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�is paper presents an improvement to the modal strain energy (MSE) method for identifying structural damages in plate-type
structures. A two-step MSE-based damage localization procedure, including a global step and a local step, is newly proposed to
enhance the accuracy of detecting the location of structural damage. Firstly, the global step uses the mode shape data on the whole
plate to locate the potentially damaged areas. �en, MSE is applied with a more dense mesh size on these local areas to detect
damage in more detail. �e proposed procedure’s feasibility is veri�ed by analyzing an aluminum plate with various damaged
scenarios.�is study uses �nite element analysis to acquire the plate’s natural frequencies and mode shapes in intact and damaged
states. A set of two damage detection capacity indicators are also newly presented to evaluate the precision of the proposed
procedure.�e diagnostic results demonstrate that the proposed approach uses less modal data than the original MSEmethod and
accurately identi�es the damage’s locations in the plates with various edge conditions. Moreover, the combination of three �rst
mode shapes and a damage threshold of 40% of the maximum normalized damage index gives the best results of
damage localization.

1. Introduction

During the last few decades, structural health monitoring
(SHM) has played an essential role in civil structures’ safety
and sustainable performance. Many researchers have fo-
cused attention on non-destructive detection techniques for
identifying structural damages, particularly techniques
based on structural vibration responses. Among these
methods, the curvature and modal strain energy (MSE)
methods emerged as e�ective approaches to identify the
structural damage in beam and plate structures. Yang [1]
proposed an improved curvature technique using the change
of the mode shape information to detect damage in bridge
structure. �e suggested approach’s e�ectiveness has been
demonstrated using a numerical and experimental model of

an intact and damaged steel plate subjected to impact forces.
As predicted by the proposed theory, the change in mode
shape exhibits a strong correlation with the embedded
damage. Zhong [2] presented a method using two-dimen-
sional mode shape curvatures for identifying damage in
plate-like structures. Numerous numerical simulations and
experimental models on a steel plate demonstrated that the
modi�ed method works well for detecting damage. Fur-
thermore, this approach only requires the �rst few mode
shapes of the intact and damaged plate. It even needs modal
information of the damaged state if the gapped smoothing
technique is used.

Besides, damage detection approaches based on MSE
changes have been also widely used. �ese methods use the
fractional MSE change of undamaged and damaged states of
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the target structure to identify the damages. %e MSE value
can be directly derived from 1D mode shape curvature in
beams and 2D mode shape curvature in plates. Hence, the
MSE-based method is considered a particular case of the
mode shape curvature-based method for beam or plate
structures. Compared to the mode shape curvature-based
method, the MSE-based method is more sensitive to damage
because it considers curvature change in more directions. In
other words, the mode shape curvature-based method is
effective in beam-type structures; meanwhile the MSE-based
method works well for both beam-type and plate-type
structures.

Shi [3] proposed the change in MSE as a practical
methodology for damage detection. A numerical simulation
and an experimental test were conducted on portal steel
frame structures to derive the sensitivity of the MSE con-
cerning damage. %e results showed that the MSE method
could locate multiple damages, but it was quite sensitive to
noise. Alvandi [4] introduced the MSE method to estimate
damage in a simple supported beam with various damage
ratios. %e results proved that among vibration properties
(e.g., mode shape, flexibility, and flexibility curvature), the
MSE change was the most reliable and stable indicator to
detect damage regarding noisy signals. However, the damage
identification ability depended on the used threshold level.

%e following typical studies developed the MSE pro-
cedure to detect the position of structural damages. Stubbs
[5] developed a global MSE theory for beam structures using
mode shapes and elemental stiffness matrices. Modal data of
intact and damaged states extracted from a bridge in New
Mexico were fed into the damage detection algorithm.
Analysis results indicated that this methodology could locate
the damages accurately. Cornwell [6] applied the MSE
method for localising structural damage in plate-type
structures, using only somemode shapes data in pre-damage
and post-damage states. Unlike the natural frequency-based
methods, the MSE method could detect areas with stiffness
reduction as small as 10%. In addition, this method was
validated for its effectiveness in both simulated and ex-
perimental data.

Shi [3] introduced a damage identification technique
based on the MSE change in truss and 2D frame structures.
Basically, the MSE value of undamaged elements changed a
small amount compared to damaged elements. %erefore,
the MSE change ratio (MSECR) indicator was very signif-
icant to locate the damages. Besides, the calculation of
MSECR required no prior information about the structure
except for the structure’s stiffness and mode shape matrix.
%is method was proved to identify multiple structural
damages accurately in case of noise or lack of measured
mode if using combined modes.

Shih [7] proposed a multicriteria technique combining
modal flexibility and the MSE method for assessing multiple
damages in beam and plate structures. From the modal
analysis results, algorithms obtained flexibility and MSE
changes of intact and damaged structures to assess the
structural health status. It was described that the proposed
approach provides sensitivity, reliability, and accuracy on
multiple damage localization. Le [8] presented the MSE

approach for detecting damage in plates, considering various
edge conditions. %e central difference method was
employed to calculate the second-order derivatives in the
MSE formula. %is approximation technique only required
the transverse displacement components at grid nodes and
virtual boundary points. A damage index was established to
determine the position and size of faults in plate structures.
According to the results obtained, the suggested approach
could correctly identify fractures in the plate structure under
various edge conditions.

Recently, several two-step approaches combining the
MSEmethod and optimization algorithms were presented to
detect the positions and estimate the severity of structural
damages. Seyedpoor [9] proposed a two-step procedure to
determine the multiple damages in terms of their locations
and extents. %e first step using an MSE-based index was to
determine the damage’s location. Particle swarm optimi-
zation was employed to estimate the damage severity in the
next step. For steel 3-D frame structures, Cha [10] proposed
a damage identification method incorporating the MSE
approach and hybrid multi-objective optimization. %e
technique could detect structural damages of minor severity.
To identify the damage position and its extent in laminated
composite plates, Vo-Duy [11] integrated the MSE method
with an advanced differential evolution algorithm. %e
impact of data noise on damage detection accuracy was also
examined. Torkzadeh [12] developed a two-step strategy
using improved artificial neural networks combining cur-
vature-moment derivatives to detect cracks in flexural plates.
%e multiple-damage location assurance criterion index
based on the frequency change vector of structures was
evaluated using an adequately trained cascade feed-forward
neural networks as a surrogate model. %e results showed
that the Bat algorithm engaged by an appropriate artificial
neural networks model as a surrogate of the direct finite
element model significantly reduces the computational time
of model updating during the damage extent detection
process. Kaveh [13] used the MSE-based index and the
cyclical parthenogenesis procedure to identify the impair-
ment of the parts for the 2D frame structures. Dinh-Cong
[14] proposed a two-step procedure for detecting plate
damage, combining the normalized damage index based on
MSE change and the Jaya heuristics. Two objective functions
were formed using the modal flexibility variation and the
mode shape change. Khatir [15] suggested a damage de-
tection approach combining the normalized damage index
based on MSE change and an optimization technique based
on teaching-learning to determine the position and mag-
nitude of impairments in beam structures. Zhao [16] de-
veloped a damage localization technique based on the MSE
change ratio method and the MSE dissipation ratio method
to detect the potential damage positions. %en, the evidence
theory is used to combine these results and detect precisely
the structural damage locations.

Next, Fathnejat [17] suggested a surrogate model of the
structure in a two-step procedure for detecting structural
damage in space truss structures. %ree popular optimiza-
tion algorithms with the objective function based on the root
mean square deviation of the modal property change vector
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(particle swarm optimization, bat algorithm, and colliding
bodies) were examined for the ability to estimate damage
extent. %e results showed that the combination of particle
swarm optimization and the mean normalized modal strain
energy gives the best accuracy of damage extent estimation.
Nick [18] proposed a two-step damage detection procedure
to identify both positions and extents of damages in steel
girder structures. Firstly, a damage index based on MSE
change was calculated for the three first flexural modes to
determine the damage position. In the second step, damage
indexes were used as input data to train the artificial neural
networks to predict the severity of structural damages.
Kaveh [19] presented a Graph-based Adaptive %reshold
(GAT) to identify damaged elements not be detected by the
basic MSEBI in the first step. GAT was a modest anomaly
detection approach that uses ideas from graph theory and
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Figure 1: Illustration of a rectangular plate: (a) whole plate and (b) element (i, j).
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MSE. In the second step, an improved version of the Water
Strider Algorithm was suggested to identify damages in
conditions of insufficient modal data and input data noise.
Sadeghi [20] proposed a new technique for damage iden-
tification in steel-concrete composite beams based on modal
strain energy change and general regression neural network
(GRNN). %ree modal strain energy change ratios caused by
the elemental stiffness reduction in the steel, concrete, and
shear connection layers were calculated as damage indices to
determine the structural damage in the composite layers.
%e low dimensional data were employed as the input for the

GRNN in various damage scenarios. %e results indicated
that the suggested procedure can effectively identify minor
damage in the composite beam using a few modes. Fan [21]
proposed an improved damage index, called Modified Index
of Cross-model MSE, constructed on cross-model MSE to
locate the damaged elements. %en simultaneous optimi-
zation was introduced to estimate the damaged extent of
elements. %e two-step procedure eliminates the require-
ment to calculate the modal parameter sensitivity and re-
analyze the characteristic equation. Moreover, this method
made the diagnostic algorithm converge faster and ensures
the precision of damage identification results. Belhadj [22]
proposed a two-stage optimization procedure based on the
modal strain energy and an Efficient Accelerated Particle
Swarm Optimization algorithm (EAPSO) to detect the
position and quantify the extent of damage in plate-type
structures. First, a new damage index was calculated using
the modal strain energy and the statistical hypothesis
analysis technique to locate potential damaged sites. Next,
the EAPSO with the objective function based on flexibility
matrix changes was used to estimate the extent of damaged
elements localized from the first stage.

%e MSE method has been deployed on the whole
structure for the previous studies to search the potentially
damaged areas. However, this global procedure requires
complete mode shape data on the entire plate to guarantee
the accuracy of the damage detection results. %erefore, it is
time-consuming and complex in practice because of the
difficulties of acquiring mode shape data on the whole
structure with dense measured points. Furthermore, plate-
type structures such as floor and wall components are es-
sential individual elements in civil structures. Structural
damages (e.g., crack and fault) under loads and
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environmental effects weaken the structural strength of
individual elements and the whole system. So these damages
must be identified and controlled to ensure structural sta-
bility and operation of a system. No study has been done on
structural damage identification in plate structure at the
local level using the MSE-based damage indexes so far.
%erefore, it is essential to develop a global and local MSE-
based damage identification procedure for plate structure
using as little mode shape data as possible.

%e main objective of this study is to develop the MSE-
based damage identification theory for plate-type structures
that use fewer mode shape data than the global MSE method

but still ensure the accuracy of the damage localization
results. %e feasibility of the presented procedure is verified
by investigating plates with various damaged scenarios.
Finite element analyses are performed on aluminum plates
to acquire the data of mode shapes in intact and damaged
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Figure 7: %e first three flexural mode shapes of the free intact plate: (a) Mode 1, (b) Mode 2, and (c) Mode 3.

Table 3: Comparison of natural frequencies.

Mode
Natural frequency (Hz) Difference (%)

%is study Hu [23] Blevins [24] SAP2000 Hu [23] Blevins [24] SAP2000
1 107.0 106.0 109.8 107.4 0.9 2.6 0.4
2 157.1 157.0 161.0 156.7 0.1 2.5 0.3
3 199.5 196.0 198.8 198.6 1.7 0.3 0.5

Table 4: Change of natural frequencies due to damage.

Mode Intact state (Hz) Damaged state (Hz) Change (%)
1 107.0 106.9 0.12
2 157.1 156.9 0.12
3 199.5 199.2 0.13

Table 1: Variations of natural frequencies (Hz) according to the mesh sizes of the intact plate.

Mode
Mesh size

20% 10% 5% 4% 2% 1%
1 106.1 107.5 107.0 106.9 106.8 106.9
2 163.5 158.5 157.1 157.0 156.5 156.7
3 213.6 202.3 199.5 199.1 198.8 198.6

Table 2: Natural frequency convergence (%) in comparison to the plate dimension’s mesh size of 1%.

Mode
Mesh size

20% 10% 5% 4% 2%
1 0.8 0.6 0.1 0.1 0.0
2 4.4 1.1 0.3 0.2 0.1
3 7.6 1.9 0.5 0.3 0.1
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states. Moreover, two detection capacity indicators are also
newly presented to evaluate the capacity of damage locali-
zation for the damaged zone, undamaged zone, and whole
plate, respectively. Finally, the effectiveness of the local
process on the precision of damage detection results com-
pared to the global MSE method is also investigated.

According to the analytical results, despite employing fewer
mode shape data, the suggested technique accurately
identifies damage areas in plate-type structures. %e results
from this study can be applied to various engineering fields,
such as civil engineering, mechanical engineering, and
aerospace engineering.

1

0.5

0

D
am

ag
e i

nd
ex

1
2

3
4

5 1
2

3
4

5

Ny
Nx

(a)

1

0.5

0

D
am

ag
e i

nd
ex

1
2

3
4

5
6

7
8

9
10 1 2

3
4

5
6

7 8
9

10

Ny Nx

(b)

1

0.5

0
0

D
am

ag
e i

nd
ex

5

10

15

20 0

5

10

15

20

Ny
Nx

(c)

Figure 8: Truncated damage index charts using damage threshold 40% Zmax
ij : (a) Mesh 20%, (b) Mesh 10%, and (c) Mesh 5%.

Table 5: Damage capacity indicators (%) for global MSE procedure.

Mesh size Indicator Damage threshold
20% 30% 40% 50% 60% 70%

20% A (%) 100 100 100 0 0 0
B (%) 9,900 7,400 7,400 5,000 2,500 2,500

10% A (%) 100 100 100 100 100 100
B (%) 6,775 4,275 3,650 3,025 4,275 1,775

5% A (%) 100 100 100 75 75 75
B (%) 2,088 994 994 863 863 550
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2. Modal Strain Energy-based Damage
Localization Method

2.1. ,eory of MSE-based Damage Localization Method.
%e primary input data for the MSE method are mode shape
features extracted from vibration analysis. %e mode shapes
of plate structures are characterized by the 2D curvatures.
For example, a rectangular plate is meshed into four-node
elements to analyze the modal vibration, as depicted in
Figure 1(a). Nx and Ny represent the number of elements in
x and y axes; For a particular (i, j) element, its node indexes
and coordinates are shown in Figure 1(b).

%e partial MSE value of the subregion (i, j) for the kth
mode shape, ϕk(x, y), is calculated as follows [23]:

MSEk,ij �
Bij
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where Bij is the bending stiffness of the subregion (i, j); ] is
the Poisson coefficient of the plate’s material.

%e total MSE value of the whole plate is the sum of all
partial MSE values:

MSEk � 

Nx

i�1


Ny

j�1
MSEk,ij. (2)

%e kth mode shape of the damaged state is defined as
ϕ∗k (x, y). Similarly, MSE∗k,ij and MSE∗k of the damaged state,
denoted by symbol “∗”, are calculated as (1 and 2) %e
fractional MSE of the sub-region (i, j) is given by:

Fk,ij �
MSEk,ij

MSEk

, (3)

F
∗
k,ij �

MSE
∗
k,ij

MSE
∗
k

. (4)

%e damage index for the element (i, j) considering m
modes is defined as:

βij �


m
k�1 F
∗
k,ij


m
k�1 Fk,ij

. (5)

Finally, the damage index is normalized using the mean
value β and standard deviation σ of the damage indices:

Zij �
βij − β

σ
, (6)

Zij is used as an indicator for detecting the occurrence and
the location of potential damages in the plate. %e second-
order derivatives in (1), such as z2ϕk/z

2x, z2ϕk/z
2y,

z2ϕk/zx zy, can be approximated using %e Central Dif-
ference Method [6].

2.2. Global MSE-based Damage Localization Procedure.
%e global MSE-based damage localization procedure, in-
cluding seven steps, was presented by Le [8]. In the first step,
the mode shape data is obtained by performing modal
analysis on the free vibration of the target plate. %is study
analyzes the plate using the finite element method to obtain
vibration data for both undamaged and damaged states. In
the second step, the mode shape curvatures are determined.
%e Central Difference Method [8] utilises the virtual
boundaries and nodal transverse displacement values to
calculate the second-order derivatives. In the third step, the
undamaged and damaged states’ modal strain energies are
calculated by (3 and 4), respectively. (5) is used in the fifth
stage to compute the damage index. (6) is then used to
compute the normalized damage index. As illustrated in
Figure 2 [8], the normalized damage index chart is combined
with a damage threshold of Zo, to locate the potentially
damaged areas in the sixth step. Finally, a set of two de-
tection capacity indicators (i.e., A and B) is newly proposed
to assess the capacity of damage localization.

%e accuracy of the damaged area localization (indicator
A) is determined as follows:

A �
A
pred
dam,in

A
real
dam

, (7)

where A
pred
dam,in is the predicted damaged area obtained from

the damage index chart after truncation that stays in the
actual damaged area of Areal

dam. %e indicator of A varies from
0 to 1. In case A equals 0, the procedure cannot identify any
damaged area. Otherwise, if A equals 1, it corresponds to the
ability to locate all damaged areas.

%e previous studies usually only focused on assessing
the accuracy of localization results for damaged areas.
However, in some cases, the damage localization procedure
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misidentified damaged areas in the actual undamaged areas.
%erefore, an indicator B is newly presented to assess the
accuracy of undamaged area localization as follows

B �
A
pred
dam,out

A
real
dam

, (8)

where A
pred
dam,out is the misidentified damaged area obtained

from the damage index chart after truncation. %e smaller
the B indicator value is, the better the undamaged area
identification capability of the procedure is.

%e parameters mentioned above are illustrated in
Figure 3. For more details,

A
real
dam � A

unpred
dam + A

pred
dam,in,

A
pred
dam,out � A

pred
dam − A

pred
dam,in.

(9)

2.3. Local MSE-based Damage Localization Procedure.
%e critical disadvantage of the global MSE-based damage
localization procedure is the requirement of mode shape
data on the whole plate. Moreover, a dense element mesh
and many mode shape data are essential for highly accurate
damage detection results. %ese drawbacks make the global
procedure infeasible to deploy in practice. %erefore, the
local MSE-based damage localization procedure is newly
proposed to increase the feasibility of the MSE method. In
the first step, the global MSE-based damage localization
procedure is performed on the whole plate with a significant
element mesh size to locate preliminary damaged areas.
With the use of a significant element mesh size, the exact
damage areas can not be determined. %erefore, the primary
purpose of this step is only to locate the site where damage
can occur, as illustrated in Figure 4. In the second step, the
local MSE-based damage localization procedure is
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performed separately for each localized damaged area in the
first step with a minor element mesh size to determine in
more detail the damaged areas. %e local MSE-based lo-
calization procedure is similar to the global one. %e es-
sential advantage of the local procedure is that modal data
only needs to be collected on a much smaller site than the
whole plate. %e local procedure does not need to modal
reanalyze the plate, so the boundary conditions on the local

damaged areas are not required. %e two-step MSE-based
damage localization procedure is presented in Figure 5.

3. Numerical Verification

In this study, a thin rectangular plate with the same geo-
metrical and material properties as [23] is examined to
evaluate the effectiveness of the suggested procedure. %e
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Table 6: Damage capacity indicators (%) for local MSE procedure.

Mesh size Indicator Damage threshold
20% 30% 40% 50% 60% 70%

5% A (%) 100 100 75 75 75 50
B (%) 1,150 994 863 863 706 419
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plate size is 246×246×2 mm, as depicted in Figure 6. A
damage scenario is assumed to be a surface crack with di-
mensions 39.4×2.5 m and a stiffness reduction of 30%. %e
location of the crack is also illustrated in Figure 6. %e plate
is made of aluminum with material properties: Elastic
modulus E � 70 GPa, Poisson coefficient υ � 0.33, and mass
density ρ � 2735 kg/m3. %e natural frequencies and mode
shapes are determined using modal analysis with completely
free boundary conditions.

Modal data are obtained by modelling and analyzing the
plate using the finite-element method with four-node ele-
ments. %e first flexural modes of the target plate at intact
and damaged states extracted from the modal analysis are
used as the input for the damage localization procedure.
%rough the global and local procedures, the output results
are the occurrence, location, and detection capacity indi-
cators. %e damage identification capability of the proposed
procedure is also analyzed for various element mesh sizes.

%e combination of the three first flexural modes shapes is
used to calculate damage localization results. %e damage
threshold varying from 20% to 70% is also considered in this
case.

3.1. Modal Analysis Results. A convergence study of natural
frequency values acquired from FEM analysis is performed
on various mesh sizes of the element. Mesh sizes of 1%, 2%,
4%, 5%, 10%, and 20% of the plate dimension were ex-
amined. Table 1 illustrates the effect of mesh size on the
natural frequencies of the intact plate. Table 2 compares the
convergence of natural frequencies of different mesh sizes to
the mesh size 1% of the plate dimension. %e convergence
study shows that natural frequencies using the mesh size of
5% and of 1% are nearly identical.%erefore, the mesh size of
5% is sufficient to solve the modal analysis. Figure 7 presents
the shapes of the first three flexural modes of the intact plate.
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Figure 13:%e first three flexural mode shapes of the undamaged plate, fixed boundary conditions: (a) Mode 1, (b) Mode 2, and (c) Mode 3.
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%e natural frequencies obtained from FEA are also
compared to the analytical ones suggested by Blevins [24],
the experimental ones conducted by Hu [23], and the nu-
merical ones obtained by SAP2000 software. As listed in

Table 3, the natural frequencies’ differences are inconsid-
erable, 0.1%-2.6%. %is result proves that the modal analysis
results in this study are credible. Table 4 shows that the
natural frequencies decrease lightly by 0.12%-0.13% as the
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Figure 14: Truncated damage index charts using damage threshold 40% Zmax
ij : (a) Mesh 20%, (b) Mesh 10%, and (c) Mesh 5%.

Table 7: Damage capacity indicators for extended verification using global MSE.

Mesh size Indicator Damage threshold
20% 30% 40% 50% 60% 70%

20% A (%) 50 50 50 50 0 0
B (%) 3,060,218 3,060,218 2,550,173 2,550,173 2,040,179 1,020,089

10% A (%) 100 100 100 75 50 50
B (%) 4,808,847 2,671,537 2,137,210 1,602,907 1,068,605 1,068,605

5% A (%) 100 100 67 67 50 33
B (%) 6,617,504 5,514,570 4,411,669 3,860,202 2,757,285 1,654,368

Advances in Civil Engineering 11



damage occurs. %e natural frequency changes are not
sensitive to damage and are only used as an indicator to
alarm the damage occurrence in the plate.

3.2. Global MSE-based Damage Localization Results. As
mentioned above, if the damage index of an element is larger
than the chosen damage threshold, the element is classified
as a damaged one. Figure 8 shows the damage index chart
after truncated by a damage threshold, Z0 � 40%Zmax

ij for
20%, 10%, and 5% element mesh, respectively. %e figure
shows that the damage can be localized as the local area. %e
damage detection results on the whole plate for various mesh
sizes are summarized in Table 5.

Table 5 shows that the damage capacity indicators are
dependent on the used damage threshold and element mesh
size. If indicator A or indicator B is utilized separately, the
assessment results are not objective. For example, in the case
of mesh size 5%, indicator A, which represents the accuracy
of the damaged zone, reaches a maximum value of 100%.
However, this does not correspond to the maximum effi-
ciency of damage localization. Indicator B decreases when
the threshold increases using mesh sizes of 20%, 10%, and
5% for the same mesh size. For the same damage threshold,
indicator B decreased considerably when the mesh size got
smaller. However, indicator B is still significant in using a 5%
mesh size for all the used thresholds. %erefore, the local
MSE-based damage localization procedure needed to be
investigated to improve the efficiency of damage
localization.

3.3. Local MSE-based Damage Localization Results. After
applying the global MSE-based damage detection procedure
on the whole plate, the preliminary damaged areas are lo-
calized as a rectangle with a smaller size, as shown in Fig-
ure 9. From the areas of damage elements identified by the
global procedure’s damage index chart, the corresponding
local damaged area is determined as a rectangular that is 20%

larger in both x and y directions. %e local MSE-based
damage detection procedure is deployed on these areas with
smaller element mesh sizes to evaluate the efficiency of
identifying damaged elements. %e element mesh sizes of
5%, 4%, 2%, and 1% are investigated. %e damage locali-
zation results are shown in Figure 10 and summarized in
Table 6. %e results show that the local MSE-based damage
localization procedure can identify the location of damage
even with mesh 5% of the plate dimension.

As listed in Table 6, indicator B is decreased when the
mesh size is decreased. As a result, the B value reaches 0%,
corresponding to the exactly undamaged area detection
when the element mesh size is 1%.%e result also shows that
indicator A gets the highest value when using the damage
threshold of 40% with the same mesh size. Meanwhile,
indicator B gets the smallest value when the damage used
threshold is the largest. It should be noted that the damaged
elements determined for the chart do not necessarily be the
actual damaged elements. %ese elements can be called
equivalent damaged elements because of the difference
between the actual size of the damaged element and the
mesh size of the element used to be detected.

From the above results, the appropriate parameters of
the two-step procedure are proposed: For the global step, the
element mesh size of approximately 5% is used to locate the
initial areas of damage.%en, for the local step, smaller mesh
size is used to locate more accurately damaged areas. %ree
first mode shapes are combined as input in both global and
local steps to get more accurate and stable damage detection
results. Moreover, a damage threshold of 40% Zmax

ij is used to
eliminate some wrong damaged alarms. %e preliminary
damaged area is determined as a rectangular that is 20%
larger in both x and y directions than the damaged regions
detected from the global step’s damage index chart. For
example, the damaged area determined for the chart is
rectangular with the size 9.84×4.92 mm. %e plate size is
246×246 mm; as a result, the dimensions of the preliminary
damaged area are 34.44×29.52 mm.
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Figure 15: Two preliminary damaged areas detected from global MSE procedure.
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Figure 11 shows that the local MSE-based damage lo-
calization procedure significantly improves the accuracy of
damage identification compared to the global one. For ex-
ample, although the global procedure could detect the
damaged area with a mesh size of 5%, it also misidentified
the undamaged area with the rate of 994% for a damage
threshold of 40% (Table 5). Meanwhile, using a mesh size of
1% on a much smaller preliminary damaged area than the
whole plate, the local procedure eliminated all undamaged
elements misidentified in the global step (Table 6).

4. Extended Verification

%e transverse displacements at nodes along or near the
edges of the plate are quite trivial, so damages that occur in
these positions affect mode shape change inconsiderably.

Additionally, multiple damages may also appear simulta-
neously on the plate with different damage ratios. %erefore,
it is a pretty difficult task to identify the damages near the
boundaries and detect the multidamages. To evaluate the
applicability and the accuracy of the global and local MSE-
based damage localization procedure, a 360×240 mm
rectangular aluminum plate with two surface cracks with
size 36×2.4 mm is considered. %e stiffness degradation of
the cracks is assumed to be 10%. Figure 12 depicts the lo-
cation of two cracks, one at the long edge and one in themid-
span of the plate. %e material aluminum properties are the
same as the previous problem: Elastic modulus E � 70 GPa,
Poisson coefficient υ � 0.33, and mass density ρ � 2735 kg/
m3. In this case, four edges of the plate are fixed to consider
the effect of small modal amplitude at the boundaries to the
diagnosed results.
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Figure 16: Truncated damage index charts of the first preliminary damaged area using damage threshold 40% Zmax
ij : (a) Mesh 5%, (b) Mesh

4%, (c) Mesh 2%, and (d) Mesh 1%.
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%e global and local procedures are deployed sequen-
tially to identify the location of cracks. Figure 13 shows the
first three flexural mode shapes of the undamaged plate with

fixed boundary conditions. Figure 14 presents the truncated
damage index charts acquired from the global procedure,
using three mesh sizes of 20%, 10%, and 5%.%e charts show
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Figure 17: Truncated damage index charts of the second preliminary damaged area using damage threshold 40% Zmax
ij : (a) Mesh 5%,

(b) Mesh 4%, (c) Mesh 2%, and (d) Mesh 1%.

Table 8: Damage capacity indicators for the first preliminary damaged area.

Mesh size Indicator Damage threshold
20% 30% 40% 50% 60% 70%

5% A (%) 100 67 67 67 67 33
B (%) 1150 933 683 683 683 217

4% A (%) 100 100 100 67 67 67
B (%) 700 700 540 253 253 253

2% A (%) 100 100 100 100 100 80
B (%) 300 300 300 220 180 80

1% A (%) 100 100 100 100 100 90
B (%) 200 110 0 0 0 0
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that the global procedure can identify the occurrence of two
cracks even with the large mesh sizes (Table 7). As shown in
Figure 15, two preliminary damaged areas are separated
from the whole plate to apply the local procedure.

Figure 16 and Figure 17 show the damage index charts of
two preliminary damaged areas obtained from the local MSE
procedure using different mesh sizes of 5%, 4%, 2%, and 1%,
respectively. %e damage detection results using local pro-
cedure are displayed in Table 8 and Table 9. It is noted that
indicator B of the 1% mesh size is the best for both damage
locations and all of the used damage thresholds. In terms of
damage thresholds, indicator B of the 1%mesh size reaches a
minimum of 0% from the damage threshold of 40%.

5. Conclusion

In this paper, the MSE-based damage localization method is
developed successfully to detect structural damages in plates.
%ree remarkable conclusions are obtained from the ana-
lyzed damage scenarios:

(1) %e two-step procedure accurately detects damages
in plates considering various boundary conditions.
First, the global MSE was deployed on the whole
plate using the mesh size of 5% plate dimension to
locate the preliminary damaged areas. Second, the
local MSE was then applied to these areas to precisely
determine the size of damages using the mesh size of
1% plate dimension mesh size.

(2) %e local MSE is not dependent on boundary con-
ditions of the total plate and the transverse dis-
placement data at the nodes outside the preliminary
damaged area. %ese are the superior advantages of
the two-step MSE-based damage detection proce-
dure. As a result, the local approach uses much less
modal data and gives better damage identification
accuracy than the global one.

(3) %e proposed MSE-based damage localization pro-
cedure can detect precisely the location and the size
of the cracks for many different positions. %e
procedure using the combination of three first mode
shapes and a threshold of 40% gives the best results
of damage localization. In addition, the proposed
procedure is capable of accurately detecting both
damaged and undamaged areas.
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