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In order to obtain reliable information about the stress-strain state of the structure, subjected to
loading, it is necessary to deter mine deformations distribution. In some cases, it is almost impossible
to assess stress-strain state with the traditional approaches. However, the DIC methods provide
reliable information about the fields of displacement and defor mation almost without limitations. Such
approaches are rather effective for determination of the stress-strain state on smooth surfaces and in
zones with stress concentrators. The DIC method isbased on the comparison of the intensity of speckle
pictures distribution of optically rough surfaces. The combination of the intensties of correlation peaks
with the corresponding calculation algorithms at the subpixel level makes it possible to obtain high
measurement accuracy with smpler hardware compared to electronic interferometry technologies. The
main purpose of this work is the detailed analysis of techniques and methods for determination of
deformations with the use of digital image correlation. The article includes detailed review of existing
studies of thistopic and description of main principlesfor analytical computation of the optical data.
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Introduction

The practice of operation of reinforced concrete structures shows that the limit state in such
structures is usually achieved in localized zones. This could be caused by many factors, both constructive
and technological. In particular, the presence of welds in reinforced concrete structural elements changes
the stress-strain state in such sections and affects the durability and load-bearing capacity. After long-term
exploitation of reinforced concrete structural elements, the concentration of stresses and strains is
localized in such places, which could become the reason of irreversible processes. If thereal stress-strain
state of such constructions is determined on the basis of classical criteria, it is rather hard to obtain
reliable information. In such cases, the load-bearing capacity of structural elements should be analyzed on
the basis of developed criteria and invariant physical and mechanical characteristics of materials by which
the actual strength and durability could be established.

Inhomogeneity of stress-strain state along the length of the reinforced concrete beam could be
confirmed by the formation of cracks in the concrete. Such specifics could be explained by different
values of the ultimate strains of concrete and reinforcement along the length and localization of
deformations in places of high concentration.

In recent scientific studies of strength and elastic-plastic deformation of metallic materials standard
force methods are usually combined with the technologies of speckle metrology (Sutton et al, 1983;
Sjodahl, 1998; Yamaguchi, 2003; Sjodahl, 2001). In particular, perspective concept is to measure the
displacements to determine the deformation in the local volume, where the stress-strain state is almost the
same. The method of digital image correlation (DIC) is based on the comparison of the intensity of
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speckle pictures™ distribution of optically rough surfaces. It is important to note, that such method takes
into account information only about the optical field intensity and does not take into account the phase
component. However, the combination of the intensities of correlation peaks with the corresponding
calculation algorithms at the subpixel level makes it possible to obtain high measurement accuracy with
simpler hardware compared to electronic interferometry technologies (Jones, 1989; Greivenkamp,1992;
Rastogi, 2001).

Review of scientific sources and publications

Technologies with the use of digital image correlation have been widely studied in the number of
recent studies (Majumder et al, 2020; Chen et al, 2017; Lee et a, 2019) as an optical method, which
enables to analyze different stress-strain states with the use of mathematical correlation. Cintron et al
(Cintron et al, 2008) describe in their research main principles of the algorithm, which includes capturing
of images during the deformation of the structure with the use of digital camera. After that, the researcher
compares the “reference’” image. taken before the loading began with deformed” images, which correspond to
different load stages. Each of the images would contain the dot pattern with specific parameters, On the basis
of dots’ displacements, the deformations could be assessed. In most of recent studies researchers recommend
to conduct such analysis with the use of specialized software, for example VIC-2D (Correlated Solutions
Company, (VIC-2D. Reference Manual, 2009) and ARAMIS (GOM Company) (ARAMIS Manual).

Carter et a admit, that methods, which use DIC are rather flexible and could be used for wide
range of applications. Authors (Carter et a, 2015; Zappa et al, 2017) also noted that DIC technologies
could be used for different dynamic tests, thermomechanical analysis, as well as for the analysis of
fatigue stresses and cracks in the metal, etc. In the article (Blikharskyy et al, 2020) it is emphasized, that
technologies, which use digital image corration are the most appropriate approach, combining high
accuracy of theoretical results and possibility to input in the model experimental data. Such analysis
enabl es the researcher to obtain the full-range stress-strain image of the studied object.

The number of works (Cintron et al, 2008; Chen et al, 2017; Mazzoleni et al, 2015; Chen & al,
2015; Kramer et al, 2017; Bomarito, Ruggles et a, 2017; Bomarito, Hochhalter et al, 2017; Cannon et al,
2017) were dedicated to study of possible ways to optimize the dot image. According to data of Cintron et
a (Cintron et al, 2008), the appropriate dot pattern, which would provide the highest reliability of results
should contain specific ratio of dots of different sizes. Moreover, the optimal ratio depends on the pixel
density, which is, namely, the number of pixels per point p (10, 20 and 30 pixes for small, medium and large
sze) (Cintron e a, 2008). The sameissue was discussed in studies of (Chen et al, 2017; Mazzoleni & al, 2015;
Chen et al, 2015; Kramer et al, 2017; Bomarito, Ruggles et a, 2017; Bomarito, Hochhalter & a, 2017) in
detail. In particular, in work (Chen & al, 2017) the emphasis is made on form and size of points. Thus, it is
recommended to use the dots with different radius, scilicet, the same as was noted by Cintron et a (Cintron et
al, 2008). According to results of (Kramer & al, 2017; Bomarito, Ruggles e d, 2017; Bomarito, Hochhalter et
a, 2017), the simplest way to obtain the optimal pattern is to conduct iterative automatic modelling with
use the specialized equipment and software. Namely, the efficiency of the results could be increased up to
25 %, if sufficient attention is paid to such pattern parameters as optimal contrast, size and density, which
could be described by specific numerical indicator of the distribution quality (Kramer et al, 2017
Bomarito, Ruggles et al, 2017; Bomarito, Hochhalter et al, 2017). This aspect is discussed in (Bomarito,
Hochhalter et al, 2017), where the author proposes to use newly developed Micro Speckle Stamping
technology, specific features of which are that it uses highly contrast eectrical and optical materials.
Therefore, no traces are left between points and this technique could be used even for large areas and
surfaces of complex configuration (Bomarito, Hochhalter et al, 2017). The complete diagrams of stress-
strain state of structural elements are produced by specific software on the basis of relative displacements
of points &, ¢, (Bomarito, Hochhalter et al, 2017; Saldafia et al, 2015; Lee et al, 2019). It is important to
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note studies (Jones et al, 2017; Segouin e al, 2017; Denys & al, 2017; Giordano, 2020), where the
complete information model of the studied surface was aobtained with the use of digital image correlation
techniques. In addition, as was confirmed by authors (Denys e al, 2017; Poozesh, 2017; Rossi, 2018;
Yasmeen, 2017; Buljac et a, 2020; Kumar, Hassebrook,1990), DIC methods is the only possible way
nowadays to obtain the full-range three-dimensional informational mode of the structural element, which is
highly promising advantage for further scientific use

The aims and objectives of the study

The main purpose of this work is the detailed analysis of techniques and methods for determination
of deformations with the use of digital image correlation. The article includes detailed review of existing
studies of this topic and description of main principles for analytical computation of the optical data.

Main principles of determination of defor mationswith the use of DIC techniques

During the deformation of the structural element on its surface and in the deeper layers of the
material in the zones of singularities, various surface inhomogeneities appear various gaps in the phase
field of the speckle image. It is almost impossible to quantify the stress zones of the material surface by
speckle interferometry methods, because the phase component is not taken into account in the correlation
fragment in speckle patterns. However, aimost in all cases the fields of displacement and deformation
could be assessed with the use of the DIC methods. Therefore, such approaches are rather effective for
determination of the stress-strain state on smooth surfaces and in zones with stress concentrators.

Thereisthe number of information technologies that are based on the registration of displacements
in two coordinates. The most well-known is digital image correlation based on laser surface illumination
(Sutton et al, 1983; Yamaguchi, 2003; Schreier et al, 2000), the method for digital speckle-displacement
measurement in which incoherent surface illumination is used (Chen, Chiang, 1990; Chen, Chiang, 1993;
Chen et al, 1993) and e ectronic speckle photography (Sjodahl, 1998; Sjodahl, 2001). The main idea of al
these methods is to perform certain operations on speckle patterns of optically rough surface. Operations
are conducted in the same sequence, taking into account some differences.

DIC technology algorithm includes the following stages. First, the studied surface is illuminated
with coherent (laser) light or incoherent radiation, after which the speckle image of this surface is
recorded by matrix detector in the form of a CCD-matrix or CMOS sensor with the use of complementary
metal oxide semi-conductor in digital camera or video camera.

The initial stage of the DIC method includes the registration of the speckle pattern of the
undeformed surface, which could be described by the function r (x, y) and ry, n. Also, the speckle pattern
of the deformed surfaceis registered (Fig. 1).
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Fig. 1. Representation of theimager (X, y) into square fragments rn, n (X, )
and their selection without covering of the adjacent fragments (a) and (b).
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Images 1 and 2, registered with a video camera are stored in personal computer in digital form with
the use of appropriate software. These images are further described by the functions r (x,y) and S (X,y).
Subsequently, digital images 1 and 2 are decomposed into two MxN matrices of rectangular fragments
Z_(m,n) (%, y) and Sy n (X y) of thesamesize, wheeem= 1...M; n= 1...N.

Fragments could be with or without covering of the adjacent fragments. The most often are used
the fragments of square shape of 8x8, 16x16, 32x32, 64x64 pixels.

Next is determined the movement of each fragment S, , (X, y) (image 2) relative to the fragment
rmn (X Y) (image 1) with the same numbering as the fragment S, , (X, y). The fragments S, » (X, ) are
considered as a part of the fragment ry, , (X, y) distorted by interference, which is shifted relative to its
initial position by a distance, which could be calculated as:

2

DI = /(Dx) +(Dy)* . &

It is known that in Figure 2 could be found such a fragment S,, » (X, y) which corresponds to the distorted
fragment rm n (X, y).

) m Tmgly)  Sky)  m o S
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Fig. 2. Determination of the fragment rn, , (X, y) (a) and its transformed by noises
and interference form Sy, (x, y) (b)

Analytical equation for determination of Sy, (X, y) is the following:

Son(XY) =T, (x+Dx,y+Dy) =1 (x+Dx,y+Dy)m, (X, y)+n . (XY), (2

where m, (X, y) —multiplicative noise; n,, (X, y) —additive noise

In order to determine the vaue of displacement Al for each fragment S, » (X, y) the crass-correlation
technique could be used:

+¥ +¥

Crn(DX,DY) = O fmn (X ¥) #,., (X + Dx, y + Dy) + Dydxdy , 3)

This forms a cross-correlation peak, the maximum of which corresponds to the position of the

fragment Z . (X,y), moved from its initial position. Thus, the cross-correlation of two fragments is
conducted by following simplified scheme:
Fon 6 Y) =T (X V) + 90, (X Y), (4)
Sun (X Y) =1, (X+DX, y+Dy)m (X Y) +n (o y) + (), (5)
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where T (X, y) —common part of fragments, m'_ (X, y) , n",,,(X, y) -multiplicative and additive noises in
the moved sub-fragment 1" (X+Dx, y+Dy) ; g,,,(X, y)-part of fragment r_ (X, y); f..(X,y) —part
of fragment S, (X, y) (Fig. 3).

Thus, the cross-correation of functions 1 (X,Y), S, ,(X,Y) could be performed in the following
way:

+¥ +¥

Crin (DX, DY) = O OFrmn (X, ¥) 8 10 (x+ Dx, y + Dy) + Dydixdly 6)

where symbol *— identifies the complex conjugate function.
As a result, the maximum value of m, n-correlation peak is moved from its initial position on the
distance:
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Fig. 3. Position of fragments and sub-fragmentsin speckle image r(xy) (a), S(x,y) (b)

This initial peak is due to autocorrelation of initial fragment 1., (X, y) . Therefore, distance DI

corresponds to offset of fragment S, (X, y) frominitial r_ (X, Y).
For digital calculations, the equation in discrete form can be rewritten as (Sodahl, Benckert, 1993):

ConK) =@, A T4 1) i +K, j+1), ©)

wherei = 1..1,j = 1..J - thereadings for functions r Sm'n, k=1..K, | =1..L —readings for

m,n’
cross-corrdation function Cy,,, respectively.
For practical purposes C . (k,l) could be calculated with the use of simplified formula (Sjodahl,

1998; Sjodahl, Benckert, 1993):
Crin(K,1) = Fi €000 (P, 9)B= Fi { Run(P. 9) + S, (P, O)} ©)

where R (P, 9) = Fy{r,,(. )}, S0 (P.9) = Fy{ S, (0. )} . Fy, Fi* —operaiorsof direct and inverse
discrete two-dimensional Fourier transformation, p = 1...P, g = 1...Q —readings of functionsin Fourier
area. Important to admit, that | =J=K=L=P=Q.

Formula (9) enables to calculate the peak displacement for integer number of pixels. Thus, it is
possible to determine the position of the correlation peak with sub-pixel accuracy.
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Using the Fourier shift theorem and formula (9) could be obtained the equation for the shifted
function {Cm,n} st for the certain readings’ value as following (Sjodahl, 1994; Bracewell, 1986):

2p(ap+a,g) g
Crn(KD{Cris Cmn(p g)exp — 5 (10)
, ( , )shft T g P %
where a,,a, —relative values of displacements.
Dx=k+a,,

The Sodal-Bankert algorithm can be used to calculate the peak displacement of the function
(Cm,n)shift with subpixel accuracy.

According to studies (Chen et al, 1993; Vijaya, 1990) the accuracy could be increased with the use
of fractional degree filter, so that the correlation peak is narrowed. The initial corrdation signal

C..n(K,l) could be calculated with the use of formula:

Cmn(kl) F 11 8Rmn(pg) mn(pg)Hly’ (12)

I 8Rmn(pg) mn(pg)H b

wheret —thefilter parameter, which could be equal only to real values.

Taken into account, that the filter could decrease the output signal by amplifying high-frequency
noises, the reliability of determining the position of the peak is reduced. To reduce the impact authors in
(Sjodahl, 1994) use additionally bi-parabolic interpolation algorithm after filtering.

Next, the matrix of correlation peaks is formulated (see Fig. 4).
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Fig. 4. Matrix of correlation peaks, obtained by fragmentary cross-correlation of images
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Displacements of peaks could be recorded as the matrix of displacement vectors:
DI, = (Dx)% +(Dy) %] . (13)

or asthe matrix of deformations vectors:

— Dan - Dymn T
De = =+ =X] .
m.n b, by J 14

where b, by are the minimum bases for deformations determination along the axes x and y, which are equal
to distances between centers of adjacent fragments 1, (X, ) .

In order to simplify the calculations for practical purposes could be assumed that b, = by, so that

matrices of vectors of displacements and deformations can be considered as two-dimensional fields of
speckle pictures of displacements or deformations taking into account linear increase in registration
systems.

Conclusions

Based on the conducted thorough analysis, it can be argued that methods using digital image
correlation are rather promising innovative techniques which could be used for wide range of applications.
Among perspective ways of their usage are diagnosis, monitoring and control of the condition of building
structures and materials. It is important to note, that use of DIC methods for determination of deformations
require usage of complex analytical approach with iterative calculation algorithms. Also, accuracy and
efficiency could be increased if specialized software is used for this purpose. In general, digital image
correlation is the only approach, which allows to abtain the full-range information field and analyze
stress-strain state of the structure, subjected to different levels of loading.
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. 3. Baixapebknii', H. C. Konmiiika®
Haunionanshuii yHiBepcuret “JIbBiBChKa MoMiTEXHIKA”
1 . . .
kadenpa aBTOMOOLIBHHX JIOPIT Ta MOCTIB,
2 . s .
kadeapa OyaiBENbHUX KOHCTPYKIIIH 1 MOCTIB

METO/IA BUBSHAYEHHS JIE@OPMAIIIN 3 BAKOPUCTAHHSIM
[A®POBOI KOPEJIAILII 306PAKEHb

o Brixapcoxuii A. 3., Konitixa H. C., 2021

OcraHHIM YacoM OCOOJHMBO aKTyaJbHHUM CTaJO ITMTaHHS JOCTOBIPHOI OLIHKK (DAaKTHYHOTO CTAHY
OymiBEeJIbHUX KOHCTPYKIIH, IO MICTATHCS IiJ] HABAHTAXKCHHAM 1, BIAMOBIIHO, HMPUHHATTSA ONTUMAJBHUX
MPOEKTHHUX DpillleHb 3 PEKOHCTPYKLil Ta mixcwieHHs. s orpumaHHsS [OOCTOBIpHOI iH(poOpMamii mpo
HaINpyXeHO-1epOpMOBaHUI CTaH KOHCTPYKIII, 1[0 3a3HA€ HABAHTAKEHHS, HEOOX1MHO BU3HAYUTH PO3IIOMILNI
nepopmarid. Y JesKUX BUNAIKax OLUHUTH Halpy:KeHO-Ie(pOPMOBAaHWH CTaH TPAIUIIHHAMYU ITiIXOAaMU
MPAKTUYHO HeMOKITHUBO. OTHAK METOIM MU(POBOI KOpesiilii 300paskeHb 3a0e3MeuyIOTh JOCTOBIPHY 1H(OpMAITi0
PO TOJIS MepeMillieHb Ta aedopMallii i MOXKHa 3aCTOCOBYBATH Maibke 0e3 oOMexeHb. Taki miaxoau TOCUTh
eQeKTUBHI Uil BHU3HAYEHHS HANPYXEHO-Ie(pOPMOBAHOIO CTaHy Ha TIJIaJIKUX MOBEPXHSAX Ta B 30HAX 3
KOHIICHTPATOpaMH Harpy:KeHb. MeTon mudpoBoi Kopessiii 300pakeHh 3aCHOBAHWI Ha MOPIBHSAHHI IHTEHCHUB-
HOCTI PO3IIOAIUTY CIIEKI-KAPTHHOK ONTHYHO LIOPCTKHX MOBEPXOHb. [lo€HAHHS iHTEHCHBHOCTI KOPENALIHHUX
MiKiB 3 BIANOBIAHUMH aJITOPUTMaMH pPO3paxyHKiB Ha piBHI CYOMiKCENiB Ja€ 3MOTY OTPHMATH BHCOKY
TOYHICTh BUMIPIOBAHHS 3a JOMOMOI'OIO MPOCTIIIOr0 OOJIaAHAHHS MOPIBHAHO 3 TEXHOJOTISIMH CJICKTPOHHOI
iHTepdepomerpii. OCHOBHOIO METOIO Ii€i pOOOTH € JeTalbHUI aHalli3 MPUHOMIB I METOAIB BHU3HAYCHHS
nedopmMaliiif i3 3aCTOCYBaHHSAM ITUPPOBOI Kopesiii 300paxenHs. CTaTTs MICTHTh JCTAJIBHUMN OIJISAI HasB-
HUX JIOCITI/DKEHB i€l TEMH Ta OIMHMC OCHOBHUX MPHHIIMIIB aHAJTITHYHOIO OOYHCIEHHS ONTUYHUX JaHuX. Ha
OCHOBI NPOBEJICHOT0 PETENHFHOr0 aHalli3y MOXKHa CTBepKyBatd, mo meroau 1[K3 € mocuts mepcnexrus-
HUMH{ iHHOBAI[IHHUMHU TEXHOJIOTISIMH, SIKI MOKHa BUKOPHUCTOBYBATH JIJIsl IMUPOKOTO CIIEKTPY 3aCTOCYBaHb.
Cepen NepClEKTHBHUX HANPSMKIB IX BHKOPHCTaHHS — JiarHOCTHKA, MOHITOPHHI Ta KOHTPOJb CTaHy Oy-
JIBETLHUX KOHCTPYKIIH Ta MarepianiB. BaxkimBo 3a3Hauuty, o BUKopucTanHs meroniB LIK3 mis BusHaueHHs
nedopmarliii motpedye BHKOPHCTAHHS KOMIUICKCHOTO AQHAJIITUYHOrO MiIXOMY 3 ITEpallifiHUMH aIrOpUTMaMU
po3paxyHkiB. KpiM TOro, TOYHICTh Ta €()EKTUBHICTh MOXKHA 3OUTBIIMTH, SKIIO YIS I[HOTO BUKOPHUCTOBYIOTH
crieniasizoBaHe TporpaMHe 3a0e3nedeHHs. 3arajioM KOpesiiisi u(ppoBUX 300paykeHb — 11 €JMHUI MiIXiJ, SIKUH
Jla€ 3MOTY OTPUMATH TIOBHY 1H(OpMAITiHHY MOJIENIb KOHCTPYKIIIi, [0 3a3HA€ PI3HOTO PiBHSA HABAHTA)KCHHS.

KuarouoBi caoBa: gedopmanii, mudpoBa kopessuis 300paxkeHb, HANpy:KeHO-IedopMoBaHMii
cTaH, iHdopmaniina Moaeab KOHCTPYKIIii.
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