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Abstract. Reinforced concrete structures are widely used nowadays.in different fields of
applications due to the number of its remarkable properties. The optimal technique for its
mechanical characteristics™ estimation is an important theoretical and practical issue. Recently there
is the common practice to use the Digital Image Correlation method for reinforced concrete
structures analysis. The main purpose of this work is to carry out the thorough theoretical research
of DIC method, to identify its advantages and disadvantages. The detailed review of existing
theoretical scientific investigations and experimental works is presented in the paper. Main
prerequisites of this method application are investigated and perspectives of its further development
are outlined. The conclusion that the DIC method is strongly recommended for further usage and
development because of its high accuracy and simplicity of experimental application was made.
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Introduction. Reinforced concrete structures are the most used currently on both Ukrainian
and international construction market [1-3]. Moreover, reinforced concrete is one of the most
common construction material for agricultural, industrial and hydro technical structures [4], which
high popularity could be explained by the number of advantages, including the following [5]:

— high durability, as protected steel does not change its properties during exploitation and the
concrete strength even increases over time;

— illimitable amount of structural and architectural forms which could be created;

— comparatively low maintenance, operation and care costs as well as low level of capital
expenditures, due to local materials use;

— rather good resistance to atmospheric, fire, seismic and dynamic loading.

Above listed properties of this artificial material are possible to achieve because of synergic
composite character of reinforced concrete as the construction material. Thus, as in reinforced
concrete elements concrete works for compression when reinforcement is intended for the
perception of tensile forces, the material itself should be considered as the complex system of
complimentary components [6]. Obviously, both its mechanical properties as well as its behaviour
under the load are much more complicated than those for classical natural materials.

Therefore, the optimal technique for its mechanical characteristics estimation is an important
theoretical and practical issue [7, 8].

The analysis of experimental data for RC elements usually requires thorough measuring of
stress-strain parameters. As was affirmed in works of Chu T.et al., 1985 [9] and B. Pan et al., 2009
[10] one of the most appropriate techniques is the method of Digital Image Correlation (DIC). This
method has already become one of the most commonly used in various fields of application
including infrastructural, agricultural and industrial constructions, material science etc.

Problem formulation. Considering the fact of increasing demand in reliable approach to
reinforced concrete elements testing, in this article the Digital Image Correlation Method is investigated,
as this method is currently prevailing in construction scientific research and practical experiments.
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Aim of work. The main purpose of this work is to carry out the thorough theoretical research
and literature review of DIC method. Objectives of the study also include identification of its
advantages and disadvantages, major application prerequisites and further development perspectives.

Analysis of scientific research. Digital Image Correlation Method (DIC) is commonly used
in studies of building structures stress-state as one of the non-interferometric methods [11]. It has
been widely discussed in the number of scientific papers [11-16] as one of the most appropriate
techniques for combining the theoretical approach with controlled accuracy parameters and
experimental data for in-depth analysis of the structure. Thus, the reliable model of the construction
element behaviour could be obtained for further numerical computations or practical usage.

In general, DIC method could be characterised as an optical measurement with digital image
processing and numerical calculations [9, 10, 12]. Its wide availability could be accounted for both
great amount of special software as VIC-2D (Correlated Solutions Company, [13] and ARAMIS
(GOM Company), as well as simplicity of its usage; it requires only the digital camera with high
quality digital matrix and special pattern of chaotically placed black dots on the investigated
surface. An example of the principal scheme of DIC method for cylindrical specimen, tested for
tension is given on the Fig. 1 (Photo by Institute of materials and mechanics of Machines Slovak
Academy of Sciences, [14].
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Fig. 1. Cylindrical specimen, tested for tension with the use of 3D digital image correlation method
(Photo by Inst. of materials and mechanics of Machines Slovak Academy of Sciences, [14]

As was stated by Schreier H. W., 2003 [15] the method is based on comparison of relative
displacements of surface points taken in a specific step and allows to define both relative deformations
components ¢, and &, to produce the complete field of displacements and deformations in the

measurement area. The principal scheme of strain field formation is demonstrated on the Fig. 2 [16].

As was confirmed by Kovalchyk, 2012 [17] the DIC method has performed itself to be
significantly reliable with simultaneous simplicity of its experimental implementation.

In addition, the 3D DIC method on the binocular stereoscopy basis should be noted as the
appropriate one for 3D and curved surfaces, when the 2D DIC, in contradiction, only allows to
measure deformations on a plane and a rounded surface [18, 19].

Methodology and analysis of application DIC. The high accuracy of results, which could be
obtained with this method and the possibility of multi-parameter modeling and analysis of the RC
element behavior under the load was confirmed in the number of experimental probations both in
Ukraine and abroad [5, 20-27].

For example, such technique enabled authors in [20] to produce rather convincing strain-state
diagrams, taking into account the wide range of parameters. The multi-parameter type of experiment
was also conducted by A. Santos et.al, 2015 [21], where with application of Digital Image Correlation
an experimental evaluation of the size effect in concrete elements was performed.
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The heterogeneous character of strain changes was observed by Saldafia H. A. et. al., 2015 [22]
with the use of Digital Image Correlation Method for axially loaded concrete elements. The
experimental approbation of DIC was also performed for crack formation evaluating in the study of
Koval M.P. and Molkov Yu. V., 2018 [5] and in comparison with classical technique its high
preciseness was admitted. Similar work of Fayyad T. M. and Lees J. M, 2014 [23] presented the results
of experimental investigation of small-scale reinforced concrete specimens in three-point bending,
where the DIC method provided the circumstantial visualization and quantification of the reinforced
concrete fracture properties.
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Fig. 2. The principal scheme of strain field determination with the use of DIC method
(Photo by LaVision [16]

Except the bended elements with rectangular cross-sections (hamely, reinforced concrete beams),
possible applications for such optical method could be the RC elements, subjected to compression, as
well as structures with more complex stress-strain state. For instance, in further research of Koval P.M.
et. al. [18] this optical method was also approbated during the concrete cubes experimental testing.

Another example of such application could be experimental tests presented in Phd thesis of
Davydenko 0.0, 2016 [24]; in the paper author showed that the correlation method is an optimal
approach for investigation of stress-strain state and bearing capacity of circle cross-section RC
elements subjected to transverse load.

The paper of Junhwa Lee et.al, 2019 [25] proposes a static stress estimation method for concrete
structures by solving an optimization problem through DIC method. Reliability of obtained results was
experimentally validated and proposed method efficacy was demonstrated.

High accuracy and versatility of the method enables also to use it for more complex structural
composites such as RC beams reinforced with composite materials, as was shown in the number of
works [26, 27].

Although there is the number of obvious advantages of Digital Image Correlation Method, there
are still certain issues, which need to be considered when choosing such approach for experimental
investigation. Thus, a number of scientists of recent years have conducted studies tended to
development of DIC method with the purpose of increasing its accuracy [28-30]. For example, the
study of Forsey A. and Gungor S., 2016 [28] was aimed to identify the most appropriate technique for
images converting. It was shown that the bicubic spline based in-house demosaicing method
outperformed the other methods in terms of accuracy and aliasing suppression. Sjodahl M., 2019 in his
work [29] makes an attempt to improve the method by investigation the new complex correlation
function as combination of the pure intensity correlation function, the gradient correlation function and
the Hessian correlation function and managed to reduce the random error by half. According to
Tomicevic Z. et. al., 2013 [30] uncertainty levels during the correlation process could be reduced by
introducing a mechanically-based regularization, providing the so called “educated guess” for the
displacement. As a result, significant simplification and error reduction could be obtained.

Another important tendency in scientific community is towards more practical implementation of
DIC method for its further usage outside the laboratory [31, 32]. For this purpose, it is necessary to
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reduce the influence of various external real-conditions factors on the experiment. For elimination of
external negative impacts, such as noise, lighting conditions, pattern alteration, sample shape changes,
etc. software search in expanding concentric rings from the initial position along with the Newton’s
approximation method could be used. [31]. The separate attention should also be given to the case,
when the local buckling occurs. As Hild F. and Roux S., 2012 stated in [19], the correlation residuals
can be used to detect it and a more detailed analysis is needed. Remarkable work has been conducted
recent years in National Physical Laboratory (Teddington, United Kingdom), where the refinement of
the technique has been developed, aiming to enable its use for in-situ measurements, outside the
laboratory. Another course includes enabling DIC to be used over a period of time without permanent
set up usage as well as its application in hard to reach areas [32].

Results and perspectives for further research. The detailed review of existing theoretical
scientific investigations and experimental works is presented in the article. On the basis of
conducted research and thorough analysis it could be affirmed that the method makes it possible to
identify parameters of fracture and material models for reinforced concrete elements and also to
validate numerical simulations. DIC method enables to bridge the gap between experimental and
theoretical modelling of the RC structures’ stress-strain state. With its use more complex and more
representative tests might be performed to identify material parameters.

It is important also to admit that Digital Image Correlation method in many cases is the
unique possible approach to measure 2D- and 3D-displacements of object surfaces and even in the
bulk due to small sizes of resolutions measured and reasonable simplicity of its” usage in practical
situations. In the number of works, except the experimental investigations with the DIC method,
also the approach is made to implement such technique to real conditions outside the laboratory. It
could be strongly recommended to further develop this field of research with subsequent increase in
accuracy of results and reducing possible external impacts on obtained data.

In regard to future perspectives, it could be assumed, that development of new and more
powerful imaging systems and improving the principle experimental scheme will cause the increase
of interest to DIC method and new fields of application formation.

Conclusions. Digital Imaging Correlation (DIC) is a technique which could ideally suit to the
study of crack formation, development and material deformation and other RC elements’
parameters in real-world applications, as it has performed itself as reliable, accurate and
comparatively low cost method.
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AHoTanif. 3ani300€TOHHI KOHCTPYKLII IIMPOKO BHUKOPHUCTOBYIOTbCS B Hallll JTHI B PI3HUX
NPAaKTUYHUX Taly3sX, IPUYUHOIO YOTO € psiji MO3UTUBHUX BIIACTUBOCTEH, BKIIOYHO 3 HACTYMHUMHU:
BHCOKA MILIHICTh, CTIHKICTb BJIaCTMBOCTEH 3aXHUIIIEHOI apMaTypHOI CTaJIi MMiJ] Yyac eKcIlTyarallii, BUCOKa
CTIMKICTh 70 aTMOC(hEpPHHX, BHUCOKOTEMIIEPATYPHUX, CEHCMIYHHMX Ta JWHAMIYHMX HABaHTaKEHb,
MOPIBHSIHO HMU3bKI BUTpPAaTU Ha OOCITyroBYBaHHS, €KCIUTyaTallilo Ta JOIJISA, a TAaKOK HU3bKUI piBEHb
KaliTalbHUX BUTPAT 4epe3 BUKOPHCTaHHS MicLEBHX pecypciB. OnTuManbHa 1 epeKTHBHAa METOIUKa
OLIIHKM MEXaHIYHUX XapPAKTEPUCTUK 3aTi300€TOHHHUX KOHCTPYKIINH € BaKIMBUM TEOPETHYHUM Ta
NpakTHYHUM THTaHHAM. OCTaHHIM YacoM HasBHA IONMIMPEHA TPAKTHKa BUKOPHUCTAHHS METOMY
udpoBoi kopersii 300paxkens (LIK3) ans anamizy 3ami300eTOHHUX KOHCTpyKid. OCHOBHa MeTa
JaHoi poOOTH - TIPOBECTH PeTeNIbHE TEOpPEeTHUYHE JlochipkeHHs: MeToay LIK3, BusiBuTH ioro nepeBaru
Ta HEJOMIKU. Y CTaTTi MOAAHO JACTATBHHUM OIJIAJ ICHYIOUMX TEOPETHYHUX HAYKOBHUX JIOCIIDKEHb Ta
€KCIEpUMEHTAIbHUX pOOIT, Ha OCHOBI SIKUX BCTAHOBJICHO OCHOBHI TMO3UTHBHI NapaMeTpH JaHOTO
METO/ly Ta acleKTH HOro BUKOpUCTAaHHS. JOCITIPKEHO OCHOBHI MEPEAYMOBH 3aCTOCYBAHHS METOIY
K3 Ta okpecieHO MEpCHeKTHUBH HOro MOAANBLIOrO PO3BUTKY. JleTalbHUil JiTepaTypHUil Orisia
eKCIepUMEHTAILHUX pOOIT, B IKUX BUKOpHCTOBYBaBcs MeToA LIK3 3acBigunB nepcrneKkTUBHICTh HOTO
BUKOPUCTAHHS JUISI JOCIHI/PKEHHSI TPIIIMHOCTIAKOCTI 3alli300€TOHHHUX €JIeMEHTIB, iX HapyXeHO-
neopMOBaHOrO  CcTaHy,  (PI3UKO-MEXaHIYHMX  XapaKTepUCTUK  MarepialiB, a  TaKoX,-
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OararormapaMeTpUYHOTO MOJICTIOBAHHS TOBEMIHKH 3aTi300€TOHHUX EJIEMEHTIB il HAaBAaHTAKCHHSM.
Ha ocHoBI mpoBenoro aHamizy 3poOJI€HO BHCHOBOK, IO METOJ Kopelsii IuppoBUX 300pakeHb
HACTIHHO PEKOMEHIOBAHO JI0 TMOJAIBIIOr0 BUKOPUCTAHHS Ta YIOCKOHAJICHS 3 OMIAAY Ha BHCOKY
TOYHICTh Ta MPOCTOTY MPOBEICHHS EKCIIEPUMEHTAbHUX AOCHikeHb. KpiMm Toro, meron mudpoBoi
KOpelsIlii € HaWaUIbIl JOUUIBPHUM TIAXOIOM JIJIi CHHXPOHI3AIlii EeKCHEePUMEHTAIBHOTO Ta
TEOPETUYHOTO MOJICITIOBaHHS JAe(POPMIBHUX IPOIECIB B 3A1I300€TOHHUX KOHCTPYKIisAX. JloribHuMu
HaTNpsSMKaMU TOJANBIINAX JOCIIPKEHh € TMOJANIBIINE YAOCKOHAJICHHS METOJUKHU ISl ITiBUIICHHS
TOYHOCTI Pe3y/IbTaTiB Ta 3MEHIIICHHS MOKJIMBUX 30BHIIIHIX BIUTMBIB HA OTPUMaHI JaHi.

KuouoBi ciioBa: mudpoBa kopemsiis 300pakeHb, 3a1i300€TOHHI KOHCTPYKITii, MOJCITIOBaHHS,
TOYHICTb, BIIACTUBOCTI MaTepiaiiB, eKCIIEPUMEHTAIBHI JOCTIPKEHHS.
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AnHoTanms. JKene300eToHHbIE KOHCTPYKLMHU IIUPOKO UCIOJIB3YIOTCS B HALLM THU B PA3IMYHBIX
NPaKTUYECKUX O00NacTsX, MPUYMHOM dYero sBiIgeTcs psiJi IOJOXKUTEIbHBIX CBOMCTB, BKJIIOYas
CIIEAYIOIUE: BBICOKAs IMPOYHOCTb, YCTOWYMBOCTb CBOMCTB 3alMIIEHHOM apMAaTypHOW CTaIM IIPH
SKCIUTyaTallul, BBICOKAasl YCTOMKOCTb K aTMOC(EPHBIM, BBICOKOTEMIIEPATYPHBIM, CEHCMUUYECKHUM H
JMHAMUYECKUM Harpys3KaMm, CpaBHUTEIbHO HU3KHE PAacXObl Ha 00CITY>KUBaHUE, SKCILTYaTaLHIO U YXO/I,
a TaKkKe HU3KUI YPOBEHb KalMTAJIbHBIX 3aTpaT B CBA3M C HCIOJB3bIBAHHEM MECTHBIX DPECYPCOB.
OnrumManeHass U 3QQEeKTHBHAST METOAWKA OLEHKA MEXaHWYECKHX XapaKTEPUCTHK IKeIe300€TOHHBIX
KOHCTPYKLIMH SIBJISIETCSl BaKHBIM TEOPETHYECKMM M IPAaKTMYECKUM BolpocaM. B mocnennee Bpems
pacrpocTpaHeHeHa TMPAKTUKA HCIONB30BaHMs MeTozia Iu(ppoBoi Koppessuu u3odpaxenunit (LIKI)
JUISL aHAJIN3a JKee300€TOHHBIX KOHCTPYKIMH. OCHOBHAs LieNb JaHHON paboThI - MPOBECTH TILATEIbHOE
TeopeTnueckoe uccienoane Merona LIKM, BBIABUTH €ro NpenMyllecTBa M HEAOCTATKU. B crarbe
Npe/ICTaBIeHbl TOAPOOHBI 0030p CYLIECTBYIOIMX TEOPETUYECKUX HAyYHBIX HCCIENA0BaHUNA U
AKCMEPUMEHTAIBHBIX padoT, HA OCHOBE KOTOPBIX YCTaHOBJIEHBI OCHOBHBIE IOJIOKUTEIbHBIE TTApaMETPhI
JTAHHOTO METO/Ia U acIleKThl €ro MCIob30BaHus. VccnenoBaHbl OCHOBHBIE IPEANIOCHUTKM IPUMEHEHUS
Merona UKW u HamedeHBl MEpCHEKTUBBI €ro AajbHEHIIEro pa3BUTHs. [leTanbHBIN JMTEpAaTypHBIN
0030p IKCIIEPUMEHTAIBHBIX PA0OT, B KOTOPHIX Ucmoib3oBajica Mero LIKM nokazan nepcreKTuBHOCTb
€ro HCMOJIb30BaHUS JIJIsl HCCIIENOBAHUS TPEIIMHOCTOMKOCTH KEJI€300€TOHHBIX JJIEMEHTOB, HX
HaIpsHKEHHO-I1e(OPMUPOBAHHOTO COCTOSHMS, (PU3MKO-MEXaHMYECKUX XapaKTEPUCTHK MaTephajoB, a
TaKKe, - MHOrONapaMeTpUUYEcKOro MOJIEIMPOBAHUS TOBEICHUS JKE€300€TOHHBIX 3JIEMEHTOB O]
Harpy3koil. Ha ocHoBe mpoBeaeHHOro aHaiaM3a CAejaH BBIBOJA, YTO METOJ| KOppeNsuuH LU(pPOBBIX
N300paKEHU ~ HACTOSTENbHO  PEKOMEHIyeTcs K JajbHEHIIEeMYy  HCIOJb30BAHUIO U
YCOBEPILIEHCTBOBAHUIO, YUNUTHIBAsI BBICOKYIO TOUHOCTh M IPOCTOTY IPOBEAEHUS 3KCIEPUMEHTAIBHBIX
uccrnenoBanuii. Kpome Toro, meron 1mudpoBol KOPpENSIUH SBISETCS HauOoiee IesecooOpa3HbIM
MOJXOJIOM  JUI  CUHXPOHHM3AallMM  SKCIEPUMEHTATBHOTO UM TEOPETUYECKOrO0  MOAEIMPOBAHMS
ne(hopMaIMOHHBIX TIPOLIECCOB B JKENE300€TOHHBIX KOHCTPYKIMIX. Llerecoo0pa3HbIMU HanpaBIeHUSIMU
MOCJIEAYIOIINX MCCIIEA0BaHUN SIBIIAETCS JAJIbHENIIEE COBEPILIEHCTBOBAHNE METOAUKH JUISl ITOBBIILICHHS
TOYHOCTH Pe3yJIbTaTOB M YMEHBIIIEHHUS BO3MOXKHBIX BHEIIHUX BO3JCUCTBHIA Ha MOTy4YEHHbIE JaHHbBIE.

KiioueBbie cioBa: 1mdpoBas KOppESIys H300paKEHUH, KEIe300€TOHHBIE KOHCTPYKIIHH,
MOJIENTMPOBAHUE, TOUHOCTH, CBOMCTBA MAaTEPHAJIOB, SKCIIEPUMEHTAIBHBIE NCCIIEOBAHM.
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