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SUMMARY
In this paper, a mode shape curvature-based method for detection and localization of damage in plate-like structures is described. The proposed algorithm requires only the mode shape curvature data of the damaged structure.
The damage index is deﬁned as the absolute difference between the measured curvature of the damaged structure
and the smoothed polynomial representing the curvature of the healthy structure. To examine the advantages and
limitations of the proposed method, several sets of numerical simulations are carried out. Simulated test cases considering different levels of damage severity, measurement noise and sensor sparsity are studied to evaluate the robustness of the method under the noisy experimental data and limited sensor data. Applicability and effectiveness
of the proposed damage detection method are further demonstrated experimentally on an aluminium plate containing mill-cut damage. The modal frequencies and the corresponding mode shapes are obtained via ﬁnite element
models for numerical simulations and by using a scanning laser vibrometer for the experimental study. Copyright
© 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION
Modern civil, transport and aerospace engineering structures are becoming more complex and multifunctional and are expected to be fully functional under severe environmental conditions. Their failure
can lead to tragic consequences, and therefore, structures have to undergo regular costly inspections.
Effective non-destructive evaluation techniques for damage detection and structural health monitoring
are particularly important for maintaining the integrity and safety of modern engineering structures.
Damage identiﬁcation at the earliest possible stage can increase safety, extend serviceability, reduce
maintenance costs, and deﬁne reducing operating limits for structures.
In recent years, various vibration-based damage detection methods have been proposed for structural health monitoring. Many of them use various transformations of measured dynamic response of
a structure. Dynamic responses, which, in many cases, can be easily obtained, offer damage information, such as the location and severity. These methods are based on the fact that dynamic characteristics, that is, natural frequencies, mode shapes and modal damping, are directly related to the stiffness of
the structure. Therefore, changes in these characteristics will indicate a loss of stiffness. Extensive literature reviews of the state of the art in methods for detecting, localizing and characterizing damage by
examining changes in the dynamic response of a structure can be found in [1–3]; for example, Qiao
et al. in [3] compared various damage identiﬁcation methods for beam-type and plate-type structural
elements. These methods were classiﬁed into four categories, namely, natural frequency based, mode
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shape based, curvature of mode shape based and the ones that combine both frequencies and mode
shapes. Several advantages and limitations of these methods were also pointed out. Many studies
[4–24] conﬁrm that mode shapes and corresponding mode shape curvatures are highly sensitive to
damage and can be used for detection and quantiﬁcation of the damage. Maia et al. in [8] performed
extensive numerical simulations on a beam structure to compare damage identiﬁcation sensitivity
within different methods, based on the changes of mode shape, mode shape slope, mode shape curvature and mode shape curvature square, respectively. These methods were also tested experimentally on
a steel beam with free–free boundary conditions. The authors found that mode shape curvature square
method performed better in both numerical and experimental cases. Quiao et al. in [9] applied a 2D
continuous wavelet transform (CWT) algorithm on numerically simulated mode shapes of a plate with
different failure modes. They also compared this method with other techniques, such as 2D gapped
smoothing method and 2D strain energy method, and found that 2D CWT outperformed other algorithms in terms of robustness to noise and sensor spacing. Fu et al. in [11] exploited a damage identiﬁcation approach based on local reduction of Young’s modulus in a structure by performing numerical
simulations of forced vibration response under external force in a cantilevered steel plate. The authors
studied single as well as multiple damage scenarios with different levels of noise contamination and
measurement point reduction. The researchers concluded that the algorithm is effective and robust
for both single and multiple sites of damage. Multiple crack scenarios were also studied by Khiem
et al. in [12]. The authors derived a simpliﬁed expression of natural vibration modes of a beam with
an arbitrary number of cracks, which, in combination with a regularization method, allows for estimation of both location and size of multiple cracks. Results indicated that the proposed algorithm was successful at damage identiﬁcation even at sparse and noisy data conditions. Perez et al. in [13] conducted
a series of experiments on low-velocity impact damage according to ASTM standards in numerous
composite laminated plates. The damage identiﬁcation procedure consisted of rigorous study of the following damage indicators – frequency shift, mode shape changes and curvature of mode shape changes
– all due to damage. The authors concluded that it was hard to make a general conclusion on whether
these damage indicators are effectively applicable to all composite structures because the results are
highly dependent on the number of measured degrees of freedom and modes. Hammad et al. [15] proposed to treat the undamaged zones of the beam as linear elastic, whereas the zones containing multiple
cracks are assigned a nonlinear behaviour, thus improving an existing crack model. Results showed
that sensitivity of changes in vibration characteristics was proportional to stiffness of a beam support;
however, as damage severity increased, the respective change of nonlinearity did not follow the monotonic trend; therefore, it cannot be used for damage detection. Hsu et al. [16] suggested a local ﬂexibility method built on a pseudo-local virtual force action on the structure to identify local changes in
stiffness in hyperstatic beams. Damage detection studies employed variation of a number of mode
shapes. Results showed that only few modes are sufﬁcient in order to identify the damage. Modal strain
energy changes in damage identiﬁcation were exploited by numerous of researchers. Shih et al. in [23]
showed that damage can be assessed through changes of resonant frequencies, modal ﬂexibility and
modal strain energy. The approach was tested on a full-scale slab-on-girder bridge with different damage scenarios. Researchers found that resonant frequency differences were dependent on location and
severity of damage; however, Beskhyroun et al. in [24] employed operational deﬂection shapes from
the entire frequency range of interest instead of just resonant frequencies. Their studies showed that
damage had an inﬂuence not only on resonant frequencies but on other frequencies as well and, in
some cases, the effect of damage on structure was more pronounced at these other frequencies. In
[23], the authors claimed that the location of damage could be found from the peaks in the changes
of modal ﬂexibility and modal strain energy. Ooijevaar et al. in [17] used a modal strain energy damage index and later standardization of this index according to statistical hypothesis approach, as well as
mode shape curvatures, obtained in vibration measurements, to identify impact damage in two advanced skin stiffener composite structures (in 1D and 2D). Results indicated that this method is capable
of detecting, localizing and also roughly quantifying the size of barely visible impact damage, although
the methodology is affected by the design of the structure and position of the damage and it is crucial to
understand the failure mechanisms. Several visual methods are also incorporated in damage detection.
Alves et al. in [18] proposed a pattern recognition technique to identify the damage – the main features
of the undamaged system are set as reference, while the corresponding features of the damaged
Copyright © 2016 John Wiley & Sons, Ltd.
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structure are extracted and compared with the reference. Any signiﬁcant deviation is considered to be a
signature of damage. The researchers considered a simply supported steel beam excited with a hammer
and shaker with ﬁve different damage scenarios. The authors concluded that this algorithm is successful, although the data obtained from impact testing were classiﬁed with higher accuracy than that obtained with a shaker. Dworakowski et al. in [19] used a digital image correlation to build a deﬂection
curve of a cantilevered beam. After the introduction of damage, these curves were ﬁtted to two line segments, and an angle between segments was taken as a damage index. The authors argued that this
methodology utilizes a global damage detection approach using the whole deﬂection curve at once,
therefore giving a noise-free result representation. This approach is capable of detecting small cracks
that are not visible to the naked eye. Mosalam et al. in [22] used scanning laser stations to visualize
and assess the damage of various structures in laboratory conditions, as well as in post-earthquake
ﬁelds. The researchers justiﬁed their approach stating that it is possible to make 3D deformation pattern
scans of real objects with high accuracy; post-processing of the obtained graphical images, the method
permits a convenient access to the object by scanning from a distance; however, it is possible to acquire
data that only form visible surfaces. Dincal et al. in [20] proposed a damage detection procedure for
beam structures, employing Euler-Bernoulli beam theory. This procedure is based on the assumption
that internal stresses in a structure are invariant before and after the application of damage. The damage
index was taken as the ratio of the ﬂexural stiffness of the damaged and healthy structure, and it reveals
singularities in a curvature proﬁle of a beam structure. The algorithm was validated in an experiment
using a cantilevered beam capturing the location, extent and severity of the damage with no signiﬁcant
errors. The same team of authors in [21] attempted to evaluate their own damage identiﬁcation mechanism [20] by using ﬁeld measurements – modal data from the Interstate 40 bridge, where four incremental damage sites were introduced via torch cuts in the web and ﬂange of the girder of the bridge.
The researchers used the modal ﬂexibility matrix, which was used to approximate the transverse displacements of structure. They argued that each row of the modal ﬂexibility matrix can be interpreted
as the deformed shape of a structure because of a unit load applied at the corresponding degree of freedom. Results showed that damage was successfully localized and its severity estimated. In most of
these papers, the absolute difference in the mode shape data between the healthy and damaged states
of structure is deﬁned as damage index, and the maximum value typically indicates the location of
damage. However, the major drawback of these methods is a need for the data of the healthy structure,
which sometimes can be difﬁcult or even impossible to obtain. This issue is solved either by using ﬁnite element model to simulate the dynamic response of the healthy structure or by employing gapped
smoothing techniques [25–27] or smoothing element analysis [28] to generate a smoothed surface of
the mode shape curvature obtained from the damaged structure, thus simulating the healthy state of
a structure.
In this paper, an ongoing research effort aimed at detecting and localizing damage in plate-like structures by using a mode shape curvature-based method is described. The basic idea of the method is that the
mode shape curvature of a healthy structure has a smooth surface and it can be approximated by a polynomial. Using a mode shape curvature data of the damaged structure and a regression analysis with a polynomial approximation, smooth mode shape curvature surfaces of the healthy structure are estimated. The
damage index is deﬁned as the absolute difference between the measured curvature of the damage structure and the smoothed polynomial representing the healthy structure, and the maximum value indicates the
location and size of the damage. To examine the advantages and limitations of the proposed method, several sets of numerical simulations considering different levels of damage severity, measurement noise and
sensor sparsity are carried out. Applicability and effectiveness of the proposed damage detection method
are further demonstrated experimentally on an aluminium plate containing mill-cut damage.

2. DAMAGE DETECTION ALGORITHM
The idea of the proposed technique is based on the relationship between the mode shape curvature and
the ﬂexural stiffness of a structure. Damage-induced reduction in the ﬂexural stiffness of a structure
subsequently causes an increase in the magnitude of the mode shape curvature. The increase in the
magnitude of the curvature is local in nature, and thus, it may be considered as an indicator for the
Copyright © 2016 John Wiley & Sons, Ltd.
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damage location. Most of the mode shape curvature damage detection methods require the baseline
data of the healthy structure for inspection of the change in the modal parameters due to damage. In
many cases, such as for structures that are already in service for some time, the baseline modal parameters are rarely available. To overcome this difﬁculty, a damage index that uses exclusively mode
shape curvature data of a damaged structure is proposed.
The basic idea of the method is that the mode shape curvature of the healthy structure has a smooth
surface and it can be approximated by a polynomial. Using the mode shape curvature data of the damaged structure and a regression analysis with a polynomial approximation, smooth mode shape curvature surfaces of the healthy structure are estimated. A locally weighted scatter plot smooth using linear
least-squares ﬁtting is employed to build the smoothed surface (MATLAB [29]). The local regression
smoothing process follows these steps for each datapoint:
1.

Compute the regression weights for each datapoint in the span. The weights are given by the tricube function:

 !3
x  x i 3


wi ¼ 1  
(1)
d ðx Þ 
where x is the predictor value associated with the response value to be smoothed, xi are the
nearest neighbours of x as deﬁned by the span, and d(x) is the distance along the abscissa from
x to the most distant predictor value within the span. The weights have the following
characteristics:
• The datapoint to be smoothed has the largest weight and the most inﬂuence on the ﬁt;
• Datapoints outside the span have zero weight and no inﬂuence on the ﬁt.

2.
3.

A weighted linear least-squares regression is performed.
The smoothed value is given by the weighted regression at the predictor value of interest.

The damage index is deﬁned as the absolute difference between the measured curvature of the damaged structure and the smoothed polynomial representing the healthy structure. The maximum value
indicates the location of damage. The damage index generalized to the two-dimensional space for
the nth mode at grid point (i, j) is expressed as follows:
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where wn is the measured transverse displacement of the structure; k nx and k ny are smoothed mode shape
curvature surfaces in x and y direction, respectively; n is a mode number; and i and j are numbers of
grid point in x and y direction, respectively.
The mode shape curvatures are calculated from the mode shapes by the central difference approximation at grid point (i, j) as
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where h is the distance between two successive nodes or measured points.
In practice, experimentally measured mode shapes are inevitably corrupted by measurement noise
causing local perturbations into the mode shape, which can lead to peaks in damage index proﬁles.
These peaks could be mistakenly interpreted as damage, or they could mask the peaks induced by real
damage and lead to false or missed detection of damage. To overcome this problem, it is proposed to
summarize the results for all modes. The damage index then is deﬁned as the average summation of
damage indices for all modes normalized with respect to the largest value of each mode
DI i;j ¼
Copyright © 2016 John Wiley & Sons, Ltd.
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3. FINITE ELEMENT MODEL AND MODAL ANALYSIS
3.1. Square plate
To evaluate the applicability and effectiveness of the proposed damage detection algorithm, a square
aluminium plate 1000 × 1000 mm of h = 5 mm thickness is considered. The elastic material properties
are taken as follows: Young’s modulus E = 69 GPa, Poisson’s ratio ν = 0.31 and the mass density
ρ = 2708 kg/m3. Numerical modal analysis is carried out by using the commercial FE software ANSYS
(ANSYS, Inc., Canonsburg, Pennsylvania, USA). The ﬁnite element model of the plate consists of
eight-node shear-deformable shell elements. For the healthy plate, constant ﬂexural stiffness D = Eh3/
12(1  ν2) is assumed for all elements, while the damaged plate is modelled by reducing the ﬂexural
stiffness of the selected elements. Reduction of ﬂexural stiffness is achieved by decreasing the thickness
of elements in the damaged region of the plate, thus simulating a cut on one side of the plate. In order to
correctly compare the damage detection results, the numerical model is built according to the experimental setup. The plate is divided into 52 × 52 elements, and the clamped boundary conditions are applied at all four edges of the plate. The mode shapes are extracted from 51 × 51 nodes in the region
20 ≤ x ≤ 980 and 20 ≤ y ≤ 980 of the plate; thus, boundary nodes at all four edges of the plate are excluded
from the damage detection analysis. The modal frequencies and corresponding mode shapes for 12
modes are extracted from all 51 × 51 nodes in the damaged plate model.
Several sets of simulated data are used to investigate the effectiveness of the proposed algorithm for
damage detection in plate-like structures. Five different levels of damage severity (cut depth) are introduced in the region 270 ≤ x ≤ 350 and 640 ≤ y ≤ 700 representing 0.48 % of the plate area (Figure 1). Cut
depths of h1 = 0.5, 1, 1.5, 2 and 2.5 mm are assumed.
To ascertain the sensitivity of the proposed algorithm to noisy experimental data, a series of uniformly distributed random variables is added to the numerical mode shapes to generate the noisecontaminated mode shapes
e n ð1 þ δð2r  1ÞÞ
wn ¼ w

(5)

e n is noise-free transverse displacement of the structure, r is the uniformly distributed random
where w
values in the interval (0, 1) and δ is the noise level. In this study, four different noise levels
δ = 1 × 10 2, 5 × 10 3, 1 × 10 3 and 5 × 10 4 are examined. Combination of different noise levels and
cut depths results in 20 simulated test cases, which are given in Table 1.
Although the latest measurement systems such as scanning laser vibrometer (SLV) allow obtaining
high-density mode shape data, in practice, mode shapes often can be only measured using relatively
sparse distribution of sensors, and thus, the robustness of the proposed method under limited datapoints
is of interest. In order to evaluate the effect of different number of measured mode shape datapoints on
the performance of the method, it is proposed to divide the initial matrix of 51 × 51 datapoints by integer values of p = 1, 2, 3, 4 and 5. In these ﬁve cases, the extracted mode shape data form the following
matrices: 51 × 51, 26 × 26, 17 × 17, 13 × 13 and 11 × 11. For comparison purposes, the cut depth of
2 mm and the noise level δ = 2 × 10 3 are assumed.

Figure 1. Finite element model for a square plate with an area of reduced stiffness.
Copyright © 2016 John Wiley & Sons, Ltd.
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Table I. Calculated false-positive damage indication ratios for the simulated test cases.
Noise level
δ = 1 × 10 2

Noise level
δ = 5 × 10 3

Noise level
δ = 1 × 10 3

Noise level
δ = 5 × 10 4

Conﬁdence level
Cut depth [mm]

90%

95%

99%

90%

95%

99%

90%

95%

99%

90%

95%

99%

0.5
1.0
1.5
2.0
2.5

—
—
—
8.29
7.91

—
—
—
1.58
2.17

—
—
—
0.04
0.21

—
7.83
7.08
6.50
5.66

—
1.79
1.67
1.25
0.87

—
0.08
0.04
0.04
0.04

1.42
1.33
0.96
0.62
0.12

0.12
0.21
0.08
0.04
0

0
0
0
0
0

0.66
0.25
0
0
0

0.04
0
0
0
0

0
0
0
0
0

3.2. Rectangular plate
In order to evaluate the robustness of the proposed algorithm to different aspect ratios of the plate, a
rectangular aluminium plate 1000 × 400 mm of h = 5 mm thickness with the same physical properties
as the square plate is also examined. The plate is divided into 52 × 22 elements, and the clamped
boundary conditions are applied at all four edges of the plate. The mode shapes are extracted from
51 × 21 nodes in the region 20 ≤ x ≤ 980 and 20 ≤ y ≤ 380 of the plate. Mill-cut damage with a depth
of 2 mm is introduced in the region 270 ≤ x ≤ 350 and 240 ≤ y ≤ 270 of the plate. In total, 12 modal frequencies and corresponding mode shapes are calculated. The noise level δ = 2 × 10 3 is added to the
calculated mode shapes to generate the noise-contaminated mode shapes.

4. EXPERIMENTAL SETUP
For the experimental validation of the proposed damage detection algorithm, an aluminium plate with
the same physical and geometrical properties as for the numerical study is considered. Mill-cut damage
with a depth of 2 mm is introduced in the region 270 ≤ x ≤ 350 and 640 ≤ y ≤ 700 of the plate. The
clamped boundary conditions are realized by ﬁxing the plate into a specially designed aluminium
frame (Figure 2). The distance of 18 mm of each edge of the plate is ﬁxed between the frame and
the solid aluminium bar, which are tied together by means of bolts with the spacing distance of
100 mm. The clamping strength is realized by applying 20 Nm of fastening torque onto the bolts. To
ensure uniform pressure through the whole contact surface, an aluminium beam with the same

Figure 2. Experimental setup of the test plate.
Copyright © 2016 John Wiley & Sons, Ltd.
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thickness and physical properties as the test plate is inserted between the frame and the bar on the other
side of the bolts.
The resonant frequencies and corresponding mode shapes of the plate are measured by a POLYTEC
PSV-400-B scanning laser vibrometer. General experiment setup consists of a PSV-I-400 LR optical
scanning head equipped with a highly sensitive vibrometer sensor (OFV-505), OFV-5000 controller,
PSV-E-400 junction box, a Bruel & Kjaer type 2732 ampliﬁer and a computer system with a data acquisition board and PSV software. The scanning grid of 51 × 51 measurement points with the ﬁrst measurement point located at the distance of 20 mm from each edge of the plate is deﬁned. The plate is
excited by a periodic input chirp signal generated by the internal generator with an 800-Hz bandwidth
through a vibration shaker. After the frequency response function and resonant frequencies are obtained, the plate is excited by a periodic sine wave signal with correspondence to each resonant frequency in order to obtain the corresponding mode shape. When the measurement is performed in
one point, the vibrometer automatically moves the laser beam to another point of the scan grid, measures the response using the Doppler principle and validates the measurement with the signal-to-noise
ratio. The procedure is repeated until all scan points have been measured. The mode shapes are obtained by taking the fast Fourier transform of the response signal. In total, 12 mode shapes are
measured.

5. RESULTS OF DAMAGE DETECTION
For the illustration of the proposed damage detection algorithm, the general workﬂow implemented in
MATLAB is given as follows:
1.

2.
3.
4.

5.

6.

For the numerical test case, a ﬁnite element model with the selected cut depth is built, and the
modal frequencies and corresponding mode shapes are extracted from all 51 × 51 nodes. For
e ni;j ¼
each
 of n = 1, …, N modes, a two-dimensional array of transverse displacements w
n
e xi ; yj ; ð1⩽i;
w
 j⩽I Þ; I ¼ 51 is formed. For the experimental test case, transverse displacements
wni;j ¼ wn xi ; yj ; ð1⩽i; j⩽51Þ are recorded by means of laser vibrometer, and similarly, a twodimensional array is formed.
In the next step for each mode, the noise level δ is assigned to calculated mode shapes to generate noise-contaminated mode shapes wni;j according to Eqn (5).
From the recorded quantities wni;j , second-order derivatives (∂2wn/∂x2)ij, (∂2wn/∂y2)ij are calculated by the central difference approximation (Eqn (3)) for each i, j = 2, …, I  1.
The smoothed mode shape curvature surfaces k nx and k ny are estimated by using the calculated
second-order derivatives and the weighted linear least-squares regression with a seconddegree polynomial approximation. It should be noted that the smoothing process is considered
local because each smoothed value is determined by neighbouring datapoints deﬁned within
the span. In this study, the span is deﬁned by 10% of the total number of datapoints in order
to ﬁt the original surface as close as possible and not to smooth out too much information.
The selection of the span is especially important because of possible quick changes of sign of
neighbouring mode shape curvature values when the higher modes and a sparse distribution
of sensors are considered (Figure 3).
Damage indices DI ni;j are calculated according to Eqn (2). The absolute difference between the
measured curvature and the smoothed polynomial in x and y directions is normalized with respect to the largest value of the respective component so that both components have equal
weight in calculating damage index.
Finally, damage indices DIi,j for all modes are estimated by Eqn (4).

Smoothing process of the mode shape curvature of the damaged structure is the most important part
of the proposed method for its successful application; therefore, illustration of the process is given in
Figures 3 and 4. Mode shape of the highest experimentally measured mode (in terms of both natural
frequency and nodal lines [4, 4]) of the plate and the corresponding second-order derivatives in x direction are presented in Figure 4. In this case, a matrix of 17 × 17 measured datapoints is employed
to build the mode shape and calculate the derivatives. The importance of the span selection for the
Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 3. The smoothed surface of the mode shape curvature in x direction: (a) span – 10% of the total number of
datapoints and (b) span – 25%.

Figure 4. The 12th mode of the test plate: (a) mode shape and (b) mode shape curvature in x direction.

surface smoothing is illustrated by two examples (Figure 3): in the ﬁrst case, the span is deﬁned by
10% of the total number of datapoints and, in the second one, by 25%. It can be noticed that in the ﬁrst
case, the smoothed surface (surface plot) ﬁts most of the initial datapoints (blue standalone points), and
therefore, the largest absolute differences (used for calculation of damage indices) in measured curvature and smoothed surface are to be expected because of damage and subsequently could point at the
damage location. On the other hand, when 25% of datapoints are used for span deﬁnition, the
smoothed surface still represents the pattern of the curvature like for the 10% case, but most of the initial datapoints fall off the surface. In this case, the absolute difference between the calculated and
smoothed surfaces will result in noisier damage index plot and thus is much less useful for damage
detection.
Damage detection results according to Eqn (4) for the experimental test case and the corresponding
simulated test case (cut depth – 2 mm, noise level δ = 2 × 10 3) using original matrix of 51 × 51
datapoints are given in Figure 5. Although in both cases, the peak values occur at the predetermined

Figure 5. Damage indices DIij for (a) the experimental and (b) simulated test cases.
Copyright © 2016 John Wiley & Sons, Ltd.
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damage location, it can be seen that large values also emerge at the boundaries of the plate and some
smaller peaks are present at other areas of the plate where no damage has been introduced.
The boundary distortion problem is caused by discontinuity of mode shapes at their ends because of
clamped boundary conditions. In some cases, those extreme values can mask the peaks induced by real
damage and lead to false or missed detection of damage. There are two commonly used methods to
reduce the boundary effect [9]. One method is to extend the mode shape data beyond the original
boundary by the cubic spline extrapolation based on the points near the boundaries. The other method
is simply to ignore those values near the boundaries by cutting them off or setting them to zero. In this
study, the latter method is adapted. It should be noted that neither the extrapolation method nor the ‘setto-zero’ method is capable of detecting damage close to the boundaries, because both of them smooth
out the information near the boundaries.
To deal with the problem of other smaller peaks, the concept of the statistical hypothesis testing
technique [30] is used. For this reason, the damage indices determined for each node are standardized,
and the concept of the statistical hypothesis testing is used to classify damaged and undamaged elements and to localize damage depending on the predeﬁned damage threshold value. The standardized
damage index Zij at grid point (i, j) is obtained as follows:
Z ij ¼

DI ij  μDI
σ DI

(6)

where μDI and σ DI are the mean value and standard deviation of the damage indices, respectively. The
decision on the localization of damage is established based on the level of signiﬁcance used in the hypothesis test, which can be determined from a pre-assigned classiﬁcation criterion. The typical damage
threshold values for the standardized damage index widely used in literature include 1.28, 2 and 3 for
90%, 95% and 99% conﬁdence levels for the presence of damage.
To classify the damaged elements, it is proposed to truncate the values of damage indices smaller
than three units according to the standardized damage index threshold value for the 99% conﬁdence
level for the presence of damage. Now, the damage detection results for both cases clearly reveal the
predetermined damage location as shown in Figure 6. Similarly, the damaged elements are classiﬁed
for the other two conﬁdence levels (Figures 7 and 8). It can be seen that in general, for both cases, damage indices clearly point at the predetermined damage location; however, other insigniﬁcant peaks have
passed the pre-assigned damage index threshold for both the 90 and 95% conﬁdence levels and can be
classiﬁed as damage. On the other hand, it must be noted that only ﬁve out of 12 employed mode
shapes for the experimental test case and six out of 12 for the simulated test case are affected by the
introduced damage and their corresponding damage indices could individually point the damage
location.
To analyse the inﬂuence of the noise level and damage severity on the effectiveness of the proposed
method, a false-positive damage indication ratio R is introduced. False-positive indication of damage
means that standardized damage indices outside the predetermined damage location have passed the
pre-assigned damage classiﬁcation criterion and indicate the presence of damage although no damage
is introduced there. The ratio represents the relationship between a number of nodes with a falsepositive damage indication and the total number of nodes for the plate:

Figure 6. Standardized damage indices (SDIs) Zij for (a) the experimental and (b) simulated test cases after truncation according to the 99% conﬁdence level.
Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 7. Standardized damage indices (SDIs) Zij for (a) the experimental and (b) simulated test cases after truncation according to the 95% conﬁdence level.

Figure 8. Standardized damage indices (SDIs) Zij for (a) the experimental and (b) simulated test cases after truncation according to the 90% conﬁdence level.
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where n(Zi,j ⩾ 3) is related to those nodes, for which the standardized damage index value has
passed the threshold value for the 99% conﬁdence level for the presence of damage. Similarly,
false-positive damage indication ratios are calculated for the other two conﬁdence levels. Calculated
false-positive damage indication ratios for the simulated test cases are summarized in Table 1. It
must be noted that false-positive damage indication ratios are included in the table only for those
simulated test cases where standardized damage indices at the predetermined damage location
passed the standardized damage index threshold value for the corresponding conﬁdence level. In
general, the capability of the proposed damage detection algorithm is found to be dependent on
both the introduced noise level and damage severity. As expected, the false-positive damage indication ratio R increases as the damage severity decreases and increases as the noise level is
increased.
Standardized damage indices presented in Figures 9–13 illustrate the effectiveness of the proposed
method when different numbers of measured mode shape datapoints are available for the damage detection. As seen from these ﬁgures, the method is able to correctly detect damage in all ﬁve simulated test cases and in four out of ﬁve times for the experimental test cases if the standardized
damage index threshold value 3 for the 99% conﬁdence level for the presence of damage is applied.
However, its ability to accurately indicate the predetermined damage location and to illustrate the approximate shape of the damage gradually decreases as the sensor spacing increases. The method is
still able to detect the damage when the lowest number of measurement points 11 × 11 is considered
for the simulated test case, but it fails to accurately determine the predetermined location and size of
Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 9. Standardized damage indices Zij for (a) the experimental and (b) simulated test cases using 51 × 51 mode
shape datapoints.

Figure 10. Standardized damage indices Zij for (a) the experimental and (b) simulated test cases using 26 × 26
mode shape datapoints.

Figure 11. Standardized damage indices Zij for (a) the experimental and (b) simulated test cases using 17 × 17
mode shape datapoints.

the damage. The results show that robustness of the proposed damage detection algorithm under the
limited measured datapoints is relatively good and the method can be applied for practical structural
tests.
Standardized damage indices for the rectangular plate are given in Figures 14–18. Five different
data sets, namely, original matrix of 51 × 21 calculated mode shape datapoints and the following
reduced matrices of 26 × 11, 17 × 7, 13 × 6 and 11 × 5 datapoints, are considered for the damage detection. Figure 17 shows that the damage can reliably be detected by using just 13 × 6 measurement points. Similarly as for the square plate, the ability of the method to accurately determine
the predetermined location and size of the damage gradually decreases as the sensor spacing
Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 12. Standardized damage indices Zij for (a) the experimental and (b) simulated test cases using 13 × 13
mode shape datapoints.

Figure 13. Standardized damage indices Zij for (a) the experimental and (b) simulated test cases using 11 × 11
mode shape datapoints.

Figure 14. Standardized damage indices Zij for the rectangular plate using 51 × 21 mode shape datapoints.

Figure 15. Standardized damage indices Zij for the rectangular plate using 26 × 11 mode shape datapoints.

increases. The results of this numerical experiment suggest that the proposed method can be successfully applied for damage detection in different aspect ratio plates under the limited measurement points.
Copyright © 2016 John Wiley & Sons, Ltd.
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Figure 16. Standardized damage indices Zij for the rectangular plate using 17 × 7 mode shape datapoints.

Figure 17. Standardized damage indices Zij for the rectangular plate using 13 × 6 mode shape datapoints.

Figure 18. Standardized damage indices Zij for the rectangular plate using 11 × 5 mode shape datapoints.

6. CONCLUSIONS
In this paper, a numerical and experimental study on the applicability of mode shape curvature-based
method for detection and localization of damage in plate-like structures has been presented. The advantage of the proposed method is that it requires mode shape information only from the damaged state of
the structure. The damage index is deﬁned as the absolute difference between the measured curvature
of the damaged structure and the smoothed polynomial representing the healthy structure. Several sets
of numerical simulations have been carried out to analyse the inﬂuence of damage severity, measurement noise and sensor spacing on the performance of the proposed damage detection method. The obtained results show that the proposed damage index provides reliable information about the location
and size of the damage in case of the presence of medium severe damage, relatively accurate measurement data and relatively dense distribution of sensors. The last two drawbacks of the method can be
overcome by using the latest scanning laser vibrometer systems that allow high-density transverse displacement measurements with a low degree of measurement noise (δ = 1 × 10 2 … 1 × 10 3). In this
case, the major drawback of the method is that the severity of damage has to be relatively high for successful damage detection. Robustness and effectiveness of the proposed damage detection method in
combination with SLV system is demonstrated experimentally on an aluminium plate containing
mill-cut damage. Validity of the proposed damage detection method is assessed by comparing the damage detection results of the experimental test case with the results obtained from the simulated test case.
The obtained results suggest that the proposed method can be applicable not only for laboratory tests
but also for practical structural applications.
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