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INTRODUCTION

n recent years researchers have dedicated considerable attention to optimization procedures. The real behavior of
structures is not easy to be simulated due to the complexity in modeling the stiffness of connections, support conditions
and other parameters. Therefore, the damage identification process becomes more difficult.
On the other hand, the inverse problems area has a great potentiality to deal with damaged structures. According to [1], the
damage identification is done by numerical methods, which seek the identification of geometric parameters of a model
adopted for damage, from the structural response (static, dynamic, electrical, thermal excitation, among others). A powerful
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and well-known technique used to detect damage in structures is based on Wavelet Transform, which can be applied using
the damaged condition of the structure; see for example |2, 3, 4].

The inverse problem to find and to identify damage in a structure, as seen in [5], is solved by two different and independent
approaches, one based on optimization (using a genetic algorithm) and the other one based on a parameter identification
(using a neural network). In [6], it is pointed out that the optimization algorithms have a flexibility of implementation because
the evaluation scheme customizes the algorithm for a specific purpose.

This paper proposes a new methodology in the context of the Structural Health Monitoring Methods, using Differential
Evolution to detect damage in steel beams on the basis of numerical and experimental results.

OPTIMIZATION ALGORITHMS

Differential Evolution Algorithms
ccording to [7], the main goal of the optimization algorithms is to find the ideal solution for a given problem,
wheteas it can achieve the objectives that have been established with the least cost and / or maximum efficiency.
The Differential Evolution (DE) method, proposed by [8], is a heuristic approach for minimizing possibly non-
linear and non-differentiable continuous space functions. The DE method has been presented with a simple, but powerful
numerical optimization algorithm for global optimal solution search and has been successfully applied in complex
optimization problems.
The DE method uses algorithms that are based on population of individuals. Each individual represents a search point in
the space of potential solutions to a given problem and imitates nature principles to create optimization procedures. This
method has selection procedures based on the individual fitness, crossover and mutation operators. Fig. 1 shows the
flowchart of DE algorithms presented in [9]. The main procedure of DE includes four phases, such as initiation, mutation,
crossover and selection.

Started Population (gbiect’icive Mllinrlnl;m
EGINNING »| Punction } 5 oin
® ) Evaluation Convergencer (END)

Objective
5 . ; Diferential
Selection | Funcngn <« Crossover |« )
Evaluation Mutation

Figure 1: Differential Evolution (DE) method flowchart [9].

In [10], other mechanisms that can be used to finish the evolutionary process are referred: the processing time, the
evaluations number of the objective function, the final value of the objective function and own user monitoring. It must be
emphasized that it seems always to converge with a low computational effort using numerical evaluations of objective
functions.

The optimization problem
The optimization algorithms involve well-defined mathematical formulations, in which a set of variables describes the
system, called design variables. Both the objective function and project restrictions can have features of analyses or synthesis
of design, for example, minimizing the mass of a structure in order to find a specified stress limit.
As defined in [11], the optimization problem, or determining the minimum, is composed as follows:

—  Objective function: it is the mathematical function f{p) to be optimized,;

—  Design variables: these are the independent variables that appear in the objective function;
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— Restrictions: these are the limits imposed to the system, or established by natural laws that govern the system,
subjected to the design vatiables;
—  Search region: it is the space region defined by the variable of project and delimited by the restrictions, where the
interior or border locates the optimal objective function.
A general scheme of an optimization problem is shown in Fig. 2, in which can observe that the method intends to find the
minimum local points.
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Figure 2: General schemes of an optimization problem: (a) Optimization Method; (b) Constraint; (c) Objective Function.

STRUCTURAL DAMAGE FORMULATION

he identification, localization and quantification of stiffness loss of a system from the static or dynamic response of
the structure are important indicators to damage detection procedure. The natural frequencies tend to decrease as
the damage increases its dimensions [12], and the modal amplitude values at damaged positions also tends to
decrease.
The effect of a structural damage can be classified as linear and non-linear. The first case is a situation where the structure
is initially in the linear elastic domain and remains in this same domain after the damage appeatrance. For the second case,
the initial behavior of the structure is linear and after a high level of damage the behavior becomes non- linear, as in the
case of fatigue cracks due to cyclic loads or after the plastification of certain elements due to a crash, for example [13].
In a static analysis, the basic formulation used is presented in following Eqn. (1).

(KD =[P] @

53



4
f?&
B. E. Sobrinho et alii, Frattura ed Integrita Strutturale, 52 (2020) 51-66; DOI: 10.3221/IGF-ESIS.52.05 ('

where “K” is the stiffness matrix; “x” is the static displacements vector and “P” are the nodal loads.

It is important to remember that the differences with specific elements of the matrices make possible the damages

evaluation. The hypothesis that the mass matrix is constant is considered when the internal damage does not result in

material loss.

These parameters can be related, in the stiffness matrix, to a series of variables, as following Eqn. (2).
K=[KA,4/LEIG,])] @)

where “A” is the area, “t” is thickness, “I” is the length, “E” is the Young’s modulus, “I”” represents the longitudinal moment

of inertia, “G” is transverse elasticity modulus and “J” is the torsional moment of inertia. Parameter [K] shown in Eqn. (2)

is identified and used for the static equilibrium equation.

This research is limited to the use of only static responses in terms of displacement which is the variable that changes its

value due to the damage presence. This variable, named “di”, minimizes the objective scalar function “F” that represents

the difference between the analytical response (intact structure) and the experimental one (damaged structure). The
following Eqn. (3) contemplates:

P-E ) »

where Y7 are the static displacements measured (intact structure), Y7 are the static displacements obtained analytically
(damaged structure), “i” is the degree of freedom and “j” is the static shipment condition in a particular case.

The stiffness matrix of each beam element was modified to incorporate the damage variable, as the expression of the beam
element. For a beam element, though the following Eqn. (4), the stiffness matrix establishes how the physical and material

properties are stored and also how each beam is modified to incorporate the variable damage.

A0 0 -4 o 0 > )
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where [di] is the variable design vector and, the variable design vectors “di”” shown in Eqn. (4), could assume values between
0 (intact element) and 1 (damaged element).

EXPERIMENTAL PROGRAM

n this section, the considered experimental program, based on the results obtained by [15] is presented. Two simply
supported I steel beams characterized by two different loading schemes, as illustrated in Fig. 3 were simulated. The
beam properties are presented in Tab. 1.
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(a) Beam 1 (V3E)

(b) Beam 2 (V5E)

Figure 3: Schematic models of the beams analyzed.
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*Characteristic value
! American I Profile — Steel: 102.0 x 11.4
-+ h ho te to c b Area I, E
(cm) (cm) (cm) (cm) (cm) (cm) (cm?) (cm?*) (MPa)
ho 10.16 8.68 0.74 0.483 1.59 6.76 14.50 252 200
Lengt Wi ix Iy Wy iy Z Z, f*
h(m) (cm? (cm) (cm4) (cm®) (cm) (cm?) (cm?) (MPa)
f " 6.00 49.70 4.17 31.70 9.37 148  56.220 17.414 250

Table 1: Beam geometric, mass, and mechanical properties.

According to [14], the load stages used for evaluation with the optimization methods refer to those immediately before the
maximum load. Damage was induced through notches transverse to the longitudinal axis of the beams (Fig. 4b). It is worth
noticing that the adoption of these open vertical cracks can be caused by diverse demands, such as behaviors found in
buildings with metallic structural elements.

Figure 4: Beams overview: (a) 16 - element beam subdivision and (b) induced damage - 2 cm [15].

The beams tested were divided into 16 parts (see Fig. 4a) and one Linear Variable Differential Transformer (LVDT) was
positioned in each element. Fig. 5 shows the 15 internal points and LVDT’s positions. Figs. 6 and 7 report details of the
support conditions and the loading arrangement, respectively.

The loading was applied in a vertical upward direction in loading steps, taking into account the maximum load value
supported by the intact beam so as not to suffer local buckling. These load values chosen for the application of the proposed
damage identification method were lower than the calculated maximum load value. The loads were chosen in setvice stage.
The maximum load that can be applied to the intact beam (undamaged) in the middle of the span so that the beam does
not buckle locally was 4373N, as summarized in Tab. 2.

55



B. E. Sobrinbo et aliz, Frattura ed Integrita Strutturale, 52 (2020) 51-66, DOI: 10.3221/IGF-ESIS.52.05

1 2 3TN T. 7 8 Y 00 ) 20 T T s 18
LI L2 L3 14 LS L6 L7 L8 L9 LIO LI LI2 L3 L4 LIS
eLVDT

- = i BT

Figure 7: Loading details of the steel beam specimen [15].

8

Lateral buckling Limits Loads

Web P ..=903kg

Flange P_..=903kg
Torsion P .. =438kg=4373N

Table 2: Beam limits loads.

For the maximum load calculation, the intact beam data were considered, since the size and location of the damage is initially
unknown. Considering the calculated maximum load, it can be analyzed in relation to a lower load due to the presence of
imperfections in the beam (geometric and material imperfections) that can lead the part to reach the plastic regime. For this
reason it was very important to apply in the structure load increments values immediately smaller than the maximum load.
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NUMERICAL MODEL

conditions of the above described experimental program. The elements adopted, BEAM3 or SHELLG63, have

t ] umerical analyses were developed using the ANSYS® (2007) software [14] in order to reproduce the same
three and six degrees of freedom by node, respectively, as illustrated in Fig. 8a and 8b.
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(a) (b)
Figure 8: From ANSYS® (2007) library [15]: (a) BEAM3; (b) SHELLG3 elements.

In order to simulate damage, the area and moment of inertia of the element cross section were reduced in BEAM3 model
(Fig. 9), while and some elements were deleted for SHELL63 model (Fig. 10). The numerical models in Fig. 9 and 10
consider the same measurement points used in experimental test carried out by [15].

WIGA METASRDCA- FORTEL 1 VIGA METAOLICA- FERTIL I

Figure 9: Damage simulation: BEAM3 element.

Figure 10: Damage simulation: SHELLG3 element.
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PROPOSED METHODOLOGY

ne way to validate an analytical model is to compare its results with experimental ones. Problems of systems
identification, also denominated as inverse problems, have applications in many areas of engineering, medicine
and science in general. In these problems the fundamental properties are determined by observing the behavior
of the system.
Some responses are related to variables which is possible to use to verify the agreement between the results of the analytical
model and the experimental measures.
The objective function used is measured by least squares of the difference between the values obtained in the numerical
model and in the experimental tests, see Eqn. (5) as follows:

F= }(xm (£)—x(2)) dt ®)

where x (t) is obtained by the analytical model and xm (t) is the response measured experimentally in the time domain t in
a time interval [0, T]. These parameters were adjusted to minimize the F function. In the identification of structural systems,
normally mode shapes, natural frequencies and static displacements are selected as parameters to be used for identification
of model. Thus, the best results will be obtained when the values of the objective function ate closer to zero.

The proposed methodology is based on the use of a well-known Differential Evolution technique using numerical and
experimental data of intact and damaged steel beams, see Fig. 11 and 12.

Elements/ Analysis

I
| | I }

Beam3 SHELL63 Euler Bernoulli Experimental

! i ! ]
I I

Intact Damaged

! 1
!
: I
Better Analytical Model Better Experimental Model

! ]
}

Better Parameter DE

l

Damage Identification

Figure 11: Flowchart analyses of Beam 1 (V3E).

It can be observed in the flowcharts (Fig. 11 and 12) the association of the DE method with the numerical and experimental
data. For the Beam 1 (V3E) the numerical response (SHELLG3 element) of the intact beam was used. For the Beam 2 (V5E)
the numerical and experimental response of the intact structure was used.

58



L B. E. Sobrinho et aliz, Frattura ed Integrita Strutturale, 52 (2020) 51-66, DOI: 10.3221/IGF-ESIS.52.05
Elements/ Analysis
Beam3 SHELL63 Euler Bernoulli Experimental
Intact Damaged
Better Numerical Model Better Experimental Model
Better Analytical Model
Better Parameter DE
Damage Identification
Figure 12: Flowchart analyses of Beam 2 (V5E).
RESULTS

situations of beams with constant elements. In these different situations were used experimental static displacement
results. The measured data were simulated by introducing two damaged elements (low stiffness) in finite element
analyses and an elastic analysis was assumed.
In Fig. 13, the damage location occurs at 1.80m and 4.20m from left support, with damage of 2cm length (45%) in each
side, in correspondence of an applied load of 4350N in the middle of the span. In Fig. 14, damage is located at the middle
of the span (3.00m), for an applied load of 2000N in both beam sides.

T he models of the two beams are schematized in Fig. 13 and 14, in which the DE method was applied to different

Beam 1 (1'3E): Load 4350N

The plot of displacements of intact and damaged Beam 1 (V3E) is presented in Fig. 15, which reports the displacements
obtained along the beam length generated by applying a load of 4350N. The exam of this diagram can help to analysis the
coherence of the elements used in the analytical method, as well as to verify the experimental model, in terms of intact and
damaged situations.

3Im

Load
Diamage Paosition Dramaged Paosition

['_°120mm

Figure 13: Damaged Beam 1 (V3E).
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Figure 14: Damaged Beam 2 (V5E).
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Figure 15: Plot of displacements for the intact and damaged Beam 1 - V3E (load 4350N).

In the following numerical results obtained from simulations with BEAM3 and SHELLG63 elements, Euler-Bernoulli theory,
as well as through a proposed simulation that relates the intact model to the damaged experimental model, whose goal is to
identify damaged elements in the structure, are presented in Tab. 3.

Load Elements / . Damaged % of Ob]ecgve
Item Beam ™) Analvses Iterations Flements Damace Function

ay amag Minimum
BEAM3 50th 5and 12 45% 0.72466525
SHELLG3 50th 5and 12 45% 2.01215635

Beam 1
1 (V3E) 4350
Euler-Bernoulli 50th 5and 12 45% 183.19207908

Experimental 100th 5and 12 45% 148.31064460

Table 3: Results for the Beam1 (V3E).

Fig. 16 shows the analyses of the problem solution using the BEAM3 element, which provides values in agreement with the
considered problem, finding few residues.

In Fig. 17, using the SHELLG3 element, it is verified that the damaged values of the elements are in agreement with the
considered problem, where there are some distortions, probably, due to not null displacements close to suppotts.

Fig. 18 shows the analyses of the problem solution and the damage values of the elements obtained by using Euler-Bernoulli
theory. These values are in agreement with the problem proposed with minor variations, but with good results.

In Fig. 19, the results obtained from the proposed numerical simulation of the intact beam are compared to those obtained
by the experimental damaged beam. These comparisons between the intact plot analyses and the damaged (experimental)
one are provided in terms of displacements along beam length for Beam 1 (V3E), in correspondence of a load application
of 4350N.
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Figure 19: Intact (numerical) and damaged (experimental) displacements for the Beam 1 - V3E (load 4350N).

This attempt of damage identification analysis is already possible because the displacements obtained in the ANSYS® (2007)
intact numerical analysis by means of the SHELLG3 element have values lower than those obtained in the damaged analysis
through the experimental model, demonstrating possibilities of coherence in the analysis. It can be explained by the fact
that this element presents simulation conditions near to what was applied in the experimental analysis.

This simulation of the fourth approach intends to obtain result values in the intact numerical analyses of the ANSYS® (2007),
through element SHELLG3 together with the experimental damaged analysis, used to identify a damaged element in the
structure. In this analyses were only considered static displacements values of beam elements. Fig. 20 presents the analysis
of the problem solution results. The element's damage values are in agreement with the proposed problem, even if at the
beginning and end of damage analyses appeared some distortions probably due to not null displacements close to supports.
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Elements Mumber: 16

Figure 20: Damage identification: Beam 1 - V3E, load 4350N (Numerical x Experimental).

The damage identification analyzed in this example was restricted to the displacements obtained in the intact and damaged
numerical analyses using a small number of iterations that generate the presence of residues of damages identification in
other elements.

Mainly where there were large displacement differences (whether negative results), the presence of point loads, the area next
to supports or even next to damaged regions, nevertheless the damage values of the elements follow the proposed problem.
It is emphasized that the increase in the number of iterations, in some cases, helps to solve the problem of local minimum
approximation.
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In the analyses of Beam 1 (V3E), it can also be pointed out that a big number of displacements information also would help
in the optimizing procedure. The answers had relatively fast characteristics of convergence, considering the small amount
of involved iterations. Even so, the tool attended to the localization capacity and damage quantification in any element of
the structure in study.

Beam 2 (V'5E): Load 2000N

In the intact and damaged analyses according to Beam 2 (V5E), displacements plots are presented in Fig. 21, where the x-
axis (abscissa) cortesponds to the length of the beam (6.00 m) and the y-axis (ordinate) correspond to displacements
generated by application of 2000N load. This demonstration is necessary again to establish an analysis of the coherence of
the elements used, as well as the analytical method, without the verified experimental model, but always in terms of intact
and damaged situations, verifying the DE method potential in the numerical analyses.

Beam V5E (Intact)

Beam V5E (Damaged)

- i i i i i
—d— 2000N-BEAM3 10 \ ______ L L _____j_[__+2-1}9~-3mr«13

2000N-SHELLES 2000N-5HELLE3

2000N-EULER_BERNOULLI -15 2000M-EULER_BERNOULLI

-20

Static Displacements (cm)
, | |
Static Displacemants [cm)

-25

=0 | |
Beam total length (m]) Beam total length {m)

Figure 21: Intact and damaged analyses corresponding to the displacements for the Beam 2 - V5E (load 2000N).

For the Beam 2 (V5E) analyses, the obtained results for the considered problem solutions are showed in Tab. 4.

Objective
0,
Item Beam Load (N) Elements / Iterations Damaged /o of Function
Analyses Elements ~ Damage ..
Minimum
BEAM3 100th 9 45% 0.18006354
Beam 2 0
1 (V5E) 2000 SHELLG63 100th 9 45% 0.51703227
Euler-Bernoulli 100th 9 45% 50.86801964

Table 4: Results for the Beam 2 (V5E).

Fig. 22 shows the analyses of the problem solution using the element BEAMS3 that is in agreement with the considered
problem.

The proposed simulations in the second approach was carried out using SHELLG3 element. Fig. 23 shows the problem
solution result. Only the values of the static displacements of the beam elements were again considered, with the damage
values of the elements in agreement with the considered problem.

The results of the third approach with Euler-Bernoulli theory are show in Fig. 24 the result of the problem solution. This
case presented damaged values in agreement to the considered problem.

In the analyses with BEAM3 element, there are some damage residues close to the damaged element, still with close values.
In the case of SHELLG3 element, at the beginning and end of damage analyses some residues were observed, probably due
to non-zero displacements close to supports. Anyway, good results were achieved, due to a big number of iterations. Finally,
the analyses with EULER-BERNOULLI, presented some perturbations, but with the values of damages of the elements in
agreement with the problem considered good results were obtained, although the minimum of the objective function for
being a little big.
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Figure 22: Damage identification: Beam 2 - V5E, load 2000N (BEAM3).

Objective Function (Minimum Value): 0.517
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Figure 23: Damage identification: Beam 2 - V5E, load 2000N (SHELLG3).

Objective Function (Minimum Value): 50.868
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Figure 24: Damage identification: Beam 2 - V5E, load 2000N (EULER-BERNOULLI).
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The damage identification analyses in this example was restricted to the displacements obtained in intact and damaged
numerical analyses.

With the analyses of Beam 2 (V5E), it can also be affirmed that a big number of displacements information also would assist
in the optimizing procedure. The answers had relatively fast characteristics of convergence, considering the small amount
of involved iterations. Even so, the tool was able to localize and quantify damage in any element of the structure in study.

CONCLUSIONS

in order to detect structural damage.

The design variables considered in the objective function minimization problem were the intact and damaged
structural responses. These variables were continuously changed in order to allow the response obtained by the analytical
model to approximate the experimental response.

The Differential Evolution Method turned out to be a good method for solve problems of damage identification, since it
converges to a correct solution in all cases.

The Euler-Bernoulli beam model was used because it is a simplification of the linear theory of elasticity that provides a way
to calculate the deflection characteristics of a beam subjected to bending under a given load (static or dynamic). It is an ideal
theory for use in beams with lower heights, such as the cases studied in this research. The consistency of the results obtained
from static displacements with the other methods and the experimental results was also one of the determining factors of
this use of Euler Bernoulli's theory.

The characteristic of the difference distribution vector could be analyzed as a convergence parameter and it was possible to
find localized solutions at regions where there is a minimum point.

All these aspects were considered in the present research and at hence the results were validated since the damages were
detected successfully.

T he structural responses of steel beams under different loading conditions were used in conjunction with DE method
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