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Abstract

A methodology to identify damage in a structure is presented in this paper. The method utilizes a new form of dam-
age index based on the changes in the distribution of the compliance of the structure due to damage. The changes in the
compliance distribution are obtained using the mode shapes of the pre-damaged and the post-damaged state of the
structure. The validity of the method is demonstrated using numerically generated data from beam structures and
experimental data from a free—free beam structure with inflicted damage. In the numerical and experimental examples,
the damage identification performance of the proposed method is compared with that of the existing strain-energy-
based method. The results of the numerical and experimental studies indicate that the proposed compliance-based
damage index method can be used in damage identification of the structure.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Preventing deterioration while maintaining the serviceability of structures has emerged as a prominent
problem in structural engineering. To date, numerous nondestructive damage detection (NDD) methods
have been proposed and developed using various experimental and theoretical techniques. Some of the
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well-known experimental techniques include ultrasonics, radiography, magnetic particle, dye penetrant,
and eddy current (Askeland, 1994). These techniques have been applied to small-scale systems and a
specific portion of large-scale structures. However, since these “local” methods can only be applied to
the detection of damage on a local scale and to accessible portions of the structure, alternative methods
that can be applied to the entire structure, the so-called global NDD methods, are gaining acceptance.
Two established global methods include thermography and acoustic emission. However, in the past two
decades global methods using the dynamic response of a structure have been gaining significant
attention. The basic idea behind these vibration-based global methods is that changes in the
physical properties of a structural system alter the dynamic response characteristics of the struc-
ture.

Early researchers have focused on the relationship between damage (i.e., stiffness loss) and resonant fre-
quency changes (Vandiver, 1977; Gudmundson, 1982). However, even though the resonant frequency
changes have been shown to be useful in damage detection problems in mechanical systems with a few de-
grees of freedom, to determine the location of damage in realistic structures such as offshore platforms and
bridges using only frequencies is not practical (Pandey and Biswas, 1994). Frequency change depends on
the square root of the stiffness change and the environmental conditions such as temperature and moisture
content can easily alter the resonant frequencies of a structure. To overcome these drawbacks, some
researchers have focused on utilizing mode shape measures to evaluate damage (Pandey and Biswas,
1994; Rizos et al., 1990). A detailed literature review of vibration-based NDD methods has been provided
by Doebling et al. (1996).

To date, numerous vibration-based NDD methods have been presented. However, even though many
theories and algorithms have been developed in the field of NDD, up to the present time, no single the-
ory of NDD has been shown to be completely effective in all situations. This may be well observed
in a recent round-robin study conducted by Farrar and Jauregui (1996). In that study, the relative perfor-
mance of prominent vibration-based NDD methods was presented. The methods selected include the
changes in flexibility method (Pandey and Biswas, 1994), the mode shape curvature method (Pandey
et al., 1991), the change in uniform flexibility shapes curvature method (Zhang and Aktan, 1995), the
change in stiffness method (Zimmerman and Kaouk, 1994), and the damage index method (Stubbs
et al., 1992). On the basis of 16 damage case studies using numerical and experimental data, even the
best-performing algorithm identified in that study, the damage index method, failed to identify two damage
locations in two damage cases. Also, recently, Rodriguez (2002) describes the disadvantages in applying
prominent vibration-based NDD methods to practical problems in his study. Some of the disadvantages
include the requirement of a full modal analysis (e.g., the changes in flexibility method), the need for a full
set of modal amplitude readings (e.g., the mode shape curvature method), and no severity estimation
scheme (e.g., the change in uniform flexibility shapes curvature method). The authors of this paper recog-
nized that possible solutions to improve the performance of the method could be the development of more
effective damage indices.

The objective of this paper is to develop a damage index that is more sensitive to the changes in the
vibrational characteristics of a structure and, in turn, improve the damage detectability for the existing
damage index method (Stubbs et al., 1992). The stated objective is achieved via the following approach.
First, the new damage index, designated the compliance index, which utilizes the changes in the distribution
of the compliance of a structure, is developed. The change in the compliance distribution is obtained using
the mode shapes of the pre-damaged and the post-damaged structure. Second, the validity of the method-
ology is demonstrated using simulated modal data from a simple beam and a continuous beam. Finally, the
proposed methodology is applied to the experimental data from a free—free beam structure. In the numer-
ical and experimental verifications, the damage prediction results using the compliance index are compared
with those using the existing strain-energy-based damage index that performed best in the recent round-
robin study (Farrar and Jauregui, 1996).
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2. Theory
2.1. The existing strain-energy-based damage index

The damage index method originated from a sensitivity approach that relates changes in modal re-
sponses, specifically resonant frequencies, to changes in the mass, damping, and stiffness of a structure
(Cawley and Adams, 1979). The damage index method developed by Stubbs et al. (1992) utilizes the change
in the modal strain energy distribution due to damage. This method has been corroborated using (1) numer-
ically simulated data for various structural types and classes (Choi and Stubbs, 1997, 2004), (2) experimen-
tal modal data generated in a laboratory environment (Kim and Stubbs, 1995), and (3) field data measured
on bridge structures (Choi et al., 2004).

The strain-energy-based damage index (will be called the energy index hereafter), 55, for the element j
and the eigenmode 7 is defined as

g ki [97C,®; + &K | 0K,
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where &; is the stiffness parameter of jth element (EI for a beam member); K is the system stiffness matrix; @;
is ith modal vector and the matrix C; can be obtained from the following relationship:

K; = k;C; (2)

where Kj is the contribution of the jth element to the system stiffness matrix. Note that in Eq. (1) the super-
script asterisk represents the parameter for the post-damaged state of the structure. Note also that the ma-
trix C; only involves geometric quantities and possibly Poisson’s ratio. For NM eigenmodes, the composite
form of the energy index is defined as
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(3)
Detailed derivation of Egs. (1) and (3) can be found in the reference (Park et al., 2001).

2.2. The compliance index

The change in the compliance has been applied in the damage identification problem by other research-
ers (Pandey and Biswas, 1994; Zhang and Aktan, 1995). The existing compliance based methods utilize the
change in the measured flexibility matrix estimated from the mass-normalized mode shapes and frequen-
cies. It has been reported that the measured flexibility matrix is most sensitive to changes in the lowest fre-
quency modes of the structure due to the inverse relationship of the square of the modal frequencies
(Doebling et al., 1996). Experimental application of these compliance-based method confirmed that the
good sensitivity of the modal compliance to structural damage (Pandey and Biswas, 1995; Ko et al.,
2002). Also, Lu et al. (2002) have presented the successful application of the compliance-based method
to multiple damage location problems.

However, the existing flexibility-based methods can only identify damage locations and no severity esti-
mation schemes are provided since these methods are based on simple comparison between the elements [or
the curvatures of the elements] of the compliance matrix of the undamaged structure and those of the dam-
aged structure. No solid relationship between the element-wise compliance change and the obtained modal
parameters is given. To overcome the stated drawback, in this paper, the change in the effective compliance
of the element is first derived in terms of the modal amplitudes, and the expression for a new damage index
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(will be called the compliance index hereafter), which represents the ratio of the compliance of the element
before and after damage, is derived.

The general expression for the compliance index may be derived as follows. Using operator notation, the
governing equation for an arbitrary continuous structural system (e.g., rod, beam, plate, etc.) may be writ-
ten as follows:

Hw =sQ (4)

where [] is a linear operator; w is a general response of the structure; s is a factor related to the compliance
of the structure and Q is a force applied to the structure. Note that Eq. (4) is valid at every point in a struc-
ture and the factor, s, represents the compliance at a given point in a structure.

Eq. (4) can be linked to the effective compliance for an element as described below. Suppose that we have
some arbitrary, one-dimensional, continuous structure as shown in Fig. 1. Suppose also that the governing
equation for the structure can be written as

[T = s0) (5)

For some location between x = x; and x = x, on the structure (see Fig. 1), the mean force associated with
the element j described by the coordinates between x; and x, can be written using the mean value theorem
for integrals (Kaplan, 1991):

_ 1 R
0=, [ owar=ow ©)

where Q is the mean force and Ax is the distance between x; and x,. Evaluating Eq. (6) at some point be-
tween x; and x,, X, and substituting for Q(x) using Eq. (5) yields:

o =5, [ [Ivwa )

From Egs. (6) and (7)
Xi

The factor, s, is related to the compliance at the point X and can be regarded as the effective compliance of

the element j, i.e., the region between x; and x,. The compliance index for the element j can be derived by

considering the damaged system subjected to the same force, Q(x). For the damaged system, Eq. (8) can be
rewritten as

®)

Element j

Fig. 1. One-dimensional continuous structural system.
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o f:lz [Iw(x)dx
T [0k dx
where the superscript asterisk represents parameters for the damaged system. From Egs. (8) and (9), the

compliance index, ﬁ;, which is the ratio of post-damaged compliance to pre-damaged compliance of the
element j, can be formulated as follows:

©)

. K f "2 HW dx
Bi=2="% (10)
s Jo ITwde
For an arbitrary structural system, the compliance index can be derived in terms of modal vectors as fol-
lows. For i =1,2,...,N sets of modal vectors, Eq. (7) can be rewritten for the jth element as follows:
0=0(4,,4,, .. ®,dQ 11
0= 0 i3 =553 [ 11 (1)
where ¢,,,,...,q, is the location of the mean force, O, in the element j; Q; is the domain of the element j
and
ML:/(m (12)
‘Q/

For a damaged structure, Eq. (11) can be rewritten as
—_ , 1 1
0=0(4,4,---4, :——*/ ¢;dQ 13
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Assuming that the change in the mean force is negligible for the pre-damaged and post-damaged elements,

a compliance index, /31], may be formulated using Eqgs. (11) and (13) as follows:

< [, 11 ® de
ﬁ:i:&JLgf (14)
s fQ/ [[:d2

Note that the damage index obtained using Eq. (14) is most susceptible to measurement and numerical er-
rors when both numerator and denominator are close to zero. This phenomenon, for example, might be
observed at a node of a mode or a support when the element size is very small. In such cases, erroneous
damage indices may result in severe localization errors. To avoid this problem, we shift the domain of inter-
est in the problem by adding unity to the denominator and numerator of Eq. (14) (Stubbs et al., 2000):

s 1+f9/ H@I*d.Q

R
Bij_ ) 1_|_fo HéidQ (15)

S
For N sets of mode shapes, the following expression will be a convenient form of the composite compliance

index:

« N *
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2.3. Damage localization and severity estimation

Using Egs. (15) or (16) (Egs. (1) or (3) for the energy index) as a basis, possible locations of damage in
the structure are determined by utilizing various classification algorithms. Based on the magnitude of the
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damage index, for each element, a classification algorithm assigns each element into either a damaged or an
undamaged category. As presented in a prior study (Stubbs and Garcia, 1996), the classification can be
made on the basis of such schemes as (a) Bayes’ rule (from which the well-known linear and quadratic dis-
criminant analysis are derived) (Gibson and Melsa, 1975); (b) nearest distance (Nadler and Smith, 1993);
and (c) hypothesis testing (Ott, 1993). In this study, hypothesis testing is used for the classification of an
element as damaged or not damaged. In hypothesis testing, the alternate hypothesis (H,) and null hypoth-
esis (Hy) are defined as follows:

Hy: element j of the structure is not damaged.
Hy: element j of the structure is damaged.

To test the hypotheses, the damage indices shown in Egs. (15) and (16) are standardized using the
equation:
B — 1y
R 17
Zj o (17)
where z; is the standardized damage index for the jth element; ug is the mean of /s and gy is the standard
deviation of f/s. Assuming that the standardized damage index is normally distributed, a typical probabil-
ity function of the standardized damage index depicted in Fig. 2 can be used for classification. The follow-
ing decision rules that correspond to one-tailed test may be used to assign damage to the element j:

(i) choose H if z; < z,, or
(ii) choose H; if z; > z,
where 7 represents level of significance of the test. The decision making criterion for assigning the location
of damage is thus established using elements of statistical decision making. Note that a typical value for the
level of significance in damage localization is 0.05 which corresponds to a z score of zy s = 1.645.

Once the possible locations of damage are identified, the corresponding damage severities may be ob-
tained using the corresponding nonstandardized damage indices. Damage severity of an element is defined
as the fractional change in stiffness (Park et al., 2001). Since the damage index is the ratio of pre-damaged
compliance to post-damaged compliance, the severity of damage for jth element may be expressed as

1
Ty 8= S;f 1
o = = =——=—-1 (18)

’ kj - 5j B;
Note that the severity (magnitude) of damage obtained using Eq. (18) represents the fractional stiffness loss
for a specific element j of the structure.

f, (@) A | PDF of standardized B

Va

0 Z,

Fig. 2. Probability density functions of standardized damage index.
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@ (b) ©

Fig. 3. A rod element subjected to axial loading: (a) undamaged element, (b) damaged element with cracks, (c) damaged element with
effective uniform stiffness.

2.4. Concept of effective stiffness

The concept of the effective element compliance increase or stiffness reduction can be demonstrated as
follows (Lemaitre and Chaboche, 1990). Considering a rod element with cracks as shown in Fig. 3(b).
We may expect significant local stiffness loss in the vicinity of crack and the consequent fluctuation in
the compliance or stiffness distribution of the element. Considering a complex structure with many ele-
ments, it is not an easy task to determine exact local stiffness loss with limited number of sensors. This prob-
lem can be solved by introducing the concept of effective stiffness loss for the element.

Consider a prismatic rod element with the original (pre-damaged) stiffness & as shown in Fig. 3(a). Sup-
pose that the element is subjected to an axial force, P, and the corresponding elongation due to the force P
is 4. Assuming that the rod element is damaged, the elongation due to the same force, P, is changed to 4%,
as shown in Fig. 3(b). The effective stiffness for the damaged element is the uniform stiffness, &*, which
yields the same elongation as the damaged element subjected to the same axial force. Consider the element
with uniform stiffness, £*, as shown in Fig. 3(c). If the elongation of both the damaged element with cracks
(Fig. 3(b)) and the element with uniform stiffness (Fig. 3(c)) are the same for the same axial force, P, then
the stiffness, k*, is the effective stiffness for the damaged element. Thus, the effective reduction in the stiff-
ness of the element due to the introduction of damage is the difference between k and k*.

3. Numerical verification
3.1. Simply supported beam

The feasibility and performance of the proposed compliance index is first examined via a numerical
example of a simply supported beam structure. The example structure is shown in Fig. 4. The beam is
equally divided into 36 two-dimensional beam elements as shown in the figure. The length of each element
is 0.25 m. All elements are assumed to be made of the same material with £ = 200 GPa and p = 7827 kg/
m>. To simulate the actual practice, the responses are assumed to be measured at 13 locations as shown in
the figure. The structure is subjected to four damage scenarios in which the number of inflicted damage
location ranges from one to three. Damage is numerically simulated by reducing the elastic moduli of
the appropriate elements. The locations and corresponding magnitudes of the damage simulated for each
damage scenario are summarized in Table 1. Free vibration analysis is performed to obtain mode shapes
using SAP2000® (1998). Since to the naked eye the corresponding mode shapes for damaged structures
are indistinguishable from undamaged ones, only the mode shapes for the Damage Case 1 are shown in
Fig. 5.
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Table 1
Simulated damage locations and severities
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Fig. 4. Simply supported beam.
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Damage scenario

Elements damaged

Corresponding severity (%)

Simply supported beam 1 24 10
2 4 50
3 9, 30 30, 20
4 4,21, 31 20, 30, 20
Continuous beam 5 24 10
6 4 50
7 21, 40 10, 20
8 9, 48, 63 20, 30, 30
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Fig. 5. Mode shapes of the simply supported beam.

3.2. Continuous beam

A continuous two span beam is used here to further verify numerically the effectiveness of the compli-
ance index. The section and material properties are the same as the simply supported beam. The model has
72 elements and 73 nodes, as shown in Fig. 6. Again, to simulate the actual practice, the responses are as-
sumed to be measured at 25 locations. The structure is subjected to four damage scenarios. The locations
and corresponding magnitudes of the damage simulated for each damage scenario are also summarized in
Table 1. The mode shapes of the structure are shown in Fig. 7.

3.3. Measurement noise

In the field application of modal testing to obtain the mode shapes, it is expected that there would be
some deviations due to measurement noise. To simulate this condition, a series of random noise generated



4502

/— Sensor locations

S. Choi et al. | International Journal of Solids and Structures 42 (2005) 4494-4513

50cm

< > 30cm
72@025m=18m
Fig. 6. Continuous beam.
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Fig. 7. Mode shapes of the continuous beam.

from a uniform distribution on the interval [—1,1] is added to the original mode shapes of the structure.
The degree of noise is determined by a noise/signal (NS) ratio that is a ratio of the random-number series
to the amplitude of the mode shape. In present applications, the effect of different level of noise on damage
identification is investigated by applying 0.1% and 1% NS ratios.

3.4. Damage localization and severity estimation

Using the proposed compliance indices expressed in Eqgs. (15) and (16), the determination of the loca-
tions of potential damage in the structure is implemented using the following steps. First, the damage index
for each element is calculated using Egs. (15) and (16). Second, the obtained damage indices are standard-
ized using Eq. (17). Third, the presence of damage in Element j is determined according to the pre-assigned
classification rules: (a) the element is damaged if z; > 1.5; (b) the element is not damaged if z; < 1.5. Note
that the value of the damage indicator, 1.5, corresponds to a 93% confidence level for the presence of dam-
age. Next, the severity of damage for possible damage location is estimated as follows. First, the possible
damage elements are identified using the hypothesis testing algorithm. Second, the severities of those ele-
ments are estimated using Eq. (18). Also, for comparison the same calculation is performed using the
energy index presented in Egs. (1) and (3).

3.5. Discussion of results
The damage localization results are shown in Figs. 8-15. In all of the figures, note that the inflicted loca-

tions of damage are indicated by the tilted arrows. The vertical axis is in the nondimensional unit of the
standardized damage index for that particular location. Note also that only the damage localization results
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Fig. 10. Damage localization results of Damage Case 3 for the simply supported beam: (a) compliance index, (b) energy index.

using the composite damage index are presented due to space limitation. The percentage of false positive
prediction (Type I error) and the percentage of false negative prediction (Type II error) are used to evaluate
the performance of the methodology. A false positive means that damage is reported where no damage
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Fig. 15. Damage localization results of Damage Case 8 for the continuous beam: (a) compliance index, (b) energy index.

exists and a false negative means that damage is not reported where damage exists. The percentage of false
positive error is calculated by dividing the number of false positive predictions by the number of undam-
aged elements, and the percentage of false negative error is calculated by dividing the number of false neg-
ative predictions by the number of damaged elements. In an ideal situation, the false positive and the false
negative error rates should be zero. In the present application, the consequence of a false negative is much
greater than that of a false positive. The false positive and the false negative may reflect the quality of the
measured data and the effectiveness of damage localization algorithm. The number and resulting percentage
of false positives and false negatives for each damage case are summarized in Tables 2 and 3, respectively.
Note that in the tables, the performance of the method is evaluated using the individual modes (i.e., Mode
1, Mode 2, and Mode 3) as well as the combined one (i.e., 3 Modes).

For damage cases with a single damage location that correspond to Damage Cases 1, 2, 5, and 6, the
proposed compliance index based method successfully identifies all simulated damage locations (zero false
negatives) with noise free data (see Table 3). A few false positives are observed but all the false positive
predictions arise in the neighborhood of the simulated damage locations. For the same damage cases with
noise, the method again identifies all damage locations except Mode 2 in Damage Case 5 when 1% noise is
introduced. In the damage localization results for damage cases with multiple damage locations, Damage
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Table 2
Number of false positives
Damage case Mode 1 Mode 2 Mode 3 3 Modes
0%* 0.1% 1% 0% 0.1% 1% 0% 0.1% 1% 0% 0.1% 1%
1 2 2 1 1 1 1 3 2 2 2 2 2
(2 (3) (2) (1) (1) (2) (3) (3) (2 (2 (3) (2)
2 3 3 1 3 3 3 2 2 2 3 2 2
(2) (3) (1) (2) (2 (1) (2 (2) (3) (2) (2 (3)
3 2 2 0 1 2 1 3 2 2 2 2 2
(1) (1) (2) (1) (1) (3) (2 (2) (2) (2) (2) (3)
4 1 1 1 3 3 3 2 1 2 1 3 2
(1) (1) (1) 1) (2 2 2 (1) (2 (2 (1) (2
5 3 3 3 3 3 3 2 2 3 3 3 4
(3) (3) (2) (7 (®) (2 (3) (3) (3) (3) (3) (3)
6 3 3 2 3 3 2 3 3 3 3 3 3
(2 (3) (2 (2 (3) 2 (2 (2) 4 (2 (3) (2
7 5 4 4 2 2 2 3 3 3 4 3 2
(3) (2 (2) (2 (3) 3) 3) (2 (2 (3) 4) (3)
8 4 4 3 4 4 4 4 4 3 4 4 3
4 (3) (5) 4 (5) “4) (3) (3) (5) 4 4 (5)
> 23 22 15 20 21 20 22 19 20 22 22 20
(18) (19) (17) (20) (25) (19) (20) (18) (23) (20) (22) (23)
% 5.50 5.26 3.59 4.78 5.02 4.78 5.26 4.55 4.78 5.26 5.26 4.78
(4.31) (455 (4.07) (4.78)  (5.98) (4.55) (4.78)  (4.31) (5.50)  (4.78)  (5.26)  (5.50)
() Results using the energy index.
% NS ratio.
Table 3
Number of false negatives
Damage case Mode 1 Mode 2 Mode 3 3 Modes
OOA)a 0.100 1%) OOA) 0.100 10() 0%) O.]D() 100 OOA! 0.10() 100
1 0 0 0 0 0 0 0 0 0 0 0 0
(0) (0) (1) (0) (0) (0) (1) (1) (1) (0) (0) (0)
2 0 0 0 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0)
3 1 1 0 0 1 1 0 1 0 0 0 0
(1) (1) (1) (1 (1) (0) (0) (0) (0) (0) (0) (0)
4 2 3 2 1 2 2 1 1 1 1 1 1
(2 (2 (3) (2 (2 (3) (1) (1) (1) (1) (1) (2
5 0 0 0 0 0 1 0 0 0 0 0 0
(0) (0) (0) (0) (0) (1) (0) (0) (0) (0) (0) (0)
6 0 0 0 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0)
7 0 0 0 1 1 1 0 0 0 0 0 0
(1) (1) (1) (1) (1) (2) (1) (1) (1) (0) (0) (1)
8 0 0 1 0 0 0 1 1 1 0 0 1
(0) (1 (2) (1 (1) (1) (0) (0) (0) (0) (0) (0)
> 3 4 3 2 4 5 2 3 2 1 1 2
4 (5) () (5) (5) (7) (3) (3) (3) (1) (1) (3)
% 21.4 28.6 214 14.3 28.6 35.7 14.3 21.4 14.3 7.1 7.1 14.3
(28.6) (35.7) (57.1) (35.7) (35.7) (50.0) (21.4) (21.4) (21.4) (7.1) (7.1) (21.4)

() Results using the energy index.

% NS ratio.
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Cases 3, 4, 7, and 8, the method performs quite satisfactorily with noise-free data. A few false positives are
observed, but all damage locations occur at the vicinity of the inflicted damage locations as shown in Figs.
8-15. When noise added, the percentage of false negative shows a tendency to increase as the NS ratio
increases. However, even with the severest simulated noise level (NS ratio = 1%), most of damage locations
can be inferred from the localization results (see Figs. 8§ and 9). From Table 2, the percentage of false pos-
itives seems not to be influenced significantly by increasing the number of damage locations and the noise
level. As expected, in Tables 2 and 3, better damage identification results are obtained using the composite
damage indices which simultaneously include the information of all three modes. One notable result is that
the more reliable and accurate damage localization results could be obtained using the proposed compli-
ance index than the existing energy index. In the tables, it is observed that the compliance index yields
similar false positives but smaller false negatives than the energy index.

Another way to evaluate the performance of the proposed compliance index is as follows. In all 8
damage cases a total of 14 damage sites are inflicted. Without noise, the composite compliance index unam-
biguously locates 13 of these 14 cases. This result corresponds to an overall success rate of 93%. For
reference, the composite form of the existing energy index yields the same success rate. When noise is added,

Table 4

Severity estimation results

Damage Mode 1 Mode 2 Mode 3 3 Modes

case 0%* 0.1% 1% 0% 0.1% 1% 0% 01% 1% 0% 01% 1%

1 01°® 004 0.03 0.02 0.03 0.03 0.02 0.02 0.02 0.00 0.03 0.03 0.01
0.04)  (0.01) - (0.03)  (0.03)  (0.01) - - - 0.04)  (0.02)  (0.00)
205 025 0.23 0.11 0.25 0.24 0.18 0.23 0.23 0.29 0.23 0.23 0.24
0.28)  (0.28)  (0.04)  (0.27)  (0.26)  (0.20)  (0.25)  (0.25)  (0.10)  (0.26)  (0.25)  (0.12)
303 014 0.13 0.07 0.10 0.11 0.15 0.08 0.08 0.07 0.09 0.09 0.09
(0.14)  (0.13)  (0.05)  (0.11)  (0.11)  (0.07)  (0.09)  (0.09)  (0.06)  (0.11)  (0.11)  (0.06)

02 - - 0.03 0.05 - - 0.05 - 0.05 0.05 0.05 0.04
- - - - - 0.05  (0.06)  (0.06) (0.05  (0.06)  (0.06)  (0.04)
4 02 - - - - 0.72 0.35 - - - - 0.09 0.12
- - - - (0.03) - - - - - 0.13) -
03 012 - 0.21 0.11 - - 0.09 0.10 0.09 0.09 0.09 0.09
(0.13)  (0.14) - - - - 0.10)  (0.10)  (0.11)  (0.12)  (0.11)  (0.07)
02 - - - 0.06 - - 0.05 0.06 0.06 0.06 - -
- - - 0.07) - - (0.07)  (0.07)  (0.07)  (0.07) - -
5 01 004 0.04 0.02 0.03 0.07 - 0.03 0.03 0.03 0.04 0.04 0.02

0.04)  (0.04)  (0.02)  (0.03) (0.55) - 0.04)  (0.04)  (0.02)  (0.04)  (0.04)  (0.02)
6 05 026 0.21 0.08 0.25 0.21 0.08 0.25 0.26 0.30 0.25 0.24 0.17
028)  (0.17)  (0.02)  (0.27)  (0.14)  (0.01)  (0.29)  (0.30)  (0.33)  (0.29)  (0.22)  (0.04)
7 01 003 0.04 0.20 - - - 0.03 0.04 0.06 0.03 0.03 0.06
0.04)  (0.04)  (0.00) - - - - - - 0.04)  (0.04) —
02 0.8 0.07 0.03 0.08 0.08 0.20 0.07 0.07 0.06 0.07 0.07 0.07
- - - 0.09)  (0.09) - (0.07)  (0.06)  (0.01)  (0.08)  (0.08)  (0.01)
8 02  0.08 0.11 - 0.09 0.08 0.06 - - - 0.05 0.05 -
0.08) - - 0.09)  (0.08)  (0.02)  (0.05  (0.05  (0.04) (0.07)  (0.07)  (0.03)
03 0.3 0.12 0.09 0.12 0.11 0.09 0.11 0.11 0.10 0.11 0.11 0.10
(0.13)  (0.13)  (0.08) - - - (0.13)  (0.13)  (0.07)  (0.13)  (0.13)  (0.07)
03 007 0.07 0.05 0.07 0.08 0.12 0.06 0.07 0.09 0.07 0.07 0.09
0.07)  (0.07) - 0.07)  (0.08)  (0.15  (0.09)  (0.09)  (0.08)  (0.08)  (0.08)  (0.07)

() Results using the energy index.
& NS ratio.
® Simulated damage.
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the method identifies 13 and 12 in 14 simulated damage locations using the composite damage index, which
corresponds to a success rate of 93 and 86%, respectively. In case of the energy index, the success rate gets
little worse with 93% and 76%.

The severity estimation results using the compliance index and the energy index are presented in Table 4.
For all damage cases, the compliance index consistently yields lower damage severity estimates than the sim-
ulated values. The fact that damage is smeared into the neighboring elements, as shown in Figs. 815, may
explain this systematic error. In the table, it is also observed that the compliance index gives a reasonable
agreement between damage magnitudes using the noise-free and the noise-polluted data. The same
phenomena are observed in the results using the energy index.

4. Experimental verification
4.1. Description of experiment

The proposed method is further verified using the experimental data from a free—free beam. The 1.91 cm
(3/4 in.) diameter circular bar with the length of 61 cm (24 in.) is used as the test specimen. In order to sim-
ulate the free—free boundary condition, two 18 gauge wires approximately 61 cm in length were used. Fig.
16 shows the test beam and the measurement locations. The accelerometer was attached at Location 3 and
damage was inflicted at Location 5. In this study, Location 1 corresponds to x = 0 cm, Location 2 corre-
sponds to x = 10.2 cm (4 in.), and so on. A hacksaw was used to introduce the intended damage to the spec-
imen. Note that an ordinary hacksaw approximately 0.5 mm (0.02 in.) in width was used to cut a groove in
the surface of the beam specimen and the depth of the groove was measured using a ruler. To verify the
detectability, three levels of damage severity, saw cut depth of 3.175 mm (1/8 in.), 6.35 mm (1/4 in.) and
9.525 mm (3/8 in.) were inflicted on the specimen, respectively. The damage scenarios and the correspond-
ing defects are summarized in Table 5.

Fig. 17 depicts the equipments utilized in this test. The equipments consisted of a 4-channel Digital Sig-
nal Processor (DSP), an impact hammer, a piezoelectric accelerometer and a personal computer (PC)
equipped with Siglab software (1996). The DSP and Siglab software, designated model 20-42, were manu-
factured by the Signal Analysis Group. The impact hammer was a Piezotronics (PCB) model 086C01. The
accelerometer utilized in the experiment was a PCB model 303A03. Test settings used for the modal test are
summarized in Table 6.

= =

e 18gaugewires — ]

/ Accelerometer
[} . . ° .
1 2\ 3 4 \ 5 6 7
Impact point ®1.91cm circular bar

6@10.16cm=61cm

Fig. 16. A free—free beam.
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Table 5

Damage scenarios and corresponding defects

Damage scenario

1

3.175 mm deep saw cut at x =40.6 cm (16 in.)

2 6.350 mm deep saw cut at x =40.6 cm (16 in.)
3 9.525 mm deep saw cut at x =40.6 cm (16 in.)

]

|
Fig. 17. Test equipments.

Table 6
Modal test parameters for the test
Parameter Setting Notes/units
Sample frequency 5000 Hz
Sample length 8192 Samples per channel
Spectral resolution 0.61 Hz
Number of repetitions 3 Linear average
Channel gain Varied Set to maximize resolution
Trigger method +18% Hammer FS Pre-trigger save all channels
Accelerometer window Exponential 99% Down at end
Hammer window Rectangular 7% Window width

4.2. Result and discussion

The modal parameters were obtained from the plot of frequency response function using the commercial
software (Siglab, 1996). Four resonant frequencies and corresponding mode shapes were extracted for each
state of the specimens (see Table 7 and Fig. 18). Using the extracted mode shapes and the damage indices in

Table 7

Natural frequencies of the test beam

Frequency mode  Undamaged case (Hz)

Damage scenario 1 (Hz)

Damage scenario 2 (Hz)  Damage scenario 3 (Hz)

1 234.38
2 640.63
3 1251.56
4 2053.13

232.19
637.50
1250.00
2048.44

228.13
618.75
1248.44
2020.31
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e

3 4 5 6 7
Location number

Modal Amplitudes
o

Mode 1 —8— Mode 2 ------- Mode 3 —>¢— Mode 4

Fig. 18. Mode shapes of the test free—free beam.

Eq. (3) for the energy index and Eq. (16) for the compliance index, the identification of defects on the
specimens is implemented using the following steps. First, the damage detection model for damage identi-
fication is built. The model has 49 elements and 50 nodes. The modal amplitudes for nodes between the
impact points are interpolated using the cubic spline function (Press et al., 1992). Note that the location
of damage corresponds to Element 33. Second, the damage index for each element in the damage detection
model is calculated applying the identified four mode shapes to Egs. (3) and (16). Third, the obtained dam-
age indices are standardized using Eq. (17). Finally, the presence of defect in Element j is determined
according to the pre-assigned classification rules: the element is damaged if z; > 1.5; or the element is
not damaged if z; <1.5. Note that the severity estimation results are not compared in this example since
the exact quantitative estimation of the hacksaw-inflicted damage to the element of the specimen is almost
impossible.

Fig. 19 presents the graphical representation of the damage identification results using the compliance
index and the energy index. In the figure, the followings are observed. In the damage identification result
for Damage Case 1, both the compliance index and the energy index successfully identified the inflicted
damage. In the damage identification result for Damage Case 2, the strain energy index gives better indi-
cation of the presence of damage than the compliance index. However, in the damage identification result
for Damage Case 3, the strain energy index does not identify the location of damage while the compliance
index does. This shows the better sensitivity of the compliance index to damage and the advantage of hav-
ing the alternative damage predictions for a certain locations in the structure. In the figure, the solid lines
without marks represent the average value of the two damage indices calculated as follows:

NM

ﬁaverage = Z [ﬂf =+ ﬁze] (19)
i=1
It can be observed that the average of the two indices give damage predictions without identification error
in all damage scenarios.

5. Summary and conclusions

In this paper, a methodology to locate and size damage in a structure using a new type of damage index
was presented. The new damage index, here designated as the compliance index, utilized the changes in the
distribution of the compliance of a structure due to damage. The change in the compliance distribution was
obtained using the changes in the mode shapes of a structure due to damage. The concept of the compliance
index along with the effective compliance was presented in this paper. The validity of the methodology was
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Fig. 19. Damage identification results for the test beam. (a) Damage case 1, (b) Damage Case 2, (c) Damage Case 3.

demonstrated using data from numerical examples of beam structures and the results were compared with
those using the existing energy index. The experimental verification was also performed using data from the
free—free beam structure. In three damage cases, the proposed compliance index identified all damage loca-
tions while the energy index failed to identify damage in one damage case. Also, it is observed that the aver-
age of the two indices give damage predictions without identification error in all damage scenarios.
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From the results obtained in the study, the following conclusions are drawn:

1. the compliance index based on the change in the effective compliance change of an element of a structure
can be used for damage localization and severity estimation;

2. the numerical and experimental studies reveal that the compliance index can identify single and multiple
damage locations consistently and accurately;

3. the compliance index yields less damage identification error that the existing energy index;

4. performance of damage localization and severity estimation may be improved by using the composite
damage indices which utilize multiple mode shapes simultaneously;

5. the compliance and energy indices consistently produced a lower damage severity estimations and

6. in the experimental study, the average of the two indices, i.e., the compliance and the energy indices,
gives damage predictions without identification error in all three damage scenarios.
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