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Abstract: This paper deals with an innovative nondestructive technique for composites (local-
IET), which is based on the Impulse Excitation Technique (IET) and, in the presence of damage,
assesses the degradation of the elastic properties of a local region of the laminate by reversibly
clamping its boundaries. In this paper, a numerical analysis of the sensitivity of the local-IET to
the delamination damage mechanism is conducted. Firstly, a Finite Element (FE) model of the
local-IET test is determined through experimental investigations on undamaged composite laminates,
which cover a wide range and are made of glass or carbon fibers, through resin infusion or pre-preg
consolidation and with unidirectional or fabric textures. The vibrational response of a glass fiber
composite with local delamination is then assessed with the local-IET. By modeling the delamination
in the simulation environment, the effectiveness of the FE model in replicating the vibrational
response, even in the presence of delamination, is shown through a comparison with the experimental
results. Finally, the FE model is exploited to perform a sensitivity analysis, showing that the technique
is able to detect the presence of delamination.

Keywords: laminated composites; damage assessment; delamination; local Impulse Excitation
Technique

1. Introduction

In recent decades, there has been an increasing demand for composite materials in
the industrial landscape. Composite materials satisfy the need for lightweight yet highly
performing materials with fiber-reinforced materials, which have demonstrated abilities
to have a flexible design and be used in almost every type of industrial application. Also,
composites are characterized by enhanced damage tolerance with respect to standard
metal alloys.

However, the wide application of composite materials still has limitations due to
the lack of proper strategies for damage quantification. Due to their mixed compositions
and the large difference between the fiber and matrix properties, composite materials
present several damage mechanisms, each affecting a specific scale, such as fiber break-
age and matrix cracking at the micro-scale or delamination at the laminate scale, which
demand accurate and local investigations. As the damage determines a degradation in
macro-scale material properties, several nondestructive techniques (NDTs) have focused
on the assessment of the damage and its severity by investigating the material’s macro-
scale response. Among these, we can mention ultrasonics [1,2], acousto-ultrasonics [3,4],
acousto-ultrasonics in combination with neural network algorithms [5,6], the Detecting
Damage Index [7], thermography [8–10], resistivity-based measurements [11–14] and op-
tical methods, such as Shearography and Digital Image Correlation [15,16]. The reader
can refer to [17] for details on the advantages and limitations of each NDT. Although they
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provide quantitative information on the damage severity as a degradation of the elastic,
thermal, or electrical response of the material, a main drawback of these methodologies is
the cost related to the complex equipment needed for each technique. Furthermore, it is
usually necessary to transport the component to a specific location for nondestructive tests,
which further increases the costs.

The authors have recently proposed an NDT based on the Impulse Excitation Tech-
nique, which aims to determine the local variation in the elastic properties of the damaged
region of a composite component (local-IET) [18–20]. By reversibly clamping its extremities
through a vacuum, the vibrational response of the inspected region is isolated, with the
measured resonant frequencies only being a function of the elastic characteristics of the
investigated area. This allows for the sensitivity of the vibrational test to be enhanced
in the presence of local damage [20]. Furthermore, from the local vibrational response,
the local variation in the elastic properties can be assessed, and the damage severity is
quantified in terms of the degradation of the elastic properties. Since it is a vibrational test,
the equipment of the local-IET has a relatively low cost, and the methodology allows for
on-site analyses of composite components with a significant cost reduction [17,18,20].

This paper aims to investigate the sensitivity of a local-IET in the presence of de-
lamination. Delamination, i.e., the debonding between adjacent laminae, is among the
most critical damage mechanisms of a composite as it prevents the transfer of forces and
moments between plies, thus affecting the strength of the laminate. For example, under
compressive loads, buckling instability is likely to occur if the delaminated ply has a free
surface on one side [21]. Delamination can occur both during the manufacturing process,
as contaminations due to dirt cause poor bonding between laminae [22,23], and during
the in-service life of the component. Under fatigue loads, delamination occurs as matrix
cracks lengthen with the cycles and interact with each other. Under lateral loading, as
in the case of impact loads, delamination is caused either by interlaminar stresses due
to bending or by matrix cracks in proximity of plies interfaces [24]. As such, the proper
identification of the presence of delamination within a composite component is crucial for
a health state assessment. Zak et al. [25] recently showed that vibrational methods can be
successfully adopted for delamination detection. They performed experimental and numer-
ical investigations on composite beams and plates clamped at one side and delaminated at
the other, with different ratios of delamination length with respect to the total structure
length. The results show a reduction in the resonances with an increasing delamination
size. For example, for delamination with length corresponding to 30% of the structure
length, the reduction in the resonance frequencies was about 5%. It is worth noting that
by investigating the global vibrational response, both the delaminated and undamaged
portions of the material participate in the vibrations, thus limiting the sensitivity only to
high-level damage. By confining the vibrational response only to a region of interest as in
the local-IET, the presence of damage can be more easily detected.

In this paper, the goal is to assess the sensitivity of a local-IET in the presence of
delamination within the inspected region through Finite Element (FE) analyses. The FE
model of the local-IET test has been identified through a modal displacement analysis on
undamaged composite laminates to replicate the boundary conditions provided by the
isolating device. The vibrational response of a glass fiber composite with local delamination
has been experimentally assessed with the local-IET and compared to the FE results to
validate the numerical model. Finally, the FE model has been exploited to perform a
sensitivity analysis, where the size of the delamination, its location within the device and
position of the impulse are investigated.

2. Materials and Methods

In this section, the material properties of the investigated composite laminates are first
presented. The experimental setup is then detailed, highlighting the main aspects that must
be accounted for in the FE model, whose details are provided at the end of the section.
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2.1. Materials

The composite plates adopted in the present work cover a wide range and involve
composite laminates made of glass or carbon fibers through resin infusion or pre-preg
consolidation and with unidirectional or fabric textures. In total, five different laminates
have been retained: (i) a unidirectional carbon fiber, (ii) a plain weave carbon fiber, (iii) a
twill 2 × 2 carbon fiber, (iv) a twill 2 × 2 pre-preg glass fiber, (v) a twill 2 × 2 glass fiber
made by vacuum bag infusion. All of the laminated plates had dimensions of at least
300 × 300 mm.

The unidirectional and plain weave were carbon fiber composites and were manufac-
tured by HP Composites (Ascoli Piceno, Italy) in autoclave from pre-preg. The unidirec-
tional plate was made of 8 layers stacked in the same direction (stacking sequence [0]8) and
had a total thickness of 0.96 mm. The plain weave was made of 4 layers, each 0.24 mm
thick and all stacked with the same orientation.

The third retained material was an 8-layer twill 2 × 2 carbon fiber, with the commercial
name XC110, stacked in the same direction and pre-impregnated with epoxy resin. The
curing cycle was accomplished in an oven at 120 ◦C for 8 h. The consolidated thickness
was 1.8 mm.

The fourth and fifth materials were made of glass fibers. The fourth was made of
4 layers pre-impregnated with epoxy resin with a total plate thickness of 2.1 mm. The
material was cured in an oven under a vacuum at 120 ◦C for 8 h. The glass fabric of the fifth
material was twill with dimensions of 2 × 2, made of E-glass fibers, whose concentration
in the warp and weft directions is almost equivalent. The epoxy resin, commercial name
EP-IN2-S-5, was vacuum-infused, and the plate was cured under a vacuum for 24 h and
post-cured in an oven at 100 ◦C for 3 h. The plate had a consolidated thickness of 1.2 mm.
The fifth material also presented a delaminated zone, whose geometry can be approximated
as a circle with a diameter of 50 mm, as shown in Figure 1.
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Delamination was induced through a water jet machine by spreading a release wax
film in the middle of the laminate, i.e., between the fourth and the fifth layers, before the
resin infusion, which prevented the local adhesion of the resin to the glass fabric. When
water jet cutting the plate in correspondence to the wax film, the high-pressure water
encountered a discontinuity in the matrix phase, which facilitated the propagation of the
water in the in-plane direction, thus inducing the delamination.
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Table 1 reports the material properties of the laminates in accordance with the main
material directions.

Table 1. Material properties of = investigated composite plates assessed through IET tests.

Property [Unit]
Unidirectional
Carbon Fiber

Plate—MAT#1

Plain Weave
Carbon Fiber

Plate—MAT#2

Twill 2 × 2
Pre-Preg Carbon
Fiber—MAT#3

Twill 2 × 2
Pre-Preg Glass
Fiber—MAT#4

Resin Infused
Twill 2 × 2 Glass

Fiber—MAT#5

Density [g/mm3] 1.57 1.46 1.43 1.82 1.65
Thickness [mm] 0.96 0.96 1.8 2.1 1.2

E1 [GPa] 153.2 46.5 51.1 24.0 19.0
E2 [GPa] 9.2 46.5 51.1 24.0 18.6

G12 [GPa] 5.2 4.0 3.9 5.2 3.6
ν12 [-] 0.35 0.08 0.08 0.2 0.17

Tsai modulus
[GPa] 174.0 101.6 110.7 60.4 45.9

TrD [kN·mm] 12.83 7.49 54.92 47.28 6.60

The dynamic elastic properties were determined through flexural and torsional IET
tests in accordance with the ASTM standard E1876 [26]. Bar specimens of 20 × 100 mm
were cut from the plates using the water jet machine. Table 1 also reports the Tsai modulus
and the trace of the flexural matrix [D] of each material [27], which are considered to
account for the material elasticity. The first four materials were used to calibrate the FE
model of the local-IET test, while the fifth material was used for validation.

2.2. Local-IET Setup and Test

The local-IET adopts a specific device which clamps the boundaries of the region of
interest through a vacuum and confines the mechanical vibrations in the region comprised
within the device. The vibrational response is thus only a function of the material properties
of the investigated region, which strongly enhances the sensitivity of the vibrational test in
the presence of local damage.

The device has a frame shape with an external seal and an internal seal delimiting the
zone vacuumed through a pump. The vibrational response of the region comprised within
the internal seal is detected. At the end of the test, a shut-off valve facilitates the removal of
the clamped plate. Figure 2 shows the four devices adopted in this work.

The devices are characterized by different dimensions of the investigated region,
namely 50 × 50, 75 × 75, 100 × 100 and 150 × 150 mm. The first three devices are made
of 3D-printed polyethylene terephthalate, while the 150 × 150 mm device is made of an
aluminum alloy and produced by CNC machining, as the dimensions are incompatible
with the 3D-printer. No influence of the device material can be expected with the laminates
being in contact with the rubber seals. The devices are fixed to a working table, that is,
one side of the composite plate is clamped with the device and, on the opposite side, the
vibrational response is acquired. However, the setup can be easily converted to adopt the
technique on industrial components, where usually only one side of the component can be
accessed for non-destructive investigation.
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According to [20], the confinement of mechanical vibrations to a subregion of the
component enhances the sensitivity in the presence of local damage, whose severity has
been characterized in [20] in terms of the degradation of the first resonant frequency.

In order to replicate the local-IET test in the FE environment, the vibrational response
of the first mode, i.e., the first resonant frequency and the modal displacement of the first
mode, was investigated on the undamaged plates. A KEYENCE LK-H022K laser system
was employed, which ensures a precise measurement of the out-of-plane displacement.
From the displacement data, the first resonance was determined through a Fast Fourier
Transform of the signal. Figure 3 shows the experimental setup.
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The impulse was provided through a Maul-Theet Impact HaC-3 modal hammer,
which guarantees the same input energy, thus allowing a reliable acquisition of the modal
displacement to be obtained.

For the determination of the first resonant frequency, a dedicated MATLAB script was
developed, which first filters the acquired signal with a high-pass filter to eliminate the
spurious vibrations induced by the vacuum pump, and then transforms the discrete signal
in the frequency domain through Fast Fourier Transform. According to Hearmon [28], the
first resonant frequency of an orthotropic clamped plate can be written as follows:

f =
λ

2π
·
√

1
ρ·h ·

√
D11

a4 +
D22

b4 +
0.605·H

a2·b2 (1)

where ]ρ is the material density, h is the plate thickness, a and b are the plate dimensions,
and D11, D22 and H are the flexural stiffness terms, defined as

D11 = E11·h3

12(1−ν12·ν21)

D22 = E22·h3

12(1−ν12·ν21)

H = v12·D22 +
G12·h3

6

(2)

Considering the square shape of the devices of Figure 2, the formula of Equation (1)
was rewritten as

f =
λ

2πa2 ·
√

1
ρ·h ·

√
TrD (3)

where the flexural stiffnesses were substituted by the trace of the flexural matrix D, which is
proportional to the sum of the flexural stiffnesses D11, D22 and G12

6·h3 and to the Tsai modulus
of the material through the plate thickness [27].

The λ parameter of Equation (3) defines the boundary conditions of the rectangular
plate. Its value ranges from 1 (for simply supported boundaries) to 22.4 (for fully clamped
boundaries). As the device aims to isolate the vibrational response, the desired value of
λ for vacuum clamping should be as near as possible to 22.4. Therefore, by investigating
the λ parameter, the clamping effectiveness, which is the ability of the device to isolate the
vibrational response, can be assessed.

The modal displacement of the first mode was acquired with a sampling frequency
of 20 kHz. The laser was mounted on a linear micrometric support which allows its
position be to precisely adjusted and set. Measurements were acquired along a line with a
constant interval between each other. A step size of 10 mm was considered, except for the
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50 × 50 clamping device, whose step size was 5 mm. The vertical displacement was also
measured in correspondence with the extremities in order to investigate the behavior of the
plate in correspondence with the internal seal. For the twill and plain weave laminates, only
one measurement line was acquired, given the symmetry of the system. On the contrary,
in the case of the unidirectional plate, two measurement lines were considered in order to
determine the modal displacements along the two main material directions. It is worth
mentioning that, to provide the impulse impact in the center of the investigated region, the
measurements of the modal displacement were acquired along a line located between the
center and the boundary of the device.

Concerning the fifth material, according to the literature on nonlinear acousto-ultrasonic
NDTs [1,29], a relevant factor for the detection of delamination damage in composites is
the ratio between the power amplitude of the second resonance frequency Amode2 and the
squared power amplitude of the first resonance frequency Amode1, thus defined as

β =
Amode2

A2
mode1

(4)

The β factor is usually referred to as a second-order nonlinear coefficient and represents
a measure of the nonlinear behavior of the material in the presence of damage. In particular,
due to the nonlinearities, the participation of the second mode and, accordingly, the β factor
increases in the presence of damage.

For the experimental investigations, the delamination was positioned in the center
of the 100 × 100 mm device. The impact was provided at 10 mm from the center of the
inspected region, and the Frequency Response Function (FRF) was computed along a line
parallel to one of the boundaries of the device and at a distance of 20 mm from the center
with a step size of 5 mm, as shown schematically in Figure 4.
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At least three repetitions for each investigated point were considered. The experimen-
tal response was also investigated in the undamaged side of the composite plate, and the
ratio βdam

βundam
between the damaged and undamaged β factors was retained to evaluate the

effectiveness of the FE model. Because it increases as the contribution of the second mode
increases due to the damage, the ratio βdam

βundam
was also considered to evaluate the sensitivity

of the local-IET in the presence of delamination.
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2.3. Finite Element Model of Local-IET

The local-IET test was replicated in an LS-Dyna environment through a modal analysis.
To compute the power amplitude of the first resonance frequency Amode1 and the power
amplitude of the second resonance frequency Amode2, the FRF due to nodal excitation was
computed by considering a damping ratio coefficient ζ equal to 0.002 as a result of the
logarithmic decrement determined in the IET tests of the bar specimens.

Four nodes of Belytschko-Tsai shell elements with one integration point for each layer
of laminate were used with a mesh size of 1 mm, according to a convergence analysis [18], to
model the region within the internal seal. The *PART_COMPOSITE keyword was exploited
to build the material stacking sequences. All of the retained materials were modeled with
an elastic orthotropic material law (*MAT_ORTHOTROPIC), whose material properties
are reported in Table 1. For the specimen with delamination, two layers of shells, each
composed of half of the total laminate plies, were modeled and connected through solid
adhesive elements to simulate the matrix phase. In correspondence with the delamination,
the elements were removed, thus preventing any transfer of forces or moments between
the two layers. The material behavior of the resin was assumed to be a linear isotropic
elastic (*MAT_ELASTIC), whose properties were taken from [30].

Ideally, the extremities of the investigated region are perfectly clamped, which assures
the isolation of the mechanical vibration [18]. In order to ensure that the actual boundary
conditions can diverge from the ideal clamping, two FE approaches were pursued here, both
involving springs at the extremities. In the first approach, the out-of-plane displacement
was released and governed by the stiffness of the translational springs, which aim to
replicate the noninfinite stiffness of the internal seal. In the second approach, in order
to simulate the boundary conditions between the simply supporting and the clamping
conditions, the in-plane rotational degrees of freedom were released and governed by the
stiffness of the rotational springs.

Figure 5a shows the FE model for the undamaged plate and with the boundaries
simulated with springs at the extremities. Figure 5b shows the FE model developed for the
simulation of the delamination.
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Figure 5. The FE model of the local-IET test: (a) springs at the extremities to replicate the compliant
constraint provided by the seal of the local-IET device; (b) the FE model for the delaminated plates.

LS-Dyna allows for the type of springs to be specified, i.e., translational or rotational,
through a dedicated card variable [31,32]. Furthermore, the degree of freedom affected by
the spring can be specified through a vector defined with respect to the global reference
system [31]. Therefore, according to Figure 5, in the case of the rotational springs model, the
red springs affect the rotation around the x axis, and the blue springs govern the rotation
around the y axis.

For both FE approaches, the stiffness of the springs was identified for each configura-
tion of material and device by considering the first resonant frequencies acquired on the



Appl. Sci. 2024, 14, 3023 9 of 20

undamaged plates. The FE model that better replicates the local-IET test was identified by
comparison with the acquired modal displacement of the first mode. Finally, a relationship
between the spring stiffness and the main parameters affecting the vibrational response
was identified with an optimization process, which was used to compute the stiffness of
the springs for the fifth material in Table 1 and can be exploited to simulate the responses
of other materials.

3. Results

In this section, resonance frequencies measured on the undamaged plates are first
presented. Thereafter, the FE model is identified by comparing the experimental and
numerical modal displacements of the first mode. The effectiveness of the FE model is then
shown through a comparison with the results of the fifth material with delamination.

3.1. Experimental Investigations on Intact Plates

Figure 6 shows the resultant first resonant frequencies of the undamaged plates as a

function of the parameter 1
2πa2 ·

√
TrD
ρ·h .
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As shown, for low values of the parameter 1
2πa2 ·

√
TrD
ρ·h , the measured frequencies

are linearly dependent on the parameter according to Equation (3). When the parameter
1

2πa2 ·
√

TrD
ρ·h has very high values, that is, for stiffer materials and smaller devices, the

relationship deviates from the linearity with a decreasing slope, suggesting a change in the
constraint provided by the device and, in turn, a change in the effectiveness of the device in
isolating the mechanical vibrations. Focusing on the linear field, the slope λ is equal to 15.4,
which suggests that the boundary conditions of the device approximate the condition of
perfect clamping, although with some discrepancy, and are between the simply supporting
and the clamping cases. The compliance of the rubber seal plays a key role in this regard,
as also observed in previous investigations [20], given its noninfinite stiffness. It is also
worth noting that the experimental results are linearly interpolated with a positive intercept
equal to 120.5 Hz, which can be attributed to the in-plane spurious stresses induced by the
vacuum clamping system, which increase the resultant frequencies. It is worth noting that,
according to Figure 6, specific values for the slope and the intercept can be determined for
each material, which can, accordingly, better describe the relationship between the first
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resonant frequency and the parameter 1
2πa2 ·

√
TrD
ρ·h . However, since the goal is to identify

an FE model that is generally valid, a global slope λ equal to 15.4 and a global intercept
equal to 120.5 Hz were retained.

The deviation from the linearity shown In Figure 6 suggests that the constraint effec-
tiveness, that is, the capacity to isolate the mechanical vibrations, depends on the material
properties of the plate and on the size of the device. However, it must also be noted that the
computation of the FRFs and, accordingly, of the first resonant frequency depends on the
acquired signal. As the same input energy has been provided by the controlled impactor,
the higher the flexural stiffness, the lower the resulting out-of-plane displacement, which,
in turn, affects the FRF calculation. Figure 7 shows the acquired displacement signals and
the resulting FRFs for the 50 × 50 mm device. In particular, Figure 7a reports the results of
the unidirectional plate, Figure 7b presents the results of the plain weave plate, Figure 7c
presents the results of the twill 2 × 2 carbon plate and Figure 7d presents the results for the
twill 2 × 2 glass plate.

As shown in Figure 7, as the flexural stiffness increases, the out-of-plane displacement
decreases, and the plate vibrations quickly end. In this regard, the damping properties of
the material, which are mainly governed by the fiber volume fraction of the composite,
also play a crucial role, affecting the peak broadening in the FRF. For the twill 2 × 2 carbon
plate, the out-of-plane displacement is almost comparable with the measurement noise and,
accordingly, the FRF does not show a clear and evident peak. According to Figure 7, the
power amplitude of the signal must overcome the power amplitude due to the noise of at
least one order of magnitude. It is worth noting that, with the vibrations of the twill 2 × 2
carbon plate consistently being limited over time, as shown in Figure 7c, a similar FRF
would be obtained through a microphone. As such, the limited vibrations over time affect
the computation of the first resonant frequency. As the material flexural stiffness increases,
the impulse energy must increase in order to guarantee sufficient oscillations over time.
This aspect also highlights that the inspected region size cannot be indefinitely reduced,
and a compromise with the material flexural stiffness is necessary. It is also worth noting
that, according to Figure 7, the reduction in the out-of-plane displacement as a result of the
increasing stiffness implies that it becomes ever more comparable to the displacement at
the extremities of the device. This aspect must be considered accordingly in the FE model
of the local-IET test.
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3.2. The Identification of the FE Model of the Local-IET Test

To replicate the local-IET test in the FE simulation environment, the stiffness of the
springs was determined, such as the sum of the first resonant frequency of the FE model,
and the intercept (120.5 Hz) matches the experimentally measured frequencies presented in
the previous section. Table 2 reports the resulting stiffness of the FE model with translational
springs and rotational springs. For the rotational springs model, the stiffness very slightly
varied with the size of the device, and therefore, a unique mean value was considered.
Nevertheless, the discrepancy between the experimentally measured frequencies and those
calculated using the FE model was always lower than 5%.

Table 2. Resulting stiffnesses for FE model with translational and rotational springs.

Material Size of the
Device [mm]

First Resonant
Frequency [Hz]

ktranslational
[N/mm]

krotational
[N·mm/rad]

UD MAT#1

150 × 150 436 0.41

444
100 × 100 810 1.28

75 × 75 1315 2.86
50 × 50 2617 7.95

Plain Weave MAT#2

150 × 150 385 0.26

320
100 × 100 719 0.89

75 × 75 1177 2.05
50 × 50 2418 6.16

Twill 2 × 2 carbon
fiber MAT#3

150 × 150 615 1.48

702
100 × 100 1150 3.89

75 × 75 1847 7.84
50 × 50 3258 15.22

Twill 2 × 2 glass
fiber MAT#3

150 × 150 500 1.37

508
100 × 100 890 3.24

75 × 75 1425 6.72
50 × 50 2720 16.5

According to Table 2, the stiffness of the springs varies with the material elasticity
and the size of the device in accordance with the previous observations. In this regard,
we can consider that the higher the discrepancy between the displacements in the center
and at the extremities of the device, the more the boundary conditions approximate the
ideal clamping in accordance with the modal shape of the clamped solution. As such, the
higher the material elasticity, the more comparable the displacements in the center and at
the extremities, and the stiffness of the springs must decrease. Equivalently, the thinner
the plate, the more the difference in displacements at the center and at the extremities, and
the stiffness of the springs must increase to constrain the displacement in proximity to the
extremities and resemble the perfectly clamped boundary conditions.

In order to identify the FE model that better replicates the local-IET tests, a comparison be-
tween the experimental and numerical modal displacements of the first mode was performed.
The same measurement line inspected in the experimental investigations was extracted from
the FE model. Figure 8 shows the comparison of the experimental and numerical modal
displacements in the case of the plain weave plate and 150 × 150 mm device.
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Figure 8. Experimental and numerical comparison of modal displacements for plain weave plate and
150 × 50 mm device: comparison with translational and rotational FE models.

For a consistent comparison, the modal displacements were normalized. As shown
in Figure 8, although both models are in good agreement with the experimental data, the
rotational springs model better predicts the vibrational response of the plate in correspon-
dence with the boundaries, where the translational springs model shows a lower slope with
respect to the experimental results. A similar conclusion can be achieved by comparing
the experimental and numerical modal displacements of the unidirectional plate. Given
the remarkable orthotropy of the material, the modal displacement was acquired along
both the longitudinal and transverse directions. Figure 9a reports the experimental and
numerical comparison for the translational springs model and the 75 × 75 mm device
along the longitudinal and transverse materials directions, respectively. In Figure 9b, the
comparison refers to the rotational springs model.
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By mapping along the transverse material direction, the experimental results present
a flattening trend in correspondence of the extremities of the devices, while, along the
longitudinal material direction, a more pronounced displacement is obtained in proximity
to the extremities of the device. This consistently different behavior is well captured by
the rotational springs model (Figure 9b). On the contrary, the translational springs model
shows a flattening trend, even along the longitudinal direction, as a result of the constrained
rotational degrees of freedom of the nodes at the boundaries. Considering the results of
Figures 8 and 9, the rotational springs model better captures the vibrational response and
was considered in the following.

In order to exploit the FE model to simulate the responses of the other materials, an
optimization problem was formulated to extrapolate the relationship between the stiffness
of the springs and the main parameters affecting the vibrational response, which are,
according to Table 2, the material elasticity, i.e., the Tsai modulus, the plate thickness and
the material density. The spring stiffness is therefore expressed as

k = w1·TsaiMw2 ·hw3 ·ρw4 + w5 (5)

where the parameters w = [w1, w2, w3, w4, w5] were determined by formulating an optimization
problem, which minimized the discrepancy between the values reported in Table 2 and the values
calculated through Equation (5). The Nelder–Mead zero-order algorithm [33] was adopted. For
the rotational springs model, it resulted in w = [143.9, 0.3698, 0.669,−0.391,−346.6], which was
used to compute the stiffness of the springs for the eight-layer glass fiber plate.

3.3. Validation on 8-Layer Glass Fiber Plate with Delamination

According to Equation (5), for the eight-layer glass fiber plate with the properties
reported in Table 1 and the parameters determined in the previous section, the stiffness
of the rotational springs is 207 Nmm/rad. The resulting FE first resonant frequency of
the undamaged plate with the 100 × 100 mm device is 597 Hz, which is in very good
accordance with the experimental average value of 601 Hz of the undamaged plate, as also
assessed in [20].

The FE model was then compared to the experimental results obtained on the undam-
aged side of the glass fiber plate and with the delamination positioned in the center of the
100 × 100 mm device. The comparison of the experimental and numerical data is reported
in Figure 10, where the ratio βdam

βundam
between the damaged and undamaged β factors is also

represented with the red diamond markers.
The acquired values of β along the measurement line show a significant difference

between the undamaged and damaged plates. Although a similar U-shaped trend is
obtained in both cases, the β values of the delaminated plate are consistently higher than
those of the undamaged plate. As a result of the nonlinearities due to the presence of
the damage, the second mode doubles its contribution, as shown with the βdam

βundam
ratio in

Figure 10. According to Figure 10, the FE model well captures the different behaviors of the
undamaged and delaminated plates. The FE model can capture the trend and the increase
in the β factor in the presence of delamination, and the excellent agreement between the
experimental and numerical data proves its effectiveness.
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4. Sensitivity Analysis to Delamination

To exploit the validated FE model of the local-IET test, a sensitivity analysis of the
technique to detect delamination was addressed for an industrial composite material,
indicated by Leonardo S.p.A. The material is made of unidirectional fiber laminae disposed
with a quasi-stacking sequence for a total thickness of 3 mm. The analysis was conducted
with the 150 × 150 mm clamping device, which was retained to provide an effective
constraint for the investigated material. After exploiting the validated FE model, the
predicted first and second resonant frequencies obtained were 672 Hz and 1130 Hz.

For the sensitivity analysis, different combinations of the position of the delamination,
position of the impulse and size of the delamination were simulated in order to identify the
best combination of impulse and delamination positions and to characterize the sensitivity
to the delamination size. Given the symmetry of the model, the impulse position and
delamination position were varied along a line passing through the center and parallel
to one of the boundaries of the device. The impulse positions were 10 mm, 25 mm and
37 mm from the center of the device. The delamination was considered in the center and
at 10 mm, 25 mm and 37 mm from the center of the device. It is worth noting that for the
retained clamping device, the maximum modal displacement of the second mode occurred
at 37 mm from the center. As such, it was expected that similar results would be obtained
for the delamination positions farther than 37 mm from the center of the device. A rounded
circular shape with a diameter varying between 5 mm and 50 mm, with intermediate
values of 10 mm, 15 mm, 25 mm and 35 mm, is assumed for delamination. It is worth
highlighting that, although delamination can have elliptical or non-rounded shapes [34,35],
the rounded circular shape can be considered the smallest circle that can be inscribed
within the elliptical or non-rounded delamination. Accordingly, through the rounded
circular shape, we determined the lower bound of the sensitivity of the local-IET in the
presence of delamination. For each position of the excitation impulse, a simulation with
the undamaged plate was performed. As in the eight-layer glass fiber, the delamination
was positioned in the neutral plane of the laminate.

For each simulation, in order to speed up the analysis without decreasing accuracy,
the FRF was computed with a step size of 5 mm. The corresponding β factor and the
ratio βdam

βundam
were computed for each point, and the maximum value of the βdam

βundam
ratio was

used to assess the technique sensitivity. As in the region proximal to the boundaries, the
modal displacement was almost null, thus challenging the accuracy of the experimental
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acquisitions, and the identification of the maximum value of the βdam
βundam

ratio was restricted
to the sub-domain with dimensions of 120 × 120 mm.

Figure 11 reports the trend of the maximum values of the βdam
βundam

ratio as a function of
the delamination size.
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tions.

The different markers refer to the location of the impulse, while the different colors
refer to the position of the delamination within the device, reported within square brackets.
According to Figure 11, as the delamination size increases, the ratio βdam

βundam
increases, as

shown with the dotted lines. In this regard, the local-IET has a good sensitivity in the
presence of delamination, as an increment of 5% of the βdam

βundam
ratio is observed for a

delamination size of 15 mm, which is only 1/10 of the device’s dimensions. Furthermore,
as the delamination moves from the center of the device, the βdam

βundam
ratio increases. Indeed,

as the delamination moves from the center of the device, its influence on the second mode
increases as well as the modal displacement of the second mode. However, the second-
order nonlinear coefficient β accounts for the contributions of both the first and the second
modes. Accordingly, at 25 mm from the center, the βdam

βundam
ratio reaches its maximum value.

As such, differently from the 37 mm location, where the second mode is mainly affected by
delamination, both the first and second modes are influenced by delamination at 25 mm
from the center.

Finally, Figure 12 shows the maps of the βdam
βundam

ratio for a delamination size of 50 mm
with an impulse provided at 10 mm from the center and for different positions of the
delamination within the device. In particular, Figure 12a shows the βdam

βundam
map for the

delamination located in the center of the device; in Figure 12b, the delamination is located at
10 mm from the center of the device; in Figure 12c, it is located at 25 mm; and in Figure 12d,
it is located at 37 mm.
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ratio for the delamination size of 50 mm and an impulse provided at
10 mm from the center: (a) delamination in the center; (b) delamination at 10 mm from the center;
(c) delamination at 25 mm from the center; (d) delamination at 37 mm from the center of the device.

As shown in Figure 12, while in correspondence with the nodal line, the βdam
βundam

ratio is
equivalently equal to zero, being here null the participation of the second mode, the map
of the βdam

βundam
ratio, and, accordingly, the location of its maximum value, significantly varies

according to the retained configuration. It is worth noting that a symmetric trend is obtained
only in the case of delamination located in the center of the device. These considerations
suggest that the βdam

βundam
ratio must be mapped within the whole inspected region in order to

reliably identify the presence of delamination. Nevertheless, the consistent increase in the
βdam

βundam
ratio from the unity confirms the good sensitivity of the local-IET to the detection

of delamination. In this regard, it is worth remarking that in this work, the delamination
was placed in the neutral plane of the laminate. Slight variations in the βdam

βundam
ratio can

be expected when the delamination moves from the neutral plane, as observed by Zak
et al. [25] on the natural frequencies of delaminated plates.

5. Conclusions

In this work, an innovative nondestructive methodology (local-IET) which allows for
damage detection and quantification in composite plates was developed. The technique is
based on the Impulse Excitation Technique (IET) and assesses the vibrational response of a
local region of a component by clamping its boundaries through a specifically developed
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device which exploits a vacuum to reversibly apply the constraint. From the vibrational
response of the inspected region, the local material properties can be evaluated, and the
technique was therefore referred to as local-IET.

In this work, we aimed to identify the Finite Element (FE) model of the nondestructive
local-IET test to predict the first resonant frequency and the modal shape response of
the composite plates subjected to the nondestructive test. By investigating four different
composite plates with devices with dimensions of 50 × 50 mm, 75 × 75 mm, 100 × 100 mm
and 150 × 150 mm, it was shown that the boundary conditions approximate the condition
of perfect clamping, being between the simply supporting and the clamping cases. By
investigating the modal displacement with a laser displacement sensor, we found that as
the flexural stiffness increases or the device size decreases, the plate decreasingly vibrates
over time, which, in turn, affects the computation of the resonances and of the Frequency
Response Functions (FRFs). Accordingly, the inspected region size cannot be indefinitely
reduced, and a compromise with the flexural stiffness is necessary. The constraint provided
by the device was modeled in the FE environment with translational springs and with
rotational springs at the extremities. The comparison with the experimental measurements
of the modal displacement on the undamaged plates showed that the rotational springs
model better captures the vibrational response.

The FE model was then validated on an eight-layer glass fiber plate with a circular
delamination with a 50 mm diameter. The experimental investigations with a 100 × 100 mm
device showed that the local-IET can successfully assess the presence of delamination, as
the second-order nonlinear coefficient β, defined as the ratio between the power amplitude
of the second resonance frequency and the squared power amplitude of the first resonance
frequency doubles its value between the undamaged and the delaminated conditions. As a
result of the nonlinearities due to the presence of damage, the second mode contribution
increases. An excellent agreement was observed between the experimental and numerical
data, proving the effectiveness of the FE model.

Finally, by exploiting the validated FE model, a sensitivity analysis on the detection of
delamination was carried out by varying the size of the delamination, which was assumed
to be of a circular shape, its position within the device and the position of the impulse.
The sensitivity analysis was addressed for an industrial composite material, indicated by
Leonardo S.p.A, with the 150 × 150 mm device. The results show that the local-IET has
a good sensitivity in the presence of delamination, with a 5% increase in the β even for
a delamination size of 15 mm, i.e., 1/10 of the device. Also, we found the maximum
sensitivity of the local-IET for the delamination positioned between the maxima of the
first and second modes’ modal displacements, although not with a remarkable difference
with respect to the other investigated positions. In order to reliably identify the presence
of delamination with the local-IET, we suggest mapping the β factor within the whole
inspected region.

In conclusion, given its simplicity and relatively low-cost equipment, the methodology
has the potential to be easily translated in the industrial world, with the additional advan-
tage of providing quantitative information on the health state of the composite structure.
The presented FE model, validated with experimental results, also allows the sensitivity of
the local-IET to other damage mechanisms of composites to be investigated to design the
clamping device for the material of interest, once the signal noise and damping properties
are properly accounted for, and to define acceptable damage levels for the identification of
maintenance strategies of composite components.
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