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ABSTRACT

Vibration-based structural damage detection has been the focus of attention by many researchers over

the last few decades.

rameters or some indices constructed based on these parameters.
papers have employed Frequency Response Functions (FRFs) for detecting structural damage.
paper, a technique is presented for damage detection which is based on measured FRFs.

However, most methods proposed for this purpose utilize extracted modal pa-

A literature review revealed that few
In this
Proper Or-

thogonal Decomposition (POD) has been implemented on spatiotemporal responses in each frequency in

order to reduce the dimension of the data.

sponse of a linear vibrating system can be fully captured utilizing a single basis vector.
proach is also presented in this paper in which POD is applied to the frequency domain data.
tional Deflection Shapes (ODSs) have been decomposed using POD to localize the damage.

This is based on the concept that the forced harmonic re-

A different ap-
Opera-
The effi-

ciency of the method is demonstrated through some numerical and experimental case studies.

Keywords : Damage-Frequency Response Function-Proper Orthogonal Decomposition.

1. INTRODUCTION

Vibration-based damage detection methods are non-
destructive global approaches which are based on the
fact that any stiffness reduction in a structure affects its
dynamic characteristics. Wide range practical appli-
cations of vibration-based structural damage detection
in aerospace structures, bridges, civil infrastructures,
and mechanical systems have attracted the attention of
many researchers over the past few decades. All these
methods are based on variations in structural dynamic
properties caused by the damage. Sohn et al. [1] has
reviewed most of the research carried out in this area.
According to the process of treating the measured data,
the vibration- based damage detection methods can be
classified into model-based and non-model-based
methods. The former identify damage by comparing
an analytical model representing the healthy structure
and the experimental data from the corresponding
damaged structure [2]. However, development of a
precise finite element model is usually difficult due to
inherent deficiencies and errors in finite element mod-
eling [3].

In the non-model-based damage detection methods,
the differences in modal parameters between the intact
and damaged states of the structure are directly used or
correlated with other relevant information to develop
damage indicators for localizing damage. Early works
of damage index methodology made use of natural fre-
quency and mode shape data.  Shifts in natural
frequencies [4]; changes in modal assurance criteria, or
MAC [5]; changes in the co-ordinate modal assurance
criterion, or COMAC [6]; and changes in the multiple
damage location assurance criterion, or MDLAC [7]
between the intact and damaged structures are typically
used in these methods for localizing damage. Pandey
et al. [8] demonstrated that changes in mode shape
curvature could be a good indicator of damage, par-
ticularly for beam-like structures.

A wide variety of non-model-based methods utilize
modal parameters extracted from Frequency Response
Functions (FRFs). Generally, modal parameters involv-
ing spatial data, such as mode shapes, result in a more
robust detection. However, experimentally extracted
mode shapes are unfortunately often uncertain and inac-
curate [9], causing these methods to be less effective.
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Perhaps, Maia et al. were one of the first to apply the
FRF data directly to damage detection problems [10].
They extended the mode shape curvature method to all
frequencies in the measurement range rather than just to
modal frequencies. A 10 DOFs lumped mass model
was then used to study the effects of frequency range,
input force location, and noise on the method [11].
Liu et al. made use of the residual imaginary part of
FRF shapes to locate the structural damage [12]. They
applied Gapped Smoothing Method (GSM) as well as
Wavelet Transform (WT) to locate the abnormality
caused by the damage in a cantilever finite element
model of a beam. The results were satisfactory over a
wide frequency range.

Adhikari and Friswell applied Karhunen-Loeve De-
composition (KLD) and eigensensitivity analysis to
update distributed parameters of finite element models
[13]. Feeny and Kappagantu related Proper Orthogo-
nal Modes (POMs) to Linear Normal Modes (LNMs) of
vibrating systems. They concluded that, in a discrete
undamped vibrating system, POMs achieved through
POD of free vibration responses converged to LNMs
[14]. Feeny and Liang presented a framework to ex-
tract structural modal parameters using POD of time
responses of structures [15]. The main advantage of
this method over the frequency domain modal analysis
methods is that it does not require the exciting input
force to be measured. The main drawback of POD-

of the response data at each frequency. Then, POD is
carried out on healthy and damaged state response data
to localize damage via GSM. In the second approach,
operating deflection shapes in the frequency domain are
subjected to POD in order to reveal the damaged zone.

The rest of the paper is organized as follows: Section
2 reviews the POD related formulations. Section 3
summarizes the formulation and properties of FRF
shapes. The proposed structural damage detection
techniques are described in Section 4. Finally, the
proposed method is verified through one numerical and
two experimental case studies.

2. PROPER ORTHOGONAL DECOMPOSITION

Given m time samples for each of n measurement
points of a vibrating structure, the observation matrix
X, can be constructed. Columns of matrix X, called
snapshots, are the deflection shapes of the structure at
the corresponding moment. The main objective in
POD is to find a reduced order data matrix X,., (p <m)
whose columns are an optimal orthonormal basis vector
set. By optimal basis is meant a basis with the maxi-
mum data set projection on it.

The observation matrix X is formed as follows:

based modal extraction method, however, is that the () x(t) x ()
mass matrix has to be known a priori. Chelidze and X () x() x,(t,)
Zhou improved the KLD-based modal extraction X =[x(t1) x(t,) x(tm)]: . . .
method through Smooth Orthogonal Decomposition ) ) )
(SOD) [16]. They overcame the above-mentioned x, () x,(t) x, (t,)
drawback of POD. (D)

Galvanetto et al. applied KLD decomposition to
structural damage detection, making use of proper or-
thogonal decomposition of the forced responses of two
numerical beam models at some specific frequencies
[17]. In a subsequent paper, they published the ex-
perimental verification of their proposed method ap-
plied to a cantilever beam [18].

Trendafilova ef al. used POD and pattern recognition
to distinguish the categories of damaged and healthy
wing data. They used a modified Principal Compo-
nent Analysis (PCA) method which reduced the dimen-
sionality of FRFs and made the PCA transformed data
more differentiable from the two healthy and damaged
categories [19].

There is a close relationship between POD and Sin-
gular Value Decomposition (SVD) in the sense that
POMs are left singular vectors of the snapshot matrix of
the data gathered. Each column of a snapshot matrix
is the vector of discrete time histories of measured val-
ues of the corresponding sensor. In most practical
algorithms for POD, SVD is implemented as an effi-
cient mathematical tool. Lower singular values usu-
ally correspond to less important principal directions
[20,21].

In this paper, POD is employed to locate the struc-
tural damage using FRF data as input. Two ap-
proaches are introduced here. In the first approach,
FRFs are utilized to construct spatiotemporal matrices
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where, x(¢;) is the snapshot at time ¢; and the subscript of
x stands for the sensor number. The means are often
subtracted from the column vectors of X when per-
forming POD.
Two POD computational methods, namely SVD-
based and covariance methods, are introduced below.
The SVD of matrix X can be performed as:

_ T
X=UZV )

where, U,, is an orthonormal matrix containing POM
vectors of data, X,,,, is a matrix with zero off-diagonal
elements, and V., is an orthonormal matrix whose
rows are the time coefficients of the corresponding
POM.

In the second method, called covariance method, the
covariance matrix of zero-meaned data is written as:

c=Lxx’ (3)
m

Since C is a real and symmetric matrix, its eigen-
vectors are orthogonal. It can be proved that eigen-
vectors and eigenvalues of C are POMs and POVs, re-
spectively [22].

Proper Orthogonal Values (POVs) provide a measure
of the amount of participation of the corresponding
modes in the data. Amongst the criteria defined to
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decide about the number of dominant POVs, the fol-
lowing is commonly used for choosing the smallest
POV index p [17]:

=T—z2c %)

in which, ¢ is a constant number near unity, namely
0.9999. In the case of noisy data, ¢ should be properly
selected so as to minimize the effect of noise on the
reconstructed data.

POD provides an efficient way of capturing domi-
nant components of measured response data using a few
POMs. POMs contain more energy per identified
mode than any other decomposition due to its optimal-
ity. Moreover, POVs indicate energy content of each
mode, i.e. its significance in the reconstruction of the
original data.

In the case of forced harmonic vibration of linear
systems, the response is captured by a single POM [23]

property can be used to treat structural damage consid-
ering vibration data packed in a single vector of POM
rather than all LNMs.

3. FRF SHAPES OF VIBRATING SYSTEMS

The FRF of an n DOF system with structural damp-
ing, whose excitation and response are measured at
DOFs k and j, respectively, is given by [24]

— i d)jV d)kr 2 (5)

O i ()=
~ o -0 +in, o

in which, ¢, is the /" element of the 7" structural mode

shape, o, is the r™ resonance frequency, 1, is the »"

modal damping loss factor, and ® is the excitation fre-
quency.

The k™ FRF shape is defined as the deflection of the

structure in measured degrees of freedom due to a unit

where all LMNs contribute to the response. This harmonic excitation at ™ degree of freedom.
oy ()
th )
k™ FREF shape at frequency © = .
ank (0‘))
b1 P 4 P12 Pua N D1 Pt
2 2 . 2 2 2 . 2 2 2 . 2
O -0 +in, 0 O, —0° +in, 0, ®, —O° +in, O,
4)2] ¢k2 + ¢22 ¢k2 Feeet ¢2n d)kn
2 2 . 2 2 2 . 2 2 2 . 2
=J0; —0 +Hin ©  ©; -0 +in, O, O, -0 +in, o, (6)
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As can be seen from (6), FRF shapes are in tight re-
lation with mode shapes and contain the modal infor-
mation required for the damage detection. Damage is
defined as the loss of stiffness in one or more elements
of the structure. Mass disturbance due to damage is
neglected.

4.1 Damage Detection Using Constructed Time
Responses

Excitation of the structure with the force signal
fi=Fysin of at k™ DOF enforces /™ DOF to vibrate at
the same frequency but at different levels of amplitude
and phase, i.e. x;=X;sin (ot —¢). According to Eq.
(5), the response amplitude and phase are absolute and
the phase of FRF between the DOFs i and j. At each
exciting frequency, a response matrix is constructed
whose rows and columns represent snapshots and
measurement points, respectively, and the correspond-

4. APPLICATION OF POD IN STRUCTURAL
DAMAGE DETECTION

In the modal-model-based damage detection methods,

it is implicitly assumed that the modal data (i.e. mode
shapes, resonant frequencies, and damping coefficients)
represent the overall vibration behavior of the system in
the frequency range under study. In this study, the
response model of the structure is exploited and two
approaches to FRF-based-damage detection via POD
are proposed below.
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ing POM is calculated using Eqs. (2) or (3).

At the damaged node, the residual POM exhibits a
local non-smoothness or curvature discontinuity. The
GSM is implemented to quantify this behavior at each
node. Figure 1 depicts a schematic of GSM. Line
fitting through points before and after a specific node
and subtracting line fitted prediction and the original
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Fig. 1 Non-smoothness evaluation at node i via GSM

value comes to definition of index 9; indicating relative
degree of abnormality of node i. Some researchers
used the cubic polynomial fitting through four data
points. Despite the relatively higher accuracy of this
method, it suffers from two drawbacks. Firstly, the
damage detection at the boundaries of data intervals is
fairly poor since the lack of data in these regions forces
the use of extrapolation which is of lower accuracy.
Secondly, its potential damage indication interval is
wider compared to that of the linear GSM.

Making use of the fact that a single POM can capture
the characteristics of FRF deflection shape at each ex-
citation frequency, a damage detection algorithm is
proposed in the following steps:

1. Measure a full row (or column) of FRF for both the
intact and the damaged structures;

2. Calculate time histories of all DOFs at each fre-
quency point using the FRF data as explained in

Section 4.1;

3. Decompose the spatiotemporal data of step 2 for all
frequency points via POD using either Egs. (2) or
(3);

4. Calculate a damage index based on the residual POM
curvature or Gapped Smoothing Method (GSM) for
each individual POM corresponding to each exciting
frequency as explained in Section 4.1; and

5. Evaluate the damage region considering broadband
GSM damage indices.

4.2 Damage Detection Using FRFs Directly

According to the second damage detection approach,
spatio-spectral FRF shape data are directly decomposed
via POD. The frequency content of the data severely
affects the output POMs in this technique. It should
be noted that FRF shapes at resonance frequencies co-
incide with the corresponding mode shapes. This
method has several advantages over the mode shape
analysis. Firstly, one can make use of all the data
available in FRFs, i.e. data around anti-resonances.
This property is useful when FRFs are estimated via
I-AI1 estimator in which a low input noise is assumed
and the resonance data are noise polluted as a result.
Secondly, FRF shape data include the effect of modes
outside the test frequency range. FRF shapes showed
to be combinations of mode shapes with some fre-
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quency dependent coefficients. If the FRF shapes are
decomposed via POD in a specific frequency interval,
basis vectors similar to neighboring mode shapes are
usually dominant POMs. Making use of the residual
POMs, i.e. the difference between the intact and dam-
aged state POMs, the damaged zones correspond to the
curvature discontinuity.

Based on the above observations, our second damage
detection approach includes selecting a frequency in-
terval, calculating the POMs of healthy and damaged
structures via POD, and finding abnormal points in the
residual POMs as potential damaged sites.

It should be noted that the frequency interval se-
lected for damage detection strongly affects the results.
Selection of resonance frequency range of analysis or
test, results in approximate mode shapes as POMs, but
the resulting POMs using non resonant intervals will be
entirely different. This can provide more detailed in-
formation helping to localize structural damage. A
detailed discussion will follow in the case studies be-
low.

Both methods are evaluated using one numerical and
two experimental case studies. In the second experi-
mental case study, unlike the first one, a multiple dam-
age scenario is considered to study the effectiveness of
the method in such cases.

5. NUMERICAL CASE STUDY

A 0.9m length aluminum cantilever beam of the
cross section 6.5 x 25.5mm’ is discretized by 80 two
dimensional beam elements each, having six degrees of
freedom. Damage is simulated through reducing the
thickness of element 20 by 7.7 percent. Dynamic re-
sponses have been calculated by applying a harmonic
input force at node 21 in the frequency range of 0 to
500Hz with 0.1Hz frequency step for both intact and
damaged structures. Five flexural modes are available
in this frequency range. Natural frequencies of both
intact and damaged beams are presented in Table 1.

Displacement data, except for the transverse vibra-
tions, are discarded in order to simulate real test situa-
tions where all DOFs, especially the rotational ones, are
difficult to measure.

5.1 Damage Detection Using Time Responses

At each frequency step, a 201 x 81 matrix is calcu-
lated whose columns and rows correspond to nodes and
time steps, respectively. To avoid oversampling in the
low frequency region and aliasing error at high frequen-
cies, time steps of different lengths are selected for the
frequencies. Time intervals are arranged so that 201
samples are gathered from two oscillation cycles at all
frequencies. The POD is implemented for each data
matrix and the dominant POM is calculated for both in-
tact and damaged structures. The GSM is applied on
the residual POM. By residual POM we mean the dif-
ference between intact and damaged state POMs at each
frequency point. Figure 2 shows the normalized dam-
age indices along the frequency range of analysis, which
clearly indicates the damage in element 20.
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(intact beam)

frequency (Hz)

Frequency 0
(damaged 6.53 41.03 | 114.99 | 226.03 | 373.12 50
beam)

Table 1 Natural frequencies of healthy and damaged ” '
beams in Hz a0 }
400

Mode 1 2 3 4 5 3%0 o8

- -
Frequency | e | 4137 | 115.62 | 226.58 | 374.34 v

[:R] 02 03 04 0% 08
L

One serious limitation in experimental approaches to %
damage detection is the limited number of measurement
grid points. Adding more sensors for response re- Fig. 2 Normalized damage indices over frequency
cordings not only increases costs but disturbs structural range of analysis
mass distribution as well. To study the effectiveness

of the proposed method in the case of coarse measure- 50 ;
ment grid points, the damage detection process is re- -

peated with a reduced number of elements. Figures 3 w - — o
to 5 show the results for 40, 20, and 10 elements used

for damage localization. For better comparisons, m ”
damage indices are plotted along the dimensionless 07
distance from the left end of the beam in Figs. 2 to 5. 0

o1 02 03 0 N B

07 08 08 1

g

frequency (Hz)

Damage location corresponds to the dimensionless 200
length of x/L = 0.245, where L is the total length and x
is the distance from the left end of the beam.

For 40-, 20-, and 9-element models, nodes 21, 6, and
3 carried the damage information, respectively.
Damage in all the above mentioned cases was well lo- v
cated, as seen in Figs. 3 to 5. However, due to the
lower number of data points, the damage zone width is
increased as the number of elements decreases.

5.2 Damage Detection Using FRF Data “ -
350 08
The second proposed approach was next imple- a0 -

03
4 05 08 o7 08 08 1
WL

Fig. 3 Normalized damage indices using 40 elements

mented to localize the damage. Figures 6 to 9 depict
the first three dominant POMs of the healthy and dam-
aged beams along with their corresponding normalized
residual POMs for four typical frequency intervals.

frequency (Hz)

As can be seen, a curvature discontinuity appears at the o .
damaged site. Applying GSM to the residual POMs ®

and averaging the indices through the first dominant e
basis vectors yields a damage indicative bar chart ' n ' '

shown in Fig. 10 for various frequency intervals. Fig. 4 Normalized damage indices using 20 elements

Figure 10 clearly shows the damaged zone on nodes
20 and 21, i.e. element 20. The four frequency inter-
vals discussed for the damage localization are typical.
One can try with arbitrary frequency intervals but it
should be noted that the efficiency of the method varies
when trying different frequency intervals. This is
mainly because if the damage is located in a region
where the curvature of basis vectors is of low amplitude,
the damage is not typically detected properly; i.e., dif-
ferent frequency intervals containing different basis
vectors do not equally indicate the damage [25]. An
efficient and automated technique for the selection of
the proper frequency range as well as a statistical
analysis will be investigated in future works. e 02 o3 o 05 w6 07 o8 09

oL

frequency (Hz)

405

<04

-0.3

Fig. 5 Normalized damage indices using 9 elements
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] = w o 50 w0 50 100

Fig. 6 POD of FRF shapes in 10-30Hz frequency inter-
val: (a) the first three POMs of intact beam (b) the
first three POMs of damaged beam (c) normalized
corresponding residual POMs

02 a2 o5
] 50 m ] 5

Fig. 7 POD of FRF shapes in 60-100Hz frequency
interval: (a) the first three POMs of intact beam
(b) the first three POMs of damaged beam (c)
normalized corresponding residual POMs

Fig. 8 POD of FRF shapes in 110-200Hz frequency
interval: (a) the first three POMs of intact beam
(b) the first three POMs of damaged beam (c)
normalized corresponding residual POMs

6. EXPERIMENTAL CASE STUDY 1:
THE SINGLE-DAMAGE CASE

To verify the proposed method from a practical point
of view, modal test and analysis were carried out on a
rectangular cross section aluminum beam. The test
was carried out in the free-free condition by suspending
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Fig. 9 POD of FRF shapes in 250-300Hz frequency
interval: (a) the first three POMs of intact beam
(b) the first three POMs of damaged beam (c)
normalized corresponding residual POMs

E
£ o4l
Fente

Fig. 10 Average of GSM indices of residual POMs for
frequency range of 10-30Hz, 60-100Hz, 110-
200Hz and 250-300Hz (from top to bottom)
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the test object from some elastic bungees. The beam
was of the cross section 50 x 25 millimeters and 800
millimeters length. Seventeen equally spaced meas-
urement points were marked on the beam. The fre-
quency range adopted was 0 to 1600Hz with frequency
steps of 0.5Hz. A B&K 8202 hammer with a metal tip
was used to excite the structure and the acceleration
response was measured using a PCB 356B08 acceler-
ometer in the vertical direction. The B&K Portable
PULSE 3560D FFT analyzer was used to carry out and
process the frequency response functions.

Damage was simulated through making an artificial
slot of 10 millimeters deep over the width of the beam
at node 7. The measured FRFs corresponding to
various excitation points and the response at node 7 of
the intact state beam are shown in Fig. 11. Resonance
frequencies of the structure in both healthy and dam-
aged states are shown in Table 2.

6.1 Damage Detection Using Time Responses

Application of the proposed POD-based method
clearly revealed the damaged site. The results shown

in Fig. 12 indicate that the damage occurred near node 7.

There are some misleading frequency intervals in which
the damage is not located correctly. Such results may
be due to measurement noise and errors. Examination
of the measured FRFs revealed that more than five
FRFs were severely noise-contaminated in the fre-
quency intervals of 200 ~ 300Hz and 650 ~ 800Hz in
intact and damaged beams. Nevertheless, the overall
damage localization seems to be satisfactory.

6.2 Damage Detection Using FRF Data

To verify the second proposed method experimen-
tally, FRF shapes were directly decomposed via POD.
Four frequency intervals were selected and the domi-
nant POM basis vector in the healthy and damaged
states were initially calculated in each case. Figure 13
shows the POMs and the corresponding residuals.

Residual curvature discontinuity in the damaged site
is evident in Fig. 13. The associated GSM indices are
shown in the form of bar charts for the considered fre-
quency ranges in Fig. 14. Damage was successfully
located in all considered frequency intervals. As men-
tioned earlier, one can use numerous frequency inter-
vals to increase the reliability of damage detection by
varying the center frequency and bandwidth.

7. EXPERIMENTAL CASE STUDY 2:
MULTIPLE DAMAGE CASE

To study the effectiveness of the proposed method in
multiple damage cases, a steel beam of 0.5 meter length
and 2 x 1 centimeters rectangular cross section was
considered for the second experimental case study in
free boundary conditions. Eleven equally spaced
measurement points were considered to attach light-
weight Endevco 35A accelerometers.  Analyzer and

Journal of Mechanics, Vol. 27, No. 2, June 2011
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Table 2 Natural frequencies of healthy and damaged
aluminum beams in Hz

Mode 1 2 3
Frequency
(intact boan) 201.7 549.6 1063.4
( daﬁ;g:g‘gm) 177.6 513.2 1054.4

Fig. 11 Measured FRFs in undamaged case
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Fig. 13 First healthy (solid line) and damaged (dashed
line) POMs (left column) and corresponding
residual POMs (right column) of aluminum
beam in frequency intervals 20-300Hz, 400-
700Hz, 900-1200Hz and 1300-1600Hz (from
top to down)
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Fig. 14 Normalized GSM indices for frequency inter-
vals 20 ~ 300Hz, 400 ~ 700Hz, 900 ~ 1200Hz
and 1300 ~ 1600Hz (from top to bottom)

excitation equipment types were the same as those in
the previous experimental case. Test data were ac-
quired in the frequency range of 0 ~ 3200Hz with fre-
quency increments of 0.5Hz. Figure 15 shows the test
setup. Damage was modeled as two artificially slots
of 0.4 centimeter depth at 10 and 25 centimeters from
the left side of the beam corresponding to the experi-
mental nodes 3 and 6.

All FRF matrix elements were measured in the fre-
quency range of interest. Figure 16 shows FRFs gath-
ered at node 1 due to excitation at all 11 grid points for
the healthy case. Resonance frequencies of intact and
damaged structures are presented in Table 3.
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g ! . . . .
0 500 1000 1500 2000 2500 3000 3500
Frequency (Hz)

Fig. 16 Typical FRFs measured on the steel beam

Table 3 Natural frequencies of healthy and damaged
steel beams in Hz

Mode 1 2 3 4 5
Frequency 15145 | sgg.0 | 11472 | 18853 | 2799.7
(intact beam)

Frequency
(damaged | 182.1 | 543.2 | 1032.9 | 1614.1 | 2475.8
beam)

7.1 Damage Detection Using Time Responses

The results of applying the proposed damage detec-
tion method are shown in Fig. 17. The damaged sites
around nodes 3 and 6 are easily detectable from the
Figure. Misleading results in some frequency portions
are due to measurement noise and inadequate data.

7.2 Damage Detection Using FRF Data

The second proposed approach was also employed
for the steel beam. Due to coarse measurement grid
points, only one or two numerically meaningful POMs
were implemented for damage detection. Figure 18
depicts POMs in the healthy and damaged states of the
four frequency intervals selected and the corresponding
residual POMs.

Figure 19 shows the normalized GSM indices for
four frequency intervals selected. As can be seen from
Fig. 19, the accuracy of method declines as the fre-
quency range increases since FRF shape nodal points
increase at higher frequencies and more measurement

Journal of Mechanics, Vol. 27, No. 2, June 2011
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Fig. 17 Damage localization in the steel beam
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Fig. 18 First healthy (solid line) and damaged (dashed
line) POMs (left column) and corresponding
residual POMs (right column) of steel beam in
frequency intervals 50 ~ 400Hz, 400 ~ 800Hz,
1400 ~ 1800Hz and 2200 ~ 2600Hz (from top
to down)

points are needed to obtain signal details. In other
words, if more accelerometers are attached to the beam,
most of the misleading high-valued GSM indices in the
non-damaged nodes decrease.

8. CONCLUSIONS

Two damage detection techniques were proposed
based on the proper orthogonal decomposition using
measured frequency response functions. The pro-
posed methods are based on direct vibration test outputs
and do not require modal analysis of data. Addition-
ally, the proposed methods do not require any analytical
models to localize the damage. In other words, only
the experimental FRFs of the two intact and damaged
structures are required. The methods were imple-
mented in one numerical and two experimental case
studies. The effects of measurement grid density were
also investigated through the numerical case study.
The overall results were satisfactory both for the single-
and multiple-damage cases although loss of accuracy in
damage localization was inevitable in some frequency
portions due to experimental errors and data inade-

quacy.
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Fig. 19 Normalized GSM indices for frequency inter-
vals 50 ~ 400Hz, 400 ~ 800Hz, 1400 ~
1800Hz and 2200 ~ 2600Hz (from top to bot-
tom)
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