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ABSTRACT: A class of procedures for structural damage location and assessment has recently attracted spe-
cial interest: it is that based on the alteration of the vibration characteristics of the structure after the damage
occurred. The location and quantification of the extent of the damage is performed in this paper by genetic al-
gorithms. In real time the eigenvalues of the system are identified and a specific genetic algorithm individu-
ates the stiffness matrix of the structure. The aim is to compare results obtained for different signal durations.
An example on a three composite steel-concrete structure tested at the ELSA laboratory validates the pro-
posed method. The final goal is to download the whole procedure in the microprocessor of smart sensor de-

vices.

1 INTRODUCTION

Damage detection, location and quantification is the
core of structural health monitoring. The ultimate
goal is to predict the remaining useful life, given the
assessment of the system’s current structural condi-
tion.

The paper focuses on the identification of the
changes between the undamaged and damaged situa-
tions by the application of Genetic Algorithms
(GAs). GAs are used toward the stiffness identifica-
tion of a multi-degree of freedom building. The
method adopts the cost function, based on the fre-
quency response, which was implemented in
(Faravelli et al., 2005) (Cavanna, 2005). The GAs
technique adopted in these studies worked success-
fully when applied to the data from the BABY-
FRAME structure available at the ELSA laboratory
of the European Joint Research Centre in Ispra, It-
aly.

Its further development concerns a more general
validation process. The results of these studies are
reported in the paper. The method appears to be pre-
cise and very fast, and hence potentially very useful
for online damage identification and location. For
this purpose the methodology is implemented to pro-
mote its downloading in a microprocessor.

2 GOVERNING RELATIONS

The capacity for rapid detection of damage in civil
structures is becoming increasingly important. A
wide variety of non destructive evaluation methods
have been recently developed. In this study one pur-
sues the detection of variations in the structural fre-
quencies due to modifications in the stiffness matrix
elements during the lifetime of the structure.

The program (running in the software environ-
ment Matlab (2005)) starts with the analysis in the
frequency domain of continuous time histories digi-
tized at assigned time steps. The first result is the
evaluation of the natural frequencies of the system.

The second step is the formulation of a model, re-
solvable through an optimization algorithm, which
allows one to identify the stiffness matrix K of the
structure. The starting problem is the knowledge of
the natural frequencies organized in the vector V.

The reader is referred for further details to
(Faravelli et al., 2005), where the procedure is vali-
dated on the experimental results collected in a
situation allowing a shear type modelling. Indeed,
the reference signals which were considered con-
cerned the structure Baby Frame (Casciati, 2005).
This specimen, Figure 1, consists of a steel frame
with three reinforced concrete floors. The frame has
two longitudinal bays (X direction) by one transver-



sal bay (Y direction). The size of the longitudinal
bays is 4 m each while that of the transversal bay is
2.5 m. The height of the floors is 2 m each. The pro-
files of the columns are HEB140 and those of the
longitudinal and transversal beams are IPE180 being
made all of them of standard steel Fe360 and
welded. The reinforced concrete slabs were poured
on corrugated steel sheet, which was clamped to the
beams by nails. The waves of the steel sheet were
oriented along the transversal direction. The struc-
ture was built within the ELSA laboratory and rig-
idly clamped to its strong floor.

Figure 1 — The Baby frame mounted at the ELSA laboratory at
the European Joint Research Centre in Ispra, Italy.

Among several tests, the ELSA laboratory data-
base offers time histories of the floor displacements
in the X direction, both for undamaged and damaged
cases. These records were used in (Faravelli et al.,
2005) to extract the frequency information of Figure
2, where PSD means power spectral density..
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Figure 2 . PSD of the displacement recorded at the second
floor.

The identification of the stiffness matrix operates in
the domain of the frequencies and is based on a
function cost through which a comparison is effected
among the exact frequencies (Vey.), drawn by the

program and those (Fgen)calculated from the algo-
rithm of optimization used for the numerical simula-
tion, i.e., the Differential Evolution (DE).

The objective (or cost) function f is a function
that expresses the "goodness" of a population of so-
lutions and allow one to find the excellent solution
in the space of search for the problem in examina-
tion.

The choice of the objective function is one of the
most delicate points of the process of optimization
through the DE, since the possibility of convergence
of the method depends on his choice. Actually, if the
function objective is too severe, the algorithm does
not succeed in choosing the best elements of the
population, since all of them show a low index of
fitness. On the other side, a cost function through
which all the members of the population receive a
very elevated score would not be suitable at all. This
aspect will be discussed in the next section.

In the model shear-type, that is the model adopted
in (Faravelli et al., 2005), the proper frequencies are
in number equal to the number of storeys in the
structure and the form of the matrix is:

k+k, -k, 0
K=| -k, hy+k, —Fk,
0 —ky, Kk

where:

k, stiftness of the first storey.

k, stiffness of the second inter-storey.
ks stiffness of the third inter-storey.

From the convergence of the genetic algorithm
the inter-storey stiffness values are found for the
analyzed structure.

Structural health damage analysis, then, requires
the availability of at least two time histories, one of
which certainly refers to the undamaged case. It
produces the set of undamaged inter-storey stiffness
values. A second time-history leading to similar
stiffness values denotes again an undamaged case;
different values outline a damage state. In (Faravelli
et al., 2005), the unbraced case was regarded as the
damaged situation. The frame mounting braces at
the bottom storey represents the undamaged case.
The comparison allowed one to detect and localize
the damage.

3 COST FUNCTION DEFINITION

One starts from the natural frequencies of the sys-
tem. Then the stiffness matrix could be obtained by
minimising the following objective function:

Ve‘cact - V en t Vexact - V en
f — 'V—g X PX _ exacl ~ gen

exact

exact



where
Vexac: represents the natural frequencies vector
(computed either numerically or experimentally),
Veen represents the calculated frequencies vector
(obtained with the optimization strategy)
P is a diagonal matrix with weighting elements,
¢t is the transpose operator

Alternatively one can adopt a more complex cost
function which also incorporate the error on the ei-
genvectors as a norm of the deviations (Faravelli et
al., 2005).

4 REAL TIME FREQUENCY IDENTIFICATION

The single time history of displacement or accelera-
tion is divided into windows of increasing length.
They are made of 10890 points equi-spaced of 0.005
sec. For every vector the eigenvalues are estimated
with results of the type shown in Table L. It is evi-
dent that to achieve convergence, the minimal win-
dows must be nearly 100 times the maximum natural
period of the system.

Table I - Frequencies drawn from the signal of displacement
related to the first floor.

Time First floor

(s) Num_ber 1st freq. | 2nd freq. | 3rd freq.

of points (Hz) (Hz) (Hz)

5,44 1089 0,3673 30,303 31,0376
10,89 2178 16,5289 18,5491 31,0376
16,33 3267 9,9786 18,4879 | 30,9152
21,78 4356 2,9385 9,9633 18,5032
27,22 5445 2,9385 9,9908 18,5491
32,67 6534 2,9691 9,948 18,5491
38,11 7623 2,9385 9,9436 18,5491
43,56 8712 2,9385 9,9403 18,5491

49 9801 2,9385 9,9378 18,5491
54,45 10890 2,9385 9,9541 18,5491

Table II - Frequencies drawn from the signal of displacement

related to the second floor.

Time Second floor

(s) Num_ber 1st freq. | 2nd freq. | 3rd freq.
of points (Hz) (Hz) (Hz)

5,44 1089 1,8365 3,3058 41,6896
10,89 2178 2,9385 18,5491 | 41,4141
16,33 3267 5,5096 9,9786 18,4879
21,78 4356 2,9385 10,0092 | 18,5032
27,22 5445 2,9385 9,9908 18,5491
32,67 6534 2,9691 9,948 18,5491
38,11 7623 2,9385 9,9436 18,5491
43,56 8712 2,9385 9,9403 18,5491
49 9801 2,9385 9,9378 18,5491
54,45 10890 2,9385 9,9541 18,5491

5 MOVING TO A 3D SPECIMEN

The same process of identification of the natural fre-
quencies is here applied to other experimental data
collected on the same structures and analysed in
(Casciati, 2005).

The relevant experimental setup adopts 16 accel-
erometers and recorded the response to a sequence
of pulses provided by a shaker mounted eccentri-
cally on the top of the frame. It is likely here to meet
nine natural frequency, a shown by Figure 3, result-
ing by a mere extension of the procedure used in
(Faravelli et al., 2005). It is evident that the flexional
and torsional modes are here mixed and a run of the
genetic algorithm would result inconsistent (i.e.,
without convergence).
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Figure 3 - PSD of the acceleration in the X direction recorded
at one of the sensors located on the second floor.

In order to adopt the shear type identification
scheme discussed in section 2, one has to extract the
only flexional modes in the X direction.

A numerical model of the tested frame was built.
This allowed one to obtain the relevant eigenvalues
and eigenvectors. As a result, the flexional modes in
the X direction are constrained in the frequency
range from 0 to 20 Hz. A search restricted to this in-
terval led to the same natural frequencies identified
in the previous sections. Starting from these values,
a convergence of the genetic algorithm on the inter-
storey stiffness values is also achieved for the time
histories on the X direction.

The next step, in view of a real time implementa-
tion, is to discuss the minimal time history duration
which allows a fine identification of the natural fre-
quencies. Note that the available time histories are
of 50479 points with the usual time step of 0.005 sec
(i.e., a duration of 252.395 sec.). Tables III and IV
summarize the results for the first and second floor,
respectively. Figures 4 and 5 give graphical evi-
dence of this convergence process.
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Figure 4 - PSD of the acceleration in the X direction recorded
at one of the sensors located on the second floor: estimation
from 756 points.

Table III - Frequencies drawn from a signal of acceleration re-
lated to the first floor.

Time First floor

(s) Number | 1stfreq. | 2nd freq. | 3rd freq.

of points (Hz) (Hz) (Hz)

1.26 252 7.9365 9.5238 11.1111
2.52 504 7.9365 9.5238 11.1111
3.78 756 9.7884 11.1111 18.5185
5.04 1008 9.9206 11.3095 | 18.4524
6.3 1260 10.0000 | 11.2698 | 18.5714
7.56 1512 9.9206 11.2434 | 18.7831
8.82 1764 3.0612 10.0907 | 18.5941
10.08 2016 3.0754 10.1190 | 18.6508
11.34 2268 2.9101 10.0529 | 18.6949

Table IV - Frequencies drawn from a signal of acceleration re-
lated to the second floor.

Time Second floor

() Num!)er 1st freq. | 2nd freq. | 3rd freq.

of points (Hz) (Hz) (Hz)

1.26 252 7.1429 8.7302 10.3175
2.52 504 7.5397 9.1270 10.7143
3.78 756 3.1746 9.5238 18.5185
5.04 1008 3.1746 9.9206 18.4524
6.3 1260 3.0159 10.0000 | 18.5714
7.56 1512 3.0423 9.9206 18.5185
8.82 1764 3.0612 10.0907 | 18.5941
10.08 2016 2.8770 10.0198 | 18.6508

It is worth noting that convergence is achieved for
durations of the acceleration signal 50 times the
largest natural period.

6 THE REAL TIME IMPLEMENTATION

As shown in the previous sections, the whole proce-
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Figure 5 - PSD of the acceleration in the X direction recorded
at one of the sensors located on the second floor: estimation
from 2016 points.

dure only relies on the time history coming from a
single sensor. This means that it can be built in the
sensor, provided it is smart, i.e., it comes with a mi-
croprocessor. The system architecture introduced in
(Casciati et al., 2004), among others, offers a micro-
processor on which software written in C language
can be directly downloaded.

As mentioned earlier the GAs procedure was
made operative within the software environment
Matlab. A toolbox of this software allows one to
translate the process into a C listing so that this step
does not offer special difficulties. This provided a
reliable model of the structural system is available,
so that the stiffness elements to be searched are
clearly identified.

Nevertheless, it must be underlined that power
consumption aspects suggest to select microproces-
sors of limited capabilities when building a smart
sensor. The GAs optimization is significantly af-
fected by the size of the search space. For a shear
type model, with three degree of freedom, one can
foresee a successful implementation, helped, if nec-
essary, by a flash EPROM. But in real structural ap-
plications, one must select one of the two options
below:

1) the optimization search is developed in the
global space and more powerful microproc-
essor must be adopted for this purpose;

2) asort of sub-structuring is introduced and the
stiffness matrix pursued by the optimization
algorithm in the single device only refers to a
restricted part of the structural system. In this
way the search size is maintained low and
usual microprocessor can be adopted.



7 CONCLUSION AND FURTHER
DEVELOPMENTS

The procedures successfully tested in (Faravelli et
al., 2005) with reference to signals immediately as-
sociated to a plane shear type model, is applied in
this paper to signals collected in a 3D experiment. A
reduction to the plane case is shown to work cor-
rectly. An extension to consider all the relevant de-
grees of freedom is in progress.

The main issue of this paper covers the minimal
duration of the signal record allowing a successfully
identification. This is quite important in view of a
real time exploitation of the damage detection proc-
ess. For this purpose it can be conveniently
downloaded in the microprocessor of any smart sen-
sor device.
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