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Abstract 

Non-destructive testing of composites using full field analysis 

of guided waves is illustrated for a CFRP aircraft panel with 

production defects. The full wave field is measured using 3D 

scanning laser Doppler vibrometry for broadband sweep 

excitation through one piezoelectric actuator. This wave field 

is analyzed for signs of damages using four different 

approaches. 

First, the broadband vibrational response is investigated for 

local defect resonance behavior at specific frequencies. Next, 

the band power is calculated, providing information on local 

vibrational energy of the structure. 

The broadband sweep response is converted to a narrowband 

A0 burst response by proper filtering in wavenumber-

frequency domain. The converted signals are then used as 

input for weighted root mean square velocity calculation and 

local wavenumber estimation. 

For each of the four damage detection techniques, the damage 

detection performance is discussed. 

1. Introduction

Composite materials (e.g. carbon fiber reinforced polymers 

CFRP) are increasingly used for critical components in 

several industrial sectors (for example aerospace, 

automotive). A major challenge is the detection of internal 

damages in these composites which may have occurred 

during manufacturing or during operational life.  

One possibility for damage detection in thin-walled 

composite structures is to analyze the vibrational response 

measured on the surface. Many different wave actuation and 

sensing configurations are possible, combined with advanced 

data processing methods. In this study, a single piezoelectric 

actuator is used for excitation combined with a 3D scanning 

laser Doppler vibrometer (SLDV) to measure the resulting 

full wave field. 

The study describes a case were elastic vibrations are used to 

detect production defects in a CFRP aircraft panel with 

bonded backside stiffeners. A total of four damage detection 

methods are utilized and compared: (i) local defect resonance, 

(ii) band power, (iii) weighted root mean square and (iv) local

wavenumber estimation. The first two methods use the total

broadband vibration response of the test specimen whereas 

the last two operate on a narrowband vibrational response.  

2. Specimen and Experiment

The specimen under investigation is a CFRP tail spar panel 

used in Airbus A320 family aircrafts (see Figure 1). The part 

consists out of a flat plate with three stiffeners. All material 

properties as well as the composite layup are assumed to be 

unknown. The part was scrapped by the manufacturer after 

ultrasonic C-scan inspection. The C-scan reveals defects at 

the middle stiffener. 

Figure 1: CFRP vertical fin panel with production defects 

indicated on C-scan. 

A piezoelectric (PZT) bending disc (type EPZ-20MS64W 

from Ekulit) is bonded to the back surface with phenyl 

salicylate. In guided wave NDT, often an excitation 

frequency is selected in order to excite an elastic wave field 

with specific properties e.g. one single wave mode, low 

dispersion wave, etc. This procedure relies on the prior 
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calculation of the material’s wave dispersion curves and 
requires all material properties to be known. In this case the 

material properties are unknown and therefore a broadband 

linear sweep excitation from 20 to 250 kHz is used. More 

importantly, the use of a broadband signal allows for 

evaluation of the structures response at a multitude of 

frequencies. This is necessary for local defect resonance 

inspection and band power calculation. When a wave field 

with specific properties is required (e.g. a single wave mode 

at a specific frequency for local wavenumber estimation) the 

broadband response can be converted using filtering in the 

wavenumber-frequency domain. 

 

The linear sweep signal has a length of 8 ms and is amplified 

using a voltage amplifier (Falco System WMA-300) to a 

peak-to-peak voltage of 100 V. The out-of-plane and in-plane 

velocity response of the surface is recorded with an infrared 

3D SLDV (Polytec PSV-500 3D Xtra) at a sampling 

frequency of 1.25 MS/s. A total of 15.949 scan points are 

distributed uniformly over the scan area (see green box). For 

each point, 20 averages are made to increase the signal-to-

noise ratio of the measurement. 

3. Broadband vibrational analysis 

3.1. Local defect resonance 

3.1.1. Method 

In 1993, Tenek et al. [1] proposed NDT of composite plates 

by high frequency modal testing. This technique was further 

investigated by Solodov et al. [2, 3] during the past decade. 

The high frequencies are used to get a localized resonant 

activation of the defected zones and is therefore named: Local 

Defect Resonance (LDR). In general, the defect’s location is 
revealed by measuring the out-of-plane surface response of a 

defected sample using a SLDV. Note however, that LDR 

equally exists in the in-plane directions [4]. 

 

In order to evaluate the presence of a local defect resonance, 

the measurement dataset is transformed from the time domain 

to the frequency domain using fast Fourier transformation 

(FFT). The large number of operational deflection shapes 

(ODSs) is analyzed for LDR behavior by an automated LDR 

detection algorithm using data compression and iterative 

thresholding [5].  

 

3.1.2. Results and discussion 

A local defect resonance is detected for the out-of-plane 

velocity component VZ at 53 kHz. This ODS is shown on 

Figure 2 with an inset for the area showing LDR. Taking into 

account the relation between defect characteristics and LDR 

frequency, this LDR must be caused by a relative small and 

shallow defect [6]. 

 

Figure 2: Operational deflection shape of the out-of-plane 

velocity VZ at 53 kHz showing local defect resonance. 

3.2. Band power 

3.2.1. Method 

Apart from the representation of operational deflection shapes 

at specific frequencies, the band power (BP) can be used to 

represent the broadband vibrational energy of the sample. The 

BP is defined as: 

 𝐵𝑃(𝑥, 𝑦, 𝑓1, 𝑓2) = ∫ (𝑉𝑧(𝑥, 𝑦, 𝑓)𝑈𝑟𝑒𝑓(𝑓) )2 𝑑𝑓𝑓2𝑓1  (1) 

where 𝑉𝑧(𝑥, 𝑦, 𝑓) is the out-of-plane velocity amplitude at 

location (x,y) and frequency f. 𝑈𝑟𝑒𝑓(𝑓) is the excitation 

voltage amplitude at frequency f and the frequency limits 𝑓1, 𝑓2  must lie within the frequency bandwidth of the 

excitation signal. Thus the BP gives the vibrational power 

over a certain frequency band. Because a damaged area is 

typically characterized by a local reduction in bending 

stiffness, and as a result an increased out-of-plane vibrational 

amplitude (especially at LDR), it should have a higher BP 

value compared to a sound area. 

3.2.2. Results and discussion 

The band power is calculated between f1 = 20 kHz and f2 = 

100 kHz, and is shown on Figure 3. The following 

observations can be made:  

(1) The base plate on which the actuator is glued shows a 

relatively high and uniform BP. Due to the uniformity 

of the BD, no defects are detected in this area. 

(2) The stiffeners shows a reduced BP which is related to 

the increased thickness. However a high BP is found for 

part of the stiffener area which indicates a local 

reduction in thickness like in a disbond (see red box). 

The highest BD is found for the small area which 

showed LDR behavior (see Figure 2). As such, it is 

again concluded that this small area is related to a very 

thin top layer corresponding to a shallow delamination. 

(3) Right from the stiffener’s central fin (indicated by dotted 

line), the BD is reduced significantly. This is caused by 

elastic wave reflection and attenuation at this central fin. 

As such, for inspection of the total part using BD 

calculation, multiple actuators are required. 
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Figure 3: Band power from 20 kHz to 100 kHz. 

4. Narrowband vibrational analysis 

4.1. Data conditioning 

The fundamental asymmetrical and symmetrical guided wave 

modes (A0 and S0) are excited by the broadband sweep 

excitation. Figure 4 shows the wavenumber – frequency 

maps, obtained using 3D FFT, with indicated mode 

dispersion curves. 

 

 

Figure 4: Frequency - wavenumber plots with indicated 

mode curves. (a) In-plane horizontal velocity component 

versus wavenumber in x-direction for ky = 0. (b) Out-of-

plane horizontal velocity component versus wavenumber in 

x-direction for ky = 0. 

This broadband multi-mode (sweep) response is converted to 

a narrowband A0 mode (burst) response to allow for weighted 

root mean square damage detection and local wavenumber 

estimation (see Sections 4.2 and 4.3 respectively). The burst 

response is calculated for a Gaussian 5 cycle burst excitation 

centered at 150 kHz. Figure 5 shows a snapshot in time of the 

resulting burst response. The mode and frequency filtering 

techniques are described in Ref. [7, 8]. They are not discussed 

as this would elongate the manuscript too much.  

 

Figure 5: Snapshot in time of the out-of-plane velocity 

response of the A0 mode for a 5 cycle Gaussian burst 

excitation centered at 150 kHz. 

4.2. Weighted Root Mean Square 

4.2.1. Method 

Damage detection based on the calculation of the elastic wave 

energy (space-time domain) in every point was shown 

successful  by Radzieński et al. [9]. In order to make up for 

the wave attenuation, weighted root mean square (WRMS) 

calculation is performed: 

𝑊𝑅𝑀𝑆(𝑥, 𝑦, 𝑤) = √1𝑛 ∑(𝑉𝑍𝐴0−𝑏𝑢𝑟𝑠𝑡(𝑥, 𝑦, 𝑡𝑖))2   ∗ 𝑖𝑤𝑛
𝑖=1  (2) 

With n the number of time samples, 𝑉𝑍𝐴0−𝑏𝑢𝑟𝑠𝑡 the out-of-plane 

velocity component obtained after mode and frequency filtering and 

w the weighting factor. 

4.2.2. Results and discussion 

Figure 6 shows the resulting WRMS map with w = 2 for the 

burst excited A0 wave from time 0 to 600 µs. Because, this is 

again an energy based approach, similar conclusions can be 

drawn as for the band power map of Figure 3. The thin base 

plate material shows a relatively high and uniform WRMS 

value. At the stiffener, the waves are attenuated due to the 

increased thickness. However, at the lower part of the 

stiffener the WRMS is abnormal high (see red box). A 

debonded region and small shallow delamination damage are 

expected. 

 

Figure 6: Weighted root mean square map. 
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4.3. Local Wavenumber Estimation 

4.3.1. Method 

The wavenumber of the A0 guided wave depends on the 

material stiffness and thickness. Because a damage is 

generally related to a reduced thickness and/or stiffness, a 

change in local wavenumber is expected at the location of the 

damage. At each scan point, the local wavenumber of the 

filtered wave field is estimated using the method described by 

Flynn et al. [7].  

4.3.2. Results and discussion 

Figure 7 shows the resulting local wavenumber map. Over the 

entire base plate material of 1 mm thickness, a wavenumber 

of 150 m-1 is found. At the stiffener, the wavenumber is 

reduced due to the increased material thickness. This is 

especially the case at the stiffeners’ fin. Again there is a sign 

of damage at the lower part of the stiffener. A small zone of 

highly increased wavenumber is found corresponding to a 

shallow damage next to a larger zone of wavenumber equal 

to that of the base plate. This zone indicates a debonding 

defect between plate and stiffener. 

 

 

Figure 7: Local wavenumber map.  

5. Conclusions 

The broadband 3D velocity response of an aircraft stiffener 

panel is measured using 3D SLDV. A total of four different 

damage detection techniques are applied to the measurement 

data: (1) Local defect resonance identification, (2) Band 

power calculation, (3) Weighted root mean square calculation 

and (4) Local wavenumber estimation. 

 

All 4 technique proved successful in detection of (parts of) 

the defect. The local defect resonance identification allowed 

for detection of only the most shallow damage. BP, WRMS 

and local wavenumber estimation revealed both the shallow 

as the deep damage. From these techniques, local 

wavenumber estimation has the additional advances that (1) 

the local wavenumber is related to the material thickness and 

thus allows for defect depth estimation. (2) local wavenumber 

estimation is independent of the wave amplitude and thus it is 

not obstructed by wave reflection and attenuation at the 

stiffener. 
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