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Abstract

Variations in the production process of fiber-reinforced composite (FRC) materials often influence the mate-
rial properties of the end product more substantially than their metallic counterparts. It can be valuable for
the structural performance and reliability to have a better estimation of the properties of the FRC after pro-
duction. Detecting these material properties is often performed by intrusive or destructive testing, which are
not desirable for in-situ applications. Samples are commonly taken from the material for mechanical testing
and material characterization in the laboratory.

Feasibility of a non-destructive in-situ assessment method based on ultrasonic guided waves for estimation
of the material properties of FRCs, e.g. stiffness in different directions, is investigated in this research. A
portable and easy-to- apply measurement system is proposed that can also be less sensitive to the environ-
mental conditions.

Point-contact transducers containing a piezoelectric material are utilized for measuring guided waves that
propagate through the material. The dispersion characteristics, i.e. phase speed and group speed, of these
guided waves are dependent on the layup of the fibers, thickness, and ply properties. Information about the
group speed from multiple directions are extracted and compared with the group speeds obtained using a
semi-analytical method. A genetic algorithm (GA) is implemented to minimize the difference between the
measured and modeled group speeds and obtain the ply properties. The methodology was applied to five
glass FRC laminates with different layups. In the numerically simulated case, the error in the estimated ma-
terial properties turned out to be less than 12%. The coefficient of variation in the experimental results of
stiffness values was also less than 20%.

The results suggest that the proposed combination of point contact transducers, analysis of group speeds,

and GA optimization procedure can potentially form a viable approach for in-situ assessment of material
properties of FRCs.
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Introduction

There are many factors that can influence the material properties of composite materials, such as the produc-
tion process variations or in-service loads and degradation. Determining these material properties e.g. stiff-
ness of a material, is often performed by intrusive of destructive testing [Ammar et al., 2019, Carlsson et al.,
2014, Egorikhina et al., 2015, Jenkins, 1988, Munoz et al., 2015]. Such testing can result in accurate properties
estimations. Bending or tension tests on a piece of material is fairly straightforward and standardized. The
disadvantage is however a damaged material. One will therefore always have to to deal with uncertainty in the
material properties as long as the material has not been sampled destructively and tested [Dey et al., 2018].
Non-destructive testing can potentially be performed using ultrasonic guided waves [Lamb, 1917]. Guided
waves are ultrasonic waves that are bounded by the dimensions of the structure. Guided waves are utilized in
diverse applications of non-destructive testing such as beams [Ghadami et al., 2018], plates [Ihn and Chang,
2008, Kundu et al., 2007, Salmanpour et al., 2016, Xie et al., 2019], pipes [Alleyne et al., 2001, Kim et al., 2013,
Mencik and Ichchou, 2007, Nagy et al., 2014], conical shells [Li et al., 2012, Sun et al., 2017], bolts [Beard and
Lowe, 2003], train tracks [Hayashi et al., 2005], and pressure vessels [Li et al., 2015].

Guided waves are measured for their specific propagation speed at different frequencies. The measure-
ments are subsequently processed [Bellanger, 2001, Gruber and Hayes, 1997, Malocha, 2018]. Analysis of
these measurements will give information about the group speed of relevant mode shapes [Darnton and
Ruzzene, 2017, Moilanen et al., 2006, Yen and Lin, 2000, Zhao et al., 2014].

This research focuses on the material characterization of thin fiber-reinforced composite (FRC) plates
using guided waves. Guided waves are influenced by material properties, dimensions, and layup of the struc-
ture. The group speed of guided waves can be obtained experimentally and used for estimation of the mate-
rial properties without intrusive experiments.

A genetic algorithm optimization method will vary material properties to minimize the error between the
measured wave speeds and wave speeds corresponding to semi-analytical models using a similar geometry
composite plate.

1.1. State of the Art

NDT characterization of material properties using a GA has been performed by Ragauskas and BeleviciusRagauskas
and Belevicius [2009]. Global eigenfrequency vibrations are determined to identify material properties of uni-
directional specimen. The accuracy of the estimation is as good as 0.1 %. The material properties do however
depend on the dimensions of the specimen. Shape optimization of the specimen is needed to achieve the
desired accuracy. Accuracy without this optimization can be between 10 % and 40 %.

Marzani and De MarchiMarzani and De Marchi [2012] describe a procedure using a GA that updates un-
known material properties and compares them with a semi-analytical finite element method. This method
is tested using pseudo-experimental data which is obtained by adding Gaussian noise to simulated tie-wave
forms. The stiffness properties are identified to have a maximum mean error of 8 % .

Vishnuvardhan et al.Vishnuvardhan et al. [2007] propose an array of piezoelectric-based transducers. The
sensors are used to reconstruct elastic properties, and compare the results with a laser-based system and
theoretical estimates.
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Kersemans et al.Kersemans et al. [2014] utilize a pulsed ultrasonic polar scan as a solution to the complexity
of the data acquisition and the extensive post-processing in conventionally used systems.

Ponschab et al.Ponschab et al. [2019] use a laser vibrometer to measure guided waves and reconstruct elas-
tic constants using an inverse characterization. The method is successfully shown with simulated data, but
appropriate measurement data could not be retrieved because of changing conditions.

The state-of-the-art research use equipment which is unpractical for use in-situ. In the research, it is
therefore proposed to use point-contact piezoelectric transducers. Piezoelectric transducers are used to mea-
sure the guided waves. Although conventional piezoelectric transducers are widely used, it is remarked that
point-contact transducers have clear advantages. They are versatile, easy to use and can be placed without
couplant material [Rus et al., 2007].

Most point-contact transducers use a point contact with a ceramic contact point [Lu and Xu, 2011, Rus
et al., 2005]. Although there is research done to point-contact transducers using a piezoelectric contact
point [Hutchins et al., 1989, Sause et al., 2012], the design of the contact point influences the transfer of
energy by the transducer [Fraser et al., 1978, Sause et al., 2012, Zul Karnain and Rajagopal, 2020], the effect of
roughness of the material on the transfer function is described by Tressler et al.Tressler et al. [1998], and Baik
and Thompson Baik and Thompson [1984], point-contact transducers have not been used in the described
NDT application. This topic is an original contribution of this research and is believed to have important
practical implications.

1.2. Problem Statement

The current knowledge about characterizing material properties based on guided waves has been shown
to work well in existing research. Notable in this type of research is the method of collecting signals. The
method for measurement data has drawbacks which ranges from long testing periods, sensitively to change
of environmental conditions, and no portable options. It is therefore hard to use these type of systems in a
mobile and easy-to-tune configuration. The gap in the current knowledge is a method that is more portable
and applicable for in-situ use. This can be solved by using point-contact piezoelectric transducers. These
transducers can be used both as actuators and sensors on the composite plate.

Furthermore, there is a need for further experimental demonstration of the feasibility of estimating ma-
terial properties of FRC with larger thickness, as is common in maritime applications. Most of the existing
publications deal with very thin thicknesses.

1.3. Research Question

The goal of this research is to estimate the material properties of FRC laminates using an array of easy-to-
mount sensors that can be placed on a FRC plate. The array will pulse and measure guided waves, followed
by a prediction of the material properties. This method should be independent of environmental changes
and should not require preparation of the composite plate itself.

The main question is if material properties of fiber-reinforced composite can be estimated non-intrusively
and non-destructively using guided ultrasonic waves using point-contact transducers? This question can
only be solved if the three other sub-questions can be answered as well.

The first step in this process is measuring the relevant guided waves. Can guided waves be measured by NDT
performed on a FRC plate, with clear data and at the relevant frequency?

The second question is related to the development of a method to extract the relevant wave modes. There
are many guided wave modes. Can the relevant wave modes be detected, and can the group speed of these
waves modes be extracted from the data?

The third research question is if an inverse procedure can be developed that can take the group speed of the
relevant wave modes of ultrasonic guided waves, and translate that to material properties?

1.4. Outlining of Research

The research focuses on assessing the feasibility of building a method that can estimate material properties
of FRCs based on guided waves. The steps necessary for this research are shown in Figure 1.1. The method is
applied to both fully simulated data and experimental data.
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Create guided - M?asure Deduct time Group speed
wave signal

— Filter signal = of flight cgmli)

Optimization problem Yes Property

- min | cgnli) —cgmli)l <e | estimate

No

Figure 1.1: Steps in the proposed approach for estimation of material properties

Chapter 2 describes the method estimating material properties by comparing the group speed of different
wave modes of guided waves with the group speed based on a semi-analytical method. This is an optimiza-
tion problem that is solved iteratively in the white block in the figure. Before that, the raw data from the
experiment is processed and filtered. The group speed of specific wave modes is extracted and applied as
input to the optimization problem. The model can simulate the experimental data with information about
the dispersion curve based on the semi-analytical method. In Chapter 3, the experimental setup that cre-
ates and measures guided waves using point-contact transducers is described. Chapter 4 shows the results
from the experiment and the solution to the optimization problem. The thesis finishes with conclusions and
suggestions for possible future work.






Methodology

This chapter will describe the methodology for estimations of material properties of FRCs based on experi-
mentally acquired guided waves. That will start with section 2.1 describing the estimation of the group speed
based on input parameters such as the material properties. Section 2.2 will prepare the raw data for further
analysis. Section 2.3 encompasses the speed of different modes of guided waves which is extracted from the
pre-processed data. Section 2.4 presents the iterative process that varies the starting material properties in
an error minimization process. The measurement of the signals is described in Chapter 3.

2.1. Analysis of Guided Waves

The analysis of the guided waves will result in a dispersion curve based on basic mechanical material proper-
ties and geometry. The process starts with subsection 2.1.1 where the group speed will be estimated using a
semi-analytical approach proposed by Pahlavan [2012]. Next, section 2.2 describes multiple pre-processing
steps. The third section of this chapter shows how the time of flight is determined. Finally, section 2.4 de-
scribes the method by which the difference between measured group speeds and estimated group speeds is
quantified and minimized.

2.1.1. Determination of Dispersion Curve

The calculation of the dispersion speeds of guided waves are crucial for the prediction of material properties.
The roadmap that describes this step is shown in figure 2.1. One starts with calculating the stiffness matrix
based on model parameters such as plate thickness, stacking sequence, and material properties.

Figure 2.1: Material Properties Roadmap

Calculation of both the stiffness matrix and the dispersion curves resulting from the stiffness matrix can
be determined using numerical and semi-analytical methods e.g.finite element method [Mace et al., 2005,
Rose, 2014], spectral element method [Ostachowicz et al., 2012, Sun et al., 2017], spectral finite element
method [Gopalakrishnan et al., 2008], semi-analytical finite element method [Barouni and Saravanos, 2016,
Gresil and Giurgiutiu, 2013, Zuo et al., 2017], and boundary element method [Gravenkamp et al., 2012].
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The semi-analytical approach uses a discretized domain through the cross section and an analytical ap-
proach for the direction of the wave propagation. In this thesis, the method presented by Pahlavan [2012] is
used for obtaining the dispersion curves, as briefly described below

The governing equation is presented in Equation 2.1. In this equation, u denotes the displacement field
in 3D, i1 denotes the corresponding accelerations, p is the density, o is the stress tensor, and f denotes the
external force vector.

V.-og+f=pii 2.1

i, =0n(Z)6XP(i [wf— (’CQXJFIC;J’)

) 2.2)

Where U, (z) is a vector of displacement functions in the thickness direction that have to by determined using
the boundary conditions. These boundary conditions create the effect of the previously described guided
waves. Free surface boundary conditions are applied i.e. 0,, = 0,7, = 0,tzy = 0, with z-directions being
the thickness direction. The wavenumbers (ky,k,) are obtained for a given frequency (w) and in the x- and
y-directions of propagation. The wave-number in the direction of wae propagation is therefore:

kn =/ ki(@n) + k5 (wn) (2.3)

The relationship between the wavenumber, wavelength, and wavenumber is as follows:

2T wy

k,=—= 2.4
"= o (2.4)

Furthermore, the group speed can be estimated once the relationship between wavenumber and frequency

is known.
n_ Owp

& oky
For more details on the numerical implementation and solution of the method, the reader is referred to Pahla-
van [Pahlavan, 2012]. The eigenvalue problem is solved for every frequency. An example of the resulting
dispersion curves are shown in Figure 2.2 and Figure 2.3. The material properties used for this figure are:
E11 =46.2 GPa, Egg = E33 =13.1 GPa, G23 =5.1 GPa, G12 = G13 =4.1 GPa, viz = Vo3 =0.29, and vo3 = 0.28. The
density is 1872 kg/m?, the thickness is 9.2 mm, and the direction of travel is along the fiber direction of the
layup which is [0]g.

c (2.5)
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Material Properties
A key question in this research is that how material properties influence the dispersion characteristics of the
composite plate. This research will primarily focus on the Young’s Modulus (E), Poisson’s ratio (v) and the
Shear Modulus (G). The described parameters are shown in Equation 2.6.

Mat = [Eq1, Ez2, E33, V12, V13, V23, G12, G13, Gosl (2.6)

This gives 9 individual material properties. However, because of Hooke’s law, orthogonal ply’s can be
described using 5 individual properties. These relations can be described by Equation 2.7, Equation 2.8 and

Equation 2.9. The eventual material properties of the composite plate are therefore described by equation
Equation 2.10.

E E
2z _ 53 @.7)
Viz2 Vi3
G12 = Gi3 (2.8)
G = L2 2.9)
2= 2(1+ V23) )
Mat = [E11, E22, V12, V23, G12] (2.10)

Selection of the correct dispersion curve
The equation of motion can have multiple solutions for every frequency, in an eigenvalue form. These so-
lutions describe different wave modes. The solutions can be ordered by wavelength from small to big. The
relation between wavelength and frequency as described by Equation 2.11 is visualized in Figure 2.4.

e Wy Ay
P 2n
Improper ordering of the eigenvalues results in crossing wave modes. Proper separation of wave modes is

needed in order to numerically calculate the group speed.

(2.11)

109

T

wavelength A [m]

frequency [kHz|

Figure 2.4: Wavelength-frequency without selection of order

The selection of the points belonging to the same wave mode is performed by using a finite backward
difference method. The finite backward difference method is based on a second-order Taylor polynomial
described by Equation 2.12. The first-order and second-order differential are described by Equation 2.13 and
Equation 2.14. The local truncation error in this approximation is third order.

1
flta+ )=yt + Y (tn) + Ehzf” (tn) +O(K) (2.12)
£t ~ W 2.13)
ft)—f(tp—h) _ fltn—h)—f(t,—2h) _ _ _
Py e T _ [ =2f (= h) + f(ta = 2) o1

h h?
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Estimations of f (¢, + h) of every row is determined and allocated to their respected curve. This results
in the curves as are shown in Figure 2.5. This creates the opportunity to 'follow’ each wave mode from its
respective starting point in the frequency domain.

0%

ot F

wavelength A [m]

frequency [kHz]

Figure 2.5: Wavelength-Frequency with selection of order

2.2. Signal pre-processing

This chapter includes the definition of the source signal that is created by the waveform generator. But it will
also include the shift of a signal in time, filtering a signal for a specific frequency and windowing.

2.2.1. Defining a Source Signal
In order to generate guided waves, a Hanning- windowed sinusidal burst signal is used in this research. The

Hanning window is described in Equation 2.15.

wp = %[1—cos(2”Tn)] (2.15)

Where N+1 is the length of the signal. The burst signal is defined as:

s(f) = [(1 —cos@u(t— At)) * (sin(27[ * Fo(f— At))];’% (2.16)

A source signal with N=5 and center frequency of 70 kHz is shown in Figure 2.6.

applied force (N)
(=]

-1 I I I I I I I I

0 100 200 300 400 500 600 700 800
time (usec)
T

= 40r -
Z 201 1
S oo 1
E 20
o 4
_740 | | | 1 [\f\f\/\ | | | |

0 50 100 150 200 250 300 350 400 450 500

frequency (kHz)

Figure 2.6: Source Signal with center frequency of 70 kHz

2.2.2. Applying a Time Window

Not every part of a transient recording is relevant for analysis of the guided waves, for example due to bound-
ary reflections and mode conversions. In this research, a window around the expected arrival time will be
applied over the transient recording such that only the relevant part of the guided wave is preserved.
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2.2.3. Improving the Signal-to-Noise Ratio

The first step of filtering the noise is performed by averaging multiple signals measured. These signals need
to be taken in the same experiment as a small time-shift in the signal can influence the average of the signal
significantly. Averaging the signal is mainly effective against random white-noise. The averaging of the signal
for every individual direction of the experiment is shown in Equation 2.17.

1
Savg()=— Y. Sp(t) 2.17)
Nn:<N>

The definition of S in this equation is the voltage measured by the receiving transducers at time t. The averag-
ing of the signal is performed for every time point. The total amount of signals is defined as N. The expected
reduction in noise is described by Mark and Workman [Mark and Workman, 2018]. The amount of white
noise is reduced by a factor 2 for when the number of scans is doubled.

The effect of averaging multiple signals is shown in Figure 2.7. Figure 2.7a an example sinusoidal wave
represented by the blue data. The orange data shows only the level of normal distributed noise in the signal.
It is visually clear to see that the amount of noise decreases significantly in Figure 2.7b and Figure 2.7c. A
remark must be made that there will be an optimum between the amount of signals measured, the decrease
in noises and the measurement time.

L kb
L bl Ll

) 0 100 200 300 400 500 600 700 800 900 1000 ) 0 100 200 300 400 500 600 700 800 900 1000 "o 100 200 300 400 500 600 700 800 900 1000
Time (ss] Time (5] Time [ps]
(a) Single signal (b) Average of 32 signals (c) Average of 1024 signal
Figure 2.7: Signal with different noise levels

The method of averaging applied to actual data is shown in Figure 2.8. A significant improvement can be
observed in the level of noise. This has been achieved with the use of 32 individual signals.
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Figure 2.8: Measured signal before and after averaging

2.2.4. Simulation of Sensor Signals

The propagation time of a signal is determined by the group speed of every mode, distance, and frequency.
The dispersion curve described in subsection 2.1.1 is used to determine the group speed. The distance be-
tween source signal and receiving transducer is equal to the distance used in the experiment.

Simulation of the signal creates the possibility to exclude external factors such as error in the measure-
ment location, discrepancies in the material properties, and direction of fibers. Also, there are no boundary
reflections implemented in this model. The shift in time is performed in the frequency domain as shown in
Equation 2.18. The time shift s(n — A) is applied in the frequency domain. This is performed with a phase
shift (e /@kd) applied to signal S (wy).

s(n—A) — e 1S (wy) (2.18)
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2.3. Time of Flight Extraction

The estimation of material properties is based on the dispersion curve of guided waves. Ideally, one would
like to retrieve the group speed of as many different guided wave modes as possible. However, higher-order
wave modes are typically of very small amplitude and difficult to measure reliably, higher-order wave modes
are therefore preferably not actuated. The focus of this research is therefore on zero-order antisymmetric (Ag)
and zero-order symmetric guided wave modes (Sp).

The method to determine the time of flight of different type of guided waves is discussed in Chapter 2.3.1.
This is part of the proposed method in Figure 1.1, as illustrated in Figure 2.9

= [~ ==

Figure 2.9: Measured Source Signal

Every step of the experiment influences the eventual measurement of the emitted wave such as the am-
plifiers, transducer, and attenuation and dispersive character of FRCs and cables. The result of this process is
the raw data, of which the analysis is now described.

2.3.1. Selection of Time of Flight

This section will show the first selection of signals in a defined time frame before applying a frequency filter
for analysis of the envelope of the signal. The equipment used in this experiment is described in Chapter 3.
The distance between the source and the sensors is 60 mm each, which results in a distance of 240 mm
between the actuator and the furthest sensor from the source. This creates a separation between the arrival
of different types of guided waves, which travel at different group speed because of their dispersion character.
The measured signal is filtered in the frequency domain with a width of 40 kHz. A more narrow filter range
has shown instability.

The measured data is separated before information about individual waves is extracted. The selection
of the signals starts with detection of the maximum amplitude. This window is selected by the width of the
generated guided wave, minus 5 us in advance and 15 s on the later side of the signal. The second window
in generated from 100 us to the peak amplitude, minus the width of the wavelet, plus an additional 5 us. The
highest amplitude in the measures voltage is the antisymmetric wave. This point is the starting location from
where the split of the signal will be determined. This point in time is called #po,,. The width on both sides
of this point is /,,, which is half of the width of the wavelet that is created by the actuator. An additional shift
in time is added as to give room for a transition in the window function. The window contributed to the first
arriving wave is between fs; and ts3. The window of the second wave is bounded by ts, and ts4. A visual
representation of these windows is shown in Figure 2.11 and Figure 2.10. The signal shown in Figure 2.11 is
created by using the material properties shown in section 2.4, the source signal and method of simulating this
signal over a distance of 0.24 m is described in section 2.2.
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Figure 2.10: Selecting individual signals from measured data
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Figure 2.11: Selecting individual signals from simulated data

The window is applied using a flat top sinusoidal shape with a transition period of 10 % on both sides of
the window The results of this tool is shown in Figure 2.12.
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Figure 2.12: Separated signals

As the signals vary in amplitude, both wave modes been normalized. This is shown in Figure 2.13. The
envelope of both waves shows the peak in the voltage that has been measured by the data acquisition system.
These peaks are used to determine the time of flight of the signal.
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Figure 2.13: Peak amplitude of separated wave

The time of flight of the anti-symmetric wave and symmetric wave is determined by the peak amplitudes
in the filtered signals and separated signals. This is shown in Equation 2.19 and Equation 2.20.

TOFa0 =tpao2—tp (2.19)
1
€80 = T tpaa-tpsoa (2.20)
cgAo0 d4

The peak amplitude of the filtered signal at the transducer closest to the source is tp;, tpao,a is the peak
amplitude of the antisymmetric wave at sensor 4, which is the furthest from the actuator. The group speed
cgao is estimated by dividing the distance between both sensors with the time of flight TOF 0. The group
speed of the symmetric wave is based on the group speed of the anti-symmetric wave, plus the increase
in speed measured because of the earlier arrival of the symmetric wave over the entire distance between
actuator the sensor furthest from the source.
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Results
The result of this method is shown Figure 2.14. "Wave 1’ relates to the propagation speed of the first peak
amplitude and "Wave 2’ relates to the second peak with an amplitude of the antisymmetric wave which is
significantly higher. The data used for this approach is acquired from plate 1. This plate is 10.2 mm thick and
has a [05905] layup.

Giurgiutiu [2003] has shown that the transfer functions between transducers and plates for symmetric and
anti-symmetric waves is also a function of frequency. Applying this theory can result in tuning of amplitudes
of the symmetric and anti-symmetric guided waves.
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Figure 2.14: Measured Propagation Speed
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2.4. Material Estimation Method

The goal is to acquire material parameters that result in a similar numerical dispersion curve as the dispersion
curve based on measurements. The method on which the optimization problem is implemented will be
elaborated here. Inspiration for the optimization of the material properties comes from Lee et al. [2014].

2.4.1. Error Description

An error function is applied such that the difference between semi-analytically determined group speeds of
wave modes and measured group speed of wave modes are quantified. The error function is minimized in an
optimization algorithm. This makes the function defining the error between these values an integral part of
the optimization.

The group speed determined in subsection 2.3.1 contains a variability which occurs in the data acquisi-
tion phase and during the signal analysis. It must be prevented that the optimization is based on variability
of individual calculation. A solution to this is fitting a function through all data points using a least-squares
approach. This can reduce the effect of outliers in measured group speeds.

A method using a polynomial function is preferred as this function is compliant and does not call for
individually tuned settings. A multitude of orders is shown in Figure 2.15. These options use Equation 2.21.

_ n n-1
px)=p1x"+ parx +. o+ PuX+ Pyl (2.21)
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g 4000 S 4000 S . 4000 RS 4000 o
N e e e A S B I SRS
- e o' o %0® 0 o’ O’ o' ' o’ o’
[
2.3000 3000 3000 3000 *  Measured SO
7] ¢ Measured AO
& Interpolation of SO
= 2000 2000 2000 2000 Interpolation of AQ
6] I
7
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
5 order 6 order 7 order 8 order
Z 4000 S 4000 S 4000 . 4000 .
-8 ol . . . S .
;@T 3000 3000 3000 3000
=3
(59 2000 2000 2000 2000
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
9 order 10 order 11 order 12 order
% 4000 e . 4000 o . 4000 e . 4000 o .
_8 D A D™ . o - . .
% 3000 3000 3000 3000
[=9
3
§ 2000 2000 2000 2000
0 2 4 6 0 2 4 6 0 2 4 6 0 2 4 6
Rad (-) Rad (-) Rad (-) Rad (-)

Figure 2.15: Polynomial fit from measured data

There is an increase in group speed of SO waves, in plate 1 which has a layup of [05 905];. It seems that
the higher the order of the polynomial used, the closer the interpolation is to the measured data. The order
of the polynomial function is increased to improve the flexibility of the function, resulting in a lower average
distance between the function and the measured group speeds.

Even though the general fit shows the group speed of the wave modes, it is not yet satisfactory to possible
to describe all the relevant detail from the experiment. This is especially visible in the curve of the symmetri-
cal wave. The peak of group speed at 3 rad is described by the function. There is however a deficiency in the
description of speed increase from 0 to 1 rad. The fit passing the group speed of the antisymmetric wave is
shown again in Figure 2.16. The increasing order of the fit results in a good fit with the data, while reducing
the effect of outliers in the group speed estimation.
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Figure 2.16: Polynomial fit from measured data

Since the projected curve based on experimental data is ultimately undesirable to describe the group
speeds, a piece-wise polynomial fit is proposed next.

Piecewise Polynomial Fit
A piecewise polynomial fit is proposed that is described by 4 functions to describe the circumference per
quarter, i.e., [0,80], [90,170], [180,260], and [270,350]. The measurements in the experiment are performed
at steps of 10 ° orientation around the source signal. As discussed, there can be variations in group speed
estimations between angles, creating the requirement to decrease the effect of errors in individual orienta-
tions. The polynomial function is described in Equation 2.22. This is solved using matrices as described by
Equation 2.23.

cg(@) = prop* + p2¢p® + p3d” + pacp + ps (2.22)
[Alx[pla = [Cg]x2 + error (2.23)

In these equations, [p] is the coefficient vector (size 20x1), ¢ is the propagation direction, and [cg] is the group
speed. The orientation ¢ is the connection matrix A (size 36x20), creating a formulation solved using a least-
squares approach [Radhakrishna Rao and Toutenburg, 1999]. Extra interface conditions are applied such that
every polynomial function is connected to the function of the next quarter. This is achieved by extending the
rows of matrix A

[Alg0,20 [Pln=1:20 = [Cg]m:1:40 + error (2.24)

A fourth-order polynomial functions can describe up to three extrema. A third-order polynomial function
has a maximum of two extreme values. The layup of the specimen is varied with 45 °, this can result in three
maximum group speeds per quarter, i.e., a maximum group speed every 45 °. A fourth-order polynomial
function is chosen to describe this effect.

It is possible to describe the group speed with higher-order polynomial functions. Higher-order polyno-
mial functions may be better able to describe the measured values, and is recommended to be investigated
in future research. The result of this is shown in section 4.3.

Error quantification
The model is "optimized’ if the difference between experimental and simulated group speeds is small, as
described by Equation 2.25. The error is the distance between the measured group speed and the simulated
group speed. The distance between these values is determined for every measured orientation in the plate.
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argmin " (fi), ¢ " (f)) < e (2.25)
cieC
Sale et al. [2011] use a hybrid broadband laser/PZT ultrasonic set-up, elaborating more explicit on the
optimization approach. The routine is based on the simplex search method [Nelder and Mead, 1965] solving
the error function as described in Equation 2.26.
The error description is used in the optimization algorithm described in subsection 2.4.2.

g0 () =g (1) |

& ()

ERRf(Mat,p)= > ).
m:Ao,So fl

(2.26)

The summation of all the differences at every direction results in even weighting for every measurement.
As is described in the previous section, the piecewise polynomial fit is applied on the experimentally deter-
mined group speeds.

2.4.2. Optimization Algorithm
An optimization algorithm is applied to minimize the quantified error using a least-squares approach. Two
algorithms that are often used in characterization of FRC’s are a direct search method and a genetic algorithm
(GA).

Direct Search
Optimization using a direct search approach is a gradient based optimization method. This method is used
for reconstruction of stiffness properties by Webersen et al. [2018] and Barazanchy et al. [2018]. An advantage
of a direct search method is the use of less computational power. Finding a local minimum can be a challenge
for direct search methods and circumvented by using a genetic algorithm.

Genetic Algorithm
A genetic algorithm is based on natural selection as is described by Darwin [Darwin, 1859]. The selection is
based on a random starting population of which only the best performing combinations are preserved. These
individuals are promoted to a next generation. These specimens are evolving slightly because of mutations of
input parameters, or crossover between individuals. Five phases are considered in a genetic algorithm [Haupt
and Haupt, 2004]:

Initial population (potential solutions)
Fitness function (to select potential solutions)
Selection (to preserve good solutions)
Crossover (jumps in solution space),

AN S A

Mutation (to avoid stagnation)

The initial population is a random combination of parameters within the range that is given for every
parameter. The bigger the population, the bigger the chance of a individual to be ’better’ according the fit-
ness function. A visual representation of both an elite child, crossover child and mutation child in shown in
Figure 2.17 [Mathworks].
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Figure 2.17: Children in a genetic algorithm
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The initial population evolves as an evolutionary process. Every generation has the possibility to improve
because of elitism, crossover, and mutation. Research by Kersemans et al. results in a combination between
these possibilities as shown in Table 2.1.

Parameter | Value
Elite 0.2
Crossing 0.6
Mutation 0.2

Table 2.1: Settings for a genetic algorithm

The total required population and generations preferred in an optimization are researched. An overview
is shown in Table 2.2. Both Ragauskas and Belevicius [2009] , and Kersemans et al. [2014] propose a variable
amount of generations, as long as the target accuracy is not yet met. Likewise research concludes a total of
100 generations and a population varying between 25 and 100 individuals is advised.

Research \ Population | Generations
Ragauskas and Belevicius [2009] 40
Marzani and De Marchi [2012] 50 100
Salmanpour et al. [2016] 100 100
Vishnuvardhan et al. [2007] 25 100
Kersemans et al. [2014] 100

Table 2.2: Parameters for a genetic algorithm

An analysis of the minimum required amount of generations in shown in subsection 4.1.3. The conclu-
sion form the analysis is that for the currently chosen application, a combination of 70 generations with a
population of 70 is sufficient.



Experiments

The experiments that are conducted in order to retrieve the material properties of FRC-plates involve different
components, settings and equipment. Each of them performs a crucial role in the retrieval of the ultrasonic
guided waves propagating through the plate. The first part of this chapter will focus on the specifications
of the test plates in section 3.1. This means the used material, layup and dimensions. What equipment is
needed and what is the correct method of connecting them such that the signal is measured by the sensor is
described in section 3.2. The exact settings, sensors, and sensor holders are described in subsection 3.3.2.

3.1. Plate Specifications
The description of the plate specifications is divided into the material, geometry and layup, and production
process
Materials
The test plates are glass-fiber reinforced composites. The glass fiber used is produced by Seartex and is the
unidirectional E-class fiber known as the U — E — 640g/ m?, as shown in Table 3.1. The volume percentage of
this material is expected to be 48 %.

The resin is made by Atlex and is called E-Nova MA6215. This vinyl ester resin is especially created for
offshore conditions and therefore ideal as a test material in an experiment that is supposed to be used in
offshore conditions. The resin content is expected to be 52 %.

Material Name VI [%]
Glass Fiber | Seartex U — E—640g/m? | 48
Resin Atlec E-Nova MA 6215 52
Hardener Curox CM-75 -

Table 3.1: Material name

Name Value | Unit
Fabric weights 600 glm
Fiber density 2600 | kg/m?®

Nr plies 18
Width 600 mm
Length 600 mm

Resin density 1200 | kg/m3
Fiber density 2600 | kg/m?®
Overall density | 1872 | kg/m?®

Table 3.2: Material properties

Research about the influence of the fibers or fiber volume on the average weight and properties has been
reported by Seartex [Seartex GmbH Co. KG, 2013].

17
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Geometry and layup
The ply stacking sequence of the FRC samples are shown in Table 3.3. It shows the different layups of the
model in addition to the expected thickness.

Specimen 1 2 3 4 5
0,90 0,45,-45,90 0,90,45 0,90 0,90,45
Specification symmetric symietric symmetric asymmetric asymmetric
balanced balanced unbalanced balanced unbalanced
Fiber type UD 600 UD 600 UD 600 UD 600 UD 600
Layer Layup (°) Layup (°) Layup (°) Layup (°) Layup (°)
1 0 0 0 0 0
2 0 0 0 0 0
3 0 45 0 0 0
4 0 45 90 0 90
5 0 90 90 0 90
6 90 -45 90 90 90
7 90 90 45 90 45
8 90 90 45 90 45
9 90 90 45 90 45
10 90 90 45 90 0
11 90 -45 45 0 0
12 90 -45 45 0 0
13 90 45 09 0 90
14 90 45 90 0 90
15 90 0 90 0 90
16 0 0 0 90 45
17 0 0 90 45
18 0 0 90 45
19 0 90
20 0 90
Total thickness 10.2 mm 8.16 mm 9.18 mm 10.2 mm 9.18 mm

Table 3.3: Ply stacking sequence

A visual representation of these specimen is shown in Figure 3.1. It shows there is a variation of symmet-
rical opposed to asymmetrical layups, with a combination of balanced and unbalanced layups.

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
\g v
]
XK X
~ ]
Plies arientation 0, 80 0, 45, -45, 90 0,90, 45 0,90 0, 90, 45
Landndlicn Symmetric, Symmetric, Symmetric, Asymmetric, Asymmetric,
AR balanced balanced unbalanced balanced unbalanced
Dimensions 600x600x10 600x600x10 600x600x10 600%600x10 600x600%10
mm X mm X mm

Figure 3.1: Layups
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Production Processes
The process of production of these composite plates is performed by using vacuum infusion. The layup is
placed by hand instead of with a spray gun or with a filament winding. This is to create the specific layup that
is preferred during the experiments.

The process of vacuum infusion starts with the prepared vinylester resin. This resin is pumped through
the resin inlet to the mold by a vacuum pump. The resin propagates through the mold towards the vacuum
outlet and resin trap. The flow of the resin through the mold is visible in Figure 3.2. The resin will not spread
evenly if the plate is too large, i.e., the flow path is too large. A flow path between the plates ensures even
distribution. The flow path is the dark line between the plates on the left, and the plates on the right in
Figure 3.2a.

(a) Production front flow (b) Resin flow process

Figure 3.2: Production of the plates

A representation of the resin flow process is shown in Figure 3.3. The flow paths ensure that the distance
the resin has to travel through the mold is no more than the width of the plate [composites.ugent.be, 2020].

O [———0O«——]
O [« O >

Figure 3.3: Flow of resin

The total needed amount of resin is prepared on the input side of the mold as shown in Figure 3.4a. The
filled path of resin in between the plates and the infused plates are shown in Figure 3.4b.
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(a) Production Resin (b) Production Center Line

Figure 3.4: Resin used in production the plates

3.2. Experiment setup

The architecture of the measurement system is described next. An illustration of the architecture is shown in
Figure 3.5. The process is branched in a guided wave generating side, and a receiving side.

Waveform Acquisition
Generator Software

Data Acquisition

System
’.
‘ Power Amplifier Recel.v.er
Amplifier
‘ Piezoelectric ‘ ‘ Point-contact ‘
transducer transducer

I

Figure 3.5: Measurement system

Waveform Generator
The start of the setup is in this experiment the waveform generator that is shown in Figure 3.6. The waveform
generator has the function to create it’s own wave signal, or produce a pre-loaded waveform. The pre-loaded
waveform that will be used is described in section 3.3. The mathematics of creating this wave signal is de-
scribed in subsection 2.2.1

High Voltage Amplifier
The waveform generator is connected to the high voltage amplifier. This amplifier is shown in Figure 3.7.
This amplifier has a voltage gain of 50 times the input value. This means that the 10 V that was created in the
waveform generator is amplified to 500 V before it is connected to the actuator.
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Figure 3.6: Waveform generator Figure 3.7: High voltage amplifier

Vallen Actuator
A conventional piezoelectric transducer with a flat surface has been used as the actuator. This transducer
was placed in the middle of the plate and was not moved during the experiment. The transducer type was
VS600-Z1, shown in Figure 3.8. This transducer shows a resonance at around 600 kHz.

%

¥

Figure 3.8: Vallen transducer

Pre-amplifier
The voltage created by the sensor is transmitted through a cable to a pre-amplifier. This passive amplifier
is shown in Figure 3.9. The model used in this experiment is the ’”AEP5H’ model. The pre-amplifier and the
Data Acquisition System (DAS) are both designed by Vallen [Vallen System, 2020b].

Figure 3.9: Pre-amplifiers

A voltage amplification of 40 dB is created as is shown in Figure 3.10. The blue dotted line shows an
optimal range between 100 kHz and 1 MHz. The amplification decreases at lower frequencies.
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Figure 3.10: Frequency response

The amplification of the signal is 40 dB as discussed. This is shown in Equation 3.1 and Equation 3.2. The
power of 2 and the multiplication in Equation 3.2 is custom because the amplification of power is subject to
voltage squared. The amplification of 40 dB is equivalent to a voltage gain of 100. Which is beneficial to the
data acquisition system.

V2,
Ngg = 10log,, ( Vog ) (3.1
mn
Ve
Ngg = 20log, ("—‘”) (3.2)
Vin
Data Acquisition System
The amplified signal is loaded into the Data Acquisition System (DAS) by Vallen, shown in Figure 3.11. The
chassis is the MB6 type as is described in "AMSY-6 System Specification" [Vallen System, 2020a]. The system
is able to both measure the amount of Accoustic Emissions (AE) and Transient Recordings (TR)
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Figure 3.11: Data acquisition system

The sample rate (f;) of the DAS is determined based on the preferred maximum frequency of the guided
waves (B). In short, the minimal sample rate is required to be double that of the wave frequency in order to
prevent aliasing. Passing this Nyquist frequency can cause problems when transposing the measured signal
between domains, creating artifacts that did not exist in the original signal. As the preferred frequency of
the guided waves is below 100 kHz, it means that the measuring frequency of the DAS is sufficient to detect
voltage fluctuations transmitted by the pre-amplifier [Amidror, 2015]. Having a DAS that is able to measure
atup to 10 MHz results in a maximum capability of measuring guided waves with a frequency of 5 MHz. This
is known as the Nyquist frequency. The minimum sampling rate (f) is thus

fs> 2B. 3.3)

Where B is the existing frequency.

The DAS measures a transient signal based on passing a threshold amplitude. This makes it possible
to only save the relevant transient recordings. Oversampling will therefore not be a problem and a highest
possible sampling rate is preferred in the experiments.

The next chapter will describe the steps and processes that have to do with acquiring the preferred signals
and data.
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3.3. Point contact transducer

The receiving transducer used in the experiments is dry-point-contact(DPT) transducer by ACS. This trans-
ducer has a nominal frequency of 100 KHz and is applied for excitation or acquiring is ultrasonic waves.

The tip of the point contact piezoelectric transducer is shown in Figure 3.12.

Figure 3.12: Cone closeup

3.3.1. Sensor holder

Crucial in these type of experiments is that the conditions of the test should remain as constant as possi-
ble. One of the most important factors is the distance between sensors, such that the group speed between
them can be determined. In order to achieve constant distance between sensors, a sensor holder has been
designed. This sensor holder has other advantages. The first of which is that it creates the possibility to place
the sensors on the structure robustly without having to hold them by hand. The additional benefit is that the
amplitude of the signal is constant as the pressure with whom the sensor is connected to the substructure is
constant.

The sensor holder can be supported at the ends to ensure that the point contact transducers are orthog-
onal to the surface of the plate. This also created the possibility to add weight on top of the construction.
This weight is divided in pressure across the structure as the screws are only in contact with the acrylic plate.
The next figures show the eventual construction. Figure 3.13 shows the complete setup with 3 of the 4 places
used by a sensor. Figure 3.14 shown a detail of an individual point contact transducer. The pressure by which
the sensor in pressed onto the surface is applied by the rubber band between the upper acrylic plate and the
sensor. The lower acrylic plate has a hole with a smaller diameter to prevent the sensor from dropping out,
and to keep the sensor exactly vertical
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Figure 3.13: Sensor holder
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Figure 3.14: Close up of sensor holder

3.3.2. Settings and Reflecting Waves

Factors influencing the choices with respect to the design are among others the expected dispersion curves.
The dimensions of the plate make the possibility for a fixed actuator in the center without the need for a
movement of the actuator. Which can create more variations to the signals.

The final design and orientations of the point contact transducers is shown in Figure 3.15. This is a top
view of the locations of all the sensors. The distance between all sensors is fixed to 60 mm using the sensor
holder. The steps with respect to direction are kept constant at 10 degrees across the entire circle.



3.3. Point contact transducer 25

90 *  Sensor 1
120 * ¥ ox 60 *  Sensor 2
* * 02 * * Sensor 3
* - * %  Sensor 4
150 ¥ )

270

Figure 3.15: Sensor Setup

A picture of this same setup is shown in Figure 3.16. The cables connecting the sensors to the amplifiers
are shown as well, including the numbered amplifiers.

Figure 3.16: Conic sensor on plate

The waveform created using the waveform generator, as described in in Table 3.4, has a maximum voltage
per peak of 10 volt. This voltage per peak is created as described in subsection 2.2.1. The center frequency of
the wave that was prepared is 60 kHz. In order to average the signal to improve the measured signal, every
orientation has been measured for a minimum 32 times. This was done during a minimum of 32 seconds as
the period between every burst is 1.00 second.

Nr of Pulses 5 -
Voltage 10 | Vpp
Center frequency | 60 | kHz

Burst period 1.00 s

Total bursts 32 -

Table 3.4: Waveform Generator Settings

The settings used in the DAS are shown in Table 3.5. The pre-trigger value of 200 us is chosen. This creates
anumber of advantages. Firstly, it creates the possibility to window the relevant piece of the signal. Secondly,

a pre-trigger enables the option to asses the buildup in the signal before the trigger time for quality control of
the recordings.
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Pre-trigger 200 us
Sampling rate 10 MHz
Rearm time 250 us
Signal length 8129 | us
Threshold value | 30.1 dB

Table 3.5: Data Acquisition Settings



Results and Discussion

This Chapter shows the results of of application of the method described in Chapter 2 in the experimental
setup described in chapter 3. First, an analysis of the sensitivity of the material properties will be studied
regarding the effect of a change in properties on group speed of each wave mode. Secondly, the method as
described in Chapter 2 will be deployed on simulated data. This will be shown in Chapter 4.2.

Finally, the measured data is analyzed and used for estimation of the material properties. The data is
coming from the setup as is described in 3.

4.1. Sensitivity Analysis

The sensitivity analysis focuses on the effect of changes in the material properties on the dispersion curve
first. Next, the effect from production errors is discussed. Section 4.1.3 describes the accuracy of the mini-
mization algorithm based on exact input values.

4.1.1. Effect of Changing Material Properties

The effect of of a change in material properties on the dispersion speed is investigated before optimizing for
this dispersion speed. The material properties of an example plate are varied with 30 % in both directions.
The analysis will focus of frequencies between 50 kHz and 200 kHz. This is a range of frequencies for which
the least amount of higher order dispersive waves are present. The material properties used in the analysis
are shown in Table 4.1. The orientation of the fibers is show in Figure 4.1. The change in percentage is based
on the group speed of both modes as determined with the described material properties.

Property Symbol | Value | Unit
Young’s Modulus En 46.2 Gpa
Young’s Modulus Eyy,E33 13.1 Gpa

Shear Modulus G12,Gi3 4.1 Gpa

Shear Modulus Go3 5.1 Gpa
Poisson’s Ratio V12,V13 0.29 -
Poisson’s Ratio Vo3 0.28 -

Additional Property’s | Symbol | Value | Unit

Density ) 1872 | kg/m?®

Thickness t 9.2 mm

Layup 0 [0]12 °

Table 4.1: Material Properties

The first material property is the Young’s Modulus in the longitudinal direction. Varying this parameter
has a large influence on the dispersion speed of the Sp-wave at all frequencies. A variation of 30 % of the
Young’s modulus results in anywhere between 10 % and 20 % in the same direction. Higher frequencies of the
guided wave show an opposite effect.

The dispersion speed of guided waves propagating in direction '2’ are barely influenced by variations of the E;

27
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Figure 4.1: Fiber direction

value. This is as expected as fibers in one direction do not influence either the strength nor the speed of
transmission of the energy of a wave in the other direction.

Effects described in the previous paragraph are similar when looking at a 90 ° direction. Difference is that
the change is speed is higher. A change in the Young’s Modulus (E», E33) of 30 % can vary the propagation
speed with more than 40 % when looking at a frequency of 150 kHz.

The propagation speed of the guided waves in the fiber direction decreases when the shear modulus
(Gy2,Gi3) is decreased, and can be increased the other way around. It is remarked that the change in speed
is nearly constant over the range of different frequencies. Similar effects are seen in propagation speeds per-
pendicular to the fiber direction when Go3 is varied.

The effect of the density (of the combined resin and fiber) is relatively constant with respect to the anti-
symmetric wave (Ag). The speed increases with roughly 20 % when the density of the plate is reduced with 30
percent. Increasing the density of the plate with 30 % results in roughly 20 % increase at lower frequencies.
This is in line with expectations. The increase in mass is correlated with speed propagation (c) as is shown in
Equation 4.1 for a 1D analogy.

—\/5 (4.1)
c=\\y .

With K and M the stiffness and mass respectively. Roughly the same effect can be observed when looking at
the symmetric wave (Sp). However, the effect of the density of the material increases with higher frequencies
reaching 60 % decrease in speed when the density is increased with 30 %. A reduction of the density results
in an increase in propagation speed of as much as 90 % at 150 kHz and perpendicular to the fiber direction,
as can be seen in Table 4.4. The propagation speed of 200 kHz moves back to original values. This is because,
after a decrease in propagation speed for increasing frequencies, the propagation speed of the symmetrical
wave starts to increase again. The amount by which this increase has already started at 200 kHz mostly effects
the change in density has on the propagation speed at this specific frequency.

The propagation of the antisymmetric wave is barely influenced by changes in thickness of the plate. The
difference in speed is barely more than 0.5 % for a change of 30 percent. This half a percent is reached when
the frequency of the waves is in the higher range of tested frequencies. The propagation speed of the symmet-
ric wave increases with lower thicknesses of the material. This effect can be observed in both directions of the
fibers in the material. A sharp increase in propagation speed can be observed at 200 kHz and an increased
thickness of the plate.
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Frequency 50 [kHz] 100 [kHz] 150 [kHz] 200 [kHz] Wave Type
Unit Cg (m/s)/% Cg (m/s)/% Cg (m/s)/% Cg (m/s)/%
0.7-E; 1.4746 (100.1) | 1.4772 (100.0) | 1.4761 (100.2) 1.4712 100.3) Ag
3.5329 (84.0) 3.2234 (81.9) 1.7458 (81.1) 1.012 (108.0) So
0.7 - E, E3 1.4710 (99.8) 1.4753 (99.9) 1.4733 (100.0) | 1.4674 (100.0) Ay
4.1739 (99.3) 3.7501 (95.3) 0.7795 (36.2) 1.1096 (118.3) So
0.7 - G12,0.7-Gy3 1.2353 (83.8) 1.2340 (83.5) 1.2259 (83.2) 1.2197 (83.1) Ap
4.2029 (100.0) 3.9267 (99.8) 2.1274 (98.8) 0.7405 (79.0) So
0.7 - Gos 1.4738 (100.0) | 1.4772 (100.0) | 1.4737 (100.0) | 1.4672 (100.0) Ag
4.2029 (100.0) 3.9268 (99.8) 2.1578 (100.3) | 0.9374 (100.0) So
0.7 -v12,0.7-v13 1.4696 (99.7) 1.4753 (99.9) 1.4736 (100.0) | 1.4678 (100.0) Ag
4.1815 (99.5) 4.0391 102.6) | 2.6237 (121.9) 0.9160 97.7) So
0.7 - vo3 1.4726 (99.9) 1.4766 (100.0) | 1.4735(100.0) | 1.4672 (100.0) Ao
4.2077 (100.1) | 3.9469 (100.3) 1.9618 (91.2) 0.9554 (101.9) So
Density 0.7 - [p] 1.7607 (119.5) | 1.7648 (119.5) | 1.7645 (119.7) | 1.7587 (119.9) Ao
5.0431 (120.0) | 4.8622 (123.5) | 4.1045 (190.7) | 1.2586 (134.2) So
Thickness 0.7 - [d] 1.4712 (99.8) 1.4753 (99.9) 1.4772 (100.2) | 1.4748 (100.5) Ag
4.2301 (100.6) | 4.1399 (105.2) | 3.8647 (179.6) | 2.8165 (300.5) So
Original 1.4734 (100.0) | 1.4771 (100.0) | 1.4736(100.0) | 1.4671 (100.0) Ay
4.2043 (100.0) | 3.9363 (100.0) | 2.1522 (100.0) | 0.9376 (100.0) So
Table 4.2: Dispersion speed along fiber direction with material parameters at - 70 %
Frequency 50 [kHz] 100 [kHz] 150 [kHz] 200 [kHz] Wave Type
Unit Cg (m/s)/% Cg (m/s)/% Cg (m/s)/% Cg (m/s)/%
13- E 1.4732 (100.0) 1.4769(100.0) 1.4712 (99.8) 1.4639(99.8) Ao
4.7813 (113.7) 4.5349 (115.2) 2.6009 (120.8) 0.8948(95.4) So
1.3-E»,1.3-E3 1.4757 (100.2) 1.4785 (100.1) 1.4739 (100.0) 1.4669(100.0) Ao
4.2320 (100.7) 4.0059 (101.8) 3.0628 (142.3) 0.9636(102.8) So
1.3 Gy2,1.3-Gy3 1.6779 (113.9) 1.6811 (113.8) 1.6826 (114.2) 1.6792(114.5) Ag
4.2029 (100.0) 3.9268 (99.8) 2.1765 (101.1) 1.1074(118.1) So
1.3 Go3 1.4738 (100.0) | 1.4772 (100.0) | 1.4737 (100.0) | 1.4672(100.0) Ao
4.2029 (100.0) 3.9268 (99.8) 2.1578(100.3) 0.9374(100.0) So
1.3-v12,1.3-vy3 1.4788 (100.4) 1.4795 (100.2) 1.4734(100) 1.4662(99.9) Ao
4.2313 (100.6) 3.7842 (96.1) 1.8592 (86.4) 0.9650 (99.9) So
1.3-vo3 1.4751 (100.1) 1.4780 (100.1) 1.4742 (100.0) 1.4670(100.0) Ao
4.1967 (99.9) 3.9054(99.2) 2.3491 (109.1) 0.9216(98.3) So
Density 1.3 - [p] 1.2929 (87.8) 1.2954 (87.7) 1.2901(87.6) 1.2838(87.5) Ao
3.6704 (87.3) 3.2603 (82.8) 0.8333 (38.7) 0.9304(99.2) So
Thickness 0.7 - [d] 1.4748(100.1) 1.4759(99.9) 1.4678 (99.6) 1.4604(99.5) Ao
4.1593 (98.9) 3.2792 (83.3) 0.9128 (42.4) 1.1562(123.3) So
Original 1.4734 (100.0) 1.4771 (100.0) 1.4736(100.0) 1.4671 (100.0) Ao
4.2043 (100.0) 3.9363 (100.0) 2.1522 (100.0) | 0.9376 (100.0) So

Table 4.3: Dispersion speed along fiber direction with material parameters at - 130 %
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Frequency 50 [kHz] 100 [kHz] 150 [kHz] 200 [kHz] Wave Type
Unit Cg (m/s)/% Cg (m/s)/% Cg (m/s)/% Cg (m/s)/%
0.7-E; 1.1846 (100.1) | 1.1856 (100.0) | 1.1801 (100.0) | 1.1740(100.0) Ap
2.9755 (100.7) 2.6675 (99.8) 1.4337 (101.4) | 0.8137(100.2) So
0.7 - E5,0.7- E3 1.1807 (99.8) 1.1832 (99.8) 1.1823 (100.2) | 1.1783(100.3) Ap
2.4383 (82.5) 1.9959 (74.7) 0.8333(59.0) 0.9454(116.4) So
0.7 - G12,0.7-G3 1.1834 (100.0) | 1.1852 (100.0) | 1.1803 (100.0) | 1.1744(100.0) Ag
2.9542 (100.0) | 2.6733 (100.0) | 1.4135 (100.0) | 0.8121(100.0) So
0.7 - Gos 0.9920(83.8) 0. 9883(83.4) 0.9811(83.1) 0.9765(83.1) Ap
2.9542 (100.0) | 2.6727 (100.0) | 1.3399 (94.8) 0.6346(78.1) So
0.7 -v12,0.7-vy3 1.1820 (99.9) 1.1847 (100.0) | 1.1805 (100.0) | 1.1748(100.0) Ap
2.9291 (99.2) 2.6796 (100.2) 1.3868 (98.1) 0.8118(100.0) So
0.7 - va3 1.1798 (99.7) 1.1838 (99.9) | 1.1803 (100.0) | 1.1748(100.0) Ap
2.9779 (100.8) | 2.8092 (105.1) | 1.6125(114.1) 0.7853(96.7) So
Density 0.7 - [p] 1.4136 (119.5) | 1.4169 (119.5) | 1.4141(119.8) | 1.4082(119.9) Ag
3.5518 (120.2) | 3.3637 (125.8) | 2.6684 (188,8) | 1.1026(135.8) So
Thickness 0.7 - [d] 1.1814 (99.8) 1.1849 (100.0) | 1.1849 (100.4) | 1.1815(100.6) Ap
2.9830 (101.0) | 2.8882 (108.0) | 2.6134 (184.9) | 1.7860(219.9) So
Original 1.1835 (100.0) | 1.1852 (100.0) | 1.1801 (100.0) | 1.1743(100.0) Ap
2.9541 (100.0) | 2.6733 (100.0) | 1.4132 (100.0) | 0.8122(100.0) So

Table 4.4: Dispersion speed perpendicular to the fiber direction with material parameters at - 70 %

Frequency 50[kHz] 100 [kHz] 150 [kHz] 200 [kHz] Wave Type
Unit Cg (m/s)/% Cg (m/s)/% Cg (m/s)/% Cg (m/s)/%

1.3-E; 1.1828 (99.9) | 1.1849 (100.0) | 1.1804 (100.0) | 1.1746(100.0) Ag
2.9428(99.6) 2.6763 (100.1) 1.4018 (99.2) 0.8118(100.0) So
1.3 E», 0.7 - E3 1.1851 (100.1) | 1.1847 (100.0) 1.1774 (99.8) 1.1712(99.7) Ap
3.4021 (115.2) | 3.1785(118.9) | 2.3299 (164.8) | 0.8054(99.2) So
1.3:Gy2,1.3-Gy3 1.1834 (100.0) | 1.1852 (100.0) | 1.1803 (100.0) | 1.1744(100.0) Ap
2.9542 (100.0) | 2.6733 (100.0) | 1.4135(100.0) | 0.8121(100.0) So
1.3 - Gos 1.3472 (113.8) | 1.3502 (113.9) | 1.3495(114.3) | 1.3451(114.5) Ap
2.9542 (100.0) | 2.6737 (100.0) | 1.4616 (103.4) | 0.9703(119.5) So
1.3-v12,1.3-vy3 1.1854 (100.2) | 1.1859 (100.1) | 1.1800 (100.0) | 1.1738(100.0) Ag
2.9886 (101.2) | 2.6637 (99.6) | 1.4452 (102.2) | 0.8153(100.4) So
1.3-vo3 1.1877 (100.4) | 1.1868 (100.1) | 1.1803 (100.0) | 1.1739(100.0) Ap
2.9243 (99.0) 2.5268 (94.5) 1.3067 (92.4) | 0.8392(103.3) So
Density 1.3 - [p] 1.0384 (87.7) 1.0387 (87.6) 1.0329 (87.5) 1.0276(87.5) Ap
2.5745 (87.1) 2.1718 (81.2) 0.7636 (54.0) 0.7709(94.9) So
Thickness 1.3 - [d] | 1.1845 (100.1) | 1.1827 (99.8) 1.1749 (99.5) 1.1691(99.5) Ag
2.9085 (99.8) 2.1102 (78.9) 0.8029 (56.8) 0.9424(116.0) So
Original 1.1835 (100.0) | 1.1852(100.0) | 1.1801 (100.0) | 1.1743(100.0) Ag
2.9541 (100.0) | 2.6733 (100.0) | 1.4132 (100.0) | 0.8122(100.0) So

Table 4.5: Dispersion speed perpendicular to the fiber direction with material parameters at - 130 %

4.1.2. Effect from Production Errors

Non-destructive testing using piezoelectric transducers is applied in literature to measure production errors
or damage localization. However, the current system has not yet achieved an accuracy in data acquisition nor
data analysis, that small damages can be detected. Future research is required to incorporate the analysis of
production errors in the estimation of material properties.
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4.1.3. Accuracy of the Minimization Algorithm

The final step in the estimation of material properties is the matching error minimization process as de-
scribed in subsection 2.4.2. This information is applied and tested on the current experiment on plate 1.
Different combinations of settings of the genetic algorithm are tested such that the accuracy of the genetic
algorithm can be assessed. The combinations of population and total amount of generations is varied from
10 to 150. The input of the algorithm in this section is the exact group speed that is determined by the same
semi-analytical method as is used in the genetic algorithm itself. The only error that is created by this method
is therefore the genetic algorithm itself.

The function score of this analysis is shown in Table 4.6. The function score of the different combinations
of settings range from 0.159 to 5.7-10~%. An decrease in the function score, and thus an increase in the esti-
mation is achieved with higher populations, and more generations. The best score is however not achieved
in the lower right part of the figure. The best score is found with a population of 100 and 40 generations.

A value of 0 is the optimum score, as there is no difference between the input data and the group speeds
based on the estimation from the genetic algorithm. There are 36 orientations at which the group speed is
determined, both for the symmetric and the anti-symmetric guided waves. Defining the average difference
between the algorithm estimation and the input can be done by dividing the function score by the 72 different
data points that are thus determined. The best score of 5.739 - 107 results in an average score per direction
0f 0.028 %. Potential data points which deviate more can move this score disproportionately because of the
square root in the fitness function. The score of 1.2162- 1072 is equal to an average error of 0.411 %.

Generations
10 20 40 70 100 150
10 | 159.7402 | 49.3023 | 15.0346 | 7.0822 | 2.1969 | 11.4503
20 9.1118 4.0181 4.7489 | 3.2038 | 0.0625 | 0.1038
40 2.9981 0.1622 1.2162 0.3088 | 1.0395 1.6241
70 18.9476 0.2966 0.3128 0.0237 | 0.2121 0.0353
100 0.1831 0.5841 0.0057 0.1006 | 0.1017 0.0417
150 0.1162 0.3246 0.0135 | 0.1063 | 0.0154 | 0.1576

Population

Table 4.6: Function score - 1000

The material properties that belong to the function scores are shown in Table 4.7 to Table 4.11. The differ-
ence in results in the lower right of the table is withing 10 % of the Young’s modulus and the Shear modulus
that was applied as an input value. The Poisson’s ratio differs more, ranging from 0.2262 to 0.4079 [-].

Generations
10 20 40 70 100 150
g 10 35.1984 | 37.1636 | 41.5545 | 45.4282 | 43.3955 | 41.3744
*3 20 49.2632 | 43.5152 | 44.4977 | 42.7386 | 46.6832 | 45.6739
g 40 47.2459 | 46.9805 | 47.4540 | 47.2699 | 47.9730 | 43.5557
gcj 70 40.1158 | 45.2307 | 47.2329 | 45.8545 | 45.1519 | 46.5700
100 | 45.3180 | 44.3646 | 46.1331 | 46.8205 | 45.5022 | 45.7620
150 | 46.3578 | 44.8625 | 45.9584 | 45.4982 | 46.4462 | 44.8000
Table 4.7: Estimation of Young’s modulus E1
Generations
10 20 40 70 100 150
g 10 15.9092 | 18.0472 | 17.3430 | 14.3595 | 15.9537 | 17.1877
*3 20 11.5323 | 15.5635 | 13.1564 | 16.0211 | 12.6707 | 13.7952
E 40 12.8237 | 12.2534 | 12.0032 | 12.0418 | 11.7904 | 15.8017
DO.< 70 16.7088 | 14.3764 | 12.0182 | 13.4618 | 14.2916 | 12.6753
100 | 14.1847 | 15.1869 | 13.2057 | 12.4042 | 13.9061 | 13.6058
150 | 13.2221 | 14.5795 | 13.3797 | 13.9239 | 12.8177 | 14.6943

Table 4.8: Estimation of Young’s modulus E2 & E3
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Generations
10 20 40 70 100 150
g 10 0.4216 | 0.4035 | 0.4497 | 0.3732 | 0.4500 | 0.4444
‘3 20 0.2094 | 0.3988 | 0.2602 | 0.4460 | 0.2524 | 0.3417
g 40 0.2852 | 0.2122 | 0.2365 | 0.2043 | 0.2006 | 0.4500
gcj 70 0.4422 | 0.3904 | 0.2061 | 0.3081 | 0.3761 | 0.2468
100 | 0.3672 | 0.4434 | 0.2901 | 0.2262 | 0.3433 | 0.3197
150 | 0.2948 | 0.3898 | 0.3025 | 0.3462 | 0.2574 | 0.4079
Table 4.9: Estimation of Poisson’s ratio va3
Generations
10 20 40 70 100 150
g 10 4.0177 | 2.8568 | 3.0669 | 3.6726 | 3.5668 | 3.2070
*3 20 4.6878 | 3.5054 | 3.9990 | 3.5782 | 4.1930 | 3.9978
g 40 4.0799 | 4.2529 | 4.3973 | 4.3282 | 4.3997 | 3.5960
gcj 70 3.5027 | 3.9069 | 4.3274 | 4.0394 | 3.9119 | 4.1777
100 | 3.9284 | 3.7726 | 4.0816 | 4.2276 | 3.9682 | 4.0133
150 | 4.0798 | 3.8491 | 4.0526 | 3.9667 | 4.1499 | 3.8495
Table 4.10: Estimation of the Shear modulus Gy2, G13
Generations
10 20 40 70 100 150
g 10 4.0177 | 2.8568 | 3.0669 | 3.6726 | 3.5668 | 3.2070
*3 20 4.6878 | 3.5054 | 3.9990 | 3.5782 | 4.1930 | 3.9978
g 40 4.0799 | 4.2529 | 4.3973 | 4.3282 | 4.3997 | 3.5960
gcj 70 3.5027 | 3.9069 | 4.3274 | 4.0394 | 3.9119 | 4.1777
100 | 3.9284 | 3.7726 | 4.0816 | 4.2276 | 3.9682 | 4.0133
150 | 4.0798 | 3.8491 | 4.0526 | 3.9667 | 4.1499 | 3.8495

Table 4.11: Estimation of the Shear modulus Ga23

The mean and the standard deviation of the results from the lower right of the table in shown in Table 4.12.

Property Unit Symbol | Input Mean Std COV (%)
Young’s Modulus Gpa Ep 46.2 | 45.8228 | 0.6756 1.47
Young’s Modulus Gpa E»,, E33 13.1 13.5312 | 0.7704 5.69

Shear Modulus Gpa G12,Gi3 4.1 4.0338 | 0.1274 3.16
Shear Modulus Gpa Go3 5.1 5.1441 | 0.0538 0.61
Poisson’s Ratio - V12,V13 0.29
Poisson’s Ratio - Vo3 0.28 0.3146 | 0.0613 19.49
Additional Property’s | Unit | Symbol | Value
Density kg/im? o 1872
Thickness mm t 9.2

Table 4.12: Material estimations of iterations with longest optimization

4.2. Results for Simulated Signals

This section will show the results of material property estimation with the use of simulated signals. This
means that both the signals from the actuator and the sensors are simulated. The used material properties
used for the material property estimation are shown in Table 4.13.
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Property Symbol | Value | Unit
Young’s Modulus E;; 35.0 Gpa
Young’s Modulus E»,, E33 17.5 Gpa

Shear Modulus Gi2,Gi13 | 4.18 Gpa
Shear Modulus Gog 2.7 Gpa
Poisson’s Ratio Vi2,V13 0.29 -
Poisson’s Ratio Vo3 0.28 -
Additional Property’s | Symbol | Value | Unit
Density 0 2020 | kg/m3
Thickness t 0.97 cm

Table 4.13: Material properties in the numerical simulation

Dispersion Curve

The dispersion speed is dependent on the material properties, layup, and thickness of the laminate. The
effect of the directions of the fibers is shown in Figure 4.2 and Figure 4.3. Based on the modes shapes, it is
possible to describe which of these curves is the Ay wave and which is the Sy wave.

(km/s)

8

160 180 200

= 3k
2
o
8
5]
e
1)
L
0 Il L L L
0 20 40 60 80 100 120 140
frequency f (kHz)
Figure 4.2: Dispersion Curve at 0°
6
s
2
£

g
H
o

roup speed ¢

o
gl

L ?\ 7

I

VA
P
P <3
I I I I I
60 80

100 120

frequency f (kHz)

140

Figure 4.3: Dispersion Curve at 90°
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A couple of remarks can be made based on these figures and the discussion in subsection 2.1.1. The first
one is that the propagation speed of SO waves is higher in the direction of the fibers. This is as expected
since SO is dominated by the longitudinal stiffness of the laminate. The second comment is that there is a
low amount of dispersion in the frequency spectrum between 20 kHz and 100 kHz. Therefore, measurements
of multiple frequencies in this range would provide limited additional information. In the remainder of this
chapter, the analysis is limited to a center frequency of 60 kHz. Selection of the propagation speed at 60 kHz
is displayed in Figure 4.4. The dispersion curve is sorted as described in chapter 2. The A0 and SO modes can
be identified at 0 kHz. And are identified when reaching higher frequencies. This is shown for a plate with
material properties according to Table 4.13 and a laminate layup of [90];2.
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Figure 4.4: Dispersion Speed at 60 kHz

Simulate Signal
The next step is to simulate both the source signal and the measured signal for similar layups used in the
experiment. The method on which this is based is described in subsection 2.2.1. The actuator signal consists
of 5-cycle Hanning windowed sinusoidal waves with a center frequency of 60 kHz. The centre frequency of
the signal is visible in the lower part of Figure 4.5.
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Figure 4.5: Source Signal

The actuator signal is simulated at the location of the sensor as is shown in Figure 4.6. The process that is
used to achieve this simulated dispersed signal is described in subsection 2.2.4. The methodology of extrac-
tion of arrival times was given in section 2.3.
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Figure 4.6: Simulated signal from sensors
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The difference in amplitude of the Ay wave and the Sy wave is due to the fact that this is similar to the
effect seen in experiments. The antisymmetric wave is resulting in measurements that are a couple of factors
higher than the faster Sy.
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Figure 4.7: Group speed extraction of simulated signals
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Figure 4.8: Group speed extraction of simulated signals

The group speed extracted from the simulated signals is compared with the group speed from the disper-
sion curve. The dispersion curve was the input to simulate the propagated signal. The score is the result of
both modes (S0,A0), and all measured sensor orientations. The error is limited to 4 %. This is expected to be
the error of the time-picking algorithm.

Plate Nr | Score | Error (%)
Plate 1 0.0777 3.28
Plate2 | 0.0524 2.70
Plate 3 0.0860 3.46
Plate4 | 0.0333 2.15
Plate 5 0.0144 1.41

Table 4.14: Function score of simulated signals

Figure 4.9 shows the comparison between simulated groups speeds, and the group speed extracted from

the simulated sensor data. The good agreement between the simulated and the extracted results can be
observed.
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Figure 4.9: Polynomial fit through the predicted group speeds

Figure 4.10 shows all the results of the detection of the time of flight from a simulated signal. The horizon-
tal axis shows the simulated group speed of the ultrasonic guided waves. The vertical axis shows the group

speed that was acquired by analysis of the simulated measurements. In the ideal case, the points would all be
on the diagonal line.
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Figure 4.10: Cross correlation of extracted group speed

4.3. Measured Results

This section will show the results that have been acquired during the measurements of the actual FRC-plates
as described in chapter 3. The group speeds have been extracted from the measured data using the method
described in section 2.3 and curve-fitted using the method described in subsection 2.4.1. Example of raw
measured signals from the experiment, are shown in Figure 4.11. The signals shown are acquired by mea-
suring in the 0 degree direction on plate 1.1, at distances of 60, 120, 180, and 240 mm from the source, as is
described in subsection 3.3.2. The arrival times of the main wave can be seen clearly from the peak values
from around 240 us to around 350 us at sensor 1 to sensor 4, respectively.

A reflecting wave is also noticed, which has a peak in signal amplitude around 440 ps measured by
sensor 4. The wave is traveling in the opposite direction from the shown time traces.
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Figure 4.11: Unedited measurement

The signal analysis is performed as is described in section 2.3. This analysis is performed for every 10 °
orientation from the center of the plate. The results are shown in Figure 4.12 and Figure 4.13. The piece-wise
polynomial fit that is created for every 90 ° is also included in these figures. The damping effect of the fitted
curve results in a reduced effect of outliers in the group speed estimation, such as at 280 ° in plate 3.
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Figure 4.12: Measured group speed with polynomial curve
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Next, the fitted data is used in the error minimization scheme on the measured and simulated dispersion
speeds of the guided waves. The results are shown in The better fit of the antisymmetric wave that was pre-
dicted and the antisymmetric wave that was measured is noticeable. The variation of the symmetric guided
wave is higher, partly due to the smaller amplitudes measured and higher uncertainty in the arrival time

picking.
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Figure 4.14: Measured and optimized polar plot of plate 1

Figure 4.15 gives a general overview of the improvement as a result of the GA. Estimating the material
properties based on group speed of both modes resulted in a better correlation between estimated and mea-
sured group speeds. The effect of the optimization is that the measured group speeds are much more cen-
tralized around the diagonal, i.e., the estimated group speed is also the measured group speed. Conventional
experiments are required to get a better estimation of the material properties.
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Figure 4.15: Correlation between measured and expected results

The results of the optimization can be found in section 4.4. This means the outcome of the genetic al-

gorithm that searches for the best match between the experimental group speed and the simulated group
speed.

4.4. Results from Experiment

The material estimations based of the optimization algorithms is first discussed for simulated data in sub-

section 4.4.1. The material estimations using the group speed acquired from measured data is shown in
subsection 4.4.2.

4.4.1. Simulated Results

The estimations of the material properties based on simulated signals is shown in Table 4.15. The optimiza-
tion has been performed in 24 iterations per plate. All the settings have been constant during these iterations
and only the (random) starting population has changed. This is performed to show the stability of the results.

Parameter Plate 1 Plate 2

Plate 3 Plate 4 Plate 5
Mean (COV (%)) | Mean (COV (%)) | Mean (COV (%)) | Mean (COV (%)) | Mean (COV (%))
E;1 GPa 44.2847 (2.95) 43.1558 (5.31) 44,0459 (2.22) 50.8654 (7.21) 45.1624 (1.83)
Es, Es3 GPa 14.9180 (3.67) 15.3730 (5.74) 16.2092 (8.19) 11.9644 (17.68) 14.5500 (5.48)
v12,V24(-) 0.29 0.29 0.29 0.29 0.29
Va3 (-) 0.2794 (25.91) 0.3181 (28.79) 0.3590 (25.51) 0.2812 (22.86) 0.3498 (16.17)
Gi2,G13 (GPa) 3.4945 (7.08) 3.2976 (8.54) 3.3769 (5.24) 4.7099 (19.43) 3.7079 (4.47)
Gos (GPa) 5.8226 (3.93) 5.8128 (8.66) 5.9592 (2.26) 4.6698 (17.60) 5.3889 (2.89)
o (%) 1872.0 1872.0 1872.0 1872.0 1872.0
Function score 0.0883 (2.95) 0.0496 (5.13) 0.0704 (3.48) 0.0123 (6.80) 0.0203 (7.17)

Table 4.15: Plate material genetic algorithm of simulated data with fixed density and narrow Poisson’s

The estimations of the material properties are familiar to the input parameters which are found in Ta-
ble 4.16. The value of E;; has estimations which range from 3 GPa lower than expected, to values of 4.1 GPa
higher than expected. It is also noted that the value of vy», v13 fluctuates above and below the expected value.

Property Input | Mean | Error % | COV (%)
E;; GPa 46.20 | 45.50 1.51 6.77
Ey,, E33 GPa 13.10 | 14.60 11.45 10.96
V12,V24(-) 0.29 | 0322 | 11.03 11.7
G2, Gis (GPa) 4.10 | 3.724 9.20 15.49
Gos (GPa) 5.12 5.53 8.01 9.52

Table 4.16: Function score of simulated signals
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The expected material properties are compared with the material properties, the difference between these
values is determined as the error. The error between these results is between 1.51% and 11.45%. The coeffi-
cient of variation is between 6.77 % and 15.49 %.

4.4.2. Measured Results

The group speeds that belong to optimization using a GA on measured results is shown in Figure 4.16 and
Figure 4.17
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Figure 4.17: Measured group speed with polynomial curve

The results of the genetic algorithm based on the experimental data is shown in Table 4.17. The density is
kept constant and known. The Poisson’s ratio is also confined to the expected results for stability reasons.

The optimization has been performed in 24 iterations per plate. All the settings have been constant dur-
ing these iterations and only the (random) starting population has changed. This is performed to show the
stability of the results.
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Parameter Plate 1 Plate 2 Plate 3 Plate 4 Plate 5
Mean (COV (%)) | Mean (COV (%)) | Mean (COV (%)) | Mean (COV (%)) | Mean (COV (%))
E11 GPa 46.4818 (1.13) 51.0665 (0.58) 49.2884 (0.65) 42.7565 (3.86) 47.1832 (0.86)
E»; 33 GPa 12.1346 (4.00) 16.1419 (1.71) 16.0973 (1.80) 13.6575 (10.03) 14.9986 (2.70)
V12,13(-) 0.29 0.29 0.29 0.29 0.29

U3 (-) 0.2640 (17.61) 0.4454 (2.04) 0.4440 (1.78) 0.4203 (5.06) 0.4371 (4.77)
Gi2,13 (GPa) 6.1045 (1.61) 5.1589 (1.59) 5.0941 (2.11) 5.4698 (9.13) 5.1742 (2.15)
Go3 (GPa) 4.7999 (1.01) 5.5838 (1.20) 5.5737 (1.77) 4.8048 (9.17) 5.2180 (1.94)

0 (%) 1872.0 1872.0 1872.0 1872.0 1872.0
Function score 0.1072 (2.67) 0.2320 (0.54) 0.2400 (0.75) 0.2819 (1.30) 0.0992 (0.61)

Table 4.17: Plate material genetic algorithm of measured data with fixed density and narrow Poisson’s

The Young’s modulus (Ey;) is expected to be between 42 and 51 GPa. The values of E,, E33 are expected
to be between 12 and 16.2 Gpa. The Poisson’s ratio (v»3) is close to the upper boundary in 4 of the 5 occasions.
The Shear modulus (G2, G13) is estimated between 5.1 and 6.1 GPa, and 4.8 to 5.6 GPa for Ga3.

The average error per data point is shown in Table 4.18. The score is what is minimized in the GA. A lower
score is therefore a better correlation with the measured group speeds. The score is translated to a percentage
error by dividing the value by all 72 measured group speeds, before taking the square root of the score. This
is done because of the Least-squares approach of describing the error. The error per group speed value is

between 3.7 and 6.3 %. This does however weight heavy on exceptions because of the square root in the
optimization.

Plate Nr | Score | Average
Error (%)
Plate1 | 0.1072 3.8
Plate2 | 0.2320 5.7
Plate3 | 0.2400 5.8
Plate4 | 0.2819 6.3
Plate5 | 0.0992 3.7

Table 4.18: Function score of measured signals

The mean and coefficient of variation based on the mean values from Table 4.17 is shown in Table 4.19.
Apart from the mean values, it is noted that the COV based on five plates is expected between 6 % and 20 %

Property Mean COV (%)
Eq; GPa 47.3553 6.63
Ezz,Egg GPa 14.0606 11.73
V12,V24(-) 0.40 19.36
Glg,Glg (GPa) 5.4003 7.77
Goz (GPa) 5.1960 7.47

Table 4.19: Estimation of material properties

Conclusion

It is concluded that it is feasible to determine general material properties based on the measurement of
group speeds of ultrasonic guided waves. The error based on a simulated system was 11.45 % at worst, this
error was made in the estimation of the value of E,,, Es3.

The estimation of material properties based on experimental data has resulted in an estimation as shown
in Table 4.19.

It is concluded that it is feasible to estimate material properties using a point-contact transducer. Future
research is necessary to improve the accuracy of the estimation.

An increase in measured frequencies might reduce the dependency on the correctness of the time pick-
ing algorithm. This can increase the knowledge of the dispersion curve and enrich the input data for the
error minimization process. Increasing the number of measured frequencies can also result in a decrease of
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measured orientations, as there is already sufficient information about the group speed of the guided wave
modes, this can result in improved accuracy or better calculation efficiency.



Conclusion & Recommendations

Feasibility of estimation of material properties of FRC laminates using ultrasonic guided waves has been
investigated in this research. Guided waves in composite laminates are multi-modal and dispersive which
means that different wavemodes can travel with different speeds at different frequencies. These characteris-
tics have been used in this research in order to estimate the properties from the measured group speeds in
different directions.

The investigation comprises numerical simulations and experimental measurements. In the numerical
simulations, group speed of dispersive curves in composite laminates have been constructed based on a
semi-analytical approach. This method has been used in the kernel of an optimization method to translate
measured group speeds from the experiments to stiffness properties of the composite laminates. In order
to evaluate the methodology, five plates using different layups have been made of E-glass fibers and vinyl
ester resin. These plates had dimensions of 600 x 600 x 8 mm. Dry contact transducers were used to measure
guided waves, which were excited using described equipment. Wave-modes have been extracted and arrival
time has been identified and translated to the speed of guided wave modes. These guided waves modes serve
a central role in the created optimization algorithm based on a genetic algorithm, which is applied to the
acquired data. The measured group speed of the selected wave modes had a maximum error of 6.5 %. This
describes the variability of the group speed estimation.

The accuracy of the time picking of the group speed is 4 %, if based on simulated data. Material properties
have been estimated based on experimental data, this results in an estimation of the Young’s modulus (E;)
to be between 42 and 51 GPa, and the values of E»,, E33 are expected to be between 12 and 16.2 Gpa. The
Shear modulus (G2, Gi3) is estimated between 5.1 and 6.1 GPa, and 4.8 to 5.6 GPa for G»3.

The results indicate that this can be a feasible method to estimate general material properties. However,
the process of time picking plays a crucial role in the determination of material properties and is recom-
mended to be improved in future research. The band of uncertainty due to the time-picking of SO modes is
wide, which reduces the certainty of the results.

Experimental characterization of the FRC plate is crucial in order to validate the estimated material prop-
erties. Also, the proposed setup of the point-contact transducers place all sensors in a row. The experimental
acquisition of the guided waves can be improved if all measurement locations are placed in the same sensor
holder.
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