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Abstract
Damage detection methods are an important field of engineering and crucial in terms of structural safety. However, in 
many practical cases, the process of monitoring and identifying damage is extremely difficult or even impractical due to 
the conditions of access and operation of a given component/structure. In this study, an inverse algorithm based on strain 
fields for damage identification in composite plate structures is presented. The inverse analyses combine experimental tests 
and digital image correlation (DIC) with numerical models based on finite element update method with great advantage 
of being a non-contact method. The proposed technique identifies the location and dimension of damages in a CFRP plate 
using static strains formulated as an objective function to be minimized. By model updating, the discrepancies between the 
experimental and the numerical results are minimized. For the success of the model updating, the efficiency of the optimiza-
tion algorithm is essential. A powerful new metaheuristic sunflower optimization (SFO) is employed to update the unknown 
model parameters. Experimental results showed the excellent efficiency in the combined use of DIC, numerical modeling 
and SFO optimization to accurately identify the location of damage in numerical and experimental tests. The obtained results 
indicate that the proposed method can be used to determine efficiently the location and dimension of structural damages in 
mechanical structures.

Keywords Structural health monitoring · Inverse problem · Sunflower optimization · Digital image correlation · Composite 
plates

1 Introduction

The detection of damages is a field of extreme importance 
in engineering, since through it corrective maintenance can 
be applied and in this way structural safety can be guaran-
teed. A prognosis of the structure can be made from the 
moment that a damage is correctly detected, thus being able 
to evaluate the integrity of the structure and determine its 
life time [1, 2].

In the same way, the application of composite materials 
has become increasingly constant in several areas of indus-
try, but especially in the aerospace field. Its use is justified 

due to the fact that this type of material has good mechani-
cal characteristics such as high stiffness, high mechanical 
strength and stiffness-to-mass ratio [3–5].

At the same time, despite these good mechanical char-
acteristics, composite materials can present certain fail-
ures when subjected to extreme conditions such as static 
overload, impact, fatigue, design errors and overheating [6, 
7]. These faults can be translated as matrix microcracking, 
interface delamination and then a strength redistribution fol-
lowed by fiber rupture [8, 9]. Most of the methods used to 
detect damage are currently visual or experimental, such as 
acoustic or ultrasonic methods, thermography, radiographs, 
among others. These methods are in most cases time-con-
suming and costly, thus requiring structures to be located 
in accessible locations and heavily dependent on the skill 
and experience of the professional performing the inspec-
tion [10, 11].

In view of this scenario, there is a need for more viable 
structural monitoring methods. In view of this, structural 

 * Guilherme Ferreira Gomes 
 guilhermefergom@unifei.edu.br

1 Mechanical Engineering Institute, Federal University 
of Itajubá, Itajubá, Brazil

2 Institute of Industrial Engineering and Management, Federal 
University of Itajubá, Itajubá, Brazil

http://orcid.org/0000-0003-0811-6334
http://crossmark.crossref.org/dialog/?doi=10.1007/s00366-020-01027-6&domain=pdf


3772 Engineering with Computers (2021) 37:3771–3791

1 3

health monitoring (SHM) technology emerges as a prom-
ising alternative, by continuously monitoring the structure 
through the use of integrated sensors. This method brings 
with it great security because it detects failures and prevents 
them from evolving at an alarming level [12].

The objective of the SHM methodology is to provide the 
necessary tools for the structural monitoring in a constant 
or periodic way, in order to determine the need for correc-
tive actions and to prevent catastrophic failures. Therefore, 
the application of this methodology has great potential in 
many areas of engineering, especially in the aerospace, civil 
and mechanical areas. The purpose of the SHM system is 
to allow the structure to be analyzed and monitored autono-
mously [13].

A large amount of research on the SHM methodology 
has been developed around the world due to the benefits 
and advantages that this methodology encompasses [14–20]. 
The work developed here consists of the use of the SHM 
methodology in structures of composite material, for which 
all necessary conceptualization will be presented in the next 
sections.

Equally important, it is known that the performance and 
behavior of mechanical structures made by CFRP can be sig-
nificantly affected by degradation [21, 22]. This degradation 
could be caused by exposure to environmental conditions or 
damage caused by handling conditions, such as impact and 
overloading. Such damages are not always visible and obvi-
ous on the surface and could potentially lead to catastrophic 
structural failures.

Non-destructive inspection/evaluation (NDI/E) tech-
niques such as of X-rays, ultrasonic waves, eddy cur-
rents, shearography, and infrared thermography are often 
employed for the detection, localization, and quantification 
of flaws and damage in composite materials [23]. However, 
these methods depend on the skill and experience of an oper-
ator. The creation of an effective and autonomous method, 
approached in this study, enables the SHM methodology and 
thus avoids the identification of false positives or negatives.

In like manner, NDI/E improves safety and often mini-
mizes premature replacements and inspections can repre-
sent significant down-time. The aerospace industry has the 
most noteworthy result for SHM since damage can lead to 
disastrous (and costly) failures, and the vehicles involved 
have regular costly inspections. Currently 27% of an average 
aircraft’s life cycle cost is spent on inspection and repair, so 
it becomes necessary to develop in situ monitoring methods 
[24].

Furthermore, according to [24], damage detection in 
CFRP is much more difficult due to the anisotropy charac-
teristics of the material, the conductivity of the fibers and the 
fact that much of the damage often occurs beneath the top 
surface of the composite laminate, for instance with barely 
visible impact damage (BVID).

Often, according to [25], damage develops over a certain 
period of time (months or years), and is not immediately 
visible to even the trained operator’s eye. However, once the 
size of the defect or stress-raiser reaches a critical value, fail-
ure can be catastrophic and the consequences severe. Plainly, 
there is a solid need to recognize as well as characterize the 
various types of damage and defects that occur in composite 
materials during technical operations. Unfortunately, there 
is no coherent overall design philosophy for accommodating 
such defects and damage in composite parts. Apart from the 
use of the design allowable strain limit, the approach has 
been generally of an ad hoc nature [25].

In essence, SHM of composite components is vital to the 
use in composite applications. Being highly susceptible to 
impact damage, those materials can sustain internal damage 
that is very difficult to detect externally. Thus, a SHM system 
could remove the uncertainties that are present in the design 
and implementation of composites in an aerospace applica-
tion leading to optimized structures [26, 27].

A justification for using digital image correlation (DIC) 
is due to a non-contact optical technique to measure contour, 
deformation, vibration and strain on almost any material. 
The technique can be used with mechanical tests includ-
ing tensile, torsion, bending and combined loading for both 
static and dynamic applications. The use of the digital image 
correlation technique is justified by the possibility of iden-
tify damages in composites, from the initial (matrix micro-
craks) to the final phase (fiber failure). DIC can reveal the 
elementary mechanisms in composites such as microcracks, 
debonding and delamination [28]. It was shown that damage 
laws can be identified with the help of DIC from mechani-
cal tests imaged at different stages of loading. The complex 
damage type and failure mechanics theory present during 
the loading stage in a CFRP laminate are increased due to 
the presence of a stress concentration factors, causing a wide 
range of effects, such as stress or strain gradients fields [29]. 
It is therefore more desirable when performing experimen-
tal testing on laminated composites structures to obtain 
extensive full-field strain data, rather than limited strain 
(by a limited number of sensors) or displacement measure-
ments obtained from traditional electrical strain gauges or 
extensometers.

This paper aims the damage identification by using an 
inverse problem method. The inverse problem is solved 
by the minimization of an objective function composed by 
mechanical strains (strain field) in CFRP structures (beams 
and plates). As it is an identification problem, metaheuris-
tic algorithms are recommended [3, 30–32] because they 
have the capacity to deal with complex multimodal func-
tions. Several algorithms of this class are developed in 
order to efficiently handle this task [33–36]. Optimization 
algorithms such as GA, PSO, and ACO were used to solve 
inverse damage identification problems. Recently, a new 
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SFO [37] metaheuristic was developed especially to address 
this type of problem and presented superior performance for 
the global identification of damages.

When trying to identify damage from a mechanical test-
ing, the first step deals with the measurement of those dis-
placement/strain fields. DIC showed an advantage over other 
methods [28]. As well stated in [28], the problem consists of 
the evaluation of the local elastic properties, expressed as a 
relative loss of stiffness (damage).

There have been various investigations in the literature 
using full-field measurements to examine the mechanical 
response of damaged composite structures under mechanical 
loading. Be that as it may, just a predetermined number of 
studies focuses on the assessment of the damage process in 
damaged CFRP structures using digital image correlation 
techniques has been applied before. When compared with 
the special requirement of traditional measurement tech-
niques, DIC is a functional method because it takes advan-
tage of the natural speckle pattern on the specimen and only 
needs a common camera and a computer to store the images 
to be subsequently analyzed [38].

All these observation suggest the advantage of the use of 
DIC in SHM system in order to identify damages in early 
stages which could be catastrophic especially for composite 
structures and which might not be captured by the tradi-
tional off-line testing techniques such as C-scanning and 
X-ray radiographs. The main objective of this work is the 
identification of structural damage through the numerical-
experimental application of the sunflower optimization 
(SFO) algorithm coupled with the finite element method 
(FEM) and digital image correlation (DIC).

A deep numerical study of damage identification in lami-
nated composites structures is made as in inverse problem 
methodology in this present study. The results show a sub-
stantial precision in terms of predicting the correct dam-
age position. Although many studies have been reported on 
structural health monitoring in composites, very few have 
been focused on the use of the finite element method and 
optimization algorithms, especially by the use of the digi-
tal image correlation. The work presented here assesses the 
potential of this technique as the main tools in the inverse 
problem solution.

To the authors’ best knowledge, there are no (or very 
scarce) studies in the literature investigating the use of DIC 
and optimization in damage identification problems, espe-
cially about the SFO. This paper is the first to do so. In other 
words, this paper investigates the use of SFO with online 
structural strains in order to identify the damage location. 
Experimental results showed the excellent efficiency of DIC 
and SFO in accurately detecting damage.

This manuscript is organized as follows: Sect. 2 a general 
bibliographic review is presented, addressing the scientific 
innovation about the subject and the main methodologies 

applied in this paper. Section 3 methodological procedure 
(direct and inverse formulation) is presented. Section 4 pre-
sents the main results and discussion about the damage iden-
tification. Finally, Sect. 5 draws the conclusions.

2  Background

2.1  Structural health monitoring in composite 
structures

Structural health monitoring (SHM) is an engineering area 
that works with innovative methods of structural monitor-
ing; in general, monitoring takes place without affecting the 
integrity or performance of the structure. This technology 
integrates a group of factors that are used together, usually 
using nondestructive evaluation (NDE) coupled with sensing 
techniques and special materials to create greater reliability 
and to give a longer material life [32, 39];.

Structural damage may have different meanings in SHM, 
and it may be an imperfection, a defect, or a failure, which 
can be found when compared to a model under proper work-
ing conditions. A model in an adequate working condition is 
modeled with a data input that contains the physical charac-
teristics of the structure and also the boundary conditions of 
that structure, that is, under which conditions of stress and 
packing this structure is submitted. The data output should 
give a correct or very close measurement of the damage to 
be detected by SHM [40, 41].

Different methods of damage identification are being 
developed, but all methods are classified based on models 
to be detected through captured signals. Vibration-based 
methods, for example, use physical and modal parameters 
to detect damage. The use of the model is fundamental so 
that the correct monitoring can be done, in order to obtain 
with truthfulness the information regarding the analyzed 
structure [42, 43].

Most methods that use signal processing are based on 
the relationship between the structural condition and the 
symptom given by the collected signal. According to [44], 
this relationship of the evidence given by the signal is not 
simple and its analysis is quite complex in structures used 
in engineering and furthermore requires the use of advanced 
materials.

According to [45], the detection of damage is a pattern 
recognition problem. Pattern recognition requires the selec-
tion of procedures usually based on statistics and approach 
to neural networks. The recognition of standards becomes 
essential for the implementation of an SHM system.

For [46], the structure examination is divided into 5 
levels. The first one detects the existence of damage in the 
structure, the second locates the position and the dimen-
sion of the damage in the structure, the third level does an 
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evaluation of the damage in the structure, the fourth realizes 
a forecast of the life of the structure, and finally the fifth 
level does a prognosis of structure damage.

The study developed here works exactly in the first two 
levels, i.e., detection and identification of the damage loca-
tion in which the presence of a damage in the structure is 
first detected and subsequently there is an effort to locate the 
position and dimension of the damage.

SHM is a very broad and interdisciplinary field of 
research. It is dependent on several areas of studies such as 
materials science, mechanical systems, electronic systems 
and advanced computational techniques. Figure 1 shows 
schematically the interdisciplinary of the SHM system.

In summary, SHM is dependent on several distinct engi-
neering sectors that work together to carry out structural 
monitoring. For [44], the sectors are: signal processing, 
sensors and actuators, non-destructive testing, computer 
(hardware and software) and knowledge of the structure to 
be monitored.

2.1.1  Monitoring in composite materials

Composites materials have some special characteristics 
such as good mechanical and thermal properties, longer 
life, rigidity, resistance to abrasion and corrosion, and it 
also has low specific mass. These characteristics make the 
composites widely used in industry in general and espe-
cially in the aerospace industry. A composite material is a 
material made of two or more distinct phases with different 
physical or chemical properties separated by an interface. 
When phases are well combined, this produces a material 
with better characteristics from the individual components. 
One phase is the matrix, generally based on a homogeneous 
and monolithic material in which the reinforced phase is 
embedded. Reinforcements for composites can be fibers or 
particles [47–49].

Health monitoring in composite materials becomes 
somewhat more complex than in metallic materials where 
damages are easily detected and in some cases perceptible 
human vision. In the case of composite materials, most of 
the time an erroneous perception occurs since the structure 
presents excellent surface conditions while inside the mate-
rial serious damages have occurred [50].

The main problem of the use of composites in structures 
is the occurrence of delamination. It occurs when the struc-
ture is subjected to impacts at low velocity or when repeti-
tive cycles of stresses occur, with this may occur a separa-
tion between two overlapping layers, this phenomenon is 
called delamination [51, 52].

For [53], structures composed of composite materials pre-
sent a very wide variation of damages and a very variable 
behavior and with this they become very difficult to predict 
and to classify.

Many studies [54–56] and [3] showed that vibration 
methods are reliable to monitor composite structures. The 
composite material exhibits faults such as cracks in the 
matrix and fiber breakage, but these damages caused in a 
composite material produce similar changes in the vibration 
response caused by a damage in metallic material.

2.1.2  Stress concentration factor in composite plates

Analyzing and understanding stress and strain concepts will 
be important in this work because the damage criterion will 
be given by comparing and recognizing strain and stress pat-
terns in numerical and experimental tests [57, 58].

The stress can be defined as the intensity of internal 
forces acting between the particles of a cross section of a 
body of deformable material. These internal forces can be 
defined as forces of reaction to external forces applied in 
the body to be studied. A body can be subjected to different 
types of external forces, but they will always be classified 
as field force or surface force. In all tests carried out in this 
work, the forces exerted on the structure are surface forces 
since there is direct contact between the structure and the 
test machine [59, 60].

The strain of a body can be defined as any change in the 
geometric configuration of the body that leads to a change 
in its shape or dimensions after the application of external 
forces. The strains can be easily visible or practically imper-
ceptible if equipment that measures with high precision is 
not used [61].

When the internal force lines tend to become denser 
in a particular region of the structure, there is a strong 
indication that stress concentration may be occurring 
in this region. As the strength of a material is maximal 
when the forces exerted on it are distributed in the most 
uniform way possible, when the stress concentration Fig. 1  The interdisciplinarity of an SHM system (Adapted from [44])
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occurs it can be said that this material loses resistance, 
since the distribution of forces in the material are not 
uniform [62].

In composite materials, most of the failures caused by 
stress concentration come from regions where there is dis-
continuity in the material, like porosity and delamination 
[63]. The concentration of stress in composites is depend-
ent on the degree of anisotropy and the homogeneity of 
the material, the degree of anisotropy increases the stress 
concentration in the structure [64].

Tan [65] showed that the stress concentration in com-
posites can be defined as the stress concentration factor 
(SCF) in which the stress increase is proportional to the 
increase in the stress concentration factor. In sequence, 
the SCF is dependent on the strain magnification fac-
tor (SMF). The use of SCF through SMF allows a direct 
comparison between numerically found values and val-
ues found experimentally. Finally, this study also shows 
that the change in the SCF factor changes the mechanical 
properties of the material. In this study, [65] also shows 
the values of the relationship between SCF and SMF fac-
tors [62].

The stress concentration factor for an orthotropic panel 
subject to uniaxial stress with an elliptical hole (Fig. 2) is 
calculated in [65]. A viable approximate expression valid 
for the range 0 ≤ b∕a ≤ 1 is shown in Eq. 1.
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where � = b∕a and Kt∞ is the stress concentration factor for a 
panel of infinite width. For a laminate plate, the stress factor 
can be calculated as shown in Eq. 2. Ktg denotes the gross 
concentration factor.

where Aij denotes the effective laminate in-plane stiffnesses 
with 1 and 2 parallel and perpendicular to the loading direc-
tions, respectively.

In terms of the familiar material constants, the stress fac-
tor can be expressed as shown in Eq. 3.

where Ex and Ey are Young’s moduli in the x and y directions 
and Gxy and �xy are the shear modulus and Poisson’s ratio in 
the x, y plane.

The approximate Ktn can be obtained from the relation-
ship between the net and gross concentration factor as shown 
in Eq. 4.

For a circular hole ( � = b∕a = 1 ), Eq. 1 can be rewritten as 
Eq. 5.

with 2a = d = r∕2 , where d and r are the diameter and 
radius of the hole, respectively.

2.2  Digital image correlation

Digital image correlation (DIC) is an optical technique that 
consists of analyzing the surface of a structure before and 
after undergoing a load to determine fields of displacements 
and strains. It is also used to determine stresses and thus has 
a wide field of application in science and engineering [66].

When comparing DIC with conventional methods such as 
strain gauges or Strain Gages, DIC provides a greater wealth 
of information during the trials, since it can analyze a much 
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wider area than that analyzed by conventional methods [67, 
68].

Peters and Ranson [69] was one of the pioneering works 
carried out in the area of digital image correlation. The 
authors showed techniques to experimentally perform a 
stress analysis on the structure. Equally important, [70] 
developed an algorithm using image correlation for the 
measurement of displacement in the plane. Shortly thereaf-
ter the DIC technique was already being studied by several 
researchers. Most of the works currently test new applica-
tions and equipment. The search for improvement in algo-
rithms for computational speed gain and consequently for 
better efficiency is one of the largest research niches in this 
area [70, 71]. However, none of them addresses an inverse 
problem of damage identification, as proposed in this study.

The data processing programs of the DIC technique relate 
the light intensity of various regions composing the image 
containing the complete surface of the structure tested. The 
data-processing program determines the mean of the sub-
area displacements analyzed in the initial and final images 
of the trial. The determination of displacement occurs when 
a sub-region of the undeformed image is identified in the 
deformed image. This identification is achieved through 
algorithms that seek the correlation between the light inten-
sities contained in the sub-areas of the image before and 
after the effort occurs [72].

The use of the DIC technique in composite materials has 
very satisfactory results, it is generally used to aid in the 
detection of defects in these materials and, as a consequence, 
it helps in the studies about the causes of these failures. The 
efficiency of DIC is related to the wide range of strain rates 
in which it operates [73, 74].

In two-dimensional digital image correlation, displace-
ments are directly detected from digital images of the sur-
face of an object (specimen). Figure 3 shows a typical exam-
ple of an experimental setup for two-dimensional digital 

image correlation. The plane surface of an object is observed 
usually by a CCD (charge-coupled device) camera with an 
imaging lens. Then, the images on the surface of the object, 
one before and another after strain, are recorded, digitized 
and stored in a computer as digital images. These images are 
compared to detect displacements by searching a matched 
point from one image to another [75].

2.3  Sunflower optimization (SFO)

Optimization can be defined as a process of searching for the 
best solution within a set of possible solutions. The optimi-
zation methods can be divided into two large groups, being 
mainly divided into local and global optimization methods. 
The first method is based on calculations, whereas the sec-
ond method is based on heuristics. Briefly, what differenti-
ates them is that the local optimization methods develop 
their searches from a single point, that is, a single solution, 
whereas the global optimization methods generate a popula-
tion of initial points and these points are possible solutions, 
and points represent the best solution to the problem [76].

Many optimization techniques have been developed 
with inspiration in nature. The particle swarm optimization 
(PSO) [77], ant colony optimization (ACO) [78] and differ-
ential evolution (DE) [79] are examples of these techniques. 
These techniques are able to solve difficult problems found 
in mathematics and engineering; however, there is no way 
to highlight a single method as the best to solve all kinds 
of problems, since each algorithm has strengths and weak-
nesses [80].

It is in this scenario that the sunflower optimization algo-
rithm (or simply SFO), which is based on the flower pollina-
tion algorithm proposed by Yang [81] becomes extremely 
important because it is highly capable of solving a problem 
of multimodal optimization with non-explicit functions. The 
SFO is based on the analysis of the behavior of sunflowers 

Fig. 3  The main setup for 
displacement measurement 
using digital image correlation 
(Adapted from [75])
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that are always in search of the best orientation to the sun. 
Each day these plants perform a cycle, in which they accom-
pany the movement of the sun, always orienting towards the 
same, and during the night they return to the initial position 
and continue the ritual the next day. The operation of the 
SFO algorithm can be understood by the following descrip-
tion, developed and presented in [37].

The algorithm starts by generating an initial population of 
individuals (flowers), and can be generated in a random or 
ordered way according to the requirements of the problem. 
The algorithm then calculates the fitness of each individual 
in this search space, quantifying this value as fitness func-
tion. The best individual(s) of this flower population will 
be defined as the reference of the search space, that is, the 
sun. In the same way that sunflowers are oriented by the sun 
in the world we live in, all individuals will be guided by 
the plant with the best suitability in the population in this 
method of optimization. Once guided by the sun, individu-
als will reproduce and move toward the optimum point in a 
controlled random fashion, i.e., new individuals will be gen-
erated randomly, however, in a particular specific direction.

This algorithm works with three main variables defining 
the biological operators, being: (i) pollination rate ( pp ), (ii) 
plant mortality rate ( mp ) and (iii) the survival rate of plants 
that will move in a controlled manner until the sun ( ps).

The pollination rate pp defines the percentage of individu-
als in the population who will pollinate with each other. It 
is also worth noting that the pollination considered is ran-
domly taken along the minimum distance between flower i 
and flower i + 1 , that is, the best individuals will pollinate 
hierarchically with each other. In the real world, each flower 
usually releases millions of gametes of pollen. However, for 
simplicity, it is also assumed that each sunflower produces 
only one pollen gamete and reproduces individually.

The mortality rate mp determines that a percentage of 
individuals will not survive because they are too far from the 
sun and did not receive enough heat for their survival. mp % 
individuals will be defined as the worst in their population 
according to the value of their respective skills. This biologi-
cal operator is fundamental to the developed heuristic, since 
it allows a certain variability of the population throughout 
the generations and reduces the probability of obtaining 
regions of great places.

The third variable ps characterizes the percentage of indi-
viduals that will move toward the heat source (sun). It is 
clear that in nature the plants (or the vast majority of them) 
do not have movements of translation. However, in this case, 
a movement is attributed to the especial percentage of the 
individuals of the population. The step size given by the 
surviving individual will be random according to a normal 
distribution, between their location and the location of the 
best individual (sun). The survival rate is then defined as 
ps = 1 − (pp + mp) , because pp + ps + mp = 1.

The problem addressed in this study is an identification 
problem, where the parameters to be identified correspond 
to the location and dimension of a structural damage. To 
solve an inverse/identification problem, several optimiza-
tion algorithms can be employed. However, as it is a com-
plex functional, multimodal and with an implicit objective 
function (only output values when outputting the numerical 
response through FEA) metaheuristic algorithms are recom-
mended [3].

Several metaheuristic algorithms have been developed 
and applied to damage identification problems, such as 
genetic algorithm (GA), particle swarm optimization (PSO), 
bat algorithm (BA), firefly algorithm (FA), ant colony opti-
mization (ACO) and many others. In this study, we opted 
to use the SFO algorithm because it is a new metaheuristic 
that was developed especially to address structural damage 
identification problems [37] and presented results superior to 
another metaheuristics for this specific application. This fact 
justifies the choice of this metaheuristic in this work. The 
advantage of the SFO algorithm over other metaheuristics 
(for this specific application) can be explained by its non-
complexity of several control parameters and a combination 
of exploration-exploitation that allows a high capacity for 
global search and local refinement.

3  Inverse problem methodology

3.1  Direct problem: finite element modeling 
of composite laminated plate

The finite element method (FEM) is usually adopted to solve 
direct problems in structures, that is, for a given load (input), 
one can determine the strains that the structures undergo 
(output). In this way, the method can be applied, for exam-
ple, to verify and validate a project, to obtain improved 
predictions of structural response, or simply to identify 
unknown characteristics of the system [37].

Both structures are of the same material with different 
geometric properties. In general, we considered the case of 
a specimen subjected to a uniaxial tensile stress at one of 
its ends, subject to a clamped condition in its end (Fig. 4). 
The geometry in question is a beam and plate in which the 
damage is contained in the x − y plane. This type of shell 
geometry was motivated by being able to resemble most 
cases and problems in aerospace structures.

It is known that this configuration promotes a particular 
voltage stay and that the presence of a geometric damage 
promotes a change in this initial configuration. Therefore, 
it was evaluated the state of strain of the test cups and for 
this, we considered the information coming from a finite 
number of sensors, i.e., 8 sensors ( s1,s2,...,s8 ). The sensors 
were distributed symmetrically in the structure as shown 
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in Fig. 4. The information from these sensors was used 
in the formulation of the inverse problem detailed in the 
following section.

As for the model used in this work, two structures were 
considered: i) beam and ii) plate, one of the plate type and 
the other of the beam type, both with small and uniform 
thickness. The plate and the beam in question were mod-
eled using shell elements with eight nodes and six degrees 
of freedom per node (translation and rotation with respect 
to the x, y and z axes). The mesh quality is essential for 
obtaining good results, so we chose to use a structured, two-
dimensional mesh throughout the entire structure, including 
the hole region, as can be seen in Fig. 6.

Regarding geometry, the two shaped structures were a 
square plate with sides L = H = 30 cm and a rectangular 
beam with L = 30 cm and H = 3cm. Both structures consist 
of a symmetrical laminate of composite material consisting 
of 12 layers of different orientations arranged in the form 
[0∕90]3S ; both layers have thickness’s equal to t=0.1824 mm. 
The set of main properties of the material used in problem 
modeling is presented in Table 3. After all the modeling 
of the structures, the application of a uniformly distributed 
load on the ends of the structures was modeled, in order to 
generate tensile forces in both.

It is known that a structural damage can be modeled 
by means of a modification of the physical or geometric 
properties. In this context, the damage was approached as a 
geometric modification of the studied plaque. The damage 
was imposed by means of circular holes in two different 
situations: i) for the beam model, a hole with radius r = 6 
mm was used and for ii) a hole plate with radius r = 10mm. 
Both damages correspond to less than 1% of the total area 
of the initial structure.

Before discretizing the model in finite elements, and even 
before building it, it is important to think about the mesh 
concept. Thus, shell elements were generated, mapped over 
the structural surface with eight nodes and six degrees of 
freedom per node. Table 1 shows the results obtained in 
the mesh convergence study. In addition, Table 1 shows the 
values of the maximum, average and minimum deformations 
along the longitudinal axis y. The choice of discretizing the 
structure with elements of 2 mm in size is justified because 
it saves computational effort, since this modeling leads to 
obtaining information without loss of quality when com-
pared to a more refined modeling. In addition, Fig. 5 shows 
the graphical results for the strain response considering dif-
ferent mesh sizes.

An analysis of the finite element model’s discretization 
errors is estimated using Richardson’s extrapolation method 
[82]. In this method, the estimated error of the numerical 
solution due to a coarse mesh size h1 is defined by Eq. 6 [83].

where r = h2∕h1 = h3∕h2 is the mesh refinement rate, y1 
and y2 are the responses obtained using a coarse and refined 
mesh, respectively.

The p convergence order can be estimated by Eq. 7.

where y3 is the response related to the smallest mesh size.
Table 2 displays the results of the numerical analysis 

(FEA) considering different mesh sizes with a refinement 
rate h = 0.5 applied twice in the discretization of the 4-mm 
mesh ( h1 = 4 ), obtaining y1 for values of h1 = 4 , y2 for 
h2 = 4 and y3 corresponding to h3 = 1 . From the values of 
epsilon in Table 2, one can assume what the value would be 
considering an extremely refined mesh.

After the due calculations obtained by Eq. 6, the largest 
error calculated for the strain is obtained (Table 2) has a 
value of 13.26 for the minimum strain. However, in the 
formulation of the objective function used in the method-
ology of this work, only the maximum deformations were 

(6)e =
y2 − y1

1 − rp

(7)p =
ln

(

y3−y2

y2−y1

)

ln(r)

Fig. 4  The direct problem: clamped composite laminated plate under 
axial loading. Damage is modeled according to three design variables

Table 1  Mesh size convergence for maximum, minimum and average 
strains on the y axis

Mesh size (mm) �min ( ��) � ( ��) �max ( ��)

1.00 62.72 123.85 155.26
2.00 62.54 123.61 154.95
4.00 62.53 123.60 154.93
8.00 62.53 123.59 154.93
16.00 62.53 123.59 154.93
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Fig. 5  Strain response for different mesh sizes
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used. Therefore, it is concluded that the model discretiza-
tion error is not relevant (3.74 %). Therefore, the structure 
discretized in with 2-mm elements is adequate.

It was decided to use a mapped mesh for the discretiza-
tion of the structure with the circular hole [84, 85]. Further 
care was taken so that the mesh containing the hole was 
sufficiently refined in the vicinity of the bore so as to sen-
sitively capture the stress concentration arising from this 
geometric discontinuity. It was then decided to maintain 
the refined mesh throughout the entire structure according 
to the pattern near the hole. A coarser mesh outside the 
hole region could be maintained without loss of quality in 
the results, which would save computational cost.

The quality of mesh is an important aspect for stress 
concentration related problems. This is because the accu-
racy of solution depends on the mesh density around the 
stress concentrator. For reasonable solution, the mesh 
should be more refined near the stress concentrators to 
capture the local effects [84].

At the end of the modeling,  Scilab® software was used 
to perform the complete inverse optimization problem 
using SFO. To obtain reliable results, 8 nodes located in 
different places of the structure were chosen.

3.2  Heuristic optimization programming

It is known that when a given structure has a damage, its 
structural properties are modified, thus becoming differ-
ent from the properties of the initial structure (without 
damage). The inverse method has as objective to find the 
answer of the proposed problem to the optimization algo-
rithm; that is, analyzing the properties of a structure, it 
is desired that the optimizer is able to solve the problem, 
determining the possible parameters of the damage.

In order to solve the problem of identification, an objec-
tive function is used and it is introduced in the algorithm and 
becomes able to provide the solution of the problem when it 
is properly minimized. The following is the objective func-
tion used in this work is built in function the strain differ-
ences about the pristine and damaged structure. The function 
in question is represented by Eq. 8, it can be observed that in 
this case the minimization is due to the difference between 
the known values of the strain of the actual damage and the 
calculated values of the strain of the damages obtained from 
the optimization algorithm. It is worth mentioning that all 
values of the strains were obtained by FEM.

Table 2  Quantification of model 
discretization errors

Response y
1

y
2

y
3

p e Y Error (%)

�min 60.10 53.80 51.10 1.2224 −11.0250 47.50 13.26
� 624.97 625.53 625.84 0.8532 1.2544 626.09 0.09
�max 1755.00 1826.00 1838.00 2.5648 88.4407 1897.00 3.74

Fig. 6  Detail of the mesh in the 
region of the hole

Table 3  CFRP material 
properties used in the numerical 
modeling

Property Value

E1 88.8 GPa
E2 = E3 6.3 GPa
G12 = G13 8.3696 GPa
G23 2.3849 GPa
�12 = �13 0.3208
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where �real
i

 are the strain obtained from the real damaged 
structure, 𝜖( �⃗X)calculated

i
 are the strains obtained by SFO algo-

rithm, �⃗X is the design vector that contains the damage vari-
ables, i.e., �⃗X = {x, y, r} and n is the number of strain points 
(or sensor points), in this case, n=10.

For the algorithm setup, the bounds were defined as 
shown in Eq. 9.

where Lx and Ly are the dimensions of plate about the x and 
y axes, respectively.

As stated before, the algorithm employed here to solve the 
inverse optimization problem was the sunflower optimiza-
tion (SFO). This algorithm was chosen for this type of prob-
lem because it is a new algorithm and has already presented 
better efficiency than the GA for damage identification in 
structures [37]. The algorithm proved to be efficient in deal-
ing with implicit objective functions. An ideal combination 
of its three biological operators allowed great efficiency in 
the search for optimal global. Still, the phototropism char-
acteristic of the sunflowers allows a better targeted random 
search.

3.3  Experimental testing using DIC

In an attempt to validate experimentally the optimization 
method employed in this work, an experiment was performed 

(8)J( �⃗X) =

√

√

√

√

√

1

n

(

1 −
𝜖real
i

𝜖( �⃗X)calculated
i

)2

(9)

{

0.05Lx, 0.05Ly, 2mm
}

≤ �⃗X = {x, y, r} ≤
{

0.95Lx, 0.95Ly, 12mm
}

using the DIC technique. The experiment was carried out at 
the Laboratory of Destructive and Non-Destructive Test-
ing (LEN) of Federal University of Itajubá (UNIFEI). A 
universal test machine of the brand  INSTRON®, model 
8801 with load capacity of 100kN was used to carry out the 
experiment.

In the experiment, the specimen was inserted to the uni-
versal test machine as shown in Fig. 7, after which it was 
subjected to a tensile stress (below the yield). During the 
experiment, it was decided not to submit the test specimen 
to compressive stresses due to the possibility of buckling 

Fig. 7  Experimental setup per-
formed for analysis on damaged 
beam and plate models

Fig. 8  Experiment details for the a data acquisition system and the b 
pattern of points on the specimen
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occurrence. Two cases were evaluated: (i) a plate and (ii) 
beam model in the presence of damages.

In order to capture the strains generated in the test speci-
men, a data acquisition system was used consisting of a 
camera with sensors and a computational apparatus, and 
this system can be observed in Fig. 8a. The resolution of 
the camera depends on the size of the measurement zone in 
question, while the maximum size of the measurement zone 
depends on the monochrome light emitter.

In order for the data acquisition system to work correctly, 
it is necessary that the background color of the test piece is 
dark, if it is not, the test piece must be painted. As the speci-
men used in the experiment was already black, there was 
no need to paint it. Next, paint the test specimen in a spray 
pattern using white paint. In this experiment, a sponge was 
used to make this painting; however, there are other methods 
that can be employed, such as the spray paint itself and even 
a toothbrush or brush. Figure 8b shows the specimen with 
this well-defined pattern.

After the experiment was carried out, all the data gener-
ated were collected and processed by  Bluehill® software, 
which is also provided by  INSTRON®, manufacturer of the 
universal testing machine and DIC data acquisition tools. 
The results obtained in this experiment are also presented 
and discussed in the next Section.

In Fig. 9, a flowchart is introduced to summarize all 
the methodology that was used in this work, from the ini-
tial problem to the solution of this problem, in it we can 
observe the existence of two slopes, one focused on the 

computational solution of the problem and the other solu-
tion to the problem.

4  Results and discussion

4.1  Numerical results

As already known, the work developed here aims to study 
the damage detection, which in this case is modeled as circu-
lar holes. This type of damage is said to be a complex dam-
age in terms of numerical–mathematical modeling, since the 
vector of design variables has three variables (position x and 
y of the hole and its radius r). Thus, the purpose of this study 
is to verify the capacity of the SFO to detect these damages, 
through the analysis of strains.

Certainly, the choice of the meta-heuristic is fundamental. 
There is no algorithm capable of solving all optimization 
problems (no free lunch theorem). However, some play a 
better role for certain types of problems. The main objective 
of this study is to identify damage through the strain field 
obtained by DIC, which is a technique that does not have 
direct contact with the structure in question.

For the application of the algorithm, it is necessary first 
to define its variables, that is, its biological operators. These 
operators are the ones that coordinate the operation of the 
algorithm in the search for optimal regions [86]. The opera-
tors were chosen based on previous studies using SFO [37, 

Fig. 9  Flowchart of the methodology used in this work
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87, 88]. The values of these control parameters are shown 
in Table 4.

A total of four distinct damage detection analyses were 
performed, two for the beam and two for the plate. Referring 
first to the beam, in the first analysis the damage (circular 
hole) was induced at the center of the beam, while in the sec-
ond analysis the damage was induced at a random position of 
the beam; it is also noted that the hole radius is different in 
both analyses. The analyses performed on the plate occurred 
similarly to those performed on the beam. In all, 8 simula-
tions were performed in each damage detection analysis. 
It is convenient to perform several simulations because the 
optimization technique employed in this work (SFO) is a 
heuristic technique, that is, it is based on random searches. 
Then, 8 simulations were established, completing a complete 
factorial ( 2n ). In this case, n = 3 with �⃗X = {x, y, r} . Table 5 
shows the results of all the simulations performed for the 
beam and the plate respectively.

As can be observed, the results presented in both tables 
were satisfactory, since all the parameters obtained con-
verged to values very close to the actual damage parameters, 
and the damage was found (simulated) practically concen-
tric and or tangential when compared to the actual damage. 

This can be easily seen in Figs. 10 and 11, which show the 
results of all cases presented in Table 5. Based on the results 
obtained, the robustness of the SFO is verified when applied 
in the detection of damage in both beams and plates.

Observing Fig. 12, it is possible to visualize the variation 
of the damage parameters (x, y and r) along the interactions 
(generations). It can be seen a greater variation in r than in 
x and y, with it being understood that the radius (r) was the 
most difficult parameter to identify, this can also be verified 
by analyzing the deviations in Table 5 in which the deviation 
of the radius (r) is considerably greater than the deviation of 
the positions (x and y).

The minimization of the objective function can be 
observed through Fig. 12d. By analyzing the behavior of 
the curve, there is a decrease in its value with the passing 
of the generations.

Because it is a zero-order algorithm, several simulations 
were necessary in order to obtain a mean. In some cases, 
the result was relatively further from the known damage. 
This can be explained by the fact that the objective function 
formulated, both mathematically and physically [3, 32]. In 
mathematical terms, a correct formulation can contribute 
to a better identification in terms of sensitivity. Due to the 
physical issue, the evaluated response may also be more sus-
ceptible to impairment as a function of the induced damage. 
In this case, it was chosen to formulate the objective func-
tion in terms of strains. It is known that a geometric damage 
generates a stress/strain concentration and this will generate 
sufficient perturbation so that the damage can be identified 
iteratively by means of the proposed method.

Regarding the computational cost, SFO proved to be 
more advantageous than other heuristics, justifying its use 
in this study [37]. In like manner, the proposed methodol-
ogy evaluates each objective function 50 × 100, i.e., 5000 

Table 4  Biological operators used in the sunflower algorithm

Operator Beam Plate

Flowers 70 100
Pollination rate 0.10 0.10
Mortality rate 0.10 0.10
Survivor rate 0.80 0.80
Number of suns 1 1
Generations (stop criteria) 70 50

Table 5  Damage identification results considering the composite beam

Beam structure Plate structure

Damage I Damage II Damage III Damage IV

x (m) y (m) r (mm) x (m) y (m) r (mm) x (m) y (m) r (mm) x (m) y (m) r (mm)

Objective 0.0150 0.1500 4.0000 0.0200 0.1000 3.5000 0.1500 0.1500 6.0000 0.2100 0.1200 10.0000
Run 1 0.0150 0.1495 4.0012 0.0198 0.0996 3.7139 0.1503 0.1504 5.4779 0.2096 0.1199 10.4416
Run 2 0.0149 0.1545 4.0142 0.0199 0.0998 3.6454 0.1505 0.1509 6.2911 0.2110 0.1191 8.6687
Run 3 0.0150 0.1485 4.0015 0.0199 0.0999 3.5642 0.1507 0.1514 6.4873 0.2086 0.1282 10.5401
Run 4 0.0150 0.1501 4.0012 0.0201 0.1000 3.5446 0.1500 0.1499 6.0275 0.2098 0.1204 10.1733
Run 5 0.0150 0.1500 3.9985 0.0190 0.0995 3.5326 0.1496 0.1491 5.6982 0.2080 0.1388 9.7010
Run 6 0.0155 0.1498 4.0125 0.0198 0.0995 3.5245 0.1495 0.1490 5.0155 0.2090 0.1194 11.6074
Run 7 0.0150 0.1523 3.9987 0.0199 0.0990 3.5249 0.1510 0.1491 5.8051 0.2099 0.1195 10.2257
Run 8 0.0150 0.1542 3.9946 0.0200 0.0986 3.5513 0.1501 0.1503 6.0774 0.2095 0.1199 10.8712
Mean 0.0150 0.1511 4.0028 0.0198 0.0995 3.5752 0.1502 0.1500 5.8600 0.2094 0.1232 10.2786
Deviation 0.0002 0.0023 0.0069 0.0003 0.0005 0.0684 0.0005 0.0009 0.4695 0.0009 0.0070 0.8578
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times (number of flowers x generations). For each evaluated 
objective function, a new solution is performed by FEM. 
Considering a simple personal computer (intel i5 processor, 
6 Gb RAM), each function takes about 2 to 3 seconds to be 
evaluated in the FEM software interaction and ScilabⓇ.

It is important to note that the results of this convergence 
started from the best individual in the initial population. The 
algorithm generated a random initial population within the 
bounds of the design variables (x,y,r). All individuals were 
evaluated, and then the one with the lowest objective func-
tion (fitness) was considered the best x ∗ (sun). In addition, 
different starting points were evaluated, since 8 runs were 
performed for each case, due to the stochastic characteristics 
of the algorithm. In other words, 8 initial populations for 
each case, which resulted in results very close to the ideal 
(induced damage).

4.2  Experimental results

In previous section, the FEM was used to model a test speci-
men subjected to a tensile stress, in this test body a hole was 
introduced whose parameters were known until then. From 
this, data regarding strains occurred at certain points of the 
specimen were extracted, and then, these data were used 
by the optimization algorithm in an attempt to detect the 
damage. As it was seen, the optimization method obtained 
satisfactory results, so that the holes identified were close 
enough to the actual holes (induced).

Now, in an attempt to validate experimentally the opti-
mization method employed in this work, an experiment 

was performed using the DIC technique, in which a real 
test body was subjected to a tensile stress. From this, data 
were obtained regarding strains occurring in the specimen. 
And then it is these data that will be used by the optimiza-
tion algorithm in an attempt to detect the damage present 
in the test body.

In the experiment, the beam (whose properties are 
already known) was subjected to a tensile strength of 
19,620 N, suffering a maximum stress of approximately 
300 MPa. The field of strain generated in the beam can 
be observed in Fig. 13a. By modeling through the FEM a 
beam equal to that used in the experiment and subjecting 
it to the same conditions of stress, the field of strain pre-
sented in Fig. 13b was obtained. Comparing the behavior 
of the two strain fields, we can see that both are quite 
similar. From Fig. 13, it can be seen that in the region of 
the holes there is a stress concentration, generating in this 
way, greater strains in this region, on the other hand, in the 
rest of the beam the strains are practically constant. There-
fore, the strains generated in the beam can be a possible 
criterion to be used in the detection of damage.

The figure shows 13 results for axial deformation �yy . 
Figure 13a shows admissible strain results, while Fig. 13b 
shows the percentage of deformation. In a normalized 
character, both quantitatively have the same behavior, that 
is, stress/strain concentration around the damage. When 
considering the inverse optimization problem, a normali-
zation becomes necessary. This standardization will be 
defined in the following paragraphs.

Fig. 10  Damage identification results considering the composite beam for a Damage case 1 and b Damage case 2 (legend: red dotted line; identi-
fied damages black dotted line; real damage blue dotted line; mean) (color figure online)
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As the optimization algorithm uses the FEM in the pro-
cess of identifying the damage, the results obtained through 
the DIC must be transmitted to the algorithm in the same 
unit of measurement used by the FEM. However, the strain 
units used in both methods are different, and in DIC the 
result is given in percentage unit (%) while in the FEM it 
is given in units of the international system, in this way, it 
was chosen to normalize the obtained results by the DIC to 
transform them into the same unit used by the FEM.

The data to be supplied to the optimization algorithm to 
identify the damage, must be in unit equal to the one used 

by the FEM. The strain data provided by the DIC are in 
percent units, hence the need to normalize these data, with 
the intention of transforming them into the unit used by the 
FEM later. The strain varies in a range from 0 to 2.25 (%); 
in this way, Eq. 10 can be applied to normalize the strain.

Now, with the normalized strain, it must be transformed to 
the strain unit used by the FEM; for this, we must carry out 
the inverse procedure to that performed above. The strains 

(10)�N =
�

�max − �min
=

�

2.25

Fig. 11  Damage identification results considering the composite plate (legend: red dotted line; identified damages black dotted line; real damage 
blue dotted line; mean) (color figure online)
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in the FEM vary in the range of 0.016921 to 0.412598; thus, 
if it were to normalize the strains, Eq. 11 should be used; 
however, as the normalized strain is already known and what 
is desired is the equivalent strain, it uses Eq. 12.

For all the desired strains, it is only necessary to provide 
these values of �EQ to the optimization algorithm and per-
form the simulation.

(11)

�N =
� − �min

�max − �min
=

� − 0.016921

0.412598 − 0.016921
=

� − 0.016921

0.395677

(12)�EQ =0.395677�N + 0.016921

For the identification of the damage, the strain was ana-
lyzed in 10 points, located in distinct places of the beam; 
these points can be seen in Fig. 13a. Similarly, in the FEM 
we chose nodes located in positions equal to the points ana-
lyzed in the DIC. The strains observed at these points were 
normalized and transformed to the unit of measurement used 
by FEM. Table 6 shows these values.

By introducing these values in the SFO algorithm, the 
simulations were started in an attempt to identify the dam-
age present in the beam. Eight simulations were performed, 
the results of which are presented in Table 7. The biological 
operators used in these simulations are the same as those 

(a) (b)

(c) (d)

Fig. 12  Variation of parameters throughout a simulation
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used to simulate the beam/plate in the previous section. 
These values can be verified in Table 4.

It was observed that in most of the results, the param-
eters related to the position of the damage (x, y), converged 
considerably to the real values. For the parameter referring 
to the dimension of the damage (r), although some results 
converge considerably to the real value, we can see a signifi-
cant variability in its value, being thus the parameter more 
difficult to be detected. It is important to say here that even 
if there is a deviation in the radius, it is relatively small and 
the region in which the damage is found within the beam/
plate is practically the same, thus reducing the area to be 

evaluated in a maintenance process. Thus, we show again the 
efficiency of SFO. All this can be verified also by observing 
the values of the deviations, in which the deviation of r is 
considerably greater than the deviations of x and y.

It is possible to verify that among the presented results, 
there is one (Run 5) that is remarkably different from the 
objective result; this could have occurred due to the prob-
lem not being minimized properly; in this way, it may be 
necessary to increase the values of the biological opera-
tors flowers and/or generations, causing the problem to be 
minimized properly. However, as a consequence of this, 

Fig. 13  Axial strain field 
obtained by a numerical 
analysis; and b digital image 
correlation before and after 
noise filtering

Table 6  Strain conversion found in DIC to the unit used by the FEM

Point �DIC �NORM �EQ (FEM)

1 0.85 0.3778 0.1664
2 0.85 0.3778 0.1664
3 0.60 0.2667 0.1224
4 0.60 0.2667 0.1224
5 0.65 0.2889 0.1312
6 0.55 0.2444 0.1136
7 0.60 0.2667 0.1224
8 0.65 0.2889 0.1312
9 0.65 0.2889 0.1312
10 0.60 0.2667 0.1224

Table 7  Experimental damage detection resulting using DIC strains

x (m) y (m) r (mm)

Objective 0.0150 0.1500 4.0000
Run 1 0.0151 0.1501 4.1647
Run 2 0.0148 0.1500 5.3387
Run 3 0.0148 0.1488 4.3245
Run 4 0.0151 0.1503 5.3713
Run 5 0.0231 0.1456 6.7453
Run 6 0.0151 0.1510 4.1241
Run 7 0.0147 0.1470 5.1213
Run 8 0.0148 0.1488 4.3245
Mean 0.0159 0.1490 4.9393
Deviation 0.0030 0.0099 0.8658
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there is a need for more computational time and effort. 
Figures 14 and 15 show the results presented in Table 7, 
where you can easily see what was reported above.

Now, by making a comparison between the experimen-
tal results (Table 7) and the computational results (pre-
sented in Table 5 - Damage 1), both depicting the same 
case (beam with a hole in the center), it is noted that com-
putational results are more accurate, since their parameters 
approximate the real values more accurately. However, it 
is important to emphasize that because these are experi-
mental results, the results presented in Table 7 are satis-
factory, since a good part of them approached the actual 
damage in the body of evidence. Certainly, evaluating the 
methodology used in more complex structures would be 
fundamental. However, this study is limited by the optical 
test laboratory equipment. In a promising future, the cor-
relation of images will reach a level of being portable and 
in increasingly smaller equipment.  

Fig. 14  Damage identification results using experimental data, all separated cases (legend: red dotted line; identified damages black dotted line; 
real damage) (color figure online)

Fig. 15  General experimental results of the damage identification 
using SFO and DIC (legend: red dotted line; identified damages black 
dotted line; real damage blue dotted line; mean) (color figure online)
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5  Conclusion

Despite the need to make some adaptations, the effective-
ness of the SFO algorithm was verified when applied to 
the static analysis, since the simulations were performed 
without interruptions or errors of operation.

The SFO algorithm obtained a good behavior in all 
the simulations carried out, so it is possible to prove an 
appropriate operation both in the application of the plate 
and in the application of the beam. As for the application 
of the SFO algorithm in the detection of damages, more 
specifically in the case of circular holes, a satisfactory 
performance is observed regardless of its position and 
dimension, since for all the simulations values were very 
close to the ones parameters.

Although the method achieves satisfactory results, 
related to the parameters of the damages, a variation in its 
efficiency is noticed, this is due to the dependence of the 
results in relation to the biological operators. Since using 
larger amounts of plants and / or generations, there is a 
decrease in the standard deviation; that is, more accurate 
results are obtained, but a higher computational cost and 
a longer simulation time are required.

Turning now to the experimental part, it was found that 
the results obtained through the DIC technique are valid, 
since, to a certain extent, they represented well the dam-
age in the body of evidence. However, these results can 
be improved in two different ways: the first increasing the 
number of simulations and thus improving the mean value 
of the parameters to be identified and the second increas-
ing the values of the biological operators (flowers and gen-
erations) thus increasing the possibility of properly mini-
mizing the problem, thus generating more precise results. 
However, in these cases there is also a need for more time 
in the damage identification process and for the second 
case there is also a need for higher computational costs. 
Despite all that has been said above, it can be ensured that 
the application of the DIC technique achieved the desired 
success, since much of the results represented the actual 
damage in a considerable way.

The present study has shown the potential of DIC for 
SHM of composite structures. It is revealed as an efficient 
methodology to identify possible damage in laminates with 
geometric discontinuities. It is still a challenge though to 
accurately identify internal damage such as delamination.

With this, it can be said that this method has great 
potential to be applied in several engineering cases: firstly, 
due to the fact that the method produces relevant results. 
But mainly because of the practical advantages of the 
method, since it can be applied in an uninterrupted way 
by monitoring the structure continuously, it requires little 
time to carry out the inspection, the results are constant 
being dependent almost only on the adjustment and the 

quality of the used instruments and also has low cost with 
instrumentation and operation. In this way, when com-
pared to conventional methods of damage identification, 
the method used in this work becomes more practical and 
efficient in most engineering applications.

In summary, the SFO algorithm behaved appropriately 
in all cases where it was applied, generating relevant results 
in all of them. In the same way, the experiment performed 
using the DIC technique was also successful, generating 
mostly relevant results, leading the SFO algorithm to iden-
tify damages similar to the actual damage in the test body.
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