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Žaneta Stasiškienė 5 and Egidijus Žukauskas 1

1 Ultrasound Research Institute, Kaunas University of Technology, K. Baršausko St. 59,
LT-51423 Kaunas, Lithuania; lina.draudviliene@ktu.lt (L.D.); egidijus.zukauskas@ktu.lt (E.Ž.)

2 Metrology Institute, Kaunas University of Technology, Studentų St. 50, LT-51368 Kaunas, Lithuania;
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Abstract: The Lamb waves are named one of the promising solutions for future wind turbine blade
(WTB) failure prevention. The compliance with safety assurance of WTBs by detecting structural
changes during the manufacture and performing their monitoring during the service life are effective
tools for environmental sustainability. This work presents the basic characteristics of Lamb waves
and highlights two main unusual limitations—the dispersion and an infinite number of modes—as
a great challenge that complicates the application of such waves. This requires the investigation
and development of new signal processing methods (SPMs) for conducting accuracy assessments
according to the requirements of ISO 17025. The general principles for the accuracy assessment of the
signal processing methods applied to evaluate the dispersion of Lamb waves are presented here, and
a suitable procedure for estimation of errors and uncertainties is proposed. These should facilitate
the verification analysis of any signal processing method used for the dispersion evaluation of Lamb
waves. This information allows determining parameters that define the measurement reliability
and facilitates the application and utilisation of the proposed methods and their choice. Moreover,
it is a necessary prerequisite for setting reliable testing, inspecting, and monitoring standards for
WTBs certification.

Keywords: ultrasonic Lamb waves; wind turbine blades; waste prevention; environmental
sustainability; method reliability

1. Introduction

Wider use of clean and renewable energy resources, which ensure near-zero green-
house gas emissions, as opposed to burning fossil fuels, is a way to ensure future sustain-
ability worldwide. The European Union (EU) has approved policies that aim to raise the
total energy generation from renewables across the EU by 2030 to 27%, and many govern-
ments and corporations have pledged to use only clean energy by 2050 [1–4]. Recently,
wind energy has been identified as one of the most sustainable, mature, environmentally
friendly, cheapest, and commercially developed renewable energy sources. Based on the
technical, economic, social, and environmental criteria, the evaluation index system of
a wind farm was established [5,6]. As a result, a large number of wind farms are being
installed, and their number is constantly growing [7–9]. The wind farms in Europe have
generated 458 TWh of electricity and covered 16% of the electricity demand in 2020. Ap-
proximately 220 GW of wind power capacity are installed in Europe, but it is expected
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that Europe will be able to use 105 GW of the new wind power capacity installed over
the next five years [10]. In addition, the rapid development of technology is changing the
geometry and capacity of wind turbines. Combining a bigger rotor, longer blades, and
higher capacity factor allows generating more power. Thus, the blade length has been
prolonged from 18 m in a 0.1 MW turbine in the year 1985 to around 107 m in a 12 MW
offshore turbine in the year 2017 [11,12]. However, this development means that the world
faces an environmental challenge due to the increasing number of WTBs being replaced
and the mass of decommissioned WTB composite material.

In recent decades, since 1958, when the WTB was first made of glass fibre-reinforced
plastic (GFRP), composite materials have become widely used in the manufacture of
WTB [13,14]. Glass fibre plastics (GFRPs) and carbon fibre-reinforced plastics (CFRPs)
are commonly used in the manufacture of WTBs and constitute the majority of the blade
material [15]. Due to the specific stiffness and strength, superior fatigue and corrosion
resistance, and flexibility in design and manufacturing, the utilisation of these materials
has increased significantly and keeps constantly increasing [13–15]. Such properties were
achieved by curing composites. Then the polymers became cross-linked; however, this
process is irreversible and complicates recycling such material [13]. Typically, the service
life of the WTBs is approximately 20–25 years; after this term passes, they should be
renewed, or their service life expires [16]. Various factors influence the expiration of the
service life of WTB, for instance, defects occurring during the manufacture of WTBs and
their operating service life. About 85% of turbine components such as steel, copper wire,
electronics, and gearing can be recycled or reused [3]. However, the WTBs consist of
different materials and elements: the complex fibre composites with multilayer structures
bonded by an adhesive. Separating such materials is an extremely difficult task [17,18]. The
study conducted in Sweden shows that significant waste amounts of WTBs will arise in
the future [19]. The waste of blade material is expected to grow, with ~12% increase per
year until around 2026, and then 41% per year until 2034, reaching 28,100 tons [19]. With
the number of WTBs disposal increasing, most of them are left to accumulate in landfills
or some blades are burned [3,17]. According to the ‘Waste Framework Directive’ of the
European Union, waste prevention is a preferred option, and sending waste to landfills
should be the last resort [20]. The waste hierarchy according to the ‘Waste Framework
Directive’ of the European Union [7] is presented in Figure 1.
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For this reason, inspection and maintenance activities should be applied to extend
the service life of turbines. [9]. During the production, it is necessary to carry out tests,
inspections, and monitoring, as well as to install the service phase [21]. The prevention
maintenance should be realised on a regular basis for a reliability-and-risk inspection strat-
egy [17]. Thus, the long-term goal is to develop reliable methods for testing, verification, and
monitoring, which could estimate the severity of damage to the residual life of WTBs [11].
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However, due to the very complex WTB construction, which consists of different layers
with different thicknesses and the anisotropic materials used in their manufacturing, the
WTBs are difficult to monitor. Generally, the research in WTB is based on nondestructive
testing (NDT), which is used for fault detection and diagnosis. Because NDTs can detect
both surface and internal faults in WTBs, it is applied in structural health monitoring (SHM)
systems for solving the preventive maintenance tasks for safety and failures [22]. Therefore,
numerous different techniques, algorithms, and structural health monitoring devices for
damage detection and identification of potential failure of WTBs have been developed over
the last decades. The SHM of blades can be performed applying strain measurements (strain
gauges, fibre optic cables, photogrammetry with full-field strain measurement), fatigue
and modal properties monitoring, ultrasonic methods, acoustic emissions, thermography,
impedance techniques, embedded conductive nanoscale particles, etc. [23–25].

Acoustic emission (AE) can be a very informative diagnostic tool for detecting early
damage events but requires a high number of distributed sensors and has a high sensitivity
to background noise. However, embedded at the root of the blades can be an effective tool to
monitor the overall structural integrity of the blades [26]. Even though active thermography
is fast and cost effective, using it for large structures is impractical due to active external
heating. The passive thermography under lab conditions under fatigue testing can be very
effective to detect various types of progressive damage remotely, but incorporating such
external factors as solar radiation, variation of environment temperatures, wind, etc., in real
conditions [27] is still challenging. Strain measurements can reflect the overall accumulated
damage of the blade due to the stiffness loss, but it limits the possibility to indicate critical
structural failure [28].

The ultrasonic technique is mostly used in NDT, and one of the promising tools of
the ultrasonic technology is based on Lamb waves and applied in both NDT and SHM
task solutions [11,22]. Lamb waves are used for detecting structural changes during
WTB production and applied in monitoring structural changes during the service life of
WTB [22,29]. Such a wide range of Lamb wave applications lies in their unusual properties
and behaviour. Properties such as an infinite number of modes and the ability to propagate
long distances extend the application areas of such waves. One of the key points of the
proposed approach is the property of Lamb waves to propagate large distances with a
small attenuation. Leakage losses of Lamb waves in WTB structures are very low as well;
therefore, it is possible to investigate large areas of structures in a quick and reliable way. On
the other hand, such properties as dispersion, infinite number of modes, the convergence
of modes, and interlaced modes affect the changes in propagating signal and complicate
the use of such waves. As a result, the common signal processing methods (SPMs) are not
suitable for the analysis of Lamb wave signals. In order to acquire the required information,
specific algorithms should be developed [22], which could recognise and separate different
modes of Lamb waves in the whole wave train of the signals. That is why developing new
signal processing methods is an important and necessary task. However, the development
and implementation of new signal methods is an ambitious task, as it should include not
only the creation of an algorithm and its study using different types of objects but also
evaluation of their reliability. In accordance with the protocols and requirements specified
in [30,31], each measurement method must be reliable, accurate, and precisely tailored to
the intended purpose. Thus, the feasibility of the proposed method should be executed after
its development to determine the performance characteristics [32]. The basic characteristics
developed for assessing the reliability of the SPMs and the influence factors of the combined
uncertainty should be indicated. The presentation of such information would facilitate
the application and utilisation of the proposed methods and their choice for completing a
certain task.

The main goal of this work is to present Lamb waves as one of the most promising
tools for safety assurance of WTBs that detect defects during manufacture and perform
monitoring of structural changes during the WBTs service life. In addition, to demon-
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strate that the special SPMs are used for the analysis of Lamb waves signals only in the
investigation stage in order to develop standards for WTBs certification.

The work aims to:

- Highlighting the main shortcomings of the SPMs used for the analysis of Lamb waves
that complicate the preparation process of reliable testing, inspection, and monitoring
standards for WTBs certification.

- Present the main conditions and impact factors of the combined uncertainty, which are
necessary to be performed for the verification and accuracy assessment of the SPMs
according to the requirements of ISO 17025.

The arrangement of the article is organised as follows. Typical defects in the construc-
tion of the WTB and methods for safety and quality assurance based on ultrasonic Lamb
waves are presented in Section 2. Section 3 presents the results related to limitations of
Lamb waves application and reliability evaluation of SPMs. The concluding remarks are
presented in the Section 4.

2. Materials and Methods
2.1. Defects of WTBs and Detection Methods
2.1.1. Defects

The main requirement for WTBs is the long fatigue life. Therefore, the structure has to
sustain 108–109 load cycles before failure if the turbine is designed for 25 years of opera-
tion [33]. Taking that into account, the polymer composites, which are made of strong, stiff,
lightweight, corrosion-resistant, dielectric materials, are the most practical and prevalent
choice for the manufacture of the WTBs [33]. However, due to the ever-increasing WT
dimensions of blades, the gravity and inertia loads keep dominating against aerodynamic
loads. The gravity loads being reversible per each rotation cycle are significant sources
of WTBs fatigue damage, while the aerodynamic loads are responsible for the generated
energy. Therefore, to reduce the weight of the WTBs, the complex design from fibre com-
posites with sandwich structures joined by adhesive bonding is used. Usually, WTBs are
made from glass fibres/epoxy composites and polymer foams or balsa wood sandwich
structures [17,19,33]. Natural composites and hybrid composites adding carbon, aramid,
or basalt fibres are also possible [34]. Another important aspect worth paying attention to
when choosing materials for blades is sustainability which affects the new trend to use more
easily recyclable thermoplastic resins [35,36]. Production defects, transportation and instal-
lation damages, and irregular loading, including cyclic stresses, moisture and temperature
variations, lighting strikes, and bird impact, cause complex processes of damage formation
and an increasing number of damages and a variety of failure mechanisms [37,38]. Different
degrees of blade failures take about 5% of total wind turbine faults [39]. Debel [37] identi-
fied different types of damage of WTBs: skin/adhesive debonding, adhesive joint failure
between skins, sandwich debonding, delamination driven by buckling, splitting along
fibres, gelcoat cracking, and gelcoat/skin debonding. The damages of composite materials
can be classified as surface erosion, nonstructural damages, and delamination; structural
damages as adhesive layers debonding and fibre failure [33]. The common damage modes
in WTBs are shown in Figure 2.

Production defects such as wrinkles, fibre misalignments, and voids can cause inde-
pendent or interactive damage growth and initiation of failure mechanisms such as matrix
cracking with fibre bridging, interface cracking, fibre fractures, translaminar cracking,
delamination, debonding, micro buckling, etc. [40]. Not all defects proceed with failure
problems during the estimated lifetime; thus, the ability to reliably predict the damage
growth mechanism remains important. Prediction of the damage accumulation and fatigue
life can be based on different approaches such as empirical or micromechanical modelling,
while the degradation depends on the stress–strain state at the defect zone.
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2.1.2. Methods for Safety and Quality Assurance

During the manufacture of the WTBs, it is very important to ensure quality control and
avoid various internal defects. Such flaws can be revealed quickly, reliably, and effectively
using the Ultrasonic NDT [11,41,42]. The Ultrasonic Testing (UT) is named one of the most
versatile techniques directly related to mechanical properties of the object, sensitive to any
changes, enabling extraction of detailed information (e.g., the determination of the depth
of the defect) and leading to certification [43–45]. Moreover, it is important to identify the
structural or mechanical problems in real time to avoid any blade failures and to ensure
the safety of on-site operating WTs, extend the service life, and reduce the number of
temporary suspensions of WTs during the inspection by NDT personnel [11]. For that
purpose, the SHM technique with permanently installed transducers is being effectively
exploited to perform continuous monitoring and data acquisition, informing a remotely
located operator in case of defect appearance [11,46]. The mentioned advantage of SHM
significantly reduces the risk of the overall turbine failure, which could occur between
the regular intervals of conventional NDT and undetected evolving critical defects. The
schematic diagram of the safety and quality assurance of WTBs during manufacturing
(application of NDT) and on-site operation (application of SHM) is presented in Figure 3a.
In the case of SHM application, the transmitting ultrasonic transducer TR1 and three
receiving ultrasonic transducers RC1, RC2, RC3 are presented in Figure 3b. All transducers
are permanently fixed on the surface of the sample. In the case of NDT application, the
attached and mechanically scanned pair of transmitting (TR) and receiving (RC) ultrasonic
transducers are presented in Figure 3c.

During the last decade, the WTBs geometry and materials were changed; the blade
shapes are significantly increasing in size, and the complex design from fibre composites
with sandwich structures joined by adhesive bonding is used for their manufacturing.
These changes create new challenges for the WBTs quality control. Regarding that, new
testing, inspecting, and monitoring methods are essential in all manufacturing, installation,
and service stages [11].

Thus, ultrasonic Lamb waves are identified as one of the promising tools to address
the quality control tasks of WTB by NDT, and SHM as the potential prevention tool.

2.2. Lamb Waves

The Lamb waves are one of the types of Ultrasonic Guided Waves (UGW), and they
have been known for over a hundred years since H. Lamb discovered them [47]. The
Lamb waves propagate in a solid plate with traction-free boundaries, which refers to the
elastic displacements [48]. There are two distinct dispersive types of guided waves in a
plate with traction-free boundaries: longitudinal waves having symmetric displacements
to the centre of the plate and transverse waves having antisymmetric displacements [48].
Compared to traditional ultrasonic technologies, the following useful properties of Lamb
waves propagated in solid media can be distinguished, such as:
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• The high sensitivity to the properties of the material. Due to this, such waves are used
for the inspection of objects of various types, materials, and geometry to determine the
changes in the structure, such as defects, delaminations, fatigue cracks, disbonding,
corrosion, and others [49,50].

• Sensitive to cracks at different depths. Depending on the selected mode wavelength,
which should be less than the spatial dimensions of the internal defect, the defects
are then detected [49]. Using such waves in the lower frequency range, the sym-
metric S0 mode possesses sensitivity to deep subsurface defects and the A0 mode to
surface cracks.

• The ability to propagate over the entire thickness of the object in a relatively long
distance (up to 100 m) with low attenuation and fast propagation speed [51].

• The early degradation of materials, the evaluation, and detection of early damage
inside the structure are obtained faster, more economically, and more sensitively by us-
ing such waves [52]. Due to these properties, the usefulness of the Lamb waves in NDT
and SHM is actively discussed, and their applicability is constantly being explored.

Despite the valuable properties, the Lamb waves have unusual limitations: dispersion
phenomenon (the velocity as a function of frequency), infinite number of modes, the
convergence of modes, modes interlaced, mode splitting due to edges, scattering, and
others that make their application difficult.

In order to more accurately explain the properties of the Lamb waves, the dispersion
curves obtained by the semianalytical finite element (SAFE) method and the experimentally
obtained Lamb wave signals are used.
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2.2.1. Calculation of the Dispersion Curves

The WTB example is used to better understand and explain the unusual limitations of
Lamb waves and show the difficulties encountered in performing defect measurements.
First, in order to understand the structure of the analysed object and its complexity, the
geometry parameters of the WTB should be presented. The cross-sectional view of the
WTB structure is sown in Figure 4a, the simplified model of the structure in Figure 4b.
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The whole WTB is made of a composite structure, which consists of several material
layers with different geometry and material properties. Generally, the WTB consists of the
surface layer, epoxy, and unidirectional GFRP. Each main layer is of a different thickness
Figure 4b. Other features: the WTB skin and main spar consist of several GFRP plies,
with orientations of 0◦/90◦/+45◦/−45◦/0◦ and +45◦/−45◦, respectively. Thus, the second
parameter that is especially important and is used in the study of WTB is the elastic
properties of the whole object. The elastic properties are used to describe the theoretical
dispersion curves, which are used to obtain comparable results. The main parameters are
density (ρ) and elastic constants as Young’s modulus (E) and Poisson’s ratio (υ). Generally,
the manufacturers provide the elastic properties of the individual layers, as presented
in Table 1 [53]. Then, using the analytical or semianalytical methods, the Lamb waves
dispersion features of the whole object are obtained.

Table 1. GFRP material properties used in modelling.

Parameters Numerical Value

Paint (Surface layer):
Density (ρ) 1270 kg/m3

Young’s modulus (E) 4.2 GPa
Poisson’s ratio (υ) 0.35

Unidirectional GFRP layer:
Density (ρ) 1828 kg/m3

Young’s modulus (E1) 42.5 GPa
Young’s modulus (E2) 10 GPa

Poisson’s ratio (υ12) 0.26
Poisson’s ratio (υ23) 0.4

In-plane shear modulus (G12) 4.3 GPa
Epoxy:

Density (ρ) 1260 kg/m3

Young’s modulus (E) 3.6 GPa
Poisson’s ratio (υ) 0.35

The dispersion curves of the phase and group velocities of Lamb waves propagating
in the WTB are theoretically calculated by the SAFE method according to the given elastic
properties (Table 1) and geometry parameters (Figure 4b). The SAFE method, in more
detail, is presented by other authors [54,55] and is based on the plane wave propagation in
a plate using one-dimensional discretisation.

The plate is divided into a finite number of layers, each of which is described by three
nodes in the one axis direction. In the second axis direction, it is assumed that the plate is
infinite. The calculation is carried out up to 250 kHz for both phase and group velocities
and presented in Figure 5a,b accordingly.
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Figure 5. Dispersion curves of the phase (a) and group (b) velocities up to 250 kHz calculated by the
SAFE method.

The calculated dispersion curves clearly show the dispersion phenomenon (the ve-
locity is a function of frequency) and the existence of an infinite number of Lamb wave
modes. At the lower frequency, two dispersive modes A0 and S0 are clearly visible and
distinguishable, as seen in Figure 5a,b. However, other modes are difficult to identify.

In order to better understand the dispersion influence for the measurements, the
signals of the Lamb waves need to be presented. The experimental study is conducted, and
the obtained results are presented in the next section.

2.2.2. Experimental Investigation

To show the signals of the Lamb waves and their waveform changes, the signals of
Lamb waves propagating in the WTB obtained during an experiment are registered. The
artificial defect having a diameter of 81 mm was made by drilling out the region of the
main spar, simulating the real disbond type defect between the main spar and covering
shell. The typical measurement systems used in the SHM and NDT are presented in
Figure 3b,c respectively. The more accurate hybrid experimental measurement setup for the
WTB testing using SHM and NDT techniques is presented in Figure 6. The low-frequency
ultrasonic measurement system ‘Ultralab’ developed and manufactured at Ultrasound
Institute, Kaunas University of Technology, consists of the high voltage generator, the low
noise amplifier and an analogue to digital converter. The maximum output voltage of
the generator is 750 V. Gain of the amplifier can be changed from 10 dB to 50 dB. The
low noise 13 dB preamplifier is connected directly to the receiver in order to improve the
signal-to-noise ratio. The ultrasonic transmitter was excited by a single rectangular pulse
with a duration of 11.6 ms (it corresponds to half of the period of frequency 43 kHz), and
the voltage of 120 V. Scanning was performed with 0.1 mm scanning step along x direction.
The permanently fixed macrofibre composite (MFC) transmitting transducer was used
as a transmitter in order to generate the A0 mode of 43 kHz. The contact type receiving
transducer was scanned away from the transmitter from x1 = 30 mm up to x2 = 160 mm in
order to obtain the B-scan image. The B-scan image and waveforms of the experimental
signals (mainly the A0 mode) of Lamb waves (before the defect, in the region of the defect,
and behind the defect) are presented in Figure 7.

Waveforms of the presented Lamb wave signals, propagating along the complicated
structure, are distorted due to frequency flicker of the interfering multiple modes, from
an overlapping of directly propagating, scattered, and converted modes at edges of the
defect, etc. The phenomenon of dispersion and relatively elongated waveforms of the
signals in the time domain significantly complicate the applicability of conventional SPMs
(windowing, threshold detection of amplitude, etc.) in the analysis of time or frequency
parameters of the mentioned signals. So to identify and characterise faults using these
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types of waves, specific signal analysis algorithms are required [22]. That is why specific
signal processing techniques are necessary to be developed, investigated, and used.
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3. Results
3.1. Limitations of the Lamb Wave Application

Based on the presented dispersion curves (Figure 5a,b) and the waveform of the
signals at different distances (Figure 7b–d), two main limitations can be distinguished,
which significantly aggravate the application of the Lamb waves.

• Dispersion. As the signals of the dispersing modes consist of different frequency
components that propagate with different velocities depending on the distance, it
influences the waveform distortion: the signal is elongated, and the peak amplitude is
decreased (Figure 7b–d). This phenomenon complicates the analysis of the received
signals and detection of defects [56–58]. The halving effect of the signal amplitude
(at a level of 0.5 or −6 dB) is one of the main parameters in estimating the location
and size of the defect in ultrasonic NDT. Due to the effect of dispersion, the signal
waveform is changed (Figure 7b–d), and the application of the conventional criterion
is not appropriate. In spite of that, the Lamb wave velocity variation can be used to
indicate a defect [53]. Taking that into account, the specific SPMs for the reconstruction
of the dispersion curves and new criteria for the evaluation of the velocity variations
should be developed, investigated, and proposed.

• An infinite number of modes. As presented in Figure 5a,b, the Lamb waves possess an
infinite number of dispersive modes. Depending on the thickness of the object, the
material under investigation, and the frequency, other higher-order symmetric and
asymmetric modes emerge [59,60], and each of them is described by two velocities:
phase and group. Even at a low frequency of 50 kHz, higher-order dispersive modes
appear (Figure 5a,b). In the higher frequency range (Figure 5a,b), there is a forest of
them with visible effects of converging, interlacing, and splitting. So, using higher-
order modes in the application, separating signals of the different modes, extracting a
useful signal, and obtaining the required information in the whole trail of the signals
is a difficult task [59,61]. Thus, in many cases, only fundamental A0 and S0 modes of
the Lamb waves are used in various application cases. The fact that the wavelength is
directly proportional to the velocity and inversely proportional to the frequency [47]
must be emphasised. This fact is crucial for the application of higher-order modes, as
by using different wavelengths, defects of different spatial dimensions can be detected.
Thus, the algorithms that could identify the different modes, separate them, and obtain
the required information need to be developed.

The two main unusual properties of Lamb waves named here indicate that the specific
SPMs need to be used.

3.2. Methods Reliability Evaluation

Multiple SPMs have been created and applied for signal analysis of Lamb waves.
Two-dimensional Fast Fourier Transform (2D-FFT), Short-Time Fourier Transform (STFT),
Wavelets Transform (WT) and its variations, Wigner-Ville Distribution (WVD) and its
variations, etc. [49,58,62] have been used for dispersion evaluation of Lamb waves. In
many cases, the reliability of the method is not conducted and presented. It is a significant
disadvantage for the application of Lamb waves, which makes it difficult to choose a
suitable method for solving different problems. The accuracy assessment according to the
requirements of ISO 17025 should be applied for the verification of the SPMs used to analyse
the signals of Lamb waves because it is a necessary condition for setting reliable testing,
inspecting, and monitoring standards for WTBs certification. The reliability evaluation of
the SPMs for the dispersion estimation and reconstruction of the dispersion curves of the
Lamb waves can be used as an example.

Based on the presented methodology [63], three main steps should be taken in order
to evaluate the main characteristics of the proposed SPMs used for the reconstruction of
the dispersion curves.
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First, the mathematical verification of the proposed SPMs is used for the estimation of
the Lamb wave dispersion. For that purpose, the dispersion curves using mathematical
simulation and results obtained by analytical methods are compared. The techniques based
on analytical and semianalytical finite element methods should be used as a reference
method. Furthermore, the errors of the phase or group velocities at the informative
points of the obtained dispersion curves and the average error can be calculated. The
standard deviation of the velocity errors can be evaluated according to this parameter,
as the uncertainty of the measurement model σ∆cmat

can be included in the budget of the
combined standard uncertainty:

σ∆cmat =

√√√√∑N
i=1
(
(∆cmat,i)− ∆cmat

)2

(N − 1)
, (1)

where N is the number of points in a segment of the mathematical reconstructed dispersion
curve, ith is the point of the segment, ∆cmat,i are the errors of velocities of the reconstructed
dispersion curve from the simulated signals, ∆cmat is the average of errors of velocities. The
absolute error and the average of absolute errors can be calculated as follows:

∆cmat,i = cmat,i( f )− cre f ,i( f ), (2)

∆cmat =
1
N

N

∑
i=1

∆cmat,i, (3)

where cmat,i( f ) are the velocities of the reconstructed dispersion curve from the simulated
signals, cre f , i( f ) are the velocities obtained according to the reference dispersion curve.

Second, a comparison of the analytical and experimental results of the proposed
SPMs [64,65]. The same characteristics as in the first step can be obtained. The systematic
errors at different points are calculated by comparing the segments of the dispersion
curves reconstructed in both experimental and analytical ways in the same frequency range.
The average error of the velocity ∆c is one of the main characteristics of the dispersion
curves reconstruction. The systematic error and the average of the errors can be calculated
accordingly:

∆cn = cex,n( f )− cre f ,n( f ), (4)

∆c =
1
K

K

∑
i=1

∆cn, (5)

where K is the number of points in a segment of experimentally reconstructed dispersion
curve, nth point of the segment is given by n = 1, . . . , K, cex,n( f ) are the velocities of the
reconstructed dispersion curve from the experimental signals, cre f , n( f ) are the velocities
obtained according to the reference dispersion curve. The standard deviation of the velocity
errors:

σ∆c =

√√√√∑K
i=1
(
(∆cn)− ∆c

)2

(K − 1)
. (6)

where ∆cn are the errors of velocities of the reconstructed dispersion curve from the
experimental signals, ∆c is the average of errors of velocities.

The standard deviation of the velocity errors σ∆c is a component of the combined
standard uncertainty.

Third, an analysis of the complex factors influencing the measurement results, quan-
tification of the selected uncertainty components, and an expanded uncertainty calculation.
Components of combined uncertainty can be measured or estimated and added according
to general rules for uncertainty and error calculation [66]. When calculating individual
uncertainty components, it can be assumed that the investigated object is homogeneous.
The combined uncertainty over SPMs stems from the reconstruction of dispersion curves;
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in addition to the already discussed components, it consists of components generated by
the following sources of errors [64,65]:

• Specimen. The mechanical and geometric parameters of the object under investigation
and environmental conditions such as density ρ, elastic constants (Young modulus E,
Poisson‘s ratio υ) specimen thickness d, temperature, and humidity;

• Measuring equipment. Measuring systems with specific software, instruments, and
tools (transducers).

It is crucial to have software for estimating measurement uncertainty. The combined
uncertainty can be processed and analysed using GUM Workbench software (Metrodata
GmbH) or similar. GUM stands for Guide to the Expression of Uncertainty in Measurement.
This software allows comparing the results obtained with the simulated data and evaluating
whether a correct number of measurement points has been selected [67]. The results
calculated by GUM are compared with the simulated results when using 2 million trials, as
presented in the example of phase velocity estimation of a particular UGW (Figure 8). The
difference between results from the two methods does not have a significant influence on
the relative uncertainty.
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The expanded uncertainty U(∆c) is calculated by multiplying the combined standard
uncertainty with the coverage factor k = 2, which provides a confidence level of 95% [66].

Thus, to sum up, it can be said that the development of methods and their reliability
and suitability evaluation is a complex, multidiscipline, time-consuming task demanding
great effort.

4. Conclusions

The main conditions that are required to be confirmed for the verification of the special
SPMs according to the requirements of ISO 17025 are presented, and the main shortcomings
complicating the preparation of reliable testing, inspection, and monitoring standards for
WTBs certification are demonstrated.

Lamb waves were proved to be one of the most promising tools for failure prevention
and safety assurance of WTBs and an effective tool for environmental sustainability by
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using signals of Lamb waves. However, the limitations of Lamb waves, such as a dispersion
phenomenon and an infinite number of modes, are identified as great obstacles for the
application of these waves. The limitations of the Lamb waves approach are related to
defining the necessary minimum number of transducers to perform SHM of the WTB struc-
ture and the minimal number of spatial measurement points for NDT as well. Therefore,
future work will be dedicated to the related research.

Moreover, two different tests that use simulated and experimental parameters must
be performed to verify the accuracy of the SPM. In both cases, the results obtained must
be compared with the values calculated by the reference method. When reproducing the
sections of the dispersion curve, a complex analysis of the uncertainty components must be
performed. For this purpose, the minimum scanning step is selected, and if necessary, the
material properties of the object are identified, the average of the measurements at each
point is obtained, and constant environmental conditions are ensured. This allows obtaining
a sufficient amount of data for reliable estimation of the dispersion and uncertainty of
the results. While analysing the metrological parameters of the method, the goal is to
achieve the value of the uncertainty adequate to the required measurement accuracy.
The measurement accuracy is considered an important factor in developing national and
international standards for the prevention of WTB failure in the future. The general
principles should expand the understanding of the measurement reliability, peculiarities
of method validation, and verification. Such information facilitates the application and
utilisation of the proposed methods and their choice for completing a given task
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