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*is paper treats the vibration characteristics of three different types of asymmetric buildings and investigates the feasibility of
applying an innovative vibration-based multicriteria approach-based damage index (MCA-DI) technique to detect the damage.
*is technique combines a modified form of the traditional modal strain energy method (MSEM) developed by decomposing the
mode shapes into lateral and vertical components together with a modified form of the modal flexibility method to define a new
damage indicator. Lastly, the dynamic behavior of three asymmetric building instances, including a 10-storey L-shaped structure,
a 10-storey setback structure, and a 6-storey reinforced concrete structure with an unsymmetrical distribution of columns, was
studied under five different damage scenarios. *e results showed that despite different vibration characteristics of these three
asymmetric buildings, the proposed method was able to accurately and effectively locate all damages and eliminate the confusion
when more than one index is simultaneously used by using only the first a few modes.

1. Introduction

Advances in analytical techniques, modern construction
technologies, and aesthetic needs have resulted in the
massive construction of large-scale and complex building
structures. Among them, asymmetric buildings make up the
majority and exhibit complicated structural behavior.
Asymmetry in buildings is represented by eccentricity in
geometry, stiffness, or mass, which may have a large impact
on the dynamic response of the building as torsion is
generated under lateral loads [1]. *e change in the dynamic
response depends on the type of structural irregularity.
Generally, structural irregularities can be classified into
horizontal (unsymmetrical plan) and vertical irregularities
(unsymmetrical elevation and unsymmetrical distribution of
vertical members) [2]. Different types of asymmetries can
result in significant differences in the dynamic response of
asymmetric buildings and their vibration characteristics,
which can pose a challenge in using the traditional vibration-
based methods to detect damage in them. *ere is thus a
need for a simple and reliable procedure to detect and locate
such damage in all types of asymmetric buildings, so that

appropriate retrofitting can be carried out to prevent
structural failure.

In general, damage of structures in the area of civil
engineering was assessed by visual inspection (VI) tech-
niques or Nondestructive Testing (NDT) techniques such as
X-ray and ultrasonic waves to measure cracks and perma-
nent deformations [3]. Major drawbacks of these methods
are that damaged regions are needed to be readily accessible
and the collected data are insufficient to predict the
remaining life of the structure. Aiming at addressing these
drawbacks, methods such as Vibration-Based Damage
Identification (VBDI) methods have been developed to ef-
fectively examine changes in structural vibration charac-
teristics [4]. Under many circumstances, VBDI methods
detect and locate damages solely by analyzing the measured
and collected data such as natural frequencies and mode
shapes in both the healthy and damaged structure or
combining with structural numerical model results. Pri-
mordially, VBDI techniques have been applied in aircraft
areas, railway systems, and other machinery [5]. In recent
decades, it has been introduced into the field of civil en-
gineering to identify structural damage. Generally, the
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performance of a damage indicator or a damage identifi-
cation technique is decided by structural type [6]. Structures
that received the greatest research interest include beams
[7, 8], plate elements [9–11], trusses [12–14], steel frames
[15, 16], offshore platforms [17–19], and bridges [20–22].
*e applications in the above structures have indeed been
successful in the last decades. However, it is still a challenge
for civil engineers to identify the damage in complex
structures such as 3D asymmetric buildings.

Studies on asymmetric buildings were mainly focused
on seismic performance [23–27], modal identification
[28, 29], and the effect of torsional coupling during an
earthquake [30]. *ere have been fewer researches on
damage identification of asymmetric buildings, and mostly
on specific building types of asymmetric building. Omrani
et al. [31] described a parameter estimation algorithm to
identify the stiffness properties of torsionally coupled shear
buildings; however, this method was only validated from
the IASC-ASCE benchmark structure with stiffness ec-
centricity. Bernagozzi et al. [32] proposed a method using
modal flexibility-based deflections also validated through
structure with stiffness eccentricity. Kaloop and Hu [33]
proposed a wavelet application for damage identification of
asymmetric building with mass eccentricity. Wang et al.
[34] investigated a new damage index to evaluate the storey
damage of an L-shaped single storey building. Wang et al.
[35] developed a Multicriteria Approach Based Damage
Index (MCA-DI) to detect and locate damage in asym-
metric buildings. However, this paper only considered
buildings with mass eccentricity, which may not represent
all types of asymmetric buildings. *is paper, therefore,
treats the damage detection in three typical types of
asymmetric building structures, which are more complex
and have strong irregularities in the plan and in the ele-
vation using the proposed MCA-DI method, and more
damage scenarios have been considered, the capability of
the proposed method is tested with noise effect and in-
complete mode shape, thereby establishes the capability of
MCA-DI to detect damage in most asymmetric buildings.

2. Theory

2.1. Traditional Method. Traditional modal strain energy
(MSE) method was developed by Stubbs and Kim [36] as
follows:
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where K represent the set of all element stiffness matrices,
K0, Kj0 are the matrices with geometric quantities only; φi,
φd

i represent the ith intact and damaged mode shape, re-
spectively, the superscript T is the transpose operator, Nm is
the number of modes being considered. All the mode shapes
used in this study are mass-normalized mode shapes. For
numerical example, it is obtained from the modal analysis
directly. For the experimental study, it is calculated by the
method proposed by López-Aenlle et al. [37].

Suppose msej as the normalized indicator for a more
robust damage detection criterion, and it can be written as
equation (2), where β, σβ represent the mean value and
standard deviation of damage localization indicator β,
respectively.

msej �
βj − β
σβ

. (2)

2.2.ModifiedMethod. *e research presented byWang et al.
[35] showed that the damage in a beam element leans to
affect the connected other beam elements on account of
torsional coupling. Equal feature occurs conspicuously in
columns for an asymmetric building. *is tendency differs
from that in symmetric buildings. For the most part, there
are two types of elements for the members of an asymmetric
frame structure, that is, beam members and column
members. Normally structural vibration modes for the
buildings are concentrated horizontally, in which case the
lateral MSE dominates the change of MSE in the column
members. On the contrary, the vertical MSE contributes
significantly to the change of MSE in the beam members
[38]. *e modified damage indices, that is, a lateral damage
index and a vertical damage index [39], are obtained from
the decomposing of Stubbs’ damage index.
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Accordingly, the modified normalized indices are given
as follows:

mmseL
j �
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j − βL

σβL

, (5)
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, (6)

where φL
i , φ

V
i are the lateral component and the vertical

component of the ith intact mode shape, respectively.

2.3. MCA-DI Method. As there are two damage indices,
which may lead to confusion in the results when there is no
previous information on whether the damage is in the beam
or the column element, MCA-DI is therefore further de-
veloped to obtain more accurate and unambiguous results.

Wickramasinghe et al. [40] proposed a MF Change
Percentage (MFC%) method as follows:
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where δ% is the indicator of MFC% method, where i, n are
the mode number and total number of modes, respectively,
h, d represent health and damage, ωi is the ith natural
circular frequency.

As each node in the members of 3D buildings has 3
translational degrees of freedom (DOFs), the MF matrix
MF(2L + V) of j measurement locations will then be 3j × 3j

array instead of j × j for the asymmetric buildings, in which
L and V are the lateral and vertical components of the mode
shapes, respectively. Hence, the ith modified MFC% can be
expressed as follows:

MMF%i �
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*e maximum absolute value in the jth column of the
above matrix can be written as follows:
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Considering the 3 DOFs of the member nodes, the
maximum absolute values are extracted from every three
δ%j in the row
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As there are three indicators δ%j, zL
j and zV

j , which may
lead to confusion in the results, the new damage index m is
then developed by considering the results of the pair δ%j and
zL

j and results of the pair δ%j and zV
j to calculate the most

accurate results. In order to filter the interference term, it is
necessary to extract the values larger than the average value.
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Results of the pair δ%j and zL
j and results of the pair δ%j

and zV
j are given as follows:
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*en the improvedMCA-DI can be expressed as follows:
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3. Application

Before applying the developed technique to full-scale
models, the proposed method was experimentally validated
based on a laboratory model of an asymmetric building with
mass eccentricity as presented in Wang et al. [35]. To
eliminate the effects of changing environmental conditions,
the modal test was conducted under similar environmental
conditions. *e validation of the modeling techniques was
conducted by comparison of the experimental and nu-
merical results for natural frequencies, mode shapes, and
MAC values for both the healthy and the damaged building
models. *e establishment of the feasibility of the chosen
damage detection indices provides adequate confidence in
the procedure used in this paper for damage detection in
asymmetric buildings and ensures its application to realistic
full-scale building models.

3.1. Building Types

3.1.1. L-Shape Building: Description and Vibration
Characteristics. *emodel of 10-storey L-shape asymmetric
building is generated in ANSYS [41]. *e model of this
structure is designed to be reinforced concrete with 40m in
height, 24m in width, and 32m in length. It consists of 140
columns (1200mm× 500mm) of length 4000mm and 190
beams (600mm× 400mm) of length 8000mm. *e general
modeling scheme is shown in Figure 1. *e material
properties are consistent for all three asymmetric structures
listed in Table 1. Assume the flexural rigidity EI to be
constant and ignore the damping effect. *en the modal
analysis is performed so that the natural frequencies and
mode shapes of the structure are obtained. *e first five
modes of the healthy structure are obtained. As expected, all
modes obtained from FE analyses included torsional com-
ponents. *e first bending mode vibration is dominant in
the x-direction and coupled with torsion in the anticlockwise
direction, while the second bending mode vibrates mainly in
the vertical coupled with torsion in the clockwise direction,
as shown in Figure 2. *e third mode is the vibration of

torsion, while the fourth and fifth modes are bending modes
coupled with torsion.

3.1.2. Setback Building: Description and Vibration
Characteristics. *e 10-storey setback building structure is
designed as shown in Figure 3. *is reinforced concrete
structure has a height of 40m, a width of 24m, and a length
of 40m. All columns of the developed structure are 4000mm
in height in each storey with dimensions of
1200mm× 500mm, and all beams are 8000mm in length
with dimensions of 600mm× 400mm. *e proposed
structure is studied for its free vibration properties without
damping effect. *e first five modes are obtained from FE
analysis. It is observed that only the first mode of this 10-
storey setback building model is similar to the L-shape
building model. *e other four modes are significantly
different. *e first mode of this setback building predomi-
nantly vibrates along with the x-axis of the cross-section
coupled with torsional vibration in a clockwise direction, as
shown in Figure 4. *ere is an obvious difference of the
second mode from that in the L-shaped model; it mainly
vibrates in the direction between x and z axes. *is means
the second weaker axis of this setback building model is in
the direction between x and z axes, instead of being along the
z-axis as in the L-shaped building model. *e coupling of
torsional mode is also not as obvious as in the L-shaped
building, but it is still coupled and causes a rotation in the
anticlockwise sense. As expected, the third mode is the first
torsional mode and vibrates in the clockwise direction. *e
fourth mode is the second translational mode in x-direction
coupled with anticlockwise torsion. *e fifth mode is the
second torsional mode but coupled with bending in the
upper level of the structure. *is is because the setback
structure is weaker in the upper part compared to other
prismatic structures.

3.1.3. Building with Unsymmetrical Distribution of Columns:
Description and Vibration Characteristics. *e 6-storey
reinforced concrete building structure with the unsym-
metrical distribution of columns is developed as shown in
Figure 5. *e FE model of this structure is designed to be
reinforced concrete with 24m in height, 20m in width, and
42m in length. All columns of the developed structure are
4m in height in each floor with dimensions of
1200mm× 500mm and the beams have varying lengths
from 2000mm to 12000mm with a dimension of
600mm× 400mm. *e proposed structure is also analyzed
for its free vibration properties without damping effect, and
the first five modes are obtained from FE analysis. It was
observed that the first mode vibrates dominantly along the x-
axis direction and that the coupling of the torsional mode is
not very distinct, as shown in Figure 6. *e second mode is
supposed to be vibrating mainly in the z-axis direction, but
in this particular building, it vibrates less along the z-axis and
has a greater coupling with a torsional mode due to its
special structural irregularity. *e third mode is a torsional
mode, while the fourth and fifth modes are bending modes
coupled with torsion. It is hence evident that these mode
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shapes are quite different from those in a symmetric building
structure with a prismatic rectangular plan. *e vibration
characteristics in the three asymmetric buildings are not
only complex but also different from each other. *ese
differences cause complexities in applying the usual vibra-
tion-based damage detection methods and confirm the need
for (i) the development of a method to treat damage

detection in asymmetric buildings and (ii) investigate the
feasibility of the method on different types of asymmetric
buildings.

3.2. Damage Scenarios. In order to exhibit the good appli-
cation of themethod proposed above, three different types of
asymmetrical buildings are considered in which five

86
71

136

239

259

X

Y

Z

(a) (b)

(c)

Figure 1:*e general modeling scheme and induced damage members of L-shaped structure. (a) 3D view. (b) Plan view. (c) Elevation view.

Table 1: Geometric and material properties for FEM.

Member Element type Material Poisson’s ratio Density (kg/m3) Modulus of elasticity (GPa)
Beam (all) Beam 188 RC 0.3 2427 42
Column (all) Beam 188 RC 0.3 2427 42
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(a) (b)

(c) (d)

(e)

Figure 2: First 5 modes of L-shaped building model. (a) 1st mode (0.69Hz). (b) 2nd mode (0.79Hz). (c) 3rd mode (0.87Hz). (d) 4th mode
(1.78Hz). (e) 5th mode (2.22Hz).
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different damage scenarios are applied, as shown in
Tables 2–4. *e first two damage cases are single damage
cases with stiffness reductions across the full length of the
column or the beam. In the different types of asymmetric
building structures, mild and severe damage cases are
represented by different extents of damage (5% to 30%). *e
other three cases are designed to have multiple-damage
locations so as to seek the degree of interaction between a
damaged member and the elements in its vicinity. *e
damaged members are highlighted in Figures 1, 3, and 5.

3.3. Results and Discussion

3.3.1. L-Shape Building. Figures 7 and 8 show the DI results
of single damage cases. It can be seen that the damaged
elements are clearly identified by the two distinct peaks.
Results of multiple-damage cases are presented in
Figures 9–11. Again, the results correctly located all dam-
ages. From the results of damage scenario D4 in Figure 10, it
demonstrates that the damaged member itself inevitably gets
a large DI value so are the members connected to it. *e
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Y
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(c)

Figure 3: *e general modeling scheme and induced damage members of the setback structure. (a) 3D view. (b) Plan view. (c) Elevation
view.
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Figure 4: First 5 modes of setback building model. (a) 1st mode (1.0Hz). (b) 2nd mode (1.08Hz). (c) 3rd mode (1.65Hz). (d) 4th mode
(2.41Hz). (e) 5th mode (2.86Hz).
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results also provide evidence that the estimation of damage
severity in column elements is more difficult than in beam
elements by using the proposed MCA-DI. However, the
results can indicate the relative severity between those
damages.

(1) Results with Measurement Noise. Measurement noise is
unavoidable in practice and its effect on damage detection
needs to be considered. It is then necessary to examine the
performance of the proposed method in the presence of
measurement noise. Messina et al. [42] suggested a standard
error of ±0.15% as a benchmark figure for modal frequencies
measured in the laboratory with the impulse hammer
technique. In contrast, the mode shape estimate has an error
level as much as 20 times worse than those in the corre-
sponding modal frequency estimate [43]. *erefore, the
noise level for the mode shape is initially assumed to be 3%.
For further investigating the noise effect on the proposed
method, a higher noise level (5%) on the mode shape is used.
Moreover, as the frequency error is quite low, only the mode
shapes which are generated from FE analysis are contami-
nated with noise. Mode shape in the presence of noise can be
simulated as follows [44]:

φij � φij 1 + c
φ
ijρ

φ
  φmax ,i


, (17)

where φij and φij are the jth components of ith mode shape
with and without noise, respectively; cφ

ij is a random number
with the mean equal to 0 and the variance of 1; ρφ is the
random noise level considered; φmax,i is the largest com-
ponent in the ith mode shape.

*e noisy mode shapes are then used to localize the
structural damage. Figures 12 and 13 below give the results
for the two single damage scenarios. As the original plots are
congested to clearly show the location of damage, the en-
larged plots are shown in the figures below the original plots
to clearly identify the damage location (the enlarged area is
highlighted with the red boxes in the upper Figures). For
both cases, the results show similar features for noise-free
data and under both 3% and 5% noisy modal data.

Figures 14–16 give the damage localization results for the
three multiple-damage scenarios. *e results indicate that
the noise has no effect on the results when using proposed
MCA-DI in one beam and one column damage case and
multibeam case. While in the multicolumn damage case
under 5% noise level, there is another indication in addition
to damaged element. It is noticed that the indicated element
is a column element connected to the damaged column
element in the upper level. *e elements connected to the
damaged element exhibit some damage characteristics in the
modal data of the shared nodes. It is hence reasonable to
have a large value of the DI in these elements as well.
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(c)

Figure 5: *e general modeling scheme and induced damage members of building with the unsymmetrical distribution of columns. (a) 3D
view. (b) Plan view. (c) Elevation view.
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Figure 6: First 5 modes of building with the unsymmetrical distribution of columns model. (a) 1st mode (1.41Hz). (b) 2nd mode (1.83Hz).
(c) 3rd mode (2.07Hz). (d) 4th mode (3.17Hz). (e) 5th mode (3.81Hz).
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For further investigating the noise effect on the proposed
method, the effect of a higher level of 10% random noise for
mode shapes is investigated. Previous results show that the
noise has more effect on the results when damage is in
column elements. So, the effect of larger noise is studied only
with the damage in single and multicolumn damage cases
(damage cases D1 and D5).

*e damage detection results from the MCA-DI method
using the first 5 modes in the calculation for damage cases
D1 and D5 are shown in Figures 17 and 18, respectively. For

Table 2: Damage scenarios of 10-storey L-shape building.

Scenarios D1 D2 D3 D4 D5

Damaged element no. 71 (column) 86 (beam) 136 (beam) and 239 (column) 86 (beam) and 259 (beam) 71 (column) and 239
(column)

Stiffness reduction rate (%) 30 30 30 and 30 30 and 10 10 and 30

Table 3: Damage scenarios of 10-storey setback building.

Scenarios D1 D2 D3 D4 D5

Damaged element no. 269
(column)

151
(beam)

227 (beam) and 315
(column)

151 (beam) and 227
(beam)

151 (beam), 227 (beam), and 315
(column)

Stiffness reduction rate
(%) 10 5 10 and 30 5 and 10 10, 20, and 30

Table 4: Damage scenarios of a 6-storey building with unsymmetrical distribution of columns.

Scenarios D1 D2 D3 D4 D5

Damaged element no. 187
(column)

320
(beam)

463 (beam) and 412
(column)

320 (beam) and 463
(beam)

320 (beam), 463 (beam), and 412
(column)

Stiffness reduction rate
(%) 10 5 10 and 10 10 and 20 10, 20, and 30
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Figure 7: Results of D1 using MCA-DI (L-shape building).
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Figure 8: Results of D2 using MCA-DI (L-shape building).
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Figure 9: Results of D3 using MCA-DI (L-shape building).
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Figure 10: Results of D4 using MCA-DI (L-shape building).
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Figure 11: Results of D5 using MCA-DI (L-shape building).
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Figure 12: Results of single-damage scenario D1 containing measurement noise. (a) Original result. (b) Zoomed result.
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Figure 13: Results of single-damage scenario D2 containing measurement noise. (a) Original result. (b) Zoomed result.
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Figure 14: Results of multiple-damage scenario D3 containingmeasurement noise. (a) Original result. (b) Zoomed result part 1. (c) Zoomed
result part 2.
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Figure 15: Results of multiple-damage scenario D4 containingmeasurement noise. (a) Original result. (b) Zoomed result part 1. (c) Zoomed
result part 2.
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Figure 16: Results of multiple-damage scenario D5 containingmeasurement noise. (a) Original result. (b) Zoomed result part 1. (c) Zoomed
result part 2.
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Figure 17: Results of single-damage scenario D1 containing 10% measurement noise. (a) Original result. (b) Zoomed result.
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Figure 18: Results of multiple-damage scenario D5 containing 10% measurement noise. (a) Original result. (b) Zoomed result part 1. (c)
Zoomed result part 2.
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Figure 19: Results of damage scenario D1 containing 10% measurement noise using first 3 modes enlarged result.

14 Shock and Vibration



both cases with 10% noise, the plots indicate the damaged
element and the damage in the column element connected to
and in the upper level of the damaged element. *is is

reasonable as these elements are connected to the damaged
element, and they will exhibit some damage characteristics
in the mode shape data at the shared nodes. *e effects of
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Figure 20: Results of damage scenario D5 containing 10% measurement noise using only first 3 modes. (a) Zoomed result part 1. (b)
Zoomed result part 2.
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Figure 21: Schematic representation of indicated damaged elements in D1 using incomplete mode shapes.
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Figure 22: Results of damage scenario D1 using incomplete mode shapes.
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random noise on the damage detection capability of the
proposed method can be reduced by considering fewer
modes in the calculation of the MCA-DI. As seen from
Figures 19 and 20, when only the first 3 modes are used in
the calculation of the proposed MCA-DI, the effect of large
noise levels could be effectively reduced. *is feature further
demonstrates the fact that higher modes are more sensitive
to the measurement noise and the capability of the proposed

method in damage detection with only the first 3 modes in
the complicated building structures.

(2) Results of Incomplete Mode Shapes. As we know, a bridge
structure normally can be considered as a single large ele-
ment and damage detection in the absence of complete
modal data is not normally difficult. If there is no sensor
information at the damaged location, the damage could yet
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Figure 23: Schematic representation of indicated damaged elements in D5 using incomplete mode shapes.
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Figure 24: Results of damage scenario D5 using incomplete mode shapes.
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Figure 25: Results of single damage case D1 using MCA-DI (setback building).
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be located by plotting the trend between sensors. However,
for asymmetric buildings, due to the 3D features, the
structural members are in a different direction, such as the
beams in two mutually perpendicular horizontal directions
while columns are in the vertical direction. *is makes it
very difficult to accurately predict the damage location if
there is no information (no sensor) from the damaged
member. But since damage could affect the members con-
nect or near the actually damaged elements, it could yet be
captured by the nearest sensors attached to the structure.

As seen from Figure 21, there will be no information on
the plot damaged element 71 since we deliberately removed
this. *e indicated damaged elements are those members
connected to or near the damaged element, as seen from
Figure 22. If a polynomial is fitted across the MCA-DI
values, they will more or less point to the actually damaged
column element. *is demonstrates that even when there is
no information directly on the damaged element, the pro-
posed method could still locate damage, at least the damaged
region. Results for the multiple-damage scenario D5 also
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Figure 26: Results of single damage case D2 using MCA-DI (setback building).
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Figure 27: Results of multidamage case D3 using MCA-DI (setback building).
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Figure 28: Results of multidamage case D4 using MCA-DI (setback building).
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Figure 29: Results of multidamage case D5 using MCA-DI (setback building).
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confirm this feature, as shown in Figures 23 and 24. Al-
though elements 257 and 261 are indicated in the results,
which seems quite far from damaged element 239, the
previous study provided that due to torsional coupling, the
damage tends to propagate to the other element [35]. And
since the corner elements are easier to be affected [45], it is
reasonable to show a large value in elements 257 and 261.
Hence the proposed method is able to locate the damage
through the information provided by these nearby sensors.
In this case, the proposed method shows good capability in
locating the damaged region using incomplete mode shapes
that do not have any information on the damaged member.

3.3.2. Setback Building. Figures 25 and 26 show the results of
single damage cases using the MCA-DI method. For the first
single damage case D1, the results show that the damage is in
elements 269 and 270 by the MCA-DI method. As discussed
earlier, since column element 270 is connected to element
269, it is reasonable for element 270 to get a high DI as well.
As to the second single damage case D2, excellent results are

obtained by the MCA-DI method, which accurately predicts
the damage location.

*e cases D3–D5 investigate the damage detection for
multidamage locations. For the first double damage case D3
(Figure 27), the MCA-DI method correctly predicts the
locations of both damaged elements. It is found that the
damage extents predicted for the beam element are more
accurate than for the column element. *is aspect has also
been found in a previous study [35], in which the structure
studied has a simpler form. *e proposed method also
correctly predicts the locations of the damages of the second
double damage case D4 (Figure 28). For the triple damages
case D5 (Figure 29) which pertains to damage in 3 members,
the results of damages turn out to correctly locate at 2 beams
and 1 column. Besides, the damage severities are under-
estimated, especially that in the column element.

3.3.3. Building with Unsymmetrical Distribution of Columns.
*e damage localization results using MCA-DI with com-
plete mode shapes for the building with the unsymmetrical
distribution of columns are shown in Figures 30–34. It is
evident that in all damage scenarios, the damage sites can be
determined by the proposed MCA-DI. However, damage
severities are not well estimated, especially when damage is
in the column element in multidamage cases.

4. Conclusions

*is paper developed and applied the method Multicriteria
Approach based Damage Index (MCA-DI) that is capable of
detecting damage in 3D asymmetric buildings, regardless of
the type of asymmetry. It treated three different types of
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Figure 30: Results of single-damage case D1 using MCA-DI
(building with the unsymmetrical distribution of columns).
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Figure 31: Results of single-damage case D2 using MCA-DI
(building with the unsymmetrical distribution of columns).
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Figure 32: Results of multidamage case D3 using MCA-DI
(building with the unsymmetrical distribution of columns).
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Figure 34: Results of multidamage case D5 using MCA-DI
(building with the unsymmetrical distribution of columns).
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Figure 33: Results of multidamage case D4 using MCA-DI
(building with the unsymmetrical distribution of columns).
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asymmetric buildings to investigate the feasibility of
detecting structural damage using the proposedmethod, and
the following conclusions are drawn:

(1) Even though these three different types of asym-
metric building structures presented different vi-
bration characteristics, the proposed MCA-DI
method is able to accurately and effectively locate
structural damage and eliminate confusion when
more than one index is simultaneously used.

(2) Mode shape with 3% noise has no adverse effects in
detecting damage in both single and multiple-
damage cases, while when noise is increased to 5%
level, the damage is also indicated in the column
elements connect to the damaged column element in
the upper level. *is trend is also evident in the
results with the larger 10% noise in the modal data.
*e approach of reducing the number of modes in
the calculation of the MCA-DI can effectively ad-
dress this problem as evidenced by the results using
only the first 3 modes in calculation with 10% noise
level. Hence, we can say that the proposed MCA-DI
demonstrates good capability in damage localization
with up to 10% measurement noise.

(3) *e results of incomplete mode shapes showed that
when there is no sensor on the damaged member, the
damage information could be captured by the nearest
sensors. Hence, it is shown that the proposed method
is able to locate the damage through the information
provided by these nearby sensors. In this case, the
proposed method shows good capability in locating
the damaged region using incomplete mode shapes.
However, the scenarios used to study the incomplete
mode shapes may not be practical in reality since only
the information of damaged elements was removed.
*e scenarios with a limited number of available
sensors will be considered in future studies.

(4) *e proposed method also performed well by using
only the first few modes for detecting damage in 3D
structures such as the asymmetric buildings treated
in this study.*emethod developed in this paper can
be extended to other structures such as high-rise
buildings and multipurpose towers.
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