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Abstract

In this paper, an improved damage quantification methodology for a plate structure is presented. The methodology

utilizes the relationship between the stiffness loss and the fractional changes of the modal parameters due to damage. To

improve the damage quantification performance, the methodology is derived by eliminating erroneous assumptions in the

existing modeshape-based methods and adopting additional modal information, i.e., natural frequencies. The basic

elements of the approach are summarized in this paper, and the validity of the proposed method is demonstrated using

numerical data from a simply-supported plate structure. In the numerical verification, the damage quantification

performance of the proposed method is compared with the performance of other existing methods. Also, the effects of

incomplete measurement and noisy modal test data on the accuracy of damage quantification are discussed. The result

shows the proposed method yields superior damage quantification results to the existing algorithms.

r 2006 Elsevier Ltd. All rights reserved.
1. Introduction

During the past few decades, there have been intense interests and activities to research and develop
technologies for health monitoring and diagnostics of civil structures such as buildings and bridges [1]. Health
maintenance and operation of aging structures depend largely on the ability to assess conditions of the
structure via nondestructively detecting and evaluating damage in the structures. Currently available
nondestructive damage detection (NDD) techniques include visual inspection, nondestructive testing (NDT),
and vibration-based damage evaluation methods.

The visual inspection method is probably the most common approach in inspecting a structure. However,
the method is only effective in finding damage on the surface of the structure and limited to an accessible area.
The NDT techniques include acoustic or ultrasonic methods, magnetic field methods, radiographs, eddy-
current methods, and thermal field methods [2]. These methods can provide accurate and detailed information
ee front matter r 2006 Elsevier Ltd. All rights reserved.
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Nomenclature

* superscript for parameters for the da-
maged structure

aj severity of damage for jth element
ap

i predicted severity of damage for ith
element

at
i true severity of damage for ith element

bj damage index for element j

r density
fi ith modeshape vector
~fj jth modeshape vector with noise
n Poisson’s ratio
mb;sb mean and the standard deviation of bj‘s
Z level of significance of the test
l eigenvalue
A area of the plate
Aj area of the element j in the plate
e percentage of random noise
E modulus of elasticity

F fraction of modal strain energy
k flexural rigidity of the plate
kj flexural rigidity of the element j in the

plate
K system stiffness matrix
Ki ith modal stiffness matrix
M system mass matrix
Mi ith modal mass matrix
NDE number of damaged elements
NE number of elements
NM number of modes
NSE number of surrounding elements
s flexural compliance of the plate
sj flexural compliance of the element j in

the plate
t thickness of the plate
U modal strain energy
zj standardized damage index for the jth

element
zZ threshold value
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for a specific portion of a structure. However, these techniques require that the vicinity of the damage be
known a priori, and that the portion of the structure being inspected be readily accessible. In addition, most
NDT methods can only detect potential damage on or near the surface of the structure.

Another approach for NDD comprises vibration-based methods that attempt to detect damage and
simultaneously assess the condition of a structure using the dynamic response of the structure. The basic idea
behind these vibration-based methods is that changes in the physical properties of a structural system alter the
dynamic response characteristics of the structure (i.e., frequencies, damping, and modeshapes). These methods
have recently received much attention as the need for developing an effective and practical structural health
monitoring system emerges as a prominent research issue in structural engineering. To date, numerous
vibration-based NDD methods have been presented as a result of worldwide research efforts [3,4].

Even though many approaches have been presented and published in the field of NDD, only a few
applications on detecting and identifying damage in plate-type structures have been published. The first
attempt was made by Cawley and Adams [5]. They introduced a method to locate the defects in a plate
structure using frequency information. However, frequency information only has been known to be not
enough for identifying damage in a large structure due to their insensitivity to small damage [6]. Chen and
Swamidas [7] presented numerical results for a cantilever plate containing a crack by comparing strain
modeshapes. Chance et al. [8] presented damage detection results for a cantilever plate. In their study, they
showed that the curvature of the modeshapes was more likely to locate the damage than modeshapes. These
two studies, however, failed to provide a practical procedure for localizing and quantifying damage in a plate
structure. Choi and Stubbs [9] proposed two NDD algorithms for a plate structure—one from the governing
differential equation of motion (the compliance method) and the other from the expression for the elastic
strain energy of a plate (the strain energy method). However, the compliance method included the fourth-
order numerical differentiation which introduced additional numerical error, and the strain energy method,
which is the simple extension of the damage index method [10], showed poor damage quantification
performance [11]. Experimental verification of the application of the damage index method to a plate structure
was provided by Cornwell et al. [12]. Araujo dos Santos et al. [13] proposed a damage quantification method
using the changes in eigenvalues and modeshapes. However, their method is not practical for a real structure
because it requires a significant number of frequencies and corresponding modeshapes to yield reliable
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solutions, which is not usually measurable from real structures. Li and Yam [14] introduced a damage
localization method using the changes in modal sensitivities. Also, Wu and Law [15] proposed a damage
localization method using uniform load surface curvature. Later, they proposed a sensitivity-based model
updating approach incorporating uniform load surface curvatures to identify the severity of damage in a plate
structure [16,17]. Other researchers proposed NDD methods that can locate and quantify damage in a plate
structure, recently. Lee and Shin [18] developed an iterative procedure that can locate and size damage. Also,
Choi et al. [19] proposed a modal-compliance-based damage quantification method which can relieve the
difficulty in numerical differentiation of the compliance method [9].

Despite these research efforts, however, the following problems related to vibration-based NDD methods
still remain unsolved to date. First, significant number of modal information is required to yield reliable
solutions [13]. Second, only damage localization scheme is provided [14,15]. Third, significant amount of
computational work is needed to identify damage information [16–18]. Fourth, poor damage quantification
results are obtained for identified damage locations [9,11].

The objective of this paper is to present a simple but robust NDD methodology that can improve the
performance of damage quantification for a plate structure. In order to achieve the stated objective, the
following tasks are performed. First, the existing NDD algorithms based on the modal strain energy change
[11] and the modal compliance change [19] are outlined and reviewed. Then, a new NDD algorithm to improve
the performance of damage quantification is formulated based on the relationship between the stiffness loss
and the fractional changes of the modal parameters, i.e., modeshapes and natural frequencies, in which erratic
assumptions of the existing NDD algorithms [11,19] are eliminated. Finally, the performance of each
algorithm is evaluated by comparing the accuracy of damage prediction results via a numerical example of a
simply-supported plate structure. In the example, possible problems such as the effect of noise and incomplete
measurement when applied to real structures are also addressed. The effect of measurement noise on damage
identification is investigated by applying random noise to modeshape data.

2. Theory

2.1. Strain energy index

The damage index method developed by Stubbs et al. [10] utilizes the change in the modal strain energy
distribution in a structure due to damage. The extension of the damage index method to a plate structure
[9–11] can be stated as follows.

Considering a thin and undamaged plate structure, the modal strain energy for the ith mode, Ui, is given
by [20]

Ui ¼
1

2

Z Z
A

k kxx;i þ kyy;i

� �2
� 2ð1� nÞ kxx;ikyy;i � k2xy;i

h in o
dA, (1)

where

kxx;i ¼
q2fi

qx2
; kyy;i ¼

q2fi

qy2
; kxy;i ¼

q2fi

qxqy
and k ¼

Et3

12ð1� n2Þ
. (2)

Assuming the flexural rigidity, k, is constant in an element of the structure, the modal strain energy for the ith
mode that is concentrated in the jth element is given by

Uij ¼
1

2
kj

Z Z
Aj

kxx;i þ kyy;i

� �2
� 2ð1� nÞ kxx;ikyy;i � k2xy;i

h in o
dA ¼ kjgij , (3)

where

gij ¼
1

2

Z Z
Aj

kxx;i þ kyy;i

� �2
� 2ð1� nÞ kxx;ikyy;i � k2xy;i

� �n o
dA. (4)
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Note that the term gij involves only geometric quantities and Poisson’s ratio. Eq. (4) can be rewritten for the
damaged structure

U�ij ¼ k�j g
�
ij . (5)

The fraction of modal stain energy for the ith mode that is concentrated in the jth member (i.e., the element
sensitivity of the jth member to the ith mode) is given by

F ij ¼ Uij=Ui. (6)

The change in the fraction of modal energy of the jth member in the ith mode can be expressed as

dFij ¼ F�ij � Fij ¼
Uij

Ui

dUij

Ui

�
dUi

Ui

� �
, (7)

where the superscript asterisks represent the parameters for the damaged structure. Assuming that the
structure is damaged at a single location jðdUi=Ui � 0Þ and that the modal force is constant while kj changes,
the quantity dFj can be obtained from the first-order expansion [21]

dFij � �F ijaj , (8)

where the fractional change in stiffness, aj, is given by

aj ¼
dkj

kj

¼
k�j � kj

kj

. (9)

Define a damage index for the jth element as bj ¼ kj=k�j . Then substituting Eqs. (3), (5), (6), (8) and (9) into
Eq. (7) and simplifying yield the damage index for the element j as follows

bij ¼
kj

k�j
�

1

2

g�ij=
PNE

j¼1g
�
ij þ 1

gij=
PNE

j¼1g
�
ij þ 1

þ 1

" #
. (10)

For NM eigenmodes, the composite form of the damage index is defined as

bj ¼
kj

k�j
�

1

2

PNM
i¼1 g�ij=

PNM
j¼1 g

�
ij

� �
þ 1PNM

i¼1 gij=
PNM

j¼1 gij

� �
þ 1
þ 1

2
4

3
5. (11)

Note that, in the damage index in Eqs. (10) and (11), the domain of interest in the problem is shifted by adding
unity to the denominator and numerator to avoid numerical errors when both numerator and denominator
are close to zero. Note also that in general improved damage estimation results can be obtained by utilizing the
composite form of the damage index when multiple modes are available [9,11,19,22]. The damage indices in
Eqs. (10) and (11) will be referred as the strain energy index throughout the remainder of this paper. More
detailed derivation of Eqs. (10) and (11) can be found in Ref. [11].

2.2. Modal compliance index

The modal compliance method utilizes the changes in the distribution of the modal compliance of a
structure due to damage [22]. The extension of the modal compliance method to a plate structure was
presented by Choi et al. [19]. The modal-compliance-based damage index for the plate structure derived from
the invariance relationship between the bending moments and the curvatures is presented as

bc
ij ¼

s�j

sj

�

R
D

R
Aj

k�xx;i þ k�yy;i

� �
dAþ 1R

D

R
Aj

kxx;i þ kyy;i

� �
dAþ 1

. (12)
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Note that Eq. (12) is derived based on the assumption that the modal force is constant while sj changes. For
NM eigenmodes, the composite form of the damage index is defined as

bc
ij ¼

s�j

sj

�

PNM
i¼1

R
D

R
Aj

k�xx;i þ k�yy;i

� �
dAþ 1PNM

i¼1

R
D

R
Aj

kxx;i þ kyy;i

� �
dAþ 1

. (13)

Detailed derivation of Eqs. (12) and (13) can be found in Ref. [19]. Note that in Eqs. (12) and (13), the domain
of both numerator and denominator are shifted by adding unity to avoid numerical errors. Note also that the
damage indices in Eqs. (12) and (13) will be referred as the compliance index throughout the remainder of this
paper.

2.3. New damage index

The effectiveness of the damage indices presented in Eqs. (11) and (13) were verified using numerical [11]
and experimental data [12,19]. However, while the algorithms were successful in identifying damage locations,
they consistently produced lower damage severity estimations [11]. In this section, a new NDD methodology is
developed by eliminating erratic assumptions in the existing NDD algorithms. Errors can be included in the
existing NDD algorithms, since values of the damage index obtained from Eqs. (11) and (13) are based on the
following assumption (s): (1) it is assumed that the modal force is constant while kj changes; and (2) the second
term is neglected in Eq. (7) with the condition that Ui � Uij .

Here, a new algorithm that can possibly improve the performance of damage estimation is presented by
eliminating erratic assumptions and including additional modal information, i.e., resonant frequencies. The
new damage index can be derived as follows.

Consider the following eigenvalue problem associated with a plate system

ðK � lMÞf ¼ 0. (14)

For the plate system of n degree-of-freedoms, Eq. (14) yields n equations of the form

li ¼ Ki=Mi ¼ fT
i Kfi=f

T
i Mfi. (15)

Taking the first-order approximation of Eq. (15) and simplifying yields

dli

li

¼
dKi

Ki

�
dMi

Mi

. (16)

Assuming the change in mass is negligible, Eq. (16) can be reduced to

dli

li

¼
dKi

Ki

. (17)

Eq. (17) can be rewritten in terms of modal strain energy as

dli

li

¼
dUi

Ui

(18)

or

l�i
li

¼
U�i
Ui

. (19)

Substituting Eqs. (3) and (5) into Eq. (19) and simplifying yield

bij ¼
kj

k�j
¼

lig�ij
l�i gij

. (20)
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Shifting the axis of reference for the sensitivities from l�i gij ¼ 0 and lig�ij ¼ 0 to l�i gij ¼ �1 and lig�ij ¼ �1,
respectively, to overcome the division-by-zero difficulty yields the non-singular function, bij:

bij ¼
kj

k�j
¼

lig�ij þ 1

l�i gij þ 1
. (21)

Note that the terms, gij and g�ij , in Eq. (21) can be determined from a knowledge of the geometry of the
structure and measurable pre- and post-damage modeshapes (fi and f�i ). For each element j, there are as
many bij’s available as there are modeshapes. The following expression is the composite form of damage index
bij for a single location when NM modes are available

bj ¼

PNM
i¼1 lig�ij þ 1PNM
i¼1 l

�
i gij þ 1

(22)

Note that in driving the damage index expressions in Eqs. (20)–(22), the stated assumptions involved in the
existing strain energy and compliance indices are not utilized.
2.4. Damage localization and severity estimation

Next, we establish the criteria for damage localization based on statistical reasoning. The values,
b1; b2; b3; . . . ; bNE for each element, are considered as realization of a random variable. The standardized
damage indicator, zj, is given by

zj ¼
bj � mb

sb
. (23)

The final step in damage localization is classification. Classification analysis addresses itself to the problem of
assigning an object to one of a number of possible groups on the basis of observations made on the objects.
There are two groups: undamaged elements and damaged elements. The observations made on the objects are
the bj’s. Many techniques are available to accomplish the classification of objects. In this paper, the method of
classification utilizes the Neyman–Pearson criteria [23]. Let H0 be the hypothesis that structure is not damaged
at the element j, and let H1 be the hypothesis that structure is damaged at the element j. The following decision
rules may be used to assign damage to the element j: (a) choose H0 if zjozZ and (b) choose H1 if zjXzZ where Z
is a threshold which assigns a confidence level for the presence of damage.

The damage severities may be obtained using the corresponding non-standardized damage indices (e.g., Eq.
(20)). However, since the damage index for an element is estimated using the response measures, which are
determined based on the properties of joining elements, the effect of damage spreads out to surrounding
elements, which is called the smear effect in this paper. As a result, much smaller severity has been obtained for
the damaged element [11]. To overcome this difficulty, the severity of damage for a possible damaged element
is obtained by summing the severity indices for the damaged element and the surrounding elements. Thus, the
12 m

0.3 cm

6 m 

Y 

Z

X

Fig. 1. Schematic of the example structure.
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Fig. 3. Modeshapes of the example plate: (a) mode 1 (7.78Hz), (b) mode 2 (12.54Hz), (c) mode 3 (21.05Hz).

Table 1

Simulated damage locations and severities

Damage scenario Elements damaged Corresponding severity (%)

1 28 10

2 119 10

3 34 10

4 112 30

5 34, 106 10, 10

6 39, 117 30, 20

Fig. 2. Simulated damage locations.

S. Choi et al. / Journal of Sound and Vibration 297 (2006) 865–879 871



ARTICLE IN PRESS
S. Choi et al. / Journal of Sound and Vibration 297 (2006) 865–879872
severity of damage for jth element may be expressed as

aj ¼ aj þ
XNSE

m¼1

am ¼ ð1=bj � 1Þ þ
XNSE

m¼1

ð1=bm � 1Þ. (24)

Note that the severity (magnitude) of damage obtained using Eq. (24) represents the fractional stiffness loss
for a specific element j of the structure. Note also that Eq. (24) is only valid when surrounding elements have
no damage.
Table 4

Percentage of false positive error

Case Noise-free 1% noise 3% noise Incomplete measurements

Aa Bb Cc A B C A B C A B C

1 4.9 3.5 4.2 5.6 3.5 4.2 6.3 5.6 5.6 4.9 8.4 8.4

2 7.0 3.5 4.9 7.0 4.2 4.9 7.3 7.0 6.3 5.6 8.4 6.3

3 5.6 3.5 4.9 6.3 4.9 4.9 6.3 6.3 6.3 5.6 7.0 6.3

4 4.9 3.5 4.2 4.9 3.5 4.9 5.6 5.6 6.3 4.9 8.4 8.4

5 5.6 6.3 7.0 5.6 7.0 7.0 6.3 7.0 7.0 4.9 6.3 8.4

6 4.9 6.3 4.2 4.9 7.0 5.6 5.6 7.0 7.0 4.9 8.4 9.1

Avg. 5.5 4.4 4.9 5.7 5.0 5.3 6.2 6.4 6.4 5.1 7.8 7.8

aDamage identification results using the strain energy index method.
bDamage identification results using the compliance index method.
cDamage identification results using the new method.

Table 3

Percentage of false negative error (%)

Case Noise-free 1% noise 3% noise Incomplete measurements

Aa Bb Cc A B C A B C A B C

1 0 0 0 0 0 0 0 0 0 0 0 0

2 0 0 0 0 0 0 0 0 0 0 0 0

3 0 0 0 0 0 0 0 0 0 0 0 0

4 0 0 0 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0 0 0 0

6 0 0 0 0 0 0 50 0 0 0 0 0

Avg. 0 0 0 0 0 0 13 0 0 0 0 0

aDamage identification results using the strain energy index method.
bDamage identification results using the compliance index method.
cDamage identification results using the new method.

Table 2

Natural frequencies of the example plate

Damage scenario Mode 1 (Hz) Mode 2 (Hz) Mode 3 (Hz)

Undamaged 7.782 12.537 21.046

1 7.779 12.530 21.034

2 7.780 12.535 21.042

3 7.779 12.532 21.039

4 7.773 12.514 21.008

5 7.777 12.528 21.033

6 7.767 12.508 21.002
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1.0

2.0

3.0

4.0

5.0

Z
j

1.0

2.0

3.0

4.0

5.0

Z
j

1.0

2.0

3.0

4.0

5.0

Z
j

1.0

2.0

3.0

4.0

5.0

Z
j

 (b)(a)

(c) (d)

Fig. 4. Damage localization results for damage case 1 using the strain energy index method: (a) 0% noise, (b) 1% noise, (c) 3% noise, and

(d) incomplete measurement.

Table 5

Severity estimation results

Case True size (%) Noise-free 1% noise 3% noise Incomplete measurements

A (mse) B C A B C A B C A B C

1 10 6.2 6.5 9.4 6.0 6.1 9.2 3.9 4.5 8.5 3.5 4.2 7.4

(0.38) (0.35) (0.06) (0.40) (0.39) (0.08) (0.61) (0.55) (0.15) (0.65) (0.58) (0.26)

2 10 6.7 7.9 10.4 6.5 7.6 10.0 6.0 5.8 9.2 2.1 3.1 5.6

(0.33) (0.21) (0.04) (0.35) (0.24) (0.00) (0.40) (0.42) (0.08) (0.79) (0.69) (0.44)

3 10 6.2 6.7 9.9 5.8 6.1 9.9 4.8 5.3 8.7 3.8 4.4 8.0

(0.38) (0.33) (0.01) (0.42) (0.39) (0.01) (0.52) (0.47) (0.13) (0.62) (0.56) (0.20)

4 30 21.3 21.7 31.4 20.3 19.8 29.8 15.5 16.8 24.8 12.5 14.0 24.8

(0.29) (0.28) (0.05) (0.32) (0.34) (0.01) (0.48) (0.44) (0.17) (0.58) (0.53) (0.17)

5 10 5.7 6.7 10.1 5.5 6.2 9.6 4.6 3.6 7.3 3.4 4.1 8.0

10 5.6 5.5 9.2 5.0 5.1 9.0 3.8 3.2 7.8 2.1 1.8 3.4

(0.44) (0.39) (0.05) (0.48) (0.44) (0.07) (0.58) (0.66) (0.25) (0.73) (0.71) (0.43)

6 20 11.3 12.2 19.6 10.6 11.6 19.0 – 8.9 17.6 6.5 6.4 10.7

30 19.5 17.8 29.7 18.3 16.8 28.4 13.6 14.9 25.3 7.7 7.6 16.0

(0.39) (0.40) (0.02) (0.43) (0.43) (0.05) (0.77) (0.53) (0.14) (0.71) (0.71) (0.47)

Avg. mse 0.37 0.33 0.04 0.40 0.37 0.04 0.56 0.51 0.15 0.68 0.63 0.33

S. Choi et al. / Journal of Sound and Vibration 297 (2006) 865–879 873
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3. Numerical verification

The feasibility and the performance of the proposed NDD algorithm are examined via a numerical example
of an all-edge simply supported plate structure. The size of plate is 6m� 12m as shown in Fig. 1. Four-node
plate elements are used to model the example structure. The model has 144 elements (12� 12) and 169 nodes
and the size of each element is 0.5m� 1.0m (Fig. 2). All elements are assumed to be made of the same material
with E ¼ 25GPa, r ¼ 2400 kg=m3, n ¼ 0:15, and t ¼ 15 cm. The structure is subjected to six damage
scenarios. Simulated damage ranges from one to two locations and corresponding severities range from 10%
to 30%. Table 1 lists the element number and corresponding magnitude of the inflicted damage for each
scenario. To simulate the damage, the elastic modulus of the element corresponding to the location of the
damage is reduced. A free vibration analysis is performed using ABAQUSs [24]. The first three bending
modeshapes and natural frequencies of the plate structure utilized in the damage identification are shown in
Fig. 3 and Table 2, respectively.

Using the damage indices, the localization and size of potential damage in the structure is implemented
using the following steps. First, the damage index for each element is calculated using Eqs. (11), (13), and (22)
for each damage algorithm. Second, the obtained damage indices are standardized using Eq. (23). Third, the
presence of damage in element j is determined according to the pre-assigned classification rules: (a) the element
1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

Z
j

(a)

1.0

2.0

3.0

4.0

5.0

Z
j

1.0

2.0

3.0

4.0

5.0

Z
j

1.0

2.0

3.0

4.0

5.0

Z
j

(c)

(b)

(d)

Fig. 5. Damage localization results for damage case 1 using the compliance index method: (a) 0% noise, (b) 1% noise, (c) 3% noise, and

(d) incomplete measurement.



ARTICLE IN PRESS
S. Choi et al. / Journal of Sound and Vibration 297 (2006) 865–879 875
is damaged if zjX1:5; (b) the element is not damaged if zjo1.5. Note that the value of damage threshold, 1.5,
corresponds to 93% confidence level for the presence of damage. Finally, the severity of damage for each
classified location is estimated using Eq. (24). Note that, for every single predicted damage location, the
severity of damage is estimated by adding the calculated severities of the surrounding elements to the
estimated severity of the element itself. For instance, in damage case 1, the damage severity of element 28 is
estimated by summing the calculated as for elements 15, 16, 17, 27, 28, 29, 39, 40, and 41.

To verify the field applicability of the proposed method, the damage evaluation with incomplete and noisy
data is conducted. Firstly, the effect of noise is simulated by adding a series of random noise generated from a
uniform distribution on the interval [-1, 1] to the original modeshapes of the structure. An e% random noise is
added to the modal displacement vector as follows:

~fj ¼ fj 1þ
e

100
� random noise

� �
. (25)

In present applications, the effect of different level of noise on damage identification is investigated by
applying 1% and 3% random noise. Secondly, the effect of the incomplete modal data is simulated by
performing damage identification using modal data from only 49 locations as depicted in Fig. 2.

The accuracy of the damage prediction can be quantified by such criteria as: the percentage of false
positives, the percentage of false negatives, and mean sizing error. A false positive means that damage is
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Fig. 6. Damage localization results for damage case 1 using the new method: (a) 0% noise, (b) 1% noise, (c) 3% noise, and (d) incomplete

measurement.
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Fig. 7. Damage localization results for damage case 6 using the strain energy index method: (a) 0% noise, (b) 1% noise, (c) 3% noise, and

(d) incomplete measurement.
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reported where no damage 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 undamaged elements, and the percentage of false negative error is calculated by dividing
the number of false negative predictions by the number of damaged elements. The false positive
and the false negative may reflect the quality of the measured data and the effectiveness of damage
localization algorithm. Note that, in an ideal situation, the false positive and the false negative error rates
should be zero. As a measure of damage quantification error, mean sizing error (mse) is selected that is defined
as [25]

mse ¼
1

NDE

XNDE

i¼1

at
i � ap

i

at
i

����
����. (26)

The damage identification results are summarized in Tables 3–5. The resulting percentage of false negatives
and false positives for each damage case are summarized in Tables 3 and 4, respectively. In Table 3, it can be
seen that the three algorithms identified all damages successfully except one case—damage case 6 using the
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Fig. 8. Damage localization results for damage case 6 using the compliance index method: (a) 0% noise, (b) 1% noise, (c) 3% noise, and

(d) incomplete measurement.
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strain energy index algorithm when 3% noise is applied. In Table 4, it is observed that the false identification
error was increased when the incomplete modal data were utilized. However, the error percentage seems not to
be influenced significantly by increasing the number of damage locations and the noise level. The severity
estimation results are listed in Table 5. In the table, it is observed that the proposed algorithm yield superior
quantification results to the other two existing algorithms. The table also shows that the noise affects the
accuracy of the damage quantification. As expected, the quantification error is increasing as the noise level
increases. However, it is observed that the accuracy of the estimated severities is more decreased with
incomplete modal data than with noise-polluted data up to a 3% noise level.

The damage localization results are visualized in Figs. 4–9. Note that only the damage localization results
for damage cases 1 and 6 are presented due to space limitation. The obtained standardized damage index for
each element is presented in those figures. In the figures, the elements correspond to the inflicted locations of
damage are in black color. As seen in the figures, most false damage predictions arise in the vicinity of the
simulated damage locations. When random noise is introduced, the effect of noise is almost negligible up to
the 3% noise level, which corroborates the robustness of the presented methodology. The effect of incomplete
sensor locations also can be seen in the figures. Due to the numerical interpolation between the assumed sensor
locations, the effect of damage is more smeared into the neighboring elements.
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Fig. 9. Damage localization results for damage case 6 using the new method: (a) 0% noise, (b) 1% noise, (c) 3% noise, and (d) incomplete

measurement.
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4. Conclusions

In this paper, a new NDD method that can improve the performance of damage quantification was
presented. The methodology utilizes the relationship between the stiffness loss and the changes in the natural
frequencies and the modeshapes of a structure. The validity of the methodology was demonstrated using
numerical data from a simply-supported plate structure. From the study, the following conclusions are drawn:

1. the proposed methodology based on the change in the element-level modal strain energies and the natural
frequencies can be used for damage localization and severity estimation for plate structures;
2. the numerical study using a simply-supported plate structure reveals that the proposed methodology can
identify single and multiple damage locations with noisy and incomplete data;
3. the proposed methodology can yield superior damage quantification results to the existing damage index
and compliance index algorithms; and
4. the accuracy of the estimated severity using the proposed methodology is more decreased with
incomplete modal data than with noise-polluted data up to 3% noise level.
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