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Abstract

Structural health monitoring (SHM) is a competitive approach for damage detection in aircraft
structures, wherein online information is collected and compared with an existing database for
the undamaged structure, to obtain real-time information about the presence of damage. The goal
of this research is to develop numerical models of inverse problems under uncertainty for
damage detection in aircraft structures, which could later be part of an on-board system for
SHM. In this work, the numerical modeling has two main branches: I. The direct problem: a
numerical model (using Finite Element Method - FEM, or Boundary Element Method - BEM) is
required to obtain information on the distribution of the quantity of interest throughout a given
damaged structure. The numerical model of the direct problem is expected to reproduce the
reality of an aircraft structure. Il. The inverse problem: a model is required to locate the
structural damage given the information on the quantity of interest at particular locations (sensor
locations). To increase the reliability of the detection approach, a combination of independent
optimization and identification procedures can be used. Il — The modeling of uncertainties: the
treatment of the stochasticity in the problem variables and parameters may include procedures
such as response surface methodology (RSM) and Monte Carlo simulation (MCS), and is
embedded in the inverse problem techniques, such as multi-objective stochastic optimization,
artificial neural networks (ANN) and Kalman filter (KF). Related to this project, some inverse
methods with application to potential problems were developed and discussed in this word.
Although originally developed for a different context, the inverse methods developed could be
extended to structural problems. Also related to this project, an initial study was performed for
the direct problem of analysis of vibration data related to dynamic components of a helicopter,
on the context of HUMS — Health and Usage Monitoring Systems. Although the monitoring of
dynamic components in HUMS is more concentrated on forced vibration analysis, several
aspects of the discussion of this type of direct problem could be extended later for structural
vibration analysis.

1. Introduction / research outline

1.1 Background

Aircraft structures are subject to damage during their useful life. The timely detection of
damages in aircraft structures is an important feature for flight safety. The usual inspection
procedures during regular maintenance intervals may lead to problems such as:

e Inspection intervals might be too large, thus allowing damage to propagate unnoticed for an
unacceptable time interval or through an unacceptable extension;

e Critical structural components might be difficult to access, thus imposing disassembly /
assembly procedures which are time-consuming and expensive, sometimes requiring jigs and
other special tools for proper assembly of the structure;

e Some non-destructive techniques (such as eddy current, for example) may be portable, not
requiring full disassembly of the structure, but might be inaccurate or might depend strongly
on the technician’s experience for a damage to be detected properly;
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e Other non-destructive techniques (such as X-Ray, or magnetic particles, for example) might
require full component disassembly and removal to an industrial facility to perform the
structural inspection.

e Some structural components, for example those made of composite materials, may present
internal damage which is difficult to detect using standard inspection techniques, as
ultrasonic tests.

1.2 Scientific Challenge

Structural health monitoring (SHM) is a competitive approach for damage detection, wherein

online information is collected, compared with an existing database for the undamaged structure,

and from this comparison, real-time information about the presence of damage is obtained, its

location, length, speed of propagation, and, ultimately, the remaining operational life of the

structural component.

Some challenges related to an efficient on-board structural health monitoring system include:

e The system must be small in size and weight, must consume a small amount of power, and
must not interfere with the aircraft electrical system;

e The system must be reliable, and the information on the located damage must also be
reliable: thus, the system must have redundancies in the built-in numerical codes, which must
be based on separate independent numerical models.

1.3 Research Objective

To study and develop numerical models of inverse problems for damage detection under
uncertainty in aircraft structures, which could later be part of an on-board system for structural
health monitoring.

The research includes modeling of the direct and inverse problems, and the related uncertainties.
This on-going research is an extension of a previous research work, now including modeling
under uncertainties. The general objective is to model structural health monitoring (SHM)
techniques for a representative real structure being simulated, with uncertainties in the material
properties, loading and damage parameters. The goal for the direct model is to reproduce the
behavior of an aircraft structure; the goal for the inverse model is to obtain reliable damage
information, using a combination of independent optimization and identification procedures to
infer damage location and size; and the goal for the modeling of uncertainties is to compare
algorithm robustness and sensitivity to randomness in problem variables and parameters, for the
identification and probabilistic methods. Related to this project, technical reports, research
papers and student thesis/dissertations were developed, involving inverse methods with
application to different types of problems, such as potential problems, and also involving the
analysis of different direct problems, such as the analysis of vibration data related to dynamic
components of a helicopter, on the context of HUMS — Health and Usage Monitoring Systems.

1.4 Air Force Relevance

The research is concentrated in numerical models for inverse problems under uncertainty. The
timely detection of damage is an important feature for flight safety. The codes developed for
damage detection in aeronautical structures could be part of an on-board system for SHM. This
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research is also relevant in aircraft maintenance, with the possibility for using such on-board
SHM system as a substitute for some costly structural inspections during regular, scheduled
maintenance. An initial analysis of collected data was also performed, on the context of forced
vibration of dynamic components.

1.5 Approach

The approach in this research work is to investigate the feasibility of numerical procedures for

damage detection in aircraft structures. The numerical modeling consists of three main parts:

I. The direct problem: a model for the structure is required to obtain information on the
distribution of the quantity of interest (for example, the acoustic pressure or the stress field)
throughout the structure, given the boundary conditions and the presence of the damage.
The Finite Element Method (FEM) and the Boundary Element Method (BEM) can be used
as alternatives for modeling the structure. Some possibilities for these models are the
elastic modeling of cracked plates, and the acoustic modeling of damaged plates (may
include acoustic propagation from a generated signal or from aerodynamic noise). The
advantages of the Boundary Element Method over other numerical methods (such as finite
elements) are well known from the literature, especially for the treatment of high gradient
problems, such as the stress gradient due to cracks. The numerical models for potential,
acoustics, or elasticity can be used in combination or independently, to simulate the
multiple physics present in lamb waves, stress waves, acoustic emission, etc, involved in
the usual structural health monitoring (SHM) techniques ([1] — [3]).

Il. The inverse problem: a model is required for the procedure of locating the damage in the
structure given some (partial) information on the quantity of interest (for example, the
stress field) at some particular locations (for example, sensor locations). For this inverse
problem, both optimization and identification techniques can be used. The optimization
procedure minimizes a functional, obtained from differences between measured values and
values generated by the numerical code at different assumed damage locations. The
minimum value of the functional will occur when the distance between the real damage and
the assumed damage location in the numerical code is also a minimum, thus giving an
indication of the damage location and size. Some possibilities to model this optimization
problem include heuristics such as evolutionary algorithms (genetic algorithms, or
differential evolution, for example). Additionally to the optimization procedures,
identification techniques, such as artificial neural networks (ANN) and Kalman filter (KF)
procedures, can also be used for the inverse problem, by setting the desired location and
size of the damage as parameters to be identified.

I1l. The modeling of uncertainties: both the direct and the inverse problems are in fact
stochastic, and involve some level of treatment of the randomness of the parameters and
variables of the models. Certain variables in the problem (such as aerodynamic loads) and
some parameters of the structure (such as elastic properties and constitutive behavior) do
not present determinist values and must be treated as random variables, or must be
identified. For the treatment of the stochastic nature of the problem, parameter
identification procedures (such as Kalman filter) and stochastic optimization procedures
(such as Response Surface methodology, or Monte Carlo simulation) may be used. For a
given objective function to be optimized (written as a response surface, for example), its
randomness (for example, given by its variance) can also be expressed as another objective
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function (written as a separate response surface, for example). Thus, a stochastic
optimization problem can be recast as a multi-objective optimization problem. Procedures
to obtain the response surfaces might include design of experiments combined with
regression, or the learning of the structural behavior through a neural network procedure.

1.6 Resources / Research team

This report refers to a three-year period (2010-2013) of an on-going research. The research work
is being developed at the Computational Mechanics group at UNIFEI. The research is
concentrated in the use of optimization and identification techniques for the inverse problem, and
in the modeling of uncertainties. Research team includes Professors Ariosto Bretanha Jorge (PI),
Sebastido Simdes da Cunha Jr., Patricia da Silva Lopes and André Garcia Chiarello, and also a
couple of graduate students. Some of the previous research (2006 to 2009) in this area has been
performed also with the support from AFOSR, mostly concentrated in deterministic Boundary
Element Methods, for the direct problems, and in Genetic Algorithms, for the inverse problem.
During the three years of the project, the research also lead to advising of graduate students in
related areas, concentrated in the use of deterministic and stochastic optimization and
identification techniques for a given direct modeling (elasticity and acoustics, for example), the
modeling of uncertainties and a a combination of FEM and BEM as direct models.
Some collaborative research work was also established, related to this project:
with Prof. D. Greg Walker, at VVanderbilt University, including the co-advising of a graduate
student in inverse methods for parameter identification techniques for mechanical systems.
This collaborative work was concentrated in comparing different techniques (Kalman filter,
particle filter, etc) and different measurement models for a transient heat transfer problem
with a concentrated heat source (which could be considered, in terms of the study of the
inverse method techniques, as similar to a problem with concentrated load). Several
conference papers were presented, and several journal articles were published, as a result of
this collaborative research work.
With Prof. Marcelo Kobayashi, at University of Hawaii, on the use of topological
optimization techniques associated to the damage detection problem. The research is in its
initial phase, and the goal of the research in this topic is to recast the problem of finding the
optimum number and location of sensors (to maximize the probability of detection or another
variable of interest) as a topological optimization procedure, where the topology will be the
number of sensors, the dimensioning of the elements will be the location / distance between
sensors, and the sizing will be the sensor properties (for example, for a acoustics transducer,
its power output, frequency, type of signal — transient, steady state, pulse, etc). A PhD
student is currently being advised at UNIFEI in this topic.
With Prof. Donizeti de Andrade, from Instituto Tecnoldgico de Aerondutica - ITA, Sdo José
dos Campos, Brazil, on detection of failures of a helicopter main rotor, leading to a co-
advising of a graduate student at ITA.
With Professors Bento de Mattos and Airton Nabarrete, also from ITA, together with Prof.
André Chiarello from UNIFEI, on the discussion and analysis of vibration data related to
dynamic components of a helicopter, on the context of HUMS — Health and Usage
Monitoring Systems. This part of the work was performed with support from
HELIBRAS/EUROCOPTER, which gave access to helicopter vibration data as recorded in
their HUMS system.
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1.7 Cost / Funding

For this project, funding was U$ 40,000.00 per year, during three years. The funds were directed
to stipends and general expenses related to the project (eg., travel expenses, computer
consumables, books, etc) for the researchers involved.

1.8 Contact Information for the P.I.

Prof. Dr. Ariosto Bretanha Jorge

UNIFEI - Universidade Federal de Itajuba

IEM - Instituto de Engenharia Mecanica

Av. BPS 1303

37500-903 - Itajuba, MG - Brazil

Tel (Brazil): +(35) 3629-1462 (office); +(35) 9912-1957 (mobile)
Email: ariosto.b.jorge@unifei.edu.br; or ariosto.b.jorge@gmail.com
Home page: http://www.gemec.unifei.edu.br/ariosto/

2. Research description
Modeling the damage detection problem: general aspects

The detection of damage in structures has applications in flight safety and aircraft maintenance.
The development of damage detection techniques can help to increase the structural reliability
(safety), contributing to a better structural integrity analysis and evaluation of the remaining
service life of a structure. The analysis of a damaged structure must involve the numerical
treatment of data gathered from sensors spread throughout critical points in the structure, and the
comparison of this data with numerical results used as reference (eg., results from the
undamaged structure, or with known damage). These damage detection techniques may involve
real-time monitoring of the integrity of critical airframe elements which are difficult to access.

2.1 Damage detection: overview of the Direct and Inverse Problems

To analyze a damage detection problem in a structure, first the modeling of the direct problem is
required, to obtain the behavior of this structure in the presence of one or more pre-established
damages, with assumed format, size, and position (see references [4], [5] for damage detection
problems).

The modeling of the problem can be based on a combination of Finite Element and Boundary
Element Methods as a FEM/BEM direct model (the BEM model being best suited for large
gradients in the field being considered, while the FEM accommodating well properties/material
changes throughout the structure).

In this work, two methods of analysis were given particular attention, for the direct method:

1) the study of stress/strain distributions in damaged structural elements, performed with a
numerical model (FEM/BEM) for elastostatics or fracture mechanics (see references [6] , [7] for
numerical methods, fracture mechanics); and
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2) the study of the distribution of some scalar field in the damaged structure, performed with a
numerical model (FEM/BEM). For problems governed by the Laplace or Poisson equations, a
potential field, such as the temperature distribution, is the quantity of interest. For acoustics, the
scalar potential field of interest may be the sound pressure in the structure due to sound waves
(emitted from a pre-established source). The presence of the defect in the structure influences the
distribution of these scalar fields. (see references [8], [9] for a FEM/BEM method applied to
acoustics)

Regardless of the nature of the physics involved, from the point of view of the inverse problem,
the direct model is only a “black box” to obtain numerical information of the quantities of
interest, at selected locations.

For the study of the inverse problem, the model consists of two parts:

a) Monitoring the structural integrity, from experimental measurements, with a certain
number of sensors spread throughout the structure. With this, some knowledge is
obtained about the distribution of stresses or strains (for example, by means of strain-
gages) or about the distribution of a variable derived from the acoustic pressure
throughout the structure (for example, by means of microphones, accelerometers, or other
Sensors).

b) Computation of a functional obtained from adding differences (evaluated in all
measurement points) between the values evaluated using the numerical model from the
direct problem, for a given damage that was assumed, and the experimental values
measured in the same points for the structure with the real damage or crack. This
functional is a function of the crack or damage location, either numerical or measured
from the real structure. This functional is expected to increase in value when the assumed
numerical defect is far away from the real defect. Also, this functional is expected to
reach its minimum value when both defects (for example, the numerical and real cracks)
coincide. Thus, the inverse problem is, in fact, an optimization problem for the search of
a global minimum for this functional. In this work, local optimization methods (such as
linear or quadratic sequential programming) may be used to compare with global
optimization heuristics (such as genetic algorithms and differential evolution).

The study of the randomness of the variables involved in these problems is of great importance,
in order to the computational modeling being used to be representative of the real structure. To
account for these uncertainties, parameter identification techniques (such the Kalman filter
approach) could be used, together with the treatment of the treatment of the randomness of these
variables (using stochastic optimization techniques, such as Response Surface methodology, or
using Monte Carlo simulation).

2.2 Damage detection by means of optimization techniques

In an experimental analysis, the data gathered come from sensors spread throughout the
structure, located at a number of points. The experimental analysis is not being undertaken at this
moment, thus the size and location of the real damage in the plate are being assumed and
simulated using the numerical model (FEM/BEM). In order to solve the inverse problem, an
optimization algorithm (GA, for example) is used. The evaluation/fitness function is formulated
as a functional of the differences between measured (simulated) and calculated information at
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interior points. Figure 1 represents damaged thin plates with points where the measurements are
being performed. A population of numerical damages is formed by individuals constituting
possible solutions for the problem. These individuals are chromosomes, and each gene in a
chromosome represents one variable in the problem (such as position and size of a hole). Figure
1(a) to 1(c) represents three possible configurations of chromosomes, wherein the location and
size of the hole varies, but the sensors (where information on the quantity of interest is collected)
remain the same.

/SN

{a) chromosome 1 {b) chromasome 2 c) chromaosome 3
Figure 1 — Plate with a hole: three possible conflguratlons for the chromosomes

Some representative preliminary results are shown in Fig. 2, wherein a BEM code for acoustics
was used on a plate model with a central hole (the “real” hole). A sound source was placed as
shown in Fig. 2a. Several “numerical” holes were placed in different locations as shown in Fig.
2b, and the results for the functional values are shown in Fig. 2c. In this case, a plot of the
potential quantity with time was available at designated locations (“sensor” locations), both for
the “real” and “numerical” holes, and the areas between the curves are representative of the
functional. One can note the correct correlation between the functional and the damage location,
as the functional decreases when the “numerical” hole gets closer to the “real” hole, as expected.

7,0E-04
Ay (cm) A [ Areas between curves of potenci
3,0 3,0 6,0E-04
2,01 2,0 5,0E-04
Py
Lor 0,24 cm 101 S4.08-04 1
|
0 { = A o - 33 OE-04 +
/ x (arr o ) (m N 2,0E-04 -
o
-1,0 sound source o /
1,0E-04 -
2,0 °
4 0,0E+00 ; T T
-3,0 1 2 3
-3,0 Far away hole Intermediate cases Near hole
' 10 20 30 40 50 60 L0 20 30 40 50 60 Y
(a) (b) (c)

Figure 2 - Plate with a hole: (a) setup; (b) numerical holes approaching the real hole; (c)
functional decreases near real hole.

Some of the plate properties may not be known a priori. Material properties and geometric
parameters are suited to be obtained in the real structure by means of parameter identification
procedures. Other variables (loading, boundary conditions) may need to be treated as random
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variables in the damage detection code. Also, the number, size and location of the different
damages may need to be treated either by parameter identification or as random variables.

2.3 Modeling of Uncertainties

In the modeling of an engineering problem, the various parameters and variables of the system
being studied are not deterministic. A proper treatment of this variability leads to robust
optimization techniques, where the goal is to obtain not only optimum values for the objective
functions, but also minimum variations in these objective functions in the neighborhood of these
optimum points. In this context, the words ‘stochastic optimization” and ‘robust optimization’
lead to the same idea, as the goal of the treatment of the stochasticity of the variables and
parameters of the problem is to obtain robust optima. In this case, the optima are points in the
feasible region, wherein the values of the objective functions are insensitive to variations around
these points. The model has to look not only for the optimum values of the objective functions
but also for robustness (that is, a small variability of these objective functions around these
optima). Thus, in each problem, there is always more than one objective function, and there is a
need for decision-making procedures with respect to these multiple objectives, which may
involve the use of different multiple-objective optimization techniques, such as weighting,
prioritizing (goal programming), objective functions as constraint equations, Pareto limiting
regions or curves, etc. Thus, the treatment of uncertainties involves stochastic multi-objective
optimization techniques for modeling the inverse problem.

Modeling the multiple-objective optimization problem: general aspects

The traditional optimization methods usually treat the variables of the problems as deterministic.
For a review of traditional calculus-based algorithms (for the search of local optima), see
references [10] and [11].

Heuristics that search for global optima have been proposed in the literature, several of which
based in the imitation of behaviors found in nature. An example of this is the *survival of the
fittest’, found in heuristics such as evolutionary algorithms, genetic algorithms, differential
evolution, particle swarm optimization, etc (see references [12] to [14]).

But in several cases, these algorithms still consider as deterministic the problem variables (for
example, the loading, boundary conditions, material properties, geometry etc) and/or parameters
(for example, the coefficients in the objective functions or in the constraint equations).

Treatment of stochasticity of variables and parameters

The modeling of stochasticity both in the variables and in the parameters of a problem involves
the use of probabilistic methods in engineering, such as Monte Carlo simulation, Response
Surface techniques, Design of Experiments, First Order Reliability Methods (FORM) or Second
Order Reliability Methods (SORM), logistic regression, etc.

The stochasticity can be also used in identification procedures in two steps: first, a set of random
information is used to identify the system parameters (for example, via Kalman filter), and
second, an independent set of stochastic data is used for the treatment of the random variables of
the problem (see references [15], [16] on different probabilistic methods in engineering).

10
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Decision techniques in the treatment of multiple objectives

Decision techniques regarding the multiple objectives of an optimization problem may include:
weighting, assignment of priorities, the use of objective functions as constraint equations, the use
of fuzzy membership functions in the decision-making process, obtaining regions or curves of
Pareto limits, etc.

In certain cases, objectives of different natures may need to be considered, and their combination
(through weighting, for example) may not be possible. For example, on a particular problem, one
objective may happen to be written as a real function, while another objective may involve only
integer numbers, and a third objective may involve only a qualitative response. In this case, a
promising technique for a proper combination of these objectives of different natures could be
the use of fuzzy membership functions for each objective function, looking for the optimization
of one function only, namely, the summation of all the fuzzy membership functions. This
technique could even allow the designer to include a bias through one or another objective
function, if this is considered necessary (see references [17] and [18] on the use of fuzzy logic in
optimization).

3. Main accomplishments

This research comprises the study of a direct problem (BEM model of a structure) and an inverse
problem (optimization and identification techniques for damage detection), as well as the
modeling of uncertainties.

The research work is being done by the Computational Mechanics group at UNIFEI (Itajub),
performed under supervision of Prof. Ariosto, and includes some collaborative work, together
with professors from Vanderbilt University, University of Hawaii, Manoa and ITA — Instituto
Tecnoldgico de Aerondutica, Sdo José dos Campos, Brasil.

As results directly related to this research, several publications and monographs were published
and /or are being prepared, as detailed in the Appendix. The conference papers presented and
journal articles published are attached at the end of this report, for completeness.

The publications were concentrated on conference papers and journal articles, while the
monographs were concentrated on thesis and dissertations defended by the graduate students
involved in this work, and also a technical report for the analysis of vibration data related to
dynamic components of a helicopter, on the context of HUMS — Health and Usage Monitoring
Systems.

Besides the published work and the defended thesis and dissertations, some research papers and
student thesis/dissertation defenses are also expected to occur in the near future, related to this
work. The list in the Appendix includes the on-going research, leading to student dissertations /
thesis.

The research goals for this work include the increase in the complexity of the modeling of the
direct and inverse problems, in order to:

- for the direct model: to reproduce as close as possible the reality of an aircraft structure, and

- for the inverse model: to give reliable damage information, through a combination of
independent optimization and identification procedures to indicate location and size for the
structural damage.

- for both models: to account for the uncertainties in the model.
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3.1 Establishment of collaborative research work (on-going work)

The research on the modeling and simulation of the inverse problem has involved some
collaborative work with Prof. G. Walker from Vanderbilt University (Nashville, TN) (potential
problems), and with Prof. Marcelo Kobayashi, from University of Hawaii, Manoa (topological
optimization). This collaboration was very important for discussing modeling techniques for the
inverse problem. Furthermore, this collaboration has created a synergy between the
computational mechanics group from UNIFEI in Brazil and both Vanderbilt University and
University of Hawaii, Manoa, important for the planned modeling of the uncertainties of the
damage detection problem. In particular, the collaboration with Prof. G. Walker has led to a co-
advising of a graduate student at Vanderbilt, on inverse methods to potential problems, and as a
spin-off from the collaboration with Prof. Marcelo Kobayashi, a student is currently being
advised at UNIFEI on the use of topological optimization in inverse methods.

To start-up this collaborative work, Prof. Ariosto has done technical visits to both Vanderbilt
University and University of Hawaii, Manoa, as a short-term visiting scholar, while continuing to
coordinate the research work being done by the students and researchers from the UNIFEI
research group, in Brazil.

Also, a collaborative work was done with three professors from ITA - Instituto Tecnoldgico de
Aerondutica, S80 José dos Campos, Brazil. The collaborative work with Prof. Donizeti de
Andrade, on detection of failures of a helicopter main rotor, has led to a co-advising of a
graduate student at ITA. The collaborative work with Professors Bento de Mattos and Airton
Nabarrete has led to a technical report on the analysis of vibration data related to dynamic
components of a helicopter, on the context of HUMS — Health and Usage Monitoring Systems.
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