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Damage identification in frame structures using high-speed
digital image correlation and local modal filtration
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dimensional Digital Image Correlation (HS 3D-DIC) and local modal filtration.
The efficacy of the proposed procedure is demonstrated on a frame structure

with different severities of localized damage. The full-field vibration data
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acquired under the white noise excitation provided the input to the damage
identification algorithm. The spatial density of sensors on a test structure is
one of the critical factors in the accurate localization of damage. Hence, the
use of vision-based vibration measurement methods, such as the Digital Image
Correlation (DIC) is very advantageous as it provides full-field quantification
of dynamic displacement fields in three dimensions. Both numerical simula-
tions with the use of Finite Element (FE) code and experimental tests with the
use of high-speed digital cameras were performed to confirm the validity of the
proposed approach. The research confirmed that it is feasible to use the pro-
posed approach to detect and localize damage in a frame structure under ran-
dom vibration excitation with a localization accuracy of a few percent of the
field of view dimensions. On the basis of the obtained results, we believe that
there is a great practical potential of this approach when applied to real-life

engineering structures.

KEYWORDS

digital image correlation, frame structures, high-speed imaging, modal filtration, vibration-based
damage detection

1 | INTRODUCTION

Maintaining structural integrity is of major concern for the mechanical and civil engineering structures alike. This
problem is equally important for the new structures as well as for an existing aging infrastructure. Effective mainte-
nance not only improves safety and the perception of safety but also minimizes the cost of ownership and mitigates
unnecessary repairs. However, assuring the desired performance and safe operation of structures is not a trivial task.
There are a large number of damage detection approaches that have been developed over the years, which could be
used for this purpose.”” Among them, the vibration-based damage detection methods which are arguably the most
promising when it comes to the global assessment of structural health.>"® Vibration-based approaches are based on
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the monitoring of changes of the modal properties of a structure. The presence of damage reduces the stiffness of a
structure which affects its modal properties. Natural frequencies, damping factors, and mode shapes can all be used
for damage detection purposes. Natural frequencies seem to be the best candidate for damage detection purposes as
they are easy to measure with high precision. They are, however, also sensitive to environmental effects, and in prac-
tice, it is difficult to discern damage-induced alterations of natural frequencies from alterations caused by the environ-
mental effects like temperature or humidity change. The uncertainty of experimental evaluation of damping ratios is
typically high; therefore, they can be effectively used for damage detection purposes only in case of large damage
severities. Finally, there are the mode shapes which can be measured accurately, and they are only moderately sensi-
tive to the environmental changes. In addition, they provide spatial information about the investigated structure
which is very important from the damage localization perspective. For this reason, mode shapes have been success-
fully used in the past for damage detection and localization purposes.”'* One of the particularly robust and effective
methods in this group is based on the spatial analysis of modal filtration."*™*> The practical limitation for the applica-
tion of mode shape-based approaches is the required spatial density of sensors, especially for the techniques based on
the mode shape derivatives.'®!” In case of contact vibration sensors, this limitation can be both technical (i.e., mass
loading of sensors and cables) as well as economical (i.e., costs rapidly increasing with the number measurement
channels). These problems can be mitigated with use of noncontact vibration sensing techniques, especially with the
rapidly developing vision-based methods.

Noncontact methods using local positioning®'® and vision systems®**! for vibration sensing are gaining attention
for many civil and mechanical engineering applications related to Nondestructive Testing and Evaluation (NDT&E)
and Structural Health Monitoring (SHM). Vision-based methods provide a global insight into the structures’ dynamics
eluding large and complicated instrumentation. Moreover, the spatial information is managed in a full-field manner,
which could greatly benefit the efficiency of mode shape-based damage detection methods. Some studies performed lab-
oratory test under controlled conditions. Feng and Feng®” identified natural frequencies and mode shapes of a 1D beam
using a vision sensor and validated them for cost-effective SHM. Wu et al.*® performed 2D measurement on a reduced
scale frame providing two approaches for improved calibration. Bridges or civil structures have been also under study
using vision systems. In these works, different image processing methods for in-plane displacements were compared
like 2D-DIC, pattern matching and edge detection®* or also with a radar interferometer.>> Pan et al.*® developed a real-
time system to measure vibration displacements in bridges by reducing image processing time.

The previous studies provide contactless measurements but do not take advantage of the full-field information
because of employing optical targets to measure at discrete points. In this sense, Sarrafi et al.*” employed phase-based
motion estimation using complex steerable pyramid filters®® for detecting changes in natural frequencies and full-field
operational deflection shapes by additive masses in turbine blades. Fractal dimension was employed by Yang et al.* for
reference-free damage location in mode shapes from phase-based motion estimation.

However, none of the mentioned methods are able either to perform 3D measurement; thus, they are limited to
reduced cases. Conversely, the three-dimensional Digital Image Correlation (3D-DIC), which is one of the most robust
and reliable techniques of vision-based vibration sensing, offers the possibility of measuring three spatial components
of vibrations. This technique provides the characterization of 3D displacements in a full- field manner based on the 3D
triangulation of the pattern recognition from stereovision.

The high frame rate performance of high-speed cameras allowed it to be employed in structural dynamics.* Par-
ticularly, many studies have explored the capabilities of this technique for modal analysis*'>* and compared with tra-
ditional sensors, Scanning Laser Doppler Vibrometry (SLDV)**® or Electronic Speckle Pattern Interferometry
(ESPI).*” Some studies have performed vibration and modal identification on rotating elements like discs*® or helicop-
ter blades.® According to limitations of this technique at high frequencies because of the displacement amplitude
reduction, Molina-Viedma et al. studied the combination of phase-based motion magnification and 2D/3D-DIC espe-
cially to visualize higher frequency deflection shapes.*>** Motivated by the large amount of data generated in these
studies, Chang et al.** performed a combination of compressed sensing and shape descriptors decomposition to com-
press DIC vibration data for operational modal analysis. They achieved an efficient methodology with significant com-
pression ratio. Recently, Molina-Viedma et al.** performed a comparison of conventional 3D-DIC with an alternative
single-camera version consisting of the combination of Fringe Projection and 2D-DIC (FP + DIC). The study evalu-
ated the 3D modal response of a large aeronautical panel with both techniques. Despite the limitation of the single-
camera system, it was proved a cost-efficient alternative for lower frequency analysis. In these studies, the lower sensi-
tivity of the technique regarding sensors was evidenced, but, instead, the unprecedented spatial resolution was empha-
sized, what is especially relevant for mode shapes characterization. That makes the technique particularly attractive
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for vibration-based damage detection. In a first approach, Felipe-Sesé and Diaz** developed a methodology for damage
detection based on changes in full-field mode shapes measured by means of FP + DIC. However, localization of dam-
age was not investigated.

The main novelty of this research study is the use of HS 3D-DIC combined with local modal filtration to detect and
localize damage. Due to the very dense grid of measurement points obtainable by HS 3D-DIC, the analysis of accuracy
of damage localization was performed depending on the measurement points group size used to build local modal fil-
ters. The efficacy of the approach is demonstrated in a laboratory frame structure with localized damage of different
severities. Both numerical simulations and experimental measurements are used to demonstrate the efficacy of the pro-
posed approach. The paper is organized in the following way: Section 2 discusses the theoretical background of the pro-
posed approach including the applied modal filtration scheme and high-speed vision-based vibration sensing; Section 3
describes the test structure and its numerical model, followed by the results of damage detection and localization on
simulated data; Section 4 discusses the experimental arrangements and test scenarios, followed by the presentation of
experimental results; finally, the paper is concluded in Section 5.

2 | THEORETICAL BACKGROUND
2.1 | Modal filtration

The modal filter is a tool related to the modal model of a structure. It is a spatial filter that removes all structural modes
from the frequency response of the system except the one to which the filter is set. Mathematically, this filtration is rep-
resented by the following formula:

n(@) =y, {x(w)}, (1)

where y, is an rth reciprocal modal vector and x(w) is a vector of system responses. The output characteristic of such a
filter has only one peak related to the rth natural frequency to which the filter was tuned. Furthermore, the modal coor-
dinates #, may by scaled to a known input, and the FRF is calculated also with only one maximum value.

The idea to use a spatial filtration for damage localization was first described by Mendrok and Uhl**'* and
Tondreau and Deraemaeker'® as an extension of the damage detection algorithm based on modal filtration.*>™** The
modal filter was originally developed for the purpose of vibrations control.*’ Soon a number of other applications were
found, such as identification of excitation forces, comparison of modal models, and structural health monitoring.SO
Deraemaeker and Preumont*® used modal filtration for damage detection for the first time. Their idea was based on
modal filtering of the frequency characteristics of the object in the current state with a modal filter coefficients identi-
fied with use of the data collected in the reference state. The method showed to have great potential due to several
advantages, including the simplicity of calculations, low computing power required, data-based diagnosis (except the
modal filter identification step), and the robustness against the change of external conditions. In addition, the results of
this approach were easy to interpret. The method was further developed to allow its use for operational data.*®*” A
basic idea of modal filtration applied to damage detection is presented in Figure 1.

Modal filter coefficients are determined for the undamaged state (modal parameters indexed with n in Figure 1).
Therefore, in this case, orthogonality holds between the relevant modal vectors and the selected modal filter coeffi-
cients. Hence, when the frequency characteristics of the object are subjected to modal filtration, the output shows a fre-
quency characteristic with only one peak. When structure incurs damage, it results in the change of the modal
parameters (indexed with d in Figure 1). The key issue here is the change of modal vectors, which are no longer orthog-
onal to the modal filter vectors. The lack of the orthogonality spoils the quality of the filtration and additional peaks
appear in the output frequency characteristic.

The extension of this method for damage localization takes into account the fact that damage, in most cases,
only disturbs the mode shapes locally, which can be used for localization purposes. Therefore, the test structure is sub-
divided into multiple areas where vibrations are measured. Separate local spatial filters are built for data belonging to
the specific areas of the sample. In the areas without damage, the shape of modes does not change significantly, and
the modal filter maintains its filtering property. When a group of sensors located in the area of the damage is consid-
ered, mode shape is there disturbed, and the spatial filter does not perfectly filter the measured characteristics. The
graphical presentation of this approach is presented in Figure 2.

13,14
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FIGURE 1 Idea of damage detection with modal filter. Upper row represents the reference undamaged case; lower row represents the
damaged case

FIGURE 2 The concept of damage
detection and localization using modal filtration.
For a damage localized in section n-1, the
quality of modal filtration deteriorated as
opposed to healthy areas (e.g., I and n). Black
solid line indicates the response of the modal

filter in the reference state; solid dashed line
indicates the response of the modal filter in the
damaged condition

In order to parameterize the damage localization results, the Damage Index (DI) was introduced. It is provided by
Equation 2:

Y (@) = rep(@)|deo

DI=
LZf Xpef (@) deo

: (2)

where w is the lower limit of the analyzed frequency band, wyis the upper limit of the analyzed frequency band, x; is
the frequency response in the current state, and x,.yis the frequency response in the reference state.

The DI is computed only for the frequency bands directly surrounding the natural frequencies of the monitored
object, except the one to which the spatial filter is tuned. Typically, the width of the consecutive frequency intervals
amounts to 10-50 spectral lines on both sides of the natural frequency (depending on the damping coefficient and
frequency resolution of the measurements). For convenience of interpretation, the results are frequently presented in
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the form of bar charts, where the amplitude of successive bars indicates the DI value for the subsequent groups of
sensors (areas).

It has been proved in Zhang et al.”® that the minimum number of sensors required to formulate an effective modal
(spatial) filter is equal to or greater than the number of mode shapes in the frequency band of interest. Thus, by limiting
the frequency band of the analysis to the first two mode shapes, it would be possible to build filters for areas covered
with only two sensors. This would increase the accuracy of damage localization. In practice, however, to construct the
modal filter for two modes, the data from at least four sensors have to be used.'* The accuracy of damage localization
depends then on the measurement grid density. In the case of using conventional sensors, e.g., accelerometers, this
results in a significant increase in monitoring costs or a loss of system spatial resolution. The use of full-field vision-
based measurements alleviates these limitations and offers a great potential for damage detection purposes.

2.2 | High-speed three-dimensional digital image correlation

Digital Image Correlation (DIC) is an optical technique that provides full-field displacements from a set of digital
images.”"> It performs a tracking through the image sequence of small squared areas, as a result of dividing the region
of interest, known as facets (Figure 3). The tracking is based on the correlation of the intensity of light of the facets after
loading with respect to the reference image, as they are displaced and deformed as a consequence of the structure defor-
mation. Therefore, the facet whose central pixel is P in the reference image is identified in the subsequent images by
finding that pixel whose facet yields the maximum correlation coefficient. As a result of performing the correlation pro-
cedure for every facet, a map of displacements is obtained with a high spatial density. To enable the tracking, every
facet must have an unequivocal and distinct intensity distribution; thus, the specimen surface is commonly coated with
black and white paint to generate a gray scale random pattern known as speckle.

Under this basis, two measurement scenarios are possible, depending on the desired dimensionality of the vibration
sensing. The 2D version is employed for in-plane measurements using a single camera and only a pixel-mm factor is
required for calibration. Including a second camera for stereovision, a 3D analysis can be performed. In this case, a more
complex calibration is required consisting in both intrinsic parameters and extrinsic parameters that represent the rela-
tive location, ¢, and orientation, R, of both cameras and a common world coordinate system, as illustrated in Figure 3b.

High-speed cameras have spread the field of application of DIC to a wide range of dynamic events. Providing frame
rates of the order of thousands frames per second (fps) with maximum image resolution, high-speed cameras make it
suitable for vibration and modal analysis of a wide variety of structures with resonance frequencies in such a frequency
range. Therefore, vibration-based damage detection can also be explored.

3 | TESTSSTRUCTURE AND FINITE ELEMENT MODELING

The test sample was a bolted frame structure depicted schematically in Figure 4. The overall dimensions of the frame
were 1,000 X 660 X 120 mm. The frame was composed of two vertical steel beams with cross-sectional dimensions of
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FIGURE 3 (a) Schematic of the optical arrangement for 3D-DIC measurement. (b) Transformation between cameras 1 and 2 and the
world coordinate system, w
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FIGURE 4 Schematic of the analyzed frame structure

10 x 40 mm and the total length of 590 mm and a horizontal aluminum beam with cross-sectional dimensions of
10 X 30 mm and the total length of 870 mm. The beam members were clamped with steel blocks and bolted together.
The base of the frame was fixed to the ground by eight bolts, four for each of the feet.

Based on the geometrical model of the test structure, a numerical model was prepared in order to perform initial
analyses of the mode shapes for reference and damaged conditions. The goal of this exercise was to verify the validity of
the modal filter-based damage localization in the idealized case of noise-free mode shape data. In addition, the numeri-
cal simulations were used to evaluate the influence of the localization algorithm parameters (such as the choice of the
mode shape and size of the sensors group) on the performance of damage detection and localization.

The geometry of the frame was modeled using MSC. Patran FE preprocessor and discretized using 40,000 3D linear
hexahedral elements. The model is shown in Figure 5. The analysis involved the following material parameters:

« Material 1: E = 210 GPa, v = 0.30, p = 7.85 g/mm?,
« Material 2: E = 70 GPa, v = 0.33, p = 2.7 g/mm’°,

where E is the Young's modulus, v is the Poisson's ratio, and p is the density.

Material 1 was assigned to the vertical and connection elements of the frame, whereas material 2 was assigned to
the horizontal frame member. Damage in the horizontal member was modeled by removing from the model a row of
finite elements along the X-axis as shown in Figure 5. There were six elements across the thickness of the beam;
therefore, removing a single row of elements resulted in a 1.67 mm (~17%) thickness reduction. This can be seen in

FIGURE 5 Schematic of the numerical model demonstrating
the location of simulated damage
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the insert in Figure 5. Removal of subsequent rows of finite elements resulted in thickness reductions of 34% and
50%, respectively. The notch was located at the distance of 454 mm from the left end of the beam as shown in
Figure 5.

Natural frequencies and mode shapes of the frame were obtained by solving the free undamped vibration problem.
The equations of motion can be formulated as

[M|{it} + [K]{u} =0, (3)

where [M] is the mass matrix, [K] is the stiffness matrix, {u} is the displacements vector, {ii} is the accelerations vector.
Equation 3 can be solved assuming the solution of the form

{u} ={¢}sinwt, (4)

where {¢} is an eigenvector and w is the circular natural frequency of vibration. Substituting Equation 4 to Equation 3
yields

-w*[M]{¢}sin(wt) + [K]{¢}sin(wt) =0, (5)
This can be rewritten in a simplified form as

(K] - o*[M]){$} =0, (6)

It is well-known that the above set of equations can be satisfied when {¢} = 0 or when |[K] — ®*[M]| = 0. The former is a
trivial solution, representing the case when no motion occurs. The latter can be investigated to find the solutions. The
determinant |[K] — »?[M]| becomes zero at a discrete set of eigenvalues ;> that are accompanied by the corresponding
eigenvectors {¢;}. Each pair of eigenvalue and eigenvector represents a free undamped vibration mode of the plate. The
frequency of vibration f; equals w;/2z. The eigenvectors {¢;} are mutually orthogonal meaning that vibration mode
shapes described by the eigenvectors are unique and cannot be described by a linear combination of other mode shapes.
The mode shapes that are calculated are arbitrarily scaled, as there is no forcing on the right hand side of Equation 3.
The work presented in this paper assumes the mass normalization of eigenvectors, i.e., the eigenvectors, fulfill the
formula

{¢:}M){¢;} =1, (7)

Several techniques can be applied for the solution of an eigenproblem. In the present study, the Lanczos algorithm was
applied, as it is proven to accurately compute a discrete set of eigenvalues and eigenvectors for medium and large size
FE models. It is also important to note that the algorithm used does not miss any roots and offers very good numerical
performance.

The MSC.Nastran FE solver was used to perform computations. The normal modes solution (SOL103) was applied
to find vibration mode shapes of the frame in both damaged and undamaged state.

3.1 | Damage identification using modal filtration

The analysis was performed for the lowest damage severity, i.e., when only one row of nodes was removed resulting in
17% thickness reduction. A line of nodes placed in the middle of the horizontal beam width on their upper surface was
selected for the calculations. Only vibrations in the vertical Z direction were analyzed. For localization purposes, nodes
were grouped without overlapping. Four different scenarios were considered with group sizes of 50, 30, 15, and 5 points
respectively. Mesh density along the length of the beam was equal to 1 mm; therefore, the group sizes were equivalent
to the spatial filter sizes expressed in millimeters.

In the first step, the analysis of the influence of the mode shape number to which the modal filter was tuned on the
localization effectiveness was performed. The results of these analyses considering the group size of five nodes are pres-
ented in Figure 6.



8 of 16 WI L EY MOLINA-VIEDMA ET AL.
(a) (b)

Simulation, mode shape no. 1, damage 17% Simulation, mode shape no. 2, damage 17%

Damage index
Damage index

!

Group number Group number

[} t i i i { i i | t t t t * t t i
0 730  [mm] 0 730 [mm]
(©) (d)

Simulation, mode shape no. 3, damage 17% 1 Simulation, mode shape no. 4, damage 17%

Damage index
Damage index

Fas -l
G"rnup number G g . z G;aup number
I ¥ + t } » t t 1 | t ¥ 1 t - 4 t 1
] 730  [mm] [ 730 [mm]
(e) ()
Simulation, mode shape no. 5, damage 17% Simulation, mode shape no. 6, damage 17%
3
N
o« B &
3 ]
H H
£ £
a ]
100 2 & ] x « 80 B¢
Group number Group number
F t t + t - t 1 1 + + + + L 1 t 1
0 730  (mm] 1} 730 [mm)]

FIGURE 6 Results of the modal filter based damage localization for different choices of filtered mode shapes. Figures from a to f
represent mode shapes from 1 to 6, respectively. The inserts in the top left corner show the modal filter response for an undamaged frame
(solid blue line) and for the damaged frame (dashed red line). The inserts in the top right corner present the associated mode shapes. The
scale at the bottom of each figure shows the actual span of the horizontal beam member with damage indicated with the red marker

The analysis indicated that the modal filter tuned to the first mode shape gives the best results. The value of damage
index DI is high; the elevated DI level is present only around the damage location, and it provides an accurate localiza-
tion of damage (without splitting). Positive results were also returned by filters tuned to modes number 4 and 5. Also,
in these cases, it can be attributed to the associated mode shape involving bending of the horizontal beam member in
the YZ plane where the damage was introduced. The filters tuned to modes 2 and 3 provided an indication of the loca-
tion of damage; however, the values of the DI are very low. Most likely in the presence of measurement noise, these
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modes would not yield satisfactory results. Finally, the modal filter tuned to mode number 6 was not sensitive to this
type and location of damage at all. The results were also consistent for larger damage severities (34% and 50% thickness
reduction) considered in the model. Therefore, modal filters tuned to mode number 1 were used for further numerical
and experimental analyses.

In the next step, the localization accuracy was studied as a function of the number of nodes in a group. As men-
tioned earlier, group sizes of 50, 30, 15, and 5 nodes were considered. The group sizes were equivalent to the spatial fil-
ter sizes expressed in millimeters, because of the mesh density equal to 1 mm. The results of the analysis are
summarized in Figure 7. Damage indicator bar plots are plotted for each of the considered group sizes; red vertical
curve in the plots indicates the true location of damage. In all cases, the localization of damage is unequivocal; how-
ever, the precision of localization increases with the decrease of the group size. For modal filters constructed with
50 points in a group, we can identify the location of damage in the region of the nonzero values of the DI (bins number
9 and 10) that is between 400 and 500 mm, whereas the true location of damage was at the distance of 454 mm. The
peak of the DI is shifted to the right with respect to the true location of damage, which can be attributed to the fact that
the mode shape after introducing damage does not change symmetrically, which is revealed by the local DI values. For

(a) (b)

Simulation, mode shape no. 1, group size 50 Simulation, mode shape no. 1, group size 30

ge Index
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1 2 3 4 g 6 7 8 9 1w 1 1 13 14 0 5 10 15 20

Group number Group number
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FIGURE 7 Damage localization accuracy as a function of the group size used to construct the modal filter: (a) 50 points, (b) 30 points,
(c) 15 points, and (d) 5 points. The analysis was performed for the first mode shape shown in the inserts in the top left corner of each figure.
The scale at the bottom of each figure shows the actual span of the beam member with damage indicated with the red marker
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modal filters constructed with 30 points in a group damage, the same pattern holds indicating the location of damage
between 420 and 480 mm. For modal filters constructed with 15 points in the location, damage can be identified
between 435 and 480 mm. Finally, for modal filters constructed with 5 points in a group, the location damage can be
identified between 440 and 470 mm. The analysis indicates that for the case under consideration, starting from the size
of group 15, the accuracy of damage location does not increase. In all cases, the highest peak is shifted to the right-hand
side with respect to the true location of the damage. The mode shape area disturbed by the damage is much larger than
the damage itself, and this determines the accuracy of the localization.

4 | EXPERIMENTAL INVESTIGATION

For the application of damage identification using modal filtration, a modal identification using HS 3D-DIC was per-
formed. The test structure was excited laterally using an electrodynamic shaker, as shown in the Figure 8, with a white
noise signal bandpass filtered from DC to 256 Hz. The response of the horizontal member was monitored by two high-
speed cameras model Phantom v9.1. The focus was placed on the frontal surface of the horizontal beam member.
Despite the predominant in-plane motion of the frame, the 3D system was set to perform the general measurement
case. Images were recorded at a frame rate of 512 fps with 400 ms (1/2,500 s) of exposure time. A load cell was
employed to monitor the excitation. The acquisition was synchronized with the cameras by connecting the signal gener-
ator with the camera controller.

3D-DIC was employed to infer the deformation experienced by this member during the excitation. According to
the technique's requirement for accurate measurements,” a random pattern was painted based on black speckles
with a white background. The region of interest was divided in facets of 11 pixels size and employing an overlap
step of 2 pixels, each of which represents a measurement point. Considering the predominant bending behavior of
the member, vertical displacements were only investigated. To reduce redundant information and make it a 1D
problem, a vector of spatial measurements were obtained by averaging along the thickness, assuming negligible vari-
ations in that direction. As a result, the beam was experimentally modeled as line of 675 points, resulting 1.08-mm
spacing.

Measurements were performed in the frame structure in both undamaged and damaged states. Different damage
severities were made as a transversal notch in the upper face. Three different depths of the notch were considered,
namely, 0.8, 2.5, and 4 mm, which were equivalent to 8%, 25%, and 40% thickness reduction, respectively. Similarly to
the simulated case, the notch was located 454 mm away from the top left clamp, as shown in Figure 5. The size of
groups for local modal filters was selected in such a way that their spatial dimensions were comparable with these
of simulation.

The time histories of vertical displacements were evaluated along with the force signal to infer the modal behavior
of the horizontal beam member. Based on the processed time domain data, the Frequency Response Functions (FRFs)
were estimated using the VIOMA toolbox.” The following processing parameters were used: estimator, H1; time win-
dow, Hann; frequency resolution, 0.5 Hz; overlapping, 50%; number of averages, 11. The calculated frequency domain
data for the undamaged frame and the subsequent damage stages were used as the basis for modal filtration.

HS cameras Light source

FIGURE 8 Experimental setup for HS 3D-DIC measurement under white noise random excitation
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4.1 | Results

Damage detection and localization were performed based on the acquired and processed high-speed DIC full-field mea-
surements. In the frequency band from 0 to 256 Hz, five resonant modes were identified, of which the first mode at
12.61 Hz was selected for damage detection and analysis as indicated by the numerical study. In the first step, it was
assumed that the size of the local modal filters will be equal to 20 measurement points. This allowed to compile
33 groups of virtual sensors. The size of each group was equal to approximately 22 mm. Figure 9 shows the results of
damage localization using this configuration for the subsequent damage stages from 0.8 mm through 2.5 mm to the
final depth of 4 mm.

As can be seen in Figure 9, damage can be correctly localized at all levels by looking at the peak value of the DI. For
all levels of damage, the increased value of the damage index occurs in group number 24, i.e., slightly to the right-hand
side from the actual location of the damage indicated by the vertical red line in each figure. This phenomenon can also
be observed for simulation data and results from the way the mode shape changes under the influence of the notch. For
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FIGURE 9 Results of the damage detection and localization process for the consecutive damage levels: (a) 0.8 mm, (b) 2.5 mm, and
(c) 4 mm. Local modal filter applied with 20 measurement points in a group. Red vertical lines in the figures indicate the true position of
damage
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the most shallow cut (0.8 mm), there is an additional peak in bin number 22, but with larger severities of damage, the
localization becomes more unequivocal.

To increase the resolution of damage localization, the number of virtual sensors in each group was reduced to 10.
This results in the spatial span of each group of approximately 11 mm and the total number of groups equal to 66. The
results of damage detection and localization for this configuration and the consecutive damage levels are presented in
Figure 10.

For this group size, the indication of damage location is even more precise. It should be noted, however, that the
number of groups for which the DI values significantly exceed the background level also increased. These high values
of the DI are present also away from the true location of damage, which can be attributed to the presence of measure-
ment noise which is more influential for the smaller group sizes.

Finally, the analysis was carried out for a group size of 5 measurement points, equivalent to a filter size of 5.5 mm.
The results of damage detection and localization for this case and for the consecutive damage levels are shown in
Figure 11.
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FIGURE 10 Results of the damage detection and localization process for the consecutive damage levels: (a) 0.8 mm, (b) 2.5 mm and
(c) 4 mm. Local modal filter applied with 10 measurement points in a group. Red vertical line in the figures indicates the true position of
damage
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FIGURE 11 Results of the damage detection and localization process for the consecutive damage levels: (a) 0.8 mm, (b) 2.5 mm, and
(c) 4 mm. Local modal filter applied with 5 measurement points in a group. Red vertical line in the figures indicates the true position of
damage

In this case, the total number of groups was 133. As can be seen, in this case, the localization was not successful and
even the largest severity of damage could not be detected. This is on the contrary to the simulated data where local modal
filters with 5-mm spatial size were still providing correct results. This fact can be attributed to the presence of measurement
noise which was absent in the numerical data. As expected, the effect of measurement noise is more pronounced for the
lower group sizes used to construct local modal filters. This could be potentially improved in the experimental data by
lengthening the image registration time and allowing for more averaging. Ultimately, however, the measurement noise will
always be the decisive factor when comes to the reduction of the spatial filter size and the precision of damage localization.

5 | CONCLUSIONS

In this paper, we have discussed the theoretical and experimental framework for damage detection and localization
in engineering structures based on the high-speed digital image correlation and local modal filtration. We have
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demonstrated, both numerically and experimentally, that it is feasible to use local modal filters in combination with
full-field vibration measurement to detect and localize damage in a nontrivial case of a buildup frame structure. The
method is based on the retrieval of full-field vibration data using digital image correlation of a high-speed video
sequence acquired under the random vibration excitation, which is of high practical relevance. Local modal filtration
allows not only to detect but also to localize damage in a structure with the accuracy dependent on the spatial size of
the applied modal filter.

We have demonstrated that the proposed approach can be successfully used in experiments to detect and localize
damage ranging from 8% to 40% of the cross section of a beam member. The choice of the size of the local modal filter
determines not only the precision of damage localization but also the sensitivity to the measurement noise. In the case
of simulated data free from the noise, size of the local modal filter can be reduced to only a few measurement points all-
owing for very precise localization of damage. In the case of experimental data, reduction of the spatial dimension of
the local modal filter is limited by the increasing influence of the measurement noise, as expected. Nonetheless, the
accuracy of damage localization down to a few millimeters can be achieved for a measurement area of approximately
1 m? with the available high-speed cameras.

On the basis of the results reported in this study, we believe that the proposed approach has a great potential for
practical engineering applications. Further investigations are planned to verify the effectiveness of this approach on
large scale engineering structures and in case of multiple localized damages.
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