
 
Materials Science, Vol. 50, No. 6, May, 2015 (Ukrainian Original Vol. 50, No. 6, November–December, 2014) 

DETERMINATION OF THE MECHANICAL CHARACTERISTICS AND SPECIFIC  
FRACTURE ENERGY OF THERMALLY HARDENED REINFORCEMENT 

Q. Zhang, 1  Yu. V. Mol’kov,2,  3  Yu. М. Sobko,4  Ya. Z. Blikhars’kyi,4  and  R. E. Khmil’4 

The results of experimental investigations and the method of digital image correlation are used to inves-
tigate the variations of the mechanical characteristics of the material of thermally hardened steel rein-
forcement across the thickness of a bar.  The conventional and true stress–strain diagrams of the solid re-
inforcement and standard specimens made of this reinforcement are plotted.  We determine the specific 
fracture energy for different zones of thermally hardened reinforcement.  The necessity of taking into 
account the variations of the mechanical characteristics across the thickness of the bar in the design of 
building structures and the advantages of application of the specific fracture energy as an invariant char-
acteristic of the material are demonstrated. 

Keywords: reinforcement, steel, mechanical characteristics, digital image correlation, true fracture dia-
gram, fracture energy. 

In the design of reinforced concrete structural elements, their load-bearing capacity is determined with re-
gard for the physicomechanical characteristics of the reinforcement bars.  In this case, it is important to use well-
substantiated procedures for the reliable evaluation of the load-bearing capacity of building structural elements 
and, in particular, of the beams, floor slabs, etc., especially in the case where they are strengthened by thermally 
hardened reinforcement.  For this type of reinforcement, the variations the mechanical characteristics across the 
thickness of the bar are typical.  

To determine the mechanical characteristics of reinforcement bars, we use cylindrical specimens tested by 
the standard methods [1–3].  To produce these specimens, the outer hardened layer of the metal is removed from 
the reinforcement and, hence, the mechanical characteristics of the core of the reinforcement bar are attained.  The 
solid reinforcement bars are also tested and their characteristics are determined from the fracture diagrams plotted 
on the “conventional-stress σ–relative elongation δ” coordinates without determination of the true stresses and strains. 

In what follows, on the basis of the results of testing of the specimens of different diameters prepared by 
turning thermally hardened reinforcement bars, we determine the mechanical characteristics of different zones 
of the material of reinforcement.  To plot the stress–strain diagrams on the conventional and true coordinates, we 
used the contemporary high-precision method of measuring displacements and strains, namely, the digital image 
correlation (DIC) method [4, 5]. 

The aim of the present work is to study the deformation and fracture of thermally hardened reinforcements 
and determine the variations of its mechanical characteristics across the thickness of the bar with an aim to make 
a well-justified choice of these characteristics in the numerical analysis of elements of the reinforced-concrete 
structures. 
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Fig. 1.  Standard cylindrical specimen for the determination of mechanical characteristics. 

 

Fig. 2. Strain distributions on the surfaces of a reinforcement bar (a) and a cylindrical specimen (b) under the critical load obtained by 
the method of digital image correlation. 

Method of Investigation 

We used three types of specimens:  type I is an untreated reinforcement bar with a diameter of 12 mm, 
whose total length is 200 mm, and the length of its working part is equal to 120 mm;  type II and type III are 
standard cylindrical specimens (Fig. 1) with diameters of 10 and 8 mm and the length of the working zone equal 
to 100 and 80 mm, respectively.  All specimens were made from the same reinforcement bar.  

The specimens were stretched in a tensile testing machine up to fracture for a speed of motion of the mov-
ing crossarm equal to 2 mm/mіn.  We recorded the loading force by a built-in strain gauge of the FPZ-100 ma-
chine, whereas the elongation was recorded with the help of a strain-gauge extensometer.  The signals from the 
strains gauge and the extensometer were recorded with the use of an analog-to-digital converter (ADC) and 
stored in a personal computer. 

At the same time, we used a Toupcam UCMOS 10000KPA commercial digital camera rigidly fixed on the 
immobile crossarm of the FPZ-100 machine to make the images of the specimen surface in the process of its 
deformation.  The images were used for processing by the DIC method.  Their resolution was 10 МР 
(3584 × 2748 pixels) in the *bmp format.  Under loading, we made series of photographs of an area of the spec-
imen surface; the first frame corresponded to the onset of loading, and the frequency of taking photos (1 fps) 
was equal to the frequency of recording of the loading force by the ADC.  The indicated frequency of taking 
photos makes it possible to determine the force applied to the specimen at the time of recording of each frame 
with a sufficiently high accuracy and is sufficient for making images at the times close to the fracture of the 
specimen.  In testing the specimens, we obtained an array of images (150–200 pieces for each specimen). 
As a result of processing of these images by the DIC method, we established the distributions of displacements 
and strains in each stage of loading (Fig. 2). 
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Fig. 3. Conventional (а) and true (b) stress-strain diagrams of the material of reinforcement:  (1) untreated reinforcement bar (type I); 
(2) specimen 10 mm in diameter (type II);  (3) specimen 8 mm in diameter (type III). 

Results and Discussion 

The loading force  P   and the elongation of the working part of a specimen  Δl   were used to find the con-
ventional stresses  σ = P/F0   (where  F0   is the initial cross-sectional area of the reinforcement bar or of a cy-
lindrical specimen) and relative elongation  δ = Δl /l0   (where  l0   is the initial working length of the specimen) 
and plot the conventional σ ∼ δ   stress–strain diagram [1].  By using the “virtual extensometer” software option 
of the digital image correlation method, we recorded the relative elongation of the specimen as in the case of the 
strain-gauge extensometer.  The results of measurements by the “virtual extensometer” were used to plot 
the  σ ∼ δ   diagram (Fig. 3а), which practically coincides with the diagram constructed by the standard tech-
nique [6].  

To plot the true fracture diagram [3], we continuously record the changes in the cross-sectional area of the 
specimen at the site of necking and determine the “running” relative narrowing  ψ i  

 ψ i =
F0 − Fi
F0

,  (1) 

where  F0   is the initial cross-sectional area of the specimen and  Fi   is its running  value.  We determined  ψ i   
by measuring the changes in the diameter of the specimen in the neck under loading and using the DIC method.  
By using the value of  ψ i ,  we find the true strain as follows:  

 ei = ln
1

1− ψ i
. (2) 

The true stresses  Si   in the neck of the specimen are given by the formula: 

 Si =
Pi
Fi

. (3) 

Thus, we can construct the “true stress S –true strain e ”  diagram [6]. 
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At the same time, in testing the specimens, the true strain  e   was determined by the direct measurements of 
displacements at the site of necking.  As shown earlier [6, 7], the local strain is equal to the true strain given by 
formula (2) under the conditions of its determination with the use of the optimal gauge length of displacements 
(for steel, it varies from 10 to 20 µm).  According to the results of measurements, we plotted the true diagram, 
which practically coincides with the classical way of construction.  The true diagrams were plotted for the solid 
reinforcement bar and specimens with diameters of 10 and 8 mm (Fig. 3b).  The averaged mechanical character-
istics determined in the tests are presented in Table 1. 

Table 1.  Mechanical Characteristics of the Material of Reinforcement 

Type of the 
specimen 

σ0.2 ,  МРа σu ,  МРа δ ,  % S ,  МРа e ,  % 

І 570 650 14.4 920 95 

ІІ 482 550 15.0 770 119 

ІІІ 395 450 16.2 600 146 

The analysis of the results of our investigations shows that the ultimate strength  σu   for the reinforce-
ment bar is higher by 15 and 30% than for the specimens of types ІІ and ІІІ, respectively.  At the same time, the
relative elongation  δ   varies within the range 11%.  The true fracture stresses  S   for the reinforcement 
bar are higher than for the specimens of types ІІ and ІІІ by 15 and 34%, respectively.  The value of  S   is higher 
than the conventional ultimate strength  σu   for all types of specimens by 30%.  The true critical strain  e   is  
7–9 times higher than the relative elongation  δ   and changes within the range 35% for different types of speci-
mens.

Thus, the results of determination of the mechanical characteristics of specimens of different types made of 
the same reinforcement bar are noticeably different.  The difference between their strain characteristics estab-
lished according to the true stress–strain diagrams is especially pronounced.  In general, as the strength charac-
teristics  σu   and  S   increases, the strain characteristics  δ   and  e   decrease, i.e., the resistance of the material 
to brittle fracture becomes lower.  The energy approach based on the use of the specific fracture energy, which 
is an invariant characteristic of strength of the material and characterizes its elastoplastic fracture most exact-
ly [8, 9], gives the most objective information about the ability of the plastic material to resist fracture.  As a re-
sult of the construction of true stress–strain diagrams, we can determine the specific strain energy for all types of 
specimens by the following formula: 

 W = S(e) de
0

e

∫ . (4) 

In the plots, the strain energy  W   corresponds to the area under the true  S∼e   diagram.  We assume that, 
after attainment of the critical value of strain energy, i.e., of the fracture energy, the material fails:   

 W (S, e) = WC . (5) 
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Fig. 4. Determination of the specific fracture energy from the true stress-strain diagrams of reinforcement:  (1) untreated bar;  (2) spec-
imen with a diameter of 8 mm; (3) specimen with a diameter of 8 mm.

Table 2.  True Strains, Stresses, and Specific Strain Energy of the Material of Reinforcement  

Type of the 
specimen 

e  S ,  МРа W ,  MJ/m3  

eyc  exc  ezc  Syc  Sxc  Szc  Wyc  Wxc  Wzc  Wc  

І 0.95 0.16 0.16 920 710 710 748.9 111.7 111.7 972.3 

ІІ 1.19 0.25 0.25 770 615 615 763.4 125.5 125.5 1014.4 

ІІІ 1.46 0.32 0.32 600 530 530 781.9 150.6 150.6 1083.1 

We also assume that the fracture energy of the material can be represented as the sum of components of the 
strain energy 

 W = Wx +Wy +Wz = Wc , (6) 

where  Wy ,  Wx ,  and  Wz   are the strain energy in the directions of the coordinate Ох-, Оу-, and Оz-axes. 

Thus, to determine the components of energy  Wy ,  Wz ,  and  Wx ,  it is necessary to plot the stress–strain 
diagrams in three main directions.  We determine the strain  ey   directly from the results of tensile testing of cy-
lindrical specimens by the DIC method, whereas the strains  ex   and   ez   are found from the displacements along 
the Ox - and  Oz - axes in the neck in the process of deformation of the specimen.

In view of the fact that, for cylindrical specimens,  ex = ez ,  the strains  ex   and  ez   and the  Sy∼ey   dia-
gram can be used to find the true stresses  Sx   and  Sz ,  under the assumption that the dependences of the strains 
on stresses are identical in all three directions because the material is isotropic. 

The stress–strain diagrams for three types of specimens are shown in Fig. 4.  The superscripts І–ІІІ for the 
components of energy  Wx ,  Wy ,  and  Wz   correspond to the types of the specimens.  The averaged values ob-
tained as a result of testing of three specimens of each type are presented in Table 2.  
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It is easy to see that the fracture energy determined for different zones of the thermally hardened reinforce-
ment bar varies by at most 10%.  The analysis of the results of investigations shows that, in finding the load-
bearing capacity of reinforced-concrete structural elements, it is necessary to take into account the variations 
both of the strength characteristics and of the strain characteristics depending on the type of the specimen.  
At the same time, the fracture energy determined according to the true diagrams is an invariant characteristic of 
the material, which should be used in calculations of this kind. 

CONCLUSIONS 

We show that the strength characteristics  σu   for specimens of different diameters made of thermally hard-
ened reinforcement bars vary within 30%, whereas the strain characteristics vary within 11%.  At the same time, 
the true stresses  S   vary within 34% and the true strains  e   vary within 35%.  The specific fracture energy for 
all three types of specimens varies within 10%. 
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