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Abstract

The aim of the study is the formulation of a computational method for the identification of the
first damage in planar frames. The damage is considered to be concentrated in some oppor-
tune sections of beams and columns and many assume different intensities.

In order to identify the location and intensity of the damage when measured frequencies on
the damaged frame are available, an original algorithm has been implemented assigning to
each critical section an appropriate fitness function. This function indicates the difference be-
tween the measured frequencies of vibration and those obtained, by means of opportune nu-
merical models, assuming that the damage is located in the considered critical section. The
exact location will then be individuated seeking the optimal fitness function. An iterative pro-
cedure which allows reducing the computational effort is also presented with reference to a
case study.
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1 INTRODUCTION

As it can be observed from the scientific literature of recent decades, structural health mon-
itoring of existing structures has received great interest and has inspired many dedicated stud-
ies. Many studies are devoted to the evaluation of the static or dynamic response of damaged
structures and highlight their modification with respect to undamaged configurations [1-9].
The presence of structural damage reduces the bearing capacity of structures and therefore, in
order to prevent its progressive expansion, which inevitably leads to structural failure, must be
detected in its early stage. Many damage identification techniques are reported in the literature
and require the measurement of some data on the existing structure. Different data can be tak-
en into account for instance the variation of dynamic characteristics, such as natural frequen-
cies [10-17], mode shapes [18,19], or static quantities, such as displacements or strains
induced by applied loads [20-22]. Many studies are based on the solution of an inverse prob-
lem that compares numerical response data, evaluated on a model of the structure, to the cor-
responding experimentally measured ones [23-25]. Recent computational procedures based on
genetic algorithms [26-28], particle swarm optimization [29], fuzzy cognitive maps [30] have
been presented.

A crucial aspect concerns the model of damage and numerous attempts to quantify local
defects are reported in the literature. All the models involve a reduction of the stiffness of the
structural element by using one-dimensional continuum theories [31] or fracture mechanics
methods [32,33].

The damage can be either localized or diffused on a certain portion of the length of the
structural element and its intensity can be related to the reduction of the reactive area of the
cross section, for example due to the presence of a notch. Contributions on crack modelling
approaches and their effects on the response of beams can be found in [34,35].

The aim of the present paper is to propose a computational method for monitoring the
structural integrity of planar frames. It is assumed that appropriate sensors are permanently
located on the frame detecting its vibration properties with a certain periodicity. In this case it
will be possible to immediately detect the appearance of the first structural damage indicated
by a difference between some measured data and those known for the undamaged frame. The
widely used assumption of a hinge with a rotational spring is used to model the damage and
this is assumed to be concentrated, located in opportune critical sections and may have differ-
ent intensities.

With the aim of identifying the location of the first damage, the frequencies of vibration of
undamaged and damaged frames are calculated. In particular the frequencies of vibration are
evaluated for each damage configuration of the frame corresponding to a possible location of
damage among the considered critical sections. These frequencies of vibration are then used
to 1dentify the location and the intensity of the damage by means of the solution of an oppor-
tune optimization problem. The application on a case study allows to show the reliability of
the proposed identification algorithm. Furthermore, an automatic procedure is illustrated
which, assigning to each critical section an opportune fitness with respect to the possibility
that the damage is located there, allows to iteratively converge to the exact position reducing
the required computational effort.

2  FREQUENCIES OF VIBRATION IN UNDAMAGED AND DAMAGED FRAMES

In the present study planar regular frames, with columns clamped at the ground level, are
considered. Once the mechanical and geometrical characteristics of each structural member of
the frame have been assigned, the stiffness and mass matrices of the undamaged frame respec-
tively denoted as K" and M" can be evaluated. In particular the mass matrix takes into account
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of the distributed masses in beams and columns. Neglecting the axial deformability of the
structural members, the degrees of freedom of the frame, and therefore the size of the stiffness
and mass matrices, correspond to the horizontal displacements of each floor and the rotation
of the unconstrained nodes. The natural frequencies of vibration m, of the undamaged frame
can be evaluated solving the classic equation:

det (K" —;M") =0 (1)

When the first damage occurs in a structural member the total stiffness decreases and con-
sequently also the frequencies of vibration assume lower values with respect to the undam-
aged configuration.

In this study reference is made to a single damage which can be located in one of the criti-
cal sections of the frame corresponding to the base or top of each column at each floor or to
the ends of each beam. With reference to the two corners at the top of the frame, the critical
section will be located in correspondence to the structural member (beam or column) having
the lower elastic moment.

In accordance with what is frequently adopted in the scientific community, the loss of re-
sistance induced by the presence of the damage is modelled by means of a hinge with a rota-
tional spring whose stiffness k, is related to the intensity of the damage.

In order to evaluate the natural frequencies of the frame having a damage located in one of
the previously described critical sections, new stiffness and mass matrices must be assembled.
For each location of the damage, stiffness and mass matrices, respectively denoted as K¢ and
M  are evaluated. The correspondent frequencies of vibration for each location of the dam-
age are evaluated solving the equation:

det(K‘ -a;M") =0 2)

The stiffness of the rotational spring modelling the damage will be assumed equal to n; dis-
crete values which decrease with the intensity of the damage itself.
In particular, the stiffness of the rotational spring is expressed as:

EI,

ko=l iz n (3)
2 Ld

where ¢; is an integer number and I; and L, are respectively the moment of inertia and the

length of the structural element where the damage is located (beam or column).

3 DAMAGE IDENTIFICATION PROCEDURE

In this section the damage parameters, i.e. location and intensity, are evaluated by means of
an optimization strategy based on the use of a certain number of vibration properties meas-
ured on the considered frame. For each possible damage location among the critical sections a
fitness value is assigned for each damage intensity as follows:

nf
Fk,j :Fmax _Z

i

. — wi,kj

.

z

j=1...n, (4)

where:

Fnax 1s an arbitrary constant, chosen great enough to have always Fy > 0
nris the number of considered natural frequencies
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niis the number of considered damage intensities
@, is the measured i-th frequency of vibration

@, ; 1s the calculated i-7h frequency of vibration with intensity damage j located in critical

section k
w,, 1s the i-th frequency of vibration for the undamaged frame

For each critical section the maximum fitness among those associated to different intensity
values is then selected:

Fo=max(F, )  j=1l..n (5)

Of course, among all the fitness functions associated to possible damage locations, only the
one related to the exact position will reach its maximum value.

Once the position of the damage is identified, it is possible to evaluate its intensity compar-
ing all the sets of frequencies related to variable intensity to the measured values.

The first step of the proposed algorithm concerns with the localization of the damaged sec-
tion and represents the main goal of the proposed approach. Undoubtably from a health moni-
toring point of view the most crucial aspect is to identify the presence and the location of the
damage. Once the damage is detected it is important to repair as soon as possible the involved
structural zones in order to prevent subsequent worsening, independently on the damage in-
tensity.

In principle all the natural frequencies of all the possible configurations of damaged frames
can be calculated and the correct location of the damage can be identified minimizing the fit-
ness function. Anyway, it will be shown that it is sufficient to take into account only some
natural frequencies in order to identify the correct damage location. In the applicative section
the number of considered frequencies of vibration has been set equal to 4. For large frames
with high number of critical sections in order to reduce the number of calculated fitness val-
ues, an original iterative procedure described in the following can be applied.

It is worth pointing out that the proposed procedure applies both for damage identification
in symmetric and unsymmetric frames. Anyway, in case of symmetric frames it is not possi-
ble to discern between symmetric damage positions. However, in order to carry out mainte-
nance and restoration interventions, this circumstance does not appear to be a major limitation
as it allows to drastically reduce the sections to be considered to two only. Anyway, if one
needs to univocally identify the damaged section in a symmetric frame, some information on
mode shapes could be added in the objective function.

4 CASE STUDY AND NUMERICAL APPLICATIONS

The five storeys frame assumed as case study for the proposed damage identification pro-
cedure is shown in Figure 1. In the same figure the length and the profiles of the structural
members are also reported. In Table 1 moments of inertia and the ratio between yield mo-
ments of the cross sections and the yield stress are reported together with the values of the dis-
tributed masses. The value of Young modulus for the steel under consideration is assumed to

2

be: E = ZIOOOOOOO[kN}
m
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Figure 1 - Frame with five floors and four columns
Profile I [m*] My /Gy[m3] m [kN*s*/m?]
HE320A 22930 108 1479 -10°¢ 97.6 -107
HE280A 13670 108 1013 -10°° 76.4 1073
HE240A 7763 -10°® 675.1 -10° 60.3 -107
HE200A 3692 108 388.6 -10°° 42.3-1073

Table 1 - Characteristics of the structural elements

For this frame the numbers of degrees of freedom in the undamaged configuration is equal
to 30 and therefore 30 frequencies of vibration can be calculated solving the related dynamic
eigenvalue problem once the matrices K" and M" are evaluated.

The total number of critical sections for the considered frame is 88 but since it is symmet-
ric, 49 critical sections must be taken into account. For each possible location of the damage,
and for each value of its intensity, 31 frequencies of vibration can be calculated. Considering,
eight levels of intensity of the damage, 392 sets of 31 frequencies of vibration have been
evaluated. With the aim of solving the inverse problem which concerns the identification of
damage parameters, some examples of location and intensity of the damage will be developed,
and the related natural frequencies will be used as pseudo-experimental data in the identifica-
tion procedure.

4.1 The Identification Algorithm

The identification algorithm has been realized within the software environment NetL.ogo
[36], where the five storey frame can be reproduced in a virtual metric space, as shown in
panel (a) of Figure 2. The critical sections Sk (k = 1,...,88), represented by yellow squares, are
labeled with an increasing ID number. Among them, let us call St the target (damaged) sec-
tion.

99



Annalisa Greco, Ilaria Fiore and Alessandro Pluchino

1@ 1934 39754 5974 B8
29 40 &0

] 38 _48 L] &3

14 18_33 38,53 58_73 78

8 ] 47 67 86

- 8 4B 66 _§5 Ol
BB E] 17 32 17 53 57 72 il |
e 25 45 b5 B84 L ]
B _Gzii 3 A4 64 '63; H
13 1631 36,51 $6..71 7o L
4 23 43 63 82 [ |
3 >, 42 62 g1

Bt | 1530 3550 5570 .5l

2 21 41 &1 &0

1 20 40 60 9

(a) (b)

Figure 2 — (a) Frame with five floors and five columns, where each critical section is labeled with an increas-
ing integer ID number. (b) The same frame at the end of a single run of the identification procedure, with the
jumper that has reached one of the two symmetric target sections, after a path along a subset of the explored sec-
tions (colored in red). The exploration circle is visible around the jumper. See text for more details.

The searching procedure can be easily implemented by creating a “jumper”, able to move
from one section to another, starting at t = 0 from a given (randomly selected or fixed by the
user) section S; on the frame, for which the fitness Fi is calculated. Jumper is represented by a
concentric green circle. Then, the algorithm goes on according to the following subsequent
steps:

1. At the next iteration step ¢ > 0, the jumper explores the frame by calculating the fitness
values associated to all the neighboring sections included within an “exploration circle”
of a given radius R (expressed using spatial units arbitrarily chosen as equal to the dis-
tance between two floors). Sections for which the fitness has been calculated are col-
ored in red.

2. Then, two options are available for the jumper:

e if some of these neighboring sections have a fitness Fx > Fj, the jumper moves on
the section with the maximum fitness among them;

e if all the neighboring sections have a fitness Fx < Fj, with a certain probability
pm < 1 (called “moving probability”, which introduces in the system a sort of
noise useful to avoid local maxima) the jumper is forced to move on one of those
sections, chosen at random, otherwise the procedure is stopped.

3. If the procedure has not been stopped at step 2, the algorithm came back to step 1 and
prosecutes until it is stopped. Notice that a given section can be visited more than one
time during the entire procedure but, of course, its fitness is calculated only the first
time the section has been included in the exploration circle.

4. If the section reached by the jumper when it stops coincides with the target section Sr,
or with its symmetric section (both these sections are represented as black circles), we
say that the run has been successful.
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In panel (b) of Figure 2 the situation at the end of a generic successful run is reported, with
the jumper over the target. An example of exploration circle, centered on the jumper, is also
shown for allowing the user to visualize it. The percentage E% of explored (red) sections over
the total is visibly around 50% and this tell us that the algorithm was not only effective (since
the jumper reached the target) but also efficient, since we were able to identify the damaged
section without needing to calculate the fitness for all the sections.

Of course, in order to have more reliable information about the effectiveness and the effi-
ciency of the proposed algorithm for the identification of a given (fixed) target section, one
needs to repeat N times (with N >> 1) the entire procedure starting, for each run, from a dif-
ferent random section. At the end of the N repetitions, the percentage P9 of successful runs
and the average percentage E% of explored sections will represent the quantities that we have
to take into account for evaluating the performance of the algorithm.

4.2 Results for the five storeys frame

In this paragraph we discuss the numerical results obtained by applying our algorithm to
the considered five storeys frame. The damage can be located in each of the 49 critical sec-
tions and eight damage intensities, represented by the rotational stiffness given by equation (3)
with o = [1000 800 700 500 300 100 50 25] , have been taken into account.

Considering different arbitrary sets of location and intensity of the damage and assuming
the correspondent first four frequencies of vibration as pseudo-experimental data, the fitness
function (4) has been previously evaluated for each of the 49 critical sections observing that it
always reached a zero value in correspondence of the exact damage configuration.

Successively in order to implement the searching procedure described in the previous sec-
tion (and therefore to avoid the calculation of the fitness for all the sections), the two percent-
ages Pg (of successful runs) and E¢ (of explored sections) have been evaluated assuming
different damage locations and intensities.

In order to evaluate an appropriate value of the radius of the exploration able to provide re-
liable results still maintaining a significant reduction in the number of nodes in which the fit-
ness function has to be calculated, a preliminary analysis has been developed. Figure 3 shows
the results obtained assuming for example the damage located in sections 1 and 15 (involving
respectively one column and one beam) with intensity & =300 and evaluating the two per-
centages P and Eq for increasing values of R. As it can be observed, increasing the value of
the radius, higher values of both P and E¢ are reached. A fair compromise between the need
of reaching high values of P without increasing too much E¢ can be obtained assuming
R=2.,2, so this value will be chosen for the simulations. Figure 4 shows the effect of the forc-
ing moving probability pm in the identification of the damage located again in sections 1 and
15 with intensity & =300. While for the damage located on the beam the two percentages Py
and E¢ show to be almost independent on pm, for the damaged column a sensible increase
with the forcing moving probability can be observed. In order to choose a unique value, in the
following pm has been set equal to 0,9.

With the aim of investigating on the effects of a damage located at the base of a column or
on a beam at each floor, the sections 1, 3, 5, 7, 9 (base columns) and 15, 16, 17, 18, 19 (right
end of beams of the first span) have been taken into account. Several sets of N = 1000 runs
have been performed and the results in terms of P¢ and E¢ have been reported in Figure 5.
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Figure 3 — P% and E% for damage located at the base of a column (1) and on a beam (15) of the first floor
with stiffness intensity parameter a=300 for different values of the radius parameter
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Figure 4 — P% and E% for damage located at the base of a column (1) and on a beam (15) of the first floor
with stiffness intensity parameter a=300 for different values of the forcing moving probability

As it can be observed from Figure 5 the damage identification procedure gives excellent
results when the damage is located on one of the considered beams. In these cases, in fact,
independently on the considered section (and therefore on the floor) the percentage of suc-
cessful runs turns out to be always 100% while the percentage of explored sections is about
80%. On the other hand, the identification of damages located at the base of the external col-
umns provide values of P% around 85% with E% always smaller than 60%

Therefore, we can conclude that, for the considered five storeys frame, the proposed identi-

fication procedure provided satisfactory results, thus confirming its good performance and
reliability.

5 CONCLUSIONS

e A computational method for monitoring the structural integrity of planar frames is pre-
sented.

e The first damage is identified by means of the frequencies of vibration of each damaged

configuration of the frame corresponding to a possible location of damage among the
considered critical sections.

e The solution of the damage identification problem is achieved by means of an optimiza-
tion algorithm which assigns to each possible damage location, among the critical sec-
tions, a fitness value and then seeks the maximum one.
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Figure 5 — P% and E% for assigned damage location and variable intensity
Left side: damage located at the base of an external column at each floor starting from the base
Right side: damage located at the right end of each beam in the first bay starting from the bottom
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e An automatic procedure has been implemented within the software environment
NetLogo and it has been shown how it is possible to iteratively converge to the exact
damage position reducing the number of calculations.

e The application to a case study allows to show the reliability of the proposed identifica-
tion algorithm.
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