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Abstract 

This study presents an approach to quantifying impact-induced damage severity in com-
posites, focusing on synthetic carbon fibre-reinforced polymer (CFRP), natural flax fibre-
reinforced polymer (FFRP) and hybrid fibre reinforced polymer (HFRP) composite of car-
bon and flax. The investigation aims to quantitatively characterise impact damage under 
energies ranging from 10 to 70 J through acousto–ultrasonics (AU) testing, proposing an 
efficient technique for evaluating the integrity of various FRP composites under in-service 
conditions. AU testing was performed at azimuthal angles of 0°, 30°, 45°, 60° and 90°, 
utilising acousto–ultrasonic waveform indices (AUWIs), such as wave velocity, peak am-
plitude, energy content, centroid frequency and skewness factor. The damage severity in-
dex is correlated with the damage mode. The findings establish that wave velocity is a 
reliable parameter for quantifying damage severity across all composite material types 
considered, with high adjusted R2 values of 0.92 for CFRP, 0.89 for FFRP and 0.90 for 
HFRP. Peak amplitude also shows considerable sensitivity. Finally, this research high-
lights the limitations of traditional non-destructive evaluation (NDE) techniques and 
demonstrates the potential of combining multi-damage metrics with advanced imaging 
methods, such as X-ray micro-computed tomography (X-ray µCT) and scanning electron 
microscopy (SEM), to provide a comprehensive assessment of damage in various compo-
site materials. The proposed methodology offers a promising approach for quantifying 
the impact damage severity in composite structures, as applicable to wind turbine blades, 
amongst other structural components. 

Keywords: acousto–ultrasonics; structural health monitoring; damage severity;  
non-destructive evaluation; stress-wave factor 
 

1. Introduction 
The growing utilisation of composite materials, particularly in high-performance ap-

plications such as wind turbine blades and the aerospace and automotive industries, ne-
cessitates the use of advanced structural health monitoring (SHM) techniques to ensure 
the integrity and safety of these structures. Carbon fibre-reinforced polymers (CFRPs), 
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flax fibre-reinforced polymers (FFRPs), and hybrid fibre-reinforced polymers (HFRPs) 
represent a spectrum of composites that combine synthetic and natural fibres to balance 
mechanical properties and environmental/sustainability impact. However, these materi-
als are susceptible to damage modes under impact loading. These damage responses in-
clude, but are not limited to, matrix cracking, delamination and fibre breakage. They crit-
ically compromise the structural performance of composites under operational loads. 

Carbon fibre-based polymer systems are also increasingly used in civil and industrial 
structures, where carbon fibre fabric/sheet-based strengthening systems are externally 
bonded to concrete, steel, timber or masonry members to improve stiffness, load-carrying 
capacity, fatigue resistance and serviceability performance [1]. Recent work on machine-
induced vibrations in industrial building floors has further demonstrated the importance 
of experimental and numerical assessment of carbon-fibre-based polymer systems under 
operational dynamic excitation [2]. These systems share with CFRP laminates the depend-
ence on carbon-fibre stiffness, polymer–matrix load transfer, interfacial integrity and vi-
bration-sensitive response. However, their structural function differs from the standalone 
CFRP laminates considered in the present study: CFFS-based systems are usually bonded 
to larger civil infrastructure components and are evaluated at the global structural scale, 
whereas the present CFRP, FFRP and HFRP laminates are evaluated as composite plates 
subjected to localised impact damage and interrogated through acousto–ultrasonic wave 
propagation. 

Conventional non-destructive evaluation techniques used for fibre-reinforced poly-
mer composites include pulse-echo and through-transmission ultrasonics, phased-array 
ultrasonics, acoustic emission, infrared thermography, shearography, radiography and X-
ray computed tomography. Ultrasonic inspection is extensively used for detecting inter-
nal discontinuities, delamination, voids and impact-induced damage in composite struc-
tures. However, its performance may be influenced by fibre-induced anisotropy, high at-
tenuation, coupling conditions, component geometry and defect orientation. Recent ad-
vances in ultrasonic modelling and imaging have expanded the application of conven-
tional bulk-wave, guided-wave and phased-array techniques for the inspection and struc-
tural health monitoring of complex composite structures [3]. 

X-ray-based techniques provide complementary information on the internal struc-
ture and damage state of FRP composites. Conventional radiography produces two-di-
mensional projections, whereas X-ray micro-computed tomography enables non-destruc-
tive three-dimensional visualisation of fibre architecture, manufacturing defects, voids, 
matrix cracking, delamination and internal damage progression. Advanced phase-con-
trast X-ray imaging can further separate attenuation, phase and scattering information, 
thereby improving the characterisation of carbon composites with low conventional ab-
sorption contrast [4–6]. Scanning electron microscopy is also widely used as a comple-
mentary post-damage characterisation technique because it provides high-resolution ob-
servations of fracture surfaces and local damage mechanisms, including matrix cracking, 
fibre pull-out, fibre breakage and fibre–matrix debonding [7]. However, SEM is generally 
localised and may require specimen preparation; consequently, it is more suitable for val-
idating microscopic failure mechanisms than for in-service volumetric inspection. 

Although these methods provide valuable damage information, each technique has 
different spatial resolution, penetration depth, inspection area and operational limita-
tions. Therefore, the combination of stress-wave-based monitoring with complementary 
X-ray µCT and SEM observations can provide a more comprehensive assessment of dam-
age in FRP composites. In the present study, AUT is used as the primary quantitative 
damage severity technique, while X-ray µCT and SEM are employed to independently 
validate the corresponding internal and microscopic damage mechanisms [8,9]. 
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Acousto–ultrasonic waveform indices (AUWIs), including peak amplitude, wave ve-
locity, energy content, centroid frequency and skewness factor, serve as quantitative indi-
cators of damage severity in composites. Previous research has demonstrated empirical 
correlations between AUWIs or Guided Lamb-wave utilisation and damage levels [10–
17]. However, these studies do not fully establish a unified framework linking multiple 
AUWIs to specific impact-induced damage mechanisms across synthetic, natural, and hy-
brid fibre-reinforced composites tested over several azimuthal angles. Moreover, the com-
plex interplay between different fibres in hybrid composites adds another layer of chal-
lenge, as these materials exhibit unique attenuation and dispersion characteristics that are 
not adequately addressed by current models. 

Unlike previous studies, which focused on AUT damage severity on light-to-moder-
ately attenuative composite material, such as CFRP composite materials, the novelty of 
this study lies in examining AUT’s capabilities for damage severity characterisation on 
moderate-to-highly attenuative composite material, including both hybrid and natural 
FRP materials (especially flax and hemp) across multiple azimuthal angles and impact 
energies. By employing several AUWIs quantitative metrics, this paper bridges the re-
search gap between qualitative detection and quantitative characterisation for impact 
damage, providing a robust methodology for assessing the integrity of composite materi-
als under in-service conditions. 

Furthermore, by integrating the damage severity indices with regression models, this 
study demonstrates a predictive capability, using AUT for damage progression estimation 
in composites with experimental validation. 

The novelty of the present study lies in the development of a comparative acousto–
ultrasonic damage severity framework for synthetic, natural and hybrid fibre-reinforced 
polymer composites subjected to controlled impact loading. Previous AU, Lamb-wave-
based and conventional NDE studies have mainly focused on damage detection, delami-
nation identification or qualitative assessment of damage in conventional CFRP-type lam-
inates. In contrast, the present work extends the application of the AUT towards quanti-
tative impact damage characterisation by evaluating multiple acousto–ultrasonic wave-
form indices across CFRP, FFRP and carbon/flax HFRP composite laminates. 

The specific contribution of this study is that the AU response is examined across five 
impact energy levels, namely 10, 20, 30, 50 and 70 J, and five azimuthal angles, namely 0°, 
30°, 45°, 60° and 90°. This allows the influence of material type, fibre architecture, propa-
gation direction and damage severity to be assessed systematically. Furthermore, the 
study does not rely solely on waveform variation, but correlates AU waveform indices 
with independently observed damage mechanisms using X-ray micro-computed tomog-
raphy and scanning electron microscopy. This provides a stronger physical basis for link-
ing changes in wave velocity, peak amplitude, energy content, centroid frequency and 
skewness factor with matrix cracking, delamination, fibre pull-out and fibre breakage. 

Therefore, the present study differs from earlier AU and Lamb-wave investigations 
by moving beyond qualitative detection towards quantitative damage severity evaluation 
in composite systems with different attenuation and damping characteristics. This is par-
ticularly important for natural and hybrid FRP composites, where the higher damping ca-
pacity and heterogeneous fibre–matrix architecture can significantly affect stress-wave 
propagation. The proposed approach therefore provides a more comprehensive basis for 
applying AUT to the structural health monitoring of advanced composite structures, in-
cluding wind turbine blade composites, aerospace components and other impact-sensitive 
engineering structures. 
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2. Materials and Methods 
2.1. Materials 

The study utilised three types of composite laminates: 

 Carbon fibre-reinforced polymer (CFRP): Representing synthetic fibre material 
known for its high stiffness and strength-to-weight ratio. 

 Flax fibre-reinforced polymer (FFRP): Indicating sustainable composites with notable 
high damping property and high attenuation. 

 Carbon/flax hybrid fibre reinforced polymer (HFRP): Combining the advantages of 
synthetic and natural fibres to leverage hybridisation concept. 

These materials were chosen to explore the effects of different fibre types and mate-
rial attenuation effect on damage detection and severity quantification, using AUT. 

The CFRP, FFRP and HFRP composite plates, of dimension 250 mm × 250 mm × 4 
mm each, were fabricated with the intention to provide some tolerance for cutting. The 
composite laminates were manufactured using the resin infusion technique. The flax fibre 
fabrics were dried thoroughly in the oven at 60 °C for about 15 min before usage. The 
product was vacuum sealed at a pressure of 0.88 bar and at room temperature. 

Easy composites EL2 epoxy resin was used for the manufacturing procedure, and it 
was combined with the AT30 slow hardener in a 1:4 ratio. The laminates were trimmed to 
the desired shape and size. All the fabricated laminates had a thickness equal to 4 ± 0.2 
mm. Each carbon and flax sheet is between 0.20 and 0.22 mm thick. Table 1 presents the 
summarised data of the materials used. All the samples were unidirectional. 

Table 1. Material properties of CFRP and FFRP. 

Material Properties Carbon/Epoxy (CFRP) Flax/Epoxy (FFRP) 
Number of layers (for 4 mm thick plate) 20 20 

Density (kg/m3) 1550 1400 
E11 (Pa) 1277 × 108 800 × 108 
E22 (Pa) 74 × 108 30 × 108 
E33 (Pa) 74 × 108 30 × 108 
G12 (Pa) 69 × 108 20 × 108 
G13 (Pa) 69 × 108 20 × 108 
G23 (Pa) 43 × 108 10 × 108 
ν12 0.3286 0.3530 
ν13 0.3316 0.3530 
ν23 0.1880 0.0670 

2.2. Experimental Setup 

2.2.1. Impact Testing 

The tests were performed using an Instron CEAST 9340 (Figure 1), a high-precision 
drop-weight impact testing machine known for its reliability and advanced technical 
specifications. The apparatus was equipped with a hemispherical impactor constructed 
from steel, measuring 20 mm in diameter. The impacting mass used was 5 kg. The sample 
dimensions were 220 mm × 220 mm × 4 mm, adhering to ASTM D2344 [18] standards. 

The incident energy levels were kept constant during testing, while other parameters, 
such as impact velocity and drop height, were adjusted to achieve the desired energy lev-
els. The impact testing involved five distinct levels of incident energies of 10, 20, 30, 50 
and 70 J at impact velocities of 1.567, 2.215, 2.713, 2.927 and 3.391 m/s, respectively. The 
variations in energy were intended to demonstrate different levels of impact damage se-
verity, which induced various types of damage modes within the composite laminates. 
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This approach helps in understanding the performance of the materials under varied im-
pact conditions. 

 

Figure 1. Impact testing to induce different damage modes. 

For each composite material type and impact energy level, separate specimens were 
used rather than applying successive impacts to the same specimen. Therefore, the dam-
age states generated at 10 J, 20 J, 30 J, 50 J and 70 J represent discrete impact conditions 
rather than cumulative damage progression on a single laminate. This approach was 
adopted to avoid the interaction of previous damage with subsequent impact events and 
to allow each impact energy level to be interpreted independently. For each material and 
impact energy condition, three specimens were tested to improve repeatability and to ac-
count for specimen-to-specimen variability. 

2.2.2. Acousto–Ultrasonics Testing 

Acousto–ultrasonics (AU) is an active stress-wave-based NDE technique in which a 
controlled ultrasonic excitation is introduced into a material using a piezoelectric trans-
mitter, while the propagated response is recorded at a second location by a receiver 
[19,20]. Unlike passive acoustic emission methods, which depend on the spontaneous re-
lease of elastic energy from an actively growing defect, AUT interacts with the structure 
using an externally imposed and repeatable input signal. This enables the material state 
to be examined in a controlled manner and makes AUT particularly suitable for composite 
laminates, where damage is often subsurface, spatially distributed, and not readily iden-
tifiable through surface inspection alone [21,22]. The method is therefore well suited to 
structural integrity assessment in FRP composites subjected to impact loading. The oper-
ating mechanism of AUT may be described in four successive stages: wave generation, 
wave propagation, wave interaction with internal defects and signal interpretation. Once 
introduced into the laminate, the guided stress wave travels through the material and in-
teracts with its anisotropic architecture, including fibre alignment [23], interfaces between 
constituents, and any impact-induced damage present within the propagation path. De-
fects, such as matrix cracking, delamination, fibre breakage and fibre–matrix debonding 
alter the transmitted response through attenuation, scattering, reflection, mode conver-
sion and local changes in propagation velocity [15,19]. Consequently, the received AUT 
waveform contains integrated information about the condition of the material volume 
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located between the transmitting and receiving sensors, rather than information from a 
single localised point only. This volumetric sensitivity is one of the key advantages of AUT 
for the damage assessment of laminated composite structures. This characteristic is espe-
cially important for impact-damaged composite structures, where the damage state is 
generally multi-mechanistic and evolves progressively with increasing impact severity. In 
conventional synthetic laminates, such as CFRP, as well as natural-based and hybrid lam-
inates, including FFRP and carbon/flax composites, impact can induce combinations of 
matrix cracking, delamination, fibre failure and interfacial damage. Since these damage 
modes influence the stiffness, continuity and damping behaviour of the laminate, they 
also influence stress-wave propagation. For this reason, AUT offers a practical route not 
only for detecting the presence of damage, but also for quantifying its severity through 
measurable changes in waveform features [20,24]. 

In the present work, the AUT response was analysed using a set of AUWIs extracted 
from both the time and frequency domains, namely peak amplitude, wave velocity, en-
ergy content, centroid frequency, and skewness factor. These indices were selected be-
cause they represent complementary descriptors of wave– material interaction. Peak am-
plitude reflects signal attenuation associated with damage progression; wave velocity is 
related to the effective stiffness of the propagation path and is highly sensitive to internal 
degradation; energy content represents the overall transmitted wave energy; centroid fre-
quency reflects redistribution of spectral content; and skewness factor provides additional 
information concerning the asymmetry of the frequency distribution and the heterogene-
ous nature of the damaged medium. By correlating these AUWIs with increasing impact 
energy and with damage modes validated independently using micro-CT and SEM, the 
methodology provides a quantitative basis for evaluating damage severity rather than 
only identifying damage occurrence [24,25]. 

AUT signals were generated using a broadband pulse generator and received with a 
piezoelectric transducer. The transducer was aligned to capture signals at the specified 
azimuthal angles, with data acquisition performed using an oscilloscope and subsequent 
FFT analysis. 

Figure 2 shows the experimental setup adopted for the AUT investigation. The wave 
velocities and other AUWIs were determined from the acquired waveforms, and the 
measurements were conducted at selected azimuthal angles to account for the anisotropic 
nature of the investigated composite laminates. This approach enabled the influence of 
both material type and propagation direction on impact damage sensitivity to be system-
atically evaluated. An ultrasonic piezoelectric transducer of 1 MHz and a resonant-type 
AE transducer with a resonant frequency of 150 MHz was employed as a transmitter and 
a receiver, respectively. The sensors were attached to the plate using beeswax, acting as a 
couplant. Across the procedure, an effective contact pressure of 0.060 MPa was used be-
tween the sensor and the testing plate. To drive and send the signal to the ultrasonic trans-
ducer, an arbitrary function generator was introduced to produce a 3-cycle sine wave tone 
burst manual signal with a peak-to-peak amplitude of 15.8 mV. This signal was then fed 
to an RF power amplifier of 50 dB to boost/amplify the sending wave to a peak-to-peak 
amplitude of 5 V. Moreover, on the receiver’s end, the narrow band resonant-type AE 
sensor, which has a flat frequency response up to 750 kHz, with a resonant peak at 150 
kHz, was connected to the AE signal acquisition system configured with a measuring rate 
of 5 MHz. Additionally, analogue and digital Butterworth bandpass filters covering fre-
quencies from 20 to 1000 kHz and 80 to 100 kHz, respectively, were configured to avoid 
the insertion of ambient noise into the AU-acquired signal. 
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Figure 2. AU testing setup. 

Experimentally, the phase velocity of the wave propagation was obtained by using 
the method proposed by Kiernan [26], governed by Equation (1). 𝑉௣௛ =  Δ𝑑 Δ𝑡⁄  (1)

where V୮୦,Δd and Δt represent the phase velocity (mm/s), difference in the sensor spac-
ings (mm) and time difference (s), respectively. The Δ𝑡 was calculated by tracing the same 
phase point on the waveform, showing the output for both sensor spacing at 60 and 120 
mm. While Δ𝑑  was determined by measuring the displacement of the sensor spacing, 
which was obtained as 60 mm. 

Due to sample symmetry, the experiment was conducted at five distinct azimuthal 
angles of 0°, 30°, 45°, 60° and 90° across all FRP composite samples, namely CFRP, FFRP 
and HFRP composite samples. The testing procedure was carried out in two phases: be-
fore and after the impact events, allowing for a comparative assessment of the impact-
induced damage. The schematic representation of the testing configuration is shown in 
Figures 2 and 3, providing a detailed overview of the setup and methodology employed 
in this study. 

 

Figure 3. Schematic of testing modes in the polymer composites. 

Experimental Repeatability and Measurement Uncertainty 

To improve the repeatability of the acousto–ultrasonic measurements, each test con-
dition was examined using a consistent sensor arrangement, excitation signal, sensor 
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spacing, contact pressure and coupling procedure. For each composite material type, 
namely CFRP, FFRP and HFRP, specimens were tested under five impact energy levels of 
10, 20, 30, 50 and 70 J, in addition to the undamaged baseline condition. The AUT meas-
urements were performed at five azimuthal angles of 0°, 30°, 45°, 60° and 90° before and 
after impact loading. 

For each material type and impact energy level, three specimens were tested, and 
each AUT acquisition was repeated five times under the same experimental conditions. 
These repeated acquisitions were used to confirm waveform consistency and to minimise 
uncertainty associated with sensor coupling, contact pressure, signal acquisition and time-
of-arrival identification. The mean waveform response was then used to extract the 
acousto–ultrasonic waveform indices for subsequent analysis. 

The principal sources of uncertainty were associated with the repeatability of the 
couplant layer, contact pressure between the transducer and specimen, identification of 
the same phase point in the received waveform and local heterogeneity of the impact-
damaged composite region. To reduce these effects, the same sensor spacing, couplant 
material, contact pressure and acquisition settings were maintained throughout the ex-
perimental programme. Where repeated data were available, the standard deviation was 
calculated to assess the variability of the extracted acousto–ultrasonic waveform indices. 

To correlate the AUT damage severity indices to varied impact-induced damage 
modes, X-ray micro-computed tomography (X-ray µCT) and scanning electron micros-
copy (SEM) scans were taken to reveal the internal damage modes after each impact level 
for all three composite material types. 

According to Kiernan and Duke [26,27], the azimuthal angle is the angular measure-
ment that is related to a selected reference direction. In composite materials, the azimuthal 
angle (β) is normally aligned with the 0° fibre orientation, as depicted in Figure 4. This 
angle is very important in the study of wave propagation and the behaviour of materials, 
particularly in anisotropic composites, where parameters such as stiffness and wave speed 
can change dramatically, depending on the direction in which the wave is travelling. 

 

Figure 4. Definition of Azimuthal angle in polymer composites. 

2.3. Data Analysis 

AUT signals were analysed in both time and frequency domains. Key parameters 
(AUWIs) were extracted, as per [28,29]: 

 Peak amplitude (AUWI1): Indicates the maximum signal strength, correlated with 
the extent of damage. 
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 Wave velocity (AUWI2): Derived from the time of arrival, reflecting changes in ma-
terial stiffness due to damage. 

 Energy content (AUWI3): Calculated as the area under the power spectral density 
curve, representing the overall energy of the AUT signal. 

 Centroid frequency (AUWI4): The frequency at which the signal’s energy is concen-
trated. 

 Skewness factor (AUWI5): Measured asymmetry in the frequency distribution, asso-
ciated with material anisotropy and heterogeneity. 

Five acousto–ultrasonic waveform indices were extracted from the acquired signals, 
namely peak amplitude, wave velocity, energy content, centroid frequency and skewness 
factor. Peak amplitude was obtained from the maximum absolute amplitude of the re-
ceived waveform. Wave velocity was calculated from the measured propagation distance 
and the time difference obtained by tracing the same phase point on the received wave-
form. Energy content was calculated from the area under the power spectral density 
curve. Centroid frequency was determined as the energy-weighted mean frequency of the 
received signal, while the skewness factor was used to describe the asymmetry of the fre-
quency distribution. 

To evaluate the relationship between AU waveform indices and impact damage se-
verity, each AUWI was normalised with respect to its corresponding undamaged baseline 
value. The normalised AUWI values were then plotted against impact energy. A linear 
regression model was used to assess the relationship between each AUWI and impact 
energy for each material type and azimuthal angle [30,31]. The model used in this study 
is expressed as: 

Y = aE + b 

where Y is the normalised acousto–ultrasonic waveform index, E is the impact energy, 
and a and b are the regression coefficients. The adjusted coefficient of determination, ad-
justed R2, was used to evaluate the strength of the linear relationship while accounting for 
the number of predictors in the model. 

The linear regression model was selected because the objective of the analysis was to 
compare the relative sensitivity and consistency of the AUWIs across material type, im-
pact severity and propagation direction, rather than to develop a complex predictive 
model. AUWIs with higher adjusted R2 values were interpreted as having stronger linear 
association with increasing impact energy. However, indices with lower adjusted R2 val-
ues were not discarded, as they may still provide complementary information related to 
attenuation, dispersion, frequency redistribution and anisotropic damage response 
[32,33]. 

3. Results and Discussions 
3.1. AU Wave Analysis 

Figures 5–9 show the AU output waveforms for CFRP at azimuthal angles of 0°, 30°, 
45°, 60° and 90°, respectively. All Figures 5a–9a depict the signal for the undamaged sam-
ple, while Figures 5b–f–9b–f show the signals corresponding to impact energies of 10, 20, 
30, 50 and 70 J, respectively. 



Appl. Sci. 2026, 16, 6313 10 of 39 
 

https://doi.org/10.3390/app16136313 

 

 

Figure 5. AU waveform for CFRP investigated at 0° for (a) Undamaged sample; (b) 10 J impacted 
sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; (f) 70 J im-
pacted sample. 
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Figure 6. AU waveform for CFRP investigated at 30° for (a) Undamaged sample; (b) 10 J impacted 
sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; (f) 70 J im-
pacted sample. 
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Figure 7. AU waveform for CFRP investigated at 45° for (a) Undamaged sample; (b) 10 J impacted 
sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; (f) 70 J im-
pacted sample. 
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Figure 8. AU waveform for CFRP investigated at 60° for (a) Undamaged sample; (b) 10 J impacted 
sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; (f) 70 J im-
pacted sample. 
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Figure 9. AU waveform for CFRP investigated at 90° for (a) Undamaged sample; (b) 10 J impacted 
sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; (f) 70 J im-
pacted sample. 

According to Lamb wave theory, it has been established that only the A0 and S0 wave 
modes propagate in thin plates at frequencies below 1 MHz [10,34]. The A0 wave mode 
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exhibits significant dispersion, making it unsuitable for the present investigation. Con-
versely, the S0 wave mode has less dispersion and demonstrates a stronger correlation 
with the stiffness of the medium [34]. Due to the increased phase velocity of the S0 wave 
mode at the frequencies of interest, it is easy to identify the leading section of the received 
signal as this waveform mode. Therefore, the S0 mode has been utilised here for further 
study, as the S0 mode is frequently regarded as more appropriate for damage detection 
in composite structures due to its lower dispersion and heightened sensitivity to specific 
types of damage, such as those induced by impact [12]. This characteristic makes the S0 
mode particularly effective in identifying and characterising damage within composite 
materials. By monitoring the S0 mode, it was observed that the peaks for the undamaged 
CFRP were highest, with an amplitude of 2.91 V at an azimuthal angle of 0° (Figure 5a). 
This can be attributed to the fact that at an angle of 0°, the AU waves possess higher en-
ergy. As the measurement shifts towards higher azimuthal angles, the wave loses energy 
due to not propagating in the direction of the fibre orientation. The orientation of carbon 
fibres in CFRP significantly affects the propagation of AU waves, due to the anisotropic 
nature of the composite material. As the propagation direction deviates from the fibre 
orientation, the waves encounter more resistance, leading to energy dissipation. This mis-
alignment reduces the amplitude of the AU waves. For example, at 90° (Figure 9a), where 
the wave propagation is perpendicular to the fibre direction, there is significant energy 
loss, evidenced by a 96.29% decrease in amplitude when compared with the angle at 0° 
(Figure 5a). Not only for the undamaged CFRP, but also for the AU waveforms following 
each impact energy level from 10 to 70 J, a gradual decrease in amplitude can be observed 
from azimuthal angle of 0° to 90°. This trend indicates that as the measurement angle in-
creases, the AU wave loses energy, reflecting a consistent decline in amplitude across all 
impact energy levels. 

Examining the impact-specific behaviour at a particular azimuthal angle reveals that 
both the peak amplitude and wave velocity of the AU signal decreased at 0°, as the impact 
energy and damage severity increased. Conversely, the time of arrival (TOA) of the AU 
signal increased. For example, the peak amplitude and TOA for undamaged CFRP were 
2.91 V and 23.9 µsec, respectively (Figure 5a), which changed to 0.0567 V and 127.9 µsec 
for the 70 J impacted laminate (Figure 5f). Similar trends were observed at other azimuthal 
angles. At the 30°, 45°, 60° and 90° angles, the peak amplitude decreased by 95.64, 92.86, 
92.12 and 85.14%, respectively at 70 J impact energy. Correspondingly, the TOA increased 
with impact energy by 284.53, 177.12, 149.36 and 152.75%, respectively, from the undam-
aged state to the 70 J impact condition. The increase in TOA with each increment in dam-
age severity and higher impact loading indicates that the AU wave velocity is decreasing. 
This decrease in wave velocity is attributed to the wave traversing through the damaged 
zone. 

When CFRP is subjected to an impact, it can suffer various forms of damage includ-
ing matrix cracking, fibre breakage, delamination and debonding at the fibre–matrix in-
terface. These damage mechanisms create discontinuities and inhomogeneities within the 
material. Damage within the composite introduces regions where the wave encounters 
interfaces between damaged and undamaged areas. These interfaces cause scattering and 
reflection of the wave energy, which disrupts the direct path of the wave, causing the AU 
waves to slow down as they propagate through the compromised areas and decrease the 
wave velocity. 

Similarly, Figures 10–14 depict AU signals for FFRP composites, investigated at azi-
muthal angles ranging from 0° to 90°, respectively. Each Figure includes multiple plots: 
Figure 10a–14a show the signal for the undamaged sample, while Figures 10b–f–14b–f 
depict the signals corresponding to impact energies of 10, 20, 30, 50 and 70 J, respectively. 
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Figure 10. AU waveform for FFRP investigated at 0° for (a) Undamaged sample; (b) 10 J impacted 
sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; (f) 70 J im-
pacted sample. 
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Figure 11. AU waveform for FFRP investigated at 30° for (a) Undamaged sample; (b) 10 J im-
pacted sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; (f) 70 J 
impacted sample. 
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Figure 12. AU waveform for FFRP investigated at 45° for (a) Undamaged sample; (b) 10 J im-
pacted sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; (f) 70 J 
impacted sample. 
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Figure 13. AU waveform for FFRP investigated at 60° for (a) Undamaged sample; (b) 10 J im-
pacted sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; (f) 70 J 
impacted sample. 
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Figure 14. AU waveform for FFRP investigated at 90° for (a) Undamaged sample; (b) 10 J im-
pacted sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; (f) 70 J 
impacted sample. 
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Unlike CFRP, the signals for FFRP exhibit more dispersion. This increased dispersion 
can be attributed to the material properties of the natural fibre, which result in higher 
attenuation. Although FFRP follows a trend that is similar to CFRP, the peak amplitude 
and wave velocity for FFRP are significantly lower. Conversely, the TOA is higher for 
FFRP, indicating a delay in the wave propagation, due to increased material damping and 
scattering effects. 

For 0°, 30°, 45°, 60° and 90°, the peak amplitude decreases by 80.94, 87.15, 95.83, 94.28 
and 87.12%, respectively, from the undamaged state to the 70 J impact energy. This de-
crease in amplitude is less pronounced when compared with CFRP. For instance, at 0°, 
CFRP shows a reduction of 96.29% (Figure 5), while FFRP shows a reduction of 80.94% 
(Figure 10). The natural fibre, such as flax, absorbs the signal more, resulting in a less 
significant change in signal amplitude. However, an 80% change is still quite significant 
for characterising damage modes in natural FRP, using AU testing. 

The same trends are observed for wave velocity and TOA. The changes are quite 
significant, indicating that in natural fibre composites (NFCs), such as FFRP material 
properties cause higher attenuation and dispersion. These characteristics mean that TOA 
and wave velocity changes are more pronounced and variable, making them effective for 
detecting and characterising damage in natural fibres, using AUT [35]. The TOA increases 
from 288 µs (Figure 10a) to 1332 µs (Figure 10f) at 0°, establishing the impact of damage 
on signal propagation. This trend of increasing TOA with increasing impact energy is con-
sistent across other azimuthal angles in this current study, further demonstrating the sen-
sitivity of AU technique in assessing damage severity in natural FRP composites. 

The higher TOA values and lower wave velocities in FFRP, when compared with 
CFRP, underscore the importance of considering material-specific properties when em-
ploying AU technique for SHM. These observations highlight the effective application of 
AU waveform indices in detecting and characterising damage within FFRP laminates, of-
fering valuable insights for the design and maintenance of composite structures. 

Finally, Figures 15–19 present the AU waveform analyses for the carbon/flax HFRP. 
Observing the peak amplitude of the signals, for instance, the HFRP composite at 0° shows 
a peak amplitude of 2.30 V (Figure 15a), which lies between the values observed for CFRP 
(2.91 V, Figure 5a) and FFRP (1.627 V, Figure 10a). This trend is consistent across all azi-
muthal angles and impact loadings. 

One notable and interesting observation is that despite being a HFRP composite, as 
the azimuthal angle increases from 0° to 90°, the peak amplitude of the signal and the 
overall behaviour of the waveform shift from values characteristic of CFRP towards those 
of flax fibre. For example, at the 90°, the peak amplitude for the HFRP composite is 0.101 
V, which is very close to the value observed from FFRP at the same angle. This indicates 
that the influence of the flax fibre becomes more pronounced at higher azimuthal angles, 
leading to similar attenuation and dispersion effects. 

One possible explanation for this observed behaviour is the trade-off between elastic 
modulus and damping capacity in composite laminates, which is influenced by the fibre 
orientation [36,37]. Flax fibres, known for their superior damping properties, exhibit more 
pronounced damping effects as the orientation shifts from 0° to 90°. This shift alters the 
stiffness-damping relationship within the composite material. Consequently, as the 
damping properties become more dominant from 0° to 90°, the AU wave behaviour in-
creasingly resembles that of the flax fibre. This trend indicates that the damping capacity 
of flax fibres significantly impacts the AU waveform, leading to increased attenuation and 
dispersion, particularly at higher azimuthal angles. 

This shift in signal behaviour with increasing azimuthal angle highlights the complex 
interaction between the carbon and flax fibres within the hybrid composite. It suggests 
that the hybrid nature of the material introduces a blend of properties from both 



Appl. Sci. 2026, 16, 6313 22 of 39 
 

https://doi.org/10.3390/app16136313 

constituent fibres, resulting in unique wave attenuation and dispersion characteristics. 
These findings underscore the importance of considering the hybrid composition in the 
SHM of composites, as the AU waveform indices provide critical insights into the damage 
detection and characterisation capabilities of AU testing. 

 

 

Figure 15. AU waveform for HFRP composite investigated at 0° for (a) Undamaged sample; (b) 10; 
(c) 20 J; (d) 30 J; (e) 50; (f) 70 J; impacted sample. 
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Figure 16. AU waveform for HFRP composite investigated at 30° for (a) Undamaged sample; (b) 
10 J impacted sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; 
(f) 70 J impacted sample. 
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Figure 17. AU waveform for HFRP composite investigated at 45° for (a) Undamaged sample; (b) 
10 J impacted sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; 
(f) 70 J impacted sample. 
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Figure 18. AU waveform for HFRP composite investigated at 60° for (a) Undamaged sample; (b) 
10 J impacted sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; 
(f) 70 J impacted sample. 
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Figure 19. AU waveform for HFRP composite investigated at 90° for (a) Undamaged sample; (b) 
10 J impacted sample; (c) 20 J impacted sample (d) 30 J impacted sample; (e) 50 J impacted sample; 
(f) 70 J impacted sample. 
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3.2. X-Ray Micro-CT and SEM Analyses 

After the impact loading, fracture can occur due to the combination of various dam-
age modes. Thus, to check the severity after each loading, an X-ray µCT scan, SEM and 
visual inspection were carried out after each impact level to check for the damage types, 
including matrix cracking, fibre breakage, fibre pull-out, delamination and fibre–matrix 
debonding caused by each loading, and to determine the dominant damage modes after 
impact loadings at different levels. Some of the scanned images are shown later with a 
summary of their analyses. 

To start with, Figures 20–22 show the results of the visual inspection conducted on 
the impacted composite samples. The visual analysis indicates that the CFRP samples ex-
hibit substantial resistance to impact damage, as no visible damage is observed. There is 
mainly barely visible damage, maintaining structural integrity up to an impact energy of 
70 J. The hybrid carbon/flax/epoxy composites record similar resilience, although some 
signs of visible damage became evident at higher energy levels. In contrast, the flax/epoxy 
(FFRP) samples demonstrate progressive and significant visible damage as the impact en-
ergy increased, indicating lower resistance to mechanical stress when compared with the 
other two composites. 

Furthermore, X-ray µCT scans and SEM were used to examine internal damage 
mechanisms. CFRP composites show matrix cracking and delamination at lower impact 
energies, progressing to fibre pull-out and breaking at higher impact energies. FFRP com-
posites display matrix cracking, debonding and delamination, with significant damage at 
higher impact energies. Hybrid composites demonstrate a combination of damage mech-
anisms, including matrix cracking, delamination, fibre breaking and pull-out, indicating 
the complexity of damage modes in the materials. 

At higher impact energies of 50 (Figure 23) and 70 J, a more complex combination of 
damage modes is observed in the CFRP laminate. These include both matrix and fibre 
damage responses, with fibre pull-out and fibre breaking becoming predominant. Fibre 
pull-out occurs when the fibres are partially displaced from the matrix, indicating a sig-
nificant loss of load transfer capability between the fibres and the matrix. 

 

Figure 20. Visual inspection, showing front and rear views of CFRP at (a) 20, (b) 30, (c) 50 and (d) 
70 J. 
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Figure 21. Visual inspection, depicting front and rear views of FFRP at (a) 20, (b) 30, (c) 50 and (d) 
70 J. 

 

Figure 22. Visual inspection, showing front and rear views of HFRP composite at (a) 20, (b) 30, (c) 
50 and (d) 70 J. 

At an impact energy of 70 J, the damage mechanisms on FFRP composites are more 
complex, with fibre pull-out and delamination being the most prominent, as shown in the 
X-ray µCT micrograph in Figure 24. The SEM image after a 30 J impact (Figure 25a) on the 
HFRP composite shows the clusters of resin-rich zones and a good amount of delamina-
tion with some fibre pull-outs as well. The SEM image (Figure 25b) of the FFRP after a 30 
J impact shows severe debonding and delamination. The magnification at 26×, with a scale 
bar of 1 mm, highlights the extensive separation between fibres and matrix, indicating 
significant structural compromise due to the impact. 
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Figure 23. X-ray µCT scan after impact energy of 50 J on CFRP composite sample. 

 

Figure 24. X-ray µCT image after impact energy of 70 J on FFRP composite sample. 

  
(a) (b) 

Figure 25. SEM images of (a) carbon/ flax HFRP and (b) FFRP composites after impact energy of 30 
J. 

Table 2 presents a concise overview of the damage progression for each composite 
sample at different impact energy levels, summarising how each material responds to in-
creasing impact energies. 
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Table 2. Summary of impact energy and corresponding damage modes for carbon, flax, and hybrid 
composite material. 

Impact 
Energy (J) 

CFRP) FFRP HFRP 

10 Minor matrix cracking Matrix cracking Matrix cracking 

20 Matrix debonding 
Matrix cracking 

Initial delamination 
Delamination 

30 Delamination 
Dominant Delamination 

Dominant Delamination 
Initial Fibre Breaking 

50 
Fibre pull-out Fibre breaking Fibre breaking 
Fibre breaking Perforation Continued delamination 

70 Severe fibre breaking 
Fibre pull-out Severe fibre pull-out 

Severe Delamination Fibre Breaking 

The damage progression summarised in Table 2 provides a physical basis for inter-
preting the AUWI trends. At lower impact energies, the dominant damage modes were 
matrix cracking, matrix debonding and initial delamination. These defects interrupt the 
continuity of the polymer–matrix and fibre–matrix interface, producing measurable re-
ductions in peak amplitude and wave velocity. At higher impact energies, the damage 
state became multi-mechanistic, with fibre pull-out, fibre breakage, perforation and severe 
delamination introducing stronger scattering, reflection, attenuation and local stiffness 
degradation along the propagation path. The progressive reduction in AUWI1 and 
AUWI2 is therefore consistent with the transition from matrix-dominated damage to fi-
bre- and delamination-dominated damage observed through visual inspection, X-ray mi-
cro-CT and SEM analyses. 

The classifications of “initial” and “dominant” damage modes in Table 2 are based 
on qualitative interpretation of visual inspection, X-ray µCT and SEM observations, where 
“initial” refers to the first observable occurrence of a damage mode and “dominant” refers 
to the most visually and microscopically evident damage mechanism within the inspected 
region. 

3.3. Extended Quantitative Analysis (AUWIs Correlated with Damage Severity) 

In this study, both time-domain and frequency-domain parameters are utilised to 
comprehensively characterise damage, using AU testing. By examining a wide range of 
parameters, the study aimed to establish correlations with damage severity under con-
trolled experimental conditions effectively. A clear trend is observed in the peak ampli-
tude of the AU waveform and wave velocity within the studied frequency range, with 
changes in AUWI1 (peak amplitude) and AUWI2 (wave velocity), serving as indicators of 
damage severity. These indices are normalised by their undamaged state values and plot-
ted against different impact energies to represent various damage levels. 

AUWI3 measures the energy content, represented by the area under the power spec-
tral density (PSD) distribution function. AUWI4 assesses the central frequency, or the en-
ergy-weighted average frequency, of the AU wave, using the entire PSD of the received 
wave for calculation. AUWI5 evaluates the skewness of the PSD distribution, indicating 
the anisotropy of the medium. A single peak in the power spectrum suggests resonance, 
whereas a flat spectrum indicates white noise. For Lamb waves propagating in an aniso-
tropic and heterogeneous medium, the power spectrum lies between resonance and white 
noise. A skewness value (AUWI5) greater than 1.0 signifies significant skewness in the 
frequency content distribution, reflecting the anisotropic nature of the medium. 

To avoid repetition in the material-specific AUWI discussion, the main percentage 
variations and adjusted R2 trends are consolidated in Table 3. The subsequent discussion 
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focuses on the most relevant material-specific observations, while the comparative inter-
pretation is developed in Section 3.4. 

Table 3. Consolidated percentage variation and adjusted R2 summary for AUWIs across CFRP, 
FFRP and HFRP composites. 

Material AUWI 
Most Sensitive 

Azimuthal  
Angle 

Maximum  
Percentage 

Change 

Adjusted R2 
Trend 

Interpretation 

CFRP 

AUWI1 Peak amplitude 0° 95.53% decrease High Strong attenuation response 

AUWI2 Wave velocity 0° and 45° 74.68% decrease Highest overall 
Strong stiffness-sensitive re-

sponse 

AUWI3 Energy content 60° and 90° 93.75% decrease 
Moderate to 

variable 
Direction-dependent energy 

loss 
AUWI4 Centroid fre-

quency 
90° 22.22% decrease Lower Limited standalone sensitiv-

ity 

AUWI5 Skewness factor 90° 23.81% increase Variable Frequency asymmetry de-
scriptor 

FFRP 

AUWI1 Peak amplitude 45° 94.94% decrease High but varia-
ble 

Strong attenuation response 

AUWI2 Wave velocity 0° 73.72% decrease High Strong damage-sensitive re-
sponse 

AUWI3 Energy content 45° 88.00% decrease Moderate Energy loss affected by 
damping 

AUWI4 Centroid fre-
quency 

90° 14.28% decrease Lower Limited standalone sensitiv-
ity 

AUWI5 Skewness factor 45° and 60° 35.24% increase Variable 
Heterogeneity-sensitive de-

scriptor 

HFRP 

AUWI1 Peak amplitude 30° 98.69% decrease High 
Strong hybrid attenuation re-

sponse 
AUWI2 Wave velocity 45° 81.56% decrease High Strongest velocity response 

AUWI3 Energy content 90° 84.00% decrease 
Moderate to 

low 
Direction-dependent energy 

loss 
AUWI4 Centroid fre-

quency 30° 31.63% decrease Variable 
Spectral redistribution de-

scriptor 

AUWI5 Skewness factor 45° 44.23% increase Variable 
Strong frequency asymmetry 

response 

The AUWIs for CFRP were evaluated (Figure 26) at azimuthal angles of 0°, 30°, 45°, 
60° and 90° across various impact energies of 10 to 70 J and regression analysis was per-
formed to check for their linearity. For CFRP composites, AUWI1 and AUWI2 exhibited 
the clearest damage-sensitive trends with increasing impact energy. Peak amplitude 
showed the strongest reduction at 0° and 30°, indicating that attenuation was most pro-
nounced when the wave propagated along or close to the principal fibre direction. Wave 
velocity also decreased substantially, particularly at 0° and 45°, supporting its sensitivity 
to stiffness degradation and damage-induced discontinuities in the propagation path. 
AUWI3 showed substantial energy loss at higher azimuthal angles, while AUWI4 and 
AUWI5 exhibited smaller or more variable changes. 
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Figure 26. AUWIs for CFRP composites at (a) 0°, (b) 30°, (c) 45°, (d) 60° and (e) 90° azimuthal angles. 

Figure 27 depicts the AUWIs for FFRP composite at various azimuthal angles of (a) 
0°, (b) 30°, (c) 45°, (d) 60° and (e) 90°. For FFRP composites, the AUWI trends reflected the 
higher damping and attenuation characteristics of the natural fibre laminate. AUWI1 
showed a strong reduction, particularly at 45°, while AUWI2 decreased most strongly at 
0° and 30°. These results indicate that both amplitude loss and velocity reduction are 
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sensitive to impact-induced degradation in FFRP. AUWI3 also showed notable energy 
reduction, consistent with the higher wave absorption capacity of flax fibre composites. 
However, AUWI4 and AUWI5 showed more variable responses with azimuthal angle, 
indicating that frequency-domain features are influenced by the heterogeneous and 
damping-dominated nature of the natural fibre architecture. 

 

 

Figure 27. AUWIs for FFRP composites at (a) 0°, (b) 30°, (c) 45°, (d) 60°and (e) 90° azimuthal angles. 
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Figure 28 shows the AUWIs for the HFRP composite at different azimuthal angles of 
(a) 0°, (b) 30°, (c) 45°, (d) 60° and (e) 90°. For HFRP composites, AUWI1 and AUWI2 again 
provided the strongest indicators of increasing impact severity. Peak amplitude showed 
the highest reduction at 30°, while wave velocity showed the greatest reduction at 45°. 
This reflects the combined influence of carbon fibre stiffness and flax fibre damping within 
the hybrid laminate. AUWI3 showed direction-dependent energy loss, while AUWI4 and 
AUWI5 captured spectral redistribution and increased frequency-domain asymmetry, 
particularly at intermediate azimuthal angles. These results suggest that the hybrid archi-
tecture produces a more complex wave response than CFRP or FFRP alone, making com-
plementary waveform descriptors useful for interpretation. 

 

 

Figure 28. AUWIs for HFRP composite at (a) 0°, (b) 30°, (c) 45°, (d) 60° and (e) 90° azimuthal angles. 
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3.4. Comparative Analysis of AUWIs for CFRP, FFRP and HFRP Composites 

The AUWIs for CFRP, FFRP and HFRP composites were evaluated at azimuthal an-
gles of 0°, 30°, 45°, 60° and 90° across various impact energies from 10 to 70 J. 

For AUWI1 (Peak Amplitude), CFRP composite shows the most significant decrease 
at 0° (95.53%) and 30° (93.34%), indicating high sensitivity to impact damage near the fibre 
orientation. FFRP exhibits the greatest reduction at 45° (94.94%), suggesting higher sensi-
tivity to damage when aligned with the fibre orientation. HFRP composite shows substan-
tial decreases at 30° (98.69%) and 45° (93.27%), indicating high sensitivity to impact dam-
age. 

AUWI2 (Wave Velocity) reveals that CFRP composite had the largest reductions at 
0° (74.68%) and 45° (71.55%), showing the orientations that are more susceptible to veloc-
ity changes. FFRP composite exhibits significant decreases at 0° (73.72%) and 30° (66.99%), 
highlighting sensitivity to damage. HFRP composite sample has the most considerable 
decrease at 45° (81.56%). 

AUWI3 (Energy Content) demonstrates that CFRP has the highest reductions at 60° 
(93.75%) and 90° (92.86%), indicating substantial energy loss due to damage. FFRP records 
significant reductions at 30° and 45° (86% and 88%, respectively), while HFRP composite 
shows the most significant decreases at 45° (74%) and 60° (80%). 

AUWI4 (Central Frequency) generally shows the smallest percentage of decrease, in-
dicating less sensitivity to damage across all the composite samples. The highest reduction 
is observed in HFRP composite at 30° (31.63%). 

AUWI5 (Skewness of PSD Distribution) increases with higher impact energies, with 
the most significant changes in HFRP composite at 45° (44.23%) and 60° (33.33%), reflect-
ing its higher anisotropy and heterogeneity. 

It should be noted that AUWI3, AUWI4 and AUWI5 did not show consistently high 
adjusted R2 values across all material types and azimuthal angles. Therefore, these indices 
should not be interpreted as universally reliable standalone damage severity indicators. 
Their inclusion in the present study is justified because they provide complementary 
physical information about the received AU signal. AUWI3 represents the transmitted en-
ergy content and is related to attenuation and energy loss. AUWI4 describes redistribution 
of the spectral content, while AUWI5 reflects asymmetry of the frequency distribution 
associated with anisotropy and heterogeneous wave–damage interactions. 

The lower adjusted R2 values observed for some material–angle combinations indi-
cate that these indices may have non-linear, direction-dependent or material-dependent 
responses to impact damage. This behaviour is particularly relevant in natural and hybrid 
FRP composites, where fibre–matrix heterogeneity, damping capacity and attenuation ef-
fects can strongly influence the received waveform. Therefore, AUWI3, AUWI4 and 
AUWI5 are retained as supplementary descriptors of damage-sensitive waveform behav-
iour, while AUWI1 and AUWI2 are treated as the more consistent indices for linear dam-
age severity tracking within the present experimental framework. 

4. Conclusions and Future Perspectives 
The results presented in this study indicate that the proposed AUWI methodology 

successfully establishes clear correlations between acousto–ultrasonic waveform indices 
and impact damage severity in CFRP, FFRP and HFRP composite samples. Unlike con-
ventional NDE techniques, which are often limited to detecting the presence and spatial 
extent of damage, the proposed methodology provides a quantitative basis for assessing 
impact damage severity. Previous approaches, such as the stress-wave factor (SWF), have 
shown empirical correlations with tensile strength; however, such correlations do not al-
ways provide a direct physical link with progressive damage modes, particularly when 
laminate layup, fibre orientation and loading direction influence the damage response. 
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The present study addresses these complexities by combining AUT with X-ray µCT 
and SEM observations. The image-based analyses confirmed that varying impact energies 
induced different damage modes across the investigated FRP composites. At lower impact 
energies, matrix cracking and early-stage delamination were more evident, whereas 
higher impact energies produced more severe damage modes, including extended delam-
ination, fibre breakage, fibre pull-out and fibre–matrix debonding. 

The observed correlation between AUWIs and impact energy suggests that AUWIs 
can effectively characterise the response of different composite materials to externally ap-
plied AU impulses. This is significant because impact energy represents an integrated 
measure of damage introduced into the affected material volume, while AUWIs reflect 
stress-wave interaction with the damaged volume between the transmitting and receiving 
sensors. Although a complete theoretical model directly linking each AUWI to a specific 
impact damage mode is not currently established, the empirical relationship between AU-
WIs and impact damage severity provides a practical basis for AUT-based inspection and 
maintenance of composite structures. 

Regression analysis further confirms the effectiveness of selected AUWIs. AUWI1, 
corresponding to peak amplitude, and AUWI2, corresponding to wave velocity, exhibited 
the highest adjusted R2 values across the tested composite samples. In particular, AUWI2 
demonstrated adjusted R2 values of approximately 0.90 ± 0.06 for CFRP, 0.88 ± 0.06 for 
FFRP and 0.85 ± 0.07 for HFRP composites, indicating a strong linear correlation with in-
creasing impact severity and consistent sensitivity across different composite materials. 
AUWI1 also showed strong performance, with adjusted R2 values above 0.80 in all com-
posite material systems, supporting its role as a supplementary damage-sensitive indica-
tor. Although AUWI3 showed reduced linearity because of energy dissipation effects, 
AUWI4 and AUWI5 exhibited useful responses at selected azimuthal angles, particularly 
for HFRP composites, indicating their potential as additional descriptors under specific 
material and directional conditions. 

Overall, within the scope of the present linear regression-based analysis, AUWI2 
demonstrated the most consistent linear association with increasing impact energy across 
CFRP, FFRP and HFRP composite samples. This suggests that wave velocity is a robust 
damage-sensitive parameter for the investigated experimental conditions. This interpre-
tation is physically reasonable because wave velocity is influenced by the effective stiff-
ness and continuity of the wave-propagation path, both of which are affected by matrix 
cracking, delamination, fibre breakage and fibre–matrix debonding. However, this con-
clusion should be interpreted within the limitations of the present study, as the compari-
son was based primarily on adjusted R2 values obtained from individual linear regression 
models. No multivariate model-selection procedure, such as AIC, BIC or combined-fea-
ture classification, was applied in the present work. Therefore, AUWI2 is identified here 
as the most consistent single waveform index for linear damage severity tracking, rather 
than as an exclusive or universally superior damage indicator. 

Although AUWI3, AUWI4 and AUWI5 exhibited lower adjusted R2 values at some 
azimuthal angles, these indices were retained because they provide complementary phys-
ical information regarding transmitted energy, spectral redistribution and frequency-do-
main asymmetry. Their lower linearity indicates that they may not be suitable as 
standalone severity indicators across all material systems and propagation directions. 
However, they remain useful supplementary descriptors, particularly for complex natural 
and hybrid composites where attenuation, dispersion and heterogeneous fibre–matrix in-
teractions influence the received signal. 

Future work should consider multivariate statistical models, combined AUWI fea-
ture sets, machine learning classifiers and information criteria such as AIC and BIC to 
evaluate whether a combination of waveform indices provides stronger predictive 
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performance than any single AUWI. This would further improve the robustness of AUT-
based damage severity assessment for composite structures under complex in-service 
loading conditions. 

Future research should also focus on investigating the relationship between physical 
damage severity and the corresponding AU material response. This would improve the 
predictive capability of the AUWI methodology and support the development of robust 
tools for real-time, in-field monitoring and maintenance of advanced composite struc-
tures, including wind turbine blades, aerospace components and automotive structures. 

It should also be noted that the image-based observations in the present work were 
primarily used to validate the dominant damage mechanisms rather than to perform full 
three-dimensional segmentation of crack length, delamination area or damaged volume. 
Future work will combine AUWI extraction with quantitative X-ray µCT image segmen-
tation to establish direct numerical relationships between wave velocity reduction, trans-
mitted energy loss and geometric damage descriptors such as delamination area, crack 
density and damaged volume fraction. 

Although the present study demonstrates the potential of AUT-based waveform in-
dices for quantifying impact damage severity in CFRP, FFRP and HFRP composite lami-
nates, the results should be interpreted within the limitations of a controlled laboratory-
scale investigation. The experiments were conducted on coupon-scale composite plates 
under controlled impact energies, fixed sensor spacing, controlled coupling conditions 
and selected azimuthal propagation directions. Therefore, the proposed methodology 
should be considered as a controlled validation of an AUWI-based damage severity 
framework rather than a fully field-deployable structural health monitoring system at this 
stage. The transfer of this approach to realistic wind turbine blade composites, aerospace 
components and other large-scale engineering structures will require further validation, 
because full-scale structures introduce additional complexities, including structural cur-
vature, variable thickness, complex laminate stacking sequences, stiffeners, adhesive 
joints, boundary-condition effects, temperature and humidity variation, operational vi-
bration, sensor bonding durability and in-service noise. These factors can influence stress-
wave propagation, attenuation, dispersion, time-of-arrival estimation and the repeatabil-
ity of AU waveform indices. Consequently, future work should validate the proposed 
AUWI-based framework on larger and more representative composite structures, includ-
ing wind turbine blade composite subcomponents with representative curvature, thick-
ness variation and service-like loading conditions. 
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