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Abstract

In this paper, a vibration response parameter known as spectral strain energy (SSE) is proposed for structural damage

identification in plate-like structures in the context of a non-model-based damage identification approach. The SSE

presented in this study is derived from moment–curvature response in which all the modal parameters (namely natural

frequency, mode shapes and modal damping) are taken into account. First, displacement response power spectral density

obtained from a plate element is used to determine moment power spectral density (MSD) and curvature power spectral

density (CSD). A statistical parameter known as mean-square value (MSV) of the response spectral density is then

obtained and used to derive SSE based on the assumption that the excitation force is a stationary, ergodic random noise.

Consequently, various damage indices are computed and employed for damage detection and localization in simply

supported plate and beam elements. The level of sensitivity to damage and performance of the SSE method is illustrated

using extensive numerical simulation studies and by comparing the results with those obtained from the modal strain

energy (MSE) method. Moreover, the performance and robustness of the SSE method is verified using the experimental

modal data obtained from a full-scale bridge structure.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

In many areas of engineering applications such as aerospace, automotive, civil and mechanical engineering,
plate elements are widely used as an important structural component. They are known for resisting lateral
loads through flexural stiffness coupled with shear resistance. Analysis and design of plates subjected to
lateral, in-plane, and combined lateral and in-plane loads are typically encountered in many engineering
applications. Therefore, structural condition evaluation of plate-like elements that may be initiated due to
stiffness degradation during in-service loading is an important aspect of global structural health assessment. In
particular, structural condition monitoring becomes a critical issue after the occurrence of extreme events such
as earthquakes and impact loads to avoid the possible loss of human lives due to undetected structural
damage. In the last few decades, techniques based on vibration responses have been widely used for damage
ee front matter r 2007 Elsevier Ltd. All rights reserved.
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identification and health monitoring. The premise for these techniques is that damage causes a change in
structural physical properties, mainly in stiffness and damping at the damaged locations. These changes in
structural properties in turn alter the dynamic response behaviour of the structure from its initial state.
Therefore, monitoring of the changes in structural response parameters can be an important tool for the
assessment of structural integrity by identifying damage at the earliest possible stage.

Based on the technique used to treat the measured responses for damage identification, the methodology
used can be classified as either a ‘‘non-model-based’’ or ‘‘model-based’’ method. The model-based methods are
capable of dealing with all damage levels such as localization and quantification of damage severity. However,
these methods are computationally intensive, require updated numerical models and involve solution of
inverse problems which are usually ill-conditioned. Therefore, the effectiveness of this approach is usually
limited by insufficient measurement information and associated uncertainties (such as model error,
measurement noise and low sensitivity of the response parameters to model parameter variations).

On the other hand, non-model-based methods are often used to identify and localize damage based on two
sets of data—from the undamaged and the damaged states. Though limited levels of damage studies can be
considered using this latter approach, there are nonetheless many advantages in using it. This approach is
computationally simple and does not require an updated numerical model to implement. Extensive literature
reviews on range of vibration-based damage identification techniques have previously been reported [1]. It is
found that there are different response parameters implemented for non-model-based damage identification
depending upon the approach adopted. These response parameters include natural frequency [2], mode shape
curvatures [3], modal flexibility and its derivatives [4–6], modal stiffness [7], modal strain energy (MSE) [8],
frequency response function (FRF) [9], FRF curvatures [10], pseudo-modal energy [11] and power spectral
density (PSD) [12].

Even though numerous techniques and various response parameters have been used for damage
identification studies, most of them are developed for one-dimensional structures, such as beams, frames
and truss structures. Comparatively few studies are reported in the literature regarding damage identification
on two-dimensional plate-like structures. Cawley and Adams [2] were probably the first who developed a
damage detection algorithm for plate structures based on frequency shifts. Cornwell et al. [8] extended the
modal energy method which was originally developed for damage detection in one-dimensional structures to
plate structures. Chen and Bicanic [13] presented a damage identification algorithm for continuum structures
by using natural frequencies and mode shapes in the context of an optimization technique. Lee and Shin [14]
presented a methodology for damage identification in plates using measured modal data from the undamaged
state and FRF from the damaged state of the structure investigated. Li et al. [15] presented a strain mode
technique for damage identification in plate-like structures. Yam et al. [16] conducted a sensitivity analysis on
static and dynamic response parameters used for damage identification in plate-like structures. Recently, Wu
and Law [17] presented damage identification in plate structures based on changes in uniform load surface.
Yoon et al. [18] extended the ‘‘gapped-smoothing’’ method originally developed for damage detection in one-
dimensional structures to two-dimensional plate-like structures. Swamidas and Chen [19] presented a modal
analysis technique using strain and acceleration measurements to detect crack growth in a cantilever plate.

In this paper, spectral strain energy (SSE) is proposed as a sensitive and effective damage indicator for
damage identification in two-dimensional plate-like structures. SSE derived from two parameters known as
moment response power spectral density (MSD) and curvature response power spectral density (CSD) is
implemented in the context of a non-model-based approach where damage detection and localization is the
main focus. The method can also be used to monitor both global and local changes in structures
simultaneously by implementing the use of local sensors at critical locations and a grid of sensors at
convenient locations to capture local and global structural responses during experimental modal testing. In the
past, Cornwell et al. [8] presented a similar technique based on MSE which is derived from the mode shapes
obtained from undamaged and damaged states to identify structural damage using a statistical hypothesis test.
However, Cornwell et al. [8] have reported that the MSE method is not able to identify all multiple damage
locations and in some cases false positive damages were identified. The drawback of MSE is that firstly mode
shapes are not sufficient by themselves to identify damage since they are too sensitive to noise and contain only
resonance frequency information. Secondly, other important resonance parameters such as natural
frequencies and damping are not taken into account. Thirdly, this method always depends on experimental
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modal analysis for its implementation. In contrast, the proposed method which is based on spectral analysis
has many advantages: it takes into account all modal parameters; input–output and output-only damage
identification investigations can be conducted with the only assumption that the excitation force is stationary,
ergodic white noise; and this method is more flexible since it can also be implemented in the frequency domain
as well as the modal domain. In this study, first the SSE is determined at each of the simulated measurement
grid points for the damaged and undamaged states. Second, different damage indices that include relative
changes in the mean-square value (MSV) of the response SSE, normalized damage index and relative root
mean-square error (RRMSE) are computed and used to identify damage. Finally, a relative performance
comparison is conducted between the proposed method and the MSE approach by applying structural damage
identification on both plate and beam elements.
2. Strain energy analysis for plates

The general expression for the strain energy stored in a linear elastic system due to applied external forces
can be found in most engineering textbooks, and is given by

U ¼
1

2

Z
V

fsgTf�gdV , (1)

in which fsgT ¼ sxx syy szz txy txz tyz

n o
; f�gT ¼ �xx �yy �zz gxy gxz gyz

n o
, where s and e are

stress resultants and strains, respectively. U is the total potential or strain energy. Eq. (1) is based on linear
elastic constitutive relations at the material level (stress–strain relations). However, in this paper the intention
is to use an equation analogous to Eq. (1) but based on constitutive relations at the structural level, such as a
curvature–moment relation and a shear stress–shear strain deformation relation. Therefore, the strain energy
for an isotropic plate can be expressed in terms of stress resultants, curvatures and shear deformations using
Reissner–Mindlin plate theory as follows [20]:

U ¼
1

2

Z
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ðMTjþQTvÞdA, (2)

where M and j are moment resultants and curvatures, respectively. Q and v are transverse shear stress
resultants and shear deformations, respectively.

The constitutive relations relating stress resultants to the strains (curvatures) are given by
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, (4)

where Mx and My are the flexural bending moments per unit width along the y- and x-axis, respectively, Mxy is
the twisting moment, w the plate lateral deflection, a the shear correction factor and D the plate rigidity. For
isotropic materials, D ¼ Eh3=12ð1� u2Þ, where E is the Young’s modulus, u the Poisson’s ratio and h the plate
thickness.

In this study, the amount of strain energy stored due to shear deformation will be neglected, only the strain
energy corresponding to bending and twisting moments and the corresponding curvatures are taken into
account.
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2.1. SSE analysis for plate bending problems

In this paper, a response parameter known as SSE is implemented for structural damage identification. SSE
is determined from bending MSD and CSD. The following assumptions are made to obtain MSDs and CSDs:
(i) the structure is assumed to be lightly damped; (ii) modes are well-separated; (iii) sufficient number of
significant modes are identified and used to generate respective response parameters; (iv) the unknown input
PSD is assumed to be stationary ergodic random white noise, i.e., statistical properties of the input PSD
remain constant for all damage conditions. Therefore, the SSE proposed in this paper is given by statistical
properties of MSD and CSD, as follows:

U ¼
1

2

Z
A

ðfs2Mg
Tfs2kgÞdA (5)

where s2M and s2k are MSVs of MSD and CSD, respectively.
The statistical properties s2M and s2k, known as zero-order spectral moment or mean power of MSD and CSD are

computed using the formula widely used in random vibration theory for zero-mean Gaussian spectral density [21]:

s2M ¼
1

2p

Z 1
�1

SMM ðoÞdo; s2k ¼
1

2p

Z 1
�1

SkkðoÞdo, (6)

where SMM(o) and Skk(o) are response MSD and CSD, respectively. o is the circular frequency.

2.3. Analysis of MSD and CSD for plate bending problem

For a linear system and a stationary random process, input–output relationships for MSD, CSD and MSV
are obtained from the theory of random vibrations as [21]

SMM ðj; l;oÞ ¼ jHMðj; l;oÞj2Sff ðl;oÞ; Skkðj; l;oÞ ¼ jHkðj; l;oÞj2Sff ðl;oÞ, (7)

where Sff ðl;oÞ ¼ jF ðl;oÞj2; F ðl;oÞ ¼
R1
�1

f ðx; y; tÞe�iot dt; SMM ðj; l;oÞ and Skkðj; l;oÞ are MSD and CSD at
grid point j due to excitation at point l. HMðj; l;oÞ and Hkðj; l;oÞ are the FRFs for moment and curvature
responses, respectively. Sff(l,o) is the input PSD; f(x, y, t) is the input excitation force; and F(l,o) is the
corresponding Fourier spectrum.

2.3.1. Determination of moment and curvature FRFs

The FRF is a measure of the steady-state response to harmonic excitation at a frequency o. For the bending
moment and curvature responses measured at a point, say j(x, y) due to a harmonic excitation force applied at
a point l(x ¼ r, y ¼ s), the corresponding FRFs can be described by the following equation:

HMðj; l;oÞ ¼
FTðMðj; tÞÞ

FTðf ðl; tÞÞ
; Hkðj; l;oÞ ¼

FTðkðj; tÞÞ
FTðf ðl; tÞÞ

, (8)

where M(j, t) and k(j, t) are bending/twisting moment and curvature responses, respectively. FT( � ) represents
the Fourier transformation of the respective response parameters. There are two possible approaches to obtain
the bending moment FRF: (i) directly from experimental strain measurements and (ii) indirectly from
displacement or acceleration responses from accelerometer measurements. In this paper, the latter option is
adopted where the moment FRF can be obtained from superposition of normal modes or from fast Fourier
transformation (FFT) analysis. The main advantage of this approach is that the method can be applied to
experimental modal testing where a limited number of modes can be measured in practice and provides an
option to include modes that most contribute to the overall response of the structure.

2.3.2. Determination of displacement response for plates

For an elastic, isotropic and thin rectangular plate subjected to uniform lateral excitation forcing, the
dynamic equation of motion is given by [22]

D
q4w

qx4
þ 2

q4w
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þ

q4w
qy4
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þ C

qw

qt
þ m̄

q2w
qt2
¼ f ðx; y; tÞ, (9)
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where w(x, y, t) is the lateral deflection at location (x, y) and time t. f(x, y, t) is an arbitrary vertical excitation
force. C and m̄ are viscous damping coefficient and mass density per unit area, respectively. Assuming that a
lateral excitation load is applied at a point l(x ¼ r, y ¼ s) and is varying harmonically with time, the equivalent
distributed load per unit area can be described by

f ðx; y; tÞ ¼ F 0ðx; yÞe
iotdðx� rÞdðy� sÞ,

where F0 is the amplitude of the harmonic point load; d( � ) is the Dirac’s delta function; and o is the circular
frequency of the forcing function. Similarly, the forced vibration response of an intact plate to steady-state
oscillation can be assumed to be varying harmonically with time and can be obtained by superposition of its
undamped natural modes multiplied by the natural coordinates, in the form

wðx; y; tÞ ¼
X1
m¼1

X1
n¼1

cmnðx; yÞymnðtÞ,

where cmn and ymn are the natural modes and generalized coordinates, respectively. Consequently,
the forced vibration response of the undamaged plate can be obtained using the normal mode
analysis by substituting f(x, y, t) and w(x, y, t) into Eq. (9) and using the orthonormality conditions, as
follows:

wðx; y; tÞ ¼
X1
m¼1

X1
n¼1

fmnðx; yÞfmnðr; sÞ

o2
mn þ bmnio� o2

� �F 0ðr; sÞe
iot, (10)

where fmn are the mass-normalized mode shapes, fmn ¼ cmn=
ffiffiffiffiffiffiffiffiffi
m̄mn

p
and fT

mnm̄fmn ¼ 1. bmn are the modal
bandwidths, bmn ¼ cmn=m̄mn � 2izmnomn; m̄mn and cmn are the modal masses and damping coefficients,
respectively; zmn are the modal damping ratios; and omn are the natural circular frequencies. Therefore, by
substituting Eq. (10) back into Eqs. (3) and (8) consecutively, the bending moment, twisting moment and
curvature FRFs can be obtained. As a result, the bending/twisting MSDs and CSDs are obtained from Eq. (7),
as follows:
(a)
 MSD functions:

SMMxðj; l;oÞ ¼ HMxðj; l;oÞ
�� ��2Sff ðl;oÞ ¼ D2
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2
þ ðbmnoÞ

2
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SMMyðj; l;oÞ ¼ jHMyðj; l;oÞj2Sff ðl;oÞ ¼ D2
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2
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2
Sff ðl;oÞ, (12)

SMMxyðj; l;oÞ ¼ jHMxyðj; l;oÞj2Sff ðl;oÞ ¼
1� u
2

� �2

D2
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2
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2
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2
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(b)
 CSD functions:

Skkxðj; l;oÞ ¼ Hkxðj; l;oÞ
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Skkyðj; l;oÞ ¼ Hkyðj; l;oÞ
�� ��2Sff ðl;oÞ ¼

X1
m¼1
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n¼1

q2fj
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@y2

� �2

ðfl
mnÞ

2

ðo2
mn � o2Þ

2
þ ðbmnoÞ

2
Sff ðl;oÞ, (15)

Skkxyðj; l;oÞ ¼ Hkxyðj; l;oÞ
�� ��2Sff ðl;oÞ ¼

X1
m¼1

X1
n¼1

2
q2fj

mn

qxqy

� �2

ðfl
mnÞ

2

ðo2
mn � o2Þ

2
þ ðbmnoÞ

2
Sff ðl;oÞ, (16)

where HMxðj; l;oÞ, HMyðj; l;oÞ and HMxyðj; l;oÞ are the moment FRFs along the x-axis, y-axis and x–y-
axis, respectively. Hkxðj; l;oÞ, Hkyðj; l;oÞ and Hkxyðj; l;oÞ are the curvature FRFs along the x-axis, y-axis
and x–y-axis, respectively.
2.4. Determination of moment and curvature MSVs

The MSVs for MSDs and CSDs are determined by substituting Eqs. (11)–(16) into Eq. (6) as follows:
(a)
 MSV of MSD functions:

s2Mxðj; lÞ ¼
D2

2p

� �
�

Z 1
�1

X1
m¼1
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q2fj
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ðfl
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2
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2
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2
Sff ðl;oÞdo, (17)

s2Myðj; lÞ ¼
D2

2p

� �Z 1
�1
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m¼1
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q2fj
mn
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þ u
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qx2

� �2

ðfl
mnÞ

2
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2
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2
Sff ðl;oÞdo, (18)

s2Mxyðj; lÞ ¼
1� u
2

� �2
D2

2p

� �Z 1
�1

X1
m¼1

X1
n¼1

2
q2fj
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qxqy

� �2

ðfl
mnÞ

2

ðo2
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2
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2
Sff ðl;oÞdo. (19)
(b)
 MSV of CSD functions:

s2kxðj; lÞ ¼
1

2p

Z 1
�1

X1
m¼1

X1
n¼1

q2fj
mn

qx2
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ðfl
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s2kyðj; lÞ ¼
1
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Finally, the SSE for the undamaged plate due to bending and twisting MSDs is determined by
substituting MSVs described in Eqs. (17)–(22) into Eq. (1), as follows:

SSEU
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where SSEU is SSE for the undamaged plate. Similarly, the SSE equation equivalent to Eq. (23) for
undamaged beam-like structures can be obtained, as follows:

SSEU
¼

EI
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>>>:
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>>>;

S2
ff ðl;oÞdodx. (24)
The SSE for different damage conditions, SSED, can also be analogously defined.
Finally, some of the advantages of the SSE approach for structural damage identification are summarized

below: bending/twisting MSDs are related to realistic load-resisting behaviour of structures and characterize
its response behaviour; broadband frequency information is utilized unlike its alternative counterparts,
namely MSE where only resonance frequency information is used; multiple response parameters (i.e., mode
shapes, natural frequencies and modal damping) are employed; sensitivity of the response parameters to
damage can be increased by considering a less noisy band of response MSD and CSD or bandwidth-localized
strain energy in terms of spectral moments; and the approach can be used for output-only damage
identification problems with the assumption that the excitation force is stationary, ergodic white noise.
3. Damage identification methods

In this study, SSE values computed for different structural conditions (i.e., undamaged and damaged states)
are used in the corresponding damage identification algorithms to detect and localize simulated damage. The
damage/performance indices that are used in this study include RRMSE and normalized damage index. The
following assumptions and steps are used for computation of MSD, CSD, SSE and damage indices: (i) the
excitation force is assumed to be a stationary ergodic random process; (ii) the effects of internal damage are
most apparent in a local reduction of stiffness, simulated here by reducing the values of Young’s modulus at
selected elements in the FE model. Modal parameters for undamaged and damaged states are obtained using
ANSYS 8.0 [23] for single and multiple damage conditions; (iii) the influence damping on the overall accuracy
of the proposed global damage identification method is considered to be not critical as long as lower frequency
vibration modes are employed. For well-separated lower modal frequencies, changes in the damping
properties due to damage are assumed to be consistent across modes; (iv) displacement response functions at
simulated measurement grid points are generated using the normal mode analysis method. Consequently,
MSD, CSD and the respective MSVs are computed at each grid point; (v) SSEs are computed for different
damage conditions by using MSVs; and (vi) damage identification is conducted using various damage indices
and the results are compared graphically with those obtained from an existing damage identification method,
namely MSE. Finally, for computation of damage indices the argument used by Cornwell et al. [8] is adopted,
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where the fractional energy and bending stiffness of the plate are assumed to remain constant for both
undamaged and damaged sub-regions and over the whole area of the plate.

3.1. Damage index using normalized SSE

The SSE damage indices are computed using the ratio of an element-based SSE for the damaged state to the
undamaged state determined for each element using Eq. (25). These indices are then normalized against their
statistical mean value from which damage localization is conducted using a statistical hypothesis test [8]:

DIe ¼
SSEDe=ðSSED

Þmean

SSEUe= SSEU
� �

mean

¼

1

L

PL
j¼1

SSEDe

j

,
1

ne

Pne

e¼1

SSEDe

1

L

PL
j¼1

SSEUe

j

,
1

ne

Pne

e¼1

SSEUe

, (25)

where DIe is the element-based damage index; SSEUe and SSEDe are SSE for undamaged and damaged plate
element e, respectively. L is the number of nodes for each element and ne is the total number of elements used
in the model. By introducing the mean mDI and standard deviation sDI of the damage indices, only those peaks
satisfying the following condition are believed to be associated with damage locations:

Ze ¼
DIe � mDI

sDI
XCr, (26)

where mDI ¼ ð1=neÞ
Pne

e¼1DIe and sDI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðne

P
ðDIeÞ

2
ð
P

DIeÞ
2
Þ=neðne � 1Þ

q
. Ze is the normalized damage

index for element e and Cr is the critical value. The damage threshold is established from Cr the value which is
associated with the level of significance used for the hypothesis test.

3.2. Damage index using relative RMS error

Damage indices which are implemented based on an error characterization technique known as RRMSE,
are then used for assessment of percentage changes in the response parameters due to different levels of
damage and to localize damage, as follows:

DIeðRRMSEÞ ¼

1

L

PL
j¼1

ðSSEDe

j � SSEUe

j Þ

1

L

PL
j¼1

ðSSEUe

j Þ
2

2
0
BBBB@

1
CCCCA

1=2

, (27)

where DIe(RRMSE) is the element-based damage index. SSEDe

j and SSEUe

j are the spectral strain energies at
point j and element e of the damaged and undamaged states, respectively.

4. Numerical analysis studies

To illustrate the effectiveness of the proposed method, a simply supported rectangular reinforced concrete
plate and a beam structure are considered for damage identification of single and multiple simulated damage
conditions. The material properties for the undamaged plate include Young’s modulus of 20GPa, mass
density of 2400 kg/m3 and Poisson’s ratio of 0.25, Similarly, a Young’s modulus of 30GPa, mass density of
2400 kg/m3 and Poisson’s ratio of 0.25 is used for the beam element.

The finite element (FE) model of the plate consists of 16� 24 elements meshed with SHELL63 (Fig. 1) and
the beam consists of 50 elements meshed with the BEAM3 of ANSYS 8.0 (Fig. 2). Damage is assumed to alter
only the stiffness properties and is simulated by reducing the Young’s modulus at pre-determined element
locations. The level of damage severity applied is directly related to the percent reduction adopted for the
Young’s modulus. The following two types of damage cases are considered in this study: (i) single damage is
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Fig. 1. Finite element model for simply supported rectangular plate with measurement grid points and damage locations indicated: (a)

single damage and (b) multiple damages.
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Fig. 2. Finite element model for simply supported beam with measurement grid points and damage locations indicated: (a) single damage

and (b) multiple damages.
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induced at the centre of the plate (Fig. 1a) with 5%, 10% and 20% severity levels while 5%, 10%, 15% and
20% damage levels are applied at the mid-span of the beam (Fig. 2a); (ii) multiple damages are induced at
three locations (Figs. 1b and 2b) with the same levels of damage severity as case (i) for respective plate and
beam elements. Therefore, the changes in the Young’s modulus due to the induced damage to the plate
structure becomes 1, 2 and 4GPa for 5%, 10% and 20% damage severity levels, respectively. Similarly, for the
case of the damaged beam, the changes in the Young’s modulus include 1.5, 3, 4.5 and 6GPa for 5%, 10%,
15% and 20% damage severity levels, respectively.

In addition, different levels of damage severity were simultaneously applied to plate and beam structural
elements (i.e., 5%, 10% and 20% for the plate and 10%, 15% and 20% for the beam element). For each
damage state, modal frequencies and the mode shapes are determined from FE-based modal analysis. A
constant damping ratio of 1% and a frequency resolution of 0.0625Hz were adopted for generation of the
response parameters in the frequency domain. The modal parameters obtained for the first 10 modes are used
to generate MSD, CSD, MSV, SSE and MSE. Consequently, the damage indices are computed using each
response parameter and damage identification studies are subsequently conducted. Finally, the identification
results are presented graphically for both single and multiple simulated damage states and for both structural
elements (Figs. 3–12).

4.1. Discussion on damage identification results

Damage identification results for the single and multiple damage cases under study using different
techniques are presented in Figs. 3–12. Fig. 3 shows a typical response SSE integrand for the reinforced
concrete plate element where shifts in the resonance frequencies are used for assessment of structural damage.
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However, these shifts were found to be too small to indicate any changes or to be usable for identification of
structural damage. The maximum frequency changes observed are about 0.6% for 20% damage severity and
only 0.2% for 5% damage severity. Similar results were also observed for the structural beam element. This
indicates that for massive civil structures such as concrete structures, where localized damage is experienced,
natural frequencies are not the best candidates as indicators of changes in structural condition. Therefore, the
damage identification indices presented in Section 3 are used to localize damage and to compare the
performance of the SSE method and the MSE method.

4.1.1. Damage identification results using normalized SSE

Figs. 4–7 show the capability of the SSE method for identification of damage in plate and beam elements. Both
single and multiple damage conditions are detected and localized using a normalized damage index technique. The
results show that the peak values of the damage indices are observed at the exact damage locations pre-determined
from the numerical model and using a Cr value of 2 corresponding to a 95% confidence bound, (see Figs. 4–7).
However, in the case of a differential variation of damage severity across the plate element ranging from 5% to
20%, the Cr value of 1.28 corresponding to 90% confidence level is adopted in order to accurately localize all the
damages (Fig. 5d). In general, the SSE-based normalized damage index method clearly indicates the exact location
of damage that has been artificially introduced to both the plate and beam elements.

4.1.2. Damage identification results using RRMSE

The RRMSE is used as a performance index in order to demonstrate that SSE provides more sensitive
response parameters that perform better than existing counterparts. Damage identification results for both
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Fig. 4. Single damage identification in plate element using normalized SSE: (a) 20% damage, (b) 10% damage and (c) 5% damage.
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SSE and MSE by using RRMSE-based performance index are presented for both plate and beam elements,
(see Figs. 8.1–12). The results obtained using RRMSE values indicate existence, location and relative severity
of damage in both plate and beam structural elements. Both single and multiple damage conditions are
identified effectively using RRMSE obtained from SSE and MSE. However, performance or sensitivity levels
of these two parameters are found to be significantly different.

Comparisons of their damage identification capabilities are conducted based on the maximum changes in
RRMSE values of SSE and MSE for different damage levels, as follows: (i) For the plate damage case, the
maximum changes observed in RRMSE of SSE for the single as well as multiple damage cases are about three
times that of MSE (Figs. 8.1–9.4). (ii) For the beam damage case, the changes observed in RRMSE of SSE for
the single damage case is about four times that of MSE (Fig. 10), about five times for multiple damage case
(Fig. 11), and four times for differential multiple damage case (Fig. 12). Finally, it can be concluded that SSE
is much more sensitive to damage than the existing and now well established method known as MSE. This is
primarily due to the use of broadband information in the case of SSE which is lacking in the case of MSE since
this latter method is based on resonance frequency information.

4.2. Damage identification using noisy response data

In practice, real measurement data is always liable to contamination with the inevitable presence of random
noise. Therefore, it is necessary to examine the performance of the proposed method in the presence of
random noise by considering pollution of the numerically obtained response data. Therefore, the time-domain
response time histories obtained at each grid points are polluted with spatially random noise, with mean zero,
variance one and standard deviation one, as follows:

AkN ðtÞ ¼ Ak0ðtÞ 1þ
e

100
� randnðm; n; pÞ

� 	
, (28)
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where Ak0 is the noise free responses at grid point k and AkN is the corresponding noise polluted response,
randn is a MATLABs function used for generation of random noise for different damage conditions, m is the
size of the samples in the time series, n the number of measurement grid points, p the size of the repeat test data
used for the ensemble average (p ¼ 10) and e the level of noise in percent.
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The general procedures involved in the analysis can be described as follows. First, a linear time history
analysis is conducted on the plate model to obtain noise-free responses. A broadband excitation simulated by
using impact load with duration of a single integration time step (ITS) is used to determine the response time
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history using ANSYS. A sampling period of 8 s, ITS values of 0.00024414 s and sampling frequency of 4096Hz
are employed to obtain 32,768 samples of noise-free responses at each grid point. Secondly, the responses thus
obtained are polluted with spatially random noise, where 5% and 10% noise levels (e ¼ 5% and 10%) are
applied. Third, the FFT is then conducted on the noise polluted repeat data at each grid point and ensemble
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averaging is performed in the frequency domain. Ensemble average techniques are normally used in random
signal analysis in order to determine the overall frequency content of the signal and to reduce noise and high-
frequency content. The response PSD at a typical grid point considering 10% random noise is shown in
Fig. 13. Fourth, an inverse FFT is conducted on the ensemble averaged frequency domain response data to
obtain time-domain data. Finally, experimental modal analysis is conducted on the time-domain data using
the natural input modal analysis software from Structural Vibration Solutions, A/S [24]. The peak picking
modal identification method implemented in the frequency domain decomposition option of the ARTeMIS
Extractors software is employed to determine the natural frequencies and mode shapes for the first 10 modes.
(The trial version of the software does not provide options for estimation of modal damping and is a less
accurate version of the ARTeMIS Extractors software.) Finally, both SSE and MSE are constructed and
damage identification studies are conducted. However, the damage identification results obtained using only
the significant percentage of random noise (10%) and the normalized damage index method are presented
(Figs. 14 and 15).

4.2.1. Discussion on damage identification results of the noisy response data

In general, the capability of the proposed damage identification method is found to be dependent on the
level of noise pollution and the type of damage classification index used. At the same time, the SSE method is
able to localize all the damage conditions, single as well as multiple damage cases, despite the presence of 10%
random noise and the use of a less accurate modal analysis tool (Figs. 14(a)–(c) and 15(a)–(c)). For less severe
damage conditions some false positive damage identifications are observed near the plate boundaries. This is
because of the combined influence of noise and the susceptibility of Eq. (25) to numerical instability when
numerator and denominator are close to zero. This occurs when the responses determined close to the
supports of the plate are relatively small. On the other hand, the existing method (MSE) is able to correctly
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Fig. 14. Single damage identification in plate element using 10% random noise polluted modal data, (i) normalized SSE: (a) 20% damage,
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localize only the single damage cases with severe levels of damage (Figs. 14(d)–(f)). However, the MSE method
was not able to effectively localize multiple damage conditions (Fig. 15(d)–(f)). Therefore, these results
confirm that the proposed SSE method can outperform the existing MSE method in the presence of significant
levels of noise. Overall, it can be said that the proposed SSE method is resistant to measurement noise and
modal identification error.
4.3. Damage identification using incomplete and noisy response data

In this section, the robustness of the proposed SSE method is assessed by considering the combined
influence of practical scenarios inevitable in real-world applications. These scenarios include an incomplete
number of measurement grid points, limited number of modes and noise-corrupted data. The statistics used
for this investigation include: data at 13-by-9 grid points as compared to 25� 17 grids (or one-fourth of the
initial number of elements used for damage identification studies conducted in the preceding sections) which
are subsets of the original data and determined at every second point across each grid line; the first five flexural
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modes (or half of the number of modes used in the preceding sections); and 10% random noise level. The
results obtained using the normalized SSE and MSE methods are presented in Figs. 16 and 17.

4.3.1. Discussion on damage identification results of the incomplete and noisy response data

The results indicate that both the SSE and MSE methods are able to effectively localize single damage
conditions of various severities despite the use of sparse and noisy response data (Fig. 16(a)–(f)). However, in
the case of multiple damage conditions, the SSE method is found to be more accurate in localizing all the
damage than the MSE method, as shown in Figs. 17(a)–(c) and 17(d)–(f)), respectively. For instance, the MSE
method is not able to correctly localize all of the damage for 5% damage severity (Fig. 17(f)). Overall, the
accuracy of the damage identification results for both SSE and MSE were seen to be increased as compared to
those presented in Section 4.2 despite the significant reduction in measurement grid points and flexural modes.
The possible reasons are attributed to: first, the increased size of grid elements are expected to minimize the
numerical instability caused by the ratio of two small numbers near the plate boundaries. Secondly, the lower
flexural modes are often determined more accurately from experimental modal analysis than the higher modes
and therefore may have assisted in an increased accuracy for both SSE and MSE methods. Finally, the overall
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results strongly confirm that the SSE method consistently outperformed the MSE method in the presence of
measurement noise, incomplete modal data, incomplete number of modes and modal identification error.
Moreover, the results also indicate that sparse modal data and measurement noise are more likely to influence
the performance of MSE than the proposed SSE method.

5. Experimental verification study

In the preceding sections, the superior performance of the proposed SSE damage identification method over
the MSE was demonstrated using extensive numerical simulation studies. In this section, the performance and
robustness of the SSE parameter is verified with experimental modal data (namely resonance frequencies,
mode shapes and modal damping) from the I-40 Bridge subjected to various damage conditions. Descriptions
of the damage scenarios induced at the mid-point of the middle span of the north plate-girder of the I-40
Bridge during the modal testing include: (i) damage scenario E-1: consisted of a 61 cm long and 0.95 cm wide
cut through the web centred at the mid-height of the web; (ii) damage scenario E-2: extension of the damage
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scenario E-1 up to the bottom flange—an approximately 183 cm to long cut; (iii) damage scenario E-3:
extension of 183 cm long cut in the web to halfway into the bottom flange towards either side; and (iv) damage
scenario E-4: consisted of the 183 cm long cut in the web extended through the entire bottom flange. Detailed
information regarding the I-40 Bridge, experimental procedures and damage identification studies conducted
on this bridge can be found elsewhere [25–28].

Two types of vibration tests were conducted for measurement of modal properties of the I-40 Bridge: a
forced vibration test and ambient vibration tests. In this paper, the modal data from the forced vibration test is
used for verification of input–output damage identification while the modal data from ambient vibration tests
is employed for verification of output-only damage identification capability of the proposed SSE parameter.
The forced vibration test was conducted on the whole portion of the bridge using a hydraulic shaker to
generate measured input force to the bridge. Consequently, a coarse set of measurement grid points was used
for acceleration response measurements in the two plate girders using 26 accelerometers. The number of
accelerometers actually mounted on the span of the north plate girder where damage was induced was 13
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of the I-40 Bridge.
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(Fig. 18). The measurement data sets obtained from this test for different damage condition states was referred
to as SET1. Finally, modal frequencies, mode shapes and modal damping ratios for the first six modes were
extracted from the FRFs of SET1 measurement data [25,29]. Moreover, unit-mass normalized mode shapes
were obtained since the input force and the driving point acceleration were measured.

Similarly, ambient vibration testing was conducted using a refined set of accelerometers (SET2) on the
middle span of the north plate girder of the bridge portion tested (Fig. 19). The acceleration response
measurements were made for both undamaged and damaged conditions while a random input excitation from
a shaker was applied. Finally, the modal parameters were extracted from amplitude and phase information
of the cross-power spectra of the SET2 measurements relative to accelerometer reading at reference grid point
N-3. The modal parameter results for the first three modes can be found from the references provided
[25,28,29]. Since the random excitation force input was not measured for this test, unit-mass normalized mode
shapes cannot be obtained. Hence, mode shape vectors were consistently normalized using an identity mass
matrix.

5.1. Damage localization results in I-40 Bridge

For the verification studies conducted, only the first two vibration modes of the I-40 Bridge were employed.
This is because the results from the previous studies indicated that the use of all the identified modes for
damage identification did not significantly improve the accuracy of the results. Moreover, damage scenarios E-
1 and E-2 were not considered for this verification study. This decision was taken based on the observation
that the modal frequencies of these two cases were found to marginally increase relative to those frequencies
obtained from the undamaged condition of the bridge. The reason suggested in the literature referenced is the
changing test conditions and low level of damage [27]. Cubic polynomial and spline interpolation methods
were employed to determine mode shapes at a refined set of grid points between sensors. To overcome
numerical instability due to small response amplitude near support conditions, appropriate measures were
applied to the SSE parameter. These include division by their norm and shifting of the reference coordinate
SSE parameter vectors by 1 prior to computation of the damage indices. Therefore, the element-based damage
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index given in Eq. (25) is modified in the form
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5.2. Discussion on damage identification results of the verification study

Damage localization results of the SSE method obtained in terms of normalized DI are presented for SET1
and SET2 in Figs. 20(a, b) and 21(a, b), respectively. From the observation of the values of the normalized DI
greater or equal to 2, it can be concluded that SSE is able to localize both damage scenarios (E-3 and E-4)
using coarse (SET1) as well as refined (SET2) measurement data, as shown in Figs. 20(a, b) and 21(a, b),
respectively. Moreover, comparison of the results with those determined using the damage index method
(MSE) and another four damage identification methods (namely, mode shapes curvature, modal flexibility,
uniform load surface curvature and stiffness method) indicates that the SSE is more sensitive to structural
damage than the MSE method and in effect much more sensitive than the mode shapes curvature method,
modal flexibility method, uniform load surface curvature method and stiffness methods. Details of the results
obtained from five damage identification methods applied to the same sets of data by previous researchers can
be found elsewhere [25,27]. For instance, the level of strength of the damage localization indices determined is
different for the SSE and MSE methods. In the case of damage scenarios E-4, the maximum values of the
normalized DI obtained from MSE were about 5.5 standard deviations for SET1 and 4.5 standard deviations
for SET2 [25,27]. On the other hand, the maximum values of the normalized damage index determined from
SSE were about 8.0 standard deviations for SET1 and 5.5 standard deviations for SET2 (see Figs. 20(b) and
21(b)). Similarly, in the case of damage scenario E-3, the SSE method was found to outperform the MSE for
SET2 measurement data (see Figs. 20(a) and 21(a)). Finally, from the point of view of accuracy, the SSE
method was found to be more precise than the MSE method. This can be observed from the normalized DI
plots at 2 standard deviation levels for damage scenarios E-3 and E-4 in which the widths of the normalized DI
were found to be wider for the MSE than the SSE method.
Fig. 20. Damage identification results from normalized response SSEs of the I-40 Bridge using SET1 modal data: (a) damage scenario E-3

and (b) damage scenario E-4.
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Fig. 21. Damage identification results from normalized response SSEs of I-40 Bridge using SET2 modal data: (a) from damage scenario E-

3 and (b) from damage scenario E-4.
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6. Conclusion

In this paper, a new vibration-based structural damage identification technique is proposed for
identification and localization of structural damage in plate-like structures based on a non-model-based
damage identification approach. The original contribution being made is that the SSE of the vibration
response signal is systematically developed based on the MSV of moment and curvature response spectral
density.

The effectiveness of the proposed method is demonstrated by conducting a detailed damage identification
study on plate and beam elements using simulated damage conditions. The level of sensitivity and
performance of the proposed method to changes in structural properties initiated by damage is illustrated by
comparing the results from the proposed method with those obtained from existing methods, namely natural
frequencies and MSE. The results from deterministic as well as statistically based damage indices clearly
indicate remarkable performance of the proposed method as compared to the existing methods. This is
because the proposed method utilizes broadband frequency information unlike its alternative counterparts
which are limited to resonance frequency information. For instance, the relative sensitivity of the SSE to
damage in plate elements is found to be about three times that of MSE and about twenty times that of modal
flexibility and uniform surface although the results from the latter two parameters are not presented in this
paper. Moreover, the proposed method can be applied to input–output as well as output-only damage
identification problems. For the case of output-only problems, the only assumption made is that the excitation
force is a stationary ergodic random process.

The experimental verification studies conducted in this paper validate the results obtained from the
extensive numerical studies, namely that the SSE damage identification method is damage-sensitive, robust
and reliable for structural damage identification and condition monitoring. Finally, the effects of high modal
densities such as shear modes on the practical performance of the SSE-based damage identification have not
been investigated in this paper. Similarly, further research is required to determine the effectiveness and
limitations of the proposed SSE method to detecting and localizing structural damage near the boundaries and
supports.
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