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Abstract. This paper aims to compare different damage-sensitive indexes used to detect and locate minor structural faults within
aerospace, civil and mechanical systems. Damage metrics charts are directly computed using a non-parametric relationship
obtained from electrical signals of patches of piezoceramics (PZT) coupled in flexible structures, namely smart structure. Four
commons damage metrics charts are investigated: the root-means-square deviation, the correlation coefficient deviation, and H,
and H., norms. This work also includes the analysis of the frequency range utilized to compute those damage indexes. Comparisons
are made in an experimental test-bed using an aluminum beam with two PZTs bonded on the surface considering several structural
conditions. The experimental results demonstrated the efficacy of the approach. It can be pointed out that careful attention is
necessary to choose correctly the index and the range of frequencies for monitoring a real-world structure using smart structures
concepts.

Keywords: structural health monitoring, smart structures, root-means-square and correlation coefficient deviation, H,
and H,, norm.

1. INTRODUCTION

Smart materials technology plays an important hole in modern structural projects due to economical, equipment
availability and safety reasons, particularly in aircraft structures (Moura Jr. et al., 2006). A powerful approach involving
smart materials technology by using mainly piezoceramics actuators/sensors has been extensively studied recently.
However, it is still not developed enough to be a “plug-n-play” monitoring system due to several practical reasons
discussed in Peairs et al. (20006).

The biggest problem in structural health monitoring is to decide correctly whether damage is present or not. The
partitioning of the damage-sensitive feature to separate the healthy and damaged conditions is traditionally conducted in
frequency-domain by different indexes, besides some exceptions, like Silva et al. (2007) who proposed an index in the
time-domain. There are different proposals for using damage metric charts. Depending of the application, each index
has advantages and drawbacks. However, it is not common to find out comparative studies of the performance and
frequency range for different indexes applied in the same structure. An interesting study in this sense was performed by
Zagrai and Giurgiutiu (2001).

Thus, this paper proposes a comparative study among four indexes used for damage detection through electrical
measurements from input/output data in the frequency domain obtained by PZTs bonded in a lightweight structure.
These indexes are the root-means-square deviation (RMSD), the correlation coefficient deviation, and H, and H..
norms. The last two are not commonly used in SHM, but they present suitable properties for damage detection
(Gawronski and Sawicki, 2000; Bueno et al., 2006). In order to illustrate the results an experimental test-bed using a
beam structure was performed. The next sections describe the procedure proposed and the reached conclusions.

2. DAMAGE-SENSITIVE INDEXES
The four indexes obtained by frequency response function investigated in this paper are briefly described below.
(a) Root-Means-Square Deviation (RMSD)

The RMSD index is presented here in the following form, (Lopes Jr. et al., 2000):
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where Z, ; is the electrical impedance of the baseline condition, or healthy structure, of the PZT sensor and Z;; is the
signal in the same PZT in unknown structural conditions at frequency interval i. Only the real part of the signal is
analyzed because it is more sensitive to structural modifications than the imaginary part, since they are dominated by
the capacitive response of the sensor and is less sensitive to structural damage effect (Silva et al., 2007).

(b) Correlation Coefficient Deviation (CCDM):

The CCDM is closely related to the RMSD and is given by:
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where p is the correlation coefficient, cov is the cross-covariance and S is relative to the sample standard deviation. Z is
the real part of the signal in the frequency domain. Here p is the value that indicate how well the baseline (reference
signal) and the measurements in the unknown conditions are linearly related. Thus, high values are expressive that the
data are uncorrelated, or else, there is a variation, probably occurred due to the damage.

(¢) H, Norm

Norms of systems are as measured of size and can be used for diverse applications. It can be point out the use for
damage locations (Gawronski and Sawicki, 2000; Marqui et al., 2006), reduction of models (Gawronski and Juang,
1990 and Mahmoud et al., 2002), control (Mustafa and Glover, 1991 and Burl, 1999), and optimal placement of sensors
and actuators (Gawronski, 1998; Panossian et al., 1998 and Bueno et al., 2006). The H, norm of a system is used to
characterize the system itself, along with its modes and its sensors. Let G(®) be a transfer function of a system. The H,
norm of the system is defined as (Gawronski, 1998)
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where tr is the trace of G (0)G(®)

Generally, the H, norm is computed using modal coordinates, but in this way is necessary to obtain a model for the
equation motion. The numerical value for the H, norm for a SISO (single-input-single-output) system correspond the
area under the frequency response function (FRF) of the system (Gawronski, 1998). In practical situations, the obtaining
of the mathematical model can be difficult, so, to overcome this situation, one can consider the area of the frequency
response function. In this paper, the area under of the FRF curve was computed using the Trapezoidal method,
implemented in the software Matlab® through command “trapz”.

The H, norm can be used for damage detection following the procedure: it considers the norm computed using the
jth PZT actuator/sensor; and denoting it for a healthy structure by lIGgyll,, and jth PZT actuator/sensor norm of a
damaged structure by llGgll,. The jth sensor index of the structural damage is defined as weighted difference between
the jth sensor norm of a healthy and damaged structure (Gawronski and Sawicki, 2000)
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where j = 1,..., r; and r is the PZT actuator/sensor number. Note that the sensor index reflects the impact of the
structural damage on the jth sensor.

(d) H,, Norm

The Heo norm of a stable system with a transfer function G(®) is defined as



Proceedings of COBEM 2007 19th International Congress of Mechanical Engineering
Copyright © 2007 by ABCM November 5-9, 2007, Brasilia, DF

6], =maxo,,, (G(o) ®

where 6,,,,(G(®)) is the largest singular value of G(w) (Maia et al., 1996).
The H,, norm of a SISO system is the peak magnitude of the transfer function, in terms of its singular values. Due
the independence of the modes, the H,, norm of the system is the largest value of the mode norms, i.e.,

6] = max|G|

_» i=L..n (6)

The H, norm for damage detection was previously presented in Bueno et al. (2006), but the idea is the same
proposed for the H, norm. It considers the norm of the ith mode computed using the jth PZT actuator/sensor; and
denoting it for a healthy structure by lIGg;ill., and jth PZT actuator/sensor norm of a damaged structure by IGgg;ll... The
jth sensor index of the structural damage is defined as weighted difference between the sum of the jth sensor norm for
each mode considering a healthy and damaged structure
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where j = 1,..., r; and r is the PZT actuator/sensor number. This sensor index reflects the impact of the structural
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damage on the jth sensor. For practical situations, it is possible to consider ZHGshjin = ZHGshjiHm and
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3. EXPERIMENTAL TEST DESCRIPTION

, where p is the number of considered modes.

=

This section describes the tests that were conducted in order to verify the applicability of these different methods.
The experiments were done in a smart aluminum beam, shown in Fig. 1. Two PZT elements, called PZT1 and PZT2,
were bonded on the beam surface. Table 1 shows the geometric properties of the PZT patches and of the beam. The
input excitation was a white noise within +/- 1 V saturation limits. The schematic diagram of the measurement network
with the positions of the sensing-actuating PZTs is shown in Fig. 2.

Figure 1. View of the smart beam used in the experimental tests. (a) PZT boned in the smart beam and detail of the
damage (transversal cut). (b) Smart beam with two bonded PZT patches.
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Table 1. Dimensions of the host structure and of the PZTs (from PSI-5A-S4, Piezo Systems®, Inc.)

Figure 2. Schematic diagram of the measurement setup; dimensions in mm.

Property Beam [mm] PZT [mm]
Length 600 20
Width 25 20

Thickness 5 0.27

The input excitation and data acquisition were led using a commercial system from Data Physics controlled by
SignalCalc ACE® software. The signals were recorded in two channels in the time-domain with a sampling rate of
102.4 kHz, producing 8192 time samples each. An electrical circuit was used for conditioning and to amplifier the
output voltage from each PZT patch.

The damages (simulated “crack”) were introduced by a transversal cut on the surface of the beam, near to PZT1, 14
mm from the free-end of the beam, see Fig. 1. Various depths were done to represent different levels of severity. Table
2 describes the structural conditions investigated. In each condition were stored three sets of input-output data from
PZT1 and PZT?2. These acquisitions were performed in different moments in order to include some variability of the
environment into the data. In all tests the beam was suspended horizontally to simulate a free-free boundary condition.

Table 2. Structural conditions.

Damage Pattern Description
1 Undamaged No damage (Baseline)
2 Damage 1 Cut with depth of 1 mm and 25 mm of width
3 Damage 2 Cut with depth of 2 mm and 25 mm of width
4 Damage 3 Cut with depth of 3 mm and 25 mm of width

4. RESULTS

The non-parametric transfer function Z of the structure was obtained from the power spectral density of the
input/output voltages estimated by the Welch’s averaged periodogram method. For illustration, figure 3 provides the
real and imaginary part estimated for the healthy and damaged signals from PZT1 and the coherence function for
estimative from PZT1 and PZT2. More details can be found in Silva et al. (2007). Three different ranges of frequency
were analyzed. The first one from 25-45 kHz; the second one from 1-50 kHz; and the last one narrowest; from 35 to 40
kHz. For each range, the four features were computed for each PZT sensor.

The two baselines, from PZT1 and PZT2, were calculated using the mean values of the three signals in the health
state. Figures 4 to 6 show a graphical view for each index considering all three tests and the four structural conditions
(see table 2).

First of all, the range over 25-45 kHz seems to be more promising to detect and locate the damages. A reason for
this is that the signal presented more peaks in this range (see figure 3). The other ranges were not well correlated,
mainly the bigger range (see figure 5). The different number of samples to compute the features in each case can also
explicate these differences. It is worth commenting that the chose of the range before performing the tests is not an
obvious task and until this moment there is not a global procedure in the literature to help in this decision. The common
approach is to perform a trial-error procedure considering different ranges, what can demand much time.
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and PZT2 for the healthy condition.
The indexes RMSD, CCDM, H, and H,, are clearly bigger to the data from PZT1 face to data from PZT2, despite

Figure 3. (a) Measurements in PZT1 for both healthy and damaged cases. (b) Magnitude squared coherence for PZT1
some high values from PZT2,as for instance in the figure 4b, test 1 and structural condition 2 and 4. Similar behavior
can be seen and figure 5h. Note that in some figures the scales are different. However, in all cases there were
indications of damage spots. The damages were introduced closer to region from PZT1. Comparing the two first
features in all frequency ranges, the CCDM seems to be more trustful with smaller damage intensity, but it not present a
damages and still, a better qualitative trends for variation in the damage severities, as one can be seen in the figures 4e

good trend for different severities of damages. On the other hand, the H, norm also present a good indication for small
and 4f, besides the low number of data.
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Figure 4. Comparative indexes features in the frequency range from 25 to 45 kHz.

One of the most important step to analyze the H,, index is to compare the peak for the same mode (or modes) before
and after damage. For high frequency range is interesting to evaluate the sum of H,, norm from several modes to obtain
more trustful information about the structural conditions.
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Figure 5. Comparative indexes features in the frequency range from 1 to 50 kHz.
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5. FINAL REMARKS

The chose of the frequency range and the index to be applied for structural health monitoring are important issues
for obtaining a success program of maintenance. This paper deals only with indexes that involve signals in frequency
domain, while indexes in time domain are getting prominence in recent works. In this work, it was possible to observe
that the results obtained from RMSD and CCDM indexes are similar with small prominence for the CCDM, because
presented less variation in the tests. Amongst all the evaluated indexes, the one that involves the H, norm has shown
most interesting, because it presented less variation between tests and proportional increasing of its values for each
damage severity. From this paper, it is possible to conclude that the index involving the H,, norm can be as efficient as it
one that involves the H, norm, however, it is important to point out that the comparison must involves peaks from the
same modes for different structural conditions. Besides, when this index is computed through H,, norm sum of several
modes for the frequency range in analysis, one can get more information about the structural condition.
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