isotropic and composite
materials (Azuara et al., 2018; Haider et al., 2018; Thn
and Chang, 2008). The analysis of Lamb waves

interaction with damage could potentially detect, loca-
lize, and estimate the size of various kinds of damage in
investigated structures. The wavefield data measured
by a scanning laser Doppler vibrometer (SLDV) was
analyzed using different methods to detect structural
damage. Local wavenumber analysis approach was
used for damage quantification in isotropic or compo-
site plates (Mesnil et al., 2014; Tian et al., 2013).
Manufacturing defects in a composite structure were
identified using wavefield imaging method (Juarez and
Leckey, 2016).

|.2. Scope of the article

This paper presents three NDT, SHM, and SLDV tech-
niques to quantify three simulated delaminations’ loca-
tion and size in a unidirectional composite plate. We
used the RollerFORM equipment to scan the areas of
interest and identify the location and size of delamina-
tions. We conducted experimental investigations to esti-
mate the delamination size by using Lamb waves-based
imaging methods. A numerical study using Multi-phy-
sics three-dimensional (3D) finite element (FE) simula-
tion was implemented to visualize the interaction of the
guided waves with delaminations. The numerical results
were validated experimentally by implementing SLDV
experiments. The numerical and experimental wave-
fields data were analyzed using local wavenumber anal-
ysis, and wavefield energy distribution maps to study
the effect of delamination depth on the scattered and
trapped waves and identify the shape, size, and location
delaminations.

2. Unidirectional composite specimen

The specimen is a 5.5-mm-thick in-house unidirectional
CFRP composite plate with a stacking sequence of
[0]z0. The configuration of the unidirectional composite
plate is given in Figure 1. The dimensions of the
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Table I. Engineering constants of the unidirectional prepreg (Mei et al., 2019a).

En Ex»n Ess Vi2 Vi3 Va3 Gz Gis G23 p

140.8 GPa 1.3 GPa 1.3 GPa 0.31 0.31 0.5 5.7 GPa 5.7 GPa 3.4 GPa 1640 kg/m®
specimen were 700 mm X 700 mm X 5.5 mm. This 700 mm

specimen has three simulated delaminations inserted at
different depths across the plate thickness created by
inserting three circular Teflon films of the same size (75
mm in diameter) before curing in the autoclave.
Delamination A (near the top surface) was generated
between plies 7 and 8. Similarly, delamination B (near
the mid-plane) was generated between plies 18 and 19,
and delamination C (near the bottom surface) was
made between plies 28 and 29, as shown in Figure 1.
The material properties, given in Table 1, were mea-
sured experimentally using the ultrasonic immersion
technique described in reference (Mei et al., 2019a).

3. NDT technique

Ultrasonic non-destructive testing (NDT) was per-
formed on the unidirectional composite plate. The pur-
pose of NDT is to detect and verify the simulated
delaminations.

3.1. Experimental setup of NDT detection

The Olympus RollerFORM is a new phased array
wheel probe design for zero-degree C-scan inspection of
aerospace composite, aluminum panels, and similar
components. We can use this tool for thickness mea-
surement, material loss, detection and sizing of delami-
nation and internal porosity. The RollerFORM
scanner is a new phased array probe enclosed in a water
chamber (RollerFORM Specifications, 2018). In this
experiment, we employed a 3.5 MHz phased array
probe to detect the delamination. The coverage width
of the probe is approximately 49 mm. Therefore, a
large inspection area can be divided into several areas
scan. The width of each area scan is 499 mm. The experi-
mental setup of the NDT detection on the composite
plates is shown in Figure 2. The tire chamber should fill
with Distilled deionized water a day before inspection
to allow the water to degas completely. The OmniScan
devise should be set up for the RollerFORM wheel
probe inspection. The RollerFORM wheel probe
should be completely wet using a light water spray. We
can inspect the whole or part of the interested area. For
the 5.5-mm thick unidirectional [0]30 CFRP composite
plate, we conducted two inspection areas of the same
size (480 mm X 98 mm). The first inspection area only
includes delamination C (near the bottom surface). In

RollerFORM

)

)
irection ( .
i

Wheel probe

OmniScan

700 mm

Figure 2. Experimental set-up of NDT technique for scanning
the composite specimen.

contrast, the second inspection area has delamination
A (near the top surface) and delamination B (near the
mid-plane).

3.2. NDT results

The NDT results of all inspection areas are shown in
Figure 3. The C-scan image of the first inspection area
shows that the circular delamination C has a light blue
color map, which means this delamination is close to
the bottom surface. The section view on delamination
C (B-scan) demonstrated that delamination C is near
the bottom surface. The C-scan image of the second
inspection area on the unidirectional [0];p CFRP com-
posite plate shows two same size circular delamina-
tions, which are B and A. In this C-scan image, we can
observe two circles with different color maps, which
means delaminations B and A have different depths.
The B-scan images of these delaminations indicate their
depths across the plate thickness. The section view on
delaminations B and A (B-scan images) demonstrated
that delamination B is near the mid-thickness of the
interesting specimen, and A is at the center of the upper
half thickness. The A-scan plots show strong reflected
signals from the upper and bottom surfaces. The
reflected signals of delaminations have strong ampli-
tudes. In contrast, the back-wall signals are very weak
because the delamination blocked the phase array
beam to hit the bottom surface of the plate. Based on
these results, we can conclude that the sizes, shapes,
and depths of these delaminations can be quantified
from the NDT detection, which is consistent with the
design.
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Figure 3. NDT results of the inspection areas on the unidirectional [0]3o CFRP composite plate.

4. SHM technique for inspection test
specimen

In this section, we used guided waves in conjunction
with a developed imaging method to detect and quan-
tify three simulated delaminations inserted at different
depths of the unidirectional composite plate. In recent
work (Haider et al., 2018; Mei et al., 2019b; Migot
et al., 2019), improved imaging methods were devel-
oped to obtain accurate localization and sizing damage
in metallic plates and composite laminates.

4.1. Principles of the imaging method

We implemented a developed imaging method to quan-
tify the size and shape of damage in the composite
plate. This method involved the Gaussian distribution
function and scattering signals. The flowchart of the
developed imaging method is illustrated in Figure 4. In
this method, at first, the scattering signals were deter-
mined using the pitch-catch experimental modes. The
interesting area was divided into pixels. The pitch-catch
experimental mode involved elliptical orbit, and the
TOF of every pixel can be determined using the follow-
ing equation:

t= \/(xT —x)*+ (or — ) N \/(x,- —xp)* + (v — »)°

Vgl Vg2

(1)

where #; is TOF of scattered signal when the damage at
pixel p;i(x,y); xr, yr, Xg, Yr, Xi, y; are the coordinates
of transmitter sensor, receiver sensor, and pixel, respec-
tively; and vg1, v are the group velocities of the inci-
dent path (the path from transmitter sensor to damage)
and damage path (the path from damage to receiver
sensor), respectively. The field value of each pixel is
determined by using the Gaussian distribution function
(Su et al., 2009). The equation of Gaussian distribution
function (Migot et al., 2019) is:

_-w?

fy) = e 2)

where U’F(x, ») is the field value of every pixel Py(x,y) of
the image of a particular sensing path 7,, — R, (trans-
mitter 7,, and receiver R,), x representing the time of
flight at each pixel point #;(x,y) for the sensing path
Tw — Ry, p represents the time of flight of scattered
wave packet for the sensing path 7,, — R,, which can be
determined experimentally. The standard deviation, o
which describes the variability or dispersion of a data
set, which was taken as half of the time range of wave
packet.; m, n represents the index of transmitters and
receivers, respectively, which vary from 1 to the total
number of transmitters (N7) and receivers (Ng), such
as, m=123,... Nrand n=1,2,3,... Ng. To fuse all the
images of different sensing paths, the summation and/
or multiplication algorithms were used following the
equations below (Migot et al., 2019):
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N
Pom(,) = Y [ (x,9)

k=1

N
Par(x,y) = [ A Gey)

k=1

3)

where Py, (x,y), Puu(x,y) are the total field values of
each pixel point using summation or multiplication algo-
rithm; N represents the total number of sensing paths.

4.2. Experimental setup

The experimental setup of using the SHM technique to
detect and quantify simulated delaminations in the test
specimen is shown in Figure 5. We instrumented this
specimen with a network of twenty-two PWAS

transducers on the bottom plate surface. These sensors
have divided the specimen into four investigated areas.
Three of them are damaged areas. The fourth one is the
pristine area. The diameter of each PWAS transducer is
7 mm, and the thickness is 0.2 mm. The clay was
applied to the plate edges to absorb boundary reflec-
tions. A function generator was used to generate three-
count tone burst signals. The excitation frequency was
swept from 20 to 500 kHz in steps of 15 kHz. An oscil-
loscope recorded the response signals.

4.3. Experimental tuning and dispersion curves

The tuning curves of Lamb modes propagating in a
structural like plate have the priority to be studied to
choose a useful dominant Lamb mode and appropriate
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Figure 5. Experimental setup of the SHM technique on the
unidirectional composite plate.

excitation signal frequency for investigating the inter-
ested area. This step is essential to better results of
guided waves interaction with structural damage and
gets strong scattered waves. The propagating Lamb
wave modes (symmetric and antisymmetric modes) are
dependent on the mechanical properties and the thick-
ness of the interesting structure, and the excitation sig-
nal frequency (Yu and Giurgiutiu, 2010). In this work,
we studied Lamb wave modes’ tuning curves to detect
better and quantify structural delamination. We con-
ducted pitch-catch experiments for three sensing paths
with different directions (fiber, transverse and 45°
directions). In these experiments, the excitation signal
frequency was swept from 20 to 500 kHz in steps of 15
kHz. Figure 6(a) shows the time domain signal at fre-
quency 180 kHz of a sensing path in the fiber direction.
The short-time Fourier transform (STFT) was per-
formed on this signal to generate the time-frequency
spectrum as sown in Figure 6(b). The analytical slow-
ness curves obtained using the semi-analytical finite ele-
ment (SAFE) method (Mei and Giurgiutiu, 2018) were
superimposed with the time-frequency spectrum plot.
We can observe that the signal energy is distributed
among symmetrical Lamb mode (S0) and antisym-
metric Lamb modes (A0 and Al). A time-domain sig-
nal at frequency 120 kHz in the transverse direction is
shown in Figure 7(a). The signal energy is distributed
among fundamental Lamb modes (A0 and SO) and
shear horizontal guided wave (SHO), as shown in
Figure 7(b). The SHO appears due to the anisotropic
behavior of composite materials in the off-axial direc-
tion (Giurgiutiu, 2018). Figure 8 shows the experimen-
tal tuning curves of three different propagating wave
directions. Figure 8(a) shows the tuning curves in the
fiber direction. We can notice that Al is the dominant
mode around a frequency of 300 kHz. For the
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Figure 6. The pitch-catch signal of a sensing path in the fiber
direction at center frequency 180 kHz: (a) signal time domain
and (b) time-frequency spectrum combined with analytical
slowness curves.

200

transverse and 45° directions, which are shown in
Figure 8(b) and (c). We can observe that SHO is the
dominant mode around a frequency of 180 kHz. Based
on tuning curves, we choose 300 kHz as an excitation
signal frequency to excite incident guided waves in the
fiber direction (0° direction) and 180 kHz as an excita-
tion signal frequency to excite incident-guided waves
transverse direction (90° direction) and 45° directions.
We plotted experimental group velocity dispersion
curves in the fiber and transverse directions for some
Lamb wave modes. Figure 9 shows a good matching
among the analytical and experimental group velocity
dispersion curves in the fiber and transverse directions.

4.4. Experimental results

We conducted pulse-echo and pitch-catch experiments
separately for every three damaged areas and the pris-
tine area. For example, to investigate the interesting
area of delamination C, the pulse-echo experiments
were conducted for the PWAS Si¢, S17, S;1, and S;9 to
detect and localize the damage using the proposed
method in Section 4.1. Figure 10(a) shows the pulse-
echo signals at frequency 300 kHz of the sensing paths
Sl6'sl69 517-517, SH-S“, and Slg-slg. We can indicate
that the scattered waves received by sensors Si¢, Si7
have the same TOF values, and the scattered waves
received by sensors Sij, S;9 also have the same TOF
values. Hence, the damage is located at the center of
the interesting area, as illustrated in Figure 10(b). After
this step, we can determine the direction of the incident
and scattered waves of a particular sensing path. The
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Figure 8. Experimental tuning curves of Lamb wave modes propagating in 5.5-mm unidirectional composite laminate with three
different directions: (a) fiber direction (0°), (b) transverse direction (90°), and (c) 45° direction.

effect of delamination depth on the scattered waves can
be observed. Figure 11 shows a comparison of three
sensing paths signals of delaminated areas C, B, A, and
a baseline signal. We have compared baseline signals of

three damaged cases, and they have consistent ampli-
tudes. The scattered waves generated by delamination
C (sensing path S;3-S;9) are more potent than other
scattered waves generated by delamination B and A.
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Figure 9. Experimental and analytical dispersion curves of Lamb wave modes propagating in 5.5-mm unidirectional composite
laminate for two different directions: (a) fiber direction (0°) and (b) transverse direction (90°).
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Figure 10. The new methodology of localizing a damage point:
(a) pulse-echo signals at frequency 300 kHz received by four
sensors around investigated area C and (b) predicting the
location of delamination C.

We can say that the near-surface delamination has
strong scattered waves compared with the far surface
delamination.

After indicating the location of delaminations, we
implemented pitch-catch experiments for all three dam-
aged and pristine areas. Each damaged area has a net-
work of eight sensors. Each sensor network element
acted as a transmitter to generate guided waves,
whereas the rest of the eight sensors acted as receivers
to capture the propagating guided waves. The experi-
mental Lamb wave signals captured by different

200

C
PWAS

Figure 1 1. The effect of delamination depth on the scattering
wave amplitude.

sensing paths were analyzed and compared with base-
line signals to catch scattered waves generated after the
interaction of Lamb waves with delaminations. Three
delamination signals from selected sensing paths and
three pristine signals are shown in Figure 12. Figure
12(a) shows pristine and measured signals in the fiber
direction. The measured signals are transmitted by sen-
sor S;¢ and received by sensor S;,. We can observe that
symmetric Lamb wave S0 is the dominant mode at fre-
quency 180 kHz, which agrees with the experimental
tuning curve of SO in the fiber direction. The SHO scat-
tered wave observed in this sensing path signal can be
approved by calculating the time of flight (TOF) of an
incident path (transmitter to damage) and damage path
(damage to a receiver) using corresponding distances
and group velocity values. Figure 12(b) shows the dela-
mination signals in the transverse direction at fre-
quency 300 kHz (sensing path S;;-S;,). We can identify
the dominant modes SHO and S1 by overlapping the
FFT spectrum with slowness curves in the transverse
direction. The SHO scattered wave can be observed.
The pristine signal and delamination signal, the signal
of sensing path S¢-S;3, in 45° direction, can be seen in
Figure 12(c). The dominant modes of S1 and SHO were
identified by overlapping the FFT spectrum with
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Figure 12. Pristine and measured signals of three sensing paths
in different directions: (a) fiber direction, (b) transverse
direction, and (c) 45° direction.

slowness curves. We can easily observe SHO scattered
waves. The TOF of SHO scattered wave for a particular
sensing path was determined to use it with the devel-
oped imaging method in the next steps of localizing
and quantifying the delamination, as illustrated in the
flowchart of Figure 4. Based on the imaging method,
the investigated area is divided into small pixels. The
TOF is determined at every pixel of a particular sensing
image using equation (1). Figure 13 shows three cases
of determining TOF of scattered waves based on the
configuration of sensing paths. In these cases, we can
observe the Lamb modes of the incident and scattered
waves. The field value of every pixel of the image of a
particular sensing path can be determined using equa-
tion (2). To determine the size and location of the dela-
minations, the sensing paths of multiple transmitters of
each investigated area were used to get multiple

Dominant incident mode A1

Damage

Damage

300 kHz Scattered SHO

(a) (b)

Scattered SHO

intersection points representing the delamination edges.
A new methodology using a combination of summa-
tion and multiplication algorithms has been developed
to visualize the delamination without a threshold set-
ting. In the first step of this methodology, we have used
the summation algorithm (Wang et al., 2004) to extract
the individual images of all the sensing paths for each
PWAS transmitter. These images have strong intersec-
tion points (pixels with high field values), representing
the delamination edges, and the rest are undesirable
orbits (pixels with small field values). The second step
aims to keep strong intersection points of damage edges
by increasing the field values of pixels with the damage
edges and removing undesirable orbits by decreasing
field values of pixels with undesirable trajectories. We
have used the multiplication algorithm (Michaels and
Michaels, 2007) to fuse all of these individual images of
the first step to obtain the final image of visualizing
delamination, which does not require a threshold set-
ting. Figure 14(a) shows the final imaging result of
quantifying three delaminations using the imaging sum-
mation algorithm with a threshold value (about 80%
of maximum field value). We can observe four strong
spots around each delamination, which represent its
edges. The final image can be constructed without set-
ting threshold value using combined of summation and
multiplication algorithms, as illustrated in Figure 14(b).
The edges of each delamination can be observed. Both
imaging results match well with the real delaminations.

5.Guided waves—delamination interaction:
Numerical and experimental studies

Many efforts have been achieved using guided wave-
field data measured by a scanning laser Doppler vib-
rometer (SLDV) to detect and quantify the damage.
The wavefield data can be further analyzed for quanti-
fying damage through frequency-wavenumber analysis,
wavefield amplitude profile, and wavenumber imaging
methods (Michaels et al., 2011; Ruzzene, 2007; Tian

Dominant incident mode Al Damage

/Z\\Sglttered SHO

R

Direct waves

300 kHz

(©

Figure 13 Three different cases of determining the TOF of scattering waves for three different directions of sensing paths: (a)

transverse direction, (b) 45° direction, and (c) fiber direction.
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Figure 14. Imaging results of identifying the location and size of three simulated delaminations: (a) using summation algorithm and
the set threshold value (80% of maximum threshold value) and (b) using a combined of summation and multiplication algorithms

without sitting threshold value.

et al., 2015). In this section, the guided waves propagat-
ing and interaction with delamination was studied
numerically using multi-physics finite element (FE)
simulation and experimentally using SLDV. The wave-
field data measured numerically and experimentally
were analyzed to detect and size simulated delamina-
tions and study the effect of delamination depth on the
energy of generated trapped waves over the delamina-
tion region.

5.1.Multiphysics finite element simulation

Three sets of 3D simulations were carried out to inves-
tigate guided wave interaction with three simulated
delaminations: (1) delamination A; (2) delamination B;
(3) delamination C. Figure 15 shows the FE models of
the unidirectional CFRP composite plate with three
different delamination cases. In this study, the delami-
nations were modeled by detaching the nodes. For the
case of delamination A, 75-mm delamination is created
between layers 7 and 8 by specifying the delamination
as two planes, which are defined by the same coordi-
nates but are not tied together. For the case of delami-
nation B, 75-mm delamination between plies 18 and 19
is generated. Finally, 75-mm delamination between
plies 28 and 29 is introduced for the case of delamina-
tion C, as shown in Figure 15. These delamination
depths were chosen based on the manufactured speci-
men in section 2. Non-reflective boundaries (NRB) can
eliminate boundary reflections and thus allow for the
simulation of guided wave propagation in an infinite
medium with small-size models (Shen and Giurgiutiu,
2015). 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 (SOLIDS) in ANSYS.

Structural solid elements (SOLIDI185) were used to
mesh the composite plate. COMBIN14 spring-damper
elements were utilized to construct the NRB. This
study used a three-count Hanning window modulated
tone burst with the center frequency of 120 kHz as the
excitation signal.

5.2.Finite element results

The FE simulation of Lamb waves propagation and
interaction with delamination C, B, and A can be
observed in Figure 16. From this Figure, we can con-
clude that a significant interaction of guided waves with
delamination can be affected by delamination depth.
The symmetric Lamb wave mode (S0) has a weak inter-
action with delamination because of its low amplitude.
The high amplitude of asymmetric Lamb wave mode
(A0) makes a strong wave- damage interaction. We can
notice a significant interaction of asymmetric Lamb
wave mode (A0) with delamination C because it is close
to the bottom surface, as shown the Figure 16(a). We
can see weak Lamb waves-delamination interactions in
Figure 16(b) and (c) because these delaminations (case
B and case A) are far from the scanning surface (bot-
tom surface). However, the interaction of delamination
B with guided waves is slightly stronger than delamina-
tion A. The interaction of A0 with the delamination
generates strong trapped waves over the delamination
region. These trapped waves can be used to identify the
shape, size, and location of the investigated
delamination.

The simulated trapped waves over three delamina-
tion regions can be noticed in Figure 17. The delamina-
tion depth can significantly affect the energy of trapped
waves over the delamination region. The delamination
C has strong and intensive trapped waves over the
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Figure 15. Multi-physics finite element model of the unidirectional composite plate with three different delamination cases.
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Figure 16. FE-measured wavefields at 55 s of three scanning areas at frequency 120 kHz: (a) scanning area C, (b) scanning area B,

and (c) scanning area A.

delamination region because it is close to the scanning
surface, as shown in Figure 17(a). The density and
energy of trapped waves decrease with increasing the
delamination depth, as observed in Figure 17(b) for
delamination B and Figure 17(c) for delamination A.
The trapped waves over delamination A are weaker
than trapped waves over delamination C and slightly
weaker than delamination B.

The energy distribution of the wavefields of scan-
ning areas can be estimated to visualize and quantify
the delaminations. The wavefield energy distribution
was determined at each spatial point of a scanning area
based on the root mean square (RMS) value
(Radzienski et al., 2020):

N

> [Sux )

n=1

Ex,y) =

where E (x, y) represents the energy value at each spa-
tial point of the scanning area; N is the total number of
sample points; S, is the amplitude value at each sample
point. Figure 18 shows the energy distribution maps of
numerical wavefields of scanning areas C, B, and A.
The sizes of the three delaminations can be estimated.
The delamination C was visualized because it has
strong trapped waves over the delamination
region. The clarity of visualizing delamination is
decreased with increasing delamination depth, as
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Figure 17. FE-measured trapped waves over three delamination regions at 125 ps: (a) delamination C, (b) delamination B, and

(c) delamination A.
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Figure 18. Energy distribution maps of the numerical wavefields of three scanning areas: (a) scanning area C, (b) scanning area B,

and (c) scanning area A.

shown in Figure 18(b) for delamination B and
Figure 18(c) for delamination A. Further signals analy-
sis was implemented for the FE-wavefield data to study
the effect of delamination depth on the interaction
between guided waves and the delamination.

The time-space wavefield and corresponding
frequency-wavenumber domain were obtained numeri-
cally for three lines of scan data across delaminations
C, B, and A, as shown in Figure 19. Figure 19(a), (c),
and (e) show the time-space wavefields of cases C, B,
and A, respectively. We can notice two Lamb modes
A0 and S0. The significant interaction and strong
trapped waves can be observed in delamination C com-
pared with delaminations B and A. The trapped waves
over delamination B are slightly more robust than the
trapped waves over delamination A. The corresponding
frequency-wavenumber domains can be determined by

transforming the time-space wavefield using a two-
dimensional fast Fourier transform. Figure 19(b), (d),
and (f) show the wavenumber spectrums of delamina-
tion C, B, and A, respectively. We can observe that the
positive wavenumber spectrums of incident A0 and SO
match well with analytical positive wavenumber curves
of A0 and SO modes. Because the delamination C is
near the scanning surface, new strong wavenumber
components on the positive side (forward propagation)
and negative side (backward propagation) can be
observed. For delaminations, B and A, new weak posi-
tive and negative wavenumber components can be
observed because they are far from the scanning sur-
face and have weak interactions with Lamb waves. The
wavenumber components of delamination B are
slightly more potent than delamination A as shown in
Figure 19(d) and (f).
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Figure 19. FE time-space wavefield and frequency-wavenumber spectrum of three delamination cases: (a and b) for delamination C,

(c and d) for delamination B, and (e and f) for delamination A.

5.3. Experimental validations setup

The numerical results in the previous section will be
validated experimentally by using scanning Laser
Doppler vibrometer (SLDV). The guided wave interac-
tion with delaminations can be visualized

experimentally using the hybrid PWAS transducer-
SLDV. The experimental setup of SLDV is shown in
Figure 20. In this experiment, the PWAS transducers
were installed on the bottom surface of the test speci-
men to excite guided waves. The function generator
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Figure 20. Experimental setup on the unidirectional [0]3o CFRP composite plate using the SLDV measurement.

was used to generate a three-count tone burst signal
with the center frequency of 120 kHz, which was ampli-
fied to 120 Vpp by the power amplifier. The amplifier
applied to the PWAS transducer to excite the guided
waves. The SLDV was used to acquire the time-space
wavefields over the scanning lines and areas. The laser
head generated a laser beam perpendicular to the scan-
ning area (bottom surface of the investigated plate) to
measure out of plan motion. We scanned three dam-
aged and pristine areas in this experiment. These areas
were covered with reflective taps to improve the surface
and enhance the signal quality. The wavefield data of
scanning lines and scanning areas can be analyzed to
quantify the delaminations.

5.4. Experimental validations results

The SLDV can be used to acquire time-space data for
every point of the scanning area. Every spatial point of
the scanning area has a time-domain signal. These sig-
nals of spatial points can be used to extract wavefield
images at a specific time. Figure 21(a) to (c) shows the
experimental transient wavefield images for delamina-
tion areas C, B, and A, respectively. At time 55 us, we
can observe two Lamb modes SO and A0 propagating
in the transverse direction in all three cases. The SO
mode is weaker and slightly faster than A0 mode. The
SO generated weak interaction with the delaminations.
The delamination C has a somewhat obvious interac-
tion with SO compared with the other two delamina-
tions, which matches well with FE results. After the
interaction of A0 mode with delaminations (specifically
at timel25 ps), trapped waves can be observed in the

three delaminations regions. The delamination C, which
is near the scanning surface, has intensive and strong
trapped waves over the delamination region. These
trapped waves can be used to identify the location, size,
and shape of delamination. As the delamination depth
increases (case B and case A), the generated trapped
waves over delamination regions, which are shown in
Figure 21(b) and (c) respectively, become weak and less
intensive as demonstrated it numerically in Figure 17.
Based on numerical and experimental results, we can
conclude that the delamination depth can affect the
energy of trapped waves over the delamination region.
Figure 22 shows three experimental wavefield energy
distribution maps of area C, B, and A. We can remark
that scanning area C has strong energy distribution
over the delamination region compared with area B,
which is slightly stronger than area A. Based on the
experimental wavefield energy distribution maps, the
delamination C, B, and A can be quantified. Good
agreements were achieved between the numerical
(Figure 17) and experimental energy distribution maps
of these three delaminations. The wavenumber analysis
was used to analyze the experimental wavefield data to
validate it with the FE result. The SLDV lines scan
across the pristine and three damaged areas were con-
ducted. For every line scan data, we obtained the time-
space wavefield and corresponding frequency-
wavenumber spectrum. The frequency wavenumber-
spectrum can be determined experimentally by trans-
forming the experimental time-space wavefield using
two-dimensional fast Fourier transform. Figure 23
shows the time-space wavefield and corresponding
frequency-wavenumber  spectrum  obtained from
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Figure 22. Energy distribution maps of the experimental wavefields of three scanning areas: (a) scanning area C, (b) scanning area

B, and (c) scanning area A.

pristine line data. The time-space wavefield plot
(Figure 23(a)) shows three guided modes, which are SO0,
A0, and SHO. The wavenumber spectrums of A0, SO,
and SHO agree well with analytical wavenumber curves,
as shown in Figure 23(b). Figure 24(a), (c), and (e¢)
show the time-space domains obtained from the lines-
scan data of delaminations C, B, and A, respectively.
We can clearly observe trapped waves, reflected waves,
and transmitted waves in the delamination regions due
to the interaction of guided waves with delaminations.

The delamination C has strongly trapped and reflected
waves over the delamination region compared with the
other two cases because it is close to the scanning sur-
face (bottom surface). The time-space plot of delamina-
tion A shows slightly weak trapped waves over its
delamination region compared with delamination B
because it is far from the scanning surface. The experi-
mental time-space plots showed excellent matching
with numerical time-space plots (Figure 19). Figure
24(b), (d), and (f) shows wavenumber-frequency
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Figure 23. SLDV line scan of the pristine case: (a) time-space wavefield at 120 kHz and (b) wavenumber-frequency spectrum.
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spectrums of delaminations C, B, and A, respectively.
We can observe new wavenumber components in both
positive and negative propagation sides, which are conve-
nient with numerical results (Figure 19(b), (d), and (f)).
These new components were generated due to the inter-
action of propagating guided waves with delaminations.
We can remark that delamination C has strong and sig-
nificant newly wavenumber components because it has
strong trapped waves over its delamination region.

6. Summary, conclusion, and suggestions
for future work

6.1. Summary

This article briefly presented three NDT, SHM, and
SLDYV experimental techniques. These techniques were
used to detect, localize, and characterize three simu-
lated delaminations inserted at different depths of a
unidirectional composite plate. The first NDT experi-
ment involved RollerFORM and OmniScan devices to
localize and characterize the simulated delaminations
by extracting A-scan plots, B- scan images, and C-scan
images. We sufficiently explained the developed ima-
ging method. The experimental SHM technique, in con-
junction with the developed imaging method, was used
to detect and quantify the interested delaminations.
The experimental setup involves a network of twenty-
two PWAS transducers to transmit guided waves and
receive measured waves. The experiment involves pulse-
echo and pitch-catch modes. The direction tuning and
dispersion curves of the specimen test were presented.
The scattered waves of sensing paths and the final
images of multiple delaminations were determined. The
effect of delamination depth on the scattered waves was
studied. Multiphysics FEM simulations were imple-
mented to study the Lamb waves propagating and

Ju—

Wavenumber (rad/m)
- S

2L : ‘ : J
0 50 100 150 200
Frequency (kHz)
(b)

interaction with three simulated delaminations. The
SLDYV experiments were conducted to study the inter-
action of guided waves with delaminations and validate
the numerical result. The numerical and experimental
wavefield data of scanning areas were analyzed to study
the interaction of Lamb waves with delaminations and
quantify the interested delamination. The effect of dela-
mination depth on the time-space wavefield and corre-
sponding frequency-wavenumber  spectrum  was
discussed. The numerical and experimental wavefield
energy distribution maps were presented.

6.2. Conclusion

The Olympus RollerFORM can be used successfully to
estimate the location, size, and depth of the delamina-
tion. The Lamb waves-based developed imaging
method was successfully used to localize and size of the
interested delaminations. This developed imaging
method can be used to quantify delamination without
setting a threshold value by using a combination of
summation and multiplication imaging algorithms. The
delamination depth can affect the energy of scattered
waves. The near surface delamination has strong scat-
tered waves compared with scattered waves of far sur-
face delamination. Multiphysics FE simulations can be
used sufficiently for visualizing the Lamb waves propa-
gating and interaction with the structural delamination.
The FE results show trapped waves over delaminations
regions, which can be used to identify the location, size,
and shape of delamination. The energy of trapped
waves is affected by the delamination depth. The dela-
mination, which is near the scanning surface, has strong
and intensive trapped waves, while the delamination,
which is far from the scanning surface, has weak and
coarse trapped waves. A good agreement was achieved
between the FE results and experimental SLDV results.
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Figure 24. SLDV lines scan of delamination cases: (a, ¢, and e) time-space wavefield at 120 kHz of delaminations C, B, and A

respectively, and (b, d, and f) wavenumber-frequency spectrum of de

Both numerical and experimental wavenumber analysis
results showed new wavenumber components due to
trapped waves over delaminations regions. The energy
distribution maps of numerical and experimental wave-
fields data can be used to quantify the structural dela-
mination. Both numerical and experimental results
demonstrated that the energy distribution over the dela-
mination region could be affected by the delamination
depth.

6.3. Future work

Further wavenumber analysis may be applied to the
wavefield data to identify delamination. The developed

laminations C, B, and A respectively.

imaging method may be used for the sizing of actual
fatigue cracks. A small fatigue crack can be sized using
the developed imaging method.
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