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Abstract: The paper deals with a description of the aspecttress analysis performed by 2D or 3D digitahgm
correlation system. It describes the differencesvben the types of smoothing used in Istra4D thah isoftware
commercially delivered with correlation systems BarDynamics. The analysis was performed on flatispen made
from PSM-1 material used in photoelasticity methigyglloading of the specimen in form of three-pdiehding, a proper
dependence between the facet size set for cooelatithe images and level of local regressioeffi{tharacterized by a
kernel size) was found. The finding for mentionepehdence was realised by comparison of the resitiftshe results
obtained numerically in Ansys Workbench 17.0.

1 Introduction
The full-field deformation/stress analysis perfochiy In case of spatial deformation analysis, the catit
digital image correlation method requires the fsene or ~ System has to contain more cameras (Figure 2).e/thé
more digital camera(s) with image resolution adegipa concurrent between the image plane of single-camera
realized measurement. While the specimens of comméhstem and the analysed specimen surface leadseto t
sizes (m range from several mm2 to several mzmw occurrence of some Co_rrelatlon errors, the !JSG afem
analysed using standard digital image correlatimiesns Cameras system (even in case of 2D analysis) ave®o
consisting CCD cameras with image resolution oesaly this drawback [1-3].
Mpx, the analysis of micro-objects are performed by
specially design correlation systems similar to mﬁge plane i
microscopes. Correlation system consisting in amera ghnetE ’

Image plane

f the camera2

(Figure 1) theoretically suffices for the analysisplane
deformation [1-3].

Image plane

of the camera.a

Speckle-pattern

Specimen
) surface )
Speckle-pattern Figure 2 The scheme of two-camera (3D) correlaipstem

y Already two-camera system can be used for anadysis
Facets the specimens with curved surface. For a purposegbf
accuracy and reliability of the results, the foarnera
system is able to realize both-sided deformati@lyais of
Specimen flat specimens and the eight-camera system (Fi@re

surface manages to evaluate the cylindrical shaped objecgats
Figure 1 The scheme of single-camera (2D) corretaystem circumference.
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G AN B A AR T

The results of deformation analysis performed by
Dantec Dynamics correlation systems are relatimalgh
influenced by a level of smoothing chosen by ther s
software Istra4D, which is control and test softevanf
mentioned correlation systems. The software allows
filtering the data using two functions. The firstep called

v/ RVA Smoothing splineworks globally on the data points and

\URPEES / VA ‘AR E serves mainly for investigation of areas with
Figure 3 The configuration of eight-camera system homogeneously distributed deformation. This funcfits
the object surface by the bi-cubic smoothing fuorcti

Digital image correlation method is based on thehereby it uses two boundary conditions for the
correlation of the digital images captured duripgagmen calculation of the spline functions. The first gglifunction
loading. It is performed along small picture eletsaralled minimizes the difference between the data point thed
facets. Commonly, the facet is a group of pixelshwi spline function and the second one minimizes thegial
squared shape and size from 15x15 px up to 30x30 mf curvature of all spline functions. In case oingsthis
however, the facet size can be adapted (increased type of smoothing, two parameters are set in |Etraghe
decreased) due to the type of the analysis. Tooperf Grid Reduction Facto(GRF) and th&smoothness factor
proper correlation of the images, it is necessargrisure (SF). If the GRF is increasing, the amount of meagu
the uniqueness of the facets, i.e. each facetchesrtain points is reduced and thus the obtained data avethed.
unique distribution of the pixels with differenvis of grey The SF influences the condition of surface smoathithe
value. The facets can touch or overlay themselugisthe higher this value is, the more filtered the data Based on
gap between them is not possible. As the informatimut the analysis performed by manufacturer of Dantec
the displacements of the analysed object are addaim Dynamics correlation systems, the following enciesu
nodal points of so-called virtual grid (the middlelsthe and recommendations for smoothing of object contour
facets), the overlay of the facets (see Figureefhrigs to displacements or strains usir§moothing splinewere
the ways how to improve the image resolution, ice. accepted [5]:
obtain more data points and thus to copy the serfiac * SF has the biggest influence on the filtering of
better way. contour and displacements,

» by the displacement analysis oversized SF causes
the higher level deviations — it smooths the whole
surface and thus the noise or artefacts located in
one part can affect the filtered data in anothet; pa

» by the strain analysis oversized SF causes the
devaluation of the results on the object edges,

* GRF has much lower influence on the results of
displacement and strain analysis as SF.

The default levels of mentioned factors are GREG= 2
and SF = -1.0. The recommended range of partitatsor
levels for the specimen with big or small gradiehthe
contour, displacements and strains is given indabl

virtual grid

Figure 4 a) Facets without overlay, b) Facets vatkerlay

The manufacturer of correlation systems Dantec_ 1able 1 The recommended settings for GRF and SF [5]
Dynamics recommends overlying the facets up tofifize __GRF S

facet size, because by such overlay the data paiatstill Big Small Big Small
independent [4, 5]. The bigger overlay causes, that gradient gradient gradient  gradient
neighboring data points lose independence. Thelaimi Contour  2.0-25 <30  -1,0(-05 <00
situation occurs, if the smoothing filter is apglien the  Disp!. 2.0 2.0 ca.-05 <00
data. The higher level of overlying, the higher liaeel of —Strains 2.0 2.0 ca.-05 =00
smoothing as well as the number of data points fsed
smoothing. However, the determination of more data,
even higher image resolution does not occur. Tke la
simplest way for the image resolution increasinghis
decreasing of facet size, however, it is limited thy
quality (fineness) of the speckle-pattern creatadtloe
analysed object surface.

The second type of filtering used in Istra4DLiscal
regressionwhich fits the 2D polynomial object surface to
3 order in the data. It is the type of smoothingrojted
for keeping of local extremes and essentially deteed
for smoothing of non-homogenous fields (the analysi
the specimen with stress concentrators, crackatiti,
etc.). Depending of the kernel size, set by the,lisés
possible to define the level as well as the type of
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displacements and strains smoothing. While thtsrfils to perform correlation of the images with
not activated, the strain is calculated from thf@heation sufficient range of chosen facet sizes,

of the facet. On the other hand, the higher thadiesize, « reach sufficient level of deformation in the
the higher the influence of deformation gradient fo surrounding of the stress concentrators even in
calculation of strains. Practically, by the sekefnel size laboratory conditions.

bigger than 7x7, the strain is determined just fribra

deformation gradient. As can be seen in Figure & an 160

Se16
Figure 6, where the typical differences obtainedneyuse F

of both smoothing filters are depicted, it is nseeyg to pay
attention by the choice of adequate type and lefel
smoothing. According to the information availabler f
authors, there is no rule, how to set the adedwate! size
by the evaluation of the experiments using locgtession
filter in Istra4D.

Figure 7 Shape and dimensions of the analysed seeci

The specimen was made from PSM-1 material with
thickness of 10 mm, used in photoelasticity mettiogdas
put into the loading frame, allowing the realisatas three-
point bending test and loaded in such way that the
displacement of the sphere-shaped spike reacheahrh.5
in the last loading step. For a purpose to minintlze
potential of errors, the analysis was repeatedettinees
using single-camera and two-camera correlatioresyst

The reference images captured by both mentioned
correlation systems with marked evaluation mask lman
seen in Figure 8. The pixel density for 2D analyg&s ca.
14.5 px/mm and for 3D analysis ca. 14.64 px/mm.

Figure 5 Smoothing of strain field with local contator
using: a) local regression, b) smoothing spline [5]

P eet -
BAAA. . danunBRA

a) b) .
Figure 6 Smoothing of homogeneous strain fieldgisay local
regression, b) smoothing spline [5]

2 Experimental assessment of proper level

of local regression
From mentioned reasons an analysis was perform
with aim to find a dependence between the facet aml
corresponding kernel size in such way, that thalte®f
the analysis reached towards the expected resutmall
difference as possible. Although the authors’ wiake
disposes of several full-field experimental teclues
(digital image correlation, electronic speckle-patt

interferometry as well as photoelasticity) it it®asy to  Numerical model consists in four bodies — the asealy
find such method, which can serve for effectivgpecimen made from PSM-1 material with Young's
comparison of the results of strain/stress anatysisigger odulus £=2.5GPa and Poisson ratiou =0.38, two

surface. Although the results from experimental efiaty . : . .
are often used for verification of the numericaldelg, in supports and the hemispheric spike made from etinl
steel (£=200GPaand x=0.3). The supports were

some cases this process can be inversed. i '
The size and the shape of the analysed specim@gated in such way that they supported the speciome
(Figure 7) as well as the boundary conditions a# ththe areas of size 15x10 mm2 (see Figure 7). Thdirlga
analysis were chosen with a purpose to: was re_allzed by the movement of the spike in thectibn
.« use the image resolution of low-speed ccr¥f vertical specimen axis of symmetry. The contdd¢tvo
cameras of the correlation system Q-400 Dantd#gdid bodies with friction coefficient 0.4 (the wed used for
Dynamics as effectively as possible, friction between steel and polycarbonate) were nebefi

« have possibility to create proper speckle-patterHe,twee” corresponding parts _of the model. The mésh
on the object surface, for which it will be possibl finite elements, created on particular parts ofrtheaerical

b)
Figure 8 Reference images captured by: a) singleera
system, b) two-camera system
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model, together with defined boundary conditions ba
seen in Figure 9.

B: Static Structural

] Displacement
Components: 0; 1,50, mm
[ Fired Support

60,00 {mm)

15,00 45,00
Figure 9 The finite element mesh with the boundanditions
defined at the numerical model

The height of the areas lower than 10 mm (by witieh
areas could touch the bottom or the upper edgdef t
specimen) was chosen with a purpose that digitagan
correlation allows to obtain data just in the metdbf the
facets. This fact leads to the loss of the dattheredges —
the distance of first data point from the edge iisimally
one half of the facet size.

The measurements realized using single-camera and
two-camera system were evaluated in sequence using
different facet sizes. In case that the facets htouc
themselves, the facet sizes used for correlatiorthef
images were in the range from 10x10 px up to 25x25
In case of their overlay, the facet sizes wereehdasrange

Figure 10 shows the distribution of equivalent vorffom 10x10 px up to 30x30 px. Subsequently, théouar

Mises stress on the analysed specimen surfacebdste
way, how to compare the results from both analysadd
be to export nodal data from FEA and to couple tkaétm
corresponding experimental nodal data from the ragldf
the facets. Although, Istra4D allows to export data
hierarchical HDF5 file format, it is complicated ¢ouple
the mentioned data properly, because neither troeiais,
nor the locations of nodal points have to corresglpdior
that reason, the authors decided to compare thevaif
equivalent stress on two corresponding areas Vidbss
90x6 mm2 (see Figure 11), which the highest leaéls
stresses were determined on.

B: Static Structural
Fquivalent Stress
Type: Fuivalent (von-Mises) Stress.
Unil: MPa
Time: 1

35,49 Max

31546

27.603

2366

19717

15775

11832

7,889

39453
0,0035217 Min

I

17,50 52,50

Figure 10 Equivalent von Mises stress field obtdina the
analysed specimen surface

B: Static Structural

Fquivalent Stress

Type: Faquivalent (von-Mises} Stress
Unit: MPa

Time: 1

24,931 Max
O 22383 Y
= 19835

17.288 [

1474 '
i 12192
— 96445

7.0969
I 45492

20015 Min f = s i e

000 35,00 70,00 {mm}

I
1750 52,50

Figure 11 Two areas defined for comparison of egjeivt von
Mises stress determined by DIC and FEA

levels of smoothing were set to filter the data amfind
the best equality between the results obtained ricatig
and experimentally. There were two criterions festb
equality. If the functions expressed by eq. (1) eqd(2)

3 max(aj‘m“)
> abs = —1 (0100
= max(aM’SES)
A, = - o)
3 mean(ames)
> abs = ~1 |[100
= mean(aM’m )
A, = . @)

where 7/=1,2,3 are three performed measurements,

max(af““) and mean(aim“) are the maximal and the

exp exp

mean values obtained on the analyzed areas expesiliye
by digital image correlation systerrmax(am“) and

Inum

mean(aim“) are the maximal and the mean values

obtained on the analysed areas experimentally fwyae
Ansys Workbench 17.0, reached minimum the optimal
kernel size was found.

The bar graphs in Figures 12-15 show the determined
optimal dependence between the facet size used for
correlation of the images captured by single- oo-tw
camera system and the kernel size of the locakssgin
used for smoothing of the data. The obtained degreres
indicate that the settings of kernel size should be
approximately the same for 2D as well as 3D anglysi
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The differences in the results obtained by theases it is not so easy to reach it that leadsdordng of
correlation of the facets without as well as witterday are reconstruction errors.
not very significant. By the use of single-cameysteam, The advantage of the use of facets with overlaguesc
the higher differences from the results obtaineiom the course depicted in Figure 16, which depioe
numerically can be observed. According to the angtitis  dependence of correlated facets amount on the &wet
phenomenon was caused by the decay of parallelisegistered in 3D analysis.
between the camera image plane and object surtaoed
loading of the specimen. Although the authors tried
ensure the plane deformation of the specimen, meso
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——with facets overlaying
——wyithout facets overlaying

Percentage of correlated facets (%)

10 1'1 1‘2 1'3 1‘A 1‘5 1'5 1‘7 1‘5 1‘9 2‘0 211 2‘2 2‘3 2‘4 2‘5 Zlﬁ 2‘7 2‘5 2'9 310
Facet size (px)
Figure 16 Dependence of percentage of correlatedtfaon the
facet size used for evaluation with and withoutrlayeof the

facets

In this case, the 100% value corresponds to the\fl
correlated 22609 facets with size of 10x10 px avetlay
of 33%. As can be seen the image resolution byisieeof
facets without overlay is approximately 2x smaller.

3 Conclusions

The authors describe the aspects corresponding with
the use of 2D and 3D digital image correlation exysin
stress analysis of flat specimen. It can be stdted,the
use of two-camera system allows stress analysiB wit
smaller risk of reconstruction errors that leadsesults
with higher accuracy. In the paper, the dependence
between the facet size used for correlation ofirtheges
and the optimal kernel size used in local regres§iter
was found. If it is possible the authors recommendse
overlayed facets, which ensure obtaining data astoghe
object edges as possible. Moreover, the imagehigher
image resolution, that increase the quality ofdh&ined
results.

Figure 17 and Figure 18 depict the equivalent VORcknowledgement

resolution (the overall amount of evaluated faci¢h wize
of 30x30 px without facets overlay was 1122) ad agby

1/0731/16.

the biggest image resolution (the overall amount of

evaluated facet with size of 10x10 px with facetertay
was 22609).
Type: von Mises Stress

KIEX

177 421 665 910 11.54 1399 1643 1887 21.32 23.76 26.21

Figure 17 Equivalent von Mises stress obtainedhenanalysed

specimen surface by the correlation with the fasits equal to
30x30 px without overlay

Equivalent Stress (MPa)

Equivalent Stress (MPa)
Type: von Mises Stress

0 305 611 016 1222 1528 1833 21.39 24.44 27.50 30.56

Figure 18 Equivalent von Mises stress obtainedhenanalysed

specimen surface by the correlation with the fasits equal to
10x10 px with overlay

Although the criterions defined by eq. (1) and @).
for facet size 30x30 px without overlay reachedtietly
favourable values, the distribution of von Misegss field
(see Fig. 17) is in the central upper part of thecsnen

influenced by small number of data points. Compdoed

mentioned fact, the von Mises stress field depictefig.
18 shows good equality to the results obtained migadby.
Moreover, it copies the object surface in bettey wad
thus the maximal values of stress differ less fritra
maximal values of finite elements analysis.
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