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EVALUATION OF STRENGTH AND DEFORMABILITY OF THERMALLY  
HARDENED REINFORCEMENT 

Ya. Z. Blikharskyi1  and  O. P. Maksymenko2,3 

We study the behavior of strength and deformation characteristics of different structural layers of the 
A500C thermally hardened reinforcing steel.  The conventional and true fracture diagrams are construct-
ed under the conditions of tension of cylindrical specimens with different structural characteristics pro-
duced from the investigated reinforcing steel.  We analyze variations of the mechanical characteristics of 
steel in different structural states and reveal their specific features in the course of fracture.  We also de-
termined the true fracture stresses of A500C steel according to the strains measured by the method of 
digital correlation of images for various structural states of the reinforcing material. 

Keywords: A500C thermally hardened reinforcing steel, true strains, true stresses, digital image correla-
tion. 

Introduction 

Reinforcing steels are widely used for the production of reinforced-concrete structures.  In order to signifi-
cantly increase their strength and frost resistance, it is customary to apply the procedure of surface thermal 
treatment with an aim to create a thermally hardened layer with a thickness of up to  3 mm [1].  As a result of the 
technological surface thermal treatment, the strength and deformation characteristics become variable in the 
cross-sectional directions.  Furthermore, the thermally hardened layer becomes damaged due to the presence of 
mechanical defects or as a result of welding.  This leads to the appearance of sections in which the deformation 
resistance of the material decreases by up to 10–20% [2].  Due to long periods of operation and the influence of 
aggressive media upon the reinforced-concrete structures, it is necessary to be able to reliably evaluate the de-
gree of degradation of their mechanical characteristics caused by the fracture of the thermally hardened layer 
and take this information into account in the evaluation of their residual period of safe operation.  Since the indi-
cated changes occur in certain bounded volumes of the metal with significant concentrations of stresses and 
strains, the required evaluation of the strength characteristics should be carried out on the basis of the local ap-
proaches. 

The aim of the present work is to estimate the influence of the characteristics of strength and deformabil-
ity of various structural zones of the A500C thermally hardened reinforcement on the fracture resistance with  
an aim to take into account these data for the subsequent evaluation of admissible operating loads that can be 
applied to reinforced-concrete structures.  
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Table 1 
Characteristics of the Tested Specimens 

D, mm F0 ,  m2 ⋅10–6  
σ0.2  σu  S  

ey  kµ  

MPa 

20 314 585 719 1370 0.89 0.30 

19 284 552 665 1360 0.91 0.35 

18 254 559 671 1328 0.93 0.37 

17 227 555 665 1296 0.97 0.41 

16 201 566 641 1285 1.08 0.42 

15 177 491 622 1210 1.12 0.44 

14 154 478 611 1180 1.18 0.47 

13 133 469 599 1090 1.21 0.48 

12 113 451 589 1022 1.34 0.48 

11 95 448 575 981 1.37 0.48 

10 79 440 563 975 1.41 0.48 

Method of Investigations 

We tested cylindrical specimens made of A500C thermally hardened reinforcement with an initial outer di-
ameter of  20 mm.  The middle part of reinforcing rods was turned along the length  l  = 100 mm  to various  
diameters  Di   (see Table 1) with regard for the requirements of DSTU for tensile tests [3].  In the tests, we rec-
orded the loading forces and the variations of the image of turned sections of the specimen surface every 0.5 sec.  
The specimen was gradually loaded up to rupture.  We also measured the elongation of the working part of the 
specimen with the help of a digital indicator.  The proposed procedure of investigations makes it possible to de-
termine local true strains and stresses as a result of processing of the recorded images by the method of digital 
correlation (MDC) [4]. 

To record the images, we used a “Grasshopper 3” 9.1 Mp monochromatic digital camera of the FLIR firm 
equipped with a Computar F25\2.8 lens.  The camera with two lamps was placed on a platform fastened to the 
bottom bed of a P-100 loading machine.  The distance from the lens to the specimen was equal to 300 mm.   
In this case, in the recorded images, we observed the entire turned section of the specimen.  To measure the 
force with the help of a pressure gauge of the loading machine, we used an E14-440 digital transducer equipped 
with the PowerGraph software complex.  The general view of the experimental installation is shown in Fig. 1. 

The application of the MDC makes it possible to determine both the total elongation of the specimen in  
the axial direction and its narrowing in the turned section.  With the help of virtual extensometers, we measured  
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Fig. 1. Experimental installation: (1) digital camera; (2) lamps; (3) specimen; (4) grips of the testing machine; (5) neck area; (6) digital 
indicator. 

the displacements of the material surface in the region of the neck.  By using these data, we computed the values 
of local strains εx   and  εy   in two directions for different measurement bases and different degrees of defor-
mation.  These measurements make it possible to determine the strains and their ratios in local volumes in two 
different directions, as well as the volume of the material, where they can be regarded homogeneous and inde-
pendent of the base of measurements.  By using the results of processing of the recorded images, we determined 
not only the local strains but also the variations of the diameter of the neck under loading.  On the basis of these 
data, we computed the true stresses with regard for the changes in the cross-sectional area of the specimen in the 
process of loading. 

Under the conditions of elastic and elastoplastic deformation, the values of true stresses can be found by us-
ing different methods.  In particular, the level of true stresses at the site of neck formation characterized by the 
triaxial stress-strain state of the material can be found by the Bridgman method [5] by taking into account the 
changes in the geometry of the specimen with the help of a correcting factor.  Numerous analytic and experi-
mental-numerical approaches to the evaluation of true stresses at the site of neck formation and to the construc-
tion of true fracture diagrams of the material were described in  [6].  However, their insufficient substantiation 
and the analysis of specific features of the behaviors of different elastoplastic materials require subsequent in-
vestigations.  In what follows, we construct complete equilibrium diagrams and determine the changes in the 
distribution of strains in the region of the neck by the MDC.  In addition, we find the optimal base for strain 
measurements and determine the true stresses with regard for the kinetics of changes in the cross section in the 
local volume where the stress-strain state is homogeneous in different structural zones of thermally hardened 
reinforcement. 

On the basis of the analysis of experimentally determined variations of the elongation  Δi   depending on the 
measurement base  bi   under the conditions of tension of cylindrical specimens made of A500C steel with dif-
ferent diameters, it was discovered that the strain  

 εi =
Δi
bi

 

computed on the base  b  = 1 mm  is optimal for the evaluation of local deformation characteristics of the material  



792 YA. Z. BLIKHARSKYI  AND  O. P. MAKSYMENKO 

 

Fig. 2.  Fracture diagrams for the specimen of A500C reinforcing steel with  D  = 14 mm:  (1) conventional; (2) true. 

under study.  Earlier, the analysis of the possibility of choosing the optimal base of measurements revealed its 
strong dependence on the grain size in the material and the loading mode [7].  Generally speaking, the minimal 
base of measurements is determined by the minimal volume of the material for which we can assume that the 
formed stress-strain state is homogeneous.

The true stresses, including the stresses appearing after the neck formation, can be found with regard for the 
changes in the diameter of the neck  di ,  as follows:   

 S = Pi /Fi ,   

where  Pi   is the load and  Fi = πdi2 /4   is the true cross-sectional area.  The neck diameter was determined by 
analyzing the recorded images with the help of specially developed algorithms of processing.  

Results of Investigations 

According to the results of experimental investigations, we plotted the complete stress-strain diagram on the  
“P–Δ”  coordinates for different measurement bases of elongation determined according to the MDC.  The area 
under these diagram is equal to the work performed by the force  P   for the deformation of a volume of the spec-
imen with height  Δi  [8].  On the basis of the obtained results, we plotted the classical fracture diagram on the 
stress–strain  (σ−ε )  coordinates and the true fracture diagram on the true stress S – true strain e   (S−e )  coordi-
nates.  In Fig. 2, we present both the σ−ε  diagram (curve 1; for a base of strain measurements equal to 100 mm) 
and the  S−e   diagram (curve 2, for a base of  1 mm).  These diagrams were plotted according the results of test-
ing of the specimen made of A500C reinforcing steel with  D = 14 mm.

By analyzing the accumulated results, it was established that, in the proposed approach, the true stresses  Si   
exceed the values obtained according to the classical approach by 20% [5].  Moreover, these values correlate 
with the data obtained on the basis of a local criterion in [7]. 

The results of our investigations aimed at the determination of the characteristics of strength (σ  and S ) and 
deformability  (ex   and  ey )  enable us to find the coefficient of transverse narrowing of the specimens 

 kµ = exmax

eymax
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Fig. 3. Dependence of the coefficient of transverse narrowing kµ   on  the fracture strains  eymax   for specimens of different diameters 
D20–D10 made of A500C reinforcing steel.

computed prior to the onset of fracture.  The results obtained as a result of testing of specimens with different 
diameters are presented in Table 1. 

The coefficient of transverse narrowing  kµ   is similar to Poisson’s ratio and characterizes the elastoplastic 
properties of the material in the neck.  Its value depends on the diameter of the specimen (Fig. 3).  In particular, 
for the A500C continuous reinforcement containing all structural layers of the material, the coefficient of trans-
verse narrowing varies within the range  0.3–0.37.  For the inner layers of reinforcement corresponding to the 
specimens with diameters of  13–12 mm  and without thermally hardened and transient layers, the value of this 
coefficient attains a constant value of  0.48  (Fig. 3).  Thus, the presence of a thermally hardened layer in the 
reinforcement increases its strength and, at the same time, worsens its plasticity properties.  

CONCLUSIONS 

On the basis of the obtained results, it is shown that the highest fracture resistance is attained for the com-
plete A500C reinforcement with thermally hardened surface layer.  The decrease in strength  (S )  by 25% and 
the increase in deformability  (ey )  by 34% are observed for the core of the reinforcing bar  (D = 10 mm).  It is 
also discovered that, for the zone of elastic strains, the ratio of the transverse component of strains  ex   to the 
longitudinal strains  ey   is equal to  0.27.  At the same time, in the plastically deformed material in the inner part 
of reinforcement, this ratio gradually increases up to  0.48  as the diameter of the specimen decreases.  
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