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Abstract

Linear ultrasonics is an established method for the detection of delaminations in composite materials.

However, when the delamination is in the very early stages when it is almost closed or when the de-

lamination is closed due to a compressive load, the linear ultrasonic methods may fail to detect such

delaminations. For such type of defects, also known as kissing bonds, the non-linear acoustic/ultrasonic

methods are promising to be more efficient than the linear ultrasonic methods. The basic principle of

these non-linear acoustic methods involve exciting the structure with a signal of certain frequency (or

multiple frequencies) at one point of the structure and observing the output response at other points

of the structure. If the structure contains defects, the output frequency response consists of the input

excitation (linear) frequency along with non-linear frequencies which are an indication of the damage

present. This work presents a 3D finite element model of a closed delamination in a composite plate. The

model explains the non-linear behaviour and the effect of various parameters on it. It is validated with a

similar model reported previously in literature and a comparison of the two models is also discussed. It

has also been shown that the non-linear behaviour can potentially be used to identify the damage area

in the structure as well.

1. INTRODUCTION

Aerospace structures are increasingly using more and more composite materials due to their high

strength to weight ratio resulting in highly efficient structures. However, compared to metals, composite

materials are much more prone to internal defects like delaminations, which can severely degrade the

strength of the structures. Traditionally, linear acoustic methods are effective to identify the delamina-

tions in the structures. Linear acoustic methods usually involve sending sound wave signals into the

structure and based on the reflection, dissipation, and transmission of the sound wave from the defect,

the damage can be located accurately. However, a certain type of defects like closed delaminations,

kissing bonds, vertical cracks etc. might go undetected by linear acoustic methods. Non-linear acoustic

methods, in which the excitation signal interacts with damage resulting in non-linear phenomenon, have

shown great potential to detect such kind of defects. The basic principle of these non-linear methods

involves exciting the structure with a signal of certain frequency or multiple frequencies and observing

the output response of the structure. If the structure contains defects, the output response consists of

the input (linear) frequencies along with non-linear frequencies which are an indication of the damage

present. The non-linear frequencies are due to the non-linear structural behavior around the defect re-

gion. For example in a brittle crack with cleanly separated surfaces, the non-linearity arises due to the

opening and closing of the crack surfaces popularly known as contact acoustic non-linearity or breathing

of the crack. An introduction to the non-linear acoustics for damage detection is presented in [1, 2].

The progress in the field of non-linear acoustic methods can be advanced with the help of numerical

simulations which give a more detailed view into the non-linear phenomenon and various parameters

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rt

ic
le

: h
ttp

://
w

w
w

.n
dt

.n
et

/?
id

=
19

82
5

8th European Workshop On Structural Health Monitoring (EWSHM 2016), 5-8 July 2016, Spain, Bilbao

www.ndt.net/app.EWSHM2016



related to it. There have been a number of attempts to model the non-linear acoustics phenomenon.

These include various simulations which use the non-linear spring damper elements to characterize

the non-linearity due to the defect [3, 4]. Such methods are tedious to implement and estimation of

the stiffness and damping properties remain a challenge. There have been attempts to use the contact

algorithm to model the damage as well [5–9]. However, the contact models usually cannot account for

the defects which are due to material non-linearity in place of the contact acoustic non-linearity. This

work presents a 3D model which uses the contact algorithm to model the defect. A comparison of the

current contact model with non-linear spring-damper system has also been discussed. A recent review

of modelling of various types of non-linear phenomenon and their impact on the damage detection

process has been presented in [10]. A number of works also show the applicability of non-linear acoustic

methods to map out the area of damage by measuring the amplitude of the non-linear frequencies. The

proposed method will be used to map out the area of damage in the present study.

2. MODEL DESCRIPTION

The model definition has been taken from [3] and it consists of a square plate with 40 mm x 40

mm dimensions and a thickness of 2 mm. The plate contains a closed circular delamination of diameter

20 mm at a depth of 0.3 mm from the top surface as shown in Figure 1. The material is a unidirectional

carbon fiber reinforced composite, the properties of which are listed in Table 1. The fibers are oriented

along the z-direction of Figure 1. The density of the composite plate is taken as 1800 kg/m3.

40 mm
40 mm

20 mm

0.3 mm

Input point
Output point

Delamination

Figure 1 : Geometry of the model. Left: Isometric view; Right: Cross-sectional view

Table 1 : Material properties of the composite plate

Young’s modulus (GPa) Shear Modulus (GPa) Poisson’s ratio

E11 = 161.0 G12 = 5.17 ν12 = 0.320

E22 = 11.38 G23 = 3.98 ν23 = 0.436

E33 = 11.38 G13 = 5.17 ν13 = 0.320

A 3D dynamic implicit model was built using the commercial finite element package

Abaqus/Standard [11]. Contact boundary conditions [12, 13] have been defined between the upper sur-

face and the lower surface of the delamination. The contact surfaces have hard contact conditions in



normal direction while the tangential behavior is modelled as frictionless. Based on the type of non-

linearity, the contact regions can have additional options to include damping, friction, and cohesive

behavior as well. However, these options are not implemented in the current model. The upper part of

the defect has been defined as the slave surface and the bottom surface has been defined as the master

surface. Contact simulations are highly non-linear and requires robust solvers to avoid convergence

problems. Abaqus is a well-established software with significantly advanced stabilization controls for

contact modelling.

A sinusoidal excitation of frequency 26165 Hz ( f0) is provided to the plate at the input point (Fig-

ure 1). All the edges of the plate are kept free. To implement material damping in a transient model,

Rayleigh damping can be used which uses the mass damping parameter (α) and stiffness damping pa-

rameter (β ) to characterize the damping behaviour of the material. The Rayleigh damping parameters

are related to the damping ratio (ξ ) and the circular excitation frequency (ω = 2π f0) by Equation 1. The

damping ratio (ξ ) value has been taken as 0.1 for the current model. The damping parameters have a

very significant relation to the vibration amplitude at different frequencies and for accurate modelling

the damping parameters must be found out experimentally. In the current model the damping parameters

were assumed such that there is equal contributions from the mass damping (α) and stiffness damping

(β ) terms to the overall damping ratio (ξ ).

ξ =
α

2ω
+

βω

2
(1)

3. MESHING DETAILS

The mesh consists of tetrahedral quadratic solid elements as shown in Figure 2. In order to accurately

capture the dynamics of non-linear vibrations at the contact interfaces, the mesh is more refined in the

region which is at the top of the delamination. Elsewhere the mesh is still sufficiently dense to accurately

capture the wave propagation in the composite plate. The top surface of the contact interface is defined

as the slave and the bottom surface is defined as the master. The mesh size at the top contact surface

(slave) is half the mesh size at the bottom contact surface (master) as the same is advisable for accurate

master-slave contact formulations.

Figure 2 : Mesh used for the model. Left: Isometric view; Middle: Top view; Right: Bottom view



4. RESULTS AND DISCUSSIONS

4.1 Time domain

Figure 3 shows the opening and closing of the delamination at two perpendicular cross sectional

vertical planes (x-y plane and y-z plane, Figure 1) of the plate for two cycles of the excitation frequency.

The deformations have been scaled by a factor of 10000 for better visualization. It can be observed

that the part of the plate above the delamination acts like a membrane and the vibration pattern is quite

different from that of the global plate. The upper and lower portions of the delamination come in contact

with each other a couple of times. The delamination region near the output point (Figure 1) experiences

an impact around time 4T/6 and around time 11T/6. However, the impact around time 4T/6 is more

severe and leads to a large opening of the delamination region.

T/6 2T/6 3T/6 4T/6

5T/6 6T/6 7T/6 8T/6

9T/6 10T/6 11T/6 12T/6

Figure 3 : Opening and closing of the delamination at the cross-sections during two time cycles

4.2 Frequency domain

Similar to a study desribed in [3], y-displacement time history at five points is extracted and is shown

in Figure 4. The top line is for y-displacement at a point just above the delamination and the bottom line

is for a point just below the delamination. The displacement has been normalized by the peak to peak

amplitude of the point just above the delamination and in the center of it (this point experiences the max-

imum vibration amplitude). From the figure it can be observed that the points above the delamination

vibrate radically different from the point below the delamination. The points below the delamination

have more or less sinusoidal profile at each of the points.

To find out the frequency content of the vibrations of the upper surface of the delamination, dis-

placement time history can be converted to frequency domain using the Fast Fourier transform (FFT). In

the frequency spectrum, the presence of harmonics of the excitation frequency (2 f0, 3 f0, 4 f0...) can eas-

ily be identified. Also present is the sub-harmonic of the excitation frequency ( f0/2). The amplitude of

sub-harmonic is highly dependent on the position of the point. At some points the amplitude of the sub-

harmonic even exceeds the amplitude of the linear frequency. Other sub-harmonics 3 f0/2, 5 f0/2... are

also present in the output spectrum. This non-linear frequency content (harmonics and sub-harmonics)

is a result of the non-linear interaction of the contact surfaces. These results correlate well qualitatively



with the numerical works in [3], as well as the experiments/simulations in [4]. A comparison between

the current model and ealier works has been presented in Table 2.
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Figure 4 : Left: Measurement location of points; Middle: y-displacement time history at the measured points on

the upper and lower surfaces of the delamination; Right: Frequency domain results of the measurement points on

the upper surface of the delamination

4.2.1 Cause of the harmonics

It is known that if a sinusoidal signal has a variable amplitude, it’s frequency spectrum consists of

the harmonics of the frequency of the sinusoidal signal. The same effect happens in non-linear acoustics

as well. Due to the sinusoidal loading, the delamination will repetitively experience the tension and

compression cycles. When the delamination surfaces are in tension, it causes the delamination to open,

changing the amplitude of the signal. For the compression part, the amplitude does not change because

the delamination surfaces get in touch with each other behaving like an intact surface. This difference

of the amplitude between the compression and tension cycles lead to the presence of higher harmonics

in the frequency spectrum of points above the delamination region.



Table 2 : A comparison of the current model vs. the model in [3]

Non-linear spring damper model [3] Current model based on contact

Non-linear spring damper to model the Contact conditions between the delamination

delamination surfaces for modelling

Spring stiffness and damping properties Spring stiffness and damping properties

need to be guessed are not required

May be difficult to visualize the opening Effective visualization of the opening

and closing of the delamination and closing of the delamination

Can be computationally more efficient May require more computational resources

4.2.2 Cause of the sub-harmonics

The generation of sub-harmonics can be explained in simple terms by taking the example of a

sinusoidal signal of a certain frequency. Consider taking the absolute of this sinusoidal signal. In

frequency domain this will result in changing the frequency to the half of the original signal. Essentially

this means that there is a sudden change in the path of the sinusoidal signal by taking the absolute. A

similar phenomenon happens in the motion of the upper part of the delamination as well. At certain time

instants the upper and the lower surfaces of the delamination move in opposite directions (Figure 4) to

each other leading to an effective collision between the two surfaces. The lower part of the delamination

being thick does not deviate much from its original path due to this collision. However, the upper part

of the delamination being thin changes the direction of its original path. The larger is the impact of this

collision more are the chances of a change in the direction of velocity. In this case as well, the sinusoidal

signal is not able to complete its cycle and reverses its direction at the instant of impact, leading to the

creation of sub-harmonics.

However, it is to be noted that if the impact energy is not enough to cause this change in the direction

of the upper half of the delamination, the sub-harmonics are absent from the frequency spectrum. This

happens when the delamination is deep inside the surface of the plate or the delamination size is small

in comparison to size of the plate. The effect of the delamination depth and the size of the delamination

will be discussed in a later section.

5. HARMONIC IMAGING OF THE DAMAGE

In order to obtain a global map of the damage area the output y-displacement was extracted at all the

nodes on the top surface of the plate. The non-linear behavior observed is local in nature and therefore

the area of the damage can be mapped out by measuring the amplitude of the non-linear frequencies

in the frequency spectrum of all the nodes. The ratio of the amplitude of the second harmonic (2 f0) to

the amplitude of the linear frequency ( f0) is plotted in Figure 5. It can be seen that the ratio is more

pronounced near the defect region giving a qualitative idea about the location of the damage. Similarly,

the ratio of the amplitude of subharmonic ( f0/2), to the amplitude of the excitation frequency ( f0) is also

shown in Figure 5. The ratio is larger near the defect region. The non-linear imaging has been applied

experimentally in a number of works [14–18].

However, in both the plots there are some points which are not above the delamination but still

have a larger magnitude of the ratio, giving a false indication of the damage in that region. This happens

because these points lie on the modal pattern where the vibration amplitudes are very small. This is one

of the limitations of the non-linear imaging methods for damage detection. Since, different frequencies

will create different modal patterns the position of these points will change if some other frequency is

used. Therefore, a possible alternative is to conduct the investigations at more than one frequency.



Figure 5 : Harmonic imaging of the damage. Left: Ratio of amplitude of second harmonic (2 f0) to the amplitude

of excitation frequency ( f0); Right: Ratio of amplitude of sub-harmonic ( f0/2) to the amplitude of excitation

frequency ( f0)

6. PARAMETRIC STUDIES

This section presents the effect of the delamination depth and the diameter of the delamination on

the response of the plate.

6.1 Depth of delamination

The analysis was performed at two more depths of the delamination and the results at the output

point (Figure 1) are shown in Figure 6. The time domain results are for four cycles of the excitation

frequency. While the harmonics of the excitation frequency are present for all three values of the depth,

the sub-harmonics of the excitation frequency are absent for delamination depth of 0.4 mm. It can be

seen that when the delamination distance from the surface increases the sub-harmonics ( f0/2, 3 f0/2,

5 f0/2...) start to disappear from the frequency spectrum. This is because for larger delamination depth,

the impact of upper surface with the lower surface does not cause a sudden change in the direction of

the movement of the upper part, resulting in the loss of the sub-harmonic component. The change in

amplitude of the sinusoidal signal is still present leading to harmonics in the frequency spectrum.

Figure 6 : Effect of change in the depth of the delamination. Left: Time domain; Right; Frequency domain

6.2 Diameter of delamination

The simulation was carried out for two more values of the delamination diameter and the results are

shown in Figure 7. The effect of an increase in the diameter of the delamination has a similar effect



to a decrease of the delamination depth. When the diameter of the delamination increases the impact

between the lower and upper surface causes the movement of the upper surface to change its direction

resulting in the creation of sub-harmonics.

Figure 7 : Effect of change in the diameter of the delamination. Left: Time domain; Right; Frequency domain

7. CONCLUSIONS

A 3D finite element model was developed to study the non-linear vibrations created by the opening

and closing of a closed delamination. The model was able to capture the presence of higher harmonics

and sub-harmonics in the frequency spectrum created by the non-linear behavior near the defect region.

The current model only requires the material properties of the plate without the need for additional pa-

rameters like spring stiffness and damping coefficient used to model the non-linear behavior in earlier

works. It will be particularly helpful in finding out the optimal parameters to use when conducting

the experiments for non-linear acoustics. The model is particularly useful to analyze the highly dy-

namic and complex non-linear phenomenon and provide intrinsic details which are seldom available in

experimental methods.
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