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Abstract: Reliable assessment and prediction of the technical condition of reinforced concrete struc-
tures require accurate data of the stress–strain state of the structure at all stages of loading. The
most appropriate technique to obtain such information is digital image correlation. Digital image
correlation is a class of contactless methods which includes the following stages: obtaining an image
from a studied physical object, saving it in digital form, and further analysis in order to obtain
the necessary information about the stress–strain state of the structure. In this research, a detailed
analysis of theoretical and experimental findings of digital image correlations was conducted. In the
article, the main areas of scientific interest and computational approaches in digital image correlation
issues were identified. Moreover, comparative analysis of alternative non-contact techniques, which
also could be used for diagnostics of RC structures’ stress–strain state was conducted. The novelty
of the study consists of a thorough comparative analysis with the indication of specific features of
digital image correlation, which determine its wide application among the other similar methods. On
the basis of the conducted literature review, it can be seen that the digital image correlation technique
has gone through multi-stage evolution and transformation. Among the most widely studied issues
are: image recognition and matching procedures, calibration methods and development of analytical
concepts. The digital image correlation technique enables us to study cracking and fracture processes
in structural elements, obtaining the full field of deformations and stresses. Further development of
image processing methods would provide more precise measuring of stress–strain parameters and
reliable assessment of structural behavior.

Keywords: digital image correlation; structure performance; stress–strain state; cracking; monitoring;
technical assessment

1. Introduction

Reinforced concrete nowadays occupies the prevalent position in the modern con-
struction industry, as well as in existing buildings and structures. Long-term operation
necessitates specific features of the stress–strain state in reinforced concrete (RC) struc-
tures [1–5]. Theoretical research and modeling of damaged reinforced concrete elements
allow us to carry out reliable assessment of a structure’s actual technical condition and to
predict work needed under the influence of various external factors. The main problem in
the theoretical evaluation is the need for high accuracy of the source information regarding
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the physical and mechanical characteristics of materials and the actual parameters of work
under loading [6–9]. In order to obtain these data, a significant number of experimental
studies under both laboratory and field conditions should be conducted, which is often
economically impractical [1]. In the theoretical modeling of the structure, using both nu-
merical methods and automated software, it is necessary to take into account the individual
contribution of each of the parameters of the structural reaction. These results are valuable
in determining the necessary strengthening of structural elements and make assumptions
on the possibility of its further operation.

The leading trend in engineering is the evolution from the planned monitoring of
the technical condition toward the prediction of its changes on the basis of parameters
identified by non-destructive studies of real structures [10]. It is obvious that in order to
achieve this goal it is necessary to operate with data of the structure stress–strain state
at all stages of loading with high accuracy, which is technically impossible when using
classical methods of experimental research. Accordingly, techniques with the use of digital
image correlation have recently become widespread. Digital image correlation (DIC) is a
class of contactless methods which includes the following stages: obtaining an image from
studied physical object, saving it in digital form, and further analysis in order to obtain the
necessary information about the stress–strain state of the structure [11].

Data analysis consists of comparison of the surface reference image before the applica-
tion of the load (reference image-RI) with the images corresponding to the different stages
of the deformation process (deformed images-DI) [12,13]. Automated image processing
is performed with the use of a wide range of specialized software packages, including
the following: Vic-2D/3D (Correlated Solutions, Inc., Irmo, SC, USA [14]), StrainMaster
(LaVision, Ypsilanti, MI, USA [15]), GOM Correlate Pro, ARAMIS (GOM, Carl Zeiss GOM
Metrology GmbH, Braunschweig, Germany [16]), Solid Mechanics DIC (Dantec Dynamics,
Skovlunde, Denmark [17]), etc.

2. DIC Methodology Evolution—The History Review
2.1. General Review

Digital image correlation has come through multistage development and evolution,
until reaching the form of high-precision technology, which is widely used today. A detailed
analysis of the historical background of measurement methods based on image analysis is
presented in studies of [11,18–20].

The early measurement methods, which were further developed in the DIC-concept,
were discussed by Doyle [19] and Gruner [20]. The historical background of modern
measurement methods based on image analysis date back to the writings of Leonardo da
Vinci in 1480–1492. Most of the works during the following three centuries were dedicated
to formulating mathematical principles and algorithms. Specifically, the work of Heinrich
Lambert (The Free Perspective, 1759), which had the greatest impact on photography
science, should be highlighted. The first practical implementation was performed by
Daguerre in 1837 [11]. Afterwards, the photographic methods sparked wide interest in
scientific research. Konecny [21] proposed dividing the field of photogrammetry into four
different phases: plane photogrammetry (1850–1900), analog photogrammetry (1900–1950),
analytical photogrammetry (1950–1985) and digital photogrammetry (1985–present).

During these four stages, the photogrammetric theoretical approaches obtained math-
ematical representation. Thus, Sturms and Haick in 1883 proposed transition algorithms
between projective geometry and perspective imaging [11]. Among the most fundamental
contributions of this period are the fundamental geometry of photogrammetry by Sebastian
Finsterwald (1899) and projective equations for stereo-imaging which are fundamental to
the analytical phase, developed by Otto von Gruber (1924) [11]. Earl Church is known
as the author of analytical solutions to the equations of photogrammetry in terms of
direction cosines (1945). In addition, Schreier et al. [11] highlighted the research of Dr.
Hellmut Schmid (1953), which initiated the development of modern multi-station analyt-
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ical photogrammetry using matrix notation, and studied the issue of error propagation
and reduction.

The general scheme of DIC-method evolution, indicating the main stages and contri-
butions is shown on Figure 1.
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2.2. First Studies on Digital Image Correlation

Most of the studies of this early period were dedicated to extracting 3D information
of objects through comparison of photographic records [11]. One of the first works dedi-
cated to image correlation could be assigned to Gilbert Hobrough, who in the early 1950s
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analyzed the specifics of different points of view by comparing analog presentation of
photographs, thus becoming one of the first scientists who made an attempt to extract posi-
tional information from the image correlation and introduced the matching process [12].
Extensive analysis of DIC technology from 1955 to 1979, conducted by Rosenfeld [22],
identified its application in character recognition, microscopy, medicine, radiology and
photogrammetry, whereas DIC usage for engineering issues during these years was rather
rare [11,22]. Nevertheless, experimental approaches in solid mechanics were rapidly de-
veloping toward methods of holography, laser spectral photography and interferometry,
which caused significant evolution in coherent light sources’ measurement technologies [12].
The difficulties, thus, evolved in nonlinearity of the recording process and complexity in
information extracting.

2.3. 2D-DIC—From Early Research Till Today

The next stage of optical method development was to the formulation of the main prin-
ciples for digitally recording images containing measurement data. In addition, algorithms
for analyzing digital images and extracting data with high precision were proposed [11].

Among authors who worked on computer-based image processing techniques were
Peters and Ranson in 1982 [23], who proposed to use to ultrasonic waves and their reflection
before and after loading, thus obtaining full-field digital “images”. In addition, the idea
of “matching process” was presented, using continuum mechanics concepts to indicate
deformations in small areas.

An important step towards developing the optical method, known today as 2D-digital
image correlation (2D-DIC) was made by Sutton et al. in 1983 [24]. They developed main
numerical equations and experimentally confirmed the feasibility to use this technique in
engineering issues. Sutton et al. in later work (1986 [25]) also proposed using gradient
search methods in order to increase the accuracy of subset-matching. Among the authors
who studied the possibility of DIC for various engineering issues are Anderson et al. [26]
and Chu et al. [27]. Thus, it was shown that the correlation technique provides reliable
accuracy for planar translations, rotations and deformations of solid bodies [26,27]. Dur-
ing the 1980s, scientific interest in DIC methodology rapidly increased, and theoretical
approaches and procedures were validated, updated and modified. Russell et al. [28]
in 1989 combined X-ray radiography and the DIC-method in order to measure internal
deformation in composite material and study transverse strain fields [11]. The 1990s was
the decade of scientific research on the possibility to measure surface deformations in
planar components. For example, cracking processes were studied by McNeill et al. [29]
in term of stress intensity factor determination. In addition, the use of image correlation
enables tracking the local crack tip plastic zone, caused by “three-dimensional effects” [30].

Further development of the method was conducted by Lyons [31] and Liu et al. [32],
who researched the stress–strain state with the use of DIC at high temperature. In addition,
according to [11], this period could be characterized by increased interest in DIC to study
fracture performance in various materials: metals [33–35], plastics [36,37], wood [38] and ce-
ramics [39]. Among the later works are articles by Choi and Shah [40,41], where the concrete
was studied and works [42,43], which provided detailed investigations of composites.

Since 2000, the DIC technique has extended to a wide range of engineering issues and
tasks. Thus, a great number of research works were conducted, dedicated to improving
the matching process accuracy during image recognition. For example, higher order spline
interpolation functions were proposed by Schreier et al. in [44]. The same assumptions
and propositions were made by Lu and Cary [45], as well as by Schreier and Sutton [46].
Authors in [45,46] noted the applicability of quadratic shape functions for study of non-
uniform strain fields [11]. In addition, the investigation of Réthoré et al. [47,48] focused
on development of “extended 2D-DIC”, the methodology combining the analytical FEM
model and high-precision results, obtained with the use of image correlation
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Simultaneously, another area of scientific interest of this period included studies of
mechanical properties of materials: elastic [49,50] and hyperelastic properties [51], as well
as the properties on a microscale [52].

2.4. 3D-DIC, the Complex Approach to Image Processing

Additional attention should be paid to development of the 3D-DIC method, which
provided the possibility of shape and motion measurements. In the case of plane mea-
surements conducted with 2D-DIC, the accuracy of the results can significantly decrease
because of even a small out-of-plane motion and curvature effects. This factor had a great
impact on estimated deformation results. and from the 1970s to the 1990s, studies examined
stereo-vision measurements and the use of multiple cameras.

The application of multiple cameras with subsequent increased accuracy was proven
in the works of Morimoto and Fujigaki [53] and Luo et al. [54,55]. Thus, the efficiency
of deforming a rectangular grid and FFT methods was confirmed [53]. In addition, as
shown by Luo et al. [54,55], two-camera stereo vision is the appropriate method for three-
dimensional measurements of the cracking process.

It is necessary to note certain limitations of the 3D-DIC methodologies of the described
period [11]. There were motions in calibration process due to manual components and cases
of triangulation mismatching, and the square subsets in both cameras remained square.
Remarkably, Helm et al. [56] proposed using a specific grid for motion calibration and
introduced appropriate constraints to take into account the presence of epipolar lines. In
addition, the method included the effect of perspective on subset shape [11,56].

Specific interest was paid to calibration techniques. For example, Devy et al. [57]
proposed representing accurate calculation of differences between the model-based and
actual measured image plane locations through the squared reprojection errors’ sum which
was an influential factor for 3D calibration. In addition, the author in [57] introduced a
number of internal and external correction parameters.

A rather remarkable approach was proposed by Lavest et al. [58], who turned back
to photogrammetry methods, noting the bundle adjustment was a promising flexible
calibration technique, providing accurate results. The same approach was discussed in the
work of Garcia et al. [59], who improved the method by changing the number of constraints
and reducing the family of calibration parameter solutions. In studies of this period, an
important step was the extension of the single camera calibration method to the case of a
stereo-camera system. In general, it was identified that the important feature of a reliable
calibration procedure is comprehensive consideration of the camera system, rather than
separately, which was an important stage in the process of 3D-DIC development.

3. DIC Method for Deformation Measurement

Measurement of deformations according to the DIC method is performed with the use
of a stochastic contrast dot pattern, which must have been previously applied to the test
area [10]. In general, the method includes tracking the relative position of each point during
deformation. Thus, the authors in [10] note that the specific image can be represented as
a matrix of natural numbers. Accordingly, the areas of white correspond to the number
0, and black to −100. Taking into account that a single number will not be unique in the
matrix, it is appropriate to consider a certain subset of adjacent numbers (area of dots or
pixels). This area usually takes the form of a square with a side of 10–50 pixels, and due to
the fact that it includes several points with different variations of the gray level, the set of
different correlation areas is obtained. (see Figure 2).
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Figure 2. The principle of tracking the relative position of the subset with different variations of the
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The center of each such subset is considered as the measuring (reference) point. For
each subset, the position of the point is tracked, and the coordinates on the sequentially
obtained images are determined. The fundamental principle used in the DIC method is
to match the physical point on the reference image with its position on the images of the
deformed surface [10,60]. As shown in Figure 1, the area around a particular pixel can be
indicated an area of arbitrary shape, within which the distribution of shades will be unique
(the speckle). After that, according to an algorithm using the appropriate software, the plot
with the same distribution of pixel shades is found. During the correlation process, subsets
of numbers are shifted until the pattern on the deformed image best matches the reference
image, which is determined by the total difference in the gray levels of each point [60].

Good pattern determines the possibility to make the correlation with high confidence
and low noise level. In the DIC method, the determination of the parameters of the dot
pattern (the speckle) is one of the main factors that can reduce the total measurement
error and improve the overall result [61]. The main requirements that need to be met by
the pattern applied to the surface are given in [62,63] and include the following: high
contrast of the pattern, the degree of filling of the surface with the pattern by 50–70%,
isotropy and randomness. The optimal size of the points is determined for each case of the
study, according to the method described in [63]. General pattern requirements are given
on Figure 3.
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Among the parameters of the experimental setup are the following (see Figure 4):
camera resolution (c × r, pixels), width (w, mm) and height (h, mm) of the studied area, the
focal length of the camera (f, mm) and the distance from the camera to the sample (d, mm).

Focal length is a variable parameter that allows the researcher to adjust the distance to
the image and increase the sharpness of the studied area display. The resolution (c × r) is
a technical characteristic of a digital camera and determines the dimension of the digital
image (columns × rows). Using the previously accepted values of c × r and the size of the
studied area (h × w), the size of the physical surface, which is displayed by one pixel of the
digital image could be obtained [63]:

ξw =
w
c

, (1)

ξh =
h
r

. (2)

Values ξw, ξh determine the width and height of the area of the physical surface that cor-
responds to one pixel of the digital image and are assumed as the equal
(ξw = ξh = ξ). It is important to note, that in most modern digital cameras, the reso-
lution of c× r = 4× 3 (3× 2) is used. Therefore, the most effective use of pixel image is
achieved if h/w = 1.33. By changing the technical parameters of the camera or the size
of the studied area, these values are adjusted, and the parameters of the experiment are
optimized by maximizing the number of efficiently used pixels.
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Then, accepting a certain size of dots in the numerical expression a (pixels), the
researcher determines the optimal size of the dots that make up the pattern on the studied
physical surface:

d = a · ξ. (3)

The optimal value of a depends on the specific features of a particular engineering
problem and belongs to a wide range of values. Although this parameter is not strictly
limited, application of the most optical speckle size will give the best flexibility. In general,
when the pattern is formed from speckles that are too large, or if it is too sparse, it is
possible that certain subsets may be entirely on a region of black or a region of white. In
such case, good correlation will be hard to obtain, as in any part of the region there will be
an exact match. It is possible to eliminate this problem by increased size of subsets, which
will probably reduce the spatial resolution [62]. However, for the case of a specifically
small size of pattern, the resolution of the camera may not be enough for accurate specimen
representation. Thus, the pattern indicates the jitter as it interacts with the sensor pixels,
rather than smooth moving.

Official software guides recommend using dots of at least 5 pixels in size. [62].
The authors in [63] recommend the use of a randomly formed pattern of the same

number of dots (10, 20 and 30 pixels). The method of application to the investigated
surface significantly influences obtaining the desired pattern. A variety of methods can be
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used to achieve a good speckle pattern. Among the most common are stamps, aerosols,
printing, lithography, UV photolithography and laser marking [64]. The official software
recommendations [62] highlight the following: Correlated Solutions Speckle Kit, spray
paint, sharpie, printed patterns, etc. (see Figure 5). Correlated Solutions recommend using
a specifically developed Speckle Pattern Application Kit, in which an arrow of stamp rollers
enables producing optimal speckle patterns Ink application includes rolling the dots to the
studied surface, and the stamp rockers are pressed onto the specimen. It is recommended
to first apply white paint on the surface to create the base coat. Dot sizes and their amounts
may vary, depending on camera resolution. [62]
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Among the simplest and most common techniques, which can be used for metal,
ceramic or composite specimens of intermediate size (within 25 mm and 1.25 m) is spray
paint. The surface is prepared by coating in white, after which the spray is streamed. It is
possible to create speckles of different scales, either by moving the spray stream across the
surface or by holding the specimen above the spray stream. Although this method is rather
simple, it has some sufficient limitations. In many cases, it is almost impossible to reach
the desired contrast of the pattern, which is critical for strains near the DIC noise floor. In
addition, spray paint is not the optimal choice for applications where the specimen would
be stiffened or chemically altered [62]. While applying the paint or ink on the surface,
the researcher has to thoroughly control the amount of paint used. Thus, a sufficient coat
includes thin, light layers. Heavy coats are the possible reason of surface distortion and
shape changes. In many cases for membrane and thin structures, it is appropriate to use
the ink without an additional base coat. Otherwise, the material will be stiffened, and extra
mass will be added, which will cause negative influence on the results.

For samples with complex geometry and textures, a pattern can be created with a
sharpie marker. Sharpie (permanent) marker patterns are characterized by very controlled
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speckle size and high contrast. The main drawback is that such a procedure is rather
time-consuming. Thus, for medium through large surfaces, a more effective way is printing
speckle patterns. The specific pattern of desired density, dot size and variation is created
using a speckle pattern generator and printed vinyl appliqué or adhesive labels [62].

In cases where common methods do not provide the desired quality of the pattern,
some specific methods need to be considered. For samples of small sizes, blowing toner
powder, carbon black, or graphite powder is a good help. However, if the field is below
3 mm, microscope speckle application is available: photolithography, vapor deposition,
TEM grids, etc. In contrast, if the study is performed for large-scale objects (up to 100 m),
such as different bridges, slabs or even whole structures, a good possibility is using very
large stencil [62].

Additional attention should be paid to complicated conditions of the experiment.
For example, heatwaves and high temperatures necessitate using enamel paints, carbon
black and graphite particles, which withstand temperature up to 900 ◦C. If the experiment
includes high-strain tests, then the most crucial obstacle is that the spray paint after drying
becomes brittle, which leads to the destruction of the pattern [62]. For such cases, it is
desirable to use primer spray paint for the base coat or to use ink-based speckles without
any base coat. If the experimental research is conducted for specimens made of transparent
material, a good choice is to avoid using the base coat and to backlight the surface. It
is known that for biological-like materials, the common problem in standard speckling
techniques is sticking to the surface. Thus, effective methods include dots of India ink and
use of microbeads that bind to the specimen and provide a contrast pattern [62]. In order to
assess the quality of the applied pattern and its compliance for a particular task, there are the
number of methods based on estimating the entropy and intensity distribution of individual
speckle parts, as well as on morphological analysis of the pattern. Thus, some authors
recommend using the average intensity gradient as the basic indicative parameter [66,67].

Another important parameter which needs to be considered is the choice of the
optimal base for deformation measurement. The use of small bases leads to significant
statistical variations in the results. On the other hand, large measurement bases do not allow
indicating the local fracture areas [68]. Therefore, for research of the damaged structures and
crack resistance of materials, it is necessary to apply bases of the optimum sizes, providing
invariance of measurement results to the geometry of a sample and loading. [13,60,69].

4. DIC Method for Crack Resistance Analysis

Deformations of concrete surfaces are the cause of cracking processes, which, in turn,
are indicators of violation of the normal operation of the structure during its technical
condition monitoring [70,71]. In this case, as noted in [70,71], image correlation is an
effective way to minimize the volume of manual technical inspections to optimally solve
the problem of estimating the residual life of operational structures.

The ability to track the parameters of the stress–strain state until the destruction
stage with high accuracy and the non-contact nature of the DIC methods determine the
increased interest in this method of crack resistance study [72–74]. In the case of traditional
methods for measuring the parameters of cracks, it is necessary to provide direct access
to the structure, which often requires termination of the experiment or involves violation
of safety rules. In contrast, the DIC includes only photographing the studied area from
a certain distance and automated recording of information, which ensures the integrity
and continuity of experimental data and safety for the researcher. [75]. An example of
the implementation of this technology for real objects is the study of the parameters of
the stress–strain state and the effectiveness of the strengthening of the McLenburg Bridge
(North Carolina) [76]. According to recent research [77], in order to develop the issue of
crack resistance, it is important to accurately determine the stresses and sizes of defects.

For example in the study [72], on the basis of the full field of deformations obtained
with the use of DIC, the evolution of crack propagation (crack opening displacement, COD)
at different load levels was analyzed. In addition, the effectiveness of composite rein-
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forcement to increase the crack resistance of reinforced concrete structures was evaluated.
Progressive results regarding changes in the characteristic patterns of crack formation,
depending on the loading type and speed, were obtained by researchers in [71], which
indicates the perspective of using the DIC technique for evaluating the destruction mecha-
nisms in reinforced concrete structures. As stated in [71,78], it is advisable to consider the
processes of crack formation in the local mode, taking into account the specific features of
the material on the micro- and macroscale. In particular, various inclusions, grain bound-
aries and defects act as stress concentrators and localizers of plastic deformations. Thus,
zones with a heterogeneous nature of deformation are the indicators of crack initiation and
irreversible destruction processes. It is important to note that in this case, digital image
correlation is practically the only method that provides the necessary accuracy for detecting
the early accumulation of damage before the initiation of a crack. In addition, this technique
enables consistently tracking the process of crack propagation at different stages [71,78].
For example, as was stated in [71,79], the distribution of deformations obtained with DIC is
important initial data for identification of cracks, since deformations reach much higher
values in the zones of crack formation. In addition, the orientation and localization zones
of cracks generally correspond to the directions of the main stresses in the material [71,79].

The approach described above, based on the analysis of local deformations around the
top of the crack and their distribution into certain mechanical components, is implemented
in 2D-DIC [80]. In addition, the technique of formulation of 3D displacement fields using
the stereo-correlation algorithm in order to observe the change in stress intensity coefficients
for various mechanisms of crack formation is rather interesting and promising [80]. In
addition, the analysis using the DIC data allows monitoring the processes of cracks′ non-
homogeneous opening and closing, their growth rate and corresponding stress fields [81].

5. 3D-DIC Method for Formulation of Complete Deformation Picture

In addition, it is necessary to highlight the technique of 3D image correlation, which
allows us to obtain a complete picture of deformations in 3-dimensional coordinates, as
well as to monitor the parameters of the stress–strain state under dynamic loads [82]. The
principle of the technique in this case consists of a three-dimensional description of the
studied area from two different points [83]. Let us assume that a certain point A has
coordinates in the real space coordinate system OwXwYwZw, then the coordinate systems
O1X1Y1Z1 and O2X2Y2Z2 will correspond to left and right cameras, respectively. Thus, the
coordinate system of the picture will be OXY(see Figure 6).

Points A1(x1, y1) and A2(x2, y2) will be obtained as a result of shooting the actual
point A (xw, yw, zw) of the object in space with the left and right cameras, respectively. If
the cameras are calibrated and the coordinates are known, then the 3D coordinates of point
A can be determined by triangulation.

In this case, the process of comparing the reference image (RI) with the deformed one
(DI) is the following: DI is compared with RI from the left camera, and, at the same time,
DI from the right and left cameras are compared [83]. Additional synchronization and
coordination of parameters and correlation functions in time, calibration of image systems
and additional stages of triangulation determine a new level of complexity and increase
the cost of the experimental setup. It is important to take into account that inaccuracies in
the synchronization of optical systems in 3D-DIC are the cause of significant inaccuracies
in the measured data [82].
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6. Review of Alternative Methods for Diagnostics of RC Structures’ Stress–Strain State

Reliable assessment of the technical state of building structures has become one of
the most topical engineering issues. Therefore, methods for identification of building
structures’ stress–strain state require additional analysis, taking into consideration their
specific features, advantages and disadvantages. This is especially important for reinforced
concrete structures due to their heterogeneous and complex nature. Thus, this section
provides a detailed comparative analysis of various methods and techniques, which, besides
DIC, could be used for diagnostics of RC structures’ stress–strain state.

All methods for studying the stress–strain state of reinforced concrete structures are
generally divided into destructive and nondestructive [84]. As was stated in the works
of Ajagbe et al. [85,86] and Erdoğdu et al. [87], destructive methods make it possible
to determine the strength parameters of materials accurately and efficiently, but they
significantly affect the durability and service life of the studied structure. This significant
drawback could be avoided if non-destructive research methods are used [88,89]. Non-
destructive methods consist of inspection, testing and evaluation of building materials and
their components without damaging the building elements. Today, such techniques are
gaining increasing popularity both in laboratory research and scientific experiments [90–92],
as well as for practical engineering tasks [93–96].

When the construction of reinforced concrete structures is already finished, an im-
portant task in modern practice is to determine whether the material meets the necessary
requirements. Thus, the important characteristics that are reliably determined by non-
destructive tests include density, modulus of elasticity, strength, water absorption, surface
hardness and location of reinforcement [96–98]. There are the number of significant dis-
advantages to non-destructive techniques, which cause a further search for more reliable
approaches to RC structures’ monitoring.
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For example, mechanical–electrical methods and the use of Schmidt hammer and
depth sensors require physical access to the construction. In addition, such methods are
mostly focused on physical parameters of the material, rather than its response to loading
impact. This aspect is eliminated in non-contact methods, such as infrared thermography,
electromagnetic, electric and thermographic methods and techniques of radiation control
and spectral analysis. More thorough consideration is required for non-contact techniques,
which enable the study of the structure if direct access to it is limited.

Thus, non-contact methods are often used to assess the condition of a building that
has been in operation for a long time, namely to identify cracks, cavities and delamination
of concrete [97,98]. Other areas of application of non-contact research methods’ application
include quality control of prefabricated reinforced concrete structures, the quality of mono-
lithic and reinforcement work on the construction site [97,98]. In addition, non-contact
testing methods are effectively used to increase the reliability and verify other methods
during the analysis of the operation of structures subjected to intensive loading, fatigue,
aggressive environments and temperature and humidity effects [97,98].

Among the non-contact methods the most widely used are the following: Schmidt′s
hammer method, acoustic emission technology, ultrasonic (UT) methods, infrared thermog-
raphy (IT), terahertz (TH, THz) waves method, technologies based on magnetoscopy and
mechanical–electrical transformations, electromagnetic, depth sensors, electric, thermo-
graphic, methods of radiation control, spectral analysis and optical examination.

The specific feature of all the methods of non-contact visual control is that they are
complex technical systems, which combine special algorithmic and mathematical software
with measurement techniques, approaches to transformation and processing of measured
data. The common characteristic of these methods is the requirement of thorough statistical
analysis of initial data and iterative modelling of processes.

However, such approaches are highly dependent on external factors, such as tempera-
ture, humidity and atmospheric conditions. Therefore, their usage for constant long-term
field monitoring of the structure is rather complicated and in most cases is associated with
decreased accuracy of results.

Another perspective includes the methods based on the behavior of different types of
waves: sound, acoustic, optical and terahertz, which provide the complex information on
the stress–strain state and strength of the structure. It is appropriate to highlight the meth-
ods, which enable identifying the internal, so-called ‘hidden’ parameters of the structural
element and invisible defects: ultrasonic (UT) method, image correlation methodology,
different laser systems, etc.

Ultrasonic (UT) methods [99–107] are based on the behavior of sound waves, which
could be interpreted as a defect in a certain solid medium (See Figure 7). The basic
principle of the method is the following [99,100]. An ultrasonic pulse is generated by a
piezoelectric material and passes through the structure under investigation. When passing
through a homogeneous, undamaged material, the parameters of the sound wave remain
stable. Any change in the speed of the pulse is identified as a defect (discontinuity of the
material) and is converted from sound energy into a visual signal on the device’s display.
Ultrasonic flaw detection devices have the ability to work in wide frequency ranges, which
makes their measurements extremely accurate and reliable. The effectiveness of such
methods depends on the temperature, surface condition and defect orientation [100]. In a
number of works [103–106], an experimental comparison of ultrasonic methods with other
technologies is given, which proved the rather high accuracy of UT technologies.

Rather interesting comparative research was provided by the authors of [102], who
noted a high correlation between a decrease in ultrasound speed and an increase in acous-
tic emission in damaged areas. In addition, fairly close values were established during
the examination of reinforced concrete structures using the Schmidt hammer and ultra-
sonic methods [107].
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It is important to assume, that the most important conclusions on the structure state
can be achieved from visual-based information, including its strains and displacements,
arising from the load. Measurement of dynamic and static displacements in time provides
the possibility to manage serviceability of the structure and to assess the influence of real
loads (operational and environmental) on the stressful condition [108]. For such purpose,
the most appropriate is continuous monitoring of the structure state with the use of optical
systems containing targets, lasers or LEDs. The basic common principle is the combination
of measuring equipment (targets, lasers or LEDs) mounted on a controlled structure from
one side and a radiation receiver, namely a phototransistor or video camera from the
other side [108].

Below are specified f technologies, similar to DIC, and their specifics, which determine
their increasing spread in engineering practice

Projection laser systems (See Figure 8) include two modules facing each other, each
with one or two lasers, a camera and a screen [108,109]. According to this concept, the
relative displacement between the modules is obtained from calculated positions of the pro-
jected laser rays on both screens. Jeon et al. [110] proposed the methodology modification
with the use of a visually served paired (ViSP) structured light system. Authors in [110]
provide a detailed theoretical description and experimental evaluation of the proposed ViSP.
The specific feature of ViSP is that the positions of the laser rays provide the information
on the rotation angles of the manipulators, and the projected laser rays can be inside the
screen boundary; thus, the position of the lasers is controlled to make the projected laser
rays be always on the screen. A comparatively small distance between the camera and
the screen causes robustness to the external environmental changes. Among the main
drawbacks of this system, the most significant is the limited measurable range due to the
limited screen size [108,109].
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Similar optical-based systems with a phototransistor receiver and a laser light source
were described in the works of Iizuka et al. [112] and Kanekawa et al. [113], where relatively
low errors (0.1–0.5 mm) were admitted. Technologies with the use of sensor equipment
enable identifying dynamic and static movements and specifics of the stress–strain state.

The optical methods described above have the following specifics: rather small dis-
placement measurement errors and the possibility to provide constant monitoring of the
structure during a long period of time. On the other hand, authors in [108] noticed a rela-
tively small distance between the receiver and the radiation source and small displacement
measurement range.

There are a number of specific advantages of technologies, similar to DIC, which
determine their increasing spread in engineering practice. As was stated by [114], camera-
based measuring devices such as digital image correlation, electronic speckle interferometry
and laser speckle measurement systems correlations are effective for strain measurement,
even in special measuring condition cases.

Within these methods, the Laser Doppler Vibrometry (LDV) system, based on the
Doppler effect principle, needs to be discussed in more detail. According to this approach,
the vibration of the structure can be calculated based on the laser beam Doppler shift
reflected off the vibrating surface [115]. The Doppler effect itself is defined as the certain
change in the wave motion frequency, noted by the observer when there is relative motion
between the source and the observer [116].

The abovementioned approach allows full noncontact excitation and measurements
for modal analysis of various structures and elements. The contactless vibration measure-
ment method utilizing a laser Doppler vibrometer system was thoroughly studied in the
paper [117]. The author proposed the non-contact procedure improved with advanced
measurement techniques using mirrors [117]. A 3D laser Doppler vibrometer (3D LDV) has
proved to be rather effective for quality assurance and control. The 3D LDV consists of the
measurement of the frequency response of single or multiple points without any time gaps.
The work [116] emphasizes the modification of the approach, enabling full non-contact
monitoring, which uses acoustic pressure changes as the excitation source and three LDV
(PSV-500 by Polytec) as the sensing system. A number of studies [118–120] have proved
the applicability of scanning laser vibrometry for damage detection in different types of
materials. The principle of the method is based on indication of damages according to
analysis of elastic wave interaction with discontinuities. Thus, cracks, holes and slits are
monitored on different scales. For instance, authors in [119] used scanning laser vibrometry
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for detection of damages in aluminum elements with small thickness. Articles [118,120]
were devoted to delamination detection in composite materials.

However, according to [114], 3D-scanning laser Doppler vibrometry has its limita-
tions due to long measuring time, and reduced signal-to-noise ratio. The laser Doppler
velocimetry technique provides, in contrast to the vibrometry approach, the following ad-
vantages [114]: high time resolution and low cost of data processing. The critical challenge
in the wide application of LDV approaches is its generally high cost. Thus, it is mostly used
in the automotive industry, aerospace industry and for examinations of specific structures
(light and ultralight), where other methods are not possible to use [116]. The example of
this method application is given on Figure 9 [121].
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Digital image correlation technology implies specific characteristics, which are the
combination of various optical method advantages, which could be highlighted. Applica-
tion of a DIC method for construction tasks includes a number pf specific features, which
are described in the next section.

7. Application of DIC Methodology for Monitoring of RC Structures: Specifics,
Advantages and Challenges

The specific feature of DIC is its universality, thus the possibility to use it for defec-
toscopy, stress–strain analysis and deformation control. The technique is appropriate for
measurements on different scales: both for the microscale at crack analysis, as well as for
the macroscale for deflections identification, which is not typical for other wave-based
methods. In addition, image correlation is applicable for long-term automated monitoring
of the structure condition for identification and recording of strength parameters in time
scale. Another important advantage is relatively low impact of external temperature and
atmospheric factors, which in comparison with other methods determines higher accuracy
of the results.

The specifics indicated above determine why DIC is recommended for structural
monitoring of building objects of different sizes. Scientists obtain the full-size accurate
complex data of the investigated object.

However, the use of an image correlation technique for real engineering objects is not
yet popular. Although DIC is a specifically promising approach for full-scale monitoring of
building structures, more investigation of this issue is needed.

In addition, there are still a relatively small number of scientific works dedicated
to DIC monitoring of RC structures. On the basis of the conducted literature review, it
is important to note that most of the experimental studies were conducted for steel or
composite materials and inconsistent attention was paid to reinforced concrete, which is
an inhomogeneous material on the macroscale and requires more detailed analysis. The
presence of different inclusions and grains form the specific natural pattern on the studied
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surface. Thus, the calibration and matching algorithms should take into consideration this
pattern, and corresponding corrections to measurement procedure should be ensured. For
today, there are not enough experimental studies of reinforced concrete structures with
image correlation. Therefore, a lack of results of previous studies impedes development
and improvement of the measurement algorithm for such structures. It could be assumed
that DIC could provide the complex full-scale informational model of a reinforced concrete
structure with a consistent amount of accurate data and the possibility to analyze its
performance during the long-time loading process. Thus, further research in this area will
be significant for engineering practice.

8. Conclusions

The reliable study of engineering problems and the identification of further areas for
improvement require thorough research on background and existing investigations. In
this study, a detailed analysis of theoretical and experimental findings of digital image
correlation was provided. The main trends in computational approaches were identified On
the basis of the conducted literature review, it is obvious that the digital image correlation
technique has come through multi-stage evolution and transformation. Starting from the
first theoretical investigations on image-based measuring methods, much attention was
paid to image recognition and matching procedures. A great number of scientific studies
were also dedicated to calibration methods and the development of analytical concepts
aiming to increase the accuracy of the results. In general, after various improvements and
modifications, the DIC-technique has become a unique methodology for investigation of
the stress–strain state of constructions.

In addition, the work includes a thorough comparative analysis of alternative tech-
niques, which, in addition to the DIC, are effective for diagnostics of RC structures’ stress–
strain state. Specific advantages of image-based technologies in comparison with other
methods, determining their wide and effective application were identified.

It provides the possibility to study cracking and fracture processes in structural el-
ements, obtaining the full field of deformation and most extended picture of structure
performance. The method is applicable to use for a wide range of engineering issues and
for different structural materials and provides reliable data on a micro- and macroscale.
Further development of the DIC technique would surely enable more precise measur-
ing of stress–strain parameters and reliable assessment of structural behavior at different
loading stages.

In recent research, specific attention was paid to the development and improvement
of the matching process, synchronization and coordination of parameters and correlation
functions in time and calibration of image systems. These questions are being currently
discussed in engineering. However, there is still a lack of knowledge, and further research
is required.

Among the issues, which are not thoroughly covered in scientific works, are: the
specifics of DIC use for different types of natural and artificial materials, the impact of
external factors and environmental conditions. A specific feature of the DIC method is the
possibility to apply it not only for laboratory testing, but also for site research. In such cases,
accurate measurement and the reduction of errors should be of particular importance. The
absence of detailed analysis of this problem is the reason for numerous challenges faced by
scientists when using the DIC method for site investigations.

It should also be noted that there is no exact unanimous decision on the specifics and
parameters of the speckle pattern, which provides the highest accuracy. Although there is a
clear understanding of the importance of parameters, such as size of dots, measurement
bases’ sizes and density of the pattern, there is no exact strict methodology to predefine
these values during experiment planning. In particular, the necessity for further study is
obvious for damaged reinforced concrete structures, which are composite elements with
non-homogeneous micro-and macrostructure.
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The detailed analysis has shown that the specific advantage of DIC technology is the
possibility to obtain the stress–strain data along the whole studied area. This unique feature
makes the image-based method almost irreplaceable for engineering tasks. Therefore, this
method requires more attention in further research, specifically for damaged structures.
In the presence of different damages and defects, the stresses and strains in localized
areas need to be taken into account. In these areas, the stress–strain map in some cases is
non-continuous, which causes additional inaccuracy of obtained data.

It is possible to conclude that further experimental and theoretical study of DIC
methodology is a crucial scientific direction and requires additional attention.
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