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Abstract: This work focuses on the Lamb wave localization of damages within different anisotropic 1

composite structures. The localization methods presented are based on the use of piezoelectric 2

transducer networks, allowing the generation and reception of Lamb waves following their interaction 3

with the damaged areas. In particular, the present contribution considers the case where the access 4

to the reference state is not possible. In that case, baseline signals are constructed from a numerical 5

simulation model using the previously determined elasticity tensor of the structure. However, 6

since the latter tensor is not always easy to obtain in the case of anisotropic materials, the present 7

work proposes the use of a second PZT network placed in a healthy zone of the studied structure. 8

Signals related to the generated Lamb waves in different directions can therefore be considered 9

for longer distances. This is performed by translating signals according to a simplified theoretical 10

propagation model of Lamb waves in homogeneous structures. This work shows that based on the 11

aforementioned baseline free methods, reliable images of damaged areas can be obtained in the case 12

of transversely isotropic, unidirectional and quasi-transversely isotropic composites with the help of 13

the delay-and-sum algorithm. 14

Keywords: Structural Health Monitoring, PZT network, Lamb waves, anisotropic composite struc- 15

tures, impact damage, delay-and-sum 16

1. Introduction 17

Maintenance operations are periodically carried out in industrial environments using 18

non-destructive testing (NDT) techniques to ensure the reliability of structures. However, 19

these techniques often have several disadvantages, such as the immobilization of the struc- 20

ture to be inspected throughout the inspection, the need for qualified operators, and long 21

inspection times, depending on the dimensions to be inspected. A new multidisciplinary 22

approach called Structural Heath Monitoring (SHM) is becoming increasingly popular in 23

the aerospace, nuclear, shipbuilding, automotive, energy and civil engineering industries. 24

The objective of SHM is to develop autonomous systems for continuous monitoring, inspec- 25

tion and damage detection of structures with minimal manpower involvement [1]. Two 26

types of methods can be distinguished in the practice of SHM: passive methods in which 27

sensors measure the response of the structure continuously and monitor their evolution 28

with respect to the given thresholds, and active methods which, in addition to sensors, use 29

actuators that generate stress waves to interrogate the structure. Among the active methods, 30

the ones based on the use of guided ultrasonic waves have proven to be interesting and 31

effective [2]. In the case of plate-like structures, Lamb waves can be generated, where the 32
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free surfaces of the plate act as guides for the propagating Lamb waves in two types of 33

modes: symmetric (S) and anti-symmetric (A) [3]. Lamb waves have the advantage of 34

propagating over long distances with low attenuation. They can also interact with damages 35

of wavelength size. However, one should be aware of their dispersive character which 36

is in fact geometrical in nature. For practical reasons, often related to the interpretation 37

of results, the fundamental Lamb modes A0 and S0 are used. The S0 mode has a higher 38

sensitivity to structural thickness damage such as delamination, while the A0 mode has 39

a higher sensitivity to surface damage such as cracking or corrosion [4]. In the case of a 40

sensor network, the Lamb wave inspection is based on the use of several sensors, each of 41

which plays the role of transmitter and receiver in an alternating way. Depending on the 42

sensors’ distribution, Lamb waves can interact in different ways (reflection, scattering) with 43

existing damages within the structure. Signal processing is then performed to the collected 44

signals in order to extract time and/or frequency domain signatures of the damages such 45

as (time of arrival, amplitude, energy, etc.). Based on the different signatures, different 46

imaging algorithms can be used to detect and locate the damage within the inspection area. 47

In general, PZT sensors are very often used in Lamb wave inspections and can be tuned to 48

generate only one Lamb mode of interest [5, 6]. 49

There are several works in the literature dealing with Lamb wave damage localization 50

using PZT arrays on aluminum and composite plates [7–11]. In general, these works 51

are based on the extraction of a specific Damage Index (DI) from the detected signals. 52

Several algorithms can therefore be implemented to perform the localization of the different 53

damages by imaging the inspection area delimited by the PZT sensors. Some algorithms 54

are based on the monitoring of the same inspection area for the same sensors’ positions. 55

This can be performed by first acquiring a baseline of reference signals related to the 56

initial or reference state in which the structure is healthy. The, new measurements of 57

the subsequent state of the structure (possibly a damaged state) are compared to the 58

baseline signals and any significant change above the previously defined threshold is 59

considered as a sign of an existing anomaly [12]. Residual signals, corresponding to the 60

difference between the damaged and reference states’ signals, are therefore in the imaging 61

algorithms. Lamb wave tomography [13–16] is a good way to quantitatively evaluate 62

damage imaging reconstruction but requires a high number of transducers. A simple 63

example is the reconstruction algorithm based on the probabilistic damage inspection 64

called RAPID. The latter uses the correlation between the signals taken at the reference 65

and damaged states, which is quantified statistically by the Signal Difference Coefficient 66

(SDC) [17]. Despite the need of a large number of transducers, the algorithm has the 67

advantage of being free from the knowledge of the velocities corresponding to the involved 68

Lamb modes. For this RAPID algorithm, the shape of the PZT array distribution also 69

has a great influence on the imaging quality. Indeed, a good PZT distribution is the one 70

that allows to have a homogeneous actuator-sensor path flow in the inspection area, thus 71

avoiding focusing points that are sources of artefacts in the final image. A circular shape 72

of the PZT array can provide optimal results [18]. A normalization factor is introduced to 73

compensate the effect of the shape of the PZT network in [19]. In such a case, a constant 74

form factor can also be changed to a variable parameter depending on the positions of 75

the transmitter-receiver pairs as was done in [20]. Hua et al. [21] optimised the RAPID 76

algorithm by transforming the SDC into LSDC (Local Signal Difference Coefficient), a new 77

parameter that uses optimal signal lengths. On the other hand, algorithms based on the 78

sparse reconstruction, i.e. exploiting the sparse nature of faults, are also used to detect 79

defects with Lamb waves. These algorithms attempt to find a small set of locations that 80

might contain damage consistent with the residual signals [22, 23]. However, they have 81

the difficulty of having to analytically construct a wave dictionary. The delay-and-sum 82

(DAS) algorithm, adopted from the radar community, is known to be very reliable. It is 83

based on the exploitation of the residual signals and the group velocities of the propagating 84

Lamb modes. The residual signals from all employed transmitter-receiver paths are shifted 85
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according to an appropriate time-shift rule and then summed up to give an average signal 86

[24, 25]. 87

Baseline algorithms are often criticized for not taking into account environmental 88

conditions such as temperature during the acquisition of Lamb signals at different states. 89

Despite the existence of temperature compensation methods [26], one should note that it 90

is not always possible to have a baseline state at which the structure is healthy, especially 91

on operational structures. In such a case, the current trend is to develop methods without 92

a reference state, where only measurements in the current state are taken into account 93

and a prior knowledge of the structure is not necessary. Methods using time reversal [27, 94

28] are considered as baseline-free. They are based on the spatial reciprocity and time 95

invariance of linear wave equations. The operation of time reversal of a signal in the time 96

domain is equivalent to taking the complex conjugate of the Fourier transform of the signal 97

in the frequency domain. Other baseline-free methods are based on baseline algorithm 98

except that the reference state is constructed by exploiting measurements of the current or 99

damaged state. Salmanpour et al. [29] present a method in which, by symmetrizing the 100

distribution of the PZT array to divide the inspection region into symmetrical areas, the 101

reference state is constructed simultaneously with the damaged state by considering only 102

the healthy areas. DAS algorithm is then applied for localization. In [30, 31], baseline-free 103

methods ERAPID and nonlinear RAPID inspired by the baseline algorithm RAPID are 104

also presented. The present paper presents two methods in which the baseline signals 105

are obtained in different ways. The first method is based on the 3D numerical simulation 106

results performed using the SHM module of the CIVA software. The second method 107

uses an analytical construction based on a simple theoretical propagation model of the 108

elastic guided waves. In both methods, mixed residual signals are obtained and used 109

to image damaged areas with the delay-and-sum algorithm. The first sample studied in 110

this paper is a transverse isotropic composite plate. The latter which has been previously 111

impacted was characterized to explore the possibility of modelling impact damage as 112

conical shaped geometries with degraded mechanical properties (details of this work can 113

be found in [32]). The second sample is a curved piece of a wind turbine blade. The latter is 114

a composite-foam-composite sandwich, impacted away from the center. The third sample is 115

a quasi-transversely isotropic composite plate impacted around its center. For the last two 116

samples, the elastic properties, draping and material symmetry were not a priori known. 117

The characterization of these materials and the damaged areas will be presented in this 118

paper as follows: section 2 describes the different methods used, sections 3, 4 and 5 describe 119

the work carried out and a discussion of the results related to aforementioned composite 120

samples, and section 6 is the conclusion. 121

2. Damage localization methods based on delay-and-sum algorithm 122

This section presents the methods that are applied to structures that were previously 123

damaged, for which no reference or healthy state data are available. The methods are based 124

on the use of PZT network to delineate the inspection area containing damage. Structures 125

are discretized into uniform grids of regularly spaced pixels. Images are obtained by 126

calculating the contrast values at each pixel based on the probability of presence/ absence 127

of damage at the different locations. The fundamental Lamb modes A0, S0 and SH0, are 128

used for the reconstruction of the different images. The methods presented below use 129

the delay-and-sum algorithm and are adjusted to take into account the anisotropy of the 130

composite structures. 131

2.1. Simulation method 132

The method presented Figure 1, is based on the characterization of an already damaged 133

composite plate. By identifying the elasticity tensor elements, reference state signals (i.e. 134

for the healthy structure) related to the propagating Lamb waves were obtained with 135

the help of numerical simulations performed using CIVA software [33, 34]. Simulations 136

take into account the real experimental configuration (plate geometry, excitation signal 137
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and frequency, number of PZTs, scan configuration, dimensions and positions of the PZT 138

sensors, sampling frequency, acquisition or simulation time). Then, simulation results are 139

subtracted from the experimentally obtained signals in the damaged state in order to obtain 140

residual signals containing the damage signature. The last step of the proposed method is 141

the application of the delay-and-sum algorithm to image the inspection area. 142

Figure 1. Method 1 based on the construction of the baseline signals by numerical simulations.

2.2. Experimental method 143

The first method uses a numerical simulation model to construct the reference or 144

baseline state signals, in which the excitation parameters are exactly the same as in the 145

experimental determination of the damaged state signals. However, one should be aware 146

that the computation time can be very long, and the real propagation conditions in terms 147

of “wave/structure” interaction are not always easy to implement. Furthermore, the 148

determination of the elastic constants by inverse method remains a delicate task, despite 149

the existence of various approaches just like the one based on the lamb waves [35, 36]. 150

In general, as in composites, the sparse nature of the damage makes the density of the 151

damaged areas low compared to the healthy areas [37]. This makes possible to find a 152

healthy area and place a second PZT array in the same layout as the main PZT array, which 153

covers the whole inspection zone. In the second method Figure 2, a second array is used 154

to acquire intermediate signals. Xu et al. describe a theoretical approach of Lamb waves 155

propagation model [38]. The latter is applied and adapted to our study in order to obtain 156

the reference state signals from the intermediate signals, as described below. 157
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Figure 2. Method 2 based on an analytic construction of the baseline signals.

Figure 3. Method 2 baseline signals creation process : (a) dilation of a square distribution of six PZT .
(b) dilation of a circular distribution of four PZT . (c) From intermediate signal to baseline signal.

It is assumed that a distance r in Figure 3(c) separates each PZT in the main network 158

and its correspondent in the second network of PZTs. The complex signal of I(t) can be 159

written as : 160

S(t) = I(t) ∗ exp(iwct) (1)

With wc the centre frequency of the excitation signal. In the frequency regime, we have: 161

S(w) =
∫ +∞

−∞
S(t) ∗ exp(−iwt)dt (2)
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or: 162

S(w) =
∫ +∞

−∞
I(t) ∗ exp[(−i(w − wc)t]dt (3)

We can therefore write : 163

S(w) = I(w − wc) (4)

The frequency signal corresponding to B(t) can be expressed as : 164

B(w) =
1√
r
∗ S(w) ∗ exp(−ik(w)r) (5)

In the time domain, we have: 165

B(t) =
1√
r
∗ TF−1{I(w − wc) ∗ exp(−ik(w)r} (6)

We assume linearity of the wavenumber as a function of frequency, i.e. we place ourselves 166

in a region of low dispersion on the Lamb wave dispersion curve and we can write in the 167

vicinity of wc : 168

k(w) = α + β(w − wc) + 0(w − wc) (7)

With, 169

α = k(wc) =
wc

Vp(wc)
and β = k′(wc) =

dk(w)

dw
| (w = wc) =

1
Vg(wc)

(8)

Where Vp and Vg represent the phase velocity and group velocity of the Lamb mode under 170

consideration, respectively. The term 0(w-wc) and higher order terms are considered as 171

interference terms and are neglected. This gives : 172

B(t) =
1√
r
∗ TF−1{I(w − wc) ∗ exp[−i(α + β(w − wc))r]} (9)

By calculating the inverse Fourier transform, we obtain : 173

B(t) =
1√
r
∗ exp(−iαr) ∗ exp(iwct) ∗ I(t − βr) (10)

By including the signal S(t) in this equation, it follows that: 174

B(t) =
1√
r
∗ exp(−iαr) ∗ exp(iwcβr) ∗ S(t − βr) (11)

The signal B(t) can be finally expressed as: 175

B(t) =
1√
r
∗
[

exp
(
−i

r ∗ wc

Vp(wc)

)
∗ exp

(
i

r ∗ wc

Vg(wc)

)]
∗ S

(
t − r

Vg(wc)

)
(12)

This signal is the product of three terms, the first of which represents the attenuation of 176

Lamb waves proportional to the inverse of the square root of the distance travelled; the 177

second term containing exponentials is independent of time and represents the phase 178

variation; it cancels out when the phase velocity is equal to the group velocity; the third 179

term corresponds to a time shift due to propagation. 180

2.3. Delay-and-sum algorithm applied to anisotropic materials 181

An illustration for a single pair of PZTs between transmitter i of coordinates (xi,yi) 182

and receiver j of coordinates (xj,yj) is given Figure 4. It can be seen that the corresponding 183

residual signal in time domain RESij (t) is delayed by passing it through the pixel P of 184

coordinates (xP,yP). If the PZT array used contains a number NT of PZTs, the same is true 185

for all pairs used in the acquisitions, giving rise to a number NS of signals. Each pixel in 186
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the mesh undergoes this action and the contrast value at pixel P, for example, is obtained 187

by the following formula: 188

IP(xP, yP) =
1

Ns

NT−1

∑
i=1

NT

∑
j=i+1

ERESij
(
tij
(
xP, yp, α

))
(13)

Where ERESij is the envelope of the residual signal RESij between transmitter i and receiver 189

j, and is obtained by a Hilbert transform. The time of flight tij (xP,yP,α) of the signal along 190

the virtual path i-P-j is given by: 191

tij
(

xP, yp, α
)
=

di−P
Vg(αi−P)

+
dP−j

Vg
(
αP−j

) (14)

The anisotropy in composite materials means that the group velocity of the different 192

propagated Lamb modes is not the same in all directions and therefore the geometric angles 193

involved in 14, defined by: 194

αi−P = tan−1
∣∣∣∣ yP − yi
xP − xi

∣∣∣∣ and αP−j = tan−1

∣∣∣∣∣ yP − yj

xP − xj

∣∣∣∣∣ (15)

Similarly, the distances di−P and dP − j represent respectively the distance between 195

transmitter i and pixel P, and that between pixel P and receiver j; they are defined by: 196

di−p =

√
(xP − xi)

2 + (yP − yi)
2 and dp−j =

√(
xP − xj

)2
+

(
yP − yj

)2 (16)

Figure 4. Delay-and-sum algorithm used in the two methods.

The pixels with the highest contrast values are the ones where the damage is located. 197
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3. Transverse isotropic composite plate 198

The CFRC composite plate sample consists of 20 plies of 0.3 mm thickness sheets along 199

the sequence [45/0/0/45/0/45/0/45/0/45]S. The plate is transverse isotropic, where the 200

axis of symmetry is along the thickness direction. Dimensions of the plate are of 500 × 201

500 x 6.2 mm3. As announced in the introduction, this plate was the subject of a previous 202

study [32] during the optimised dispersion curves and elastic constants were determined 203

experimentally Table 1. An impact was also made at the centre of this plate by means 204

of a hemispherical impactor injecting thus an energy of 40 joules. In practice, impacts 205

on composite structures occur when the structure collides or is struck by an external 206

object. Very common examples of impacts are dropping of tools during the manufacturing, 207

preparation or storage of the structure, or during use in service, e.g. for aeronautical 208

components, bird strikes, hail etc. These impacts create damage that is hardly visible on the 209

outer surfaces but which progresses through the thickness of the structure leading to local 210

degradation of the mechanical properties around the impact location [39, 40]. The problem 211

of locating damage in this case is to determine a damaged area surrounding the impact site. 212

An ultrasonic C-scan was therefore performed around the impacted area to estimate the 213

extent of the area to be located. 214

Table 1. Homogenised elastic properties of the composite plate

ρ(g/cm3) C11(GPa) C22(GPa) C33(GPa) C12(GPa) C13(GPa) C23(GPa) C44(GPa) C55(GPa) C66(GPa)

1.55 ±0.05 52.4 ±2% 12.6 ±2% 52.4 ±2% 3.1 ±2% 17.8 ±2% 3.1 ±2% 3.7 ±2% 17.3 ±2% 3.7 ±2%

3.1. Acquisitions at the damaged state 215

Generation and reception of Lamb waves in different directions was performed with 216

the help of an acquisition system, that can also be wireless Figure 5. This system was 217

developed by the CEA in partnership with the Gustave Eiffel University; has 8 multiplexed 218

channels for transmission and 8 parallel channels for reception. 8 PZT sensors (20 mm in 219

diameter and 0.52 mm thick) are glued to the upper free surface (Z=0mm) of the plate. The 220

coordinates of the sensors are given in Table 2. The excitation signal is a 3-cycle Toneburst 221

(20Vpp) with an excitation center frequency of 150 KHz associated with a hanning window. 222

Its narrow band frequency content concentrates the energy around the central excitation 223

frequency of the sensors, thus reducing the natural effects of Lamb wave dispersion. 224

cedric
Mettre en évidence
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Figure 5. experimental setup: (a) Wireless acquisition system . (b) orientation and plate dimension.

The scan is carried out in such a way that each sensor transmits in turn when the other 225

sensors receive leading thus to 56 signals. The latter are acquired over a period of 500 µs, at 226

a sampling rate of 2 MHz, which is 10 times greater than the excitation frequency. 227

Table 2. Coordinates of the PZT.

Positions PZT1 PZT2 PZT3 PZT4 PZT5 PZT6 PZT7 PZT8

X (mm) 250 320 350 320 250 180 150 180
Y (mm) 150 180 250 320 350 320 250 180

3.2. CIVA modelling for the creation of the reference state 228

With the help of the elastic constants of the composite plate, dispersion curves corre- 229

sponding to group velocities of fundamental Lamb modes were determined. Numerical 230

simulations were performed in order to obtain signals corresponding to the transmitter- 231

receiver pairs according to the scan configuration used. The reference state was thus 232

numerically constructed using the following parameters: 233

1. The geometry and material properties of the plate (elasticity tensor, density). Although 234

the arrangement of the plies is given, the plate is considered as homogeneous, 235

2. The positions and size of the PZTs, the excitation signal, are taken exactly the same as 236

the experimental configuration. 237

3. The duration of the signals is the same as the acquisition time, i.e. 500 µs, and the 238

sampling frequency is identical to the frequency used for the experiments. 239

3.3. Results and discussion 240

For the same transmitter-receiver pairs, 56 subtractions are performed between signals 241

obtained experimentally at the damaged state and those obtained at the numerically 242

simulated reference state. Envelopes of the obtained residual signals are then determined. 243

An example of normalized signals taken at the reference (in blue) and damaged (in red) 244

states are shown in Figure 6. The latter present the residual signals for an actuator-sensor 245

pair whose path passes through the impacted zone (actuator 2 - sensor 6) and for a path 246

not passing through it (actuator 3 - sensor 5). 247
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Figure 6. Baseline, damaged, residual and envelope of signals of two paths with one going through
damage area and the other not: (a)Path (actuator 2 - sensor 6). (b)Path (actuator 2 - sensor 6). c)Path
(actuator 3 - sensor 5). d)Path (actuator 3 - sensor 5).

The composite plate being anisotropic along the Z axis and isotropic in the (XY) plane, 248

the speed of A0 and S0 modes can be considered as constant and have been respectively 249

determined as 1650m/s and 5700m/s at the excitation frequency. The times of flight (TOF) 250

in the different directions were consequently calculated based on these speeds. The result 251

presented in Figure 7(a) is an image presenting the existing damage within the inspection 252

area, obtained with a reconstruction based on the delay-and-sum algorithm assuming the 253

A0 mode. Despite the complexity of the performed study, the localization of the defect 254

zone is close to the one given by the ultrasonic C-scan as it can be seen in Figure 7(b). 255

However, an improvement of the simulations can still be performed by taking into account, 256

for example, the attenuation in order to limit the difference between the amplitudes of the 257

simulated and experimental signals as well as their time shift [41]. 258

Figure 7. Damage localization results: (a) Method 1. (b) Ultrasonic C-scan.

4. Curved wind turbine blade sample 259

The structure studied here in Figure 8 is a piece of a wind turbine blade, of dimensions 260

600 x 500 x 45 mm3. It is a sandwich structure, consisting of the assembly two glass-fiber 261

composite skins put on both sides of a foam core. Within such a structure, different types 262

of damage can be present such as disbonds between the skin and the core or between the 263

laminates of the skins, cracks in the skins and more general damage can be created by 264
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impacts as it can be found in [42]. Due to the high thickness of the sandwich structure 265

and the porous foam attenuation properties, lamb waves generated from the outer face 266

have little chance to pass through the foam to be detected on the inner face of the wind 267

turbine blade, even at high excitation amplitudes. For this reason, the present study is 268

limited to the use of lamb waves to search for defects on the outer face of the wind turbine 269

blade sample. The sandwich structure was impacted on the outer face. Contrary to many 270

similar studies on composite structures found in the literature, in our case, we don’t have 271

any information on the draping and the material symmetry. Under these conditions, it 272

is difficult to establish a 3D model representative of the experiment, as performed above. 273

Furthermore, the structure has a curvature which should be taken into account. In order 274

to better characterize the structure, a second array of sensors is placed away from the 275

impacted area to acquire the intermediate signals. The latter are translated to obtain the 276

reconstructed baseline signals. 277

Figure 8. Curved wind turbine blade sample

4.1. Characterization of the wind turbine sample 278

In the absence of the necessary information regarding the propagation of Lamb waves 279

within the sample, Lamb waves were generated in different directions with the help of 280

a network of 16 sensors that forms a circle whose center is occupied by a transmitter 281

transducer. Group velocities of the two fundamental modes A0 and S0 were therefore 282

determined around the excitation frequency of 75kHz. For each direction, the direct modes 283

(A0, S0) can be differentiated by their different slope characteristics with the help of the 284

time-frequency representation [43]. A continuous wavelet transform is performed on 285

the collected signals and the envelopes of the wavelet coefficients corresponding to the 286

excitation frequency (75 KHz) are extracted to determine the different times of flight. Group 287

velocities were calculated by taking into account the radius of curvature of the sample 288

studied for the sensors’ positions. An interpolation of the experimental data is then carried 289

out to obtain the evolution of the group velocities with a step of 1°. The curves in Figure 9 290

represent the slowness of the S0 and A0 modes in the structure. It can be seen that the 291

group velocity is maximum in the 0° direction and minimum along 90°. This allows to 292

assume that the composite used is a unidirectional whose fibers would be oriented at 0°. 293
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Figure 9. Slowness of S0 an A0 at the 75 KHz excitation frequency

4.2. Measurements and Reconstruction of the baseline signals 294

In view of the attenuation of Lamb waves when they propagate in the wind turbine 295

blade, we had to amplify the excitation signals beforehand in order to ensure a good trans- 296

mission of the signals especially when the waves cross the damaged zones. The excitation 297

signal is a 3 cycle Tone burst delivered with a high amplitude of 400V to compensate 298

for losses related to irregularities as well as roughness of the glass fiber composite. The 299

excitation frequency was around 75 KHz, the sampling frequency used for the acquisitions 300

was 20 MHz and the acquisition time was 2.5 ms. A circular sensors network of 400 mm 301

diameter positioned in the center of the upper composite skin of the structure contains 16 302

PZT sensors of 20 mm diameter and 0.52 mm thickness. The coordinates of the sensors, 303

which are uniformly arranged, are given in Table 3. The scan is carried out in such a way 304

that each sensor transmits in turn when the other receive, thus giving rise to 240 signals. 305

Table 3. Coordinates of the PZT.

PZT X(mm) Y(mm)

1 450 300
2 434.8 376.5
3 391.4 441.4
4 326.5 484.8
5 250 500
6 173.5 484.8
7 108.6 441.4
8 65.2 376.5
9 500 300
10 65.2 223.5
11 108.6 158.6
12 173.5 115.2
13 250 100
14 326.5 115.2
15 391.4 158.6
16 434.8 223.5

Baseline signals were first obtained from the intact state in order to compare them 306

with those obtained using the experimental method described in section 2.2. The new 307

reference signals are obtained with the help of a second network of sensors deployed in 308

the configuration shown in Figure 10. The latter is a reduced image of the main network 309
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having the same center. Precautions are taken to ensure that this array is located in a 310

zone of the inspection area that does not contain damages. The scan procedure is the 311

same as the one performed with the main network, which includes the damaged area. 312

This results in 240 intermediate signals; each signal obtained is then modified according 313

to Equation 12. In practice, for each modified intermediate signal, the distance r in this 314

equation is the difference between the path length in the main network and the path length 315

in the secondary network; the term corresponding to the product of the exponentials is 316

considered to be zero. 317

Figure 10. Dilation of the main PZT network for the acquisition of intermediate signal

4.3. Results and discussion 318

Figure 11 presents the results related to images obtained using the baseline signals 319

taken at the initial intact state with the same sensors. The comparison between the two 320

signals obtained in the intact and impacted states does not a priori allow to notice the 321

difference which could exist between both states, even for signals which pass through the 322

damaged zone as is the case in figure Figure 11(a). According to literature, for damage 323

types corresponding to delamination and/or “fiber/matrix” breakage which are created 324

during the impact of composites, there would be no particular reflection coming from the 325

damaged area. Instead, one should expect a small change in amplitude of the detected 326

signals, such as the one presented in the same figure. This makes the detection of small 327

impacts more complicated than cracks or through thickness holes as explained in these 328

references [24, 44]. In our case, the small impact has been successfully detected using the 329

delay and sum method Figure 11(b). However, for the abovementioned reasons (see also 330

the damage in Figure 10), the contrast in the image between the healthy and damaged areas 331
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is not as large as that which could be had in the case of an important acoustic impedance 332

mismatch (ex. through thickness holes). 333

Based on these results, which will serve as a reference, we applied the experimental 334

method described in section 2.2 in order to image the damaged area via the same network 335

of sensors where the reference state is constructed using a secondary network. Figure 12(a) 336

shows signals obtained for the same ultrasonic path as in Figure 11, where the phase and 337

wave shape of the first mode (identified as S0 mode) overlap well. However, this is not 338

exactly the case for the other modes, where clear differences appear in both shape and 339

phase. Nevertheless, the image of the damaged area presented in Figure 12(b) is similar to 340

that obtained earlier on the same sample. The contrast obtained in the latter is comparable 341

to that presented in Figure 11(b) in accordance with the type of damage created by the 342

impact. The presence of artefacts can be explained by the fact that reconstruction of signals 343

was performed on the basis of the speed of S0 mode, which overestimates the time of 344

arrival corresponding to A0 mode. The amplitude discrepancy is due to attenuation used 345

which may not take int account the existing inhomogeneities within the structure. 346

Figure 11. Damage localization results with delay and sum using actual baseline signals : (a)
Actual baseline and damaged signals for (actuator 10 - sensor 16) going through damage area .
(b)Reconstruction with S0 mode.
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Figure 12. Damage localization results with method 2 using reconstructed baseline signals: (a)
Reconstructed baseline and damaged signals for (actuator 10 - sensor 16) going through damage area.
(b) Reconstruction with S0 mode. .

5. Anisotropic Carbon fiber composite plate 347

The third sample that has been characterized is a composite plate (600x600x3.5 mm3) 348

for which information related to draping, symmetry and consequently elastic properties 349

are not available. The present study aims to detect and locate the damage created by a 350

prior impact on the aforementioned plate for which we do not have a healthy or pristine 351

state. Furthermore, there is no quantitative information on the performed impact except its 352

positioned at the center of the plate. In the following, group velocities of the generated Lamb 353

waves are first determined based on scanning laser measurements. Then, intermediate 354

signals are generated and detected based on a secondary network of PZT sensors before 355

processing these signals using the experimental method described in section 2.2 356

5.1. Characterisation of the composite symmetry 357

Lamb waves are generated in different directions using an excitation frequency of 150 358

KHz. Scanning laser measurements were performed to pick-up the out-of-plane compo- 359

nent of displacements according to the different directions that surround a transmitting 360

transducer (area= 15x15 cm2) as shown in Figure 13(a). In view of the excitation frequency, 361

wave packets were identified as S0, SH0, and A0 respectively. Indeed, after a propagation 362

time corresponding to 65µs, the propagation of the wave packets was observed before 363

the fastest wave is reflected on the edge of the plate or by the damaged area as shown in 364

Figure 13(b). The latter also shows the diamond-shaped distribution of the Lamb wave 365

velocities symmetrically between 0° and 360°. Two main directions of propagation were 366

therefore identified, namely 0° and 90°, along which the velocity of the different modes is 367

maximum, where VS0= 5712 m/s, VA0 = 1904 m/s and VSH0= 3808 m/s. 368
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Figure 13. Characterization of anisotropy : (a) Schematic for measuring group velocities of A0, S0
and SH0 Lamb wave modes using laser. (b) Lamb Waves propagation after 65 µs. (c) Slowness of S0,
SH0, A0 at the excitation frequency.

By collecting the velocities in different directions and then interpolating, a complete 369

representation of the slowness curves for the three fundamental Lamb waves are obtained 370

as presented in Figure 13(c). According to literature [45], and based on the experimental 371

results, the symmetry of the composite plate was identified as quasi-isotropic-transverse. 372

Indeed, this symmetry corresponds to an orthotropic symmetry invariant by a rotation 373

of 90° around a single axis of the orthotropic reference frame and is characterized by six 374

independent elasticity moduli [3, 4, 46]. 375

5.2. Damaged state and baseline signals 376

In order to locate the damage within the anisotrpic composite plate, 12 evenly dis- 377

tributed PZT sensors are used to cover a square inspection area with an edge equal to 450 378

mm as shown in Figure 14. Lamb waves are generated around 150kHz with an amplitude 379

corresponding to 30Vpp. The impact damage is situated in the center of the plate. The scan 380

is carried out in the same way as described earlier to give 132 signals, which are acquired 381

over a period of 500 µs at a sampling rate of 2 MHz. 382

In order to obtain the baseline signals, a second network is used to covers a square 383

inspection area with an edge equal to 100 mm away from the impact. 132 intermediate 384

signals are then obtained and modified according to Equation 12 with the same assumptions 385

used before to construct the baseline signals. 386
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Figure 14. Schematic of the composite plate : (a) Experimental setup. (b) PZT locations and the
damaged area.

5.3. Results and discussion 387

The visualisation of the signals in the reference and damaged states is presented in 388

Figure 15. The latter shows a comparison of the reconstructed baseline signals (in red) and 389

the damaged signals (in blue) when the ultrasonic path does not pass through the damaged 390

area (Figure 15 (a)) and when it goes through it (Figure 15 (b)). Away from the defect area, 391

a strong resemblance can be observed for the signals originating from the path between 392

sensors 1 and 3. For the path between the sensors 6 and 12, it can be seen that the presence 393

of damage has a visible effect that can be observed on almost all the signal in terms of 394

amplitude and time shift. 395

Figure 15. Method 2 signals of two paths with one not going through damage area and the other
passing by : (a) Path 1-3. (b) Path 6-12.

Figure 16 presents the localization results obtained based on the delay-and-sum 396

algorithm by considering the incident wave corresponding to A0, SH0 and S0 modes, 397

respectively. The obtained images show a good agreement with the real impact location 398

when the incident Lamb wave is taken as A0 and S0 with a remarkable accuracy. However, 399
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results related to the case when the incident Lamb wave is taken as SH0 did not allow to 400

obtain a successful localization. The significant change in the waveform shows that the 401

wave packet related to the SH0 mode has been seriously affected by the interaction with 402

the damaged area. The generated Lamb modes (A0, S0 or SH0) are expected to be either 403

directly transmitted, reflected from an edge of the structure or damage or converted [46]. 404

The time shift between wave packets in path 6-12 also suggests the possibility of mode 405

conversion by damage in the plate [47]. Some conversions are well known such as the 406

case of symmetric discontinuities with respect to the plate’s mid-plane during which mode 407

conversion only generates modes that share the same symmetry as the incident mode[48]. 408

The reflection of the S0 mode from a delamination in crossply laminates with symmetric 409

and asymmetric delamination showed that when A0 mode interacts with the delamination 410

that is located asymmetrically across the thickness, the mode-converted S0 is observed. 411

The mode-converted S0 mode revealed to be confined within the delamination region 412

and converts back to A0 mode when delamination is symmetrically located across the 413

thickness[49, 50]. According to their displacement profile across the plate’s thickness, SH 414

guided wave modes are classified between symmetric and antisymmetric. The interaction 415

of SH waves with a discontinuity can be complex depending on the discontinuity shape as 416

well as the operating frequency-thickness product[51, 52]. From the incidence of a single SH 417

mode upon a thickness discontinuity (such as the one created by an impact) any mode can 418

arise due to mode conversion. This makes the estimation of the conversion that took place 419

very difficult in particular in an anisotropic material such as the composite plate studied. 420

When using the delay-and-sum algorithm, mode conversion can be taken into account by 421

differentiating the speed of the incident mode between the transmitter and the pixel and 422

that of the converted mode between the pixel and the receiver in Equation 14. In the absence 423

of any valuable information about the existing conversion, different combinations can be 424

applied leading to a multi-modal reconstruction according to the involved propagating 425

modes. 426

Figure 16. Damage localization with method 2: (a) Reconstruction with S0. (b) Reconstruction with
SH0. (c) Reconstruction with A0.

6. Conclusions 427

In this paper, two contributions are made for the localisation of damages in composite 428

structures for which no healthy state is available. The first method consists of obtaining 429

baseline signals by a numerical simulation in which the same parameters are applied as in 430

the acquisition of the damaged signals; the delay and sum algorithm then acts on the mixed 431

residual signals to obtain the imaging. This method was applied to a transverse isotropic 432

composite plate and the result is close to the ultrasound C-scan performed but can be 433

perfect if the dispersion and attenuation in the plate are finely characterized. Furthermore, 434

it is not always easy to access or even determine the elasticity tensor of the structure, 435

which increases the complexity of this method. Thus, a first alternative to method 1 that 436

could improve the result was to adapt the method used in [53] to our case; in fact, in 437

this method, there is no residual signal because no baseline state is constructed, but only 438

the measurements of the damaged state in pulse-echo mode are used. However, Lamb 439

wave signals acquired in pulse-echo with the same PZT transmitting and receiving are 440

very often corrupted because the PZT starts to receive the signal while the transmission 441
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continues. Therefore, unlike the case here, where the PZTs are almost colocated to perform 442

a pulse-echo scan, the exact same arrangement of the PZT array was placed on both free 443

surfaces of the plate. If a PZT on the top surface transmits, its counterpart on the opposite 444

surface receives; this action allowed us to make almost pulse-echo acquisitions. Such a 445

method gives as many signals as there are PZTs on each side of the plate and is justifiable 446

because the plane of polarisation of Lamb waves during their propagation always contains 447

the direction along the thickness regardless of the direction of propagation and therefore 448

any PZT on one of the free surfaces of the plate is able to transmit and receive the signal. 449

The result obtained was indeed more accurate than Method 1 but was not subsequently 450

confirmed for the other samples in this paper. Therefore, a second method is presented in 451

this paper, which relies on a second PZT array placed in a healthy area of the structure, 452

image from the first one by a dilation of positive ratio and less than 1 and with a center 453

located in the main array. The second PZT array yields intermediate signals which by 454

modification according to a simple theoretical Lamb wave propagation model lead to 455

reconstructed baseline signals. As in method 1, the delay and sum algorithm then acts 456

on the mixed residual signals to obtain the imagery. This method was first applied to a 457

curved piece of wind turbine blade and then to a quasi-isotropic-transverse composite 458

plate. In both cases it was shown that damages were well localized despite the attenuation 459

and dispersion not being perfectly taken into account. Another strong point of the work 460

presented in this paper is that we can use samples for which we don’t have the mechanical 461

characterisation, which is rarely the case in the literature. The key was to determine for the 462

different modes used, the velocities or slowness between 0° and 360°, from PZT or laser, 463

then to introduce in each case, the angle dependence in the delay and sum algorithm. The 464

next steps in the work are to test the methods on more complex structures with stiffeners; 465

then, in addition to localisation, it would be interesting to reconstruct the shape of the 466

damage. For this, we are investigating how to couple the presented methods with Lamb 467

wave factorisation methods. 468
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