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== Foreword from FGA / UnB

The engineering sector drives and enables the development of a country. The formation
of an engineer allows a technical capacity to evaluate, plan, design, suggest and apply
all possible techniques in search of the best construction of a technological equipment.
Currently, the engineer must be more and more prepared to solve existing problems in
various sectors of society. It is through it that societies grow in search of progress.

The recognition of engineering and the training of new professionals increases every
year in Brazil. In the 2000s, the University of Brasilia (UnB) went through an expansion
process, resulting in the implementation of the new UnB Engineering Campus in the
city of Gama (UnB-Gama, FGA). Five new undergraduate courses were created:
Aerospace Engineering, Automotive Engineering, Electronic Engineering, Energy
Engineering and Software Engineering. The UnB Gama Campus project converges to
increase the education level of the Brazilian population, especially in the five areas of
engineering activity, all in line with current national public policies, aimed at expanding
the population's access to quality higher education in the country.

Following the high quality teaching line, the UnB-Gama campus has the Graduate
Program in Integrity of Engineering Materials (PPG-Integridade). The program has the
following lines of research: Dynamics and Vibrations, Fatigue, Structural Materials,
Biomaterials, Structure Fluid Interaction and Numerical Simulation of the Mechanical
Behavior of Materials. This book series is an initiative of PPG-Integridade - UnB,
organized as a collaborative work involving researchers, engineers, scholars, from
several institutions, universities, industry, recognized both nationally and
internationally.

Beside the high technical quality and relevance of the topics covered in the books, this
series will enable an essential internationalization of the research currently developed
within the University of Brasilia. Several authors from different countries also
contributed to these books, enabling greater interaction between national and
international research groups. This internationalization raises the level of academic
education for new professionals in the field of engineering, in addition to more
advanced scientific research and technological development.

Additionally, this book series features a strong contribution from the industrial sector.
Several professionals from different companies collaborated with the writing of some
chapters in the three volumes that make up this series. These initiatives are of great
strategic importance, as they allow the grouping of different technical capabilities. On
the part of companies in the sector, with knowledge of market demands, and on the part
of universities, by adding the technical-scientific knowledge of their team of researchers
to the improvement of innovative products and services.

This book should be appreciated by anyone in need of knowledge of Materials Integrity.
The completeness of Discrete Modeling and Inverse Methods theory combined with the
Uncertainty Modeling in Structural Integrity makes these books mandatory for
everybody aiming at Direct and Inverse Problems, including model-based and signal-
based inverse problems.

Prof. Dr. Sandro A.P. Haddad, Director
UnB-Gama campus (https://fga.unb.br/)
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Foreword from LAJSS

Book Series in Discrete Models, Inverse Methods, & Uncertainty
Modeling in Structural Integrity

Book Series editors: Ariosto B. Jorge, Carla T.M. Anflor, Guilherme
F. Gomes, and Sergio H.S. Carneiro

This book series represents a commendable effort in compiling the latest developments
on three important Engineering subjects: discrete modeling, inverse methods, and
uncertainty structural integrity. Although academic publications on these subjects are
plenty, this book series may be the first time that these modern topics are compiled
together, grouped in volumes, and made available for the community.

The application of numerical or analytical techniques to model complex Engineering
problems, fed by experimental data, usually translated in the form of stochastic
information collected from the problem in hand, is much closer to real-world situations
than the conventional solution of PDEs. Moreover, inverse problems are becoming
almost as common as direct problems, given the need in the industry to maintain current
processes working efficiently, as well as to create new solutions based on the immense
amount of information available digitally these days. On top of all this, deterministic
analysis is slowly giving space to statistically driven structural analysis, delivering
upper and lower bound solutions which help immensely the analyst in the decision-
making process.

All these trends have been topics of investigation for decades, and in recent years the
application of these methods in the industry proves that they have achieved the
necessary maturity to be definitely incorporated into the roster of modern Engineering
tools. The present book series fulfills its role by collecting and organizing these topics,
found otherwise scattered in the literature and not always accessible to industry.

Moreover, many of the chapters compiled in these books present ongoing research
topics conducted by capable fellows from academia and research institutes. They
contain novel contributions to several investigation fields and constitute therefore a
useful source of bibliographical reference and results repository.

The Latin American Journal of Solids and Structures (LAJSS) is honored in supporting
the publication of this book series, for it contributes academically and carries
technologically significant content in the field of structural mechanics.

On behalf of LAJSS,
Prof. Dr. Marcilio Alves (USP), Editor-in-Chief
Prof. Dr. Rogério J. Marczak (UFRGS), Assoc. Editor
Prof. Dr. Pablo A. Mufioz-Rojas (UDESC), Assoc. Editor
Prof. Dr. Marco L. Bittencourt (Unicamp), Assoc. Editor

I Latin American Journal of Solids and Structures (LAJSS)
ajss.
Lat!nAmgtgan |i:'| (www.lajss.org)

Journal of Solids
and Structures ol
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Foreword from ABCM

The Brazilian Society of Mechanical Sciences and Engineering — ABCM welcomes
enthusiastically the publication of the Book Series in Models, Inverse Methods &
Uncertainty Modeling in Structural Integrity.

The initiative, undertaken by Prof. Ariosto B. Jorge, Dr. Carla T.M. Anflor, Dr.
Guilherme F. Gomes and Dr. Sergio H. S. Carneiro, with the support of the University
of Brasilia, is received by the scientific community as a valuable contribution to the
dissemination of knowledge encompassing the large number of topics covered in the
three volumes of the series.

These topics have been judiciously selected to encompass comprehensively the
theoretical aspects, modeling techniques and numerical methods related to Structural
Integrity, and are presented in a large collection of chapters authored by renowned
experts, from both academia and industry. We gladly realize that many members of
ABCM have contributed as authors.

Besides the comprehensive and well-articulated content, one distinguishing
characteristic of this book series is that it has been conceived to serve both for
educational purposes at graduate level and as an information source for researchers and
engineering practitioners, which amplifies, to a large extent, its utility. Another relevant
feature is that the material is intended to be available to the public in electronic format
at no cost, which highlights the generosity of the authors and editors and their
commitment to the most fundamental academic principles.

On behalf of the scientific community of the field of Mechanical Sciences and
Engineering, ABCM acknowledges the editors and authors of the present book series
for their contribution to the progress of Engineering research and education.

Prof. Dr. Domingos Alves Rade
President of ABCM

On behalf of

Brazilian Society of Mechanical Sciences and

6 I‘“ '} n Engineering (ABCM)

(www.abcm.org.br)

Assomagao Brasileira de Engenharia e Ciéncias Mecanicas
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Foreword from ABMEC

The whole range of topics related to Direct & Inverse Problems and Modeling of
Uncertainties is substantially associated with the needs of the mechanical, civil,
aeronautical/aerospace, nuclear, and naval/oceanic industries. Indeed, they play a core
role in industrial renewal, contributing to productivity and competitiveness. Especially
taking Brazil into account, this book series, conceived as a comprehensive one that
covers these important topics, is very welcome.

These themes are also among the main interests of the Brazilian Association of
Computational Methods in Engineering, ABMEC. ABMEC is concerned with the
application of numerical methods and digital computers to the solution of engineering
problems. Its mission is to promote, foster, and organize activities encompassing the
development and use of such computational methods in Brazil.

We are fortunate to have the opportunity to support this book series as a collaborative
work that intends to involve scholars from different institutions and researchers from
industry, with national and international relevance. We sincerely believe that this work
will provide a common forum for discussion, education, and research information
transfer between the several subjects concerning computational methods in engineering.

Our congratulations to the editors, professors Ariosto Bretanha Jorge, Carla Tatiana
Mota Anflor, Sergio Henrique da Silva Carneiro, Guilherme Ferreira Gomes for this
important contribution to the Brazilian engineering.

Prof. Dr. Felicio Bruzzi Barros
President of ABMEC

On behalf of

b Brazilian Association of Computational
a I I lec Methods in Engineering (ABMEC)
Assoc acao Bras le ra de Memdos (WWW.abmeC.orq . br)
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Abstract

This chapter presents an overview of the Book Series in Direct Methods, Inverse Methods and
Uncertainty Modeling, with focus on its Volume I: Model-Based and Signal-Based Inverse
Methods, and includes an introduction to the different topics in Optimization and
Identification Techniques comprising the several chapters included in this Volume 1 of the
Book series.

1 Book Series in Discrete Models, Inverse Methods, & Uncertainty Modeling
in Structural Integrity: overview

The Book series in “Discrete Models, Inverse Methods, & Uncertainty Modeling in
Structural Integrity” is an initiative of the Post-Graduate Program - Integrity of
Engineering Materials (PPG-Integridade) of University of Brasilia (UnB), organized as
a collaborative work involving researchers, engineers, scholars, from several
institutions, universities, industry, recognized both nationally and internationally.

This book series is an activity related to the Research, Development & Innovation
(R,D&I) Project at UnB, titled: “Technological Demonstration Platform for Inverse
Methods and Uncertainty Modeling Integrity of Structures and Components”, available
at the UnB Central Library (in Portuguese) (Jorge, 2020).

The Book Series project is comprised by three VVolumes:

e Volume | — Model-based and Signal-Based Inverse Methods

e Volume Il — Fundamental Concepts and Models for the Direct Problem
o Part | - Material Modeling
o Part Il - Discrete Modeling

e Volume Il — Uncertainty Modeling: Fundamental Concepts and Models

In Jorge, Ariosto B., et al. (Eds.) Model-Based and Signal-Based Inverse Methods, Vol. 1, UnB
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The different book chapters were elaborated encompassing the relevant project topics,
including chapters covering:

e Fundamentals, including topics such as: basic principles, concepts &
foundations, for the Direct & Inverse Problems (including model-based and
signal-based inverse methods), and for the Modeling of Uncertainties;

e Special Topics, Applications, and Research Review, including topics such as:
research review, state-of-the-art & future trend topics, for the Direct & Inverse
Problems (including model-based and signal-based inverse methods), and for the
Modeling of Uncertainties.

The different book chapters were prepared as a collaborative work by researchers,
engineers, scholars, involved in research, development and applications in the related
areas.

The research areas of interest throughout the book chapters include:

e Modeling of the inverse problem, monitoring & diagnosis / prognosis: models
and methods for inverse problems, optimization methods (including techniques
such as; multi-objective optimization, topology optimization, evolutionary
optimization), Wavelets, Kalman Filter (KF), Particle Filter (PF), Machine
Learning (ML), Artificial Intelligence (Al), Data Science (DS), for applications
such as Structural Health Monitoring (SHM) (including impedance-based and
Lamb Wave-based techniques), Health & Usage Monitoring Systems (HUMS);

e Modeling of the direct problem: mechanics of materials (including metallic
materials, composites), structures (including civil, mechanical naval,
aeronautical structures) machinery design and mechanical components, fracture
mechanics, impact, fatigue, damage tolerance, integrity, mechanical vibrations,
dynamics of structures, computational mechanics, including mathematical
methods and numerical methods for discrete modeling for continuum mechanics
(such as Finite Element Methods (FEM), Boundary Element Methods (BEM),
Mesh-Free Methods (MFM));

e Probabilistic methods and modeling of uncertainties: probabilistic methods in
engineering, Design of Experiments (DOE), Response Surface Methods (RSM),
Risk & Reliability (including structural and system reliability), Uncertainty
Modeling (UM) & Uncertainty Quantification (UQ), Bayesian Approaches
(BA), stochastic Finite Element approaches (Stochastic FEM, Spectral FEM,
Polynomial Chaos), sthochastic optimization, meta-modeling (including
techniques such as Surrogate Models (SM), Reduced Order Models (ROM)),
model Verification & Validation (V&V).

The different models, methods and approaches presented throughout the several
chapters in the three Volumes of this Book Series are intended as an introductory
presentation of some possibilities of methods that could be used in problems related to
integrity of structures and components, and maybe even extended to other engineering
areas, as appropriate. The list of models is not unique, and is neither comprehensive nor
exhaustive, and the reader is encouraged to look for different possibilities of methods
that may be applicable to the particular engineering problem at hand.

In Jorge, Ariosto B., et al. (Eds.) Model-Based and Signal-Based Inverse Methods, Vol. 1, UnB 3
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A common aphorism, often presented as "All models are wrong, but some are useful”, is
usually considered to be applicable to scientific models in general, and to statistical
models in particular. The aphorism recognizes that statistical or scientific models
always fall short of the complexities of reality but can still be of use. The aphorism is
generally attributed to the statistician George E. P. Box, although the underlying
concept predates Box's writings.

The following sections present an introduction to Model-Based and Signal-Based
Inverse Methods, with emphasis on the different topics in Optimization and
Identification Techniques comprising the several chapters included in this Volume | of
the Book Series, as well as their connection and relationship with regard to the whole
setting of methods and models.

2 Volume I: Model-Based and Signal-Based Inverse Methods — context

The detection, localization, classification and identification of parameters and/or
material properties, related to the integrity of structures and components, with and
without defects or damages, involves the modeling of inverse problems, as well as an
adequate modeling and quantification of the uncertainties involved in the problem.

The formulation of the direct problem, of the inverse problem, and the related
uncertainties modeling, needed for an adequate description of the structure and/or the
mechanical component, and of its potential defects or damages, involves
multidisciplinary modeling techniques, whose understanding and proper application
transcends the field of integrity and damage tolerance, being able to serve as a basis for
applications, in other contexts or fields.

Among the application problems of interest for inverse methods, one can cite Structural
health monitoring (SHM) and Health and Usage Monitoring Systems (HUMS).

The monitoring of structural integrity (SHM) is a competitive technique for damage
detection and identification, wherein information is collected online, and compared with
an existing database for an undamaged (“healthy”) structure. From this comparison,
real-time information on the presence of damages can be obtained, including their
localization, size, propagation speed, and, ultimately, the remaining operational life of
the structural component.

The monitoring of mechanical components (HUMS) is a technique which is being used
to follow / accompany the state of the integrity of mechanical systems / components
(Health) and to monitor the appearance of indicators of the presence of damage (usage)
in dynamic systems, such as rotating components (in engines, for example) and in
gearboxes (in mechanical transmission systems, for example). In this case, the
comparison is made between vibration signals from the healthy components
(accumulated historical data) and from the components being monitored, to identify
significant discrepancies in the vibration signals, which could be correlated to specific /
particular / known damages.

The scientific challenge of the modeling of inverse problems, as well as of the adequate
modeling and quantification of the related uncertainties, in a problem of integrity of
structures and components, involves several aspects:

In Jorge, Ariosto B., et al. (Eds.) Model-Based and Signal-Based Inverse Methods, Vol. 1, UnB 4
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e The modeling of the problems (direct problem, inverse problem, uncertainties)
needs to be done, whenever possible, by using more than one technique, for each
case being described, in order to implement, for the particular problem at hand,
model techiques which are independent, complementary, and/or redundant.
Whenever possible, more than one model should be used, for redundancy and/or
comparative analysis, especially in the case of unavailability of prior data for the
healthy structure and/or component.

The techniques used for inverse methods may involve:

i.  Optimization techniques, based on multiobjective optimization models, using
classical optimization techniques (such as Sequential Quadratic Programming
(SQP), BFGS, etc), or evolutionary optimization techniques (such as Genetic
Algorithms (GA), Differential Evolution (DE), etc);

ii. Identification techniques based on Artificial Intelligence, Machine Learning,
Pattern Recognition, Data Science, etc, models (such as identification models
based on Artificial Neural Networks (ANN), for example;

iii.  Models based on the Wavelet Transform (continuous Wavelet Transform
(CWT), discrete Wavelet transform (DWT), with different types and sizes of the
Wavelet window, for example);

iv.  Stochastic models (such as Kalman Filter (KF), Extended Kalman Filter (EKF),
Extended Information Filter (EIF), Particle Filter (PF), Least Squares (LS), etc).

e In several situations, the direct models to be implemented may involve different
problem physics (Multi-physics Modeling), and multiple scales (Multi-scale
Modeling). In such cases, the description for the direct problem may involve coarser
global models, and more detailed local models;

e The computational simulations and the experimental / laboratory tests must take into
account the additional challenge of properly simulating / representing the local
behavior of a complex structure, in the regions of interest, where the defect of
damage is expected to be, or is expected to appear. For example, Fracture
Mechanics (FM) problems and Damage Tolerance (DT) problems cannot be
properly represented by reduced-scale models, as the damaged region must be
represented using full-scale models. In these cases, the computational simulations
(and also the experimental / laboratory tests) are required to reproduce the situation
in the region of the damage using high fidelity local models. Thus, the region of the
damage must be modeled in full scale, with the model also representing properly the
geometry, the mechanical properties, and the real loading in that local region
(loading that is coming from the external loads that were applied in the structure or
in the component as a whole).

¢ In many cases, inverse problems may belong to the category of ill-posed problems,
which represents an additional challenge in the modeling of the problem at hand. In
these cases, the approach for the inverse method may require additional hypothesis
to be made (for problem regularization, for example), or that a meta-modeling
approach is adopted (such as surrogate models, reduced order models, etc),
replacing the original model by the proper meta-model, and then solving this
approximate model for the problem.

In Jorge, Ariosto B., et al. (Eds.) Model-Based and Signal-Based Inverse Methods, Vol. 1, UnB 5
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e The modeling of inverse problems, such as in the case of SHM and/or HUMS, must
take into account the proper modeling of the sensor behavior, and also the
uncertainties associated to these sensors, as well as the simultaneous use of multiple,
independent, techniques for monitoring, with different sensors. The optimal sensor
positioning, to maximize the Probability of Detection (PoD), may be seen as a
topological optimization problem and/or as a stochastic optimization problem.

e The modeling of inverse problems may involve the detection, localization, and
identification of parameters and/or material properties (for example, properties such
as elasticity modulus, Poisson’s coefficient, etc), which may vary through time (for
example, material degradation thought time) and also along the length of the
structure or mechanical component (for example, local changes which may occur in
the material properties and / or mechanical properties of a composite plate, due to
the debonding between the layers of the composite material).

3 Chapter topics in Volume I: Model-Based and Signal-Based Inverse
Methods - presentation

Along this Volume | of the Book Series, several topics related to model-based and
signal-based methods for inverse problems are presented in the several book chapters,
representing the collaborative work from researchers, engineers, scholars, engaged in
research, development and applications in the related areas, affiliated to several
institutions, universities, industry, and recognized both nationally and internationally.

The book chapters in this Volume | of the Book Series are distributed as follows:

Chapter 1: Introduction to Optimization and Identification Techniques for Model-Based
and Signal-Based Inverse Problems

Chapter 2: Overview of Some Optimization and Identification Techniques for Inverse
Problems of Detection, Localization and Parameter Estimation

Chapter 3: An overview of Linear and Non-linear Programming methods for Structural
Optimization

Chapter 4: Overview of Traditional and Recent Heuristic Optimization Methods

Chapter 5: Application of Machine Learning and Multi-Disciplinary/Multi-Objective
Optimization Techniques for Conceptual Aircraft Design

Chapter 6: On a Bio-Inspired Method for Topology Optimization via Map L-Systems
and Fractone Modeling

Chapter 7: Fundamentals on the Topological Derivative concept and its classical
applications

Chapter 8: Ultrasound Obstacle Identification using the Boundary Element and
Topological Derivative Methods

Chapter 9: Fundamental Concepts on Wavelet Transforms

Chapter 10: Application of Wavelet Transforms to Structural Damage Monitoring and
Detection

Chapter 11: Inverse Methods using KF, EKF, EIF, PF, and LS Techniques for
Detection, Localization, and Parameter Estimation
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Chapter 12: Fundamental Concepts for Impedance-based Structural Health Monitoring

Chapter 13: Fundamental Concepts for Guided Lamb Wave-based Structural Health
Monitoring

Chapter 14: Machine Learning and Pattern Recognition: Methods and Applications for
Integrity Monitoring of Civil Engineering Structures

4 Final remarks and acknowledgements

This chapter presents an overview of the Book Series in Direct Methods, Inverse
Methods and Uncertainty Modeling, with focus on its Volume I: Model-Based and
Signal-Based Inverse Methods, and includes an introduction to the different topics in
Optimization and Identification Techniques comprising the several chapters included in
this Volume | of the Book series.

This book series is an initiative of the Graduate Program in Integrity of Engineering
Materials (PPG-Integridade) at the University of Brasilia (UnB), Brazil
(www.pgintegridade.unb.br).

The editors would like to thank PPG-Integridade and UnB for the initiative, incentive
and support for this Book Series project.
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scholars, engaged in research, development and applications in the related areas,
affiliated to several institutions, universities, industry, and recognized both nationally
and internationally.

The editors are grateful and would like to show their appreciation to all the co-authors
of the book chapters, for their participation, dedication, and support.

The book series is published as a digital version, with ISBN provided by UnB, and DOI
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(LAJSS) (www.lajss.org). The scope of the Book series is in the broad areas of interest
of LAJSS, and also of the Brazilian Society of Mechanical Sciences and Engineering
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in Engineering (ABMEC) (www.abmec.org.br). For increased visibility, these three
institutions are encouraging the divulgation of the Book Series project in their websites.
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Figure 18: Pareto fronts for the 100 generations evaluated showing the
convergence process.

Results for the problem, considering that sensors information was not presented in the GA
population, were better than the program where this information was present in the population.
However, the inverse problem solution for the first case presented a high computational cost.
This difference at computational cost occurred because the BEM routine was executed several
times during the run of the damage detection. Finally, better results and small errors were
obtained for third approach, mainly considering the error in the radius of hole.

2.5 An estimate of the location of multiple delaminations on aeronautical CFRP
plates using modal data inverse problem

Structural health monitoring (SHM) is an interdisciplinary field in engineering that deals with
innovative methods of structural monitoring, integrity, and performance without affecting the
structure itself or harming its operation. The SHM methodology uses several types of sensors to
detect the presence, location, and severity of structural damage. Such technology integrates non-
destructive evaluation (NDE) techniques using sensory and intelligent materials to create self-
monitoring mechanisms characterized by greater reliability and longer structural life. The
method is applied mainly to systems with critical requirements regarding structural
performance, where the classical evaluation of localized inspection is costly, difficult, or even
impossible in terms of operationality (Stepinski et al., 2013).

SHM is an innovative form of embedded non-destructive testing (NDT) that can be employed to
directly assess the integrity of aeronautical structures. The principle of SHM is comparable to
that of the human nervous system, where the sensors form a network comparable to the nervous
system, detecting and diagnosing structural damage, mechanical loads, or abnormal conditions.
The aviation company AIRBUS® interrogates its sensors through a diagnostic system “on-
board” or “off-board” and structural condition information is reported to the maintenance team.
In contrast to conventional NDT, there is no need for a qualified inspector to access the
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inspection area and to perform measurements, which in most cases are expensive and time-
consuming. Real data is laid out in Fig. 19 showing a significant amount of damage of an A-320
commercial aircraft. The company manages to overcome this problem by employing SHM
technology, which has shown great potential for reducing maintenance times and costs in some
cases, while also increasing aircraft availability (Wenk & Bockenheimer, 2014).

Currently, there are a number of relevant techniques for identifying and locating structural
damage. Although each technique has its advantages and disadvantages, there is no general
algorithm that can resolve all types of problems in all types of structures. Every technique tends
to be sensitive regarding damage. In other words, a very sensitive technique can produce false
positives, while a less sensitive technique can lead to false negatives, the latter being the most
problematic. Generally, only damage above a certain size (threshold) can be detected
(Montalvéo et al., 2006). Therefore, this research deals with aspects related to the detection of
delamination in structures of composite material using a vibration measurement approach.
Variations in modal behavior strongly indicate structural states, and, when properly analyzed by
efficient methods, can indicate the presence and location of a certain types of damage.

U |||I|i|“||ﬂﬂil

(a) Damage to the (b) Damagetothenose: (c) Damagetothetail: (d) Damage to the
wings: 13% 7%. 5%. doors: 15%.
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Figure 19: Mapping of damage in service to the fuselage of an Airbus A-320
aircraft. Locations with damage are marked in red in positions delimited by
vertical lines (adapted from Wenk & Bockenheimer, 2014)

The premise for these techniques is that damage causes a change in structural physical
properties, especially in stiffness and damping at the damaged locations. These structural
property changes in turn alter the dynamic response behavior of the structure respective to its
initial state. Therefore, monitoring changes in structural response parameters can be an
important tool for assessing structural integrity and identifying damage as early as possible.
Based on the technique used for the measured responses in damage identification,
methodologies can be classified as either “non-model based” or “model-based” (Bayissa &
Haritos, 2007). Model based methods are able to deal with many facets of damage, such as
locating and quantifying the severity of the damage. On the other hand, non-model-based
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methods are often used to identify and locate damage based on two data sets from the
undamaged and damaged states.

The global damage identification problem can be summarized in the flowchart in Fig. 20. In a
first step, we proceeded to manufacture an undamaged plate. This same structure was modeled
via FEM and analyzed according to its modal characteristics in the free vibration test (obtaining
the first natural frequencies at this time). The same procedure was performed on the actual plate
in the laboratory. To do this, modal assay was performed and the natural frequencies were
obtained in the same way. In this step, the real and numerical natural frequencies were
compared. As errors can be associated with the material test (signal acquisition, boundary
condition, material property), an inverse method was performed using a GA to adjust the
properties of the numerical model. This is essential if the numerical and experimental models
are to be in perfect harmony.

Undamaged CFRP Plate Numerical Modelling and
Manufacturing Analysis by FEA

Numerical modal

analysis

Numerical-experimental
properties adjustment by GA

g g

Delaminated CFRP Plate
Manufacturing

1 Step 2: Inverse delamination detection problem
L m L e e - -
! .
Real data of the 1 .. .. FEA and numerical
Optimization Heuristic
damaged structure 1 { damage modal response

|
1
1
1
1
[l e . | 1
[ Initial Population |
f
1
1
1
1
1
1

B T

| Genetic Operators ! NO

[ DELAMINATION IDENTIFIED J

Figure 20: Flowchart of the delamination identification.

The damaged plate (inserted Teflon modeling delamination) was manufactured after
establishing the mechanical properties. Modal experimental analysis was performed on the
damaged structure to obtain the natural frequencies. Once the damaged natural frequencies were
obtained, the GA was used as an optimization tool for minimizing the objective function that
was constructed from the natural frequencies in both the undamaged structure and the
delaminated structure.

As delamination alters structural rigidity, the natural frequencies of the delaminated plate are
expected to be different from the unaltered plate. Therefore, the algorithm begins to apply
random, yet GA controlled damage until the objective function is as low as possible. This
occurs when the natural frequencies of both plates are equal. The algorithm proceeds to the
convergence criterion, and once finalized, the damage is identified.
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The experimental development was carried out in test structures so cordially provided by the
Brazilian Aeronautics Company (EMBRAER®). Two plates were analyzed in the experiment.
The first one was taken as the reference structure, this being a square plate of dimensions
a =1 m, with 16 layers, and with a stacking sequence [0/45/—45/90]4S and a thickness of
t = 0.19 mm in each layer (Fig. 21a). A second plate was then taken, this having the same
geometric characteristics as the first, except for the fact that it exhibited delamination damage.
The plates were damaged by inserting four different sizes of Teflon in eight different locations
(Fig. 21b).

19.05%19.05 msz

25.6%25.6 mm>

6.35%6.35 mm?
12.7x12.7 mm?

(@) (b)

Figure 21: Test structures used in this work, cordially provided by EMBRAER®:
(a) Plate without damage and (b) Plate with damage.

In order to obtain the results, it was necessary to carry out a quality experimental arrangement.
The entire experimental apparatus is shown in Fig. 22, which was integrated with an Impact
hammer, Laser Vibrometer, data acquisition (LabVIEW programming), and signal analysis.

Figure 22: Schematic of the experimental setup.

The method of identifying damage used in this section was developed experimentally. Modal
information was taken on the delaminated plate, and the locations of the inserted delamination
were known. The problem of identifying damage itself was solved by the inverse problem using
genetic algorithms. The approach of solving the actual problem was to minimize the objective
function of Eq. (2).
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where »™ the natural frequency of the delaminated plate, »®* the frequencies that are
calculated by the genetic algorithm in function of the design variables, and i the analyzed
modes.

It is known that the presence of even small delaminations can lead to changes in the resonant
frequencies, and so it is possible to obtain the locations of such damage by minimizing Jey,. It is
also known that variations in the natural frequencies serve as an excellent overall metric for the
structural state. In other words, variations serve as reliable values that indicate whether or not a
damage is present. Although single mode variation analysis does not yield a significant amount
of information regarding the possible location of damage, by contrast, a set of modes can yield
much more information as to the location of structural damage:

The objective function Jey, is composed of the first six nonzero modes. The rigid body modes of
the structure with “free” boundary conditions were not taken into account, and the fundamental
mode (first) presented an undesirable noise level, justifying the choice of modes i = 2, ..., 5.
Similar to the numerical identification problems addressed in this section, the same genetic
operators were used (crossing of 60%, elitism of 1 individual, mutation of 2%, population of 10
times the number of variables, and maximum number of generations equal to 100). The damage
search limits were defined by the maximum number of structural elements (1 < N, < 100) and
the total degree of severity of the plate (0 < a < 1).

Regarding the numerical model in finite elements, and in relation to modeling damage, a level
of severity « is associated with a damaged element. However, when multiple elements are
considered, only a value of a can be considered. As a damaged plate shows extremely small
damage, which in turn has higher performance for large structures, the application of this
methodology seeks to detect at least the approximate location (neighborhood) of the largest
failures (1-in. dimension square). The minor failures (6.35 x 6.35 mm2) correspond to an area of
approximately 0.004% of the total area of the structure. Damage of 1 sg. in. (25.4 x 25.4 mm?)
in turn represents approximately 0.0645% of the total area of the structure. After performing the
modal test to acquire the modal information, the inputs used in the algorithms were the same as
those of the objective function minimization inverse problem Jex, (EQ. 2).

Despite the previous knowledge as to the damage induced on the plate, the algorithm could
neither identify the location of the damage, the severity of the damage, nor the extent of the
damage present in the structure. In this regard, the solution of the inverse problem was
addressed by considering the plate under different failure quantities, i.e., assuming 1, 2, and 8
failures. As such, the idea was to verify the method’s capacity of in identifying the location of
induced damage. Given the aforementioned, the optimization was performed and results were
obtained considering different failure quantities. Figure 23 shows the final results considering
one and two failures present on the plate. Considering the only one failure (Fig. 23a), the
damage was obtained at N = 9. Given its proximity to element N, = 19 and considering the
damaged element, one can observe that there is an extremely narrow search area. The identified
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damage is located in the vicinity of the actual damage. Since each element has an area of
0.1 x 0.1 = 0.01 m?, the area to be inspected is equivalent to 4 x 0.01 = 0.04 (four elements in
the vicinity), that is, 4% of the total area of the plate.

These results in a 96% reduction of the inspected area, thus guaranteeing savings in terms of
time, labor, and in costs associated with inspections. Additionally, Fig. 23b shows two failures
and that the damage was found in elements N, = 10 and N, = 21. Assuming that the real failures
are N, = 22 and N, = 19, the total inspection area is thus equivalent to 8% of the total area of the
board, which again translates to large saving in inspection times, as well as other benefits.

(a) 1 damage (b) 2 damages

Figure 23: Result of damage identification in the delaminated plate considering
1 and 2 present damages (legend: B damage detected, mactual damages)

2.6 Numerical-experimental study for structural damage detection in CFRP plates
using remote vibration measurement

Although composite structures are designed to sustain structural damage, reliable structural
health monitoring (SHM) systems demand the improvement of structural design and
maintenance performance while maintaining safety. Impact damage detection techniques for
SHM ring are widely established; however, the associated costs are high because often the
damaged area cannot be localized, and hence inspection of the whole component is required.
Much research has been conducted to assess the success of non-destructive damage detection
techniques, especially on new composite materials used in the aerospace industry (Mujica et al.,
2008).

The effect of defect or damage to the structural integrity of composite components is essential
for understanding the criticality of the defect. The defects may be grouped into specific
categories according to when they arise during the life of composite structure, their relative size,
location or origin in the structure of the material. Some examples of damage in composites are
shown in Fig. 24. The service components have defects that occur through mechanical action or
contact with hostile environments, such as the impact site overload, local heating, chemical
attacks, ultraviolet radiation, acoustic vibration, fatigue or inadequate action repair. The size of
a defect has a significant influence on its criticality and may be present in isolation from
structural features such as slots and bolted joints, or even a random accumulation resulting from
the interaction between other defects (Talreja & Singh, 2012).
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Figure 24: Some characteristic damage in composite materials: surface bubble
(a), crush on a sandwich panel (b) and delamination (c) (Adapted from Talreja &
Singh, 2012).

Composite structures have excellent performance, although this significantly deteriorates the
presence of damage. Unfortunately damage due to impact events, for example, is difficult to
visually detect, and, therefore, needs methods for non-destructive testing of these structures.
According to (Friswell, 2008), although these materials present other failure modes such as
cracks in the matrix, the fiber breakage or delamination damage these mechanisms produce
changes in the vibrational response similar to a metal structure when there is a damage.
Furthermore, a laminated composite carbon fiber/ epoxy plate was manufactured at
NTC/UNIFEI. The carbon fiber is of the type AS4, unidirectional, GA45 and 5052 epoxy resin
(Huntsman).

The plate was produced by the VARTM process—transfer molding vacuum-assisted resin
symmetrically to 12 layers depending on the orientation of 0° and 90°, i.e., [0/90]3S. Each layer
of the laminate in turn has 0.1824 mm, with the final structure being 2.1886 mm thick. The
orientation of the fibers of this compound is structured symmetrically about the median plane of
the laminate, which means that each layer above the median plane has a layer identical to the
similar distance below the average plane. The laminate was made using a 30 cm2 edge and
subsequently damage was added to the medium, this being a circular hole of 8 mm radius in the
central position of the plate (x = 0.15 cm and y = 0.15 ¢cm), as shown in Fig. 25a.

The mechanical properties of the laminate, used in the design of the numerical model, are the
result of a study on the estimation of material properties for model adjustment purposes. The
numerical results in the following paragraphs will show the process performed for this purpose.
For operational and experimental limitations, the laminated plate was simulated with free
boundary conditions. The assay was then performed with the aid of a laser vibrometer (Brand:
Ometron, Model: VQ-500-D) to avoid contact sensors such as accelerometers and used a
portable system for acquisition of data. Figure 25b shows the experimental scheme used in this
work. The detection method developed in this work, briefly, will take place in two steps.

The circular hole damage type is parameterized by their Cartesian x and y positions on the plate
and the radius r thereof. It is important to note that this damage model is robust and can be
interpreted as a hole by itself or by corrosion, erosion, tooth, etc., where there has been localized
loss of material and stiffness. Other interpretations can be given to this model, but the goal of
the adopted model is to intervene on structural physical characteristics (mass or stiffness) of the
composite in question. The main goal of the optimization procedure is to adjust the fractional
order a and the damaged element number Nen to Obtain the best properties of the damage
identification algorithm.
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(b)

Figure 25: Experimental case: undamaged and damaged composite laminated
plate (a) and Experimental setup of damage detection using contactless
vibration measurement (b).

Figures 26a and 26b show the result of the search performed by the optimization algorithm for
structural damage imposed on the laminate. It is observed that the method was not able to detect
with great accuracy the presence of the hole. This mainly happens because the inserted
structural damage is not sufficiently great as to cause a significant change in modal properties,
in this case the natural frequencies of the laminate. However, the damage is detected at a region
that is not so distant from the actual bore which leads for example, in the case of inspection of
large structures (fuselage of aircraft, for example), a starting point (region with possible
damage) facilitates the identification of the damage.

Following the idea that the plate has a total area of 900 cm?, a rectangular imaginary area (red
dashed line in figure) may be formed in an area covering both real and average damage that
leads to obtaining an area possibly 8.66 cm2 damaged, or the method promotes a reduction in an
area unknown to be monitored to an area already known with possible damage, and less than the
initial, promoting a reduction of about 99% of the region searched in the maintenance process,
repair, identification, etc. It was also observed that the method effectively met along the axis of
the damage location x, with an error of only 0.86%.

According to (Boller, 2000) and (Pawar & Ganguli, 2003) that there is no need to locate damage
to within a few millimeters. The cost and efforts involved in predicting damage to a high-level
accuracy can be prohibitive. In addition, because of measurement, model and signal processing
inaccuracies, systems that claim to predict damage with great accuracy are likely to give false
alarms. Hence, a better idea is to roughly locate damage in the structure and then use standard
NDT methods such as acoustic emission and ultrasound for closer analysis of damaged area.
Modal analysis methods are useful in roughly locating the damage.
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Figure 26: Minimum area covering the obtained and induced damage:
(a) producing a global reduction of area inspection and (b) damage detection
showing a calculated damaged element number near real damaged element

2.7 A sunflower optimization (SFO) algorithm applied to damage identification on
laminated composite plates

The performance and behavior of composite structures can be significantly affected by
degradation caused by exposure to environmental conditions or damage caused by operating
conditions such as impacts and structural loads. As a result, corrosion, delamination, cracking
and other failures occur once the structure is in service. In the case of composite laminates, such
damages are not always visible on the surface, which can lead to catastrophic structural failure.
To ensure the performance and integrity of a structure of high structural responsibility, prior
recognition of damage is crucial.

Traditionally, visual inspection accompanied by some alternative methods is employed to obtain
general information on structural conditions. However, the inspection is limited and time
consuming. The development of a comprehensive on-site health monitoring system that can
inspect a relatively large area, instantly providing reliable, quantitative structural health data
such as type of defect, location, and severity level minimizes and eventually eliminates
drawbacks caused by stoppages for monitoring (Zhao et al., 2007).

The advantage of using metaheuristic is because those methods are zero order methods,
especially designated for nonlinear and multi-modal problems (Mitchell, 1998). In addiction,
when working with optimization in the detection of damages, a functional with multiple local
minimums appear (Gomes, Mendéz, Alexandrino, et al., 2018; Gomes, Mendéz, et al., 2019),
that justify the use.

The cycle of a sunflower is always the same: every day, they awaken and accompany the sun
like the needles of a clock. At night, they travel the opposite direction to wait again for their
departure the next morning. (Yang, 2012) proposed a new algorithm based on the flower
pollination process of flowering plants considering the biological process of reproduction. In
this work, the authors take into account the peculiar behavior of sunflowers in the search for the
best orientation towards the sun. The pollination considered here was take randomly along the
minimal distance between the flower i and the flower i + 1. In the real world, each flower patch
often release millions of pollen gametes. However, for simplicity, we also assume that each
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