VILNIUS GEDIMINAS TECHNICAL UNIVERSITY

Paulius RAGAUSKAS

IDENTIFICATION OF ELASTIC
PROPERTIES OF LAYERED
COMPOSITE MATERIALS

SUMMARY OF DOCTORAL DISSERTATION

TECHNOLOGICAL SCIENCES,
MECHANICAL ENGINEERING (09T)

Vilnius technika 2010



Doctoral dissertation was prepared at Vilnius Gedas Technical University
in 2005-2010.
The dissertation is defended as an external work.
Scientific Consultant
Prof Dr Habil Rimantas BELEVI CIUS (Vilnius Gediminas Technical
University, Technological Sciences, Mechanical Begring — 09T).

The dissertation is being defended at the CouncilfdScientific Field of
Mechanical Engineering at Vilnius Gediminas Technial University:
Chairman
Prof Dr Habil Rimantas KA CIANAUSKAS (Vilnius Gediminas
Technical University, Technological Sciences, Metbal Engineering —
09T).
Members:
Prof Dr Habil Juozas ATKOCIUNAS (Vilnius Gediminas Technical
University, Technological Sciences, Mechanical Begring — 09T),
Prof Dr Habil Algimantas FEDARAVI CIUS (Kaunas University of
Technology, Technological Sciences, Mechanical Begjiing — 09T),
Prof Dr Habil Mindaugas Kazimieras LEONAVI CIUS (Vilnius
Gediminas Technical University, Technological Scis) Mechanical
Engineering — 09T),
Prof Dr Habil Antanas ZILIUKAS (Kaunas University of Technology,
Technological Sciences, Mechanical Engineering® 09
Opponents:
Prof Dr Habil Rimantas BARAUSKAS (Kaunas University of
Technology, Technological Sciences, Mechanical Begjiing — 09T),
Prof Dr Vytautas TURLA (Vilnius Gediminas Technical University,
Technological Sciences, Mechanical Engineering® 09

The dissertation will be defended at the public tingeof the Council of
Scientific Field of Mechanical Engineering in theerfate Hall of Vilnius
Gediminas Technical University at 1 p. m. on 1 ®eto2010.
Address: Saetekio al. 11, LT-10223 Vilnius, Lithuania.
Tel.: +370 5 274 4952, +370 5 274 4956; fax +37A76 0112;
e-mail: doktor@vgtu.lt
The summary of the doctoral dissertation was disted on 31 August 2010.
A copy of the doctoral dissertation is available feview at the Library of
Vilnius Gediminas Technical University (Satdkio ave. 14, LT-10223
Vilnius, Lithuania).

© Paulius Ragauskas, 2010



VILNIAUS GEDIMINO TECHNIKOS UNIVERSITETAS

Paulius RAGAUSKAS

SLUOKSNIUOTY KOMPOZITINIY
MEDZIAGY TAMPRUMO RODIKLIY
IDENTIFIKAVIMAS

DAKTARO DISERTACIJOS SANTRAUKA

TECHNOLOGIJOS MOKSLAI,
MECHANIKOS INZINERIJA (09T)

Vilnius technika 2010



Disertacija rengta 2005-2010 metais Vilniaus Gedanechnikos universitete.
Disertacija ginama eksternu.
Mokslinis konsultantas
prof. habil. dr. Rimantas BELEVI CIUS (Vilniaus Gedimino technikos
universitetas, technologijos mokslai, mechanikdierija — 09T).

Disertacija ginama Vilniaus Gedimino technikos uniersiteto Mechanikos

inzinerijos mokslo krypties taryboje:

Pirmininkas
prof. habil. dr. Rimantas KACIANAUSKAS (Vilniaus Gedimino
technikos universitetas, technologijos mokslai, inaedikos inzinerija —
09T).

Nariai:
prof. habil. dr. Juozas ATKOCITUNAS (Vilniaus Gedimino technikos
universitetas, technologijos mokslai, mechanikdsierija — 09T),
prof. habil. dr. Algimantas FEDARAVI CIUS (Kauno technologijos
universitetas, technologijos mokslai, mechanikdsierija — 09T),
prof. habil. dr. Mindaugas Kazimieras LEONAVICIUS (Vilniaus
Gedimino technikos universitetas, technologijos stk mechanikos
inZinerija — 09T),
prof. habil. dr. Antanas ZILIUKAS (Kauno technologijos universitetas,
technologijos mokslai, mechanikos inzinerija — Q9T)

Oponentai:
prof. habil. dr. Rimantas BARAUSKAS (Kauno technologijos
universitetas, technologijos mokslai, mechanikdsierija — 09T),
prof. dr. Vytautas TURLA (Vilniaus Gedimino technikos universitetas,
technologijos mokslai, mechanikos inZinerija — Q9T)

Disertacija bus ginama vieSame Mechanikos inZiogrimokslo krypties
tarybos poadyje 2010 m. spalio 1 d. 13 val. Vilniaus Gedimitezhnikos
universiteto senato pédziy sakje.

Adresas: Sagtekio al. 11, LT-10223 Vilnius, Lietuva.

Tel.: (8 5) 274 4952, (8 5) 274 4956; faksas (28) 0112;

el. paStas doktor@vgtu.lt

Disertacijos santrauka iSsiundta 2010 m. ruggiio 31 d.

Disertacip galima perdiréti Vilniaus Gedimino technikos universiteto
bibliotekoje (Saudtekio al. 14, LT-10223 Vilnius, Lietuva).

VGTU leidyklos ,Technika“ 1790-M mokslo literaios knyga.

© Paulius Ragauskas, 2010



Introduction

Topicality of the problem

Layered composite materials are how widely appiedarious industries
such as aviation, automotive manufacturing, etcowledge of the elastic
characteristics of composite materials is esseftiahe design and analysis of
structures.

Composites are heterogeneous in opposition to ogtr therefore,
identification of elastic characteristics of laygreomposite materials is more
complicated, but still can be determined by conesat static or ultrasound
methods.

Static testing is based on the strain field measargs. The main
constraints of such tests are the difficulties n$wing proper conditions for
specimens and obtaining homogeneous strain / sfiedds. Usually, several
static tests are needed. For example, three sémtis are necessary to identify
four elastic characteristics of unidirectional lege material. In addition,
majority of laminates are filled with polymer ma##mwhich is viscous — this as
well poses problems for identification of elasti@mcacteristics of composites.
The main problem in ultrasound testing is that teglecomposite materials
often have high damping characteristics and thezetbe ultrasonic wave
diffraction and attenuation yields inaccurate resul

For these reasons, indirect methods of identificatiof elastic
characteristics of materials receive special atiantecently. One of the
methods of indirect identification is measuring stfucture reactions to the
vibration-excitation, and then simulation of thengastructure using numerical
methods with guessed elastic characteristics oEmattrying to obtain the
same structural behavior. Guess of elastic charaiits of the material — test is
formulated as problem of global optimization wheigective function equals
difference between experimental and numerical ahtdrequencies of
specimen.

The proposed technology is based on the double mcahexperiment:
elastic characteristics of material and geometgeabhmeters close to any real
material specimen are selected and converged @oluf eigenvalues is
obtained using finite element method. Then, elastiaracteristics of material
are obtained using the proposed technology. A icekiad of information from
natural testing is involved in these experimentd:all the eigenfrequencies are
retrieved during the experiments, therefore inribhenerical experiments only
the lower eigenfrequencies are included, to reech fnatural experiments as far
as possible.



Thus, proven technology then can be applied fontifieation of elastic
characteristics of real materials.

Current digital-physical and optimization techna&sgof identification of
elastic characteristics of materials are still @velopment and are being used
for non-industrial purposes. The main shortcomifithe existing technologies
is that the elastic characteristics of layered oositp materials are found with
poor accuracy. The Poisson's ratios have the loaeesiracy of identification.

Proposed technology is non-destructive and thezefan be used directly
in manufacturing process. Despite these shortcaniteghnology is developed
intensively in order to create an engineering téml accurate and quick
identification of all the elastic characteristic§ material with sufficient
accuracy.

The object of investigationsSamples of isotropic, composite one-layer
and layered, unidirectional and perpendicular cetéd materials, their elastic
characteristics. Elastic characteristics of maleriare identified by
eigenfrequencies of stimulated samples.

Aim and tasks of the workThe aims of present work are as follow: to
create effective technology for precise identificatof all elastic characteristics
of the sample using global optimization algorithim;investigate identification
accuracy and sensitivity of elastic characteristics

The main task is to develop and perform tests dfirtelogy that would
identify all elastic characteristics of the matkviéth sufficient precision. This
requires:

* to optimize the geometric parameters of the sanipl more accurate
results of identification of elastic characteristic

* to identify mode shapes of the sample and adhest positions in the
objective function to minimize its distortion;

* to create algorithms of the proposed technology/\gerify their capabili-
ties experimentally.

Research methodologyrhe numeric methods are used in dissertation. In
the objective function difference of numerical amatural eigenfrequencies of
specimens is minimized. Data to calculate the divedunction is derived
from natural experiment and finite element methdthe optimization is
performed using genetic algorithms.

Scientific novelty.The two-step technology effectively identifying stia
characteristics of the samples with sufficient aacy is proposed and



programmatically realized. The technology includesver previously in a
single algorithm used sample side ratio optimizatiand mode shape
recognition and their place regulatory in objectivaction tools, which allow
speed up identification of the elastic charactesssignificantly and increase
the accuracy of the results.

Practical value.Developed software tools for identification of takstic
characteristics of various materials with uniforrocaracy. The proposed
technology can be used in research laboratoriesufaeture of composite
materials, which today are fast growing industréadisover the world. Their
products are widely used in aviation, maritime didransport and construction
industries.

Defended propositions

1. The proposed optimization of the geometry of thenda and the
sample mode shape identification allows identibsét characteristics
of material more efficiently and accurately.

2. More accurate solution (elastic characteristica)l¢de found using
several material samples with geometry, optimizedafcertain elastic
characteristic.

Approval of the job.Five reports on the topic of dissertation were
presented in scientific conferences in Lithuanid abroad, and four articles
were published.

The structure of the research papefhe research paper consists of four
chapters: an introduction; literature review; thepmsed technology tests;
technology performance improvements; descriptiotecfinology software and
user interface; summary of results.

The total volume of the dissertation is 110 pag@snumbered equations,
54 pictures, 23 tables and 116 references.

1. Overview of the identification technology of elstic characteristics of
materials and optimization algorithms

The main and the most popular task of identificatiof elastic
characteristics of materials — presently thereadsuniversal method, without
any essential changes suitable for identificatidrelastic characteristics of
many materials. This is caused by the samples usadely their size, shape
and other geometric characteristics. In the teduplproposed in this thesis



offers the usual material elastic characteristicentification algorithm
supplemented with the sample geometry optimizatiools. According to
several tests of the proposed technology and obdhkis of the global practice
optimal samples in common are submitted.

Genetic algorithms for the identification of ma#trelastic characteristics
are selected from all stochastic algorithms revibwre thesis. Deterministic
algorithms are rejected due to unknown objectivection gradients. In other
words, it is too expensive to calculate the derveabumerically.

Solving optimization problems using genetic alduoris properly
identified genetic parameters has significant ifice to precision — number of
generations, crossover and mutation probabilityesl These values have to be
chosen on the basis of the algorithm operatiorstegsenetic parameters for
material properties identification problem are @mwo#dividually according to
the task characteristic and the context of globatfices.

The proposed technology is tested in two phasedifterent materials. In
the first phase elastic characteristics of the rae are identified using
samples with non-optimized geometric parameterg&nTéample geometry is
optimized and elastic characteristics of matemdaésre-identified. The obtained
results are compared with the similar tests resoiied in scientific literature.

2. ldentification technology of elastic characteritics of materials

Elastic characteristics of material are found io steps. The first step is a
natural experiment, a test from which eigenfreqiencof material are
obtained. In the second step numerical and expatatig obtained sample
eigenfrequencies with assumed elastic characteyistare compared.
Discrepancies are minimized in objective functidifférence between natural
and calculated eigenfrequencies). The first stepdeftification of elastic
characteristics is substantially equal for all mate. In the second step number
of identified parameters and used eigenfrequert@pend on problem content.
In optimization procedure the variables are gergdi@meters only.

Sample is suspended on thin strings simulating ée®itions in all the
samples sides. The sample is continuously stinailayepiezoceramic disc and
its surface reaction is measured by laser. Thenfigguencies of sample are
calculated out of surface reaction.

Finite element model of material is updated by aejplg elastic
characteristics till it coincides with eigenfrequess of natural experiment with
the required accuracy. It is considered that elaptoperties of numerical
model of material and natural specimens propedisscides if difference of
the frequencies satisfies allowed tolerance.



Objective functionF(K) of identification of elastic characteristics of
materials problem is:

FEM _ ¢ NE
F(K)= Z(f fNEf - ' 1)

where [f;F™ ] — calculated eigenfrequencies of specimef{] — natural

eigenfrequencies of specimen.

Squared deviations are taken so that the objedtimetion was always
positive. State variables of problem are eigenfeagies, and design variables
are the elastic characteristics of material.

Restrictionsk are applied in order to achieve more effectivebfm
solution:

K™ <k < k™, where i= 1, 2,..., 9. @

After that, the differences between frequenciespEcimen and a digital
model are minimized:

minF = F(x [K]), 3)

where K] — stiffness matrix of the structure- vector of variables.
Classical FEM equation to calculate the eigenfraqigs of specimen:

def[k]-a?[M])=0, (4)

where M] is mass matrix ané — eigenfrequencies.

The full spectrum of eigenvalues is obtained frdm test (natural or
digital). Numerical experiments show sufficient paf spectrum for the
identification of the elastic characteristics of tereals. Equation of
eigenfrequencies is following:

f,(x[K])i =12...,n, ()

wheren — part of spectrum of the eigenvalues.

Data used in the test sample is divided into medwerand enumeration of
parameters, i.e. elastic characteristics. Solutibridentification problem is
derived from the measured independent parametertheofmodel. These



parameters are as follows: the sample lengthwidth (b), thicknesslf), angle
of orthotropy ¢) and eigenfrequencie)( Material density is defined not as a
variable, but as a digital constant. The vectorasfables:

x={a,b,h,y, £} (6)

Stiffness matrix is function of elastic modulEs shear module§& and
Poisson's ratios (quantity of elastic characteristics depends anrtfaterial).
For example, when isotropic material is analyzbd, material is described by
E andv elastic characteristics only; whereas orthotropaterial is described
by nine independent elastic characteristics:

[K] = (B, By, Gy, V12, U3, Uz3, B3, Gr3, Gyg) - (7)

Identification technology of elastic characteristmf materials consists of
three parts. The main part is the proposed techgalbig. 2.1) which consists
of FEM and optimization procedures. These elemants involved in the
sample geometry optimization as well as in idecdifion processes of elastic
characteristics of material. User interface allomanage this technology.
Sample eigenfrequencies are input data, and thdt iesthe identified elastic
characteristics of material, submitted throughuber interface.

FEM model
(ANSYS)
Eigenfre- Identified
quencies of elastic
specimen —> —® properties of
material
: Optimization
User interface procedure

Fig. 2.1.Identification technology of elastic propertiesnafterials

Handling this technology elastic characteristics roaterial, namely
Young's moduleg, , shear modulegij and Poisson's rati0§, are found. The

identification cycle consists of five stages: opaation algorithm, FEM
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simulation (ANSYS package), evaluation of discrepes, inspection of cycle
completion, and the output of results.

Identification technology of elastic characteristimf materials was tested
on four different materials. First was chosen @pit material — aluminum,
then advanced materials such as single layer géags carbon fibers,
unidirectional and perpendicular reinforced mujta laminates. Technology
tests on the advanced materials have revealediatefies, which have led to
solutions to overcome them.

Elastic characteristics of aluminum were identifi@ichble 2.1) and the
results analyzed. Identification technology of gtasharacteristics of materials
identifies all characteristics of an isotropic nmite since all three specimens
used in test were identified with a sufficient asmy, i.e. at approximately
0.1% error.

Table 2.1.ldentified elastic characteristics of aluminum

Elastic | per | sp1| Ao | sP2 | A% | SP3| A %

characteristicg
E,GPa | 68.9| 70.04| 0.016] 68.71 0.003 6824 0.01
Gy, GPa | 26 | 25.89| 0.004] 24.85 0.046 2649 0.018
Vi 0.33 | 0.3526| 0.064 | 0.3825| 0.137 | 0.288 | 0.146

Identified elastic characteristics of the glass eawbon fibers (Table 2.2) show
that the longitudinal Young's modull is found with satisfying accuracy, but
the shear moduluss,5is found with high error because the sample is thin

enough (2 mm) and at such thickness shear modubes dot affect the
eigenfrequencies of sampl&he same goes t&;,G,; andv,; : small sample

thickness yields poor influence on the eigenfregie=

Table 2.2.1dentified elastic characteristics of glass andoarfiber

Elastic Glass fiber Carbon fiber
characteristics Ref. Res. | A, % | Ref. Res. | A, %
E,, GPa 45.2 45.3 0.22| 229.4 228 0.6[L
E,=Ej GPa 10.8 10.8 0.00| 10.8 12 10,00
Gy =Gy3, GPa 4.57 4.54 0.66 4.57 5.16 11.43
-

Gy, GPa 3.96| 6.21 | 3629 3.9 6.74 41
Vi Vs 0.31] 0.321 | 3.39 | 0.32 | 0.348 | 8.01
Vg 036 | 0.384| 6.42] 039 0351 11.02
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As for unidirectional single-layer composite, lotugiinal modulus of
unidirectional layered material is found particljaaccurately (Table 2.3). Out
of plane elastic characteristics are found withrpmzuracy because the sample
thickness does not affect the characteristics of suficient sample
eigenfrequencies. As shown in Table 2.3, the eladtaracteristic of the first
sample are found sufficiently precise, unlike teeand. This could happen due
to physical defects of the second sample. With ggeformance difference the
sample should be rejected as inappropriate.

Table 2.3.ldentified elastic characteristics of unidirectibnaaterial

Elastic LA-UD-SP1 LA-UD-SP2
characteristics| LTLC LT A, % LTLC LT A, %
E,, GPa 171.05 | 169.63| -0.837 171.37 170 -0.806
E,=E;, GPa 10.44 10.24 -1.953 11.20 10.6 -5.660
G1,=Gy, GPa| 6.07 6.19 1.939 6.35 6.15 -3.252
Gos, GPa 7.71 7.22 -6.787 4.57 4.00 -14.250
Vio=V;3 0.48 0.47 -2.128 0.23 0.34 | 32.353

Analysis of identification results suggests tha groposed technology is
appropriate to find some (with high influence te ttample eigenfrequencies)
elastic characteristics of unidirectional layereatenial.

Like the unidirectional layered material, for pemgiular reinforced
layered material to the longitudinal Young's moduls found particularly
accurate, but identification accuracy of the Paissaatio is far too low (Table
2.4). Despite the fact, that Poisson's ratio isébwith sufficient accuracy in
one experiment, the average test results are sfaatry. It is concluded that
traditional technology does not ensure identifmatdf elastic characteristics of
perpendicular reinforced layered material with isight accuracy.

Table 2.4.1dentified elastic characteristics of perpendicukinforced
material

EIaSt'C. . Ref. Res. A, %
characteristics
E,, GPa 23.30 23.362 0.2654
E,=E;, GPa 13.80 14.23 3.0218
G1,=G1:=G; GPa| 2.70 2.71 0.3690
Vi2=V13= Va3 0.217 | 0.2566 | 15.4326

Using traditional material properties identificatitechnology all material
elastic characteristics can be found with suffitiancuracy if mathematical
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model of material is simple (e.g., isotropic). M&ts described by more than
two elastic characteristics are identified withcmsiderably larger error. Tests
have shown that longitudinal Young's modulus ofioi#8 materials can be
found with sufficient accuracy, but other elastlaracteristics are identified
with significantly too low accuracy.

Poisson's ratios and shear modules do not have evident effect on
eigenfrequencies of the sample in opposition to NI modulus. In order to
accurately identify these values a change in gedeaétcharacteristics of the
sample (aspect ratio, thickness, orthotropic angleduld be made; these
changes highlight effect of elastic propertiesigepfrequencies of sample.

Identifying elastic characteristics of unidirecttdrand layered materials
mathematical material models have been simplifrethfthree-dimensional to
two-dimensional eliminating out of plane elasti@adcteristics. This helped to
speed up calculations and obtain more accurateltsessince in the
optimization problem was fewer design variables.

Square samples, as revealed by testing, are ingipgi® for identification
of the elastic characteristics of materials, ay thieserved phenomenon when
two adjacent modes are mirror images of each athdrtheir frequencies are
identical or very close, so there are unnecessdéoymation loaded in objective
function and computation time is prolonged. In orde avoid this in
identification of elastic characteristics of mas¢such modes are omitted.

3. Improving the identification results of elasticcharacteristics of materials

Experiments performed with various materials exgoskortcomings of
the traditional identification technology of elastharacteristics of material,
discussed in the previous chapter. It is suppodest bptimization of
geometrical parameters of sample to certain elastizacteristics of material
will affect identification accuracy.

In the process of identification of elastic chaeaistics of materials the
identification of switched modes has considerabfmicance. During the
calculations changing the elastic characteristfcematerial, a certain (usually
higher order) modes may change their place in sp@ctin search of elastic
characteristics of composite materials at a certambination of design
variables there can be more switched modes, hémeaccuracy of final result
would worsen.

Mode shape identification tool is added to algantlof the proposed
software (Fig. 3.1), as during identification pres®f the elastic characteristics
of material eigenfrequencies can change their semyeso it will distort the
objective function value and the accuracy of reshit order to avoid this
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phenomena a mode forms identifying and regulatiragy tsequence procedure
are created, which determine whether modes aresgyopositioned in relation
to natural experiment results.

Proposed to identify mode shapes and arrangedégirence on the list by
the displacement of the FEM grid points in z axiormalized list of
displacements in z axis of a digital sample ligingparable) is created and
compared with natural samples analogous list (stah)d Similarity of mode
shape is determined if both lists coincide and-wvieesa. Coincident modes are
assessed with the number of overlapping pointsriaiiited by testing, and is
called the overlap factor, expressed as percent.thts mode number in
identification of elastic characteristics of matésiprocess rarely exceeds 15—
20, modes are arranged using simple linear sedgohitam.

First step Second slep
Eigen- | Optimization of Identification of elastic | | Identified elastic
frequencies specimens geometry characteristics characteristics

[

Mode shapes
Used Proposed identification and
interface technology arrangement

Fig. 3.1.Location of mode shapes of sample identificatiothanproposed
technology

In order to fine-tune the algorithm of mode shagentification a number
of tests was carried out and overlap factor wasengentally determined. It
emerged that mode shape identification algorithwegithe best result if
overlap factor is 62%.

If the mode shape does not match with the referesaraetimes it is found
identical to the standard shape, but rotated Byo®@80° angle. Such modes
are called mirrored and both frequencies are edual,forms are mirrored.
Such modes need to be identified and eliminatenh fitte objective function, as
inappropriate.

It is known that the change of Poisson ratio arghstmodule have poor
influence on frequencies of sample compared toratiaerial properties (as it
is shown in Frederiksen works). This leads to atietly large uncertainty in
the process of identification of elastic charastess of material. Under certain
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geometric properties of the sample (plate aspéict, @thotropic angle, sample
thickness), identification of elastic charactedstican be more precise, but
these parameters differ for each material is arglthabe determined before
each identification of elastic characteristics.

The proposed technology was tested by repeatindeFiksen results with
the abstract materiab{ = 1,E, = 0.1,v;, = 0.3,G;, = 0.05,G;3 = 0.05,G,3 =
0.03). Poisson ratio effect on the sample frequnid shown in the scale of
the objective function gradient and sample sideeisgtio (Fig 3.2).
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Fig. 3.2.0bjective function gradient of sensitivity of Pei®'s ratio

The largest digital gradient between two adjacefit®ns using central
difference scheme is searched for. Two objectivietions are calculated with
two Poisson's ratio valuegdv differing from prognostic valuev. Digital
gradient produced by the two objective functionistsacted one from the other
and divided by the step of Poisson's ratio:

0T T-Ty
ov dv

AT (8)

In the first stage of optimization problem approaim elastic
characteristics of material (or similar known mat@rare used. Then the
geometric characteristics of the sample are opéichim order to increase
sensitivity of eigenfrequencies of specimen toaiarelastic characteristic, or
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in other words, the maximum gradient of the objectfunction change is
searched for sample aspect ratio, orthotropic asgie/ or sample thickness:

max AT(X) . 9)
With restrictions:

a = const
1
—a<bh<a
4

1 1 - (10)
—a<h<s—a
100 10

0° < y<90

To identify all the material elastic characteristaccurately, a number of
different specimens of the same material shouldpbepared, which will
highlight effect of desired elastic characteristicpecimens eigenfrequencies.

Based on the world practice of elastic characiesisidentification the
results of research are directed to the Poissamid#ntification, since previous
experiments revealed, this elastic characteristigs viound insufficiently
precisely.

For illustration of the proposed technology two dirgctional single-
layered, unidirectional and cross-ply layered cosigomaterials were selected.
The Poisson's ratio of the materials was identifietbre and after optimization
of geometry.

Identification error of Poisson's ratio of gladseii sample decreases from
3.39% to 0.91% after sample geometry optimizatibab(e 3.1). Carbon fiber
sample from 8.01% to 0.04% after sample geomettiynigation respectively.

Table 3.1.1dentified elastic characteristics of glass andoarfiber

Elastic Glass fiber Carbon fiber
characteristics Ref. Res. | A, % | Ref. Res. | A %
E,;, GPa 45.2 45.2 0.01] 229.4 229.0 0.17
E,=Ej GPa 10.8 10.8 0.05| 10.8 12.00 10.01
Gy, =Gy3, GPa 4.57 4.57 0.00 4.57| 5.14 11.09
G,3, GPa 3.96 5.18 | 2359 3.96 4.08 2.94
Vi>=Vi3 0.31 | 0.3129| 0.91 | 0.32 | 0.3199| 0.04
Voz 0.36 | 0.4202] 14.33 0.39 0.4879 20.06
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After the unidirectional 16 layers composite sang#@emetry optimization
Poisson's ratio identification error decreased fr21t28% to 1.266% (Table
3.2). Due to optimization of geometry of cross plgmposite specimen,
identification error of the Poisson rate has dexdafrom 15.4326% to
4.4053%. Although the sample was optimized in ortterhighlight the
Poisson's ratio effect only, that shape of the d$anmcreases the Young's
module identification error: module;Brom 0.2654% to 6.2374% and the
module from & 3.0218% to 16.554% respectively.

Table 3.2.ldentified elastic characteristics of unidirectibaad cross-ply

Elastic LA-UD-SP1 Cross-ply
characteristics| Ref. Res. | A, % Ref. Res. A, %
E;, GPa 171.05| 171.42 0.2158 23.83 24.85 6.237V4
E,=E; GPa | 10.44 | 10.46| 0.1912 13.4 11.84 16.554
Gy, =G5, GPa| 6.07 6.06 | 0.1650 2.7 2.71 0.369
G,3, GPa 7.71 6.59 16.99 - - -
Vio=Vi3 0.48 | 0.474 | 1.266| 0.217| 0.2270| 4.4053

Sample geometric parameters, namely aspect ratiootmpic angle and
the thickness, shall be particular, because theepee of one or another of
these parameters value improves or worsens ideatidn of certain elastic
characteristics. Optimization of the sample geoitetparameters focus on the
identification of Poisson’s ratio, as in previougperiments this elastic
characteristic was found with poor precision. Expents exposed that the
Poisson's ratio of sample with optimized geomeltnimameters is identified
from 2 to 8 times more accurately in comparisomh#® non optimized sample
results. Experiments also exposed that for idesatiion of elastic
characteristics of material may be needed some Isangh the same material
optimized to highlight the desired elastic chardstie, because optimization of
the sample for one elastic characteristic may wotbe identification of the
remaining characteristics.

4. Description of the software

The "GAlib" software, GA package, developed by Matr Wall
(University of Massachusetts Institute of Technglodgs used for thesis
problem solution.

"GAlib" library uses two main classes: a genome @#l Each genome
(an individual) represents single solution of thelpem. GA simulates the
evolution mechanisms, the individual survival ie telection process, defines
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the objective function; for the development of nidividuals uses genome
operators and selection strategy.

There are many different types of GA, but "GAlibtiudes three: simple,
steady-state and incremental. These algorithmerdifi the way that they
create new individuals and replace old individudising the course of an
evolution. "GAlib" provides two primary mechanisnier extending the
capabilities of built-in objects. The most accefgatiom C++ programming
language point of view is that it is possible teide custom classes and define
new member functions. If only minor adjustmentshe behavior of a "GAlib"
class need to be made, it is possible to definmglesfunction and indicate
existing "GAlib" class to use it instead the praddone.

Identification tool of elastic characteristics ofterials consists of three
main parts. For management of program tools anafrimdtion control panel
was designed.

For managing the identification tool of elastic @weristics of material
and convenience of usage the user interface wasecreUser interface has two
main branches: identification of elastic charasters of material and
optimization of sample geometrical parameters speet to selected elastic
characteristic.

Once selected to identify elastic characteristi€ssome material the
settings window appears in which the user has tase sample geometric
parameters, the density of material, modes use@ntifihble elastic
characteristics and their search limits. On themfaecommended genetic
parameters are given, nonetheless user can adgrst since they may differ
for each task.

While algorithm calculates elastic characteristiof material the
identification process is indicated. Elastic chésgstics, obtained objective
function values of each individual's and the begitfon to the file are recorded
after the work is completed. Average of each geimeravalue is provided. It
shows how solution converges and, if this is neaclenough, user can adjust
the genetic levels.

General conclusions

The conventional algorithm of identification of si@ characteristics of
material is supplemented by the tool of sample gggnoptimization as well
as the instrument of mode shapes regulation inspgeetrum. The proposed
technology is tested with several different matsri&ome experiments and
theoretical calculation were performed and theofsihg conclusions were
made:
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1. Updating the mathematical model with preliminary astic
characteristics of material during calculationsgeatain usually higher order
modes can change their places in spectrum. It wasdf that the objective
function would be distorted by comparing differembde frequencies and result
would have poor accuracy. As a solution of thisbpgm the algorithm is
proposed, which identifies and arranges modes énsfiectrum prior to the
calculations of the objective function.

2. It is known, that the influence of Poisson's rdtiche frequencies of
the sample is low. Changing the side aspect rattb athotropy angle of the
sample was noticed, that certain combination of¢hgarameters increases the
influence of Poisson’s ratio. For each materiabéhparameters are different.

3. Several specimens optimized to highlight the ddsirelastic
characteristic of the same material may be requiceddentification of the
elastic characteristics of material. Optimizatiohsamples to highlight one
parameter, though, may lead to worse identificatiesults of the remaining
elastic characteristics.

4. Optimized geometry of the samples vyields higherusmzy of
identification of Poisson ratio: from two (laminajeto eight (single layered)
times better in comparison with the results of optimized samples.

5. Numerical tests revealed that the genetic algoritsmeffectively
adapted for identification of elastic charactecstf materials and optimization
geometrical parameters of samples, used in ideatidin.

6. More than 500 tests have been performed and itnetised, that the
solution depends on the parameters of genetic itigor Recommended
optimal values of genetic operators is: crossoved.9; mutation — 0.1 of
probability, the smallest number of populations59,2the minimum size of the
population — 10 individuals.

7. The proposed technology can easily be adapted ewtifitation of
elastic characteristics of different materials g&nand multi-layered). The
technology can be used with various FEM packagesifeercial and open
source). It is recommended as an effective toolidentification of elastic
characteristics of materials.
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SLUOKSNIUOT U KOMPOZITINI U MEDZIAG U
TAMPRUMO RODIKLI U IDENTIFIKAVIMAS

Problemos formulavimas Sluoksniuotos kompozités medziagos Siuo
metu vis pldiau taikomosijvairiose pramoés Sakose, pavyzdZiui, aviacijoje,
automobiliy gamyboje ir kt. Projektuojant ar analizuojant karaitiniy
medziag konstrukcijas btina pakankamai tiksliai Zzinoti $i medziag
tamprumo rodiklius.

Sluoksniuoty kompozitinip medZiag tamprumo rodiklius surasti yra
Zymiai sudtingiau nei izotropini, nes Sios medziagos yra neviengyiT okiy
medziag, tamprumo rodikliai gali @ti nustatomiiprastiniais statiniais arba
ultragarsinio tyrimo metodais.
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Statiniai tyrimai remiasi deformaaqij lauko matavimais. Pagrindiniai
tokiuose bandymuose kylantys keblumai — sunku gacdintinkamas krastines
salygas bandiniams, gauti viendlys deformaciy/itempimy laukus.
Dazniausiai btina atlikti kelis statinius bandymus. Pavyzdziurint nustatyti
keturis vienakrypts sluoksniuotos medZiagos tamprumo rodiklius retkija
statinip bandymy. Be to, daZnoje sluoksniuotoje medZiagoje uZpilges
polimerine medziaga,iprastai pasizyminti valkSnumu — tai taip pat kelia
problemy nustatant medziagos tamprumo rodiklius.

Pagrindit  problema ultragarsiniuose tyrimuose — sluoksnisioto
kompozitines medziagos daznai pasizymi aukStomis slopinimoytssmis,
todkl ultragarso bangdifrakcija ir slopimas lemia netikslius rezultatus

D¢l Siy priezagiy netiesioginiai medziag tamprumo rodikhy
identifikavimo metodai pastaruoju metu sulaukia tygo dcmesio. Vienas i$
netiesiogini, tamprumo rodikly identifikavimo metod yra strukfiros reakcij
1 vibracin suZadinim matavimas ir #liau, modeliuojant ¢ paia strukfira
skaitmeniniais metodais ir gant medziagos tamprumo rodiklius, bandymas
gauti y paia strukiiros elgsen Medziagos rodiklp spejimas — bandymas
formuluojamas kaip globaliojo optimizavimo uZdawnykurio tikslo funkcija
yra negrysis tarp bandymais gauir skaitmeniniais metodais suséaioty tam
tikry tikriniy dazniy.

Sukurta technologija pagta vykdant dvigu$ skaitmenip eksperiment
parenkami artimi kuriai nors realiai medZiagai taompo rodikliai, artimi
praktiniams bandiniams geometriniai jparametrai, ir baigtini elemeng
metodu gaunamas konvergawikriniy reikSmi; uzdavinio sprendinys. &fau
sukurtja technologija bandoma gauti tuos ¢p@ medziagos tamprumo
rodiklius. Vykdant Siuos eksperimentus pasitelktan ttikra informacija i3
nafiriniy bandyny: juose pavyksta nuskaityti ne visus tikrinius dagfmodas,
todkl i skaitmeninius eksperimentitsaukiami tik tiek Zemesnjy dazniy, kiek
ju paprastaimanoma nuskaityti natiniais bandymais.

Taip patikrinta technologija éliau gali hiti taikoma reali medziag
tamprumo rodikky identifikavimui.

optimizavimo  derinio medziag tamprumo rodikk identifikavimo
technologijos yra ne pramorm paskirties, nuolat tobulinamos. Pagrindinis
esany technologij trikumas — sluoksniugtkompozitini medziag tamprumo
rodikliai joms surandami nepakankamu tikslumu. Eleasiai iS5 tamprumo
rodikliy surandami Puasono koeficientai.

Minéta technologija yra neardanti, tddgali bati taikoma tiesiogiai
gamyboje. Nepaisant mity trakumy technologija intensyviai vystoma siekiant
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sukurti inZinerin jrankj, leidziant tiksliai ir greitai surasti norimos medziagos
visus tamprumo rodiklius pakankamu tikslumu.

Tyrimy objektas Darbo tyrimy objektas — izotropimi, kompozitini
vienasluoksnj ir sluoksniuot, vienakrygiy ir statmenai armuqt medZiag
bandiniai, ji tamprumo rodikliai. Bandiniai priverstinai Zadinasiekiant gauti
ju tikrinius daZnius, i§ kugi randami medZiagos tamprumo rodikliai.

Darbo tikslas ir uzdaviniai. Pagrindinis darbo tikslas — panaudojant
globalaus optimizavimo algoritmus sukurti efektyveéchnologij, leidziartia
vienodu tikslumu surasti visus bandinio tamprumdikiius. IStirti bandinio
geometrini paramety jtaka medziagos tamprumo rodikliidentifikavimo
tikslumui.

Pagrindinis darbo uZdavinys yra sukurti ir iSbandgchnologip, kuri
leisty vienodu tikslumu rasti visus bandinio tamprumoiktids. Tam reikia:

» optimizuoti bandinio geometrinius parametrus isiak tikslesny
tamprumo rodikky identifikavimo rezultat;

» atpaZinti bandinio magd formas ir reguliuoti y viets tikslo
funkcijoje siekiant sumazinti tikslo funkcijos i&pymus;

e sukurti padilyty technologii igyvendinimo algoritmus ir
eksperimentiSkai patikrintijjgalimybes.

Tyrimyg metodika. Darbe taikomi skaitiniai tyrimo metodai. Tikslo
funkcija yra skaitinio ir nairinio bandyny dazniy skirtumas, kur siekiama
minimizuoti. Duomenys tikslo funkcijai skauoti gaunami natriniu bandymu
ir baigtiniy elemend metodu. Optimizuojama genetiniais algoritmais.

Mokslinis naujumas.Pasiilyta ir programiskai realizuota dviggingsniy
technologija, kuria efektyviai pakankamu tikslunamdami bandini tamprumo
rodikliai. Technologija apima an&swu viename algoritme nenaudotus bandinio
krastiniy ilgio santykio ir ortotropijos kampo optimizavimenod; formos
atpazinimo ir y vietos reguliavimo tikslo funkcijojdrankius, kurie leidzia
padidinti tamprumo rodikij identifikavimo tikslum.

Praktiné vert. Sukurti programiniaijrankiai, skirti jvairiy medziag
tamprumo rodikkp radimui pakankamu tikslumu. Si technologija gaiitib
panaudota mokslinityrimy laboratorijose, kompozitinimedZiag gamyboje,
kuri Siandien yra viena iS sg@ausiai besivystafiy pramors Saky pasaulyje.
Jos gaminiai pkéai naudojami aviacijoje, sausumosry ir keliy transporto,
statybos pramass Sakose.
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Ginamieji teiginiai

1. Pasilytas bandinio geometrijos optimizavimas ir bandinnod;
formos atpaZinimas leidZia efektyviai ir tiksliaiasti medZiag
tamprumo rodiklius.

2. Keletas vienos medZiagos bandinkuriu geometrija optimizuota tam
tikro tamprumo rodiklio jautrumui leidZia surastkdlesni sprendit
(tamprumo rodiklius).

Darbo rezultay aprobavimas. Disertacijos tema perskaityti penki
praneSimai Lietuvos bei kitSaliy konferencijose ir paskelbti keturi straipsniai.

Darbo strukizra ir apimtis. Disertacip sudaroijvadas, keturi skyriai:
literatiros apzvalga, medziagamprumo rodikli technologijos apraSymas ir
praktiniai pavyzdziai, gautrezultat, gerinimas ir sukurtos prograngsirangos
aprasymas.

Darbo apimtis yra 110 puslapi tekste panaudotos 32 numeruotos
formulés, 54 paveikslai ir 23 lented. RaSant disertagijpuvo panaudoti 116
literatoros Saltini.

Bendrosios iSvados

Iprastinis medziag tamprumo rodikly identifikavimo algoritmas
papildytas bandini geometrijos optimizavimo ir madformos reguliavimo
spektre jrankiais. Siloma technologija patikrinta su keliomis skirtingism
medziagomis. Atlikus eksperimentus suformuluotos $vados:

1. Skatiavimy eigoje atnaujinant matematinmedziagos modgel
preliminariais tamprumo rodikliais, tam tikros, pagtai aukStesis eiks,
modos gali keisti savo vietas tikrinidaznip spektre. Nustatyta, kad to
nevertinus, tikslo funkcijoje ity sugretinami skirting mody dazniai, @l to
nukengty galutinio rezultato tikslumas. Sios problemos sgimui pasilytas
algoritmas pries tikslo funkcijos sk#&vimus atpajstantis modas ir pagal
nafirinio bandymo duomenis jas surikiuojantis spektre.

2. Zinoma, kad Puasono koeficieniiaka bandinio tikriniams daZzniams
yra menka. Keaiant bandinio kraStimi ilgiu santyk ir ortotropijos kamp
nustatyta, kad Sio tamprumo rodikligaka padidja esant tam tikram
geometrini paramety deriniui, kuris kiekvienai medziagai yra skirtirgga

3. leSkant medZiagos tamprumo rodikigali bati reikalingi keli tos
patios medziagos bandiniai, optimizuoti norimo tampounrodiklio
iSrySkinimui. Bandinio optimizavimas vienam kuriamrs dydZiui gali lemti
prastesnius likusjy rodikliy radimo rezultatus.
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4. Optimizavus bandini pasirinktus geometrinius parametrus Puasono
koeficientas surandamas nuo 2 (sluoksniuotoms ragdais) iki 8 katt
(vienasluokséms) tiksliau, palyginus su neoptimizuoto bandirgéauitatais.

5. Skaitiniai bandymai pareg kad genetiniai algoritmai yra efektyviai
pritaikomi medzZiag tamprumo rodikly paiesSkai, naudojam bandiniy
geometriniams parametrams optimizuoti.

6. Atlikus daugiau kaip 500 skaitipi bandymy buvo pastelta, kad
uzdavinio sprendinys priklauso nuo genetinio almooi parametr.
Rekomenduojamos optimalios genatiroperaton reikSmes: kryZzminimo —
0,9, mutacijos — 0,1 tikimys, maziausias populiagij skatius — 250,
maziausias populiacijos dydis — 10 indiyid

7. Sinloma technologija gali i pritaikoma jvairiuy medziag
(vienasluoksnj ir sluoksniuot) tamprumo rodiklp radimui. Joje galima
naudoti jvairius baigtinip element metodo paketus (komercinius ir atvirojo
kodo). Rekomenduojama kaip efektyvi prierdanedziag tamprumo rodikl
radimui.
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