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Abstract: 
Present work deals with experimental and Finite Element simulation studies for locating a 
delamination in composite laminates. A Lamb wave based nonlinear method is used for this 
purpose, wherein Lamb waves produce higher harmonics after interacting with the 
delamination as a result of contact nonlinearity. A hybrid method is formulated here which 
uses frequency and time domain information from the response signal in order to locate the 
delamination. The proposed method is simple and robust, and found to locate small 
delamination in both the experiments and simulation with a fair accuracy which is generally 
difficult to achieve using a Lamb wave based linear method.  
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1. Introduction 
 
Composite laminates are widely used for making aerospace structures as these offer 
advantages such as high specific strength, high specific stiffness, corrosion resistance, etc. 
These composite laminates are susceptible to delamination which causes great reduction in 
their strength related properties. Therefore, detection of delamination is quite essential, before 
it causes any catastrophic failure. Ultrasonic testing using guided waves, typically Lamb 
waves is an effective method for detecting delamination in the composite laminates, as Lamb 
wave can scan relatively large area even in materials with high attenuation ratio [1]. 
 
Based on the characteristics of wave-damage interaction, Lamb wave based methods are 
generally classified into two groups, linear and nonlinear [2]. In linear methods, parameters 
like attenuation, transmission, and reflection coefficients indicate the presence of 
delamination [2] in a composite laminate. Many researchers [3-15] have used Lamb wave 
based linear methods for detecting delamination in composite laminates. However, the linear 
Lamb wave methods are not sensitive to smaller delaminations [2], thus literature does not 
show any work on locating small delamination in the composite laminates. In the case of 
Lamb wave based nonlinear methods, higher harmonics, sub-harmonics, shift of resonance 
frequency, and mixed frequency response indicate the presence delamination in a composite 
laminate [2]. The nonlinearity introduced by wave-damage interaction is either classical or 
non-classical [16]. Defects such as distributed micro-cracks in the material continuum during 
fatigue damage progression make the material more complaint and in turn make the Hooke’s 
law nonlinear by introducing higher order elastic terms into it. Such a nonlinearity is termed 
as classical one [16]. There are many mechanisms proposed in the literature to characterize a 
delamination which clap or breathe in response to the propagating wave. These mechanisms 
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include rough surfaces contact, stress-strain hysteresis, Luxemburg-Gorky effect, contact 
nonlinearity, etc. and are considered to be responsible for the non-classical nonlinearity [16]. 
Each mechanism produces different nonlinear effects such as higher harmonics, sub-
harmonics, mixed frequency response, etc. In the present case, contact nonlinearity is 
emphasized as it is more prominent in the delamination kind of damages. As the delamination 
closes and opens in spatially distributed modes due to the propagating wave, stiffness 
changes at the contact interface. This gives rise to the stronger contact nonlinearity at the 
delamination and in turn produces higher harmonics in Lamb waves excited at a relatively 
lower frequency. 
 
Higher harmonics are shown to be producing in Lamb waves as a result of the classical 
nonlinear mechanism in [17-21]. Bermes et al. [17] and Deng and Yang [18] used this 
method for material characterization purpose, whereas, Pruell et al. [19-20] and Deng and Pei 
[21] used it for detecting damages such as plasticity driven material damage and accumulated 
fatigue damage. Yelve et al. [22-23] used a non-classical mechanism, the contact 
nonlinearity, with Lamb waves to detect and estimate size of a breathing crack in an 
aluminium plate and to show the presence of higher harmonics in an intact aluminium plate 
because of disbonding of piezoelectric wafer (PW) actuator respectively. As far as 
delamination is concerned, very few researchers [24-25] have reported the work. Shkerdin 
and Glorieux [24] modeled the nonlinear interaction between high frequency Lamb waves 
and a metallic bilayer containing a delamination using a quasi-stationary approach. Sarens et 
al. [25] investigated delamination-induced effects on the vibration of a harmonically excited 
composite plate using laser Doppler vibrometry and shearography. Though, Lamb wave 
excitation is claimed at a sinusoidal frequency of 20 kHz, only local vibration responses 
confined to the delamination area are given. However, to the best of the authors’ knowledge, 
nonlinear Lamb wave method involving higher harmonic generation as a result of contact 
nonlinearity, has not yet been used for locating a delamination in composite laminates. 
 
In the present study, experiments and Finite Element (FE) simulations are carried out to 
locate a delamination in a composite laminate using Lamb wave based nonlinear-higher 
harmonics generation method. E-glass/epoxy type of composite laminate with woven fiber 
geometry is considered for the study. Woven fiber composites (WFCs) have balanced inplane 
properties and better transverse tensile strength as compared to the unidirectional composites 
because of the integrated nature of woven fibers [26]. The specimen laminates are prepared in 
the laboratory. Teflon strip is used to create delamination in the specimen laminate. In the FE 
simulation, contact nonlinearity is modeled using the contact elements and Augmented 
Lagrangian algorithm. Piezoelectric wafer (PW) transducers are used for actuating and 
sensing Lamb waves in both the experiments and simulation. These transducers are compact, 
cost effective, and have wider operating frequency range. Further, a delamination is located 
in a WFC laminate using the new hybrid method which uses both frequency and time domain 
information from the response signal.  
 
2. Nonlinear Interaction Between Lamb Waves and Delamination in a Composite 

Laminate 
 
2.1 Experimental Study 
 
Firstly, experiments are carried out on a WFC laminate with the objective of studying 
nonlinear interaction between Lamb waves and delamination. The WFC laminate is made in 
the laboratory using woven E-glass fibers, LY556 epoxy resin, and HY951 hardener. The 



plan form dimensions of the laminate are 425 mm × 265 mm. It has six layers and its total 
thickness is 2.1 mm. Teflon strip is used for creating delamination in the laminate between its 
second and third layers. Teflon strip is very thin, and it does not change any structural 
property of the laminate. The width of the delamination is 5 mm, and it spans over a distance 
of 72.5 mm to 77.5 mm from the PW actuator as shown in Fig. 1. The PW sensor is located at 
a distance of 180 mm from the actuator. The size of the PW transducers is 10 mm × 7 mm × 
0.5 mm and the material type is SP-5H. A specimen is also made with no delamination. The 
fiber volume fraction of the laminate is 0.55, density is 1850 Kg/m3, in-plane modulus of 
elasticity and shear modulus are 32 GPa and 1.7 GPa respectively, modulus of elasticity and 
shear modulus in the thickness direction are 15 GPa and 1.7 GPa respectively. 
 

 
 

Fig. 1. WFC Specimen with Delamination. 
 

Table 1. Properties of SP-5H PW Transducer [27]. 
 

Properties Values 
Piezoelectric coupling coefficients  

Kp                                            

K33 
0.63 
0.73 

Piezoelectric charge constants  
d33 × 10-12 C/N 
d31 × 10-12 C/N 

550 
-265 

Piezoelectric voltage constants  
g33 × 10-3 Vm/N 
g31 × 10-3 Vm/N 

19 
-9 

Relative dielectric constant  
kT

3 3100 
Density  

ρ kg/m3 7500 
Elastic constants  

SE
11 × 10-12 m2/N 

SE
33 × 10-12 m2/N 

21 
15 

 
A digital storage oscilloscope (Tektronix 1002B), an arbitrary function generator (Tektronix 
3021B), a high speed bipolar amplifier (NF BA4825), and a computer constitute the 
experimental set up as shown schematically in Fig. 2. A sine wave tone burst having 8.5 



cycles and windowed by Gaussian function is supplied to the actuator to produce Lamb waves 
in the WFC laminate.  The Gaussian window ensures less spectral leakage and the 8.5 cycles 
give better time and frequency domain resolution. To ensure actuation and sensing of Lamb 
waves in the WFC laminate, a few experiments are carried out at different frequencies on a 
pristine specimen. A comparison of the group velocities (Cg) obtained through the 
experiments and mathematical equations is carried out. As shown in Fig. 3, a good agreement 
is observed in this comparison which confirms the effective generation and reception of 
Lamb waves in the experiments.  
 

 
 

Fig. 2. Schematic of the Experimental Setup. 
 

 
 

Fig. 3. Comparison of Group Velocities (Cg) of Lamb Waves in the WFC Laminate  
(o: A0 Mode, +: S0 Mode, ♦: Experimental). 

 
Further, the experiments are carried out with the laminate having delamination. A 300 Vpp 
tone burst is applied to the PW actuator at a frequency of 76.5 kHz. The frequency domain 
results obtained are shown in Fig. 4. Two higher harmonics can be seen distinctly in this 
figure, whereas no higher harmonics are seen in the case of an intact specimen. 
Instrumentation nonlinearity can be said to be absent in the experimental setup as response 
obtained in the case of intact specimen does not show any higher harmonic. This confirms 



that the observed higher harmonics in the Lamb wave response are only because of the 
contact nonlinearity at the delamination. FE simulation is also carried out to study the 
nonlinear interaction between Lamb waves and delamination in a WFC laminate and is 
explained in the following subsection. 
 

 
 

Fig. 4. Experimental Frequency Response. 
 
2.2 Finite Element Simulation 
 
Lamb wave propagation in a WFC laminate is simulated in the FE environment using 
ANSYS©. PLANE183 (8-node quadrilateral) and PLANE223 (coupled-field) elements are 
used for modeling the WFC plate and PW patches respectively. The size selected for the 
elements is 0.5 mm such that the mesh size is able to capture the higher harmonics. Newmark 
algorithm is used for the time integration, and the selection of time step is based on the trade-
off between the desired accuracy and computational efforts [28]. Accordingly, a time step 
size of 2e-7 s. is selected for the simulation. In detail explanation about the selection of 
element and time step size for carrying out the FE simulation of Lamb wave propagation in a 
plate is given in [23]. Master nodes are formed on the upper and lower faces of the PW 
patches by coupling nodes on the respective faces. These master nodes are used for applying 
and sensing voltage in the cases of actuator and sensor respectively. To confirm actuation and 
sensing of Lamb waves in the simulation, a couple of simulations are carried out at a range of 
different frequencies. A comparison of the group velocities obtained through the simulations 
and mathematical analysis is carried out. A close agreement is observed in this comparison as 
shown in Fig. 5 which ensures the effective generation and sensing of Lamb waves in the 
simulation.  
 
The challenge faced in this FE analysis of Lamb wave propagation across the delamination is 
modeling the breathing delamination such that it can closely approximate the physical 
opening and closing of the delaminated faces as the wave passes. To model the contact 
nonlinearity at the delamination, two delaminated faces are assigned contact elements which 
are CONTA172 (3-node surface-to-surface contact) and TARGE169 (target segment) 
elements respectively. The algorithm used here to solve the contact problem is the 
Augmented Lagrangian (AL) method. The AL method is an iterative series of penalty updates 
to find the contact tractions. This algorithm is advantageous as it gives better penetration 
control, satisfies constraints with the finite penalties, and avoids ill conditioning of the 



governing equations [29]. Friction is assumed to be absent in the present contact problem. In 
such a frictionless condition, the contact pressure J is defined as [22] 
                        蛍 = 0                            if   憲� > 0 and            (1) 
     蛍 = 計�憲� + ��+1        if   憲� 判 0,             (2) 
where, 
              ��+1 = �� + 計�憲�               if  |憲�| > � and            (3)  
              ��+1 = ��                              if  |憲�| < �,              (4) 
 
and 計� is the normal contact stiffness, 憲� is the contact gap size, ��  is the Lagrange 
multiplier at the ith iteration, and z is the compatibility tolerance. The Lagrange multiplier 
component �� is computed locally, i.e., for each element and iteratively. In AL treatment of 
the frictionless contact of delaminated faces, the admissible deformation of prospective points 
of the contact satisfies [22] 
 
                     �岫�岻 判 0,                              (5) 
                           建� = −�岫�岻 ∙ ��′ 半 0,                      (6) 
              建�岫�岻�岫�岻 = 0, and                 (7) 
                           建� = ��′ + 建�� = 0,                         (8) 
 
where � is a scalar-valued gage function, n is the outward normal in the current configuration, �′ is the outward normal in the reference configuration, and Q is the first Piola-Kirchoff 
stress tensor. Eq. 5 represents the condition of impenetrability, Eq. 6 represents the constraint 
that the normal component of surface traction 岫建�岻 be compressive when contact is made, and 
Eq. 7 is a condition ensuring that 建� may only be nonzero when r(x) = 0. Eqs. 5–7 are 
therefore recognized as the Kuhn-Tucker conditions [22]. Eq. 8 affirms that no friction is 
present as tangential component of the surface traction 岫建�岻 is imposed to be zero. Maximum 
allowable penetration considered in the present study is 0.1 times the thickness of the 
element. This is because, its large value makes the AL method to work like the penalty 
method, which is not desired here. 
 

 
 

Fig. 5. Comparison of Group Velocities (Cg) of Lamb Wave in the WFC Laminate  
(o: A0 Mode, +: S0 Mode, ▲: FE Simulation). 

 



The PW actuator is given the same voltage as that mentioned in the experiential study. The 
frequency domain results are shown in Fig. 6. This figure shows the presence of two distinct 
higher harmonics similar to that observed in the experiments. The observed higher harmonics 
in the Lamb wave response are only because of the contact nonlinearity modeled at the 
delamination as response obtained in the case of an intact specimen does not show any higher 
harmonic as shown in Fig. 6. The new hybrid method developed to locate a delamination is 
explained in the following section. 
 

 
 

Fig. 6. FE Simulation Frequency Response. 
 

3. Locating Delamination in a Composite Laminate 
 

The hybrid method which uses both frequency and time domain data to locate a delamination 
in composite laminates is explained in this section. In fact, this method can be used to locate 
any damage which can induce contact nonlinearity in the propagating wave and thereby 
produce higher harmonics. The procedure of the method is explained here through the 
experiment. A special arrangement of the PW transducers is made on the WFC laminate as 
shown in Fig. 7. Two PW actuators are mounted on the WFC laminate back to back in a 
collocated way. In Fig. 7 only PW actuator 1 can be seen. However PW actuator 2 is below 
the actuator 1 and cannot be seen in the figure. A PW sensor is mounted on the laminate at a 
known distance x1 from the actuators. The delamination is located at a distance x2 from the 
sensor and x from the actuators respectively. The dimension of interest here is x. 
 

 
 

Fig. 7. WFC Laminate with PW Transducers and Delamination. 



The PW actuators 1 and 2 are supplied with voltages of opposite sense to produce only A0 
mode of Lamb waves. S0 mode has very high group velocity as shown in Fig. 3, and therefore 
it undergoes multiple reflections. This makes the response signal cluttered. Thus S0 mode is 
avoided here.  Also, Fig. 3 shows that the velocity dispersion plot of S0 mode is not flat in the 
operational frequency range 0.1 MHz mm to 1 MHz mm. As a result of this, the fundamental 
and higher harmonics of S0 mode travel with different velocities. However the dispersion 
curve of A0 mode is flat from 0.1 MHz mm to 1 MHz mm as shown in Fig. 3, and therefore 
the fundamental and higher harmonics of A0 mode have the same group velocity. This is a 
necessary requirement of this method and will be discussed in the subsequent explanation. 
 
Lamb wave A0 mode produced by the actuators passes through the sensor. Further, it interacts 
with the delamination and produces higher harmonics as a result of contact nonlinearity. 
These higher harmonics propagate in both forward and backward direction. The harmonics 
which travel backward are again picked up by the sensor. The time domain data received at 
the sensor is shown in Fig. 8. It contains the input pulse of A0 mode which is seen first, some 
reflections, and the higher harmonics propagated backward from the delamination. Let us say 
A0 mode appears at time t1 in this time data. Among all the higher harmonics the second 
harmonic is of the considerable amplitude. Thus, a filter is designed to extract only second 
harmonic from the total time domain data. It can be seen in Fig. 9 that the time domain data 
of the second harmonic shows many packets because the wave-delamination nonlinear 
interaction occurs over the entire width of the delamination. Let us say the first packet 
appears at time t2. The time scale of both the total and second harmonics data is the same. 
 

 
 

Fig. 8. Lamb Wave Signal Picked up at the Sensor (Experimental). 
 
Another thing to be noted here is that the second harmonic is produced when A0 mode 
reaches the delamination. Thus, the total time required for A0 mode to reach the delamination 
from the sensor and that required for the second harmonic to reach the sensor from the 
delamination can be given by Δt = t2 - t1. The group velocities of the fundamental and second 
harmonic are same as shown in Fig. 3, and let us call it Cg. The product CgΔt gives the 
distance 2x2. The delamination location then can be given by x = x1 + x2. The delamination 
location is found to be 74.65 mm in the experiments and 73.8 mm in the FE simulation. The 
delamination locations obtained through both the experiments and FE simulation fall well in 
the span of delamination width. This method is simple and robust to apply. 



 
 

Fig. 9. Lamb Wave Second Harmonics Picked up at the Sensor (Experimental). 
 
4. Conclusions 
 
Higher harmonics are seen in the Lamb wave response of a woven fiber composite laminate 
with a delamination. However the Lamb wave response obtained in the case of an intact 
laminate does not show any higher harmonic which obviates the possibility of presence of 
instrumentation nonlinearity in the experimental set up. Therefore it can be concluded that the 
higher harmonics observed in the response are solely because of contact nonlinearity at the 
delamination. Further, the delamination is located using the new hybrid method which makes 
use of both the frequency and time domain information. This method gives the delamination 
location which is close enough to the actual one. The present method is capable of locating a 
delamination in one dimension because it uses only one pair of collocated actuators and 
sensor. However, with the help of such multiple pairs of transducers, it is possible to locate a 
single (or multiple) delamination(s) in two dimensions. 
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