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number of exact eigen-properties of a damaged spatial arch by means of the Wittrick
and Williams algorithm. The proposed damage model considers a reduction of the volume
in a part of the arch, and is therefore suitable, differently than what is commonly proposed
in the main part of the dedicated literature, not only for concentrated cracks but also for

I];zm ()grgsi;jentiﬁcation diffused damaged zones which may involve a loss of mass. Different damage scenarios
Arches can be taken into account with variable location, intensity and extension of the damage
Natural frequencies as well as number of damaged segments. An optimization procedure, aiming at identifying
Genetic algorithms which damage configuration minimizes the difference between its eigen-properties and a
Timoshenko model set of measured modal quantities for the structure, is implemented making use of genetic

algorithms. In this context, an initial random population of chromosomes, representing dif-
ferent damage distributions along the arch, is forced to evolve towards the fittest solution.
Several applications with different, single or multiple, damaged zones and boundary con-
ditions confirm the validity and the applicability of the proposed procedure even in pres-
ence of instrumental errors on the measured data.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The presence of damage in beam-like structures, either straight or curve, implies a loss of the structural stiffness inducing
variation of both static and dynamic responses. Its early identification allows preventing the occurrence of more severe dam-
age or even structural failures and has therefore been the object of several studies in the last decades. The effects of damage
and its identification have been investigated in the literature, mainly with reference to straight beams, using different
techniques. These strategies are mainly based on the variation of either dynamic characteristics, such as natural frequencies
[1-10], mode shapes [11-13], or static quantities, such as displacement induced by applied loads [14-17].

The most interesting application of these techniques can be found in the health monitoring applications, whereby the use
of experimental data from non-destructive tests allows identifying damage [18-20].

Damage can affect large or small areas; according to the involved damaged area and to the depth of the damage several
models are available in the literature [21-30]. When the damage is located in a restricted area, the most used mathematical
model to simulate its presence is the so called equivalent hinge model, whose calibration can be performed according to
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numerous proposals [28,31]. The adoption of this model can be performed either by enforcing continuity conditions at the
cracked sections, or by means of suitable closed form solutions depending on the two ends boundary conditions only; such
an approach has been recently extended to the statics of multi-cracked circular arches [32]. Such models, although appro-
priate for concentrated damage, are not adequate in case the damaged zone has a certain extent and involves a loss of mass.
Recently, two of the authors of this manuscript, considering the same strategy here adopted to model the damage, investi-
gated the direct problem of the dynamics of damaged arches, bringing to light some interesting properties related to the
mass variation in the damaged zone [33].

Many papers on the dynamic damage identification in curved beams have been published in the scientific literature, the
largest part of these publications deal with circular arches [34,35] nevertheless some studies have been presented concern-
ing the vibration of arches with variable curvature [18,19,36]. A recent overview on damage identification techniques via
modal curvature analysis has been given by Dessi and Camerlengo [37].

A recent area of study in damage identification deals with genetic algorithms which are inspired by Darwin’s theory and
are based on the process of natural selection. These algorithms are able to provide robust tools for solving optimization prob-
lems and explore the region of interest by running several times the same procedure with different initial conditions in order
to locate with high probability the global optimum avoiding local minima. Many papers have been published dealing with
the use of genetic algorithms in damage identification on straight beams [38-43].

In the present paper, spatial arch structures, in which the damage is modelled as a reduction of the cross section in a con-
centrated zone [33,44], are studied. Differently than the widely adopted damage model with equivalent concentrated hinges
and rotational springs, the proposed procedure is able to identify also finite portions of damaged arch and also to consider
the possible reduction of the mass of the structural element. The inverse problem of identifying damage parameters is solved
by means of genetic algorithms implementing an optimization procedure based on the minimization of an objective function
which measures the difference between calculated and experimental values of an assumed number of natural frequencies
and modes of vibration. To the authors’ best knowledge this is the first application of genetic algorithms in damage identi-
fication with reference to spatial arches.

The exact natural frequencies of vibration and the corresponding modes are calculated by means of an application of the
Wittrick and Williams algorithm [45] through a procedure introduced by Howson et al. [46] and revisited by the authors in a
previous paper [47] in which the dynamics of undamaged spatial arch structures has been exactly investigated in the context
of the dynamic stiffness method [48].

Multiple damage portions of the arch are here taken into account, thus demonstrating the suitability of the model also in
presence of complex damage scenarios. The proposed procedure is able to identify four parameters for each damage, namely
its location, its intensities along the two main directions and its extension. The robustness of the procedure has been tested
in presence of noise and through a comparison with an experimental test available in the relevant literature. In addition,
considerations on the number of data required for an accurate damage identification, and on the use of the mode shapes
combined with the natural frequencies, have been formulated.

2. The eigen-properties of spatial arches

In the free vibration of curved beams either in-plane or out-of-plane motions may occur, where the former consists pri-
marily of bending-extensional modes while the latter is essentially bending-twisting dynamics [47]. In the present section
the dynamics of spatial Timoshenko arches, either in-plane or out-of-plane, is briefly summarized.

Let an infinitesimal Timoshenko arch element, subtending an angle d¢ at the centre of a circle of radius R, be considered
as shown in Fig. 1. The cross-section is assumed to be symmetric with respect to the two directions denoted as 1-1 and 2-2,
and its properties are: area A, second moments of area I; and I, shear correction factor k’, torsional constant J and polar
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Fig. 1. The infinitesimal arch element and its cross section.
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moment of inertia Ip, all of them assumed to be constant. Furthermore the material properties, Young’s modulus E, shear
modulus G and density per unit length p, are uniformly distributed.

The degrees of freedom, in the space, with reference to both the in-plane and the out-of-plane motions, of the generic
cross section are reported in Fig. 1. By considering the equilibrium of the arch element, in its undeformed configuration,
and the linear elastic constitutive law, the differential equations of motion governing the in-plane free vibration of the
Timoshenko arch in a useful dimensionless form, have been presented in a recent paper [47] and are here briefly summa-
rized. The assumption that, in the undeformed configuration, the arch is contained in a principal plane of the cross section
guarantees that in-plane and out-of-plane vibrations are governed by uncoupled differential equations [46].

With reference to the kinematic parameters shown in Fig. 1, the equations governing the in-plane motion of the arch
are:
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where the symbol D" denotes the n-th derivation with respect to the polar coordinate ¢, and the following dimensionless
parameters have been introduced:
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w being the frequency of vibration. The differential equations governing the dynamic out of plane equilibrium of the con-
sidered Timoshenko arch turn out to be:

{D“ (1 +V)y? — D> — (2 + Vi — ¥7?) } 1+ WE= 5
[Dz(l )+ 921+ u)]w +(uD? — 1+ 122 =
where:
o 1, , AR
K=f, "L, 27 @

The knowledge of the solution of the equations of motion described in [47] allows the evaluation of the exact dynamic
stiffness matrix of the arch which relates the vector P of the nodal static parameters at the end of the element, to the cor-
responding vector of kinematic parameters d through the equation:

P =K(w)d (5)

where K(w) can be obtained by assemblage of the dynamic stiffness matrices of all the members of the structure. Once the
dynamic stiffness matrix of the structure is assembled, the natural frequencies can be calculated by means of a very effective
method based on the Wittrick & Williams Algorithm [45]. The algorithm allows to evaluate the number of frequencies of
vibration which are lower than a trial value and, therefore, by means of an iterative procedure, to converge to any required
frequency.

The correspondent i-th mode of vibration (i =1, 2, 3,...) can be evaluated calculating for each kinematic parameter X; the
following expression:

_ (iAmeﬁM)) (6)
m=1 i

where the constants A;; and f,, for the generic i-th mode are calculated for in-plane and out of plane behaviours when the
boundary conditions for the single arch element are assigned [47].

3. The model of the damaged arch

In order to perform an accurate modelling of a structural damage many parameters should be taken into account. In fact
two damaged parts of a structural element may differ for dimension, length, shape and position of the damaged zone. Many
studies in the literature consider that the damage can be assumed to be concentrated and can be modelled by means of a
rotational spring of suitable rigidity.

In the present paper the damage is simply modelled introducing an element with a cross section of the same shape of the
undamaged one but a smaller size. This element has a weaker stiffness and a smaller mass with respect to the correspondent
intact element and is therefore able to model a reduction of the mass in the damaged portions with respect to the healthy
condition [33].
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Fig. 2. The damaged element.

In general, each damage can be described according to four damage parameters, as highlighted in Fig. 2:

- {4: position of the damaged element, defined as the curvilinear abscissa of the left reduced cross section normalized with
respect to the total arch length;

- ¢4: extension of the damaged zone, defined as a ratio of the opening angle;

- Bi(l=1,2): cross section intensity of the damage, defined as the ratio between the dimension of the undamaged and dam-
aged cross section either in the 1-1 or in the 2-2 directions.

It is worth to notice that in general two independent stiffness reductions corresponding to the two principal axes of the
section should be considered, in the latter case each damaged part would need two intensity parameters to completely
define the damage implying a total amount of four parameters associated to each damage. In the following a homothetic
reduction of the cross section along the two principal directions will be considered, thus requiring only one parameter f
= 1 = B> to completely identify each damaged part in terms of stiffness reduction.When the extension of the damage is close
to zero, no crack closure phenomenon is considered, hence linear behaviour of the damaged curved beam is always assumed.

4. Procedure for the damage identification

In the proposed damage identification procedure, the eigen-properties of spatial arches, calculated as described in the
previous paragraphs, are taken into account. The generic damage scenario is associated to several damaged zones, each
one characterized by its location, its extension and its intensity. Therefore in the inverse problem three different parameters
have to be identified for each damaged segment of the arch.

In order to seek for the optimal damage configuration, an arbitrary number N of calculated natural frequencies wf“’f and
modal shapes (pj?“’f (j=1,...,N)can be computed and compared with the correspondent measured values from experimental
¥, " in order to minimize the differences. The mode shapes are computed at Ny, given polar coordinates ¢, which
represent the measurement points used for the data acquisition. Since several damage identification procedures are fre-
quency based only, it is interesting to investigate on the additional contribution of the modal shapes. Therefore, in the fol-
lowing two different objective functions will be considered in the optimization, namely a function which considers the
contribution of the natural frequencies only (0;), and a function which accounts for both frequencies and modal shapes
(0,) according to the Modal Assurance Criterion (MAC) [38,49]. The objective function O, has the following expression:
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where a)}‘"d (=1,...,N) are the natural frequencies of the undamaged arch W; and W, are appropriate weighting factors.
The objective function O, can be recovered from Eq. (7) when W, = 0. It is known that mode shapes are less sensitive to dam-
age severity than frequency variations, thus they are not a good damage indicator when differences between undamaged and
damaged configurations are small. Nevertheless, the addition of data provided by mode shapes, although difficult to mea-
sure, might be of great help in the damage identification since the frequencies are global scalar parameters, whereas the
mode shapes measured at a certain numbers of sections add a quite larger amount of data to be employed in the procedure.
In addition, whenever eigen-modes can be measured, they are able to avoid any symmetry in the identified damaged
configurations.

Once experimental measures are at disposal, the minimization problem provided in Eq. (7) can be solved by seeking for
the optimal damage scenario which best approximates the actual dynamic response of the damaged arch. In this paper the
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inverse problem of identifying the damage parameters is approached by discretizing the axis of the arch into an arbitrary
number N, of parts. The length of this generic segment also defines the minimum extension of the damage that the proce-
dure will be able to detect. Each part can be considered damaged with different cross sections intensities of the damage g
previously introduced, as shown in Fig. 3.

The location of each damaged zone corresponds with the position of its first node (left), its magnitude is characterized by
the g parameter and the extension is associated to the number of contiguous damaged parts with the same value of g. In
particular, when no damage is associated with a part of the arch, the correspondent value of 8 is equal to 1. Furthermore,
B assumes values greater than one, proportional to the intensity of the damage, for the damaged parts of the arch.

In order to reduce the computational effort related to the application of the Wittrick and Williams algorithm, it is con-
venient to minimize the number of parts of the model N, assembling together contiguous elements with the same value
of B (Fig. 4).

It is clear that the size of the problem grows exponentially with the number of parts of the arch since the dynamic stiff-
ness matrix of the model has size 6(N, + 1) and therefore the algorithm is faster when the arch is less damaged.

Since the total number of possible damage configurations, with different locations and intensity, is very large, particularly
when the arch is discretized into a great number of curved elements, it is extremely important to have a procedure able to
provide the optimal solution within reasonable computing time. For this reason, an optimization method is required and, as
better explained in the next section, a genetic algorithm strategy is adopted to select the damage scenario, which best fits
with the experimental data.

5. Optimization procedure by means of genetic algorithms

In this paragraph the optimization procedure adopted in the present paper, which makes use of genetic algorithms, is
described.

A “genetic algorithm” is an adaptive stochastic method that mimics the Darwinian evolution, based on an opportune
combination of random mutations and natural selection, in order to find optimal numerical values of some specific functions.
The algorithm acts over a population of P potential solutions (initially randomly chosen) by applying, iteratively, the
“survival of the fittest” principle: in such a way it produces a sequence of new generations of individuals that evolves
towards a stationary population where the large majority of surviving solutions do coincide and approach as much as
possible the real solution of a practical problem. To this regard this evolutionary strategy has been widely adopted for
dynamic identification purposes of straight beams [39-42].

In order to translate into this scenario, the original problem of finding the damage parameters in the considered arch, the
curvilinear abscissa is discretized into an arbitrary number of parts N, each one individuated by the abscissa of its first node
Lk (k=1,...,N). Each individual of the population, called chromosome, is coded as a string of numbers g (k=1 ... N), called
genes, each one representing the intensity of the damage present in the k-th part of the arch. The value g =1 indicates no
reduction of the original cross section.A generic chromosome C; of the population (i=1,...,P) can therefore be coded,
according to the scheme reported in Fig. 5, in the following string:

Ci = (ﬁ]ﬂﬁZ?ﬁ% '“7ﬁkv R ﬁN)

The cross section intensity of the damage for each gene B, can assume M arbitrary discrete values, from 1 to a maximum
intensity Bmax Bk € [1, ..., Bmax]- The number of genes related to damaged zones, those with g > 1, can be evaluated for each
chromosome and will be denoted as X. From combinatory algebra it follows that the overall number of possible different
chromosomes is Ppax = (M + 1)V, a quantity which rapidly increases with N even for small values of M. It is evident that,
for each chromosome, it is possible to calculate the value of the objective functions reported in Eq. (7) by assuming the pres-
ence of X damages in the string C; with positions given by the coordinates of the corresponding parts and intensities given by
the values of the corresponding genes. With this approach it is also possible to consider in the damaged scenario the exten-
sion of the damage. In fact the length of the damaged zone is the sum of contiguous parts with the same value of B;.The cod-
ification of the damage scenario here proposed is deeply different from similar studies, concerning straight beams, proposed
in the literature.

In fact, in these studies the number of notches has to be known a priori since each chromosome has a fixed length 2. The
latter aspect is due to the structure of the chromosome, which contains, for each damage assumed to be present in the struc-
tural element, its position and intensity. Adopting the proposed procedure instead (based on a segmental mesh of the ele-
ment where each gene represents the level of integrity of the corresponding segment) the number of possible identifiable
damaged areas is theoretically equal to the segments of the considered mesh. As a consequence, the number of possible dam-
aged areas to be identified is limited by the amount of available data only; in fact, for each damaged area three or four
parameters have to be identified, that is position extension and intensity (a single intensity in case of homothetic reduction
of the section, two in case of independent reductions in the two principal directions of the section). Therefore, three eigen-
frequencies (or four in case of independent section reductions) are needed for each damage to be identified. As an example, if
nine eigen-frequencies are measured, the number of damaged areas that can be identified is lower or equal to three. A similar
scheme of the chromosome can be found in [43] with reference to stiffness identification problems.
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Fig. 3. The considered arch model for damage identification.

The task of the genetic algorithm is that of exploring the space of all the possible chromosomes, in search of the damage
scenario which maximizes an opportune fitness function, related to the objective functions and defined as follows:

F(Ci) =K - 0y(Ci) —g(E,N,) b=1,2 (8)

where:
- the objective functions O; and O, have been defined in Eq. (7);
- K is an arbitrary constant, chosen great enough to have F > 0 for every possible chromosome;
- g(X,N,) is a penalty function defined in the following.

The present study aims at identifying multiple portions of damage in the arch, with arbitrary extensions and intensities.
For a given number of damaged portions X the arch can be subdivided in a maximum number of parts equal to 22 + 1
depending on whether the damaged zone is located in an internal part or at the boundary of the arch. Examples of possible
damage distribution of an arch with a single damage are reported in Fig. 6.The cost function g(Z,N,) allows guiding the
selection of chromosomes towards the sub-space compatible with N, and is defined as follows

W,IN, - 2£+1)] if 25+1<N,

0 if 22+1>N, (3)

2Ny = {

where W, is a weight assigned to this cost function. Notice that the presence in Eq. (8) of the term defined in Eq. (9) causes an
increase of the fitness F(C;) not only when the value of the objective function O,(C;) decreases, but also when the number of
genes with i > 1 is less than or equal to the maximum expected number N, = 2% + 1 of arch portions. Considering the typical
range of variation for both O,(C;) and g(X, N,), in all the simulations it will be set K =250 without loss of generality. There-
fore, 250 will be also the highest possible value for the fitness F(C;), corresponding to the identification of the exact damage
scenario.

In Fig. 7 the procedure previously described is further clarified. Each chromosome C;, corresponding to a generic distri-
bution of damage along the arch, is associated to an equivalent arch where the homogeneous segments are conveniently
merged aiming at an optimization of the problem size, thus making the computation of the eigen-properties of the arch fas-
ter and more effective. Then the fitness function associated to the chromosome C; can be obtained through Eq. (8). Finally, the
performance of the relevant damage configuration can be assessed according to the optimization procedure described in the
following.

The fitness value associated to each chromosome evaluates how much the corresponding damage configuration matches
with the real one and represents the probability of survival of that chromosome under the pressure of the natural selection
process.

g

|2

Fig. 4. The arch model with a reduced number of parts N, = 5.
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Fig. 5. The generic chromosome.

More in detail, starting from the initial population of P chromosomes, randomly chosen among the Py, a new generation
of the same size is created from the old one, where chromosomes that have a higher fitness score are more likely to be
chosen as parents than those that have low fitness scores. In particular in the adopted selection process, the crossover-rate
controls the percentage of each new generation that has to be created through sexual reproduction (recombination or
crossing-over between the genes of two parents’ chromosomes) and the percentage (100 - crossover-rate) to be created
through asexual reproduction (cloning of one parent’s chromosome), while the mutation-rate controls the percentage
probability of mutation, which applies to each genes of all the chromosomes in the new generation.

By iteratively repeating the selection process several times, chromosomes with the highest fitness will be progressively
selected in the space of all the possible combinations and will quickly spread among the population reducing the diversity of
the individuals, until (almost) only one of them will survive: hopefully, that one with the maximum fitness, that should cor-
respond to the damage scenario more in agreement with the experimental test. Of course, it is frequent for the dynamics to
remain trapped into local maxima of fitness therefore it is convenient to run the genetic algorithm many times (events), each
time starting from a different initial population, in order to gain more chances to reach the global maximum of fitness. In
fact, the random mutation of genes in chromosomes helps to avoid getting stuck at local optima; nevertheless, the adoption
of this strategy does not prevent from getting a chromosome at the end of the run which is not actually the best one; to this
regard it is worth to note that the final output of the algorithm strongly depends on the initial population randomly chosen.
To increase the chance of getting the best possible chromosome, the best practice is to run more and more times the algo-
rithm, starting every time from different initial populations.

6. Numerical applications

In the present section some examples of damaged arches with different boundary conditions and damage parameters
have been considered. In all the numerical applications the considered damage model implies a stiffness reduction and a loss
of mass. The first application refers to a hinged-hinged arch with a damage zone of considerable extent to which the pro-
posed procedure is employed with the aim of finding the exact given damage scenario. The influence of the number of nat-
ural frequencies adopted as well as the employment of the mode shapes in the identification procedure are assessed. In
particular, the two objective functions O, and O, defined in Eq. (7) are considered taking into account different numbers
of eigen-properties. The performed applications allow to select the number and the type of required vibrational data which
give the best performance in the identification procedure and will be therefore used in the following applications.

The setup of the simulation parameters for all the applications will always be the same one sought as the best after sev-
eral applications: the size of the initial population of chromosomes, randomly chosen among the Py, is fixed at P = 100 indi-
viduals; the crossover rate at 80% and the mutation rate at 2%; finally, the number of generations has been set to 100, enough
to reach a stationary state for the average fitness of the chromosomes. In addition the optimal values of the weights W, W,
and W, to be employed are inferred from parametric analyses reported in the following.

On the same example the influence of noise is duly assessed in the second sub-section, thus checking the robustness of
the proposed approach in presence of errors on the measured data.

Then, a further example deals with a clamped-clamped arch in which the extension of the damage is small. Differently
from the previous example regarding the hinged-hinged arch with extended damage, in this case the space of chromosomes
does not contain the actual damage scenario and the robustness of the proposed procedure with respect to the adopted dis-
cretization is assessed. An application which takes into account the results reported in the literature with reference to an
experimental test on a damaged arch is simulated in the fourth sub-section.Finally, an example with two damaged portions
is reported to demonstrate the suitability of the proposed procedure also in presence of multiple damaged portions.

In order to assess the accuracy of the results of the proposed identification procedure, three error parameters respectively
of the damage location ¢, extension ¢, and intensity €, are introduced as follows:

N

Fig. 6. The reduced arch with one damage is divided into 3 or 2 parts.
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being Cq4, ¢4 and f the damage location, extension and intensity associated to the chromosome with the highest fitness, and @
is the opening angle of the arch.

6.1. Hinged-hinged arch with an extended damaged zone

The considered arch has an opening angle @ = &, radius R=1 m and circular cross section with structural parameters
defined in Egs. (2) and (4) equal to: 41 = 7, =500, =2,V = 2(1 +v)/0.89 = 1/(1 + v). The mechanical properties are defined
by means of the Young’s modulus E = 206,000 MPa; Poisson’s ratio v = 0.3 and density p = 7850 kg/m?>. The boundary condi-
tions are assumed to be of simply support in the plane of the arch while clamped in the orthogonal direction.

The damage is located at the polar coordinate 0.400 7 from the left end of the arch and its intensity is g = 1.2 while the
extension is equal to 0.067 m. The first six frequencies of vibration and the correspondent modal shapes of the considered
arch are plotted in Fig. 8.

The arch length has been divided into 30 elements; the inverse problem regarding the damage identification deals, in this
case, with chromosomes with 30 genes which can assume 6 values (different intensities of damage) g =[1.0, 1.1, 1.2, 1.3, 1.4,
1.5]. According to the adopted chromosome scheme, a chromosome with all genes equal to one except for the thirteenth and
the fourteenth which are equal to 1.2 is able to exactly reproduce the given damage scenario.

The proposed procedure has been applied to the arch described above by considering the objective function O, that is
considering only the frequency measurements, and accounting for three natural frequencies. The considered weights of
the components of the fitness function are set equal to Wy=1, W, =0, Wy =1 and the corresponding results are shown in
Fig. 9.

The upper string represents the target chromosome which corresponds to the actual damage scenario while in the string
at the bottom the chromosome with the highest fitness over 20 runs is reported. The strings in the middle represent the best
chromosomes for each of the twenty runs of the genetic algorithm. The intensity of the damage is indicated with reference to
the scale of grey reported in the right part of the figure.

In the objective function O, the damage parameters related to the best chromosome are: position &; = 0.600 7, intensity
B = 1.2, extension ¢, = 0.067 7. As it can be noticed the application leads to a best chromosome in which the damage has the
correct extension and intensity but may be located at a symmetric location with respect to the actual one. This result is due
to the fact that symmetric arches have the same natural frequencies when the damage is located symmetrically with respect
to the vertical axis [44].
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Fig. 8. First six modes of vibration and correspondent frequencies of the considered damaged arch.
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Fig. 9. Process of natural selection of the chromosome with best fitness for the objective function O; calculated with 3 natural frequencies.

In Fig. 10a the trend of the mean value of the fitness function versus the considered iteration is reported, showing how
quickly the fitness function approaches the maximum value. In Fig. 10b the diversity function of the population at each iter-
ation is reported, showing that the population tends to rapidly align towards the optimal individual. In particular, to define
the diversity of the population the following Hamming distance between the chromosomes will be employed [50]:
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N,
Hje = |8 - Bl 1)
i=1

where ﬁ{ , B are the i-th genes of the j-th and k-th chromosomes of the population, respectively. In addition, to assess how
the initial population tends to evolve towards the winning chromosome, the diversity index of the population is introduced
as follows

Diversity = 55— 2 Z ZH,k (12)

( - )Np(ﬁmax_ —1j=k+1

that is a parameter accounting for the mutual Hamming distance of the chromosomes belonging to a certain generation, nor-
malized by the maximum possible diversity.

In order to overcome the inconvenience on the correct location of the damage in the following Fig. 11 the objective func-
tion O, has been considered in the evaluation of the fitness, and therefore both the frequencies and the modes of vibration
have been taken into account, in this case the following weights have been assumed Wy=1, Wy, = 1, Wy = 1. The modes are
evaluated in 20 equally spaced points taking into account only displacements, and avoiding the rotations which are more
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Fig. 11. Process of natural selection of the chromosome with best fitness for the objective function O, calculated with 3 natural frequencies and 3 modes of
vibration.
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difficult to be measured in practical applications.As it can be observed, in this case the correct damage position, intensity and
extension has been identified as best result over 20 runs, without any symmetry ambiguity.

In the objective function O, the damage parameters related to the best chromosome are: position &; = 0.400 T, intensity f
= 1.2, extension ¢, = 0.067 m; therefore for the present application the identified parameters turn out to be exact.

From the previous considerations follows that in the next applications reference will be always made to the objective
function O,. Although the three eigen-properties allowed recovering the correct solutions, in order to guarantee the robust-
ness of the procedure also in presence of possible instrumental errors and in case of more than one damage, six frequencies
and six modes of vibration will always be taken into account in the following applications.

In order to investigate the role of the weights Wy, W,,, and W, employed in the objective function reported in Eq. (7) a
further parametric analysis is here performed. In particular, starting from the default set of parameters (Wy=1, Wy, =1
and W, = 1), which have turned out to be reliable, each of them has been independently ranged from 0 to 5. By performing
a single run for each of these sets of weights on the benchmark here proposed and considering a set of three eigenproperties
as data of the algorithm, the results are reported in terms of Hamming distance with respect to the target chromosome,
showing the weights do not influence that much the quality of the results unless they get far from the unit value, as shown
in Fig. 12.

6.2. Sensitivity of the proposed procedure to noise

A real damage identification procedure is based on the acquisition of experimental data which are affected by unavoid-
able noise. The purpose of the following application is to assess the performance of the proposed identification procedure
when the eigen-properties of the considered damaged hinged-hinged arch are affected by errors modelled as random
variables.

A simple type of random error is used to model measurement noise, i.e. proportional errors which are representative of
actual measurement errors when all the instruments are set to optimal sensitivity and range, as already extensively studied
with reference to cracked straight beams [51]. The natural frequencies and the modes of vibration measurements considered
to perform the damage identification procedure are as follows:

o = (1 + &R) (13)

Qi = Pik(1 + &R) (14)

where wf*, ¢f} are the exact values for the i-th natural frequency and the k-th component of the correspondent mode of
vibration; R is a uniformly distributed random variable in [—1, 1] with zero mean; ¢, is a parameter governing the noise level
proportional to the actual eigen-properties. Fig. 13 shows the performance of the proposed procedure in damage identifica-
tion when both the 6 measured frequencies a