Application for Automated Recognition of Damage Locations
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Abstract: - This paper present an application developed in Visual Basic, able to precisely indicate a
damage location for known beam characteristics (in terms of geometry and mechanical properties) and
the natural frequencies of some weak-axis transversal bending vibration modes. The application bases on
the implementation of a cost function (namely the Minkowski distance) in an algorithm contrived by the
authors. It is able to recognize the beam model proper to be used, function on its slenderness, and to
identify the beam health state at the beginning of the monitoring process. Afterwards, based on
comparison of the frequencies periodically acquired, the application signalizes the occurrence of damage
and indicates its position along the beam. The reliability of the implemented algorithm is proved by
numerous experiments.
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1. INTRODUCTION

Structural health monitoring became in last
decades an important tool for evaluation of a large
series of structures, from civil engineering to
aeronautics [1]. It implies an analysis of the dynamic
behavior of structures, in order to extract features
able to indicate and individualize damage. The most
common feature, while it is easy to be measured, is
the natural frequency [2]-[4]. Our previous
researches lead to a method able to signalize the
occurrence of damages, identify their location and
evaluate their severity [5]-[8]. This paper focuses on
the second level, damage localization, and brings an
algorithm implemented in a Visual Basic program
able to perform this operation automatically.

2. VECTOR COMPARISON

A damage located on the beam gives to its
dynamic behavior particularities identifiable by
modal analysis. In our previous researches it was
demonstrated that frequency changes for some

vibration modes constitute a "signature" for each
distinct position of the damage [9]. This damage
signature can be expressed in the form of a vector in
which the number of elements is the same as the
number of vibration modes. For n vibration modes,
this series of n values normalized by dividing to the
maximum value of the series can be written as:
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In relation (1), the relative frequency shift is
given by:
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where f; |, is the natural frequency of the damaged
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beam and f; , denotes the natural frequency of the

undamaged beam. These values can easily be
obtained by measurements.
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On the other hand we defined damage location
coefficients (DLC) as indicators of the damage for
individual vibration modes. Coupling the DLC for a
given location, we defined, on scientific basis,
patterns characterizing the damage location in any
position on the beam. In [9] we called a series of
damage location coefficients specific for a damage
location as damage location index DLI, which is:

®,(x),P,(x,),.. 0, (x,)
d)l(xz),dbz(xz),...,CD“(xz) 2)

D, (xk ),q)z (xk ),...,CD” (xk)

These k sets of n values corresponding to each
position x,,x,,..,x, on the beam constitute unique
signatures characterizing that position. Every DLC
has the following form:

T 2
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where ¢71."(x) is the normalized mode shape

curvature. The problem of identifying the damage
position can be separated from the issue of assessing
its severity, using methods based on vibration
analysis. In this sense the first step must be oriented
to identify the position of the damage. Thus the
question has arisen about developing a hybrid
method, using the "signature" of the damage
determined by experimental analysis in conjunction
with the patterns determined analytically. Thus,
comparing the "signature" of the damage from
relation (1) with "patterns" represented by all DLI
determined using relation (2), we can find the x;
coordinate indicating the damage location.

A cost function maps values of one or more
variables onto a real number that represent a "cost"
associated with these variables. An optimization
problem seeks to minimize a cost function. In
statistics a cost function or a loss function is used for
parameter estimation. The aim of estimation is to
find a function which can be applied to two data sets
with the same number of values and be able to
measure how a data set is different from the other set
of data. We use an approach in which we estimate
the damage location that minimizes the cost
function. Because these two data sets have the same
number of values they can be represented as two
vectors of the same length W={¥;} and ®={d;}, i =
1..n. Since two vectors cannot be compared directly,
a cost function is used to be able to minimize the
difference between these two vectors.

In this paper we use as cost function the
Minkowski distance dy,:

4, (1.0)= [S¥,-0f )

which has been proved as reliable and stable [10].
3. THE VISUAL BASIC APPLICATION

We have proposed to use this numerical evaluator
for the damage localization and we integrated it into
an application that allows the automatic recognition
of the real position of the damage. The application,
developed in Visual Basic programming language,
allows automated damage localization for any beam
type, irrespective to slenderness and support types.
For any beam, assumed to be undamaged, it is
possible to enter information relating the geometry
and mechanical/physical characteristics in a
database. Selecting a beam, the application displays
this information and calculates the cross-sectional
area and the moment of inertia (Figure 1).

INITIAL STATE

Select a beam
B2 -

b 0.012 [m]

Frequency [Hz]

[a795
220780
s[s3308
s [os067
s [ 275704
s [a001
2 [573313
o [Faras
Left end Right end s [ 076545
clamped j free j

The Euler-Bernoulli model r
is appropriate

MODEL EVALUATION

Figure 1. Interface section to select/introduce data
characterizing the beam’s initial state

h 0.012 [m]
A 0.000144 [m~2]
1 0.000000001728 [m~4]

L 1.4 [m]

Select support type

By acting the Model Evaluation button the
application returns if the Euler-Bernoulli model is
appropriate for that beam geometry. This interface
allows then to choose the support type of the beam
by selecting, for each end, among four possibilities:
free (f), hinged (h), sliding (s) and clamped (c), like
presented in Figure 1.

The frequency values are inserted for the initial
state, allowing them to save by pressing the Save
button and whenever we need to use this information
we can appeal to interface realized in Visual Basic,
by acting the Load button.

After entering the frequencies in initial state, the
evaluation is made, indicating if the beam is
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damaged; the application displays one of the two
possible messages in the application’s top section
(Figure 2).

Initial state
| PROBABLY DAMAGED

Initial state
| UNDAMAGED

Figure 2. Window that displays information about the
initial state in terms of structural health

This evaluation of the beam in the initial state is
made by comparing the measured frequencies,
introduced in the application, with the beam’s
characteristic values analytically obtained and
indicated for some relevant cases in Table 1. If the
beam is intact the acquired frequencies in the initial
state should be directly proportional to the square of
the characteristic values A for the corresponding
vibration mode.

Table 1. The characteristic values for beams having
different support types

Mode A

i c-c, f-f cf h-h c-s

1 4.7300 1.8751 T 2.3650

2 7.8532 4.4940 2 5.4978

3 10.9956 7.8547 RY/4 8.6393

4 14.1371 10.9955 4z 11.7809
5 17.2787 14.1371 hY/4 14.9225
6 20.4203 17.2787 (Y4 18.0641
7 23.5619 | 20.4203 T 21.2057
8 26.7035 | 23.5619 8 24.3473
9 29.8451 26.7035 o 27.4889

Then entering the frequencies for the beam
measured after a period of time, considered the
current state, the application will compare this data
with the frequency values in initial state. By turning
the Calculate button the application evaluate the
beam condition using the cost function and return
the message <Probably undamaged> or <Probably
damaged> indicating in the last case also the relative
damage position on the beam.

INITIAL STATE LAST STATE ACTUAL STATE
Frequency [Hz] Frequency [Hz] Frequency [Hz]
1[4705 1 1| 4.644
2| 209782 2| 2 | 20.767
s | 83308 3 | s | 81.602
4| 165.067 “ | 4 | 160.021
s | 275724 5 | s [ 273215
s | 41001 s | s | 400.518
7| 573313 7| 7 | 557.886
s | 747.418 e | s | 721.906
9 | 076.545 s | s | 964.262
v r

SAVE SAVE

LOAD LOAD LOAD
Figure 3. Interface section to introduce the frequencies
for the actual state

Figure 3 presents the interface with the fields
where the frequencies can be uploaded, while Figure
4 presents the region where the evaluation results are
posted. One can remark that beginning with the third
frequency measurement operation, a new class of
data is available, namely the frequencies for the last
known state. This means that for a new evaluation
the measured data can be compared with the initial
state or the last state.

Actual state
PROBABLY DAMAGED

Relative damage location

| 0.240714

Minimum of Minkowski distance

| 0.10127088169472

Figure 4. Returned results after the evaluation of the
actual state

To visualize the two vectors, the “signature” and
the corresponding “pattern”, the application
represents them in form of bar charts. Additionally,
the Minkowski distance is represented for all DLIs
along the beam.

Measured

Minkowski distance

a

mode

DLl
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Figure 5. Representation of the “signature” and “pattern” for the identified location, and the Minkowski distance
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4. VALIDATION OF THE DAMAGE
LOCALIZATION METHOD

To wvalidate the localization method, an
experimental stand was developed in order to
measure the beams natural frequencies unaffected by
environmental conditions and other external
perturbations. Experiments were made on laminated
steel beams with 12x12mm cross- section and 1.4 m
length.

’

Figure 6. Stand for measuring the natural frequencies

Numerous experiments conducted to obtain

accurate measurement results permitted the
identification of the damage location. The
application returns similar histograms for the

signature and the pattern, Figure 5, confirming the
achievement of a correct result. In the meantime, the
graph representing the Minkowski distance has low
values where the damage is placed.

S —
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B Frequency [Hz] Frequency [Hz] Frequency [Hz] JRDEHACED
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3 | 83657 5 [ 82334 38233
000144 2
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Relaive damage location
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Minimum of |
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Figure 7. Displaying the application response in the case
of incorrect measurements

If in actual state one frequency value is acquired
incorrect due to measurements errors, the two
histograms are different and the Minkowski distance
does not clearly indicate the probable damage
position (Figure 7). The program even indicates the
mode for which the measurement is affected by
errors (mode 4 in this case).

5. CONCLUSION

An original damage localization method was
implemented in an application realized in the Visual
Basic programming language. It was tested for
numerous damage scenarios, for measurements
artificially affected or not by noise; the method
proved its reliability and robustness.
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