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Abstract: In this study, we experimentally validated the normalized uniform load surface
(NULS) curvature method, which has been developed recently to assess damage
localization in beam-type structures. The normalization technique allows for the accurate
assessment of damage localization with greater sensitivity irrespective of the damage
location. In this study, damage to a simply supported beam was numerically and
experimentally investigated on the basis of the changes in the NULS curvatures, which
were estimated from the modal flexibility matrices obtained from the acceleration
responses under an ambient excitation. Two damage scenarios were considered for the
single damage case as well as the multiple damages case by reducing the bending stiffness
(EI) of the affected element(s). Numerical simulations were performed using MATLAB as
a preliminary step. During the validation experiments, a series of tests were performed. It
was found that the damage locations could be identified successfully without any
false-positive or false-negative detections using the proposed method. For comparison, the
damage detection performances were compared with those of two other well-known
methods based on the modal flexibility matrix, namely, the uniform load surface (ULS)
method and the ULS curvature method. It was confirmed that the proposed method is more
effective for investigating the damage locations of simply supported beams than the two
conventional methods in terms of sensitivity to damage under measurement noise.
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1. Introduction

Regular structural health monitoring is imperative for preventing catastrophic structural failure, for
increasing the cost-effectiveness of maintaining existing structures, and for maintaining the
serviceability of existing structures. During the past three decades, vibration-based damage detection
methods based on various dynamic properties, such as the natural frequencies, mode shapes, mode
shape curvatures, and modal flexibility matrices, have seen significant development. The basic concept
of these vibration-based methods is that changes in the boundary and physical characteristics of
structures lead to changes in the structural modal parameters, that is, in the natural frequencies and
mode shapes. Thus, damage localization can be performed by comparing the characteristics obtained
from the modal parameters before and after damage. In the case of modal parameter-based damage
detection techniques, the system identification method is crucial for obtaining the structural modal
parameters. In order to be able to detect damage with precision, various signal processing and system
identification techniques have been proposed. Nagarajaiah, Nagarajaiah and Basu, and
Worden et al. [1-3] have presented a number of time- and frequency-domain identification methods.
Recently, Yang and Nagarajaiah [4] reported time-frequency blind source separation for an
output-only modal identification technique. Further, excellent reviews of the available vibration-based
damage detection methods can be found in Doebling et al., Sohn et al., and Fan and Qiao [5-7].

The modal flexibility method in particular, has received considerable attention as one of the most
promising damage descriptors due to its high sensitivity to damage. The first reported study based on
this method was by Pandey and Biswas, who used the changes in the modal flexibility matrices [8]. A
number of studies have utilized the uniform load surface (ULS) [9], the ULS curvature [10,11], and the
damage locating vector (DLV) based on the changes in the modal flexibility matrices while employing
an intact finite element model [12—15]. The ULS method exhibits a smaller truncation effect and is
relatively insensitive to experimental errors. However, it is difficult to distinctively localize multiple
damages using this method. On the other hand, the ULS curvature method is highly recommended for
the localization of multiple damages, given it high sensitivity to closely distributed damages. However,
it is vulnerable to noise during curvature estimations and insensitive to damage near regions with small
moments. The DLV method can identify damage in elements having negligible internal forces but is
dependent on the accuracy of the modal flexibility matrix of the intact structure.

Recently, the normalized uniform load surface (NULS) curvature method [16] has been proposed to
overcome the above-mentioned drawbacks of the existing modal flexibility-based damage detection
methods. The NULS curvature method uses the normalization technique to identify damage near
regions with small moments. However, the one previous study that employed this method [16] was
limited to the “proof-of-concept” level and involved only numerical investigations. Further, the
relationship between the changes in the NULS curvatures and the damage incurred was demonstrated
only analytically. Finally, the numerical simulations were performed while taking into account the
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measurement noise. Thus, it is necessary to validate the feasibility of the NULS curvature method
under more practical conditions.

In this study, the performance of the NULS curvature method was investigated experimentally
using a lab-scale simply supported beam model. In order to show the superiority of the NULS
curvature method, damage detection was also performed using two well-known methods, namely, the
ULS method [9] and the ULS curvature method [10,11], and the results obtained using the three
methods were compared.

2. Theory
2.1. Uniform Load Surface (ULS) Method

The modal flexibility matrix, Gm, can be expressed using the lower mode, m, as follows:

m

_ -1 5T _ q)l(I);r

=1 1
where A, = w2 \|, for which @, is the i-th structural natural frequency, i = 1, 2, ..., m;
®, =144, .4, }; and @, is the i-th mass-normalized mode shape [17-21]. After calculating the

modal flexibility matrices, the deflections of the structure under the unit load vector can be computed
by simple matrix multiplication as

_Gll G11 Gln 1 1
u=| Gy Gj Gi, |11 (2)
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where u is the deflection obtained from the modal flexibility under the ULS, and G;j is the (i, j)-th
component of the modal flexibility matrix.

Damage localization can be performed by comparing the deflections for the intact case and the
damage case under the ULS. As mentioned previously, the ULS method exhibits a smaller truncation
effect and is relatively insensitive to experimental errors [9]; however, it is difficult to distinctively
localize multiple damages using this method.

2.2. ULS Curvature Method

The curvature of a structure based on the mechanics of materials theory can be estimated as

,,_dzu M
Ve ®

where u” is the curvature at the section, M is the bending moment, E is the elasticity modulus, and I is
the moment of inertia at the section. Therefore, the change in the ULS curvature at the i-th element
induced by damage occurring at the i-th element can be expressed as
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where A

is the change in the ULS curvature before and after damage at the i-th element;

Au, = u? - u! 1s the change in the deflection at the i-th element, as estimated from the modal flexibility

under the ULS; uf and uiD are the deflections of the intact and damaged structures at the i-th element
under the ULS, respectively; and /i is the length of an element.

As mentioned earlier, the ULS curvature method can localize multiple damages owing to its high
sensitivity to closely distributed damages [10,11]. However, the method is vulnerable to noise during
curvature estimations and insensitive to damage near regions with small moments.

2.3. Normalized Uniform Load Surface (NULS) Curvature Method

Consider a beam-type structure that follows the Bernoulli-Euler beam theory and undergoes column
damage, AK. Then, the forces, AF, attributable to the damage, which would be proportional to the
stiffness reduction, can be obtained as follows [22,23]:

0
AF=AKu, =1, f, (5)
0
where AK = diag(0, a, ke, 0), «, is the damage ratio, 0 < a, < 1, ke is the elementary stiffness matrix

representing the intact state of the damaged system, and fe = keue is the stress resultant of the element
in the intact system. Then, the changes in the ULS curvatures can be expressed by following equation:

Changes in ULS curvature ={M( )+ A M( i)} - {M( x)} _ AMG) (6)
EI EI EI
AM(i)

where M(x) is the internal force under the ULS along the x-axis, and is the change in the ULS

curvature at the i-th element.

The changes in the ULS curvature are insensitive to damage in regions with small moments, owing
to M(7) in AM(@). In order to solve this problem, the NULS curvature method was proposed; in this
method AM(7) is divided by M(i) [16]. The NULS curvature method also compares the ratio of the
change in moment at the measured points before and after damage. By comparing the ratio of the
change in moment, the sensitivity to damage in the case of small moments can be increased. Thus, the
changes in the NULS curvature can be calculated as

Au, = 2Au;+Au,;_,
_AMG) I

M(i) ul-[+1—2ul-[+ul-]% )
l;

where a(i) is the change in the NULS curvature at the i-th element, Au; =u f) —-u lI is the damage-induced

a(i)

deflection caused by damage under the ULS, and uf and u‘,D are the displacements estimated from the

modal flexibilities of the intact and damaged structures, respectively.
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The ULS method encounters difficulties in localizing damage near the structural boundary, as the
associated deflections are relatively small. Further, it is difficult to distinctively localize multiple
damages. The ULS curvature method is based on the changes in the structural moment before and after
damage. Therefore, it can localize the location of damage even in the case of multiple damages.
However, the ULS curvature method is insensitive to damage near regions with small moments. The
proposed NULS curvature method overcomes this insensitivity to damage at small deflections and
regions with moment change. The proposed method involves comparing the ratio of the change in the
ULS curvature before and after damage. Hence, the ratio of the change in the ULS curvature is
sensitive to damage even in the case of regions with small moments and deflections.

2.4. Damage Localization by NULS Curvature Method under Noisy Measurements

Unexpected changes in the NULS curvature may occur at intact regions owing to inevitable
measurement noise. Therefore, statistical approaches are preferred for preventing false-positive or
false-negative damage detections. In this study, a normalized outlier index, NF(i), of the changes in the
NULS curvature was employed for identifying the damage locations:

M (i) M(i) =M, (i) _

NF(i)= M) oM. 0) = k(i) Z(i) (8)

where M(i) is the mean value of the ULS curvatures at the i-th sensor node in the current state. M, (i)

is the mean value of the ULS curvature at the i-th sensor node, and (M, (7)) is the standard deviation

of the ULS curvatures for the intact system. x(i)= _( ) is the constant for normalizing the outlier
i
0

M(i) - M, (i)
(M, (i)

normalized outlier index, that is, a damage index, based on the statistical approach. As mentioned

index. Z(i)= is the outlier index based on the standard normal distribution. NF(i) is a

above, because of the inevitable measurement noise, statistical approaches are preferred. If the value of
NF(i) is higher than the threshold value, structural damage is localized at the i-th sensor node.
When a damage alert is issued, the damage location can be evaluated using following condition:

Damage is located at the i-th element if NF(i) > NFThreshold for any 1 9

The damage detection procedure is shown in Figure 1.
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Figure 1. Flow chart of the proposed damage detection method.
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3. Experimental Validation of the NULS Curvature Method
3.1. Numerical Simulations as a Preliminary Step

Numerical simulations were performed as a preliminary step using a model of the lab-scale simply
supported beam; the model is shown in Figure 2 and the material properties are listed in Table 1. The
test structure was modeled using beam elements. It was composed of a total of 34 elements and was
made using MATLAB. The damages were simulated by reducing the bending stiffness (£/) of the
affected elements. Further, two categories of damages were considered, as shown in Figure 1. These
were single damage (DC1) and multiple damages (DC2). The changes induced in the structural modal
parameters under these damages are shown in Table 2. The natural frequencies were found to decrease
by 0.064%—-0.654%; in contrast, the modal assurance criterion (MAC) values did not change much.
The results of the numerical simulations showed that the NULS curvature method could successfully
identify single as well as multiple damages.
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Figure 2. Schematics of the simply supported beam model and its damage scenarios.

Table 1. Properties of the structural model used.

Parameters Value
Damping ratio 0.005
Mass density (0) 7850 kg m™
Poisson’s ratio (V) 0.28
Elasticity modulus (£) 200 GPa
Length (L) 2.04 m
Width (w) 100 mm
Thickness () 10 mm

Table 2. Changes in modal parameters due to damages.

First Mode Second Mode
fiHz) A filfi (%) MAC fi(Hz) 4L (%) MAC
IC  6.1018 - 1.0000 24.273 - 1.0000
DC1 6.0979 —0.064% 0.9999 24217 —0.230%  0.9999
DC2 6.0619 —0.654% 0.9999 24,193 —0.328%  0.9999

Case
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Figure 3. Results of damage detection using the ULS method: (a) DC1 and (b) DC2.
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Figure 4. Results of damage detection using the ULS curvature method: (a) DCI and
(b) DC2.

The outlier index was applied and the threshold value of the damage index is chosen by the user. In
this study, it was set at 2.8, based on the standard normal distribution. The location of the damage is
the peak node of the change in the ULS. As shown in Figure 3, for DCI1, the peak node was the 3rd
sensor node. However, the actual location of the damage was the 2nd sensor node. Therefore, a false
damage alarm occurred in the case of single damage. Next, for DC2, the peak nodes for the change in
the ULS were the 2nd and 9th nodes. The change in the ULS at the 9th sensor node was distinctive and
the node could be considered as the damage node. However, the changes at the 2nd and 3rd sensor
nodes were almost similar. Thus, it was hard to define the locations of the damages. The damage
detection performance of the ULS method is poor, especially for damages located near boundaries. As
shown in Figure 4, for DC1, the ULS curvature method did not yield the location of the damage. All
the values were lower than the threshold level of 2.8. For DC2, the change in the ULS curvature
occurred at the 9th node only. Further, it was clear that the element at the 9th node was the damaged
element. Even though this was a multiple damages case, just one damaged element was found. Finally,
as shown in Figure 5, in the case of the NULS curvature method, the damaged element was found at
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the 2nd node for DC1. For DC2, two damage elements were found, at the 2nd node and the 9th node.
Thus, the NULS curvature method yielded the damage locations for both DC1 and DC2.
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Figure 5. Results of damage detection using the NULS curvature method: (a) DC1 and
(b) DC2.

3.2. Experimental Results

Experimental validations were performed using a simply supported beam; the structure was
supported by a roller and a pin [24], as shown in Figure 6. The structural characteristics of this
structure were essentially the same as those used in the numerical simulations (see Table 1). An
ambient vibration test was performed under excitation using wind loads, and 15 accelerometers (PCB
393B12) were installed on the surface of the structure at similar intervals (12 cm). Two damage

scenarios for the multiple damages case as well as the single damage case were considered, as shown

’ w (1) Exciter (wind-loads) (b)

in Figure 2.

Figure 6. Experimental setup and damage scenarios: (a) experimental setup; (b) roller
support; (¢) pin support; (d) intact case; and (e) damage case.
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Experiments lasting 10 min were performed for each intact/damage case. The sampling frequency
was 100 Hz, and an anti-aliasing filter (35 Hz) was used on the raw measurement data. The typical
time-domain signals and their power spectra are depicted in Figure 7. In order to ensure that the
uncertainties in the modal parameters and damage detection results were accounted for, the
measurement was repeated eight times for each intact/damage case. One crucial advantage of the
modal flexibility is that it can be reliably estimated using a few lower modes. The number of
measurable modes in the field is limited owing to the rigidity of the structures and because of the low
excitation level. Thus, in these experiments, the two lower modes were used to calculate the modal
flexibility matrices for each intact/damage case.
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Figure 7. Typical time-domain signals (a) and their power spectra (b) (for the intact case).

Figure 8. Changes in the natural frequencies and standard deviation owing to damages:
(a) the first mode and (b) the second mode.

The stochastic subspace identification method [25] was used to identify the modal parameters of the
test structure. The changes in the modal parameters due to the damages are shown in Table 3 and
Figures 8 and 9. The mass-normalized mode shapes were obtained from the system mass matrix. The
natural frequencies decreased by 0.0567%—0.1960%. However, there were no observable changes in
the MAC values. The second natural frequency for DC1 increased even though damage had been done.
This may be attributed to the effects of the measurement noise and the decrease in the structural mass.
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However, since the first natural frequency was dominant over the others when calculating the
structural flexibility matrix, this increase was negligible. The three-dimensional intact flexibility
matrix is plotted in Figure 10a, while the differences in the flexibility matrices of the intact and
damaged structures are plotted in Figure 10b,c. It is apparent that the damage locations could not be
identified clearly by introducing the baseline modal parameters of the structure.

0.4

03

0.2

0.1

1 3 5 7 9 11 13 15
Sensor #

Sensor #

Figure 9. Mode shapes of (a) IC (b) DC1, and (c¢) DC2.
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Figure 10. Plots of the matrices for the (a) flexibility of the intact specimen (b) differences
in the flexibilities corresponding to IC and DCI, and (¢) differences in the flexibilities
corresponding to IC and DC.
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Table 3. Changes in the modal parameters due to damage.

Case First Mode Second Mode
JSiHz) Afilfi (%) MAC f,(Hz) 4fHlH %) MAC
IC  6.2593 - 1.0000 25.934 - 1.0000
DC1 6.2558 -0.0567% 09999 25967 0.1273%  0.9992
DC2 6.2495 —0.1580% 0.9999 25.883 —0.1960% 0.9999
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Figure 11. Changes in the NULS curvatures and its magnified plot at node 14, 15 with a
deviation of 1o: (a) IC, (b) DC1 from IC, and (¢) DC2 from IC.
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Figure 12. Damage localization based on the normalized outlier index: (a) DC1 from IC
and (b) DC2 from IC.

Figure 11 shows the changes in the NULS curvatures corresponding to a deviation of 1. In the case

of DC1, damage at the 2nd sensor node could be identified clearly on the basis of the changes in the

NULS curvatures. Further, in the case of DC2, multiple damage locations could be localized

successfully at the locations of the 2nd and 9th sensors. However, small changes were also observed in
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the NULS curvatures at the undamaged locations, owing to measurement noise. In order to reduce the
rate of false-positive and false-negative damage detections to less than 0.5%, the normalized outlier
index, NF(i), which had a threshold value 2.8, was used; this was on the basis of the normal
distribution. Figure 12 shows the results of the damage localizations performed using NF(7). In the case
of DCI1, the damage location could be identified clearly as the location of the 2nd sensor. In the case of
DC2, the damage locations could also be correctly identified using NF(i), and no false-positive or
false-negative detections were made.

3.3. Comparative Study

The damage detection performance of the NULS curvature method was compared against those of
two other well-known damage detection methods: (1) the ULS method [9] and (2) the ULS curvature
method [10,11]. In the case of the ULS method, when the existence of damage is indicated by the
damage index, the peak node corresponding to the changes in the deflections under the ULS is
considered the damage location. In the case of the ULS curvature method, damage is assumed to be
located at the i-th sensor location, if the changes in ULS curvature exceed the threshold for any i.

Figure 13 shows the damage indices for DC1 corresponding to a threshold value of 2.8. The damage
at the 2nd sensor location could be identified successfully using the NULS curvature method. In the
case of the other two methods, however, damage localization was not possible, because of the presence
of measurement noise and since the small moments near the roller support had an adverse effect on the
ability to detect damage. Figure 14 shows the damage indices for DC2 for the same threshold value. In
the case of the ULS method, the damage at the 9th sensor location could be identified clearly;
however, that at the 2nd sensor location could not. Further, in the case of the ULS curvature method, it
was difficult to localize all the damage locations, given the noise vulnerability of this method. On the
other hand, the NULS curvature method could successfully identify all the damage locations.
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Figure 13. Estimations of the damage location for DC1 using the three different methods:
(a) the ULS method, (b) the ULS curvature method, and (¢) the NULS curvature method.
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Figure 14. Estimations of the damage locations for DC2 using the three different methods:
(a) the ULS method; (b) the ULS curvature method; and (¢) the NULS curvature method.

The comparative study showed that the NULS curvature method could identify the damages clearly
without generating any false positives or false negatives; this was true for all the damage cases. In
contrast, the ULS method and the ULS curvature method failed to identify the damage locations. In
particular, the ULS curvature method could not identify any damages, given its vulnerability to noise.
It was clearly demonstrated that the NULS curvature method performed better at localizing damages
than the two conventional modal flexibility based methods and showed both higher sensitivity to
damage and lower vulnerability to measurement noise.

4. Conclusions

In this study, we experimentally validated the NULS curvature method, which has been developed
recently for localizing damage in beam-type structures and is based on the Bernoulli-Euler beam
theory. The normalization technique allowed for more sensitive and robust damage localization. In this
study, the damage locations of a lab-scale simply supported beam model were numerically and
experimentally investigated on the basis of the changes in the NULS curvatures; these were estimated
from the modal flexibility matrices obtained from the acceleration responses under an ambient
excitation. Two damage scenarios were considered for the multiple damages case as well as the single
damage case by reducing the bending stiffness (E/) of the affected element(s). After numerical
simulations had been performed using MATLAB as a preliminary step, a series of experimental tests
were carried out, in order to validate the feasibility of the NULS curvature method. It was found that
the damage locations could be identified successfully without any false-positive or false-negative
detections on the basis of the normalized outlier index. In order to confirm the superiority of the NULS
curvature method, damage detections were also performed using two well-known modal
flexibility-based damage detection methods, namely, the ULS method and the ULS curvature method.
However, these two methods failed to identify the damage locations. The ULS curvature method, in
particular, could not localize any damages, owing to its vulnerability to noise. Therefore, it can be
concluded that the NULS curvature method is more effective for investigating the damage locations of
simply supported beams than are the two other conventional methods in terms of sensitivity to damage
and robustness against measurement noise.



Sensors 2015, 15 26329

Acknowledgments

This research was partially supported by a Grant (13SCIPAO1) from Smart Civil Infrastructure
Research Program funded by Ministry of Land, Infrastructure and Transport (MOLIT) of Korea
government and Korea Agency for Infrastructure Technology Advancement (KAIA), and by the New
& Renewable Energy of the Korea Institute of Energy Technology Evaluation and Planning (KETEP),
granted financial resource from the Ministry of Trade, Industry & Energy, Republic of Korea
(No. 20123030020090).

Author Contributions

Ho-Yeon Jung is the principal researcher of this work. He conducted the numerical and
experimental research. Seung-Hoon Sung assisted experiment and data analysis. Hyung-Jo Jung
supervised all of this research.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Nagarajaiah, S. Adaptive passive, semiactive, smart tuned mass damper: Identification and control
using empirical mode decomposition, Hilbert transform, and short-time Fourier transform.
Struct. Control Health Monit. 2009, 16, 800—841.

2. Nagarajaiah, S.; Basu, B. Output only identification and structural damage detection using time
frequency and wavelet techniques. Earthg. Eng. Eng. Vib. 2009, 8, 583—605.

3. Worden, K.; Manson, G.; Allman, D.J. Experimental validation of structural health monitoring
methodology I: novelty detection on a laboratory structure. J. Sound Vib. 2003, 259, 323-343.

4. Yang, Y., Nagarajaiah, S. Time-Frequency Blind Source Separation Using Independent
Component Analysis for Output-Only Modal Identification of Highly Damped Structures.
J. Struct. Eng. 2013, 139, 1780-1793.

5. Doebling, S.W.; Farrar, C.R.; Prime, M.B.; Shevitz, D.W. Damage Identification and Health
Monitoring of Structural and Mechanical Systems from Changes in Their Vibration
Characteristics: A literature Review; Technical Report LA-13070-MS; Los Alamos National
Laboratory: Los Alamos, NM, USA, May 1996.

6. Sohn, H.; Farrar, C.R.; Hemez, F.M.; Shunk, D.D.; Stinemates, D.W.; Nadler, B.R.; Czarnecki, J.J.
A Review of Structural Health Monitoring Literature: 1996—2001; Technical Report LA-13976-MS;
Los Alamos National Laboratory: Los Alamos, NM, USA, February 2004.

7. Fan, W.; Qiao, P. Vibration-based damage identification methods: A review and comparative
study. Struct. Health Monit. 2011, 10, 83—111.

8. Pandey, A.K.; Biswas, M. Damage detection in structures using changes in flexibility. J. Sound Vib.
1994, 169, 3-17.

9. Toksoy, T.; Aktan, A.E. Bridge-condition assessment by modal flexibility. Exp. Mech. 1994, 34,
271-278.



Sensors 2015, 15 26330

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

Catbas, F.N.; Gul, M.; Burkett, J.L. Damage assessment using flexibility and flexibility-based
curvature for structural health monitoring. Smart Mater. Struct. 2008, 17, 1-12.

Wu, D.; Law, S.S. Damage localization in plate structures from uniform load surface curvature.
J. Sound Vib. 2004, 276, 227-244.

Bernal, D. Load vectors for damage localization. J. Eng. Mech. 2002, 128, 7-14.

Duan, Z.; Yan, G.; Qu, J.; Spencer, B.F. Damage detection in ambient vibration using
proportional flexibility matrix with incomplete measured DOFs. Struct. Control Health Monit.
2005, /4, 186-196.

Gao, Y.; Spencer, B.F. Online damage diagnosis for civil infrastructure employing a flexibility-based
approach. Smart Mater. Struct. 2006, 15, 9-19.

Gao, Y.; Spencer, B.F.; Bernal, D. Experimental verification of the flexibility-based damage
locating vector method. J. Eng. Mech. 2007, 133, 1043—-1049.

Sung, S.H.; Jung, H.J.; Jung, H.Y. Damage detection for beam-like structures using the
normalized curvature of a uniform load surface. J. Sound Vib. 2013, 332, 1501-1519.

Parloo, E.; Verboven, P.; Guillaume, P.; Overmeire, M.V. Sensitivity-based operational mode
shape normalization. Mech. Syst. Sign. Process. 2002, 16, 757-767.

Parloo, E.; Cauberghe, B.; Benedettini, F.; Alaggio, R.; Guillaume, P. Sensitivity-based
operational mode shape normalisation: Application to a bridge. Mech. Syst. Sign. Process. 2005,
19, 43-55.

Brincker, R.; Andersen, P. A way of getting scaled mode shapes in output only modal testing. In
Proceedings of the 21th International Modal Analysis Conference (IMAC XXI), Kissimmee, FL,
USA, 3-6 February 2003.

Bernal, D. Modal scaling from known mass perturbations. J. Eng. Mech. 2004, 130, 1083—1088.
Cauberghe, B. Applied Frequency-Domain System Identification in the Field of Experimental and
Operational Modal Analysis. Ph.D. Thesis, Vrije Universiteit Brussel, Brussel, Belgium,
May 2004.

Koo, K.Y.; Sung, S.H.; Park, JJW.; Jung, H.J. Damage detection of shear buildings using
deflections obtained by modal flexibility. Smart Mater. Struct. 2010, 19, 115026.

Sung, S.H.; Koo, K.Y.; Jung, H.Y.; Jung, H.J. Damage-induced deflection approach for damage
localization and quantification of shear buildings: Validation on a full-scale shear building. Smart
Mater. Struct. 2012, 21, doi:10.1088/0964-1726/21/11/115013.

An, Y.; Qu, J. Experimental and numerical studies on damage localization of simply supported
beams based on curvature difference probability method of waveform fractal dimension. J. Intell.
Mater. Syst. Struct. 2012, 23, 415-426.

Peeters, B.; Roeck, G.D. Reference-based stochastic subspace identification for output-only
modal analysis. Mech. Syst. Sign. Process. 1999, 13, 855-878.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



