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Abstract

The widespread use of composite materials has led to the development of characteristics identification methods for
composite materials. This paper presents an inverse technique based on genetic algorithms to reconstruct material
stiffness properties of composites from dispersion relations of three fundamental modes of guided Lamb waves (A,
SHy and Sy). The discrepancy between the mesoscopic dispersion relations computed for a textile composites and the
macroscopic dispersion characteristics computed for a tentative set of elastic moduli defines the objective function.
The proposed scheme is presented to obtain the elastic moduli of unidirectional carbon fibre reinforced polymer
composite. The results show that the proposed method can effectively inverse the dispersion curves to get mechanical
properties of composites.
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1. Introduction

Carbon fiber composite materials have been widely used in modern industries due to the characteristics of high
specific strength and high specific stiffness [1, 2]. Different types of damage can occur in composites structures,
which potentially leads to catastrophic failure of the whole system. Therefore effective and reliable Non-Destructive
Evaluation (NDE) and Structural Health Monitoring (SHM) techniques are of utter importance to develop. Various
algorithms were developed for damage identification, including time-of-flight, time reversal, migration technique,
tomography and phased-array beamforming [3, 4, 5, 6]. All of the above algorithms require prior knowledge of
elastic moduli particularly in anisotropic materials.

The traditional tests for determining the elastic properties of materials are generally expensive and time-consuming.
Over years, non-destructive techniques have been done to identify the elastic constants of composite plates as these
techniques are robust and quick to perform, especially guided wave technique [7, 8]. The use of guided wave for ma-
terial characterization yields a frequency-dependent behaviour of the waves that can be used in inverse identification
procedures. Different parameters, such as wave velocity [9], group delay curves [10], wavenumber [11], and dynamic
displacement response [12] are used to identify the elastic constants in the inverse process.

The solution of dispersion relations is the premise of the inversion process. Methods such as SAFE [13, 14, 15],
or WFE [16, 17, 18] using macroscale modelling are extremely efficient to compute the dispersion relations of lami-
nates as long as the elastic moduli are known for each individual layer. The methodology presented in [18] provides
a reduced formulation for WFE approach which in itself is a hybridization between periodic structure theory and
finite elements. This methodology, while revealing itself to provide accurate dispersion predictions, needs much more
computational resources than a macroscale model. Given that macro is superior to meso in terms of the computa-
tional time, but from the perspective of accuracy, it is opposite. Therefore, there is considerable motivation to bridge
them. The approach proposed in this manuscript takes advantage of the accuracy of the methodology for computing
dispersion relations in complex textile composites from [18] and the efficiency of the SAFE method to compute the
dispersion characteristics of macroscale laminate models.

Different inversion procedures have been used to identify the elastic constants of composite plates [12, 19, 20,
21]. Balasubramaniam [19] was the first to employ genetic algorithms (GAs) for inverting unidirectional composite
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material elastic moduli with significant success. The advantage of GAs over other search algorithms is that GAs do
not need an initial guess but rather a valid search space; GAs are also robust and avoid entrapment at local minima.
Neural network techniques have also been applied in solving inverse problems [12, 20]. More recently, a Bayesian
identification technique based on finite element modelling and the properties of propagating waves in multilayered
structures is proposed, which overcomes the limitations of ill-conditioning and non-uniqueness associated with the
conventional approaches [21]. Considering the advantages of GAs, GAs are adopted in this paper.

The paper is structured as follows. In Sec. 2, the proposed methodology is thoroughly described. In Sec. 3, the
scheme is validated using a simple orthotropic plate structure. Finally, Sec. 4 provides concluding remarks.

2. Inverse methodology based on a genetic algorithm

In this section, the GA is used to determine the elastic moduli of a material from its dispersion relations. A
schematic representation of the elastic moduli identification framework based on the GA method is shown in Fig.
1. The mesoscale model based on modified WFE approach [18]is used to calculate the mesoscale dispersion char-
acteristics, which is regarded as the input of an inverse algorithm. The macroscale model based on SAFE method
is used to calculate the iterative dispersion relations. The GWs-based identification of elastic properties is realized
through the minimization of an objective function, which is built on the relative discrepancies between the dispersion
characteristics computed using the mesoscale model and the SAFE method for a tentative set of elastic moduli at the
macroscale. The GA procedure iteratively updates the sets of elastic moduli in the SAFE formulation in order to min-
imise the objective function as presented in [22]. The iteration terminates when the stopping-conditions are fulfilled;
these can be when the value of the objective function for a tentative set of elastic moduli overcomes a threshold or
after completing a predefined number of iterations.
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Figure 1: Schematic representation of the elastic moduli (C;;) identification framework based on a genetic algorithm. The starting point for the
optimization process are the nine statically determined mechanical moduli for the textile composite. The mesoscale wave propagation properties
computed through a modified WFE scheme are compared to the macroscale SAFE estimations incorporating the mechanical moduli. The moduli
are updated iteratively until the mesoscale and macroscale wave propagation properties converge.

In this study, a chromosome is a set of nine elastic moduli (also called C;;) describing the stiffness matrix of the
homogenised orthotropic material. Each individual modulus is a gene. A set of multiple chromosomes is called a
population, as depicted in Fig. 2.

2.1. Initialisation of the homogenisation process

Although it is not necessary for attaining convergence, using an initial guess allows for speeding up the process
(that is given that the initial guess is not far from the solution). Since the material is modelled to obtain its mesoscale
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Figure 2: Chromosomes incorporating the elastic moduli of an orthotropic textile layer. Multilayer structures can be considered with the size of
chromosomes varying accordingly. Nine idependent elastic moduli are included for each layer. These moduli are injected within a macroscale
SAFE calculation and results are compared against the mesoscale derived wave dispersion properties.

dispersion characteristics, it is convenient to use its effective elastic moduli obtained by static virtual testing (method
detailed in [23, 24, 18]) as initial guess but not necessary. A small set of chromosomes of the initial population is
set equal to the initial guess while the rest of the population is randomly generated from a small neighborly interval
whose median value is the initial guess.

2.2. Objective function

The objective function defines the discrepancy between the mesoscopic dispersion relations computed for a textile
composite and the macroscopic dispersion characteristics computed for a tentative set of elastic moduli. It is noted
that any property directly related to the dispersion characteristics of the structure (i.e. the computed wavelength,
wavenumber of wave speed) can be employed within the objective function in Eq. (1) with such correlated quantities
being expected to provide the same effective properties. The identification of the optimal set of elastic moduli is
realised through the minimisation of this objective function. The mesoscale dispersion relations are input to the
GA procedure and are not updated while the macroscale dispersion curves are computed iteratively using the SAFE
method for each updated set of elastic moduli. Different types of dispersion characteristics can be used for comparison:
the wavenumber or the group velocity displayed in Fig. 3 are two possibilities. While the group velocity values are
traditionally used [25, 26, 27] for GA-based homogenisation methods (for the simple reason that this parameter is
straightforward to obtain experimentally), the wavenumber parameter is also a good candidate. In this study, the
wavenumber is used to explore more possibilities.

The error function to be minimised is the Mean of the Relative Error (MRE) for each point of an individual
dispersion curve and is written as follows:

n

MRE(6) = Z

i=1

/1?1850 (0) _ /l;nacro (9)
/l;neso (0)

ey

with A the dispersion parameter which is hereby taken as the computed wavelength (equivalently the phase velocity)
of the considered wave mode. Moreover 6 the angle of propagation of consideration and n the number of compared
data points.

The relative error function is computed separately for the three fundamental modes (Sy, SHy and Ag) and in a
few directions of propagation. The objective function is set to the maximum of any of these values, thus minimising
all modes simultaneously. All modes have to be considered as it would be useless to obtain a set of moduli that
reconstructs one mode only considering that results will be employed within wave interaction with damage modelling
or multiple ray reflection modelling where wave conversion phenomena are predominant. Using the sum of all relative
errors has been considered but revealed itself to slow down the optimisation process. It is noted that while the
formulation is globally applicable to frequency ranges including higher order modes, this study focuses on matching
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Figure 3: Dispersion relations (group velocity plotted in blue and wavenumber in red) of the three first modes in the x-direction of propagation for
a plate constituted of an orthotropic material. Comparisons on the sensitivity of both parameters are provided in Sec. 3 to determine which is best
for this application. (-) Ao, (- -) SHy, (..) So.

the dispersion characteristics within the range where only fundamental Lamb wave modes propagate, since this is the
range typically employed for damage identification.

2.3. Selection and genetic operators

Selection of the portion of existing population to breed. The fitness function is directly derived from the objective
function and determines the likeliness of a chromosome to be selected for the next generation. The selection process
can be visualised as a roulette wheel in which each chromosome covers an area of the wheel proportional to its
probability to be selected. The chromosomes for the next generation are selected one by one by turning the wheel.
All generations population contain an equal number of chromosomes thus a chromosome with a high probability of
selection might be selected more than once to be passed on to the next generation.

Creeping operation. A creeping operation is performed on each new candidate solution. A threshold is established
and a random number is generated. If the random number exceeds the threshold then the considered set of elastic
moduli is randomly scaled in the range of [1-O¢recp, 14+0creepl,s Ocreep being the creep amount. Using this approach also
allows for a search outside the search space.

Single-point crossover of parent chromosomes. Some of the selected chromosomes mate through the crossover pro-
cess to create new offspring whose genes are a combination of its parent’s genes. The crossover rate defines the
number of parent chromosomes to be selected for cross-over. Two parent chromosomes are ‘cut’ at a single random
crossover point and their genes are interchanged.

Mutation of parent chromosomes. Finally some of the chromosomes are mutated to avoid stagnation of the solution
to a local minima. The mutation rate defines the number of genes to be mutated and their positions across the
chromosomes are selected randomly. The genes selected for mutations are each replaced by a newly generated one.

3. Case studies

To show the applicability of the method, it is firstly performed on a simulated orthotropic plate whose theoretical
elastic moduli are known. Its dispersion characteristics are computed using the WFE method similarly to the way it
would for a textile composite. In the following subsections, the elastic moduli are approximated using two different
approaches to validate and compare them. The approach called ‘brute-force’ with the ambitious task of reconstructing
all nine parameters at once is adopted here.
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3.1. Brute-force approach

The thickness of the plate and the density of the material are fixed (0.5 mm and 3212 kg/m?) as known and the
nine elastic moduli presented in Tablel in the ‘theoretical’ column are sought. These moduli represent a unidirectional
carbon fibre reinforced polymer composite whose fibre arrangement makes it slightly non-transverse isotropic. Tablel
shows the results obtained for five different runs of the GA and the percentage of error to the theoretical value. In
order to validate the method, a random set of elastic moduli was used as initial guess for each run. The crossover and
mutation rates are both set to 0.1, the creep amount is set to 0.3 and the generated population size is 50 chromosomes.
The algorithm is launched considering the wavenumber dispersion relations for five runs. Parallel computing is
performed on a 4 cores and 8 Gb RAM system and the algorithm is coded in Python language.

Theoretical | #1 #2 #3 #4 #5
C11 (GPa) 147.36 146.18 | 147.61 | 146.93 | 147.39 | 148.12
error (%) 0.80 0.18 0.29 0.02 0.52
C1> (GPa) 343 2.46 2.93 3.85 3.63 8.64
error (%) 28.23 14.49 12.18 5.68 151.65
C», (GPa) 9.51 8.68 8.21 8.34 9.31 10.11
error (%) 8.71 13.70 12.29 2.15 6.30
C13 (GPa) 3.47 1.11 0.73 1.18 1.77 5.88
error (%) 67.84 78.84 65.85 48.83 69.59
C»; (GPa) 4.02 1.49 1.31 1.01 1.89 4.87
error (%) 63.04 67.49 74.94 52.98 21.17
C33 (GPa) 11.66 5.77 5.19 5.53 4.80 12.89
error (%) 50.52 55.49 52.54 58.85 10.54
Cy4 (GPa) 3.19 3.18 3.36 3.30 3.20 3.21
error (%) 0.20 5.44 3.44 0.31 0.56
Css (GPa) 5.58 5.60 5.69 5.72 5.48 5.59
error (%) 0.35 1.99 2.52 1.88 0.22
Ces (GPa) 4.16 4.13 4.14 4.10 4.13 4.09
error (%) 0.72 0.41 1.51 0.57 1.54
Generations | - 103 118 286 222 222
Time (h) - 25 30 59 49 46

Table 1: Results of the GA for five independent runs for the reconstruction of the elastic moduli of an orthotropic material whose real moduli are
displayed on the left-hand side, when k(w) is considered.

The results are displayed for the wavenumber approach in Tablel. It can be observed that this methodology, while
providing a realistic order of magnitude for the elastic moduli, yields strong relative error for many of them (> 10%).
Some elastic moduli such as C;; and Cg¢¢ however, are in all five runs approximated with a very low relative error
(< 2%), while Cy44 and Css are approximated with a tolerable error (< 6%). One can conclude that these parameters
are extremely sensible in comparison to the others.

Trying to optimise nine coefficients at once is a very ambitious task and the convergence is obtained after many
generations (at least 100) as seen in Fig. 4.a, and thus is computationally taxiing. Moreover, only two elastic moduli
are reconstructed with good accuracy and two more with a relatively low error. One can conclude that this approach
is neither time efficient, nor yields accurate results. However, the objective function value is smaller than 1% at
convergence for each of the runs. This indicates that even though the correct solution was not found, at least a solution
does exist. Therefore, there is a considerable motivation to employ the sensitivity of each individual mode to the
different moduli to optimise a reduced number of parameters at once in the future work.
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Figure 4: Value of the objective function as a function of the generation for the five GA independent runs for the reconstruction of the elastic moduli
of the orthotropic material. k(w) is considered. Convergence is observed for all runs after 290 generations. 100 generations were needed for at least
one run to converge. The horizontal red line is plotted at 1% of error.

4. Conclusions

The GA is presented to reconstruct material stiffness properties of composites based on dispersion characteristics
of Lamb wave in this paper, which combines the advantages of WFE and SAFE. Case study has been selected to
illustrate the strengths of proposed approach. While the brute-force approach showed that the dispersion relations
have a very low sensitivity to some of the moduli if considered altogether. A sensitivity study is therefore hereby
performed in order to uncover the effect of each parameters to be optimised on the dispersion relations in the future.
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