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Abstract 

Structural health monitoring (SHM) became a part of the modern approach for aircraft design 

– damage tolerance. This thesis deals with one of the leading SHM methods – ultrasonic 

guided wave (UGW) testing. The research is focused on the applicability of damage detection 

in typical composite aircraft structures. Fast determination of the phase velocity dispersion 

curve is proposed to contribute to the propagating mode identification. Concurrently, the 

specific phase velocity is used as an input for the precise delamination length calculation. An 

improved data pre-processing for the probabilistic algorithm is utilized for damage imaging 

as impact damage or debonding in simple and complex structures. Finally, the influence of 

operational and environmental conditions is addressed. Unique data within the wide 

temperature range corresponding to operational conditions of an aircraft are obtained and 

moreover, measurements during the real flights are conducted. Qualitative evaluation was 

proposed to distinguish temperature-affected and damage-affected signals. It has been proved 

that regarding impact damage using the proper signal pre-processing small temperature 

variations does not have to be compensated. 

Keywords: Aircraft structures; Composites; Damage detection; Lamb waves; Structural 

health monitoring 
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Abstrakt 

Monitorování stavu konstrukce (SHM) se stalo součástí moderního přístupu konstrukce 

letadel, a to konstrukce s přípustným poškozením. Tato práce se zabývá jednou z předních 

metod SHM – zkoušení pomocí ultrazvukových deskovýh vln (UGW). Výzkum je zaměřen na 

aplikovatelnost detekce poškození v typických kompozitních leteckých konstrukcích. Rychlé 

stanovení disperzní křivky fázové rychlosti je navrženo k identifikaci šířícího se módu. 

Současně je konkrétní fázová rychlost použita jako vstup pro přesný výpočet délky 

delaminace. Vylepšené předzpracování dat pro pravděpodobností algoritmus umožnilo 

detekci a zobrazení typických poškození typu impakt a rozlepení v jednoduchých i 

komplexnějších konstručních částí. Dále byl řešen vliv provozních podmínek a podmínek 

prostředí. Byly získány unikátní data v širokém teplotním rozsahu odpovídajícím provozním 

podmínkám letadla, a navíc byla provedena měření při skutečných letech. Bylo prokázáno, že 

pokud se jedná o hodnocení impaktového poškození, není nutné určitým zpracováním signálu 

malé teplotní výkyvy kompenzovat. 

Klíčová slova: Lambovy vlny, monitorvání stavu konstrukcí, detekce poškození, 

kompozity, letecké konstrukce 
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1 Introduction 

1.1 Motivation 

 

The human desire to make things better has always resulted in innovations. Since Otto 

Lilienthal's first hill glide, the aeronautical industry has gone a long way and become one of 

the former leaders of research and development in engineering. However, not only new 

inventions and products should be of interest, but also the aging of operating aircraft and 

systems must be covered. 

In the past decades, the service life of most operating aircraft was determined via the safe-life 

approaches. Aircraft are excluded from operation after the exact number of flight hours and 

take-offs regardless of the structural condition. The safe-life philosophy does not exploit full 

potential of used materials and does not cover increasing requirements for structure lifetime. 

That's why the current airworthiness requirements (CS, FAR, etc.) prefer design and operation 

structure according to the damage tolerance philosophy. For some structures, especially for 

composite structures, the damage tolerance (DT) philosophy is strictly required. Therefore, 

advanced airframe structures are currently designed and operated according to the DT 

philosophy to extend the airframe service life [1]. Non-destructive testing (NDT) and 

structural health monitoring (SHM) play an essential role in DT design by increasing safety by 

monitoring/inspection of structural parts. NDT is performed at regular time-based intervals 

during aircraft maintenance, whereas structural health monitoring (SHM) is considered a 

condition-based approach and should be adopted as alarms for conventional NDT. This 

process leads to a reduction in maintenance costs and an increase in aircraft availability. Some 

NDT and SHM methods use similar physical principles, but the different approach makes 

SHM online and condition-based monitoring with sensors permanently attached or embedded 

into the structure [2,3,4].  

Not only the design approach has changed – damage tolerance instead of the safe life but also 

the base of the materials. Ambitions for lightweight aircraft led to replacing aluminium alloy 

components with carbon composites. Total weight attributed to composites has increased up 

to more than 50% (which is 80% by volume) in the case of the Boeing 787 Dreamliner [3]. This 

percentage includes the highest carbon fibre reinforced polymers (CFRP) rate, including skins 

of sandwich structures and fiberglass composites. Thermoplastic composites experience 

increased interest due to high-performance, profitable, and sustainable manufacturing 

processes. Other materials include common aluminium alloys, titanium, and steel. The design 



2 
 

of lighter aircraft is one of the major ways to reduce fuel consumption. The percentage of 

composites is still increasing, especially for the primary structures.  

In-service aircraft shall be in acceptable technical conditions. Therefore, regular system 

inspections and structural parts maintenance have become an integral part of an aircraft 

operation. Possible damages regarding the integrity of aircraft structures can be caused by 

single or multiple impacts either during the flight or on the ground, by operational loads, or 

by their combination. These damages shall be revealed employing conventional NDT. 

Structural defects caused by manufacturing processes above a given defect size extent shall be 

discarded through the standard quality control NDT processes. However, DT approach 

tolerates manufacturing defects below a given size limit [5] and existence of defects in general 

is assumed from the beginning of operation. Fracture mechanisms at the microstructure level 

include matrix cracking, fibre breakage, fibre-matrix debonding, and delamination. 

Delamination is the most common, and one of the most serious damages in fibre reinforced 

composites and occurs as a result of an impact, compression, tension, or bending loadings [6]. 

In composites, internal damage can occur much earlier than is detectable by methods used in 

a common service. Therefore, a critical flaw that significantly decreases the strength of a 

structure should be within a detectable limit of the particular NDT technique [7]. The aim of 

NDT and SHM is to detect and monitor flaws earlier, than the critical size is reached. 

During operation, aerospace composite structures must withstand all kinds of damages and 

no damage must reduce the strength of the structure below the defined limit. According to the 

literature [8], more than 50% of all damages detected in 10 years of composite wing monitoring 

of two types of aircraft fleet were caused by impacts. Impacts can be caused by bird strikes, 

hails, tool drops, area debris, etc., and among other parts are highly concentrated in door-

surround areas [9]. Special attention has been paid particularly to barely visible impact 

damages (BVID) caused by low-velocity impacts (dropped tools, runway debris). While 

impacts in metallic structures cause a visible dent, BVID in composites is difficult to be 

inspected visually and, due to loss of compressive strength, may lead to catastrophic failures 

[10]. Typical dent depth is considered 0.25-0.5 mm [11]. Total damage area is dependent on 

impact energy, impactor diameter [12] and structural stiffness. The stiffer the structure, the 

more extensive the damage. 

Current developments regarding the structural design also focus on adhesively bonded 

composite joints, which represent mostly a typical fuselage horizontal joint or fuselage/wing 

skin-stringer joint. Adhesive bonding alone is still not accepted by authorities for primary 

structures, so fasteners such as rivets are used in combination for bonding the composite 

substructures [13]. To use adhesively bonded joints alone and ensure their reliability is a great 

challenge that could achieve another significant decrease in the weight of an aircraft. 
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Therefore, pure bonding technology using adhesives and proper SHM method and proved 

evaluation technique could contribute to the final certification.  

Nevertheless, the decrease in aircraft production in the Czech Republic (except for ultralight 

aviation) caused a research and development slowdown. SHM is one of the topics worth 

keeping up with the leading countries. Current worldwide research in SHM is mostly focused 

on Fibre Bragg Grating (FBG) sensors and active ultrasonic guided wave (UGW) testing using 

PZT sensors. The field of FBG sensors is in the Czech Republic well covered by commercial 

companies as well as academics [14, 15]. However, there is a significant opportunity for 

advancement since not many researchers deal with ultrasonic guided waves testing compared 

to those abroad. Therefore, the topic of this thesis was chosen to be SHM of composite aircraft 

structures exploiting the UGW method, mainly due to the worldwide significance and lack of 

research in the Czech Republic. However, the field of UGWs is a very broad topic. This thesis 

is limited especially to experimental studies performed on several typical composite aircraft 

structures from the point of view of damage detection and evaluation. 

 

1.2  The structure of the thesis 

 

The thesis is divided into 11 chapters and covers the theoretical part, state-of-the-art, and 

experimental part with the corresponding conclusions. Chapter 1 outlines the motivation for 

the research and general background to connect the dots between aviation, materials, and 

damage detection. The first chapter naturally leads to the selection of the scientific field of 

Lamb waves as a topic for the thesis. The thesis structure is also presented in Chapter 1. 

Chapter 2 provides the basic knowledge of the distinction and behaviour of elastic waves in 

solids. The exploitation of elastic waves in NDT is covered in chapter 3. Chapter 4 provides 

fundamentals and the basic features of Lamb waves. Mathematical derivation resulting in the 

Rayleigh-Lamb dispersion equation is introduced. Lamb wave generation and detection are 

outlined within the subchapters, focusing on piezoelectric wafer active sensors (PWAS). The 

difference in propagation in isotropic and anisotropic structures is explained, and the concept 

of dispersion, distinguishing phase and group velocity, is addressed. Finally, the temperature 

dependency and nonlinear behaviour of Lamb waves are briefly mentioned. Chapter 5 begins 

with state-of-the-art. First, dispersion curve determination methods are outlined, and then 

damage detection approaches that correspond to those in the experimental part are pointed 

out. In Chapter 6, the objectives of the thesis are clearly stated. The experimental part begins 

with Chapter 7. A methodology for phase velocity determination is proposed, and results are 

compared to calculations obtained using GUIGUW SW or Rayleigh-Lamb equation. Chapter 

8 concentrates on the experimental investigation of different aerospace structures. The 
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structures were tested, and relevant damages were evaluated. Subchapters examine 

delamination propagation in DCB specimens, then impact damage detection in various 

structures, and finally delamination/debonding propagation in adhesively bonded joints. In 

Chapter 9 the temperature effect on Lamb wave propagation is investigated in a wide 

temperature range and real operational conditions. A comparison of the temperature-

influenced and damage-influenced wave packets is demonstrated. In Chapter 10 the thesis is 

summarized, and the results are discussed including the limitations. Within the final Chapter 

11, the key conclusions are highlighted, and the contribution of the thesis is pointed out. 

 

 

1.3 SHM background in aerospace 

 

Structural health monitoring (SHM) is defined, for example, as the process of implementing a 

damage identification strategy for aerospace, civil, and mechanical engineering infrastructure 

[8]. SHM system comprises hardware, transducers and associated instrumentation, and 

software elements for damage detection, optionally for modelling and other analyses [16]. 

SHM, in general, is a very complex process and interdisciplinary research field dealing with 

various scientific branches such as physical principles of the methods, experimental testing, 

wired/wireless sensing technologies, signal processing methods, detection and localization 

algorithms including machine learning, visualization techniques, data acquisition unit 

architectures, FEM (finite element method) simulations, etc. Basic physical principles may be 

identic for some NDT and SHM methods. However, the main differences are summarized in 

Table 1. 

Table 1 NDT versus SHM approach [17] 

NDT SHM 

Off-line monitoring On –line monitoring 

Time-based monitoring Condition-based monitoring 

Baseline not available, calibration required Baseline required 

More cost and labor Less cost and labor 

Hot spot monitoring Large area monitoring 

Find existing damage Environmental data compensation required 

 

In the field of aircraft structures, SHM approach as an upgrade of standard NDT is going to 

be an integral part of damage tolerance philosophy and certification processes. However, 

many requirements need to be met. Verification of SHM methods starts, of course, on the 
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baseline of the building block approach (coupons → elements → components → full-scale 

testing) and requires the assessment of the reliability of the methods themselves and the 

durability of the sensors, measuring devices algorithms, etc. Environmental conditions such 

as temperature and humidity affect the mechanical properties of monitored structures and 

may lead to false alarms. Therefore, verification also includes the corresponding 

environmental conditions. Enough tests must be performed to evaluate Probability of 

detection (POD) curves [4].  

The purpose of both NDT and SHM is similar and can be historically categorized into four 

levels [18]: 

1) damage detection,  

2) damage localization,  

3) damage quantification, 

4) remaining life prediction 

The first three levels are typical for both SHM and NDT. Prediction of the remaining life is 

considered an integral part of the SHM approach. Some sources state that the SHM system 

should also determine the specific type of damage [19]. 

Based on the literature, it is possible to sort out SHM methods in many ways. For example, on 

the concept of passive and active SHM, large scale and hot spot monitoring (global/local), 

according to the sensing technology, etc. The following methods are considered as the main 

SHM methods [20]: 

- Vibration-based testing 

- Acoustic emission testing 

- Ultrasonic guided wave testing 

- Fibre optics technology 

- Strain Gauges 

- Comparative vacuum monitoring 

The methods are competing in some aspects; however, each one of them has its unique features 

and advantages and is suitable for different purposes. Yet, there are currently two leading 

SHM streams – fibre optics with FBG sensors and ultrasonic guided wave testing (UGW). FBG 

sensors are mainly intended for stress/strain measurements and are considered a good 

alternative to strain gauges (SG), especially due to their immunity to electromagnetic 

interferences [21]. Innovations in higher sampling rates of data acquisition units and other 



6 
 

methodologies in signal processing enabled monitoring of dynamic processes as impact 

detection and even localization [22, 23, 24].  

Sensing technology of optical fibres lies in either interferometric systems, distributed systems 

exploiting linear (Rayleigh scattering) or nonlinear effects (Raman or Brillouin scattering), or 

in sensing technology using gratings. Fibre-Bragg grating sensors became of great interest. 

Gratings are in a fibre created as a periodical change of refractive index. Reflected wavelength 

is related to the gratings distance. Since the fibre is embedded or tightly attached to the tested 

structure with compression or tension, the wavelength shift is measured [25]. 

The method of comparative vacuum monitoring (CVM) is a very interesting method 

developed in 90' primarily used for fatigue crack detection and monitoring. Differential 

pressure between alternating galleries of low vacuum and atmospheric pressure is measured. 

If a crack is initiated, air flows into the vacuum galleries [26]. 

Acoustic emission (AE) testing is also a powerful tool for damage detection, localization, and 

even for characterization, especially in early stages. AE method utilizes AE phenomenon – a 

sudden release of mechanical energy in the form of elastic waves. Elastic wave generation, 

usually in the frequency range of 100 kHz-1MHz, is caused by irreversible structural changes. 

Crack initiation and propagation, corrosion and even the plastic deformation in metals or 

delamination, fibre breakage and matrix cracking in composites are possible to detect usually 

using PZT transducers. The main limitation of AE is the noisy environment. However, there 

are postprocessing tools to eliminate such useless data. Yet, it is a perfect method for leakage 

detection in pressure vessels and for mechanical tests in low-noise environments with the 

objective to detect damage initiation stages [27]. Modern concepts of data pre-processing/post-

processing tools may be applied to improve results obtained by AE [28]. 

Strain measurements using strain gauges (SG) have become the basis of various mechanical 

tests [21]. SGs are exploited within real-time measurements regarding the estimation of the 

remaining service life. The use of this method is very wide. From laboratory tests to 

measurements using a few sensors performed on specific structural parts up to the multi-

channel wireless sensing technologies. 

Vibration-based testing may be exploited in various modifications. The information about the 

monitored object is mostly evaluated based on comparing the baseline measurement and 

measurement in the damaged state. Since any damage influences the overall object stiffness, 

modal characteristics naturally change [29]. 

UGW testing is suitable for relatively thin structures. Such structures include especially plate-

like aircraft structures and pipelines. The significance of this method lies in the characteristics 

of the guided waves, which excel especially in low attenuation and the ability to interrogate 
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large structures with a few sensors. Guided waves are actuated into the host structure, mostly 

using the PZT transducers serving as both actuators and sensors. UGW testing gained success 

in pipeline inspection and even became a certified NDT method [30]. However, in the field of 

SHM for aircraft structural parts is this method still in the phase of research, development, 

testing, and verification. The research groups around Rose, Giurgiutiu, Lowe, and many others 

significantly contributed to the area of UGW. Acellent technologies developed various devices 

to use this method in service, including damage detection SW and the sensing technology – 

the SmartLayers© sensors. In the Czech Republic, some research has been done, especially 

theoretically by Hora [31], Šofer [32, 33], and experimentally by Hedl in Honeywell [34, 35].  

In addition to methods mentioned above, there are many more under detail research with so 

far lower technical readiness levels (TRL). Particularly Electrical Resistance Tomography is 

worth mentioning since the author participated in the verification of this method for impact 

damage detection [a]. 

  



8 
 

2 Elastic waves in solid media 

 

Necessary basics regarding elastic waves propagation and behaviour in solids are introduced 

in this chapter. Two basic types of vibration are described, and by introducing different 

boundary conditions, other kinds of waves are distinguished. Important characteristics are 

outlined. This chapter is followed by Chapter 3, addressing elastic waves in NDT, and Chapter 

4, focusing specifically on Lamb waves. 

 

2.1 Overview 

 

Materials are composed of atoms and forced vibrations and time-varying deformations of 

these atoms and molecules form mechanical waves. Nevertheless, we speak of elastic waves 

as macroscopic phenomena, and detailed atomic structure is unimportant. Lengths 

characterizing the microscopic structure of most materials are generally much smaller than 

any lengths arising in the deformation of the medium. Transmission of mechanical motion is 

essentially enabled by deformability and inertia of a medium. Elastic waves can propagate in 

two fundamental ways – longitudinal and transversal. All other ways are superpositions of 

these primary motions. Mechanical and geometrical properties define the way of vibrations 

[36, 37]. 

Different aspects may be used to sort out the elastic waves. Oscillations varying in time and 

space indicate traveling waves, whereas only in-time oscillations reflect standing waves. 

Particle motion defines the way of vibration. Geometrical boundary conditions divide waves 

into bulk waves in an infinite space, surface waves in a half-space, and guided waves in 

waveguides. The frequency parameter can divide the whole spectra into infrasound, sound, 

ultrasound, and hyper sound.  

 

 

Figure 1 Elastic waves frequency spectra 
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Traveling waves described by harmonic functions are of interest in this work; therefore, 

relations of basic features need to be defined. A wave traveling in space and time (Figure 2) 

has the following mathematical description:  

𝑦(𝑥, 𝑡) = 𝐴𝑠𝑖𝑛(𝑘𝑥 − 𝜔𝑡 + 𝜑), 

 

(1) 

and the following characteristics and basic relations:  

frequency f, phase 𝜑, wavelength λ, wavenumber k, angular frequency ω, period Γ and 

velocity c, where: 

𝑓 =
1

𝛤
 

(2) 

 
𝜔 = 2𝜋𝑓 

 

(3) 

𝜆 =
𝑐

𝑓
 

 

(4) 

𝑘 =
2𝜋

𝜆
 

(5) 

 

 

Figure 2 Wave definition in a) space and b) time 

 

b) 

a) 
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Longitudinal and transversal waves  

Basically, there are only two ways of vibrations – longitudinal and transversal. In infinite 

media, these vibrations propagate as longitudinal and transversal bulk waves. In a 

longitudinal wave, the direction of motion is parallel to the direction of wave propagation 

(Figure 3a). In a transverse wave, the displacement is perpendicular to the direction of wave 

propagation, which leads to two possibilities of transversal motions – vertically (shear vertical 

SV) or horizontally (shear horizontal SH) polarized motions (Figure 3b, c). In general, 

transverse waves may have both vertical and horizontal polarizations combined [38]. All other 

waves are combinations of these basic motions. 

Note: Longitudinal (L) waves are also designated as pressure, compressional, irrotational, 

dilatational, and P-waves (primary, pressure). Transversal (T) waves are also designated as 

shear, distortional, rotational, and S-waves (shear, secondary) [38]. Terms P and S waves are 

used mainly in the field of geophysics [39]. 

Longitudinal cL and transversal cT velocities are constant (except for the high-frequency range 

where the wavelength is comparable with the particle size [40]) for the given material and are 

specifically dependent on the material density ρ and elastic constants as follows:  

𝑐𝐿 = √
𝜆 + 2𝜇

𝜌
 

 

(6) 

𝑐𝑇 = √
𝜇

𝜌
 

 

(7) 

Symbols λ and µ are denoted as Lamé constants defined for isotropic material as: 

𝜆 =  
𝜈𝐸

(1 + 𝜈)(1 − 2𝜈)
 

 

(8) 

µ =  
𝐸

2(1 + 𝜈)
 

 

(9) 

where ν is Poisson´s ratio and E is Young modulus. 
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Figure 3 Particle motion of the a) longitudinal wave, b) shear vertical wave and c) shear 
horizontal wave [41] 

 

Surface waves 

Surface waves travel along the free surface or the boundary of two dissimilar media. There are 

two types of surface waves to be distinguished – Rayleigh and Love waves. In the case of 

Rayleigh waves, particle motion is a combination of longitudinal and shear vertical vibrations 

resulting in an elliptical retrograde motion (Figure 4a). Rayleigh waves reach up the depth of 

approximately one wavelength since the amplitude decreases fast. Love waves propagate as 

reflections of shear horizontal waves (Figure 4b) in a surface layer with different material 

properties than the rest of the infinite half-medium. Therefore, Love waves cannot propagate 

in semi-infinite homogeneous medium and can also be considered as waves propagating in 

layers. Rayleigh wave travels with constant velocity in homogeneous media but is dispersive 

in non-homogeneous media. Love waves are dispersive with velocities ranging between the 

shear velocity of the layer and the half space [39]. 

a) 

b) 

c) 
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Figure 4 Particle motion of the a) Rayleigh wave, b) Love wave [41] 

 

Guided waves 

There are structures which for wavelengths comparable to or greater than the structure 

thickness, create such boundary conditions that the wave is guided by the two surfaces of that 

structure. Such waveguide-like structures include especially thin plates, rods, tubes, shells, 

and multi-layered structures [17]. Various guided wave modes may form in the waveguide 

based on the actuation frequency, geometrical and material properties, and on the way of 

actuator excitation (vibration mode). 

In thin plate-like structures, guided waves propagate as Lamb waves (comprised of the L and 

SV waves) and shear horizontal (SH) waves. The motion is in the pure form either symmetrical 

or asymmetrical with respect to the midplane of the structure across the thickness. Guided 

waves are generally dispersive except the fundamental SH0 mode, which propagates with 

constant velocity across the whole frequency-thickness range. The fundamental zero-order 

modes (A0, S0, SH0) exist within the whole frequency spectra. With increasing frequency, the 

number of propagating modes (higher order modes) increases. The number and type of Lamb 

wave modes for a given frequency correspond to the number of solutions (real roots) of the 

Rayleigh – Lamb equation [42, 43]. 

The concept of Lamb waves was initially valid for isotropic materials. However, composite 

structures may satisfy certain conditions, and Lamb waves may propagate as well. However, 

a strict distinction of displacement components for the corresponding modes is no longer 

possible. Therefore, the term "quasi" - Lamb waves is often used as a more appropriate 

designation [43]. 

 

a) 

b) 
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Special cases 

Along the solid-solid interface may propagate Stoneley waves and the solid-liquid interface 

Scholte waves. There are also special cases of waves called feature guided waves. These waves 

propagate under certain conditions in structures as welds or bends [44]. For instance, if the 

wave propagation velocity in a weld is smaller than in the rest of a plate, the wave gets trapped 

into a weld and propagates there [45]. 

 

2.2 Wave behaviour at the interface 

 

Since all natural structures have boundaries separating two media, wave behaviour at these 

boundaries or interfaces is key to understanding. The waves at the interface behave based on 

the characteristics of the corresponding media. Basically, reflection and 

transmission/refraction occur. Complete reflection occurs only if an elastic body is adjacent to 

a vacuum. The perpendicular incident wave causes transmission and reflection in the same 

perpendicular direction. Snell´s law and the law of reflection describe the behaviour for 

oblique incidence. Refraction angle is dependent on the incident angle and corresponding 

wave velocities in both media (materials) as follows [46, 47]: 

𝑐2𝑠𝑖𝑛𝛽1 = 𝑐1𝑠𝑖𝑛𝛽2    (Snell´s law) 

 

(10) 

Where v1, v2, are corresponding velocities in both environments, β1 and β2 are angles of incident 

and refracted wave, respectively. 

𝛽1 = 𝛽1
´  (Law of reflection) 

 

(11) 

Where 𝛽1 is incident and 𝛽1´reflected angle. 

 

Figure 5 Wave behaviour at the interface 
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So-called critical angles are also derived from the Snell´s law. Basically, for the incident 

longitudinal wave, there are three ranges of incident angles: 

1. The longitudinal and transversal waves are refracted up to the first critical angle.  

2. The longitudinal wave disappears at the first critical angle, and subsurface longitudinal 

and shear waves propagate. 

𝛽1𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 → 𝛽2𝐿 = 90° (12) 

 

3. Only the shear wave is refracted between the first and the second critical angle. 

4. The shear wave disappears at the second critical angle, and the subsurface shear wave 

propagates.  

𝛽2𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 → 𝛽2𝑆 = 90° 

 
(13) 

5. Increasing incident angle above the second critical angle Rayleigh wave propagates. 

The shear forces in the media enable the conversion of an incident longitudinal wave into the 

refracted shear wave. Therefore, in media without shear forces (e. g. air), shear waves do not 

propagate. The propagation direction of the corresponding wave is given by Snell´s law, while 

energy distribution by means of transmission and reflection is given by the acoustic 

impedance:  

𝑍 = 𝜌𝑐 

 
(14) 

Where Z is acoustic impedance, ρ is the density of the media, and c is the corresponding wave 

velocity. 

𝑅 =
𝑍2 − 𝑍1

𝑍2 + 𝑍1
 

 

(15) 

𝑇𝑅 =
2𝑍1

𝑍2 + 𝑍1
 

 

(16) 

 

Where R is the reflection coefficient and TR is the transmission coefficient. According to the 

energy conservation, their sum is 1. 
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2.3 Superposition principle 

 

Propagating waves in space and time behave according to the superposition principle – the 

resulting wave is a superposition of all waves present [38]. Waves interfere with each other. A 

special case of superposition is constructive or destructive interference based on waves being 

in phase or out of phase. Then, the combined waveform is either enhanced or suppressed. 

Unique interference patterns of vibrations called modal shapes exist for every structure at 

resonant frequencies. Patterns are physically standing waves (the shape of the mode does not 

travel) and are described by frequency and shape [37]. 

Regarding the Lamb waves, the superposition principle is applied in two ways. In the way of 

superposition of all waves present and their reflections and in the way of superposition of 

waves of slightly different frequencies into a wave packet. Frequency components in waves of 

multiple frequencies are distinguished using the Fourier analysis [37]. 
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3 Elastic waves in NDT 

 

Elastic waves described in Chapter 2 are exploited in NDT in many ways. The flaw is 

considered as an interface for the propagated elastic wave. Therefore, in the simplest case, 

wave reflections by the flaw can be measured using a simple probe and oscilloscope. Other 

phenomena such as wave scattering, mode conversions, higher harmonics generation, etc., can 

be observed when appropriate wave interacts with the flaw. Then, more complex equipment 

and signal analysis are conditional. 

Elastic waves, particularly in the ultrasonic range (above 20 kHz), have become important in 

the field of NDT and SHM. Besides damage detection (manufacturing/operational defects), 

material characteristics can be evaluated using ultrasonic waves. 

 

Table 2 Overview of the elastic wave-based NDT methods 

Method Frequency range Damage type Wave types 

UT – PE, TT 1-25 MHz Impact damage 

detection, voids, 

delamination, 

debonding  

Bulk waves, 

Rayleigh waves 

UT – Phased Array 1-25 MHz Impact damage 

detection, voids, 

delamination, 

debonding 

Bulk waves  

UT - TOFD 5-10 MHz Cracks Bulk waves  

Air coupled low 

frequency UT 

50 – 400 kHz Damages in sandwich 

structures 

Bulk waves 

Acoustic emission Up to 1 MHz Actual dynamical 

state: 

Crack growth 

Fibre breaking, matrix 

cracking, etc. 

Bulk waves, 

Rayleigh waves, 

Lamb waves 

Pitch - Catch 5-100 kHz Damages in sandwich 

structures 

Lamb waves 

Tap test 20 Hz - 20 kHz Structural defects in 

general 

Bulk waves 

MIA 2-10 kHz Debonding (in 

sandwich structures) 

Bulk waves 

Resonant method 25 – 500 kHz Voids, delamination, 

adhesive assessment 

Bulk waves 
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Ultrasonic methods exploited in NDT are summarized in Elastic waves described in Chapter 

2 are exploited in NDT in many ways. The flaw is considered as an interface for the propagated 

elastic wave. Therefore, in the simplest case, wave reflections by the flaw can be measured 

using a simple probe and oscilloscope. Other phenomena such as wave scattering, mode 

conversions, higher harmonics generation, etc., can be observed when appropriate wave 

interacts with the flaw. Then, more complex equipment and signal analysis are conditional. 

Elastic waves, particularly in the ultrasonic range (above 20 kHz), have become important in 

the field of NDT and SHM. Besides damage detection (manufacturing/operational defects), 

material characteristics can be evaluated using ultrasonic waves. 

 

Table 2. Although the methods are designated as ultrasonic, some of them also work in the 

audible range. Longitudinal and shear bulk waves are utilized in the conventional ultrasonic 

pulse-echo (PE)/through-transmission (TT) testing, regardless of the type of structure. PE 

technique exploits wave reflection utilizing a probe as a transmitter and a receiver. TT 

technique requires two probes on both surfaces of the tested object, the first as a transmitter 

and the second as a receiver, and naturally measure the wave transmission. Pitch-catch (PC) 

configuration uses one probe with transmitting and receiving elements placed on one surface. 

When testing structures with multiple interfaces, R and T coefficients can be used to determine 

which substructure is still possible to test. Single element probes give the result corresponding 

to one tested spot, while multi element phased array probes produce scans of the certain 

segments. The method of TOFD (Time of flight diffraction) exploits the wave scattering 

phenomena. In the case of a crack, the wave is scattered by the upper and lower tip of the 

crack. Then, ToF is measured to determine the location and size of the flaw. This method is 

always applied with imaging methods. [20, 47, 48].  

Apart from the conventional UT methods, special cases require unconventional approaches 

such as the water squirt-technique or air-coupled low-frequency method. From a large-scale 

point, flaws may also reflect changes in the structure resonance, and then, resonance-based 

analyses are utilized [49]. On the other hand, mechanical impedance is influenced by local 

changes, and mechanical impedance analysis (MIA) is utilized [50]. 

Except for the bulk waves, surface Rayleigh waves can be utilized in the NDT to detect surface 

and subsurface defects [51]. In addition, acoustic emission phenomenon produces elastic 

waves, and when reaching the surface, conversion to Rayleigh or Lamb waves occur. Acoustic 

emission method is the only passive method with the advantage of reflecting the actual state 

of the structure. 
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Inspection of relatively thin structures can be performed using Lamb waves which are guided 

by two mostly parallel surfaces and will be discussed later. Lamb waves influence the whole 

thickness, and possible flaws disturb in some way the particular wave mode. Therefore, they 

show excellent flaw sensitivity [52]. Lamb waves can interrogate the whole structure, unlike 

conventional UT methods, which affect only a limited area in the vicinity of the probe. The 

fundamental difference is depicted in Figure 6. However, within the concept of NDT, bond 

quality is successfully tested using Lamb waves exploiting UT probes [53]. Amplitude increase 

is linked with the debonded region. 

Methods used for inspections are chosen based on the type of the structure (simple plates, 

sandwich structures, adhesively bonded structures, etc.), expected defects (welds, cracks, VID, 

BVID, debonding, delamination, voids etc.), or other conditions (environmental, operational). 

 

Figure 6 Difference in interrogated area using conventional ultrasonics and guided wave 
method 

 

Attention to the proper selection of the UT probe frequency shall also be paid. Higher 

frequency waves exhibit higher attenuation than lower frequency waves. Therefore, materials 

with significant attenuation or thicker structures are inspected using low-frequency probes. 

However, inspections using higher frequencies enable better size resolution of the defect due 

to the shorter wavelength. Theoretically, one-half the wavelength corresponds to the 

minimum defect size that can be detected [46]. The frequency (mainly in the range of 1-20 

MHz) is chosen according to the following relation: 

𝑓 =
𝑐

𝜆
 

 

(17) 

𝑑𝑚𝑖𝑛 =
𝜆

2
 

 

(18) 
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Where dmin is the minimum detectable defect size. The frequency selection is based on the 

requirements of the minimum detectable flaw and geometrical and material properties of the 

tested structure. 

The main objectives of the structure inspection can be stated as: 

1. Damage detection 

2. Damage localization 

3. Damage quantification 

Defects are evaluated mainly using two parameters – time of flight (ToF) and amplitude. In 

the conventional PE technique, ToF reflects the location of the defect (and thickness in general) 

while the amplitude is exploited for the flaw sizing. The precise knowledge of the wave 

velocity in the given material/structural part plays a key role, primarily in correctly localizing 

the damage. However, other UT methods may evaluate defects by means of different 

indicators (damping, amplitude increase for disbond detection, phase change). A very 

important requirement for all methods is calibration. Reference calibration blocks are mostly 

used to calibrate the sensitivity; nevertheless, some techniques exploit calibration on the 

"good" part of the tested structure to distinguish the "bad" part.  

Apart from the NDT, ultrasonic waves are exploited for material characterization [54]. Velocity 

and attenuation are the important parameters related to material characteristics. Ultrasonic 

velocity corresponds with elastic constants and density. Attenuation reflects different 

mechanisms like thermal loss, scattering, absorption, etc. Both parameters correlate several 

physical properties such as elastic constants, microstructure, discontinuity, and mechanical 

properties [55]. 
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4 Lamb waves 

 

This chapter is focused on the Lamb wave key characteristics in relation to the experimental 

part. PZT discs are used within the experimental part; therefore, generation and detection 

using PWAS are addressed. The dispersion concept is introduced, which is then reflected in 

velocity dispersion curves. A mathematical description of Lamb wave propagation resulting 

in the Rayleigh-Lamb equation is derived. This equation is considered a basic equation for 

Lamb-wave propagation in isotropic structures and is later exploited for phase velocity 

calculations. Propagation in anisotropic structures is outlined to understand the comparison 

with the isotropic structures since the thesis is focused on the composites. Finally, some other 

features such as environmental dependency and nonlinear behaviour are mentioned.  

 

4.1 Introduction 

 

In thin-walled structures propagate special cases of guided waves – Lamb waves, existing in 

two mode shapes: symmetrical and asymmetrical. As stated before, two conditions must be 

satisfied for pure Lamb waves to propagate: 

1. The wavelength is comparable to or greater than the structure thickness. 

Waves with much smaller wavelengths may propagate as Rayleigh waves or bulk 

waves. 

2. The structure is symmetrical, which is naturally satisfied for isotropic materials such 

as metals. 

Anisotropic and even layered anisotropic structures enable propagation of Lamb-type 

waves as well. However, the perfect symmetric or asymmetric shape with respect to the 

midplane of the waveguide is lost.  

 

Generally, the investigation of Lamb waves leads to the introduction of several new concepts 

such as multimodal wave propagation, dispersion, and group velocity [37, 56]. Lamb-type 

waves are uncoupled into symmetric and antisymmetric modes with respect to the midplane. 

The system forms a standing wave across the thickness of the structure so that the propagation 

is essentially in the direction of the plate. The key feature of Lamb waves is geometrical 

dispersion resulting in the velocity dependency on the structure thickness and actuated 

frequency. The number, type, and velocity of the propagating modes are described by 

dispersion curves. The fundamental symmetric (S0) and fundamental antisymmetric (A0) 

modes propagate over the entire frequency–thickness range, and by increasing the frequency–

thickness product, the number of propagating modes (called higher-order modes) increases. 
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The complexity of the mode shapes increases with the increasing mode number [17, 42, 57]. 

The schema of the first three modes is shown in Figure 7. 

 

 

Figure 7 A schema of displacement fields for the first three Lamb wave modes a) symmetric, 
b) asymmetric 

Lamb wave behaviour depends on material characteristics. Propagation in isotropic metals 

and anisotropic/quasi-isotropic composites will be addressed. In isotropic materials, pure 

Lamb wave modes exist, and their velocity is dependent only on the frequency – thickness 

product. Calculation of the dispersion equation (Rayleigh – Lamb equation) provides a 

graphical representation in the form of dispersion curves, as seen in Figure 8.  

 

Figure 8 Example of the phase velocity dispersion curves for 2.5 mm aluminium alloy plate 

a) b) 
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The loss of pure Lamb wave modes is characteristic for composites. Therefore, they are often 

designated as quasi-symmetrical and quasi-asymmetrical modes. Velocity is dependent not 

only on the frequency-thickness product but also on the direction. Rayleigh – Lamb equation 

is not eligible for anisotropic materials; therefore, other methods such as the transfer matrix 

method (TMM), global matrix method (GMM), etc., are utilized to determine dispersion 

curves. Despite the anisotropic nature of composites and the necessity to use different 

approaches to evaluate Lamb wave propagation in composites, the overall characteristics are 

very similar [43]. 

 

4.2 Lamb wave generation and detection 

 

The formation of Lamb waves has often been described using the concept of interference of 

back-and-forth surface reflections. This concept is based on using the ultrasonic angle beam 

probe, and the wave propagation behaves according to Snell's law. Incident L wave hits the 

interface (upper surface) at a proper angle (less than the first critical angle), and mode 

conversion occurs. The L wave is converted partly into the L wave and partly into the SV wave. 

The secondary L and SV waves are transmitted to the host structure. When the waves reach 

the lower surface, they refract again. An interference of reflected L and SV waves occurs, 

resulting in Lamb wave propagation (Figure 9). The relationship between phase velocity and 

the incident angle is covered in Snell's law. Therefore, the frequency can be plotted against 

phase velocity or incident angle [17]. 

 

Figure 9 Lamb wave generation using angle beam ultrasonic probe 

 

Other physical principles have been proved to work regarding Lamb wave generation and 

detection. Short laser pulse has been used to generate Lamb waves through the thermoelastic 

event. Scanning laser Doppler vibrometer (SLDV) has been exploited for Lamb wave 

detection, mainly by the whole wavefield imaging [59]. Other non-contact device exploiting a 

laser induced plasma shock was utilized to generate Lamb waves [60]. Laser shearography 
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(LS) has also been utilized, and even the interaction with delamination has been imaged [61]. 

Nevertheless, SHM principles imply permanently attached actuator/sensors to the structure. 

Piezoelectric wafer active sensors (PWAS) are small, lightweight, non-invasive, and perfectly 

satisfy SHM conditions to generate and sense Lamb waves. PWAS are usually made of 

conventional lead zirconate titanate (PZT); however, piezopolymers with certain limitations 

(temperature) were also developed and used. Variability also stands in shapes and sizes. 

Square and circular PWAS show identical omnidirectional wavefields at far enough distances; 

however, square PWAS (high ratio of length/width) may excite unidirectional patterns. The 

electrode placement and material characteristics (piezoelectric coefficients) indicate the 

vibration mode. There are two ways of using PWAS for Lamb wave generation. PZT disc with 

a wrap-around electrode, which enables the soldering of both contacts on the top transducer 

surface is a simple and useful variant. Another option is embedded technology as SMART 

Layer® system (Acellent) or DuraAct (PI), which consists of the extremely thin dielectric film 

with an array of durable, networked piezoelectric sensors [67]. 

 

4.3 Piezoelectric wafer active sensors (PWAS)  

 

Much research on this topic has been done by Giurgiutiu [2, 64, 65, 66]. The way of elastic wave 

excitation is fundamentally different from that of using standard ultrasonic transducers. 

Ultrasonic probes apply vibrational pressure to the surface through surface tapping. 

Generally, the PWAS are strain coupled with the structure by the surface pinching. Expansion 

and contraction of the PWAS induced by the applied voltage are transmitted to the structure 

through the bonding layer, which acts predominantly in shear. The shear-lag analysis 

indicated that as the bonding layer thickness decreases, the shear transfer becomes 

concentrated at the ends of the PWAS. PWAS ends are stress-free; therefore, the build-up of 

strain takes place at the edges of the actuator. An ideal bonding is considered a bonding layer 

of 1µm, where maximum shear stress is transmitted to the host structure [65]. The concept of 

ideal bonding leads to the pin force model, which considers that all the load transfer takes 

place at the edges of the actuator [66]. 

 

Figure 10 Model of a shear layer interaction between the sensor and the structure [64] 
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Complex wave propagation makes Lamb wave evaluation difficult. Selective generation of 

either symmetric or asymmetric mode using PWAS is of great interest. One way is to exploit 

Lamb wave tuning using PWAS. Interaction of PWAS and the host structure showed that the 

amplitude of both the fundamental modes changes with frequency. At some frequencies 

(actually, wavelengths), S0 and A0 are enhanced or suppressed. The strain and displacement 

wave solutions under PWAS excitation for ideal bonding conditions were derived by 

Giurgiutiu. Theoretically, maximum excitation and detection are achieved when the PWAS 

length (diameter) is an odd multiple of the half wavelength of a particular Lamb wave mode. 

Even multiples of the wavelength compared to the PWAS length cause mode minima [66]. The 

PWAS length is crucial for the wavelength tuning as well as the tested structure. The example 

of the amplitude tuning of the 7mm PWAS disc is illustrated in Figure 11. The maximum 

amplitude of A0 mode is at 90 kHz. Based on dispersion curves, the group velocity is around 

1250 m/s which corresponds to the wavelength of 13.8 mm. The first odd multiple of the half 

wavelength 1×6.9 mm corresponds to the PWAS diameter (7 mm). In fact, the mode cannot be 

suppressed completely up to the zero amplitude, due to the signal bandwidth [63]. 

 

Figure 11 Relation of the frequency and the corresponding amplitude of the A0 and S0 mode 

Another way is to use two symmetrically placed transducers on both parallel surfaces. In-

phase actuation generates symmetrical mode only, while out of phase actuation generates 

asymmetrical mode. However, access to both monitored surfaces must be ensured, and the 

equipment must be adequately adapted for simultaneous excitation.  
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The structure flaws may influence the symmetry/asymmetry of the given mode. It is desirable 

to choose the frequency when the amplitude of one mode (sensitive to the flaw) is enhanced 

and the other suppressed. However, there are more factors to choose the proper frequency and 

mode apart from the amplitude ratios. The important aspect is the type of the considered flaw, 

which is sensitive to different wave mode characteristics. Therefore, the knowledge of the 

wave structure and dispersion curves combined with PWAS tuning might be helpful to choose 

the suitable frequency for testing. In general practice, the fundamental S0 and A0 modes are 

used. S0 mode is much less dispersive and sensitive to flaws anywhere within the thickness. 

On the other hand, the A0 mode shows great sensitivity to surface cracks and corrosion [105]. 

The shorter wavelength of the A0 mode also enables smaller defects detection. 

 

4.4 Mathematical description of Lamb wave propagation in isotropic media 

 

Two approaches have often been used to solve a free plate problem—the method of potentials 

or partial wave technique. The first one can be used only to solve isotropic plates, while the 

partial wave technique obtains solutions also for anisotropic structures. The method of 

potentials eventually leads to the Rayleigh – Lamb dispersion relation, which serves as the 

fundamental equation for Lamb wave propagation in isotropic media. Therefore, significant 

parts of the procedure of equation derivation are shown to demonstrate the characteristic 

features [61, 66]. 

Vector notation of displacement equation of motion for continuum mechanics: 

𝜇∇2u + (𝜆 + 𝜇)∇∇u = 𝜌�̈� (19) 

 

Where u denotes displacement, 𝜆 and 𝜇 are Lame constants, ρ is density, ∇ and ∇2 are Nabla 

and Laplace operators, respectively. 

Lamé constants can be expressed based on the Young modulus E and Poisson's ratio ν: 

𝜆 =
𝐸 − ν

(1 + ν)(1 − 2ν)
 

 

(20) 

𝜇 =
𝐸

2(1 + ν)
 

 

(21) 
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According to the theorem of vector calculus – Helmholtz decomposition – a vector field can 

be decomposed into two parts. Displacement u is decomposed into scalar and vector potentials 

𝜑 and 𝜓, respectively:  

𝑢 = ∇𝜑 + ∇ × 𝜓 (22) 

  

Where ∇𝜑 is divergence and ∇ × 𝜓 is the rotation of a vector field. In other words, one 

displacement field does not rotate, and the other has zero divergence. Therefore, one is linked 

to the longitudinal and the other to the transversal displacements. 

The problem is under the condition of plain strain (independent on x2); therefore, derivatives 

𝜕𝑥2 vanish. Decomposed equation (22) is in the following form: 

𝑢1 =
𝜕𝜑

𝜕𝑥1
+

𝜕𝜓3

𝜕𝑥2
−

𝜕𝜓2

𝜕𝑥3
    →     𝑢1 =

𝜕𝜑

𝜕𝑥1
−

𝜕𝜓2

𝜕𝑥3
 

(23) 

𝑢2 =
𝜕𝜑

𝜕𝑥2
+

𝜕𝜓1

𝜕𝑥3
−

𝜕𝜓3

𝜕𝑥1
    →     𝑢2 =

𝜕𝜓1

𝜕𝑥3
−

𝜕𝜓3

𝜕𝑥1
 

(24) 

𝑢3 =
𝜕𝜑

𝜕𝑥3
+

𝜕𝜓2

𝜕𝑥1
−

𝜕𝜓1

𝜕𝑥2
     →   𝑢3 =

𝜕𝜑

𝜕𝑥3
+

𝜕𝜓2

𝜕𝑥1
 

(25) 

 

In plane displacements u1 and out of plane displacement u3 are based on the potentials 𝜑 and 

𝜓2, which are linked to the longitudinal and shear vertical waves (forming Lamb modes), 

respectively. Potentials 𝜓1 and 𝜓3 in u2 indicate shear horizontal motion (SH modes). Further, 

only Lamb modes will be addressed. 

Substitution (22) into the (19) result into the form: 

∇[(λ + 2µ)∇2φ − ρ�̈�] + ∇ × [µ∇2𝜓 − 𝜌�̈�] = 0 (26) 

 

The solution yields for the longitudinal and shear waves, respectively, if the displacement field 

is curl-free or divergence-free. Two independent wave equations are obtained for the 

potentials 𝜑 and ψ: 

∇2𝜑 =
1

𝑐𝐿
2 �̈� 

(27) 

∇2𝜓 =
1

𝑐𝑇
2 �̈� 

(28) 

 

The solution for the wave equations is assumed harmonic and represent standing waves across 

the thickness in the 𝑥3 direction and traveling waves along the 𝑥1 direction: 

𝜑 = φ(𝑥3)𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (29) 
𝜓 = ψ(𝑥3)𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (30) 
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Substitution of the assumed solution to the wave equations (27, 28) results in the following: 

φ(𝑥3) = 𝐴1 sin(𝑝𝑥3) + 𝐴2 cos(𝑝𝑥3) (31) 
ψ(𝑥3) = 𝐵1 sin(𝑞𝑥3) + 𝐵2 cos(𝑞𝑥3) (32) 

  

where p, q, and k are defined as follows: 

 𝑝2 =
𝜔2

𝑐L
2 − 𝑘2 

(33) 

 𝑞2 =
𝜔2

𝑐T
2 − 𝑘2 

(34) 

 𝑘2 =
𝜔2

𝑐p
2  

(35) 

where cL, cT, cp, k, ω, d denote velocities of longitudinal and transverse waves, phase velocity, 

wavenumber, angular frequency, and plate thickness, respectively. 

Displacement u1 and u3 become: 

𝑢1 = (𝑖𝑘[𝐴1 sin(𝑝𝑥3) + 𝐴2 cos(𝑝𝑥3)] − [𝑞𝐵1 cos(𝑞𝑥3) − 𝑞𝐵2 sin(𝑞𝑥3)])𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (36) 
𝑢3 = ([𝑝𝐴1 cos(𝑝𝑥3) − 𝑝𝐴2 sin(𝑝𝑥3)] + 𝑖𝑘[𝐵1 sin(𝑞𝑥3) + 𝐵2 cos(𝑞𝑥3)])𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (37) 

 

Displacement equations contain sine and cosine terms which are odd and even functions, 

respectively: 

sin(−𝑥) = −sin(𝑥) (38) 
cos(−𝑥) = cos(𝑥) 

 
(39) 

The distinction between symmetrical and asymmetrical modes is based on the displacement 

field direction according to Figure 12. 

 

Figure 12 Displacement components of the fundamental Lamb wave modes a) asymmetric 
mode, b) symmetric mode 

 

a) 

b) 
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Symmetric mode: 

𝑢1(𝑥1, 𝑥3) =  𝑢1(𝑥1, −𝑥3) (40) 
𝑢3(𝑥1, 𝑥3) =  −𝑢3(𝑥1, −𝑥3) 

 
(41) 

Antisymmetric mode: 

𝑢1(𝑥1, 𝑥3) =  −𝑢1(𝑥1, −𝑥3) (42) 
𝑢3(𝑥1, 𝑥3) =  𝑢3(𝑥1, −𝑥3) (43) 

  

The motion is symmetrical with respect to the midplane if 𝑢1 contains cosines and 𝑢3 sines, 

while the motion is asymmetrical if 𝑢1 contains sines and 𝑢3 cosines. Exploiting odd and even 

properties of goniometric functions for symmetrical and asymmetrical modes result in the 

following displacement equations: 

Symmetric mode: 

𝑢1 = [𝑖𝑘𝐴2 cos(𝑝𝑥3) − 𝑞𝐵1 cos(𝑞𝑥3)] 𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (44) 
𝑢3 = [−𝑝𝐴2 sin(𝑝𝑥3) + 𝑖𝑘𝐵1 sin(𝑞𝑥3)] 𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (45) 

 

Asymmetric mode: 

𝑢1 = [𝑖𝑘𝐴1 sin(𝑝𝑥3) + 𝑞𝐵2 sin(𝑞𝑥3)] 𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (46) 
𝑢3 = [𝑝𝐴1 cos(𝑝𝑥3) + 𝑖𝑘𝐵2 cos(𝑞𝑥3)] 𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] 

 
(47) 

Displacement equations are used for the stress equations given by: 

𝜎31 =  µ(𝑢3,1 + 𝑢1,3) (48) 

𝜎33 =  𝜆(𝑢1,1 + 𝑢3,3) + 2µ𝑢3,3 (49) 

 

Stress equations become: 

Symmetric mode: 

𝜎31 = µ[−2𝑖𝑘𝑝𝐴2 sin(𝑝𝑥3) − (𝑞2 − 𝑘2)𝐵1 sin(𝑞𝑥3)] 𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (50) 

𝜎33 = µ[−(𝑞2 − 𝑘2)𝐴2 cos(𝑝𝑥3) + 2𝑖𝑘𝑞𝐵1 cos(𝑞𝑥3)] 𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (51) 

 

Asymmetric mode: 

𝜎31 = µ[2𝑖𝑘𝑝𝐴1 cos(𝑝𝑥3) + (𝑞2 − 𝑘2)𝐵2 cos(𝑞𝑥3)] 𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (52) 
𝜎33 = µ[−(𝑞2 − 𝑘2)𝐴1 sin(𝑝𝑥3) − 2𝑖𝑘𝑞𝐵2 sin(𝑞𝑥3)] 𝑒𝑥𝑝[𝑖(𝑘𝑥1 − 𝜔𝑡)] (53) 
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Boundary conditions for the free surfaces are: 

𝜎31 = 𝜎33 = 0  for 𝑥3 = +/−𝑑 (54) 

 

The resulting output is in the form of a homogeneous equation system in the matrix notation: 

Symmetric mode: 

[
−2𝑖𝑘𝑝𝑠𝑖𝑛(𝑝𝑑) (𝑞2 − 𝑘2) sin(𝑞𝑑)

−(𝑞2 − 𝑘2) cos(𝑝𝑑) 2𝑖𝑘𝑞𝑐𝑜𝑠(𝑞𝑑)
] [

𝐴2

𝐵1
]=[

0
0
] 

(55) 

 

Asymmetric mode: 

[
2𝑖𝑘𝑝𝑐𝑜𝑠(𝑝𝑑) (𝑞2 − 𝑘2) cos(𝑞𝑑)

−(𝑞2 − 𝑘2) sin(𝑝𝑑) −2𝑖𝑘𝑞𝑠𝑖𝑛(𝑝𝑑)
] [

𝐴1

𝐵2
]=[

0
0
] 

 

(56) 

Adjusting the systems of equations lead to the solution in the form of the Rayleigh-Lamb 

equation: 

Symmetric mode: 

tan(𝑞𝑑)

tan(𝑝𝑑)
=

4𝑘2𝑝𝑞

(𝑞2 − 𝑘2)2 
                   

(57) 

 

Asymmetric mode: 

    
tan(𝑞𝑑)

tan(𝑝𝑑)
=

(𝑞2 − 𝑘2)2 

4𝑘2𝑝𝑞
   

(58) 

 

The symmetric/asymmetric solution is calculated for three variants based on the expected 

region of cp. In the symmetric and asymmetric model, cp may lie in different intervals with 

respect to the cL and cT. Therefore, six equations need to be evaluated to find roots for both 

models. The number of modes increases with increasing frequency. 

 

Figure 13 Three possible intervals for cp 
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The following designations of p and q result according to Figure 13 and equation (58): 

1. If the cp lies in the region I., then p and q are imaginary 

2. If the cp lies in region II., then p is imaginary, and q is real 

3. If cp lies in region III., then p and q are real 

Based on p and q the relation itan(ix)=tanh(x) is exploited. 

Determination of three variants of the Rayleigh-Lamb equation for both models (symmetric 

and asymmetric) enable dispersion curves calculation for the whole frequency spectra. 

However, the calculation can be performed only numerically. The resulting plot is usually in 

the form of circular frequency - wavenumber (ω-k) or frequency – phase velocity (f- cp) (Figure 

14a and Figure 14b, respectively). 

 

  

Figure 14 Dispersion curves a) wavenumber – circular frequency representation, b) phase 
velocity – frequency representation 

 
 
 

The calculation is performed for the given frequency according to the following steps: 

1. Use constants cL and cT and half thickness of the plate d 

2. Choose the frequency f → 𝜔 = 2𝜋𝑓 

3. Choose cp 

4. Use the corresponding variant of the Rayleigh-Lamb equation  

5. Evaluate the equation: LHS-RHS=0 

6. Based on the sign of the resulting number, choose another cp+1 or cp-1 until the sign 

changes 

7. Repeat the steps 2-6 for the required frequencies 

a) b) 
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4.5 Dispersion 

 

Dispersion is considered a dependency of a physical quantity on the frequency and is a key 

feature of Lamb waves. The dependency of the wave velocity and attenuation on the frequency 

are particularly observed. Velocity dispersion was quantitatively introduced in the previous 

subchapter using the dispersion relation in the form of the Rayleigh-Lamb equation. Each 

wavelength (frequency component) propagates with a different velocity. In practical 

applications, an actuation pulse has a certain frequency bandwidth +/- 𝛥f around the central 

frequency. Therefore, a group of waves that travel together at similar frequencies, but varying 

velocities form a wave packet. Group velocity cg is the term given to the propagation velocity 

of a wave packet, while with the phase velocity cp propagate individual waves. As a result, 

shape distortion occurs - the propagating pulse changes shape with the increasing propagating 

distance [68]. The difference between non-dispersive and dispersive wave packets is shown in 

Figure 15a. The superposition of two waves with slightly different frequencies is shown in 

Figure 15b. 

  

Figure 15 a) comparison between the non-dispersive and dispersive burst [68], b) 
superposition of waves into a wave packet 

 

Experimentally, the group velocity is measured by tracking the envelope of the wave packet 

since the phase is "hidden" in the wave packet. Calculations are performed exploiting the 

dispersion relation. Rayleigh – Lamb dispersion equation evaluates not only the frequency-

dependent phase velocities but also the structure thickness. Dispersion curves are, therefore, 

relationships of cp (cg) and the frequency-thickness product.  

The construction of velocity dispersion curves is an effective way to describe Lamb waves. 

Usually, dependencies ω-k or cp-f (cg-f) are plotted. Rayleigh - Lamb equation directly gives the 

variable k or cp for the given ω. Phase velocity is calculated as: 

𝑐𝑝 =
𝜔

𝑘
 (59) 

 

a) b) 
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Group velocity is recalculated according to the following: 

𝑐𝑔 =
𝑑𝜔

𝑑𝑘
 

(60 a) 

 

(60 b) 

 

(60 c) 

𝑐𝑔 = 𝑑𝜔 [
𝑑𝜔

𝑐𝑝
− 𝜔

𝑑𝑐𝑝

𝑐𝑝
2 ]

−1

 

𝑐𝑔 = 𝑐𝑝
2 [𝑐𝑝 − 𝜔

𝑑𝑐𝑝

𝑑𝜔
]

−1

 

  

There are three cases of dispersion based on the relationship of cp - cg [68]. 

1. If cp=cg 

• Waves with constant velocity across the whole frequency spectrum (e.g., L, 

T waves) 

• Linear relation of ω-k 

• Non-dispersive behaviour 

2. If cp < cg 

• Increasing trend of ω-k 

• Anomalous dispersion 

3. If cp > cg 

• A decreasing trend of ω-k 

• Classical dispersion  

Graphical representation of ω-k in Figure 16a shows the difference in cp and cg calculation. 

Group velocity is related to the tangent while phase velocity to the slope. Figure 16b shows 

the difference of cp and cg for the case of A0 mode up to 250 kHz. 

  

  

Figure 16 a) Wavenumber – circular frequency plots, b) phase and group velocity plot 

a) b) 
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Dispersive characteristics of the propagating modes vary across the frequency-thickness range 

for both modes. Figure 17 shows the difference between the dispersive A0 and almost non-

dispersive S0 mode at 100 kHz. The plot is constructed based on experimental signals collected 

by PZT sensors at several equidistant points. Phase and group velocity may be distinguished 

by tracking the specific part of the wave packet. In the case of S0, both velocities are identical, 

unlike in the case of A0. 

 

Figure 17 Experimental data collected at several equidistant points – the difference in 
dispersive (A0) and non-dispersive (S0) wave packet 

 

4.6 Propagation in anisotropic media 

 

As mentioned before, the loss of pure Lamb wave modes occurs in composites. While in 

isotropic materials, it is assumed that Lamb waves are formed by interference of L and SV 

waves, in anisotropic structures are formed by superpositions of reflected L, SV, and SH partial 

waves [70]. 

Lamb waves in anisotropic materials such as composites show not only velocity dispersion in 

relation to the frequency-thickness product. Velocity and amplitude vary with the propagation 

direction. The stiffness depends on the fibre orientation, hence the overall layup, and the 

velocity is directly linked to the stiffness. Therefore, in unidirectional composites, the velocity 

is more sensitive to the propagation angle than in quasi-isotropic composites. Also, the 

velocity of S0 mode is much more sensitive to the layup than the A0 mode. The mechanical 
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properties of composites are also influenced by the quality of the manufacturing process. The 

inner porosity (voids) is a very common issue. Therefore, the velocity may also vary with the 

location within the same direction [69].  

The derivation of dispersion relations starts with the appropriate equation of motion, stress-

strain relationships, and definition of boundary conditions. The solution is provided utilizing 

either the method of potentials or the partial wave technique. For the isotropic case, both 

techniques lead to Rayleigh – Lamb equation. However, for composites Rayleigh – Lamb 

equation cannot be used for dispersion curves construction anymore since Helmholtz 

decomposition does not provide the desired simplification. Therefore, the partial wave 

technique is utilized to derive dispersion relations in anisotropic structures. In a single 

anisotropic layer, a plate wave may be understood as a superposition of 6 partial waves – 2 

quasi longitudinal (+/- L), 2 quasi shear – vertical (+/- SV), and 2 quasi shear – horizontal (+/- 

SH) [70]. The sign denotes the propagation direction (reflection from the top or the bottom 

surface). Complete analytical derivation of dispersion relations for Lamb type and SH waves 

can be found, for example, in [43, 58, 70]. Extension to the multi-layered structures is based on 

the assembly of the boundary conditions carried out by the Global matrix method (GMM) or 

Transfer matrix method (TMM). GMM approach may utilize the Helmholtz decomposition for 

the isotropic layers or the partial wave technique for both isotropic and anisotropic layers. The 

number of boundary conditions that need to be satisfied corresponds to the number of layers 

(2 boundary conditions for the top surface, 2 for the bottom surface, and 4 for each interface). 

For the 4 – layer structure, the matrix 16 × 16 need to be solved. This approach is evidently not 

suitable for structures with a large number of layers due to the high time consumption. TMM 

approach can be helpful since the transfer matrix (4 × 4) is independent on the number of 

layers. However, this method is unstable for large frequency–thickness products. To solve this 

problem, stiffness matrix method (SMM) was evolved from the TMM [43]. 

As an alternative approach to TMM/GMM a semi-analytical finite element (SAFE) method was 

developed to evaluate plate wave propagation. It is considered a hybrid method since the 

waveguide is discretized in the cross-section, and analytical solution (harmonic exponential 

term) is adopted in the wave propagation direction. The SAFE provides an advantage over 

matrix-based methods because they need to perform root searching in the complex domain 

and thus being more computationally expensive, and root-finding algorithms may miss 

certain roots [62]. 
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4.7 Propagation in complex structures 

 

Lamb wave propagation in complex structures is much more complicated compared to flat 

plates. In complex structures made of anisotropic materials, the fastest path between two 

points is not necessarily a straight line; hence, the shortest path may not be the fastest path 

[69].  

Another difficulty arises from the mode conversion effect. A symmetrical mode may be 

converted into an asymmetrical one when reaching structural change (discontinuity, thickness 

change, shape change, etc.) or damage. The first wave packet propagates the fastest S0 mode 

and the last the slower A0 mode. In between, converted A0 can be distinguished. However, 

real structures have boundaries, and multiple edge reflections can distort the particular wave 

packets and disable mode distinction [19]. In multi-layered composite plates, continuous mode 

conversion has been observed. S0 mode converts into the A0 mode without passing any 

discontinuity. This effect was investigated numerically and experimentally using a scanning 

laser vibrometer [71]. 

 

4.8 Temperature dependence 

 

Environmental and operational conditions, especially temperature, humidity, loadings, and 

vibrations, affect Lamb wave propagation [72]. Temperature effects may cause significant 

Lamb wave propagation variations in velocity and amplitude.  

Longitudinal and transversal wave velocities are material constants for the given temperature 

and functions of temperature through the elastic modulus and density. Since Lamb waves are 

formed by portions of longitudinal and transversal displacements, symmetrical and 

asymmetrical modes are consequently temperature dependent as well. Generally, material 

stiffness decreases with increasing temperature, and so does the Lamb wave propagation 

velocity. Structure geometry in terms of in-plane expansion/compression may also influence 

the thickness and the actuator–sensor distance. Apart from the velocity, characteristics of PZT 

sensors as dielectric permittivity and piezoelectric coefficients change as well. Temperature 

variations also affect the material characteristics of the bonding layer between the actuator and 

the tested structure [72]. Substantial analyses of all temperature-dependent parameters 

(mechanical and electrical) of SHM system utilizing PZT sensors was published in [73]. Several 

publications have appeared documenting the temperature influence on Lamb wave 

propagation velocity. A decrease in ToF with decreasing temperature was documented within 

many publications. These investigations naturally lead to the decrease of the phase and group 
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velocities with increasing temperature [74, 75, 76]. However, experiments performed above 

140 °C revealed a velocity increase [77]. The thermal dependency of Lamb wave velocity on 

the temperature is essential since ToF change is often used as a damage-sensitive parameter. 

Then, the temperature effect needs to be compensated, or identical environmental conditions 

need to be ensured. Temperature-affected signal responses may cause false alarms in damage 

detection algorithms. Therefore, compensation algorithms have been widely investigated, 

namely optimal baseline selection (OBS) and baseline signal stretch (BSS) or their combination 

[78, 79, 80]. 

 

4.9 Nonlinear effects 

 

The exact frequency of the received and actuated signal is described by linear ultrasonics. 

Microstructural changes cause nonlinear elasticity, and therefore, higher harmonics can be 

generated. Nonlinear ultrasonics in bulk solids has been studied for more than four decades, 

but the initial studies of higher harmonics in plates are much more recent. Sensitivity to 

microstructural changes is considered a great advantage of nonlinear methods [81]. Nonlinear 

effects caused by fatigue cracks in metals have been studied extensively. There are also some 

publications dealing with nonlinear effects in composites.  

In linear systems, the actuated frequency stays unchanged during the propagation within the 

structure. However, microstructure inhomogeneities (voids, dislocations, etc.) may cause 

nonlinear effects such as higher harmonics generation or subharmonic generation. The 

propagating wave is distorted, which is not fully visible in the time domain, but the frequency 

domain reveals the higher harmonics.  

Material nonlinearities at the microstructure level act as a source of higher harmonics 

generation. The second harmonic Lamb waves may grow cumulatively as they propagate if 

precise conditions are satisfied. The phase and group velocity matching and non-zero power 

flux are conditional. Therefore, dispersion curve construction is essential [82]. Actuation 

frequency is selected, so the fundamental and the double frequency propagate with identical 

velocity. This condition shifts the selection to higher frequency ranges. The wave pairs often 

correspond to S1 – S2 modes. Higher harmonic wave is always symmetrical regardless of the 

fundamental wave mode [82, 83]. The comparison of the frequency selection of S0 mode, which 

satisfies and does not satisfy the matching condition, is described in the literature [84]. 

Higher harmonics generation may also be caused by the contact type of damages such as 

fatigue cracks or even delamination. In the case of the fatigue crack, the phenomenon of contact 

acoustic nonlinearity (CAN) is described by the breathing crack [85]. The compression part of 
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the incident Lamb wave closes the crack while the tension part opens. Nonlinearity is caused 

by the clapping behaviour of the crack surfaces [86]. The advantage of this approach lies in the 

possibility of using low-frequency Lamb waves.  

Quantification of the nonlinearity feature is performed using the nonlinearity factor. The 

simplified form of the relative nonlinearity parameter represents the ratio of amplitudes of the 

corresponding waves [87]: 

𝛽 =
𝐴2

𝐴1
2   

 

(61) 

Recently, experimental studies supported by simulations focusing on delamination induced 

higher harmonics generation due to CAN have been published [88, 89]. S0 mode is much more 

effective for evaluation than A0 mode. 
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5 State of the art: literature review in relation to experiments 

 

The literature review is focused primarily on the experimental investigation of damage 

detection in typical composite aircraft structures. Therefore, this chapter deals mainly with 

two topics - dispersion curve determination and damage detection process. Specifically, 

impact damage detection and debonding detection in adhesively bonded joints are covered in 

this section. 

 

5.1 Dispersion curves determination 

 

Velocity dispersion curves together with amplitude-frequency PWAS tuning provide unique 

information for the given structure and enable the identification of the measured wave 

packets. Dispersion curve calculations are validated by experimental measurements. For 

isotropic materials, calculations are performed by means of the Rayleigh-Lamb equation. 

Calculations for anisotropic layered structures are much more complex and utilize methods 

such as TMM, GMM, SMM, and SAFE [62, 90]. There are available SWs for dispersion curve 

determination, even for complex anisotropic structures as composite bonded joints. A Demo 

version of the SW DISPERSE with limited functions is provided by Lowe utilizing the GMM 

approach. There is also SW GUIGUW (Graphical User Interface for Guided Ultrasonic Waves) 

under development, providing a year-term license key that enables not only velocity 

dispersion curves calculation for isotropic/anisotropic structures but displays also wave 

structure curves. GUIGUW SW is based on the SAFE method [91]. Dispersion curves 

calculation for the isotropic structures (single-layered or multi-layered) is performed using 

either the cL and cT and density constants or material properties as Young modulus and 

Poisson. Input data for solving the anisotropic cases comprise the stiffness matrix for each 

layer. 

As stated before, velocity dispersion curves represent a basic description of Lamb wave 

behaviour. The group velocity dispersion curve can be determined by the phase velocity 

recalculation using eq (60c). The trend of the wavenumber – circular frequency plots show the 

mutual relation of the phase and group velocity (cp > cg, cp < cg, cp = cg). 

Experimental measurements may bring direct or indirect information about the phase and 

group velocity; hence signal processing tools need to be exploited. Mostly, actuated 

frequencies are chosen within the lower frequency-thickness range, where only the 

fundamental modes are present. Then, dispersion curves are constructed up to the first cut-off 

frequency. S0 mode is in the low frequency-thickness range much less dispersive than A0 
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mode, so A0 mode velocity determination is much more complicated. The group velocity of 

S0 mode is for the low frequency-thickness products almost identical with the phase velocity.  

The standard way to obtain velocity is to define ToF between two close points of a known 

distance. For wave packets measured experimentally, phase velocities are measured by 

tracking wave peaks while the group velocity by tracking envelopes of wave packets [92]. The 

amplitude of different peaks might change due to dispersion with propagation distance, 

causing the change of the shape of the wave packet. Wave packets envelopes or peaks itself 

should not be distorted to be compared [17]. However, signal processing tools are often 

exploited since the distortion occurs often. Simple ToF difference or cross-correlation function 

is then used to determine the time lag. Information about the arrival time can also be extracted 

using Wavelet transform [92, 93, 94]. According to the literature [95], knowing the distance, 

time, and phase between 2 close signals, both phase and group velocity can be determined. 

First, the wave packets are extracted from the rest of the signal. Hilbert transform is used to 

obtain envelopes that are cross correlated to determine the time difference and the group 

velocity. Then, a phase shift that maximizes the correlation is found to calculate the phase 

velocity. Another precise method to determine dispersion curves is 2D FFT [31]. Discrete 2D 

FT is a quick tool to determine dispersion curves in a wavenumber–frequency domain. 

However, a high number of time signals at equidistant points is required. Therefore, this 

method is suitable for measurements obtained using laser interferometry or the ultrasonic 

receiver, which enables scanning along the desired path or for numerically gained data. Time-

frequency analysis using short-time chirp- FT to determine both velocities exploiting only two 

close sensors has been proposed in [96]. The spectrum decomposition technique [97, 98] is 

described as a fast method since velocity values in a particular frequency range are obtained 

using the frequency spectrum decomposition of a single wave packet. A broadband excitation 

signal is transmitted, and different bandwidth filters (20-130 kHz) are applied to signals at two 

positions. The optimal bandwidth filter is considered the one with the least relative error of 

the theoretical and experimentally determined group velocity. Zero crossing technique 

together with spectrum decomposition [99] can be utilized to identify time delays for the 

corresponding phases. Two close transducers are utilized so the wave distortion due to the 

dispersion is not significant. A threshold level is defined at particular half periods, and the 

time where the signal crosses zero is registered. The frequency corresponds to the half periods, 

and phase velocity dispersion curves can be successfully reconstructed. 
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5.2 Lamb wave-based damage detection   

 

 
Many different approaches and algorithms for damage detection, localization, identification, 

and quantification of aerospace structures have been presented by means of Lamb waves. 

These approaches reflect the Lamb wave behaviour. Wave propagation is dependent not only 

on the structure design and material properties but also on actuation signal parameters 

(frequency, actuation signal type, input voltage) and can be influenced by changing 

environmental conditions (temperature, humidity) and operational conditions (loading, 

vibrations) [72]. Identical conditions shall be ensured, or these effects shall be compensated to 

avoid false alarms or damage localization errors.  

Interaction with damage depends on the propagating mode and varies with the size and type 

of damage. Wave ridge deflections, velocity changes of propagating modes, or wave scattering 

due to the presence of damage were many times visualized by numerical simulations and 

experiments. Experimentally, full wave-field images can be obtained employing scanning 

laser Doppler vibrometer (SLDV) [59]. Laser shearography (LS) has also been utilized for 

Lamb wave imaging [61]. Neither SLDV nor LS systems can be unlike PZT sensors considered 

for SHM, but they are very beneficial tools to understand Lamb wave propagation and 

interaction with damage. 

 

Figure 17 Common actuator - sensor configuration 

 

The typical arrangement of the sensors utilizes pitch-catch or pulse-echo configuration (Figure 

17). Pulse-echo mode provides ToF measurements of the damage induced scattered or 

reflected waves. These measurements result in damage localization and utilizing a sensor 

network enables even quantification. However, in complex structures is often difficult to 
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extract ToF feature. Pitch-catch arrangement enables to locate potential damage exploiting a 

network of actuator-sensor pairs. The dense the network, the more accurately localized the 

damage can be. Nevertheless, the overall objectives of SHM do not support the arrangement 

of thousands of sensors. Precise damage localization is the task of NDT. A simple sensor 

network with as few cables as possible is preferred (low weight is required). To overcome this 

issue, researchers are dealing with wireless sensor network technologies [100, 101]. 

The general evaluation methodology is based on the comparison of signals measured at 

different states. Damage indication and damage extent are defined by a damage index (DI) 

based on a damage-sensitive signal feature. DI can be extracted in the time-domain, frequency-

domain, time-frequency-domain, or the frequency-wavenumber-domain [102]. 

The overall Lamb wave SHM process is performed according to the following steps: 

1. Lamb wave tuning (simulations/calculations/preliminary measurements)  

▪ actuation frequency and damage sensitive mode determination 

2. Measurements – baseline/baseline – free 

3. Extraction of a signal feature (DI) and signal processing 

4. The mathematical relation between the DI and the damage extent/damage imaging 

algorithms 

The physical significance of the corresponding DI to damage should be explained. The ToF of 

the corresponding wave packet is a very powerful parameter often exploited as a DI. Wave 

propagation velocity is directly related to mechanical properties and the structure thickness; 

both can be evaluated by means of velocity change (ToF change). Thickness change may be 

caused by corrosion, icing, debonding, and even delamination. Mechanical properties 

expressed by material constants also showed significant change in Lamb wave velocity. It has 

been demonstrated that fatigue degradation and thermal damage in composites caused a 

decrease in Lamb wave velocity due to the stiffness degradation [103, 104]. The velocity is 

directly dependent on the structure temperature, so possible temperature variations shall be 

compensated, or identic conditions shall be ensured for all measurements. As a potential 

solution, baseline-free algorithms have been proposed by some researchers. A promising 

candidate for baseline-free damage detection is considered the concept of the time reversal 

process [106, 107, 108]. Input signal actuated by a sensor A is detected by a sensor B, reversed 

in time, and actuated back towards sensor B. If no damage is present between those two 

sensors, the reconstructed signal at sensor A will match the former input signal. 

There are many other signal parameters to be considered as DI, e.g.: correlation coefficients, 

signal amplitude peak ratios, the signal sum of squared differences, discrete Wavelet 

transform coefficients, signal difference coefficients [105], nonlinear parameter, etc. This 

approach is beneficial in terms of automation. A mathematical relationship is established 
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between a suitable DI and damage parameter (crack length, size of impact, debonded region, 

etc.). 

Basically, the evaluation approach is chosen according to the expected type of damage. For 

example, in the case of fatigue crack, a simple relationship of a crack length and DI is sufficient. 

In case of impact damage, an imaging algorithm is beneficial. 

 

5.2.1 Impact damage detection 

 

The literature on detection, localization, and quantification of barely visible impact damages 

(BVID) or visible impact damages (VID) shows a variety of approaches, including pattern 

recognition methods [109]. Full wave-field patterns and interactions with different sizes of 

BVID were investigated in [110] by means of numerical methods and experimentally using 

SLDV. Simple ToF measurements utilize pulse-echo configuration, and damage is localized 

based on time arrivals of damage-induced reflected waves [111]. Delay-and-sum imaging 

algorithm exploits residual signals (subtracted from the baseline), which are time-shifted 

according to the given rule, and then summed and averaged. Signals are filtered in the 

frequency domain to obtain individual images for different frequencies. Image fusion has also 

been introduced to improve localization [112]. Group velocity is conditional on calculating the 

corresponding time shift in the delay-and-sum algorithm. In complex structures, it may be 

impossible to identify the propagating mode and determine the ToF. To overcome such issues, 

imaging algorithms, especially probabilistic algorithms have become very popular [111]. The 

widely used RAPID (Reconstruction Algorithm for Probabilistic Inspection of Damage) 

algorithm is a tool for guided wave tomographic imaging and has been published in a variety 

of modifications. The pilot study is described in [113]. The experimental part was performed 

on several defects of an aluminium aircraft wing. Other studies followed by applying RAPID 

for damage detection in composites [114, 115] and by analysing and optimizing the algorithm 

features. The basic principle is shown in Figure 18a. The elliptical area of the actuator–sensor 

path (transducers in the loci) is influenced by the propagating wave packet. The effects of 

possible damage are expressed by the comparison between the baseline measurement and the 

following measurements. The final pseudo-image of damage is obtained by summation of all 

the effects from every possible sensor path (Figure 18). The algorithm enables to choose a 

variety of DIs. A comprehensive work, reported in [105], consisted of 112 impacts introduced 

to the full-scale door surround structure. Tests were performed on a large complex structure, 

and impacts were introduced not only to skin parts but also to the skin-stringer joints causing 

debonding. All 112 impacts were successfully detected. By introducing the Scaling Subtraction 

Method (SSM) the algorithm has been transformed into a baseline-free technique [116]. In the 
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reference [117], a comparison of the baseline-free TR approach and conventional RAPID was 

performed to evaluate BVID in a sandwich structure. Both fundamental modes A0 and S0 were 

sensitive to BVID, and both methods were successful in damage localization. Conventional 

RAPID showed better precision. 

 

 

 

Figure 18 a) A sketch of a tomographic imaging principle, b) an example of impact damage 

imaging using RAPID 

 

The theory of the RAPID algorithm is simple, as stated in [111]: 

In general, the probability of damage P in location (x,y) is calculated according to the following 

equation: 

𝑃(𝑥, 𝑦) = ∑ 𝐷𝐼𝑖[
𝑁

𝑖=1

β−𝑅𝑖(𝑥,𝑦)

β−1
], 

 

(62) 

Where 𝐷𝐼𝑖 denotes the damage index of the sensing path i and [β-Ri(x,y)/β-1] is a non-negative, 

linearly decreasing spatial elliptical distribution. β is the scaling factor that controls the size of 

the elliptical distribution area. 

The ratio of the total distance of the point to the actuator and sensor in position (x, y) is 

represented by location parameter Ri. 

𝑅𝑖 =
√(x−𝑥1𝑘)2+(y−𝑦1𝑘)2+√(x−𝑥2𝑘)2+(y−𝑦2𝑘)2

√(𝑥1𝑘−𝑥2𝑘)2+(𝑦1𝑘−𝑦2𝑘)2
, 

 

(63) 

According to a position of the evaluation point i(x,y), several cases can occur: 

• If Ri (x,y) = 1, the point is on the direct line of the actuator-sensor path, and the 

probability of damage at that point is Pi(x,y)=DIi(x,y).  

a) b) 
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• If Ri (x,y) = β, the point is on the boundary of the ellipse, and the probability of damage 

at that point is Pi(x,y) = 0.  

• If Ri (x,y) > 0 and Ri (x,y) < 1, the point lies between the boundary of the ellipse and the 

direct line of the actuator-sensor path and the probability of damage at that point 

Pi(x,y) ∈ (0,1). 

𝐷𝐼𝑖 represents the rate of similarity of 2 signals. The correlation coefficient ρ is often used as a 

signal feature. Then, 𝐷𝐼𝑖 =1-ρi. If two signals show no difference, correlation coefficient ρi=1, 

damage index 𝐷𝐼𝑖 = 0, and probability of damage at the given point Pi (x, y) = 0. The greater 

the difference, the smaller ρi and the greater 𝐷𝐼𝑖 and Pi. 

 

5.2.2 Debonding/delamination detection in adhesively bonded joints 

 

A current challenge is the SHM of adhesively bonded composite joints: a three-layer system of 

adherent–adhesive–adherent. Different configurations of joints exist. Figure 19 shows a 

schematic of a single lap joint. From the perspective of standard NDT, more methods for the 

bond assessment, such as ultrasonic testing, thermography, shearography, etc., are available. 

Evaluation concerns damaged structure such as local delamination or complete debonding 

and also the bond quality. A pulse-echo technique using ultrasonic longitudinal waves is 

easily utilized for debonding detection. There are also commercial devices and probes (pitch-

catch setup) generating Lamb waves and analysing amplitude increases within a disbonded 

region suitable for sandwich structures [53].  

However, the current research attempts to establish a reliable real-time SHM method to ensure 

the integrity and reliability of adhesively bonded joints. The literature on adhesively bonded 

joint assessment using Lamb waves shows various approaches. Most of them are related to 

adhesively bonded aluminium joints, utilizing angle beam transducers, and exploiting higher-

order modes. 
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Figure 19 A sketch of a single lap joint 

 

Theoretical work was conducted to simulate the Lamb wave propagation in an elastic–

viscoelastic three-layer adhesive joint. The investigation of the wave structure curves showed 

that the interfacial continuity conditions for the Lamb wave propagation in the overlap section 

were satisfied. The phase velocity dispersion curves were determined using a global matrix 

method. Different modes in different frequency ranges with acceptable attenuation levels were 

identified as suitable for inspection [120]. Two sensor configurations can generally be used to 

investigate the bonds. Actuator–sensor pairs can be placed either across the bond or within 

the bond, on the overlap section (Figure 19). In literature [118], qualitative and quantitative 

analysis was performed on skin-stringer assembly. Transmission, reflection, and scattering 

behaviour were investigated regarding the particular modes and frequencies. Other papers 

dealing with experimental measurements also revealed the possibility of damage evaluation 

through the wave scattering patterns [119]. The degradation of the adhesive bond properties 

caused by aging was presented by the change in dispersion curves obtained using 2D-FFT 

[121, 122]. Transmission coefficients were calculated in the frequency domain to evaluate 

adhesive bond geometry, material properties, and the presence of a defect [123]. Transmission 

coefficients were determined in bonded aluminium plates to infer the mechanical properties 

of the bond. A wave propagation problem of composites joints was solved numerically, by 

SAFE and experimentally, focusing on transmission of S0 mode through the joint [124]. 

Specimens with initially good and poor adhesion were tested [125]. A wave structure analysis 

was proposed to select a sensitive mode and frequency for artificial defects in a composite 

skin-stringer assembly [126].  
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6 Objectives  

 

The literature review concerning Lamb waves revealed that dispersion curve construction 

based on experimental data is often difficult to determine simply and fast.  

Velocity dispersion curve is key information for further damage assessment. The time of flight 

(ToF) parameter may change due to the structural degradation or thickness change. Therefore, 

ToF is perfect for evaluating impact damage, delamination, or debonding. However, 

environmental and operational conditions influence guided wave propagation in terms of 

amplitude and ToF (velocity). Correct interpretation or compensation of the influenced signals 

is essential since it decreases false alarms of damage detection. 

As a result, the general objectives of the thesis are formulated as follows: 

1. Propose a fast method for dispersion curves construction based on experimental data 

2. Improve input data pre-processing for existing impact damage detection algorithm  

3. Improve diagnostic capabilities for delamination assessment exploiting velocity-

thickness relation 

4. Evaluate the performance of the method under the environmental and operational 

conditions 

The thesis objectives are defined separately; however, they follow each other somehow. 

Velocity determination is closely tight to the mode identification, and velocity values may be 

used in damage extent calculations.  

For reliable utilization of the UGW method within the structural tests, it is critical to 

understand the method itself, conduct as many tests as possible, learn the corresponding 

procedures with equipment, and get experiences with different structures and damage types. 

All experiments were performed in the Czech Aerospace Research Centre (VZLU), by which 

a sufficient number of test specimens representing aircraft structures was guaranteed.  
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7 Dispersion curves 
 

 
Group velocity is the velocity at which the wave packets travel, and its knowledge supports 

the propagating mode identification. Knowing the whole segment of a group velocity curve 

for both modes help orientate which mode and when to expect at various actuator–sensor 

paths. However, based on a very easy distortion of wave packets in practice due to the 

frequency shifting, edge reflections, etc., group velocity has been determined within this thesis 

only indicatively. Therefore, a methodology for the phase velocity determination was 

proposed since the phase velocity may be easily recalculated into the group velocity. 

The experimental part of the thesis is focused on the typical composite structures used for 

aerospace applications. However, the topic of velocity dispersion curves is dedicated to both 

isotropic and anisotropic structures. The complications with the Lamb wave propagation in 

anisotropic structures compared to the isotropic ones were briefly explained in chapter 4. In 

this chapter, frequency filtering is proposed to determine phase velocities using the 

experimental data. First, measurements performed on an aluminium alloy sheet representing 

the isotropic structure were exploited to demonstrate the proposed methodology. Then, phase 

and group velocity measurements supplemented by related calculations were conducted for 

both structures – isotropic and anisotropic. A thermoplastic composite plate was utilized to 

verify the methodology for anisotropic structures. Experimental data were compared to the 

theoretical calculations. Theoretical dispersion curves for isotropic plates were calculated 

according to the Rayleigh-Lamb equation. SW GUIGUW based on the SAFE method was 

exploited to determine theoretical dispersion curves for the composite structure. 

 

7.1 Phase velocity determination proposal  

 

The methodology of the phase velocity determination using experimental data is proposed. 

Depending on the actuation parameters, the particular actuation burst has a certain frequency 

bandwidth +/- 𝛥f around the central frequency. For instance, as seen in Figure 20 b, bandwidth 

at the full width at half maximum (FWHM) for a 5-cycle sine burst in the Hanning window 

with the centre frequency of 60 kHz is 28 kHz (45-73 kHz). Therefore, the potential lies in many 

single-frequency components filtering using one broadband signal.  

The whole process outlined in Figure 20 is comprised of the following steps: 

1. Pre-processing – wave packets extraction + zero padding 

2. Signals conversion from the time domain into the frequency domain 
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3. Band filtering (low pass and high pass) 

4. Signals transformation back to the time domain 

5. Time shift determination of the corresponding phases  

6. Phase velocity calculation  

The corresponding wave packets/the partial wave packets are truncated from the signals 

measured at two close positions. Afterward, the signal is zero-padded (Figure 20a) to extend 

in the time domain to increase the frequency resolution. Steps 2-5 are performed twice. First, 

a band filter is used with such frequency bandwidth, so the amplitude variations back in the 

time domain are still distinct (Figure 20c). The signals are shifted in time to match (cross-

correlated). Then, a band filter is used again to get a narrow frequency spectrum (Figure 20d). 

Finally, the time shift is adjusted to match both signals again. The corresponding time shifts 

are used to calculate phase velocities.  

  

  

Figure 20 Example of the phase velocity determination methodology for 60 kHz signal a) 

signals at two close positions, b) frequency spectrum, c) wider filtered signals, d) narrow 

filtered signals 

a) b) 

c) d) 
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Narrow frequency bandwidth is very close to a single frequency signal which travels with the 

phase velocity. The resulting phase velocity is very close to the real phase velocity value. The 

frequency filters are determined for values resulting from the frequency resolution, so the 

centre of the bandwidth is the corresponding discrete frequency value. If the frequency step is 

1 kHz, the precision is better than +/- 1 kHz. 

The methodology is demonstrated on measurements performed on a 1.4 mm thick aluminium 

alloy sheet. A comparison of the phase velocity calculations using the Rayleigh-Lamb equation 

and values obtained by the proposed methodology is presented in Figure 21. Phase velocity 

values within the range of 35 kHz – 135 kHz were experimentally determined using only four 

broadband signals at 50 kHz, 60 kHz, 90 kHz, and 120 kHz. 

 

Figure 21 Comparison of the calculated phase velocity and values obtained using the 

experimental data 

 

7.2 Dispersion curves for the isotropic plate 

 

The isotropic structure is represented by a 1.4mm aluminium alloy sheet. Phase and group 

velocity dispersion curves were determined using:  
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1. Rayleigh-Lamb equation 

2. Experimental measurements  

a. Group velocity tracking the envelope 

b. Phase velocity using the frequency filtering 

3. Calculation of cg using equation (60) 

 

Aluminium alloy sheet 7475 T735 with a thickness of 1.4 mm and 400 × 500 mm dimensions 

was utilized for this experiment. Transducer A1 in the middle of the plate served as an actuator 

a two transducers S2 and S3 at a considerable distance from the edges served as sensors. 5-

cycle sine burst was used as an actuation signal in the frequency range of 30-250 kHz with the 

step of 5 kHz. A schema is presented in Figure 22. 

 

Figure 22 Schema of the aluminum alloy test specimen 

 

The difference of ToF at the locations of S2 and S3 was used to determine the group velocity 

of the fundamental A0 mode. Figure 23 shows the obtained time difference dt using the 

maximum peak correlation and envelope correlation approach. Correlation of the envelope 

maximum amplitudes gives in the case of 120 kHz time difference of 10.164 µs while for the 

maximum peak correlation, the time difference is 7.88 µs. The resulting group velocity would 

be either 1968 ms-1 or 2538 ms-1. Compared to Rayleigh – Lamb equation calculation, the 

methodology of envelope correlation is more precise. As explained before, the maximum 

energy of the wave packet is shifting within the envelope and is somewhere between the 

maximum amplitude peak and the adjacent left or right peak.  
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Figure 23 a) Difference in time delay of envelopes and maximum peaks, b) correlated 
envelopes 

The segment of phase and group velocity dispersion curve of A0 mode is shown in Figure 24. 

“cg experimental" are group velocity values obtained using the tracking of the maximum of 

envelopes. "cp experimental" denotes phase velocity determined using the proposed frequency 

filtering methodology. Then, the time delay is easily identified, and velocity is calculated. This 

velocity is the closest value to the real phase velocity. Calculation of cg based on the cp using 

the equation (60) requires a much smaller frequency step. The resulting data were fitted with 

the step of 0.22 kHz to obtain better frequency resolution to calculate group velocities. Finally, 

the Rayleigh–Lamb equation was used to calculate the theoretical dispersion curve for the 

given frequency range. Longitudinal and shear velocities were set as 6.2 and 3.1 km/s, 

respectively. The experimentally obtained phase velocity curve shows a great match with the 

Rayleigh – Lamb equation. 

 

Figure 24 A segment of a phase and group velocity dispersion curve 
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7.3 Dispersion curves for the anisotropic plate 

 

The anisotropic structure is represented by a flat plate made of a carbon fibre composite with 

a thermoplastic matrix. The following analyses were performed: 

1. Phase velocity determination 

a. Experimentally using the frequency filtering 

b. Calculation employing GUIGUW SW 

2. Direction dependent velocity calculation (GUIGUW) 

Experimental measurements exploited the same methodology to determine phase velocity 

dispersion curves as for isotropic plates. The frequency filtering of signals measured at two 

close positions was utilized. SW GUIGUW based on the SAFE method, was exploited to 

compare dispersion curves with experimental data. In the case of multi-layered structures, 

stiffness matrix, density, the rotation of each layer, and the layer thickness serve as input data. 

The material is considered orthotropic, and the number of independent elastic constants is 

reduced to 9. The stiffness matrix is in the form of: 

C=

[
 
 
 
 
 
 
𝐶11 𝐶12 𝐶13

𝐶22 𝐶23

𝐶33

𝐶44

𝐶55

𝐶66]
 
 
 
 
 
 

 

 

The following material data are essential for the coefficients Cij calculations: 

Young modulus Eij, shear modulus Gij, and Poisson's ratio ν ij. 

9 coefficients for the stiffness matrix C are calculated as follows: 

𝐶11 =
1 − ν23ν32

𝐸2𝐸3∆
 

 

(65) 

𝐶22 =
1 − ν13ν31

𝐸1𝐸3∆
 

 

(66) 

𝐶33 =
1 − ν12ν21

𝐸1𝐸2∆
 

 

(67) 

𝐶12 =
ν21 + ν23ν31

𝐸2𝐸3∆
 (68) 
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𝐶13  
ν31 + ν21ν32

𝐸2𝐸3∆
 

 

(69) 

𝐶23 =
ν32 + ν12ν31

𝐸1𝐸3∆
 

 

(70) 

𝐶44 = 𝐺23 

 
(71) 

𝐶55 = 𝐺13 

 
(72) 

𝐶66 = 𝐺12 

 
(73) 

∆=
1 − ν12ν21 − ν23ν32 − ν13ν31 − 2ν21ν32ν13

𝐸1𝐸2𝐸3
 

(74) 

 

In general, ν𝑖𝑗 ≠ ν𝑗𝑖. The corresponding Poisson's ratio is calculated as follows: 

𝐸1ν21 = 𝐸2ν12 (75) 
𝐸1ν31 = 𝐸3ν13 (76) 
𝐸3ν23 = 𝐸2ν32 (77) 

 

A comprehensive analysis using the GUIGUW SW was performed on the carbon fibre 

composite material with a thermoplastic matrix (carbon/PPS laminate). Coefficients for the 

stiffness matrix were calculated based on the material parameters used for numerical 

simulations for the exact material in reference [132, 133]. Results were compared with 

experiments carried out on a simple plate. Also, phase velocity dispersion curves for the 

different number of layers were plotted to visualize the difference with increasing thickness. 

Direction-dependent phase velocities for A0 and S0 modes were calculated for a single layer, 

three-layered and seven-layered structure. Calculations were performed for three different 

numbers of layers, while the experiment was performed only for the 7-layered plate. 

Specifications are presented in Table 3. Figure 25 shows direction-dependent phase velocity 

for a 100 kHz S0 and A0 mode. 

 

Table 3 Layer specifications 

Number of layers Stacking sequence Thickness [mm] 

1 (0/90) 0.315 

3 (0/90), (+/-45), (0/90) 0.945 

7 [(0/90), (+/-45)]3 (0/90) 2.205 
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Figure 25 Direction dependent phase velocity of A0 and S0 modes for 1, 3, and 7-layered 
composite 

The influence of an angle and a thickness was assessed using a 2-way analysis of variance 

(ANOVA). Both angle and thickness significantly influence the phase velocity for both modes. 

The difference between the lowest and highest velocity values for the A0 mode regarding the 

angle are 8.6 %, 7.4 %, and 3.4 % for the 1, 3, and 7-layered plates, respectively. The same 

analysis for the S0 mode shows direction-dependent velocity variations of 16.9%, 5.9 %, and 

2.6 %. ANOVA proved the significant influence of both factors on the phase velocity. However, 

the 7-layered plate with velocity variations of 3.4 % for A0 and 2.6 % for S0 mode can be 

considered quasi-isotropic. A comparison of a segment of phase velocity dispersion curve 

calculated using GUIGUW SW and experimentally determined values using the proposed 

method described in subchapter 7.1 is seen in Figure 26. 

 

Figure 26 Comparison of experimental determination and SAFE calculation of a segment of a 
phase velocity dispersion curve for 7-layered composite plate 
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7.4 Conclusion 

 

Presented results indicate that the proposed methodology of phase velocity determination 

using frequency filtering matches the calculations. Whether the input data are E, G, ρ/ cL, cT 

for calculations using the Rayleigh – Lamb equation for isotropic plates or the stiffness matrix 

and ρ for SAFE based GUIGUW SW for multi-layered anisotropic structures, the experimental 

methodology can be considered suitable. Deviations for anisotropic structures can be caused 

by material parameters variations. Material properties were taken from the literature. The 

methodology for the phase velocity determination is valid only for signals captured at two 

close positions with the same frequency spectra. The same condition is applied to the 

experimental data for the group velocity determination. Wave packet distortion shall be as 

little as possible, which can be ensured using two close sensors placed far from the edges and 

other geometrical discontinuities. Then, envelopes are correlated, and group velocity is 

determined. However, these conditions are more challenging to fulfil for the group velocity 

than phase velocity determination. Group velocity determination requires the whole wave 

packet and the corresponding envelope, whereas a few periods of the signal for the phase 

velocity determination are sufficient. 

GUIGUW SW was used to demonstrate the direction-dependent velocity for both modes. The 

calculations indicate that the velocity variations are significant in the case of 1 layer: the more 

layered structure, the less variation in velocity. Variations are influenced by the mechanical 

properties in the given direction, so the layup plays and important role. In practical 

applications, the layup mostly shows the quasi-isotropic character. 
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8 Damage detection in composite structures 

 

In the framework of this thesis, damage detection in composite structures include 

delamination detection in DCB specimens, a comprehensive impact damage detection in 

different structures, and debonding/delamination in adhesively bonded structures. Impact 

damage detection was performed on test specimens that correspond to the real aircraft 

structures and materials. Tests were performed on plates with constant and variable thickness, 

followed by impact damage detection in a complex structure as a skin-stringer joint. 

Delamination detection in DCB specimens was carried out, and Lamb wave propagation 

assumptions were exploited for the adhesively bonded structures. Delamination/debonding 

in the adhesively bonded joint was evaluated during the fatigue test. 

The methodology of damage detection is based on the comparison of baseline measurements 

and measurements in the damaged state. In fact, any measurement can be compared. It 

depends on whether the desired output compares any two consecutive measurements (e.g., 

delamination growth) or absolute damage extent (absolute delamination length). 

Time of flight (ToF) was the parameter chosen to characterize the damaged state due to the 

effect of the thickness change and/or mechanical properties degradation. Macroscopic 

delamination and debonding extent correspond to the ToF changes due to the thickness 

change. The corresponding mathematical relations were established. Impact damage detection 

exploits imaging algorithms, precisely the RAPID algorithm. ToF changes caused by impact 

damage were evaluated at the maximum wave packets peaks. 

Attention was also paid to the identification of the propagating modes and suitable frequency 

tuning. Propagating modes were mostly identified using sensors mounted on the exact 

opposite spots of the tested structure. For the A0 mode, the signals are detected as out of phase 

and for the S0 mode as in phase. The knowledge of dispersion curves is also helpful.  

The corresponding measurements were performed under the exact environmental conditions 

since Lamb wave velocity is temperature dependent. However, temperature dependency was 

investigated in Chapter 9. 

In this work PWAS StemInc transducers or SmartLayer single sensors were used to actuate 

and detect Lamb waves. Two data acquisition measuring devices were utilized. One of them 

was the Scan Genie II developed by Acellent company with SW Access for damage detection. 

ScanGenie II is easy to control; however, the system, in general, has two disadvantages for the 

proposed measurements: 
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- The system is a black box. 

- The system is unfit for nonlinear measurements.  

The second system is ZEDO developed by the DAKEL company. This system was initially 

developed for Acoustic emission measurements and later adapted for the Lamb wave 

measurements (for VZLU purposes). The main reasons were to overcome disadvantages 

provided by Acellent system, primarily to enable nonlinear measurements, eliminate crosstalk 

and get a transparent data acquisition unit. However, SW control and suitable data processing 

tools are still under development by the time of finalizing the thesis, especially from the point 

of view of data automatization. 
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8.1 Delamination measurements in DCB specimens 

 

A part of this chapter was published as Delamination growth analysis in mode I by means of 

Lamb waves in Materials Today: Proceedings within the DAS 2018 conference [b]. 

Several papers have been published investigating delamination propagation in double 

cantilever beam (DCB) specimens using Lamb waves, both experimentally and numerically. 

The proposed evaluations incorporated different signal features, such as correlation 

coefficients, magnitude changes, and velocity/time-of-flight (ToF) changes in a lengthwise 

actuator-sensor configuration [127, 128]. Another research deals with the numerical 

assessment of the ToF of direct and turning Lamb modes during crack propagation [129]. 

Interaction of A0 and S0 Lamb wave modes with delamination was investigated numerically 

and experimentally in [130]. Delamination was evaluated quantitatively. ToF changes were 

utilized to assess delamination size and location. 

In this chapter, the delamination growth of DCB specimens using Lamb waves is investigated 

from the point of frequency tuning, actuation waveform, sensor placement, and selection of a 

parameter sensitive to delamination growth. The velocity dispersion of the fundamental 

asymmetric mode is exploited in order to determine the delamination onset during the test. 

Two types of preliminary Lamb wave measurements were performed - measurements on 

undamaged and already delaminated DCB specimens. Then, measurements during the DCB 

tests were performed. Precise delamination lengths were determined using the change in the 

ToF of A0 mode. A0 mode is delayed as the original beam shortens and the delaminated part 

lengthens. A relationship of the ToF change and delamination length using propagation 

velocities in a full-thickness and a half-thickness specimen was established. Another approach 

using reflected Lamb wave mode was outlined. Finally, the Lamb-wave-based delamination 

lengths were compared to the visually measured values. An error of up to 10% between the 

Lamb-wave-based delamination length and visually identified length was achieved.  

 

 8.1.1 Undamaged DCB specimen 

 

Specimens were made of carbon-fibre plain-weave fabric reinforced with epoxy resin with a 

sequence of lamination of [(+/-45), (0/90)]4S. A polymer foil with a length of ~25 mm was 

inserted into the midplane of the 16-ply laminated panels as initial artificial delamination 

(Figure 27). Specimens with dimensions of 250×25 mm and thickness of 3.2 mm were cut from 

the panels. 
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Figure 27 Sensor placement on DCB specimen 

A pitch-catch configuration with transducers S1 and S3 as the actuators and S2 and S4 as 

sensors was utilized. Pairs of sensors—S1 and S3, S2 and S4—were glued symmetrically on 

both sides of the specimen. This arrangement enables the determination of the propagating 

mode. The example with four different actuation frequencies is shown in Figure 28. Regarding 

the specimen dimensions, edge reflections are included in the wave packets. Out-of-phase 

wave packets indicate A0 mode and in-phase signals S0 mode. 

 

Figure 28 Lamb wave actuated by sensor S1 and detected by sensors S2 and S4 for a) 20 kHz, 
b) 40 kHz, c) 60 kHz, and d) 110 kHz 

Parameters suitable for signal actuation were selected experimentally before the test. The 

objective was to actuate the fundamental A0 mode of high amplitude and clear shape. The 

comparison between Burst 3 (a sine wave of 3 cycles) and Burst 5 (a sine wave of 5 cycles) is 

shown in Figure 29a. Burst 5 generates more energy into the specimen and, unlike Burst 3, 

provides a clear shape of the A0 mode. The selection of the actuation waveform and the 

b) 

a) 
c) 

d) 
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frequency tuning was performed experimentally. Pulses in the range of 20–110 kHz with a 

frequency step of 5 kHz were actuated, as seen in Figure 29b. A high amplitude, clearly shaped 

A0 mode was generated with a frequency of approximately 40-45 kHz. In the first part of the 

signal, crosstalk that may be a limitation appears (marked in Figure 29a). The length of the 

crosstalk depends on the actuation frequency and actuation pulse. The longer the pulse and 

the smaller the frequency, the longer the crosstalk. If sensors are mounted too close to each 

other, the A0 mode is hidden in the crosstalk.  

 

Figure 29 Comparison of actuation parameters: a) actuation waveform, b) actuation 
frequency 

8.1.2 Delaminated DCB specimen 

 

Measurement of the DCB specimen was also performed on the already delaminated specimen. 

12 PZT transducers (serving as both actuators and sensors) were attached on both surfaces to 

verify the propagating mode and velocity variations for the two thicknesses. The longitudinal 

cross-section of DCB specimen with the indicated wave propagation is shown in Figure 30. 

Out-of-phase signals indicate an asymmetrical mode. The wave splitting of the fundamental 

A0 mode at the delamination tip was proved as well. A0 mode propagates through the original 

thickness and, at the delamination tip, splits into two slower A0 modes, as demonstrated in 

Figure 31.  

 

Figure 30 A0 mode propagation through a DCB specimen 

a) b) 
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The objective of these measurements was to prove the wave splitting and define velocity 

variations for the two thicknesses of the delaminated test specimen. Waves were transmitted 

by the actuator A4 and detected by sensors S1 + S5 and S6 + S7, indicating one wave splitting 

into two asymmetrical waves propagating along two delaminated sections. The out-of-phase 

signals detected at both delaminated beams are shown in Figure 31. 

 

Figure 31 Signals of the A0 mode detected at both ends of the delaminated beams 

A segment of a phase velocity dispersion curve for A0 mode was determined according to the 

methodology of frequency filtering. Actuator A1 and sensors S2, S2´ for delaminated part and 

S3, S3´ for the full thickness part were utilized. Phase velocity dispersion curves for both 

thicknesses were calculated using the GUIGUW SW. The comparison of experimentally 

determined and calculated values is shown in Figure 32.  

 

Figure 32  Segments of phase velocity curves for the half-thickness (1/2t) and full thickness 
(1t) of DCB specimen 
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8.1.3 Parameter sensitive to delamination growth 

The phase and group velocity of Lamb waves are dependent on the product of the frequency 

and thickness. With delamination growth, two delaminated parts of the specimen, each with 

half thickness, extend, and the original beam shortens. As the delamination grows, the A0 

mode propagates slower along the delaminated part. Lengthwise sensors were utilized for 

evaluation according to Figure 27. S1 as the actuator and S2 as the sensor results in time delays 

of signal arrivals compared to the baseline measurement. An equation solving the 

delamination length was analytically derived as follows: 

𝑎𝑛 =
𝑣1𝑣2∆𝑡𝑛
𝑣2 − 𝑣1

 
(78) 

 

where an represents the delamination length, v1 and v2 represent the velocity of a Lamb wave 

of a specific frequency in the specimen with half thickness and full thickness, respectively. The 

variable 𝛥tn denotes the time difference of the nth measurement compared to the baseline state. 

The knowledge of velocities for both thicknesses is conditional, and the accuracy of velocity 

determination is directly linked to the accuracy of delamination length determination. The 

equation is valid for both group and phase velocities. If it is possible to track the envelope, the 

group velocity is exploited for calculations. The corresponding phase velocity is used if the 

specific peak or zero-crossing point is tracked. Differences in time of arrival differences based 

on tracking the particular point (zero crossings, maximum and minimum peak points) of the 

wave packet are seen in Figure 33. Time of arrival differences increase for A0 due to dispersion 

nature. Each time of arrival difference corresponds to a different phase velocity and hence the 

frequency. A corresponding velocity for the points being tracked shall be considered to reduce 

the deviation in the delamination length calculation. 

 

Figure 33 Example of dt variation 
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Except of the lengthwise sensor configuration, one more sensor configuration is sensitive to 

delamination growth. Sensor S1 as an actuator and S3 as a sensor (according to the placement 

of the sensors in Figure 27) were also exploited for evaluation. A turning Lamb-wave mode 

likely appears at the delamination tip, and the determined time delays correspond to the 

delamination growth. 

 

8.1.4 DCB test 

 

DCB tests were performed according to the ASTM D5528 standard [131]. Based on the 

preliminary measurements, A0 mode with a frequency of 45 kHz was chosen. An approach of 

direct calculation of delamination lengths using an actuator and sensor placed lengthwise on 

the opposite sides of the specimen was introduced. Time delays corresponding to the 

delamination lengths were tracked at the maximum peak points. Using this approach, the 

same phase of the wave packet was tracked, and the corresponding phase velocities were used 

in the equation. The phase velocities included in the equation were v1 = 858 m/s for the half-

thickness and v2 =1160 m/s for the full-thickness part. 

A comparison between the visually identified delamination lengths and Lamb-wave-based 

calculated lengths according to the equation (78) is shown in Figure 34 for two specimens. An 

average mean percentage error of 8.4 % and 4.9 % were achieved.  

  

Figure 34 Results: a) the trend of time delays of the A0 mode during the delamination 
growth, b) the comparison of Lamb wave-based calculated delamination lengths and 

visually determined values 

 

An example of signal delays of the turning mode utilizing sensors S1 and S3 is shown in Figure 

35. The specific first arrival time value corresponds to twice the delamination length. The wave 

a) b) 
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packet travels forward, and at the delamination tip propagates back again. The first visible 

delay corresponds to a delamination length of 68 mm. During the final measurement, the 

specimen is split into two separate beams for the delamination of 200 mm; therefore, no signal 

is measured by the sensor mounted on the second beam. At a frequency of 40 kHz, the delayed 

A0 mode is hidden in the crosstalk for the measurements of smaller delamination. This issue 

can be overcome by using higher frequencies. However, using the Acellent system, the 

crosstalk limitation remains.  

 

Figure 35 Signals actuated by sensor S1 and detected by sensor S3 during the test 

 

8.1.5 Conclusion 

 

A comprehensive Lamb-wave propagation analysis was performed on DCB specimens in two 

static configurations and during the DCB test. Basic parameters, such as actuation frequency 

and waveform, were taken into account, as well as the configuration of the actuators and 

sensors. The following conclusions regarding DCB specimens of a given thickness can be 

stated: 

• Burst 5 actuation waveform was used instead of Burst 3 to actuate the clearly shaped 

and high-amplitude mode 

• A burst of a frequency of approximately 40-50 kHz actuated the clearly shaped and high-

amplitude A0 mode. 

• Two actuator/sensor arrangements were investigated: 

o Lengthwise, 200-mm-distant sensors enabled measurements of ToF of A0 mode 
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o Symmetrically placed sensors on both sides of the specimen enabled 

measurement of the A0 turning mode. The first detected delamination length 

was at 68 mm due to the crosstalk. 

• Time delays from measurements using lengthwise-placed sensors can be directly used 

for delamination length calculation using equation (78). 

• The knowledge of the precise values of the A0 mode phase velocities for the original 

thickness and half-thickness beam is conditional. Deviations may lead to misleading 

results. 

In conclusion, using the proper actuation parameters evaluation of delamination lengths 

proved not to be complicated. Moreover, Lamb-wave monitoring of delamination growth 

showed excellent agreement with the visual data. DCB test is a standard test to determine the 

fracture toughness GIC and delamination lengths determination is conditional. Lamb wave 

measurements can be used instead of visual measurements based on these experiments.  

 

8.2 Impact damage detection in plates 

 

Impact damage detection assessment was included in the publication Defect Detectability in 

Composite Plates with Variable Thickness Using Lamb Waves presented during the 58th 

conference on experimental stress analysis (EAN2020). The conference presentation was 

awarded as the best presentation within the section of NDT [c]. 

Several tests have been performed to detect impact damages. RAPID algorithm programmed 

in Phyton was utilized for impact damage imaging. Composite plates with constant and 

variable thickness served as the basic structures to verify the methodology of data pre-

processing and test the algorithm. These measurements were followed by impact damage 

detection in a more complex and typical aircraft structure: a skin-stringer joint. 

The research of impact damage detection was comprised of the following steps: 

1. Determination of the damage-sensitive mode (A0/S0) 

2. Determination of the suitable frequency 

3. Methodology of extraction of the suitable DI 

Lamb wave parameters and signal processing tools were defined to enhance the 

automatization process of impact damage detection. 
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8.2.1 Materials and methods 

 

Test specimens were manufactured from carbon composite with thermoplastic matrix 

ABS5045. The first plate (P1) had dimensions of 280×530 mm and thickness of 2.2 mm, and the 

second plate (P2) had dimensions of 240×615 mm and thickness of 3.5-4.3 mm. The second 

plate with variable thickness was stacked from 4 or 5 glass layers and 10 or 15 carbon layers 

according to the part thickness. Three impacts were subjected to plate P1 and two to plate P2. 

PZT discs were placed along the edges and served as both actuators and sensors. 

Measurements were performed before and after each impact. Standard 5-cycle sine wave 

modulated by Hanning window was used as the actuation signal. The frequency of 80 kHz 

was chosen for the A0 mode based on the clear mode shape (no distortion of the wave packet), 

and the frequency of the 180 kHz was chosen for the S0 mode.  

 
Impact damage evaluation was performed using three methods based on the signal 

comparison of all the actuation–sensor pairs before and after the induced damage.  

 
1. The first one exploited SW Acess provided with the Acellent Scan Genie II measuring 

device. The correct determination of the impact location was inconsistent. It was not 

possible to choose one frequency and methodology to correctly locate all the impacts.  

2. Therefore, the RAPID algorithm was programmed to obtain variability in signal 

processing. The correlation coefficient and ToF delay were exploited as a signal 

parameter to calculate the damage index (DI) as follows: 

a. 𝐷𝐼𝑖 =1-ρi 

b. 𝐷𝐼𝑖 =1-Ti, 

where Ti is the normalized value of the corresponding 𝛥ti taken from the set of all paths 

and ρi is the correlation coefficient. 

 

Evaluation of the chosen signal parameters was performed according to the following steps: 

1. Group velocity determination of the A0/S0 mode 

2. Identification of the corresponding wave packets for all actuator–sensor paths to be 

used for evaluation 

3. Extraction of the particular wave modes 

4. Determination of: 

a. The correlation coefficient of the relevant wave packets  

b. ToF delay of the maximum amplitude peak of the relevant wave packets  
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 8.2.2 Results 

 

The comparison of the three methods utilizing A0 mode at 80 kHz is shown in Figure 37 and 

Figure 38 for the constant thickness plate P1 and variable thickness plate P2, respectively. 

Designations a), b), c) denote evaluation using SW Acess, RAPID - Correlation coefficient, and 

RAPID - ToF delay, respectively. The ToF delay parameter was the only one that showed the 

correct localization of all impacts. The real impact locations are marked with the red cross. ToF 

delays at the direct actuator – sensor path through impacts for the variable thickness plate 

were about 4-10 times smaller than for the constant thickness plate. The difference is shown in 

Figure 36. However, normalized values are used in the RAPID algorithm, so all impacts are 

clearly visualized. 

 

 

Figure 36 Comparison of the A0 wave delay for a) constant thickness plate and b) variable 
thickness plate 

  

a) b) 
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I1 I2 I3 

   

   

 

   

Figure 37 Comparison of impact evaluation for the constant thickness plate using a) SW 
Acess, b) RAPID - correlation coefficient, c) RAPID - ToF delay 

I1 I2 

  

  

 

  

Figure 38 Comparison of impact evaluation for the variable thickness plate using a) SW 
Acess, b) RAPID - correlation coefficient, c) RAPID - ToF delay 

 

c) 

b) 

a) 

b) 

c) 

a) 
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The comparison of impact damage detection using A0 at 80 kHz and S0 mode at 180 kHz was 

performed. Both modes were possible to exploit; however, time delays were about ten times 

smaller for the S0 mode than the A0 mode.  

 

 

 

 

 

Figure 39 Impact I1 on the plate P1 visualized exploiting a) A0 mode at 80 kHz and b) S0 
mode at 180 kHz. 

 

 8.2.3 Conclusion 

 

Two thermoplastic composite plates were subjected to multiple impact damages. Three 

methods were used for damage evaluation. SW Acess with unknown algorithm and RAPID 

algorithm with two different DI based on the correlation coefficient and ToF delay were used 

to evaluate impacts. Results using SW Acess did not correctly locate all impact damages at the 

given frequency, so this method was not effective. The correlation coefficient used in RAPID 

algorithm did not show correct results either. ToF delay extraction of the relevant peaks of A0 

mode detected the location of all five impacts correctly. However, ToF delays measured on the 

variable thickness plate had significantly smaller values than on the constant thickness plate. 

Nevertheless, normalized values in the RAPID algorithm enabled clear visualization. 

Significantly smaller ToF delays were probably caused by the material itself. The variable 

thickness plate contains multiple glass layers, which probably influence the guided wave 

propagation. S0 mode was also exploited. Impact damage was correctly localized even if ToF 

delays for the frequency of 180 kHz were about ten times smaller than for A0 mode. S0 mode 

is in this frequency range much faster than A0 mode. Therefore, the S0 mode was the first to 

be detected and could not be mistaken. On the other hand, time delay sensitivity to impact 

damage is lower. DI can be normalized, so the visualization is correct. However, the A0 mode 

was proposed to be utilized if possible. Also, it can be concluded that extraction of the 

particular wave is essential, especially for the variable thickness plate. Using the same time 

window length for different actuator-sensor distances includes multiple wave reflections, 

which can cause false damage indications. 

 

a) b) 
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8.3 Impact damage detection in complex structures 

 

Detailed analysis of Lamb wave propagation in the typical aircraft composite structure - a skin-

stringer joint representing a part of the aircraft door was performed. Findings were exploited 

for the proper frequency selection to detect impact damages. The impact damage detection 

procedure used for the plates was assumed to be exploited. Previous results indicated that A0 

mode is more sensitive to impact damage than S0 mode, so the time delay of the A0 mode was 

planned to be used as DI. Nevertheless, the complexity of the test specimen made the use of 

A0 difficult. Wave propagation effects at the structural changes enabled A0 mode extraction 

at all actuator-sensor paths. Therefore, the ToF delay of S0 mode was used as DI.  

The following tasks were realized: 

1. Measurements before and after the skin and stringer were bolted together.  

o The aim was to analyse the propagation at different frequencies in terms of 

the propagation of individual modes through the joint.  

2. Sensor network optimization and suitable frequency selection.  

o The aim was to choose mode and frequency in such a way that the wave 

packet would propagate dominantly either into the bottom skin or into the 

stringer. 

3. Impact damages realization in the stringer section.  

4. Evaluation of damage detection ability using RAPID.  

 

8.3.1 Experimental setup 

 

Two test specimens designated as Omega 1 and Omega 2 were manufactured. The identical 

material as for the plates – carbon composite with thermoplastic matrix was used. The skin-

stringer joints were realized only by high locks, without any adhesive. 16 PZT disc sensors 

were mounted on the test specimens within four sections, according to Figure 40. The sections 

were determined according to the potential location of the impact damage. Sensors within 

sections 1, 3, 2´ covered the skin, and section 2 covered the stringer. 
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Figure 40 Subsections within the Omega test specimen 

 

Preliminary measurements included evaluation of amplitude dependency on the frequency 

for both modes. The 3-sine wave was actuated in the frequency range of 50 – 250 kHz. A0 

mode amplitude increases up to 90 kHz and then decreases again. S0 mode amplitude 

increases up to 250 kHz.  

 

Figure 41 A segment of the frequency – amplitude dependency for A0 and S0 mode 

 

Segments of phase velocity dispersion curves were determined experimentally and compared 

to the calculations using the GUIGUW SW. The identical material parameters as for plates in 

section 6.3. were exploited. 
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Figure 42 A segment of a phase velocity dispersion curve – experimental and calculated 
values 

 

8.3.2 Qualitative evaluation of Lamb wave propagation  

 

Skin-stringer joint represents a complicated structure from the perspective of mode 

identification. Unlike the propagation in a simple plate, the joint may cause mode conversion. 

Together with multiple reflections, mode identification is difficult without numerical 

simulations or experimental methods of full wavefield imaging. Due to the lack of these 

techniques, supporting measurements were also performed before and after the skin and 

stringer were bolted together to assess the propagating modes qualitatively. Two frequencies, 

80 kHz and 180 kHz were used to evaluate the propagation qualitatively. The signal actuated 

in the area of the joint and detected on the other side of the joint is presented in Figure 43. 

There is almost no change in the propagation of S0 mode at neither the frequency. Other 

detected wave packets are probably comprised of various reflections and A0 mode. Especially 

at the frequency of 180 kHz, secondary wave packets are affected by the structure change. The 

probable cause is the wavelength sensitivity. A smaller wavelength is more sensitive to 

structural changes. At 180 kHz, the A0 wavelength is several times smaller than S0. 
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Figure 43 Signals detected on the stringer before and after the section were bolted together  

Additional sensors were mounted on the test specimens, according to Figure 44. Sensors were 

placed along the cross-section line on both surfaces. The aim was to assess Lamb wave 

behaviour on the joint and determine frequencies at which the specific modes propagate into 

the skin and the stringer. 

 

Figure 44 Sensors positions to qualitatively evaluate the wave propagation 

 

Signals were actuated either from the end of the plate (S16) or from the joint (S12/S23) at both 

surfaces. Wave propagation through the joint and the subsequent propagation to the stringer 

a) 

b) 
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and/or to the skin, and finally to the joint on the other side was observed. The waveforms are 

shown for the frequencies of 50 kHz and 180 kHz, representing A0 and S0, respectively. 

 

Figure 45 represents the actuation of the 50 kHz burst from the end of the plate (S16). At this 

frequency, only A0 mode is detected. If not distorted, the A0 mode is determined as an out-of-

phase wave packet. However, the first joint cause the phase shift (a), then the wave packet 

propagates into both the skin (b) and the stringer (c). A0 is also identified on both surfaces of 

the second joint (d). However, based on the time of arrival, the first wave packet is identified 

as A0 mode guided by the skin, not the stringer. The same scheme for the frequency of 180 

kHz is shown in Figure 46. 

 

Figure 45 Wave transmission into the skin and into the stringer at the frequency of 50 kHz 

 

At the frequency of 180 kHz, S0 mode is identified as in-phase signals. S0 is detected at the 

skin part of the first joint (a), then propagates into both the skin (b) and the stringer (Figure 

46c), and finally detected at the skin part of the second joint (d). S0 mode is reliably detected 

only at the skin part of the joint. The joint evidently causes a significant energy loss leading to 

evaluation inability when propagating through the stringer. The first arrived S0 mode 

propagated through the skin. 

a) 

b) 

d) 

c) 
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Figure 46 Wave transmission into the skin and the stringer at the frequency of 180 kHz 

 

Figure 47 Wave propagation actuated from the area of the joint at the frequency of 180 kHz 

The wave propagation from the first joint to the second joint at the frequency of 180 kHz is 

described in Figure 47. Based on the location of the transducers (skin or stringer part of the 

joint), the wave packet propagates through none, one or two joints, hence either along the skin 

or the stringer. 

Both S0 and A0 modes propagate into the skin when actuated at the skin part of the first joint 

(S23), as seen in Figure 47 b. When reaching the second joint, both modes are detected at the 

a) 

b) 

c) 

d) 

a) 

b) 

c) 

d) 
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skin part of the joint, while only A0 mode is clearly detected on the stringer part of the joint 

(Figure 47 d). This indicates that, unlike A0 mode, S0 mode does not propagate through one 

joint or does with significant attenuation. Indeed, A0 mode propagates into the skin when 

actuated at the stringer part of the first joint (S12), as seen in Figure 47 a. However, the first 

wave packet at the second joint is identified as S0 mode propagated through the stringer 

(Figure 47 c). S0 is detected by S8 with significant amplitude (propagation through no joint), 

while by S32 with significant amplitude loss (propagation through one joint). Propagation 

through the skin would mean propagation through two joints, which is for S0 is immeasurable. 

Therefore, propagation only through the stringer is ensured by this configuration. 

Sensors mounted on the stringer part of the joint (S12 and S8) are exploited for impact damage 

evaluation. Figure 48 and Figure 49 show wave packets A0 and S0, respectively, propagating 

through the cross-section line according to the sketch in Figure 44.  A0 mode at the frequency 

of 50 kHz and S0 mode at 180 kHz were actuated. The wave packets actuated by S12 propagate 

along the stringer and are detected by sensor pairs S26/S27, S28/S29, S30/31, and finally S8/S32 

(Figure 48 a-d, Figure 49 a-d). However, A0 mode at the frequency of 50 kHz propagates also 

into the skin. Therefore, the first wave packet detected by sensors S8/S32 is A0 propagated 

through the skin, and the third one detected by S8 is based on the time of arrival considered 

as A0 propagated through the stringer (Figure 48d). On the contrary, S0 mode propagated 

through the stringer is the first detected wave packet at S8 for 180 kHz (Figure 49d). In that 

case, propagation through the skin would be propagation through two joints and, based on 

previous conclusions, a significant attenuation unable wave packet detection.  

 

Figure 48 Wave propagation along the stringer cross-section at the frequency of 50 kHz 

a) 

b) 

c) 

d) 
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Figure 49 Wave propagation along the stringer cross-section at the frequency of 180 kHz 

 

Based on the described measurements, S0 mode was chosen for impact damage evaluation at 

the stringer part of the specimen. The reasons are as follows: 

1. A0 mode at frequencies up to 100 kHz was more sensitive to the introduced damages 

(based on the measurements on plates). However, it was impossible to reliably identify 

at all actuator–sensor paths which wave packet propagated through the stringer. The 

first detected wave packet was identified as the wave packet propagated along the 

skin.  

2. S0 mode at the frequency of 180 kHz does not propagate dominantly into the skin due 

to the presence of the joint. Therefore, the first detected wave packet was identified as 

the wave packet propagated through the stringer. 

 

 

  

c) 

d) 

b) 

a) 
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8.3.3 Impact damage - Omega1 

 

Three impact damages in total were introduced to the test specimen Omega 1. Parameters of 

individual impacts in terms of energy and depth are specified in Table 4. The test specimen 

Omega 1 with marked impact location and configuration of sensors is seen in Figure 50. 

 

Table 4 Impact specifications 

Omega 1 Omega 2 

I1* 15 J 0.18 mm I1** 20 J 0.49 mm 

I2* 30 J 0.55 mm I2** 35 J 1.04 mm 

I3** 40 J 0.99 mm I3** 40 J 1.29 mm 

*16 mm impactor, ** 1 inch impactor 

 

 

Figure 50 Omega 1 – configuration of sensors and marked impact location 

 

Figure 51 shows that impacts I1 and I2 introduced with the ½-inch impactor could not be 

localized clearly. On the other hand, the location of I3, which was introduced by a 1-inch 

impactor, was detected positively. Impact damage areas were determined by means of UT A-

scan. The impact damage area of I1 and I2 is significantly smaller than the area of I3. 
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Figure 51 Impact localization using RAPID a) I1, b) I2, c) I3 

 

 

  

b) 

c) 

a) 
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8.3.4 Impact damage– Omega 2 

The test specimen Omega 2 with marked impact location and configuration of sensors is seen 

in Figure 52. 

 

Figure 52 Omega 2 – configuration of sensors and marked impact location 

Figure 53 a-c shows that all impacts (I1, I2, and I3) introduced by the 1-inch impactor were 

localized correctly. In addition, the evaluation of two impacts at once was performed correctly 

(Figure 53 d). 

 Impact damage areas were marked by UT A-scan. Based on these measurements, impact 

damage areas of I1, I2, and I3 at the test specimen Omega 2 are much larger than impact 

damage areas at the test specimen Omega 1.  
  

 

Figure 53 Impact localization using RAPID a) I1, b) I2, c) I3, d) I1+I2 

a) b) 

c) d) 
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Additional sensors were mounted on the test specimen Omega 2. Close to the positions of 

sensors S5 - S12 were mounted additional sensors. The former group of sensors placed at the 

area of the joint was designated as outer and the new group of them as inner. The inner sensors 

were mounted very close to the outer ones but onto the stringer web. The positions are seen 

in Figure 54. 

 

Figure 54 Inner and outer sensors configuration 

 

Evaluation of measurements utilizing the outer or inner group of sensors was performed. It 

was found that both configurations can be used to impact damage detection (Figure 55). 

 

 
 

 

 

Figure 55 Comparison of impacts I1 and I2 localization using a) inner sensors configuration, 
b) outer sensors configuration 

  

a) b) 
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8.3.5 Conclusion 

 

Based on the qualitative measurements at frequencies of 50 kHz and 180 kHz, the following 

conclusions have been drawn: 

1. The propagation of the S0 mode at 180 kHz through the skin-stringer joint shows 

significant energy loss. One joint causes significant amplitude loss; both joints enable 

propagation completely. A0 is less sensitive to joints. 

2. Actuating at the skin and propagating towards the joint, Lamb waves are detected 

phase-shifted at both surfaces of a skin-stringer joint. Further propagation into the skin 

and stringer shows phase alignment correspondingly to the specific mode (in phase 

displacements for S0 mode and out of phase for A0 mode). 

3. Specific actuator-sensor configuration and frequency and mode selection can be 

exploited to ensure Lamb wave propagation only through the stringer, one joint, or both 

joints.  

Based on impact damage assessment, the following conclusions have been drawn: 

1. Suitable transducers configuration for impact damage detection within the stringer 

(section 2) is at the stringer part of the joint. For frequencies above 120 kHz, S0 mode 

propagation into the stringer is dominant. At these frequencies, propagation into the 

skin is eliminated by attenuation, and the modes are clearly identified. S0 mode at the 

frequency of 180 kHz was selected for evaluation. S0 mode was the first arrived mode 

for all exploited actuator-sensor paths. 

2. A0 mode at lower frequencies (50 – 90 kHz) is suitable for impact damage assessment 

within the skin (section 1, section 2´, section 3). Based on the previous impact damage 

detection performed on plates, the A0 mode is more sensitive to the impact damage. 

Also, qualitative measurements and amplitude-frequency dependency showed that the 

A0 mode is dominant and clearly identified at lower frequencies.  

3. Six impact damages were introduced into the stringer. Four of them were localized 

correctly. Impact damage boundaries were marked by ultrasonic A-scans. The two 

unidentified impact damages areas were significantly smaller than the other four. The 

method limitation exploiting S0 mode lies probably in the damage extent. The 

minimum damage extent for evaluation using the A0 mode has not been determined so 

far.  
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8.4 Adhesively bonded composite joints 

 

This chapter was included in the manuscript Delamination/disbond propagation analysis in 

adhesively bonded composite joints using guided waves published in the Journal of Structural 

Integrity and Maintenance [d]. 

The research investigates debonding and delamination assessment by means of Lamb waves 

in adhesively bonded composite joints. Adhesively bonded wide CFRP panels with initial 

delamination were subjected to fatigue loading. First of all, preliminary measurements were 

performed. A segment of the phase velocity dispersion curve was constructed using frequency 

filtering and compared to calculations using the GUIGUW SW. Calculations were also used to 

verify Lamb wave propagation in this specific three-layer system. Also, a segment of the 

velocity dispersion curve was constructed for both thicknesses (single panel and the bonded 

section) by tracking the maximum amplitude peak. ToF shift was exploited as a damage 

parameter. Based on the sensitivity analysis, it was found that the A0 mode is more sensitive 

to delamination/debonding than the S0 mode. Quantitative evaluation was performed using 

sensors mounted on both surfaces of the bonded section. A linear relationship was established 

between delamination lengths determined by ultrasonic A-scans and time delays of A0 mode. 

Additionally, the RAPID algorithm was used to visualize the delamination/debonding extent.  

 

8.4.1 Materials and methods 

 

Adhesively bonded panels (wide single-lap shear) with initial artificial delamination, 

schematically seen in Figure 56, were made of CFRP with epoxy resin with the lamination 

sequence of [0/45/90/135]2S. The bonded panels were 4.16 mm thick (2 mm + 0.16 mm of 

adhesive + 2 mm).  

 

Several experimental techniques were exploited to evaluate delamination propagation in an 

adhesively bonded structure. During the fatigue test, standard ultrasonic pulse-echo A-scans 

and Lamb wave measurements were performed. After the test, macro fractographic images 

and metallography were utilized to assess the fracture surface and support Lamb wave 

measurement findings. The description is provided in the following sections.  

The test specimen was subjected to fatigue loading. The maximum load of 120 kN with the 

load ratio of R=0.1 and the frequency of 7 Hz was applied. The delamination/debonding 

propagated approximately symmetrically from the central initially debonded section to both 

sides. The test was conducted until the final failure.  
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Figure 56. Schematic drawing of the bonded structure with transducers placement; red and 

blue numbers indicate front and back sensor placement, respectively. 

 

Ultrasonic pulse-echo periodic inspections using a 20 MHz single element probe were 

performed to mark the actual delamination boundary. At the same intervals, Lamb wave 

measurements were performed. A total of 13 inspections were performed. For Lamb wave 

measurements, 38 PZT disc transducers were attached symmetrically to both surfaces of the 

structure to enable mode identification. Some of them were exploited for damage assessment. 

After the final failure, metallographic analyses of the debonded panels’ cross-sections were 

performed to support findings based on Lamb wave measurements.  

 

 8.4.2 Assumptions and preliminary Lamb wave measurements  

 

The propagation of A0 mode through the entire three-layer system (adherent-adhesive-

adherent) is assumed. The wave of a suitable frequency propagates through the entire 

thickness of the bonded section, splits into two separate slower waves at one end of the 

debonded area, and, at the second end, adapts again to the bonded section. Based on 

dispersion curves, in the case of S0 mode, the wave would get faster when propagating along 

the delaminated section. Therefore, time delays are expected to be measured when 

delamination/debonding increases for the A0 mode while time advances for the S0 mode. The 

longitudinal cross-section of the specimen with the indicated scheme of the A0 wave 

propagation is shown in  
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Figure 57. A longer wavelength for the bonded section than for the delaminated part is also 

schematically illustrated for the particular frequency. 

 

 

 
 

Figure 57. A0 mode propagation along the bonded section of adhesively bonded panels with 

an initial disbond 

 

Lamb wave frequency tuning was performed to generate a clearly shaped and high amplitude 

A0 mode. The suitable frequency was determined to be 50 kHz. A segment of the velocity 

dispersion curve was constructed for both thicknesses (Figure 58 a) by tracking the maximum 

amplitude peak over two close sensors. This velocity value is close to the phase velocity. 

Tracking the envelopes to determine the group velocity was enabled by the envelope’s 

distortion. Up to 100 kHz, low amplitude S0 mode was hidden in the crosstalk, and only A0 

was visible, while in the frequency range of 190 – 210 kHz, velocity for both modes was 

determined.  

GUIGUW SW utilizing the SAFE method was used to support the above assumptions. A 

segment of the phase velocity dispersion curve for the bonded section was constructed 

experimentally using frequency filtering and compared to results obtained by the SAFE 

method (Figure 58 b). 

 

  
Figure 58. A segment of a dispersion curve for a) the single panel (1t) and the bonded section 

(2t), b) comparison of experimentally determined and calculated phase velocities for the 

bonded section (2t) 

A0 mode: v1<v2, λ1< λ2, f=const. 

a) b) 
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Preliminary measurements performed on the bonded section using A9-S10/S29 and A9-

S11/S30 proved the propagation of the A0 mode by clear out-of-phase signals through the 

whole three-layer system and splitting into two asymmetrical waves within the debonded area 

(Figure 59). The A0 mode reaches the debonded tip, splits into two waves, slows down, and 

at the end of the debonded area, adapts again to the bonded structure and accelerates. 

Therefore, a suitable arrangement of sensors to measure time delays is directly linked to the 

disbond/delamination length.  

 
Figure 59. Baseline measurements of the A0 mode in the bonded and debonded area 

 

8.4.3 Frequency sensitivity to the time shift 

 

The measurements were analysed after the test. The sensitivity analysis was performed to 

choose a suitable frequency for the evaluation. Figure 60 shows ToF shift from the perspective 

of different frequencies and modes related to the delamination length (Figure 60 a) and the 

number of cycles (Figure 60 b). The plots correspond to the actuator-sensor path A9-S11. 

Analysis was performed for five frequencies for the A0 mode and two frequencies for the S0 

mode. As stated before, time delays were measured for A0 mode as delamination propagated 

and time advances for S0 mode by tracking the maximum peak. S0 mode was possible to 

extract for the frequency of 100 kHz and 190 – 210 kHz. The maximum time advance (for the 

maximum delamination length) was determined to be 0.8335 µs for the frequency of 100 kHz. 

A0 mode was much more sensitive. The maximum time delay of 17.167 µs was determined for 

the frequency of 40 kHz. However, the frequency of 50 kHz with a maximum time delay of 

16.167 µs was chosen for further evaluation. The amplitude was higher than for the 40 kHz 
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wave, and part of the mode was no longer hidden in the crosstalk for the close actuator-sensor 

paths.  

 

  

 

Figure 60. ToF delay at different frequencies and a) delamination lengths, b) cycles counted 

in thousands 

 

 8.4.4 Calculation of delamination length 

 

Sensor paths along the central line of the structure, A9-S11/S30 for the left side of delamination 

propagation and A15-S13/S32 for the right side, were chosen for analysis (Figure 61). 

Debonding started to propagate from the four corners of the initial square disbond. Significant 

damage, measurable using the sensors in the central line (continuous damage), occurred later 

in 1 425 000 cycles (93% of the fatigue life). Seven measurements were performed since the 

damage became continuous. 

 

Delamination lengths were calculated using the equation (78) derived in the reference [b]: 

 

𝑎𝑛=
(𝑣2𝑣1)𝛥𝑡

𝑣2−𝑣1
, 

 

where v1, v2 are A0 mode velocities for the single panel and the bonded section, respectively, 

and 𝛥t designates the time delay corresponding to the delamination length an. 

 

Calculated delamination lengths and those determined at the central line of the bonded section 

using ultrasonic A-scans did not match well. The mean absolute percentage error was 32.07%. 

The error was probably caused by the velocity values, which were determined for the two 

exact thicknesses – the single panel and the bonded section (adherend – adhesive – adherend). 

In fact, there was a mixture of debonding and delamination propagation dividing the bonded 

a) b) 
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section into the adherend + adhesive + a few layers of the second adherend and the 

corresponding rest of the bonded section. So, the actual velocities were different from those 

determined experimentally. 

 

 

Figure 61. Delamination propagation in adhesively bonded panels a) front view, b) cross-

section schema 

 

However, time delays were additionally analysed and compared to the baseline measurement 

for four sensor paths in the central line, as stated above. If the debonding propagated 

symmetrically in the adhesive layer, Lamb waves actuated by S9 and S15 would propagate in 

two identical thicknesses, and the time delays compared to the baseline measurements of 

sensors S11 + S30 and S13 + S32 would also be identical, and calculations using the equation 

(78) would match. However, time delays differed on both sides. Time delay is directly linked 

to the velocity and, for the given frequency, to the thickness of the structure. Therefore, 

different time delays detected using sensors on the top and bottom surfaces (panel I and panel 

II) indicated that the initial debonding in the middle adhesive layer changed into the 

delamination propagating in adherend 1 or 2, dividing the bonded section into two 

asymmetrical parts. The least-squares method was utilized to estimate the linear relationship 

between the ToF and delamination length. However, the linear relationship is valid only for 

higher delamination lengths propagating in one layer. Therefore, the regression calculates 

only with higher delamination values. A linear relationship between delamination length and 

time delay within the central line is plotted in Figure 62. The slope of the linear function 

indicates the rate of the slowdown of the velocity, hence the structure thickness. The greater 

a) 

 

b) 
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the slope of the curve is, the thinner the delaminated structure. Based on these results, the 

delamination did not propagate into the adhesive but to the left side in adherend 1 and the 

right side in adherend 2. Described qualitative analysis was supported by means of 

metallographic analysis. 

 

Figure 62. Relationship between time delays and delamination length for the left and right 
side 

 

 8.4.5 Metallographic analysis 

 

Results indicating delamination propagation in different adherents were confirmed using 

detailed macro fractographic images and, also by metallographic analysis. The fracture surface 

of panels I and II is shown in Figure 63 a) and b).  

 

 

Figure 63. The fracture surface of both panels; the first number designates the panel, and the 
second number designates the layer 

a) 

b) 
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Debonding occurred at the beginning in the adhesive (L), followed by delamination in 

different layers (1. – 3. layer). The fracture surface of the panel I include adhesive and up to 

two remaining layers of panel II on the right side. There are up to three missing layers of the 

panel I on the left side. The fracture surface of panel II shows the opposite markings – the left 

side shows missing layers, and the right side includes adhesive and layers of the panel I. 

 

Metallographic cross-section samples were prepared from the left and right sides of the panel 

I. Figure 64 on the left side clearly shows 16 layers of the panel I, the adhesive layer, the first 

layer, and part of the second layer of panel II and on the right side, only 14 layers and part of 

the 15th layer of the panel I. 

 

Figure 64 Metallographic samples of the cross-section in the context of the delaminated joint 

 

8.4.6 Damage visualization 

 

Visualization using the RAPID was performed. The A0 mode was extracted for all actuator-

sensor paths based on the sensitivity analysis. Considering the proximity of some transducers, 

a 50 kHz waveform was hidden in the crosstalk, so the 70 kHz A0 mode was used. ToF delay 

was exploited as a damage-sensitive parameter. An example of A0 wave packets at two 
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different stages of the fatigue test compared to the baseline measurement is illustrated in 

Figure 65. The structure was divided into segments which were combined after the analysis.  

 
Figure 65  Extracted A0 mode at three different damage states 

 

The resolution of the RAPID algorithm is based primarily on the number of sensors. Therefore, 

visualization of that complicated delamination/debonding propagation represents an 

informative character. Damage localization can be improved by dividing the sensor network 

into segments. Damage visualization on the left side was combined using two segments. The 

first segment contained three sensors (three actuator-sensor paths), and the second segment 

contained nine sensors (36 actuator–sensor paths). Figure 66 and Figure 67 show damage 

visualization at 450 00 cycles (29.4 % of the fatigue life) and 1 472 000 cycles (96.2 % of the 

fatigue life). At 450 000 cycles, delamination started to propagate from the corners. Time delays 

were measurable. However, the visualization did not show any severe damage. At 1472 000 

cycles, the visualization matches more the actual state. 

 

 
 

Figure 66 Damage visualization at 450 000 cycles (29.4 % of the fatigue life) 
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Figure 67 Damage visualization at 1 472 000 cycles (96.2 % of the fatigue life) 

 

8.4.7 Discussion and conclusion 

 

 

These measurements aimed to experimentally confirm the approach of 

delamination/debonding propagation assessment in an adhesively bonded structure using 

ToF delay of the A0 mode. A segment of the velocity dispersion curve was experimentally 

constructed by tracking the maximum peak amplitude for both sub-structures: the single panel 

and the bonded section. The phase velocity determined using the frequency filtering was 

compared to calculations performed by GUIGUW SW. Additionally, measurements 

performed using sensors along the central line of the bonded section confirmed propagation 

of the A0 mode within the full thickness and splitting of the wave at the disbond tip into two 

slower asymmetrical waves. Sensors were attached to both surfaces symmetrically, and clear 

out-of-phase signals indicating A0 mode were identified. 

ToF delays were recorded as the delaminated area increased. However, time delays varied 

with the side of propagation (left or right) and the surface (panel I or panel II) of the sensor 

placement. The most likely explanation for the different time delays was different velocities 

implicating different thicknesses. These results showed the linear relationship between time 

delays and delamination lengths determined using the standard UT pulse-echo. The slope of 

the linear function indicated the velocity slowdown, which differed for four sensors placed on 

the left and right sides and both surfaces of the bonded section. The experimental investigation 

led to the conclusion that the difference in the slowdown was caused due to the asymmetrical 

delamination, which split the bonded structure into parts with different thicknesses. 

Therefore, precise calculations led to significant errors. The macroscopic overview of the 

fracture area indicated that delamination propagated on each side in a different layer. 

Therefore, a detailed metallographic analysis was performed, confirming previous 

assumptions and findings. 
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Finally, RAPID algorithm was used to visualize the damage. ToF delays were exploited and 

recalculated into a damage index. The approach of combining different segments was used to 

avoid false localization of the damage. The purpose of the visualization was not the accuracy 

but information in which segment the delamination/debonding occurred. Although 

preliminary measurements indicated the most sensitive frequency of A0 mode was 40 – 50 

kHz, the proximity of actuator–sensor pairs enabled the extraction of the waveforms due to 

the crosstalk; therefore, a 70 kHz wave was used. 

 

To conclude this research, the A0 Lamb wave mode was exploited to determine delamination 

propagation during the fatigue loading. In the low-frequency range of the dispersion curve for 

the A0 mode, the velocity decreases with a decrease in thickness. Delaminated or debonded 

sections of the structure represented the thinner part. The novelty of this analysis lies in the 

identification of the specific adherend in which delamination propagates to both sides using 

only six sensors. Different ToF delays recorded on symmetrically mounted sensors on both 

surfaces served as an indicator. The findings were confirmed by metallographic analysis. 

During the fatigue test, significant ToF delays in the central line of the bonded section were 

detected at 93% of the fatigue life. Earlier detection can be measured using sensors placed at 

the corners of the initial delamination. Additionally, RAPID algorithm, which is usually used 

for one-time impact damage detection, was used to visualize the damage extent. In this case, 

RAPID was exploited during the continuous fatigue test. The first damage detection was 

visualized in 29.4 % of the fatigue life.   

  



94 
 

9 Thermal dependency  

 

Lamb waves are formed by portions of longitudinal and transversal motions. Their velocity is 

a material constant for a given temperature. As well as mechanical properties, the velocity of 

elastic waves varies with temperature. Generally, the velocity decreases with increasing 

temperature. The temperature dependency of Lamb wave velocity on the temperature is 

essential since the ToF change is often used as a damage-sensitive parameter. Then, either the 

temperature change needs to be compensated, or identical environmental conditions must be 

ensured.  

The following experiments were performed for both isotropic and anisotropic structures to 

understand how the temperature influences the velocity. A controlled experiment in an 

environmental chamber was performed utilizing a composite sandwich structure. Afterward, 

the plate was subjected to two impact damages. All three measurements – baseline, after the 

first impact, and after the second impact was performed in slightly different temperatures. The 

second experiment exploited real operational conditions. Several flight tests were conducted 

with transducers mounted on an aluminium alloy fuselage skin of an ultralight aircraft. 

Operational conditions of an aircraft include the temperature changes with the flight altitude. 

According to the International standard atmosphere (ISA), there is a direct linear dependence 

of the air temperature on the altitude valid up to 36 000 feet. The temperature lapse rate 

decreases at the rate of approximately 2 °C per 1 000 feet. It is assumed that the temperature 

of the outer skin of an aircraft, changes correspondingly with the air temperature. Lamb waves 

propagating in such structural parts are also naturally affected by changing altitude. 

Therefore, Lamb wave signals in different flight altitudes, hence the temperatures were 

examined. 

 

9.1 Laboratory controlled experiment  

 

A part of this chapter was published as Temperature and damage-affected Lamb wave signals 

in composite sandwich plate within the EWSHM2022 conference [e]. 

A sandwich plate with CFRP skins and a foam core with dimensions 530×225 mm, including 

sensor locations and impact locations, is presented in Figure 68. Standard environmental tests 

are usually performed for the temperature range from -55 to +80 °C. This range corresponds 

to the operating conditions of an aircraft. However, the temperature range of -50 to + 50 °C 

with the step of 10 °C was considered sufficient for this purpose. 



95 
 

 

Figure 68 Sensor placement and impact damage location in the tested sandwich panel 

Temperature-dependent signals were in agreement with theory and published research. It was 

proved that the ToF delay of the corresponding peaks increases with increasing temperature. 

Time delays compared to some baselines naturally imply a decrease in velocity; on the other 

hand, time advances indicate a velocity increase. Representative wave packets for both A0 and 

S0 mode are shown in Figure 69a andFigure 69c, respectively.  

 
 

  

Figure 69 a) Wave packets at the different temperatures a) A0 in the time domain, b) A0 in 
the frequency domain, c) S0 in the time domain, d) S0 in the frequency domain. 

a) b) 

c) d) 
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Moreover, the frequency shift (compared to the actuation pulse) towards higher frequencies 

was observed with decreasing temperature for both modes (Figure 69b, Figure 69d). As a 

result, these findings must be considered when calculating wave velocities. Subsequently, this 

investigation focused on ToF measurements instead of the velocity calculation. 

An example of the maximum peak time shift of a 50 kHz A0 mode for three temperatures is 

shown in Figure 70a. A relationship between the ToF and temperature Figure 70Figure 70b. 

Maximum peak shift is used for the further assessment of impact damage. The temperature – 

ToF relation is considered a “calibration curve” and is utilized for the exact temperature 

change determination during the damage assessment. 

  
 

Figure 70 TOA of A0 mode at 50 kHz a) example of the maximum peak time shift, b) linear 
dependency on the temperature 

ToF difference caused by changing temperature or damage cannot be distinguished on the 

extracted waveform. Figure 71 shows time delay caused by damage (a) and temperature (b).  

 
 

Figure 71 Time shift caused by a) damage, b) temperature 

a) b) 

a) b) 
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Nevertheless, analysing the longer part of the measured signal, the difference between those 

two situations is evident in Figure 72. Figure 72a shows a signal measured at 50 kHz for two 

temperatures with 10 °C difference. The first arrived wave – A0 mode is little affected. With 

increasing distance, the time delay of other reflections increases gradually. Since temperature 

influence increases within the signal time window, damage obviously influences only some 

parts of the signal, as seen in Figure 72b. The first arrived wave packet was delayed; some 

reflections probably propagated outside the damage area were not influenced, and some of 

them were. 

  

Figure 72 Signal comparison for a) two temperatures, b) intact and damage state 

 

The sandwich plate was subjected to two impact damages. The evaluation was performed by 

means of the RAPID algorithm. ToF shift of a 50 kHz A0 mode was exploited as a damage-

sensitive parameter. Three measurements – Baseline (BI), after Impact 1 (AI1), after Impact 2 

(AI2) were conducted in slightly different temperatures. Signals exploited for impact damage 

detection were analysed qualitatively according to Figure 72. Signals AI1 for different 

actuator-sensor paths came earlier than BI measurements, indicating decreased temperature. 

On the other hand, signals AI2 showed time delays indicating increased temperature 

compared to the BI and AI1 measurements. 

According to Figure 68, impact I1 (3J, 0.22 mm dent depth) was located on the direct line of 

transducers 5-14 and impact I2 (6J, 1.43 mm dent depth) on the direct line of 3-12. ToF of the 

50 kHz A0 mode from the similar sensor pair of the same direction and distance (6-15) was 

evaluated for different temperatures. The linear relationship presented in Figure 70b led to the 

determination of the temperature change within the baseline measurements, after impact I1 

and after impact I2. The temperature change was then calculated according to the equation: 

b) a) 



98 
 

∆𝑇 =
∆t

0.2187 
 

 

(79) 

∆T denotes the temperature change, and ∆t denotes the measured time change. 
 

 

 

Figure 73. ToF of a maximum peak of a 50 kHz A0 mode with an effect of a) temperature and 
impact 2, b) temperature and impact 1 

 

Figure 73 shows ToF of the maximum peaks of A0 mode for the direct lines through the 

impacts I1 (b) and I2 (a), indicating the temperature together with damage effect and 

temperature effect only. Time advance for the sensor pair 3-12 after I1 indicates only a 

temperature effect since the damage was caused later by I2. Time delay for the sensor pair 5-

14 after I2 indicated temperature effect only since the damage was caused earlier by I1. Based 

on equation (79), the temperature decreased about 1.14 °C from the baseline measurement to 

the measurement AI1 and then increased about 2.01 °C after AI2. The total temperature effect 

from BI to AI2 measurement was about 0.87 °C. The set of time delays and advances was 

determined for all the actuator-sensor paths as input data for RAPID. Usually, without 

temperature changes, only time delays indicating damage are present for the corresponding 

paths, while for other paths, signals stay unchanged. Since RAPID calculates with numbers in 

the range of (0,1), normalizing by dividing the minimum value is usually sufficient. However, 

both positive and negative time shifts were present with a temperature effect. Therefore, min-

max normalization was exploited. Figure 74 shows pseudo-images of I1 (a), I2 (b), and both I1 

and I2 (c). Comparing the BI and AI2 datasets enabled imaging of both impacts. Impact I1 was 

less distinctive than I2 since its extent was significantly smaller. Impacts were still localized 

correctly; however, time shifts caused by the temperature effect caused noise in the pseudo 

image.  

a) b

) 



99 
 

 

 

 
 

Figure 74 RAPID based pseudo images of a) impact 1, b) impact 2 and c) both impacts 

 

 

a) 

b) 

c) 
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9.2 Operational conditions test 

 

An extended version of this chapter was published as Influence of operational and 

environmental conditions on Lamb wave signals within the EWSHM2022 conference [f]. 

Several tests were performed in real operational conditions. SmartLayers© sensors were 

mounted on the left side of the fuselage skin (Figure 75a) and on the cover located on the 

bottom of the fuselage (Figure 75b) of Eurostar EV 97 ultralight aircraft. Several measurements 

using the Acellent ScanGenie II were performed to examine the possibility of using the system 

in real environmental conditions.  

  

Figure 75 Sensor placement a) side fuselage skin, b) cover on the bottom of the fuselage 

 

Figure 76 shows data for the frequency of 80 kHz (a) and 180 kHz (b) measured on the ground 

with the switched-off engine and then at 3000 ft and 7000 ft. The temperature decreases with 

increasing altitude. Based on the time of arrival, the velocity increases with altitude. These 

results are consistent with the theory. At 80 kHz, only the A0 is visible, while at 180 kHz, both 

fundamental modes are present. ToF change with the temperature exhibits more significant 

shifts for A0 mode than S0 mode.  

The data confirmed that the time difference between two signals at different altitudes increases 

gradually with the length of the signal, which indicates a temperature effect, not a damage 

effect. However, a more straightforward situation is for the 80 kHz signal, where only one 

mode is present. 

 

 

a) b) 
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Figure 76 A Comparison of signals measured on the ground, in 3000 ft and 7000 ft for a) 80 
kHz and b) 180 kHz 

 

9.3 Conclusion 

 

Environmental and operational effects on A0 and S0 mode propagation were analysed. Test 

results agreed with the theory. ToF decrease, hence the velocity increase with decreased 

temperature was documented within both experiments - the environmental chamber and the 

real flight tests. The signals were qualitatively evaluated. A comparison of the temperature 

and damage influence on the measured signal shows the clear distinction between those two 

situations. Impact damage detection using RAPID revealed that slight temperature variations 

(around 1-2 °C) do not significantly affect the resulting pseudo image, though the temperature 

variations caused some noise. ToF shifts determined at the maximum peak of a 50 kHz A mode 

were used as a damage-sensitive parameter. Since the time shifts were both positive and 

negative min-max normalization was used to process the data into the (0,1) range. 

  

a) b) 
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10 Summary  
 

This thesis is focused on ultrasonic guided waves, specifically Lamb waves, as a structural 

health monitoring tool for aircraft structures. First, a theoretical base in the field of elastic 

waves in solids was presented, followed by their utilization in non-destructive testing. The 

next part of the thesis focused directly on Lamb waves. Fundamentals, basic features, and 

different propagation aspects in isotropic and anisotropic materials were outlined. Rayleigh-

Lamb dispersion equation was derived since the equation was further used for calculations. 

Generation and detection using piezoelectric wafer active sensors were described, including 

the possibility of Lamb wave tuning.  

Literature linked to damage detection approaches that correspond to those in the experimental 

part was investigated. Special attention was paid to dispersion curves determination since the 

phase velocity dispersion curve construction based on experimental data was proposed.  

Experiments were performed on test specimens representing typical aircraft structures, and 

typical damages were introduced to those structures. DCB test was exploited as an 

accompanying experiment to investigate the thickness effect on Lamb wave time of flight. 

Then, impact damage detection was examined. Plates with constant thickness were used for 

experiments representing a simple structure, followed by plates with variable thickness, and 

finally, by skin-stringer joint representing a complex structure. ToF delays served as damage 

indices utilized by the RAPID algorithm to get the pseudo image of the damage. The algorithm 

was also successfully used for impact damage detection in a sandwich structure with 

measurements in slightly different temperatures. Another typical high-potential aircraft 

structure is an adhesively bonded joint, which may suffer from delamination or debonding. 

Therefore, a fatigue test was performed. Delamination and debonding propagation showed 

very complex behaviour in this structure. Analytical relations describing delamination length 

and time delay were established. RAPID algorithm was also used to visualize damage. In 

general, qualitative and quantitative analyses were performed to understand the Lamb wave 

propagation in those structures and evaluate the introduced damage. In general, ToF was 

exploited as a damage-sensitive parameter. Therefore, the effect of changing temperature was 

investigated within two supportive experiments. The difference between temperature-

influenced signals within a wide range of temperatures and damage-influenced signals was 

outlined. Moreover, measurements in real operational conditions of an ultralight aircraft were 

obtained.  
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11 Discussion  
 

The main pillars of the thesis stand in experimental investigation, specifically in: 

• Methodology of phase velocity dispersion curve construction 

• Damage detection in typical aerospace composite structures 

• Thermal and operational conditions examination 

The method of phase velocity determination has been proposed. Several velocity values using 

the only signal were obtained since the frequency spectra have a particular frequency 

bandwidth. Segments of the phase velocity dispersion curves were constructed, and 

experimental results were compared to calculations. This methodology was applied to both 

the isotropic and anisotropic materials. Segments of the phase velocity dispersion curves were 

compared to calculations using the Rayleigh-Lamb equation for the aluminium alloy sheet and 

the GUIGUW SW for the thermoplastic composite plate. Rayleigh–Lamb equation was solved 

numerically for the given frequencies. The proposed methodology was then successfully 

employed within other experiments described throughout the thesis. It can be concluded that 

the methodology has two conditions. Three transducers are needed - one actuator and two 

sensors placed at two close positions. In our experiments, sensors were mostly placed at a 

distance of up to 10 mm. The frequency spectra of those two signals are assumed not to be 

shifted. In case of a significant frequency shift, the methodology did not work. 

A comprehensive Lamb-wave propagation analysis was performed on DCB specimens in two 

static configurations and during the DCB test. A suitable actuation frequency was found to be 

40-50 kHz. The clear shape of the wave packet enabled easy time shift determination of the 

corresponding wave packet peak during the DCB test. Lamb wave velocity of the specific 

mode in the delaminated part and the full thickness part of the DCB specimen was key to 

determine. A simple equation was proposed to evaluate the relation of those two velocities, 

time delay and delamination length. The equation is theoretically valid for both the phase and 

group velocities. Which velocity is used corresponds to the determined time delay. However, 

evaluation was performed only for the phase velocity. 

Impact damage is one of the most common types of damage in aircraft composite structures. 

Especially barely visible impact damages may cause serious consequences. Therefore, a 

significant part of the thesis was dedicated to this topic. Three kinds of structures made of 

thermoplastic composites were subjected to impact damages. The initial analyses were 

performed on simple plates with constant thickness using the SW Access (by Acellent), which 

is a black box. However, the SW process the same length of the time domain signals for all 

actuator-sensor paths, and with this approach, the pseudo image did not correctly visualize 

all impact damages. It was found that the signals from all the actuator-sensor paths need to be 
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processed. Therefore, the RAPID algorithm was used to visualize the damage through 

arbitrary DI. First, the correlation coefficient was exploited as a DI. The correlation was applied 

to extracted signals measured before and after the impact. The frequency of 80 kHz, where A0 

mode was dominant, was chosen. However, all impacts were not correctly visualized either. 

Therefore, time delays of maximum peaks of the corresponding A0 modes were normalized 

and used as DI. All impacts were successfully localized using this approach. The same 

methodology was performed on plates with variable thickness. It was verified that Lamb 

waves adaptively propagate within the variable thickness sections. Time delays indicating 

impacts were several times smaller than for the constant thickness plate. However, the values 

were normalized, and all introduced impacts were correctly localized. Smaller time delays 

were probably caused by the material, which contained several glass layers. Apart from the 

A0 model, S0 mode at the frequency of 180 kHz was also successfully utilized. Nevertheless, 

the time delays of the S0 mode were about ten times smaller than in the case of the A0 mode. 

Therefore, the A0 mode was preferred. 

 
Methodology for impact damage detection was intended to be applied to complex structures, 

such as skin-stringer joints. However, the structural complexity did not allow simple 

extraction of A0 mode as for the case of plates. A qualitative analysis using a number of sensors 

was performed because of the lack of equipment to obtain the full wavefield data. A partial 

conclusion was drawn on how the specific mode propagates through the joint. For the given 

transducer configuration, the A0 mode should be used for impact damage detection in the skin 

parts of the structure, while the S0 mode in the stringer part. Four out of six impacts were 

correctly localized. The area of the two unidentified impact damages was significantly smaller 

than the other four. The limitation probably lies in the minimum detectable impact area 

utilizing the given transducer configuration or propagation itself in such a complex structure. 

 
Another investigated complex structure was an adhesively bonded composite joint subjected 

to the fatigue test. Delamination and debonding propagated from the centre of the bonded 

section to both sides. The similarity with the DCB test was assumed. As DCB specimen was 

delaminated, the wave adapted with decreased velocity to the half-thickness (delaminated) 

part. As the bonded part of the joint debonded/delaminated, the wave splits into both 

delaminated/debonded sections with decreased velocity. Assumed time delays were 

measured in the case of A0 mode and time advances in the case of S0 mode. However, S0 time 

shifts were negligible compared to A0 mode time shifts. Time delays were related to the 

delamination lengths determined by the UT A-scan. The slope of the linear relationship was 

linked to the adherend in which the delamination/debonding occurred. Those findings were 

verified by metallographic analysis. Moreover, RAPID algorithm was successfully utilized to 

assess the presence of the damage. The bonded joint was divided into three subsections, and 

the results were combined into one image. The methodology was identical to the one used for 
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impact damage detection in plates. A0 model at the frequency of 70 kHz was extracted, and 

time delay was used as a damage-sensitive parameter. The equation used for delamination 

length calculation in DCB specimen did show significant errors, probably because of incorrect 

velocity values. The velocities were determined for the case of pure debonding in the adhesive. 

In fact, damage propagated partly in adhesive and partly in the first or the second adherend. 

Delamination “jumped” by the transply cracking into another lamina. Therefore, the velocity 

could not be determined unambiguously. 

 

In conclusion, ToF shift is a common damage-sensitive parameter utilized within all 

conducted experiments. Either as an input parameter to calculate DI or a direct parameter 

related to damage extent. Most experiments utilized ToF delay of more damage-sensitive A0 

mode. In all cases, extraction of the specific, identified wave packet was essential. Velocity 

determination and signals obtained using sensors placed identically on both surfaces 

contributed to the mode identification. 

 
Additional experiments to evaluate temperature and operational effects were conducted. 

Laboratory controlled tests in a climatic chamber within a wide range of temperatures showed 

apparent velocity increase with decreased temperature. However, the signals showed a 

significant frequency shift. Therefore, the methodology of the phase velocity dispersion curves 

determination has not been utilized. Only ToF of the corresponding peaks were related to the 

temperature. The structure was also subjected to impact damages. Time delay variations were 

caused not only by damage itself but also by small temperature variations. In this case, RAPID 

algorithm successfully imaged the impacts. Several flight tests were conducted to evaluate 

operational conditions such as temperature, vibrations, and other unknown effects. Sensors 

were mounted on a fuselage skin, and measurements at different altitudes; hence temperatures 

were performed. It was found that the used equipment is immune to the noisy environment. 

Signals were clear, ready to be post-processed. It was possible to distinguish signals influenced 

by the temperature from those influenced by damage. These partial conclusions lead to the 

area of future work concerning temperature compensation and conducting impact damages 

within a wider range of temperatures. 

 

All experiments were performed with the Acellent ScanGenie II. This device proved to be 

effective in operational conditions. One reason is probably low pass filtering, which on the 

other hand, enables non-linear measurements. Incorporated SW for damage detection did not 

prove any significant results and therefore was not utilized. Exported signals were analysed 

in the SW Origin Pro. PZT SmartLayer single sensors or Steminc disc transducers were 

utilized, and both showed similar responses. 
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12 Conclusion 

 

The thesis deals with practical applications of ultrasonic guided waves for damage detection 

in typical aerospace composite structures. Based on the literature review, four objectives have 

been stated to cover the current needs within the structural testing. In this chapter, brief 

conclusions are stated for each goal. 

1. Propose a fast method for dispersion curves construction based on experimental data 

Determination of the phase velocity based on the experimental data was proposed. A segment 

of a dispersion curve for the desired frequency range can be constructed fast using only three 

transducers (one actuator and two sensors). Frequency filtering of broadband signals enabled 

phase velocity calculation using the time lag and distance of the two close sensors. Therefore, 

as a great advantage, one broadband wave packet provided multiple velocity values. Even 

distorted signals may be successfully exploited using a part of the wave packet for evaluation. 

The methodology was verified for both isotropic and anisotropic structures and was limited 

only to the frequency-shifted signals.  

2. Improve existing impact damage detection algorithm  

Damage detection and localization of various composite aircraft structures were evaluated 

using the RAPID. It was found that commonly used methods utilizing, e.g., correlation 

coefficient, do not work uniformly for all the cases. Therefore, the substantial analysis revealed 

that the ToF delay parameter of the A0 mode at lower frequencies is highly sensitive to impact 

damage rather than the S0 mode. Utilizing ToF delay of the extracted A0 modes as a damage-

sensitive parameter within RAPID improved the capability of impact damage localization. 

Moreover, delamination/debonding propagation in the adhesively bonded joint was 

successfully imaged within the fatigue test.  

3. Improve diagnostic capabilities for delamination detection by exploiting velocity-

thickness relation 

In specific cases, delamination propagates in the midplane of the structure. For such cases as, 

e.g., DCB specimen, a simple equation was derived to calculate the precise delamination 

length. The relation exploited measured time delay and velocities for the full and half-

thickness of the structure. The corresponding velocities were utilized based on the extracted 

time lag (phase or group time delay). The limitation of this equation was the thickness 

uniformity requirement.  
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4. Evaluate the performance of the method under the environmental and operational 

conditions 

Several types of damages were successfully assessed using the UGW method. However, all of 

them were evaluated in similar conditions. Therefore, thermal dependency and operational 

conditions were also examined.  

Unique data were obtained under environmental and operational conditions. First, CFRP 

sandwich structure was exposed to the temperature range of -50 to +50 °C, and the dependency 

of ToF and temperature was determined. Temperature variations during the following impact 

damage measurements were identified. Therefore, time shifts were normalized using min-max 

normalization to be used in the RAPID. 

Several real flight tests using UL aircraft Eurostar EV 97 have been conducted to understand 

how signals are influenced by real operational conditions, especially vibrations and 

temperature (altitude). All signals were clear and ready to be post-processed. Altitude effects 

were in agreement with theory and results obtained in a climatic chamber.  

It has been shown that temperature-influenced and damage-influenced signals may be easily 

distinguished. Future work regarding conditions when temperature compensation needs to 

be involved will be focused. Either for simple relations between the time shift and damage 

extent or utilizing the RAPID. Based on the results, the simple relationship between the time 

shift and the damage extent shall be compensated for any temperature variations. On the other 

hand, the RAPID algorithm worked for small temperature variations without any special 

compensation. 
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