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Abstract: In this contribution an influence of random contrast patterns creation on the quality of the obtained results of experimental modal
analysis performed by high-speed digital image correlation is described. Three common forms of random pattern creation were investigat-
ed. While the first form was presented by the black speckles printed on white matt vinyl foil and bonded on the sample surface, in the sec-
ond and the third case, respectively, the black speckles were sprayed on white sprayed sample surface or on paint white one. For the pur-
poses of modal parameters estimation in the form of natural frequencies, mode shapes and damping ratios the program called Modan3D,
developed in the authors department, was used. The results obtained by Modan3D were compared with the results achieved by system

Pulse specialized for vibration analysis.
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1. INTRODUCTION

Three-dimensional digital image correlation is a modern ex-
perimental method for investigation of displacement fields and
strain fields. It is based on a comparison of digital images cap-
tured from at least two stereoscopically located CCD cameras
(Fig. 1) among each other and in time, respectively (Trebufa
and Sim&ak, 2007; Chen et al., 2013).
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Fig. 1. 3-D digital image correlation system
with stereoscopically located CCD cameras

The comparison of images (correlation) is performed on small
picture elements called facets, which should be unique.
The facets uniqueness is ensured by the creation of random black
and white contrast pattern on the investigated object surface. After
object loading the displacements in two perpendicular directions x
and y are investigated by the using of pseudo-affine transfor-
mations (1), (2) of the nodal points of user defined virtual grid
(Herbst et al., 2005) (Fig. 2):

x¢(ag, aq,ay,a3,%,y) = ayg + a1 x + a,y + azxy (1

Ve(ay, as, ag, az,x,y) = a4 + asx + agy + a;xy (2)
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where: x; , y, — transformation coordinates, a,, a4, a,, ..., a; —
transformation parameters, x , y — point coordinates.

Transformation parameters are determined by minimizing the
difference between the observed intensity of grey pattern
G, (x,y) in the deformed image and the intensity of original pat-
tern G, (x,y) with the application of the photogrammetric correc-
tions as follows:

__min E [1G1 (6, ) = go = 91G2 (e 6, ), v e, ) |
0,527,901 p
©)

where: g, , g, — illumination parameters.
The strain fields are subsequently determined by the analysis
of local facets curvatures.
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Fig. 2. Object surface with random pattern, facets and virtual grid

In this contribution we investigate the influence of three com-
mon forms of random surface pattern creation on the quality
of reached results of experimental modal analysis (Made;
and Sitek, 2011; Trebuna et al., 2012) performed by high-speed
digital image correlation system Q-450 Dantec Dynamics.

Although the manufacturer declares that this system can be
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used for the purposes of vibration analysis, software Istra4D
delivered with Dantec Dynamics correlation systems does not
include a module for modal analysis.

For this reason we have created the program called Modan3D
serving for experimental (Treburia and Hagara, 2014) and opera-
tional modal analysis (Trebufia et al., 2013) interpretation per-
formed by modified high-speed digital image correlation system

(Fig. 3).
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Fig. 3. Modified correlation system for experimental modal analysis

2. EXPERIMENTAL MODAL ANALYSIS OF A PLANE
SPECIMEN PERFORMED BY DIGITAL IMAGE
CORRELATION

The influence of different surface random patterns on the
quality of modal parameters estimation was observed on a flat
beam made of common construction steel of dimensions depicted
in the Fig. 4. The specimen was aside fixed by two screws to
a massive console.
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Fig. 4. Dimensions and fixation of the investigated specimen

The creation of the pattern was successively realized by sub-
sequent most common methods:
— Pattern1 - random pattern with maximal speckle diameter
of 2 mm printed on vinyl film (Fig. 5);

Patternl
Average Grey Value: 73.11-

Grey Value
— | |

t e
0 50 100 150 200 250

Fig. 5. Investigated Pattern1 with its histogram, average grey value
and yellow square representative the facet size used for evaluation
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— Pattern2 - random pattern with maximal speckle diameter
of 5 mm sprayed on sprayed white sample surface (Fig. 6);
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Fig. 6. Investigated Pattern2 with its histogram, average grey value
and yellow square representative the facet size used for evaluation

— Pattern3 - random pattern with maximal speckle diameter
of 1.5 mm sprayed on painted white sample surface (Fig. 7).
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Fig. 7. Investigated Pattern3 with its histogram, average grey value
and yellow square representative the facet size used for evaluation

The sampling frequency of high-speed cameras with resolu-
tion of 1280x800 px was set to 5000 fps. For the acquisition time
of 1 s the system captured 5000 snapshots. All the measurements
were realized by the same light conditions and evaluated by the
same settings of correlation parameters. Each measurement was
performed three times (Fig. 8). Synchronization between record-
ing of the snapshots and the analog output of the hammer was
ensured by the sampling of the synchronization signal of the
cameras. Facet size used for evaluation was set to 15 px and the
size of virtual grid was 12 px.

Fig. 8. Cameras configuration with measured specimen

The obtained data exported from the software Istrad4D
in a form of HDF5 files were subsequently processed in the pro-
gram Modan3D, into which the files with the data about force
impulse from the modal hammer were imported as well. Modan3D
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in accordance to a principal block scheme visible in the Fig. 9
estimated the examined modal parameters and depicted the
corresponding mode shapes.
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In the figures depicted below it is possible to see the courses
of CMIF (Complex Mode Indicator Function) (Fig. 10) and NMIF
(Normal Mode Indicator Function) (Fig. 11) (Allemangr and Brown,
2006; Brandt, 2013; Trebuna et al., 2012,), which elements were
determined from the average elements values of the FRFs (Fre-
quency Response Functions) obtained from each of three meas-
urements evaluated by Modan3D.

Fig. 9. Algorithm of the program Modan3D

20

Magnitude [dB]

204

— pattern1
pattern2

. M‘/M -~ pattern3

600 800 1000 1200 1400 1600 1800 2000
Frequency [Hz]

Fig. 10. Complex mode indicator functions obtained by Modan3D
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Fig. 11. Normal mode indicator functions obtained by Modan3D

For the purposes of the results verification an experiment with
the system Pulse specialized for vibration analysis was done.
The response in a form of velocity was recorded in 45 chosen
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sample surface points by laser-Doppler vibrometer and the excita-
tion was realized in one point with the same modal hammer
(Fig.12). The results of the analysis in a form of CMIF can be seen
in Fig. 13.

Fig. 12. Forty five measured response points and the point of excitation
(point 41)
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Fig. 13. Complex mode indicator function obtained by Pulse

As the digital correlation system Q-450 sampled the dis-
placements in ca. 3240 nodal grid points and the vibrometer
sampled the velocity in 45 points, the experimental results verifi-
cation consisted only in a comparison of particular natural fre-
quencies and corresponding mode shapes.

In the following tables it is possible to see the amount of natu-
ral frequencies obtained by the experimental methods mentioned
above and the comparison of damping ratios (Hufiady et al. 2012)
determined by Modan3D.

Tab. 1. Natural frequencies obtained by Modan3D and Pulse

Method | 1.mode | 2. mode | 3.mode | 4. mode | 5. mode
DIC 52 Hz 310 Hz 735Hz 862 Hz 1676 Hz
Pattern1
DIC
53 Hz 314 Hz 743 Hz 880 Hz -
Pattern2
DIC
Pattern3 55Hz 329 Hz 920 Hz -
Pulse 51Hz 309 Hz 735Hz 861Hz | 1676 Hz
Tab. 2. Comparison of damping ratios obtained by Modan3D
Method | 1.mode | 2. mode | 3.mode | 4. mode | 5. mode
DIC | 00002 | 00020 | 00010 | 0.0019 | 00032
Pattern1
DIC | 00105 | 00120 | 00158 | 0.0198 .
Pattern2 ' ' ' '
DIC
Pattern3 0.0223 0.0202 0.0205 -
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For the comparison we introduce also some mode shapes ob-

tained by program Modan3D (Fig. 14) and system Pulse (Fig. 15).
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Fig. 14. Mode shapes obtained by program Modan3D

Fig. 15. Mode shapes obtained by system Pulse
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3. CONCLUSION

It is useful and time-saving to use the high-speed digital image
correlation method as amodern noncontact full-field way
for vibration analysis. By the use of the system with two stereo-
scopically located CCD cameras it is possible to investigate espe-
cially flat samples or samples with reasonably curved surface.
By the random pattern application it is necessary to take into
account its influence on the modal parameters estimation. While
the use of vinyl foil with printed pattern bonded on the sample
surface does not affect the results, the use of common random
pattern creation forms (sprayed or painted pattern) influences the
number of excited and evaluated modes and alters the values
of natural frequencies as well. We consider the advantages of
printed pattern by experimental modal analysis in its homogeneity,
creation simplicity, adaptability of maximal speckle radius to the
size of investigated samples and last but not least in the minimiza-
tion of health risk related to the use of dyes.
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