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1. Introduction

Reinforced concrete structures are among the most 
common in the world. A significant body of research tack-
les reinforced concrete structures. Paper [1] reports the 
calculation of non-center-compressed reinforced concrete 
elements. It is based on the use in the calculations of predict-
able curvature when reaching the boundary deformations of 
concrete compression and the reinforcement yield strength. 
A theoretical complete concrete destruction curve is used 
to calculate reinforced concrete retaining walls [2]. It is 
actual to use the concrete stress limit for the calculation of 
reinforced concrete frames [3] and reinforced concrete but-
tresses [4] since the basis for calculating such structures is a 
deformation model based on the nonlinear curves of concrete 
destruction. Paper [5] reports a theoretical calculation of re-
inforced concrete structures of the round, rectangular, and T 
cross-sections. The calculation was carried out according to 
the deformation model with embedded theoretical nonlinear 
curves of concrete destruction. For the experimental studies 
of reinforced concrete beams with pre-strained working 
reinforcement [6, 7], the limit deformation and concrete 
stress are relevant, since this is one of the criteria for such 
structures in terms of exhaustion of their bearing capacity. 
The use of downward concrete deformation curve is rele-
vant for the calculation of reinforced concrete structures 
damaged during operation [8, 9]. To determine the bearing 

capacity of damaged reinforced concrete columns at differ-
ent cross-sections and the percentage of damage, a complete 
concrete destruction curve is required [10, 11]. Given the 
complexity and heterogeneous properties of reinforced con-
crete [12], the calculation of damaged structures is more 
difficult compared to damaged metal structures [13]. That is 
why experimental concrete tests are important for calculat-
ing damaged structures. Determining the characteristics of 
concrete in full is relevant for composite concrete structures. 
Work [14] reports the use of a theoretical concrete curve 
for bending concrete structures reinforced with composite 
bars. The rational design of the cross-section of composite 
reinforced concrete span structures of bridges [15] employs 
the theoretical values of concrete stress limit. For a more 
accurate calculation of reinforcement of reinforced concrete 
columns using reinforced concrete [16] or composite con-
crete [17] clips, one must take into consideration the full 
characteristics of concrete. The authors of the cited works 
applied theoretical normative data. One of the modern 
methods of reinforcement is the use of carbon fiber [18] and 
carbon tape [19]. The carbon destruction curve is linear, 
similar to steel, but the destruction of concrete is nonlinear 
and depends on the mixture, composition, strength, etc. 
Therefore, to calculate the strengthening of such structures, 
experimental characteristics of concrete are important. 
That could make it possible to predict the reliability of such 
structures [20]. The above works confirm that the use of a 
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full concrete curve is a relevant issue and requires new ways 
to define these characteristics. In particular, devising new 
methods of experimental testing is a relevant task.

According to current regulatory documents [21, 22], 
reinforced concrete structures are calculated on the basis 
of a deformation model. Underlying the calculation of the 
bearing capacity of reinforced concrete structures is a non-
linear deformation model that employs a nonlinear curve of 
concrete destruction σ-ε and a two-line curve of reinforce-
ment σ-ε, and is built on the iteration method. This method 
essentially implies that at each stage of iterative calculation 
the values of relative average deformations of the stretched 
concrete fiber εc(2) are determined according to the pre-
defined amount of deformations of the compressed concrete 
fiber εc(1). 

In equilibrium equations [21, 22], the value of the mo-
ment or longitudinal force is selected so that the equilibrium 
conditions are met [21, 22]. When the predefined calculation 
accuracy is achieved at the assigned amount of deformations, 
the calculation is terminated; the corresponding value of the 
moment or longitudinal force is determined from the equilib-
rium equations. Next, at the predefined value of compressed 
fiber εc(1), they are increased by the value Δεc(1), and the 
calculation is repeated until the condition εc(1)≥εcu1 is met. 
Terminating the calculation marks that the compressed fiber 
reached the concrete deformation limit, which is one of the 
conditions for exhaustion of bearing capacity. After comple-
tion of the calculation, the deformations of the compressed 
and stretched concrete fiber, as well as the main reinforce-
ment, were obtained.

The calculation according to the deformation model 
makes it possible to more accurately estimate such struc-
tures but there is an issue related to building a complete 
curve of concrete destruction with a downward line, which is 
an important and relevant issue. To construct a stress-strain 
curve, concrete prisms are used with an aspect ratio of 1:4. 
The difficulty in constructing such a curve is the fact that 
a sample undergoes a sudden destruction when, during the 
test, the maximum deformations εc(1) are reached. Especially 
for higher strength concrete.

Constructing a full stress-strain curve of concrete start-
ed in the 1970s [23]. In particular, in work [24], specially 
prepared cylinders were used to build a complete destruction 
curve. To build the curve, strain gauges with accuracy of 
0.001 mm were used, as well as a specially designed setup. 
However, this method requires additional costs to prepare 
the experiment. In addition, monitoring the readouts of 
displacement changes to determine deformations is quite 
difficult.

That is why the issue of devising new methods for testing 
and building a curve of concrete destruction is relevant; it 
could allow for a more accurate calculation of reinforced 
concrete structures.

2. Literature review and problem statement

A significant number of works tackled the construction 
of a complete stress-strain curve for steel [25‒27]. In partic-
ular, paper [25] reported the results from a standard test of 
steel with an imitation of corrosion damage. However, that 
procedure does not make it possible to identify a change in 
the deformations for the entire sample. In [26], this issue 
was resolved by an additional analysis using a finite-element 

method. However, that does not allow for an analysis based 
on experimental results. The solution to this issue is present-
ed in paper [27]. A procedure for analyzing steel stretching 
involving construction of a stress-strain curve using digital 
image correlation was used. However, the cited studies solve 
the task of building a curve for steel elements. The difficulty 
in constructing a complete curve of concrete destruction is 
a sudden destruction after reaching maximum stress and 
maximum values of deformations.

The study of the formation of a complete “stress-strain“ 
diagram of concrete is presented in the paper [28]. To de-
termine the strains, LVDT sensors with an accuracy of 
0.001 mm and a specially prepared insert were used. The 
advantage of such sensors is remote registration of deforma-
tions. However, this technique requires expensive sensors 
and specially prepared equipment.

The option of overcoming the problem related to building 
a concrete curve using standard moving sensors is present-
ed in work [29]. The concrete prisms of class C50/60 were 
tested on two different presses under a severe load mode. 
The first part of the research was carried out at a specially 
prepared installation Instron 8806. This experimental setup 
is equipped with a highly rigid frame, which assures precise 
alignment, and sensors for constant load control. The press 
uses advanced devices for digital control and load sensors, 
which make it possible to build a complete curve of concrete 
destruction.

However, all those techniques require specially prepared 
complex high-cost testing machines for such tests. In addi-
tion, those procedures do not make it possible to obtain the 
distribution of stresses over the entire surface of concrete. 
Therefore, it is important to find new ways to build a com-
plete stress-strain curve for concrete samples.

With the development of technology, a new technique 
to control deformations appeared, namely a digital image 
correlation procedure [30, 31]. In general, the digital image 
correlation (DIC) method can be described as optical mea-
surement with digital image processing and numerical calcu-
lations. To use this method, one needs a high-speed camera 
with a high-quality digital matrix and randomly arranged 
spectle patterns, black against a light background, or white 
against black, for analysis. The base of the programs is a 
complex algorithm, which determines the movement of areas 
with high accuracy. The camera and the quality of spectle 
pattern application exert the greatest impact on accuracy.

The digital image correlation (DIC) method is com-
monly used in the study of the stressed-strained state of 
building structures, in particular, it is widely applied in 
the mechanics of destruction of steel structures [32, 33]. 
Paper [34] report the use of a digital correlation procedure 
for bending reinforced concrete structures. However, no 
physical-mechanical characteristics of concrete were inves-
tigated. Specific tests involving the digital image correlation 
procedure were proposed by the authors of work [35]. The 
characteristics of crack propagation in concrete samples 
were investigated based on different software tools. Howev-
er, using the digital correlation procedure to determine the 
physical and mechanical characteristics of concrete was not 
studied in detail.

All this suggests that it is advisable to conduct a study 
into the construction of a full stress-strain curve of con-
crete. It is especially important to solve the task of building 
a downward section of concrete deformation involving a 
procedure for digital image correlation. That could make 
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it possible to investigate more accurately and in detail the 
physical and mechanical characteristics of concrete for the 
calculation of structures.

3. The aim and objectives of the study

The purpose of this study is to form a complete stress-
strain curve of concrete with a downward section by using 
a digital image correlation methodology. That would make 
it possible to practically use the nonlinear curve in the 
theoretical calculation of reinforced concrete constructions 
according to the deformation model.

To accomplish the aim, the following tasks have been set:
– to investigate the longitudinal and transverse strains 

of concrete using a digital image correlation methodology 
and determine the possibilities of its use;  

– to perform an experimental study involving the for-
mation of a complete stress-strain curve of concrete and 
determine the accuracy of the procedure of digital image 
correlation.

4. The study materials and methods

4 cubes with dimensions of 100×100×100 mm and 3 
prisms with dimensions of 100×100×400 mm were fabricat-
ed. The research was carried out by an experimental method. 
2 cameras were used to determine deformations using a pro-
cedure of digital image correlation. Namely, the monochro-
matic cameras “Grasshopper 3” by Flir (Canada) with the 
Computar F25/2.8 lens and with the Canon EF 70-200MM 
F/2.8 L IS III USM lens were used (Fig. 1).

The specifications of the cameras are given in Table 1.

Table	1

Specifications	of	the	“Grasshopper	3”	cameras	by	Flir	(Canada)

Title Characteristic

Model name GS3-U3-91S6M-C

Analog-digital converter 14-bit

Color Mono

Frame rate 9

Megapixel 9.1

Pixel size 3.69

Resolution 3,376×2,704

Sensor type CCD

Exposure range 0.040 ms до 32 s

The specifications of the camera were checked using 
specially made dies with different pixel sizes. The specifi-
cations fully correspond to those claimed by the manufac-
turer (Fig. 2).

The procedure of digital image correlation requires the 
creation of spectle patterns on the examined surface in order 
to register deformations.

There are various ways to create spectle patterns. The 
most popular are spraying with an aerosol spray or applying 
by using specially made rollers with needles of a suitable 
diameter or dies. Aerosol application is quite difficult when 
executing the exact sizes of spectle patterns while special 
rollers with needles or dies are quite expensive and also have 
disadvantages during application.

Work [36] proposes a technique for applying spectle 
patterns on a metal surface. This method implies preliminary 
printing on paper of spectle patterns of the necessary config-
uration using a laser printer. After that, the surface of paper 
is applied to the metal surface and heated. Next, the spectle 
patterns are transferred from paper to the surface of steel.

This technique gave us the idea to devise a procedure to 
apply spectle patterns to the surface of concrete.

The essence of the proposed procedure for creating spec-
tle patterns is as follows. The surface of concrete is prelimi-
narily polished to the maximum leveling of the surface using 
grinders and stone for grinding (Fig. 3).

Fig.	1.	General	view	of	the	cameras	“Grasshopper	3”	by	Flir

Fig.	2.	Checking	the	specifications	of	the	camera

Fig.	3.	Leveling	the	surface	of	the	concrete	of	the	
examined	prism
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After that, the concrete surface is cleaned with solvent 
(Fig. 4).

At the next stage, spectle patterns are printed on paper us-
ing a laser printer and attached to the surface of concrete. After 
that, the upper surface of paper is thoroughly impregnated 
with acetone (Fig. 5); the surface of the paper is leveled on the 
concrete. An important point is the impregnation time; the pro-
cedure must be carried out quickly since the acetone could start 
to dissolve the spectle patterns: they would become blurred at 
the surface of the concrete. Our result is shown in Fig. 6.

The result of this procedure application is the uniform 
contrast spectle patterns with ideal dimensions of the re-
quired configuration. 

The first stage was to test concrete cubes with pre-applied 
black spectle patterns of different configurations. The purpose 
of this test was to determine the optimal dimensions of spectle 
patterns for the further processing of the image. It was pre-
liminary planned to make spectle patterns with a diameter of 
0.5 mm, with a density of 70 %, and a variation of 75 (Fig. 7).

After testing the cubes the size of 100×100×100 mm, it 
was established that the strength was fcm,cube=63.8 MPa, 
which corresponds to the class of concrete C50/60. In addi-
tion, the diameter of the spectle patterns for the planned site 
to be examined (100×400 mm) in the concrete prisms was 
taken to equal 1 mm with a density of 70 % and a variation 
coefficient of 75 %.

Concrete prisms of 100×100×400 mm were tested at a 
hydraulic press with a maximum load of 2500 kN (Fig. 8). 
Deformations Strains were controlled over a period of 
every 250 ms. Since the press machine cannot record the 
load in time, an additional third camera with a frame rate 
of 50 frames/sec was used to register the load.

To control and check  strains using the procedure of dig-
ital image correlation, a mechanical gauge with an accuracy 
of 0.001 mm was additionally installed on the prism. The 
base of the indicator was 200 mm.

Fig.	4.	Cleaning	the	surface	of	the	concrete	of	experimental	
prisms	with	a	solvent

Fig.	5.	Creation	of	spectle	patterns	at	the	surface	of	
concrete:	a	–	the	process	of	impregnation	of	printed	spectle	
patterns	at	the	surface;	b	–	the	alignment	of	spectle	patterns	

at	the	surface

a

b

Fig.	6.	The	result	of	applying	spectle	patterns	on	the	surface	
of	concrete

Fig.	7.	Testing	concrete	cubes	the	size	of	150×150×150	mm

Fig.	8.	Experimental	setup:	1	–	LED	lighting;	2	–	camera	
with	Computar	F25/2.8	lens;	3	–	camera	with	Canon	EF	

70-200MM	F/2.8	L	IS	III	USM	lens;	4	–	a	load	monitoring	
camera;	5	–	a	laptop	for	recording	images;	6	–	a	laptop	to	

record	load;	7	–	examined	sample	(camera	2	view)
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Strains for image correlation were 
recorded by 2 cameras at a speed of 
250 ms. 2 LED lamps were used for 
lighting.

VIC-2D software was used to 
process digital images in order to 
determine concrete strains. The 
VIC 2D software was developed by 
Correlated Solutions. The software 
employs an algorithm for analyzing 
the spectle patterns, which makes it 
possible to determine relative move-
ments.

5. Building a complete stress-strain 
curve of concrete with a descending 
branch line, using the procedure of 

digital image correlation

5. 1. Investigating longitudinal 
and transverse deformations of con-
crete according to the procedure of 
digital image correlation

The image correlation method 
provides a possibility to determine 
strains on the full surface of the ex-
amined sample.

When analyzing transverse strains of the prism, it is 
possible to detect the appearance of an internal crack of 
the sample before it emerges outside. This allows the detec-
tion of cracks at a time when cracks are not yet possible to 
register visually (Fig. 9).

The collapse of the prism made from the C50/60 class 
of concrete occurred suddenly, with the propagation of the 
internal crack outside the sample, which is characteristic of 
such classes. Owing to the use of a high-speed camera and 
photographic registration each 250 ms, it was possible to 
record the moment of destruction of the sample (Fig. 9, d). 

In the same way, the procedure makes it possible to deter-
mine vertical strains of the sample, in each region (Fig. 10).

This makes it possible to investigate the nature of 
strains showing their distribution over the entire surface of 
the sample, which is impossible standard procedures.

5. 2. Experimental study on the formation of a com-
plete stress-strain curve of concrete according to the 
devised methodology

To form a complete load “stress-strains” curve of con-
crete, the video recording of loading was split into images 
of 4 frames/second. Thus, it was possible to synchronize the 
load with the strains acquired by the method of digital image 
correlation and those obtained using a mechanical gauge 
with an accuracy of 0.001 mm with a base of 200 mm.

The stress-strain curve for the concrete prism of class 
C50/60 is shown in Fig. 11. Virtual extensometers were 
installed in the software within the middle of the sample 
and on the base of 200 mm in order to determine relati- 
ve deformations strains by the digital image correlation 
methodology.

As a result, based on the proposed methodology, a com-
plete curve of concrete destruction was built without the 
use of specially adapted equipment. Note the values from 
the gauge (Fig. 1) and the values obtained from digital 
image correlation (DIC_Lense_Canon and DIC_Lense_
Computar) have deviations within a tolerance limit while 
the nature of the curve corresponds to the rated values in 
normative documents.

When using a Canon EF 70-200MM F/2.8 L IS 
III USM (DIC_Lense_Canon) lens, some deviations at 
25...35 MPa are noticeable. This is because the scale of 
the explored area with a Canon lens is 3 times larger than 
that for the Computar F25/2.8, so one needs to use spectle 
patterns of a much smaller size. However, this spectacle 
size is sufficient for the Computar F25/2.8 lens for a given 
examined area.

The comparison of stress deviation results obtained us-
ing a mechanical gauge and image correlation with different 
lenses is illustrated in Table 2.

That is, the deviation of the values of relative strains 
obtained from the mechanical gauge and by the procedure 
of digital image correlation under a stress of 44.5 MPa was 
in the range of 10‒11 %, and under a maximum stress of 
44.875 MPa in the range of up to 15 %.

Fig.	9.	The	nature	of	crack	formation,	acquired	by	using	the	
digital	image	correlation	procedure:	a	–	under	a	stress	of	

41.5	MPa;	b	–	under	a	stress	of	42	MPa;	c	–	under	a	stress	
of	43	MPa;	d	–	at	the	time	of	destruction

a b c d

Fig.	10.	Distribution	of	vertical	strains	in	the	sample:	a	–	under	a	stress	of	40.5	MPa;	
b	–	under	a	stress	of	44.0	MPa

a b
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Table	2

Comparison	of	changes	in	strains	based	on	a	mechanical	
gauge	and	digital	image	correlation

Stress, 
MPa

Strains, ×10-5
Deviation 
relative to 

the mechani-
cal gauge, 
Computar 

lens, %

Deviation 
relative 
to the 

mechanical 
gauge, Can-
on lens, %

Mechani-
cal gauge, 

the 
base of 

200 mm

Digital 
image cor-
relation, 

Computar 
lens

Digital 
image cor-
relation, 
Canon 

lens

12.1 36.7 40.32 41.72 9.88 13.68

19.1 59.6 64.73 65.14 8.55 9.23

26.0 82.6 85.16 81.89 3.14 0.82

31.9 105.5 101.4 117.2 3.89 11.09

38.0 133 124.73 137.97 6.24 3.71

42.0 156 141.14 150.81 9.5 3.3

44.5 178.9 159.56 176.69 10.81 1.23

44.875 201.8 171.87 177.65 14.84 11.98

6. Discussion of results of studying concrete samples 
using the procedure of digital image correlation 

The result of this work is the devised methodology for 
creating spectle patterns for digital image correlation. The 
procedure involves the gradual dissolution of spectle pat-
terns printed on paper to the concrete surface using acetone. 
This technique makes it possible to effectively create spectle 
patterns of various configurations (Fig. 6). Based on the 
results of tests (Table 2), the devised procedure makes it 
possible to analyze the digital image correlation in order to 
determine strains with an accuracy of 3 % to 10 %.

According to the devised methodology, it is possible to 
predict the formation of cracks (Fig. 9), since the procedure 
of digital image correlation yields the transverse movement 
of all points of the plane. A significant advantage is the ability 
to analyze the places of formation of internal cracks, which is 
impossible to determine visually. The result of this research 
is a formation of complete “stress-strains” curve of concrete 
obtained by means of digital image correlation when using a 
press machine not adapted for this purpose (Fig. 11). That 

makes it possible to test concrete samples without 
the cost of retrofitting the test equipment. The result 
of this study is the derived value of strain along the 
descending branch line of the stress-strain curve for 
concrete samples. This procedure makes it possible to 
perform the calculation of reinforced concrete con-
structions by using preliminary experimental tests of 
concrete and introducing to the calculation a nonlinear 
curve, with more reliable accuracy. Similarly, based on 
the “stress-strain” curve, it is possible to obtain more 
reliable coefficients for the 5th order polynomial to 
improve the accuracy of calculation. In addition, based 
a given procedure, we established ultimate stresses on 
the descending branch line Ϭcu1=42.48 MPa, as well 
as ultimate strain εcu1=0.00229. It is these parameters 
and nonlinear curves that are included in the current 
norms for the calculation of reinforced concrete con-
structions [21, 22]. We obtained these results by using 
high-speed monochrome cameras and a recording with 
speed of 250 ms.

Experimental strain data were obtained based on 
mechanical gauge values and the procedure of digital 
image correlation. The results of deviation of these data 

are mainly in the range of up to 10 %. That makes it possible 
to assert the reliability results in this work and the possibility 
of applying this procedure. The advantage of this procedure 
over existing ones is the possibility to determine the strains 
of a concrete sample contact-free, as well as multiple use. Ex-
isting procedures employ, to determine the strains, by using 
LVDT sensors [30] or strain gages [31]. When tested with 
LVDT sensors [30], there is a risk of damaging them due to 
the sudden destruction of concrete; strain gages [31] are dis-
posable. In addition, this technique does not require a spe-
cially designed expensive equipment for testing, unlike [29]. 
Existing procedures make it possible to acquire curves but 
do not provide for an opportunity to predict cracks and 
determine the strains over the entire surface of the sample.

Thus, the procedure of digital image correlation makes 
it possible, when studying concrete and reinforced con-
crete samples, at any stage of loading, to determine strains 
throughout the plane or in any of the areas of interest. At 
the same time, it is possible to determine movements of both 
individual points and the estimated strains between points 
or throughout the plane. According to the results of our 
research, there is a high reliability of our findings in compar-
ison with mechanical devices, which allows us to recommend 
a given procedure to examine such structures.

However, there are certain disadvantages when using the 
proposed method in practice. In particular, it is necessary to 
choose the right dimensions of the spectle patterns, as well 
as a lens. When using a Computar lens, the results conver-
gence was in the range of up to 10–11 %; with a Canon lens, 
it was up to 15 % (Table 2). This is because the size of 1-mm 
diameter spectle patterns is too large for the Canon lens. 
It is also important not to have direct natural light on the 
camera lens. Another drawback is access from the camera 
to the examined object. Sensors can be installed directly on 
a prism. Cameras can record images at a certain distance, 
so there should be no foreign objects between the camera 
and the examined sample. Limitations when applying the 
digital image correlation method to determine deformations 
are the dimensions of examined samples. Flir’s Grasshop-
per 3 cameras (Canada) with Computar F25/2.8 lens used 
in this work make it possible to measure deformations for 

Fig.	11.	Complete	curve	of	concrete	destruction,	the	sample	of	
C50/60	class	
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400×400 mm samples. These are the maximum dimensions, 
which are enough to determine the relative deformations of 
concrete with an accuracy of 0.1 µm.

Taking into consideration the positive results of our 
study, it is planned to continue improving the use of the dig-
ital image correlation procedure and advance the research. 
In future studies, it is planned to improve the calculation 
technique to determine the width of crack opening at each 
stage of loading. In addition, it is planned to improve a given 
procedure for using real-size reinforced concrete beams in 
experimental tests.

7. Conclusions

1. The transverse and longitudinal strains of concrete 
were obtained at each stage of loading. Unlike existing 
methods, the proposed procedure makes it possible to de-

termine strains over the entire plane of the sample. That 
makes it possible to investigate a change in the strains and 
the movement of individual points or areas when studying 
concrete surfaces. This, in turn, makes it possible to explore 
the places and the nature of crack formation for practical ap-
plication. In particular, when examining existing structures, 
it is possible to register the places of future crack origination 
and the strains of individual areas.

2. At this works presented a result of formation a com-
plete stress-strain curve of concrete with a descending 
branch line using the procedure of digital image correlation. 
The deviation between the values of relative deformations 
obtained from a micro indicator and those based on the de-
vised  procedure of digital image correlation under a stress 
of 44.5 MPa was in the range of up to 10‒11 %, and under a 
maximum stress of 44.875 MPa in the range of up to 15 %. 
This allows us to assert the possibility of using the devised 
procedure for testing concrete samples.
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