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Abstract 
In Structural Health Monitoring, the implementation of model-based imaging techniques 
regarding detection, positioning and sizing capabilities still poses a challenge for composite 
assemblies. Current techniques are limited by their model assumptions, that don’t fully 
consider the effect of anisotropy on guided wave generation and propagation. This article 
presents the potential of a two-step procedure based on a correlation-based model, used both 
to identify the mechanical properties of a laminate and detect damage. The modelling of the 
wave generation is considered using the pin-force model, and the Global Matrix Method 
(GMM), based on the 3D elasticity theory, is used to model the wave propagation in a 
composite structures. The performance of the technique is first demonstrated numerically for 
a unidirectional laminate, and then experimentally for a unidirectional laminate. Results show 
the strong potential of such a technique for damage detection, even on substrates where the 
anisotropy has a strong effect on guided wave generation and propagation. 
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1. INTRODUCTION 

In Structural Health Monitoring (SHM), damage detection strategies based on imaging aim 
at detecting, localizing and estimating damage severity over a structure [1]. Classical methods 
rely on the use of a network of sparse or distributed bonded piezoceramic transducers (referred 
as PZT). Most of these methods are based on pitch-and-catch [2] or pulse-echo techniques, 
where the interaction of guided waves (GW) with a potential damage is exploited and analyzed 
using post-processing techniques [3, 4]. However, most of these techniques are based on 
simplified assumptions regarding the generation and propagation models, which can impair 
their performance on composite structures. 

Most GW damage detection algorithms rely on the estimation of Time-of-Flight (ToF). 
These algorithms have been widely used to process signals measured from the transducers for 
sparse and compact arrays [4]. Most of them use an approach similar to delay-and-sum 
(phased-array with a round-robin procedure) to image damages within the far field of the array. 
Whether these consider non-dispersive waves such as triangulation [1] or EUSR [5], or 
dispersive waves such as Excitelet [4], or dispersion compensation [6], they rely on the 
knowledge of the dispersion curves for a given frequency range [12] and also on the accuracy 
of their analytical formulation [4] used to predict the generation, propagation and interaction 
of GW with a potential damage. Most of the classical methods used in transducer design are 
based on the use of, or variants of, the pin-force model, [8,9] assuming that the PZT actuation 
can be modelled as a uniform shear stress on its circumference, independent of the frequency 
generated or the host structure. However, in practice, the assumptions behind this model are 
only valid for infinitely thin PZTs at low frequency (typically below 50 kHz), assuming a weak 
coupling between the PZT and the host structure, and when the wavelength generated is larger 
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than the PZT size (below the first electro-mechanical resonance). 
Correlation-based (CB) imaging techniques consider the reconstruction of dispersed guided 

waves. The classical pin-force model is usually coupled to the shear-lag model, allowing 
considering some aspects of the finite geometry of the receiver [8]. Although limited, this 
formulation increases the range of validity of the formulation up to 200 kHz. However, imaging 
techniques based on correlation-based techniques can employ bursts up to 400 kHz for damage 
detection [4]. Extensive work in guided wave modelling has demonstrated the limitations of 
such models on isotropic [10] or composite [11] structures. To overcome these limitations in 
imaging, the use of a hybrid formulation, which is an empirical/analytical model, is proposed 
and it has been shown to improve the performances of imaging algorithms on isotropic 
structures [4]. 

This paper presents a first implementation of the correlation-based imaging technique for 
composite laminates. Based on the Global Matrix Method (GMM) and the pin-force 
formulation, the finite size of the transducer and the steering effect of guided waves in 
composite laminates are considered. As it was shown previously, the variability in the 
mechanical properties of a structure [12] can impair the performance of imaging algorithms 
[10, 21]. Thus, an in-situ characterization approach has been implemented prior to imaging to 
better extract the dispersion curves of the laminate. Numerical validation is performed for a 
transversely-isotropic unidirectional plate on which 10 mm diameter circular PZTs are bonded, 
where 2 correlation techniques are addressed, namely normalized cross correlation (time 
domain), and Generalized Cross Correlation (frequency domain). Results show the potential 
of both A0 and S0 modes to properly detect and locate the reflector. Experimental validation is 
then conducted on a unidirectional composite plate, where the performances of the imaging 
technique are demonstrated whatsoever the level of anisotropy. 

2. THEORY 

3.1 Guided waves in composite laminates 

For composite laminates, the dispersive behavior of guided waves depends of the propagation 
direction and frequency. Among the analytical formulations presented to capture this 
dispersive behaviour, the 3D elasticity theory is thoroughly used [12]. This formulation allows 
considering the dispersive behaviour of GW on multi-layered laminates, damping and any 
shape of actuator [12]. The formulation is implemented via the use of the GMM, more stable 
than the assembly matrix method [12]. Since the complete 3D displacement field is considered 
without any form of simplification, all the propagating modes are considered in the solution 
(GW, SH waves, bulk waves, etc.). Fig. 1 shows the main steps required to reconstruct time 
domain signals. 

Considering a laminated composite plate of total thickness H. It is assumed that the 
laminate is subjected to a distributed load on its top surface (transducer) while the bottom face 
is left free of loads, and that the wavelengths generated are larger than the diameter of the 
individual fibers in the matrix, allowing considering each ply as homogeneous (the scattering 
is neglected). A global Cartesian coordinate system X1, X2, X3 is first introduced, where the X1 
direction is in the fiber direction, X2, transverse to the fibers and X3 through the thickness of 
the layer. In this formulation, viscoelastic damping can be modeled by using complex stiffness 
constants. Assuming plane wave in the thickness direction, the first step of modelling consists 
in the imposition of the bulk wave solution for a transversely isotropic composite of infinite 
dimensions. From this solution, boundary conditions in the thickness of the plate are defined, 
and with the use of the GMM, layers of finite thickness are defined. This leads to the dispersion 
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curve solution (admissible propagating wavenumbers in the structure for a specified 
frequency). Then, using Cramer's rule, forcing function is imposed in the assembled matrix. 
Finally, using an inverse double Fourier transform to recover the time domain signals from the 
wavenumber domain signals and using the residue theorem, the displacement and stress at any 
location and thickness through the laminate can be computed. 

3.1 Imaging technique 

Among the existing imaging techniques, the correlation-based technique aims at reconstructing 
a damage index mapping of a structure by discretizing its surface into a 2D grid of equally 
spaced points. The damage signature is considered as being the residue of the subtraction of a 
measurement on the pristine structure with a measurement following the damaging of the 
structure. The burst e(t) generated at an emitter E is transformed into a mechanical wave 
propagating into the structure, and the algorithm evaluates the possible reflection at a given 
pixel, Xi, Yi coming back to the receiver Rn, as shown in Fig. 1. For each pixel, the propagation 
distance between the emitter E, the receiver R and the target is 穴� = 穴帳 + 穴�. In the case of 
multiple transducers on the structure, the elements are actuated following standard round-robin 
procedure and the measurement is conducted using the other elements. However, since the 
steering angle and propagation direction depends on the orientation (θ), the time domain signal 
of the theoretical omnidirectional reflector is obtained by first calculating the propagation from 
the emitter to the pixel, and then back to the receiver. 

 

Figure 1: Imaging technique, where a damage index map of possible reflectors is reconstructed from theoretical 
signals 

At each pixel, the theoretical transfer function is reconstructed assuming that there is a perfect 
reflection at the evaluated point. For circular transducers, the propagation function of the 
displacement from the emitter to the reception point is of the form: 
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憲�0岫穴, �, �岻 = 14� ∑ ∫ ��岫�, �, �岻つ′岫�, ち, ω岻 �結−��鳥頂��岫�−�岻穴ち2�
0�  (1) 

Where 憲�0岫穴, �, �岻 is the displacement in the global direction i, r is the radius of the emitter, d 
is the distance of propagation and θ is the angle of observation. Also, Ni/Δ’ is calculated from 
the GMM and represents the contribution of the transducer to the theoretical signal 
reconstructed [9]. In this case, the theoretical dispersed signal �寵喋� 岫建岻 is obtained by computing 
the transfer functions of the signal propagated from the emitter E to the theoretical location D 
of the damage  憲帳帖岫�岻 and back to the receiver R, 憲帖�岫�岻 and taking into account the 
excitation burst 結岫�岻 such that: 傘�岫嗣岻 = 擦−��岫�岻 四撮拶岫�岻 四拶三岫�岻 (2) 

The main assumptions of this model are that the transducer dynamics is neglected. In this study, 
low frequencies are selected (1) to reduce the effect of damping on guided wave propagation 
and (2) to reduce the influence of transducer dynamics on guided wave propagation. Also, in 
this paper, the displacements are considered at the receiver as the measured signal, which is a 
strong approximation of a realistic case, where the receiver measures the averaged strain field 
below its surface. For each pixel, the correlation coefficient C is calculated between the 
theoretical dispersed signal ��and a measured signal 憲岫�岻 using a normalized cross correlation 
in the time domain or using the Generalized Cross Correlation in the frequency domain over 
the time or frequency window (T) of interest. 

�岫建岻 = ∫ 憲岫建岻��岫建岻穴建�0√∫ 憲岫建岻2 ∫ ��岫建岻2穴建�0�0  �岫�岻 = ∫ 憲岫血岻|��岫血岻|′|憲岫血岻[��岫血岻]′| 穴血庁勅
0  (3) 

3.2 Estimation of material properties 

The stiffness matrix of a transversely isotropic material is defined by five stiffness parameters, 
obtained from the mechanical properties of the structure. These properties can be estimated 
experimentally on simple coupons using destructive tensile and flexure tests [13]. However, 
variability in the manufacturing process can lead to large variations between two structures. 
To reduce uncertainty associated to this variability, an in-situ characterization technique, based 
on the same formulation, is used. Fig. 2 reviews the main steps of the characterization process 
used to estimate a priori the mechanical properties of the structure [14].  The strategy of the 
characterization technique aims on obtaining the highest correlation between the measured and 
simulated signals for each emitter-pixel-receiver paths (sets of two transducers). Knowing the 
transducer size and structure thickness, the analytical formulation for a set of stiffness constants 
is used to simulate the response at the receivers. Iterations are performed by a Genetic 
Algorithm (GA) with the objective of converging towards the parameters giving the best inter-
correlation between the simulated (theoretical) signals and the measured signals. When the 
change in the correlation obtained by varying the mechanical properties is below the value of 
a fixed stopping criterion, the algorithm ends. In this case, the density was fixed since it is easy 
to calculate experimentally. The evaluation of the stiffness constants is performed using the A0 
and S0 modes simultaneously for all propagating directions. The algorithm was coded in 
MATLAB 2014 using the GA toolbox. The termination parameters were set to a maximum 
number of iterations of 300 or until the cumulative change in the fitness function value is less 
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than 1e-4. 

 
Figure 2: Characterization strategy, measurements at various orientations where these measurements are cross-

correlated to theoretical signals using a genetic algorithm (GA) to converge towards the highest correlation 

 

2. NUMERICAL VALIDATION 

The performance of the imaging technique is first assessed numerically regarding the detection 
and localization level potential, for a case where the mechanical properties are well known. An 
omnidirectional reflector, located at position x=0.225 m, y=0.142 m, away from any direct 
path, is modelled semi-analytically, considering that the reflector generates an equivalent 
response whatsoever the orientation over the frequency range of interest. The imaging 
technique is simulated for a 1 mm thick unidirectional laminate and instrumented with 4 
circular piezoceramics of 10 mm of diameter, where the sensors are distributed on Fig. 2. Time 
domain signals used for imaging are reconstructed from a burst of 1.5 cycles at 200 kHz. 
Imaging results are shown at Fig. 3, where figure amplitudes are normalized. 

   
a) A0, time domain b) S0, time domain c) A0 + S0, time domain 
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d) A0, GCC e) S0 , GCC f) A0 + S0, GCC 

Figure 3: Imaging results considering the A0 and/or S0 modes for damage detection of an omnidirectional 
reflector on a unidirectional composite, red circle: reflector location, black circles: transducers locations 

As shown in Fig. 3, both modes show a good detection and localization potential within a few 
millimeters of the reflector location. Since the formulation used is based on the 3D elasticity 
theory, the steering effect of the waves is taken into account in the imaging process. Also, for 
the S0 mode, second ellipses are observed. These ellipses are caused by the correlation of the 
non-dispersive S0 mode on the reflected A0 mode, possibly leading to errors or false positive 
on the imaging results obtained. For both correlation techniques, good performances in damage 
detection and localization are obtained. Also, when frequency domain correlation maps are 
obtained, the background noise is clearly reduced compared to the time-domain correlation 
maps, where the localization precision is equivalent. To reduce the amount of false positives 
associated to the inter-mode correlation, it should be considered to correlate all propagating 
modes simultaneously. In such case, a strong correlation is obtained at the location of the 
damage, reducing the apparent background noise. The next section shows the experimental 
validation of the technique for a unidirectional laminate. 
 
3. EXPERIMENTAL VALIDATION 
The imaging and material characterization strategies are implemented on a 2.3 mm thick CF/EP 
unidirectional laminate. Magnets of 13 mm in diameter are used to induce a localized reflection 
of GWs. The structure is instrumented with four circular transducers of 10 mm diameter and 
0.25 mm thickness, bonded using cyanoacrylate adhesive, and located as shown on Fig. 4. The 
plate is surrounded by damping tape, in order to reduce unwanted reflections from the plate 
boundaries. A National Instrument NI-5105 platform is used both for generation and sensing, 
at a sampling frequency of 6 MHz. A ProduitSon UA-8400 high voltage and large bandwidth 
(1 MHz) amplifier provides excitation signals up to 50 V peak.  To better assess the potential 
of the imaging technique, 3 reflector locations are assessed for the unidirectional plate. Bursts 
of 0.5 cycles at 75 kHz are used for imaging, in order to sweep a large frequency bandwidth, 
remain at low frequency and reduce the effect of damping on imaging results. The mechanical 
properties used to calculate dispersion curves are reconstructed following the in-situ 
characterization strategy. 
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Figure 4: Experimental structure addressed 

3.1 Material characterization 

Measurements for 1.5 cycles burst at 100 kHz are used to reconstruct the stiffness matrix of 
the laminate. Measurements at 0, 45 and 90 degrees were used for convergence analysis. The 
time-domain signals obtained from the reconstructed stiffness parameters are shown in Fig. 5. 
 
 

   
a) 0 degree (PZT 1-2) b) 45 degrees (PZT 1-3) c) 90 degrees (PZT 1-4) 

Figure 5: Reconstructed signal at various frequencies using the Pin-Force formulation 

Following characterization, the mechanical properties obtained are C11= 118 GPa, C12= 10 
GPa, C23=3.69 GPa, C22=3.40 GPa, C55= 4.05 GPa and ρ = 1508 kg/m3. Slight variations 
between these properties and the exact structure properties that would be obtained following 
ASTM standards are observed, due to the simplifications of the model used. On the generation 
and measurement sides, the model used does not consider the transducer dynamics, or the finite 
dimensions of the receiver. On the propagation side of view, this formulation does not yet 
consider material damping. Also, it can be observed that at 45 degrees, a wave packet is present 
between the A0 and S0 modes, most probably related to the propagating SH mode. 

3.1 Imaging results on unidirectional composite 

Fig. 6 shows the results for the detection of the 3 reflector positions on the unidirectional 
composite. Detection results regarding the precision on localization are shown in Tab. 1. 
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a) Damage 1, time domain b) Damage 2, time domain c) Damage 3, time domain 

   
d) Damage 1, GCC e) Damage 2, GCC f) Damage 3, GCC 

Figure 6: Experimental imaging results using the A0 and S0 modes 

Tableau 1: Imaging results obtained experimentally for the unidirectional composite (mm) 

Damage # and 
location 

Corr. 
Technique 

A0 and S0 A0 
Estimated Error (mm) Estimated Error (mm) 

Damage 1 
(220,140) 

Time domain (217,139) 3.16 (220,134) 6.00 
Freq. domain (221,140) 1.00 (221,140) 1.00 

Damage 2 
(254,242) 

Time domain (249,244) 5.39 (256,241) 2.24 
Freq. domain (250,249) 8.06 (250,249) 8.06 

Damage 3 
(178,285) 

Time domain (182,273) 12.65 (181,279) 6.71 
Freq. domain (179,271) 14.31 (179,271) 14.31 

 
As observed in Fig. 6, it is possible to detect precisely, within 15 mm, the location of the 
reflectors whatsoever their position and correlation technique using both A0 and S0 modes. As 
compared to the numerical model, equivalent performances for damage detection are observed 
using both modes. However, for the experimental results, since the wavelength of the S0 mode 
is larger than the reflector for most propagating directions, the interaction of this mode with 
the damage is reduced, limiting the ability of this technique to detect the reflector using only 
this mode. Improvements of the imaging technique could be achieved by considering the 
propagation and interaction of the SH mode in the laminate, where this mode is generated by 
the transducer in non-principal directions, and conducted to false positives when the A0 or S0 
modes correlated with this mode. For the unidirectional composite, large variations are 
observed on the angular velocity (from 10 km/s to 2.5 km/s) so that smaller wavelengths were 
interacting with the reflector. Fig. 7 shows an example for path 1-2, where the differences 
between the measured signals shows that the S0 mode does not interact with the reflector at the 
frequency used for imaging. As shown, the difference in the amplitude of time trace of the 
pristine plate and the time trace containing the damage information represents about 15 % of 
the pristine signal amplitude for this path. Also, for this path, no interaction between the 
reflector and the S0 mode is be observed. 
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a) Reference measurement b) Damage signature 

Figure 7: Extracted damage signature (right) from the reference measurement (left). As shown, the S0 mode did 
not interact with the reflector 

3.1 Discussion 

Numerical validation shown that both A0 and S0 modes can detect and locate, within a good 
precision, a reflector. However, this is based on the assumption that the reflector or damage 
interacts with both modes for all transducers sets. The correlation level and Signal to Noise 
Ratio obtained with the S0 mode is below the level of the A0 mode. Also, it is shown that 
although the formulation used is simplified, considering the steering effect of guided waves on 
the propagation allows proper damage detection. Experimentally, the characterization 
technique allowed to reconstruct a stiffness matrix that lead to precise imaging of the structure 
even on a unidirectional composite. The properties obtained were close to the stiffness 
parameters obtained following standard ASTM tests. Also, it has been demonstrated that the 
A0 mode is an excellent candidate for damage detection, where the S0 mode shown less 
potential. This is caused by the large angular variation in the wavelengths associated to the S0 
mode, thus reducing the possible interaction of this mode with the reflector for orientations 
where the wavelength is longer, which is not the case for the A0 mode.  
 The formulation proposed in this paper is limited by the actual assumptions behind 
the analytical model. Indeed, the complete transducer dynamics is not considered. This could 
be achieved semi-analytically, at the cost of complex numerical simulations. Also, material 
damping is not considered, thus limiting the frequency range to low frequencies, where the S0 
mode does not fully interact with the damage. Finally, the dynamics of the receiver are not 
taken into account. This could be considered at the cost of extensive numerical integration of 
the strain below the receiver, where this calculation would be necessary for each point of the 
grid. These simplifications may have slightly impaired the precision of the characterization and 
imaging algorithms, leading to reduced correlation and signal to noise ratios, and could be 
addressed thoroughly in a subsequent paper. 

4. CONCLUSION 

This article presents the application of a correlation-based imaging strategy for damage 
detection on composite laminates, whatsoever their stacking. The novelty of this paper resides 
in the integration of the GMM to allow the correlation-based imaging technique to properly 
detect reflectors on composite structures, where the phase velocity of guided waves is 
dependent on the orientation of propagation. Robust numerical and experimental validations 
are performed. Results demonstrate the potential of the correlation-based technique to properly 
detect and locate a reflector on a unidirectional composite, both numerically and 
experimentally. Also, it is demonstrated that time- and frequency-domain correlation can lead 
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to proper damage detection and positioning. The interest of extracting the dispersion curves, 
using an in-situ characterization technique is also demonstrated experimentally. Based on these 
results, further work will aim at implementing the effect of the damping and the full transducer 
and receiver dynamics on the correlation-based formulation. 
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