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METHODS OF CONSTRUCTION OF THE GENERALIZED
HARDENING CURVE

I'B. Ko36yp, O.K. Ilkoosincexuil, O.FO. Inaovo. MeToauka mo0yaoBH y3arajibHeHOI KpHBOI 3MilHeHHsi. Po3poOka HOBuX
KOHCTPYKIIIHHUX MaTepiaiiB Ta 3pocTarodi BUMOTH 10 e(pEKTHBHOCTI Ta O€3MeKH eKCIUTyaTallii KOHCTPYKIii, i pa3oM 3 TUM, 3MEHIIEHHS iX
MaTepiaJOEMHOCTI MOCWIIOIOTh BUMOTH 10 TOYHOCTI E€KCIIEPUMEHTAIIBHOI Ta PO3PaxXyHKOBOI YacTHH HOCIIKeHHsA. ExcrepumeHTanbHa
peanizawist BCbOro CIEKTPY HAMPYKEHO-Ie(OPMOBAHHUX CTaHIB 3pa3KiB KOHCTPYKUIHHUX €IEMEHTIB BUMArae pyiHyBaHHS BEIUKOI KiTbKOCTI
3pasKiB, CTBOPEHH i yTpPHMaHHs BapTicHOro obmnagHanHs. ToMy MOIMIYK e(EeKTUBHUX METOIB PO3PaxyHKY HPOTHO3HUX 3HAYEHb KPUTHIHHX
HABaHTaXKEHb JUIS €IEMEHTIB KOHCTPYKI[H Ta BH3HAYCHHS PealiCTUYHOro KoedillieHTa 3amacy € akTyallbHOIO 3ajadero. HampyskeHHs Ta
nepopmalii BIPOJOBXK YChOTO IPOLECY HABAHTAKECHHS MaTepialy BiJCIiAKOBYIOTh 3a KPUBUMH AedopMyBaHHsA. Y DaHOMY HOCIIKEHHI
yBary NpHIiIeHO TUISHI 3MIIJHEHHs KpUBOI neopMyBaHHS, sKa BifoOpakae IuiacTHiHe 1eopMyBaHHs MaTepially Micis TOCATHEHHS Mexi
winHHOCTi. KpuBi nedopmyBaHHS B TOJOBHHX HANPYKEHHSAX Ta TOJOBHUX AeopMalisx € MEpBHHHHUMH Ul TOJAJIbIIOI OOpOOKH Ta
aHamizy. MeTol0 poOOTH € 3ampOIOHYBATH YHIBEpCAJIbHYy METOAMKY OTPHMAHHS MOZAEN MUISHKH 3MILHEHHsS Yy3arajbHEHOI KpUBOI
neopMyBaHHS JUIsl [UIACTUYHMX METAICBHX MarepiaiiB, ska 6 Halkpalle ys3ro/pkyBalach 3 JaHHMH EKCIIEPUMEHTY Uil KOJKHOTO
KOHKPETHOTO Matepiany. 3 I[i€l0 METOI BBEICHO EKBIBAICHTHI HAMpYXeHHs 1 aedopmalii, sIKi € y3araJbHEHHSM [BOX «KIACHIHHX))
migxoxiB Miseca i Tpecka. Mozenb MICTHTh €IHHHI mapamerp P, KU BU3HAYAETHCS 32 PE3YNbTATaMU KUIbKOX HANMPOCTILIMX JOCTI[IiB.
JUist 3HaXOKCHHS ONTHMAIIBHOTO 3HAYCHHSI ) BUKOPHCTOBYIOTHCSI CTATHCTHYHE OL[IHFOBAHHS SIKOCTI Ta IIOMHJIOK. 3aCTOCYBAaHHS METOIHKH
U TUTACTHYHHX MartepialiB JO3BOJHTH i3 3aJOBLIBHOI0 TOYHICTIO OMHMCYBAaTH y3arajbHEHY KpHBY Ae(pOpPMYyBaHHS Ta HPOTHO3YBATH
HaIpyXeHO-Ie(pOPMOBaHUH CTaH MaTepialy 3a Pi3HMX CIHIBBIZHOLICHb TOJIOBHUX HANpPYXCHb. Y KOMIUIEKCI 3 METOJMKaMH BPaxXyBaHHs
reoMeTpii KOHCTPYKIiH OTpHMaHy y3arajibHEHY KPHUBY MOXHA BHKODHCTOBYBATH Ul IIPOTHO3YBaHHS 3HAYCHb PEAbHUX HAIPY)XCHb, IO
BUHHKAIOTh €JIEMEHTAX KOHCTPYKILH ITi/] HABAHTa)KCHHSM.

Kmiouosi cnosa: y3araipHeHa nedopmaliiina kpua, nedopmariiine 3MilJHEHHS!, €KBIBaJICHTHI HaNpy»XeHHs 1 1edopmartii

G. Kozbur, O. Shkodzinsky, O. Hlado. Methods of construction of the generalized hardening curve. The development of new
structural materials and increasing requirements for the efficiency and safety of operation of structures and at the same time, reducing their
material consumption, tighten the requirements for the accuracy of the experimental and calculated parts of the study. The experimental
implementation of the entire spectrum of stress-strain states of samples of structural elements requires the destruction of a large number of
samples, the creation and maintenance of cost equipment. Therefore, the search for effective methods for calculating the predicted critical
loads for structural elements and determining a realistic safety factor is an urgent task. Stresses and strains throughout the process of loading
the material are monitored by deformation curves. In this study attention is paid to the area of hardening of the deformation curve, which
reflects the plastic deformation of the material after reaching the yield strength. The stress strain curves in principal stresses and principal
strains are primary for further processing and analysis. The aim of the work is to propose an universal method for obtaining a model of the
hardening section of a generalized deformation curve for plastic metal materials, which would be better consistent with the experimental data
for each specific material. To this end, equivalent stresses and strains are introduced, which are a generalization of the two “classical” ap-
proaches of von Mises and Tresca. The model contains a single parameter p, which is determined by the results of several simple experi-
ments. To find the optimal value of p, statistical estimation of quality and errors is used. Application of the method for plastic materials will
allow satisfactory accuracy to describe the generalized deformation curve and to predict the stress-strain state of the material at various ratios
of principal stresses. In combination with the methods of taking into account the geometry of structures, the obtained generalized curve can
be used to predict the values of real stresses arising by structural elements under load.

Keywords: generalized deformation curve, strain hardening, equivalent stresses and strains

1. Introduction

Prediction of ultimate stresses and strains in the material is carried out by approximating the ex-
perimental data by deformation curves or yield locus. The development of new structural materials and
the growing demands on the efficiency and safety of the operation of structures, and, at the same time,
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the reduction of their material consumption increase the requirements for the accuracy of the experi-
mental and computational parts. Experimental implementation of the full range of stress-strain states
of structural elements samples requires the destruction of a large number of samples, the creation and
maintenance of costly equipment. Therefore, the search for effective methods for calculating the pre-
dicted values of critical loads for structural elements and determining a realistic factor of safety is an
actual task. To increase the accuracy and reliability of predictive values is possible through the im-
provement of methods of calculation and application of computer technology.

2. Analysis of recent research

The resistance of the material to plastic deformation and fracture is determined from the simplest
experiments. Implementing a plane stress state and measuring changes in the size of the samples, we
obtain pairs of values of “stress-strain”, which are then approximated by the curves of the limit states
in the space of principal stresses or deformation curves. In contrast to yield locus, stress-strain curves
track stresses and strains throughout the loading process. Deformation curves in principal stresses and
principal deformations are primary for further processing and analysis. In this study, attention is fo-
cused on the area of deformation strengthening of the deformation curve, because the scientific interest
is the behavior of loaded structures, for which plastic deformation is allowed. In this case, the stress is
called critical, at the excess of which local plastic deformations develop in the sample.

The question of constructing the deformation curve of metallic materials for the area of large de-
formations depending on the shape of the sample is considered in [1]. A review of existing modern
methods for constructing the deformation curve of metallic materials for the area of large plastic de-
formations was carried out in [2]. In [3], a generalized approximation model for the deformation curve
of metallic materials is proposed, which takes into account all stages of deformation. Review and
analysis of different approaches to the construction of a single curve is described in [4], [5]. In [6], a
review and comparative analysis of approximation models of the generalized deformation curve was
performed. However, the coverage in the literature of the prediction of the stress-strain state of materi-
als in the field of large plastic deformations is not sufficient. It is still difficult to find generalized de-
formation curves for plastic metallic materials, which can be used to predict large uniform plastic de-
formations at different types of complex stress state.

3. The purpose and objectives of the study

For predicting and engineering calculations of complex stress states, hypotheses are used that al-
low to replace the complex stress state with its equivalent uniaxial stress state. According to the “sin-
gle curve” hypothesis, it is possible to select such equivalent coordinates in which the deformation
curve will be invariant with respect to the type of applied load [7].

Most often, the maximum shear stresses t,,,, and maximum angular deformations y . or stress

intensity o, and intensity of deformations ¢; (or octahedral coordinates proportional to them) are used

as equivalent coordinates to construct the material deformation curve. These two “classical” approaches
to the construction of generalized deformation curves are based on two classical theories — the Tresca
theory of largest shear stresses and von Mises energy theory. However, for most materials the defor-
mation curve constructed at maximum shear stresses or stress intensities depends on both the load trajec-
tory and the ratio of principal stresses at proportional loading. In [8], it was proposed to describe a single
deformation curve through the introduction of a weighted average stresses and strains calculated by two
“classical” approaches. The authors in [9] proposed another method of averaging, which is better con-
sistent with the energy approach of Mises. A fairly complete overview of approaches to the introduction
of equivalent coordinates is given in [5]. Experimental data show that for some metallic materials there is
a better agreement with one of the “classic” generalized curves, for the other part — with new ones that
use one or another form of averaging. Therefore, the purpose of the work is:

—to propose a universal method for constructing a generalized hardening curve for plastic mate-
rials, which would be consistent with the classical ones and take into account the deviations from them
of experimental data for the class of plastic isotropic metallic materials;

— describe the procedure for finding the material constant to build a model of the generalized de-
formation curve.
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4. Method of construction of the generalized strengthening curve

4.1. Mathematical model of the generalized deformation curve

To obtain a universal in this sense analytical description of a single, invariant with respect to the
type of stress state deformation curve it was proposed [10] to generalize both classical approaches and
introduce equivalent coordinates in the form (1), (2).

Ceq :gl:|cl_62|p +|o, _2"3|p +|61_63|Tp, 1)
1
Eeq = P {'81_82|p+|82_83|p+|81_83|p]’, )
2(p+1) 12

where o, —equivalent stress;
€., — €equivalent deformations;

p — some positive number.
The proposed model contains the parameter p, which reflects the degree of deviation of the prop-
erties of the real structural material from the properties of the idealized material, for which you can get

a single deformation curve in the coordinates t,, —v.. Of o; —¢;. For p=1 from (1), (2) formulas
are obtained to determine the largest shear stresses and angular deformations t when p=2 —
intensities of stresses and strains o;, ; are obtained.

4.2. Method of determining the parameter p

In order to determine the parameter p, the primary data of deformation of plastic materials ob-
tained in the principal stresses and strains at several types of plane stress state were taken. In the sys-
tem of equivalent coordinates o, —¢,, points corresponding to the experimental data, listed at differ-

max ! Ymax’

ent values p (0.5<p<25), were constructed. Obtained scatter plots of points in coordinates
max —Ymax (@ p=1), in coordinates o, —¢; (at p=2) and for other values of p from the specified
interval. The recalculation step Ap was set at level 0.001; 0.01 or 0.05.

Since the area of hardening of the deformation curve for plastic materials has a shape close to
linear, as a quality functional in finding the optimal value of p, the maximum Pearson correlation coef-
ficient was chosen. As another criterion for the optimality of the parameter p the minimum coefficient
of variation as a measure of the relative scattering of points was chosen.

Pearson’s correlation coefficient R was calculated for the whole set of points at each value of the
parameter p. The formula was used for calculations:

3 (@) ~E)(G) ~5)

T

1

-1 n n
B ACOIEERCN) Y CRIEC R

1 n
where G, :Ez(“eq)i ;
i=1

n —number of observations.

As a measure of the scattering of the experimental points at each value of p, the average value of
the index of variation was calculated V. The input data were divided into 5 partial intervals of equal
length. The values of the coefficient of variation V; were calculated for each p at partial intervals, then

these values were averaged. The averaging of the values of the coefficient of variation reduced the
influence of the shape and length of the primary curves on the value of the density index. Thus, to find
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the average value of the coefficient of variation for each value of the parameter p, the formula
was used:
vV 13 (S_TD)j |

5 j=1 (Geq)j

where (STD); — standard deviation of stress values (c.,); from j-th interval from the average value in

this interval (G,,) ;.

4.3. Construction of a generalized curve for metal isotropic materials

Experimental data on biaxial tension of isotropic metal structural materials samples were taken
from [11], [12]. The authors analyzed data for a dozen carbon and alloy steels. This publication shows
the results of data processing for carbon steel 0.37 % C, high-quality carbon steel 45, and high-alloy
steel 15Cr2HMoV. All data were obtained under normal conditions. Pre-treatment and condition of
materials are described in primary sources.

Fig. 1 shows the scattering diagrams of experimental data calculated by formulas (1), (2) at three
valuesp (p=1, p=2and p=p,,).
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Fig. 1. Scattering diagrams of experimental points in coordinates o, —¢,, at differentp

For the considered samples of materials the smaller area covering the scattering diagrams at op-
timum value of parameter was visually observed. For other metallic materials similar diagrams were
obtained. For the vast majority of other metallic materials and alloys, the parameter p took on values
from the interval (1; 2). For only a few materials, the optimal parameter p values were outside this
range.

In Fig. 2 graphs of the dependences of the Pearson correlation coefficient on the values of the pa-
rameter p are shown.
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Fig. 2. Dependences R(p) of the Pearson correlation coefficient on the parameter p

Analysis of the graphs shown in Fig. 2 showed that the dependences of the Pearson correlation
coefficient on the parameter p reach their maximum at the selected interval. The maximum is more

INFORMACION TECHNOLOGY. AUTOMATION



82 . . . . ISSN 2076-2429 (print)
IMpaui Oxecbkoro nomitexHiyHOro yHiBepeutety, 2020. Burm. 2(61) ISSN 2223-3814 (online)

clearly observed in the case of steel 45 and is less expressed for the other two metals. A similar pattern
was observed for all samples of materials considered. In some cases, the graphs for the interval
p € [L 2] were strictly monotonic, the maxima were observed at the ends of the segment or outside
it, with a slight deviation.
In Fig. 3 graphs of dependences of the coefficient of variation on the parameter p are shown.
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Fig. 3. Dependences V (p) of the coefficient of variation on the parameter p

Visual analysis of the graphs shown in Fig. 3 showed that there are minima of dependencies for
p € [L 2]. The values of the parameter p, at which the coefficient of variation is minimal, are close to

the values obtained under the condition of the Pearson correlation coefficient maximum.

Approximate values of the parameter p and the corresponding quality indicators of the model are
given in Table 1. Here R, — the maximum value of the Pearson correlation coefficient for
pelL 2], p(R,.) —the value of the parameter p at which the maximum of the Pearson correlation
coefficient was reached. The minimum value of the average coefficient of variation V is denoted as

V... » the value of the parameter p, at which V,,, was achieved, is denoted as p(V,,;,) -
Table 1
Approximate values of the parameter p and quality indicators of the model (1), (2)
Steel grade Rinax P(Riex) Virin PVrin)
steel 0.37 % C 0.970 1.48 3.81 % 1.50
steel 45 0.968 1.30 3.44 % 1.32
steel 15Cr2HMoV 0.975 1.52 1.03 % 1.39

High values of the Pearson coefficient correlate with low values of the coefficient of variation,
which indicates the adequacy of the chosen approach to estimating the relative density of the location
of points obtained at different values of the parameter p. There are some deviations in the optimal val-
ues of p obtained by the quality functional and error functions. This can be explained by the accumu-
lated errors, including at the stage of measurement, construction of primary deformation curves, digiti-
zation of data borrowed from external sources, and rounding of the calculated data.

4.4. Approximation of deformation curves

A power model was used to approximate the deformation curve in equivalent coordinates:

cqu* =A- (Seq)Bi (3)
where A, B — model parameters: modulus and strengthening index, respectively. In Fig. 4 the approxi-

mation deformation curves constructed on the areas of strengthening at p(R,,) and standard devia-
tion of experimental points from the calculated curve are shown.
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Fig. 4. Approximation strengthening curves at optimal values p

The calculated parameters of the model (3) and quality indicators — the index of determination

R?, the average value of errors MR and the average relative absolute deviation of the experimental
points from the approximation curve AAE are shown in Table 2.

_Zn:((ceq)i - (Geq*)i)2
R?=1-1L - @)

Z((Geq)i - C_Seq)

=%i«ceq)i SGADE ©)

z|(cseq)

)| -100%. (6)
(Geq i

In the formulas (4) - (6) (o,,"); — values of equivalent stresses obtained by formula (3).

Table 2
Calculated parameters of model (3) and approximation quality indicators
Steel grade A B R?2 MR AAE
steel 0.37 % C 1001.88 0.222 0.971 0.210 2.2 %
steel 45 721.41 0.229 0.973 0.047 1.24 %
steel 15Cr2HMoV 643.27 0.095 0.980 0.011 0.56 %

All indicators of the quality of the approximation were checked using Fisher’s statistics and are
statistically significant.

The selection of criteria for estimating the relative density of points and the type of model for ap-
proximating the deformation curve remain controversial. The fit curves constructed by the authors on
the basis of a logarithmic model o, = A+ BlIng,, , gave commensurate indicators of quality.

5. Conclusions

The article proposes a universal method for constructing a generalized strengthening curve for
plastic materials, which is consistent with the classical approaches of von Mises and Tresca, but takes
into account the deviation of experimental data for the class of plastic isotropic metallic materials. The
method of constructing a generalized deformation curve invariant with respect to the type of stress
state is described.

The calculation of the parameter p of the proposed model (1) — (2), the parameters of the approx-
imation dependences and quality indicators was performed using a computer program using a pro-
gramming language Python.
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Analysis of the calculations performed for a series of metallic plastic materials showed that it is
possible to determine such a calculated value p of the constant material for which the scattering field
of the experimental data in the coordinates o, — €, is the smallest in area. This confirms the hypoth-

esis of the existence of a single deformation curve. At optimal parameter p values, it is possible to ob-
tain a regression equation for a single deformation curve with the best quality indicators.

To obtain the value of the parameter p as a constant material, you need to have the results of a
few simple experiments. For the most accurate calculation of the material constant p it is necessary to
minimize the impact of errors at the stages of preparation, testing and processing of results. Testing the
model for a larger number of metallic plastic materials and selection of additional quality metrics will
allow to describe with satisfactory accuracy the generalized deformation curve analytically and to pre-
dict the stress-strain state of the material in the strengthening interval.

In combination with the methods of taking into account the geometry of structures, the obtained
generalized curve can be used to predict the values of real stresses occurring in structural elements
under load and to improve approaches to estimating the realistic factor of safety.

Jlitepatypa

1. Tian H., Kang D. A study on determining hardening curve for sheet metal. International Journal of
Machine Tools and Manufacture. 2003. 43(12), 1253-1257. DOI: 10.1016/s0890-6955(03)00132-9.

2. TuS., Ren X., He J., Zhang Z. (2019). Stress—strain curves of metallic materials and post-necking strain
hardening characterization: A review. Fatigue & Fracture of Engineering Materials & Structures. 2019.
43.3-19. DOI: 10.1111/ffe.13134.

3. Hradil P., Talja A., Real E., Mirambell E., Rossi B. Generalized multistage mechanical model for non-
linear metallic materials. Thin-Walled Structures. 2013. 63, 63-69. DOI:10.1016/j.tws.2012.10.006.

4. TToranoBa JI.b. Mexannka MaTepHaliOB TIPH CIOXHOM HAaINpsDKEHHOM COCTOSHUH. Kak mporHo3upyroT
npenenbHble HanpsbkeHus? Mocksa : U3natensctBo Mammnoctpoenue — 1, 2005. 244 c.

5. Tpomenko B.T., JlebeneB A.A., Crpmwxano B.A. Mexannueckoe NnoBejieHHE MaTepHaIoB MIPU pa3iiny-
HBIX BUIax HarpyxeHus. Kues : Jloroc, 2000. 570 c.

6. Real E., Arrayago I., Mirambell E., Westeel R.Comparative study of analytical expressions for the
modelling of stainless steel behaviour. Thin-Walled Structures. 2014. 83. 2-11. DOI:
10.1016/j.tws.2014.01.026.

7. Jlroneur I1. OCHOBBI TEXHOJIOTHYECKOW MEXaHUKU. Pacuemst Ha npounocms. Mawunocmpoenue. 1970.
Beim. 15. C. 130-166.

8. Law M, Bowie G, Fletcher L, Piper J. Burst pressure and failure strain in pipeline. Journal of Pipeline
Integrity. 2004. P. 95-113. URL: https://www.researchgate.net/publication/ 283925162 Burst
_pressure_and_failure_strain_in_pipeline.

9. Proposal and application of a new yield criterion for metal plastic deformation / S.H. Zhang, X.R. Jiang,
C.C. Xiang, L. Deng, Y.X. Li. Archive of Applied Mechanics. 2020. 90. 1705-1722. DOI:
https://doi.org/10.1007/s00419-020-01691-6.

10. Ikonzincekuii O.K., Ko3oyp I'.B., Koctumun C.O. MeTtoarka y3araibHeHHs Jiarpamu aehopMyBaHHS
I30TPOMHUX MaTepiamiB JUlsl CKJIAIHOTO HAMPYXKEHOTO CTaHy. Bichux TepHONiibCbko2o 0epiucasrHo2o
mexniunoeo yHisepcumemy. 2004. 10(1), 25-30.

11. JlebeneB A.A., KoBampuyk B.U., I'uruasax ©.®., Jlamamesckuii B.I1. Mexanuueckue cBOWCTBa KOH-
CTPYKIMOHHBIX MATEPHAJIOB IIPU CJIOKHOM HANPSKEHHOM COCTOSHHU. Kues : I/I3,I[aTeJ'IBCKI/H71 JOM n
Ope, 2003. 540 c.

12. Kamunckuit A.A., Bactyn B.H. JlebopMaiiioHHOe ynpoYHEHUE W Pa3pyIICHHE METAJUIOB MPH Iepe-
MEHHBIX Hpolieccax Harpyxenus. Kues : Hayk.nymka, 1985. 168 c.

References

1. Tian, H., & Kang, D. (2003). A study on determining hardening curve for sheet metal. International
Journal of Machine Tools and Manufacture, 43(12), 1253-1257. DOI: 10.1016/s0890-6955(03)00132-9.
2.Tu, S, Ren, X., He, J., & Zhang, Z. (2019). Stress—strain curves of metallic materials and post-necking
strain hardening characterization: A review. Fatigue & Fracture of Engineering Materials & Structures,

43, 3-19. DOI: 10.1111/ffe.13134.

HOOPMALIMHI TEXHOJIOITi. ABTOMATH3AIILS


https://www.sciencedirect.com/science/article/abs/pii/S0263823114000366#!
https://www.sciencedirect.com/science/article/abs/pii/S0263823114000366#!
https://www.sciencedirect.com/science/article/abs/pii/S0263823114000366#!
https://www.sciencedirect.com/science/article/abs/pii/S0263823114000366#!
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.tws.2014.01.026
https://www.researchgate.net/publication/%20283925162_Burst_pressure_and_failure_strain_in_pipeline
https://www.researchgate.net/publication/%20283925162_Burst_pressure_and_failure_strain_in_pipeline
https://doi.org/10.1007/s00419-020-01691-6

ISSN 2076-2429 (print)
ISSN 2223-3814 (online)

Proceedings of Odessa Polytechnic University, Issue 2(61), 2020 8

3.

10.

11.

12.

Hradil, P., Talja, A., Real, E., Mirambell, E., & Rossi, B. (2013). Generalized multistage mechanical
model for nonlinear metallic materials. Thin-Walled  Structures, 63, 63-69. DOI:
10.1016/j.tws.2012.10.006.

. Potapova, L.B. (2005) Mehanika materialov pri slozhnom napryazhennom sostoyanii. Kak

prognoziruyut predelnyie napryazheniya? Moscow: Izdatelstvo Mashinostroenie — 1.

. Troschenko, V.T., Lebedev, A.A., & Strizhalo, V.A. (2000). Mehanicheskoe povedenie materialov pri

razlichnyih vidah nagruzheniya. Kiyiv: Logos.

. Real, E., Arrayago, I., Mirambell, E., & Westeel, R. (2014). Comparative study of analytical expres-

sions for the modelling of stainless steel behaviour. Thin-Walled Structures, 83, 2-11. DOI:
10.1016/j.tws.2014.01.026.

. Lyudvig, P. (1970). Osnovyi tehnologicheskoy mehaniki. Raschetyi na prochnost. Mashinostroenie, 15,

130-166.

. Law, M, Bowie, G, Fletcher, L, & Piper, J. (2004). Burst pressure and failure strain in pipeline. Journal

of Pipeline Integrity, 95-113. URL: https://www.researchgate.net/publication/ 283925162
Burst_pressure_and_failure_strain_in_pipeline.

. Zhang, S. H., Jiang, X. R., Xiang, C. C., Deng, L., & Li, Y. X. (2020). Proposal and application of a

new Yield criterion for metal plastic deformation. Archive of Applied Mechanics, 90, 1705-1722. DOI:
https://doi.org/10.1007/s00419-020-01691-6.

Shkodzinskiy, O.K., Kozbur, G.V., & Kaostishin, S.0. (2004). Metodika uzagalnennya diagrami defor-
muvannya izotropnih materialiv dlya skladnogo napruzhenogo stanu. Visnik Ternopilskogo
derzhavnogo tehnichnogo universitetu, 10(1), 25-30.

Lebedev, A.A., Kovalchuk, B.1., Giginyak, F.F., & Lamashevskiy, V.P. (2003). Mehanicheskie svoystva
konstruktsionnyih materialov pri slozhnom napryazhennom sostoyanii. Kiev: Izdatelskiy dom In Yure.
Kaminskiy, A.A., & Bastun, V.N. (1985). Deformatsionnoe uprochnenie i razrushenie metallov pri
peremennyih protsessah nagruzheniya. Kiev, Nauk. dumka.

Ko36yp 'anuna Boaogumupisua; Kozbur Halyna, ORCID: https://orcid.org/0000-0003-3297-0776
IIxomsincekuii Ouer Kcaseposuy; Shkodzinsky Oleh, ORCID: https://orcid.org/0000-0002-9983-0471
Taaaso Oawra KOpiisua; Hlado Olha, ORCID: https://orcid.org/0000-0003-1798-4934

Received May 18, 2020
Accepted July 27, 2020

INFORMACION TECHNOLOGY. AUTOMATION


https://www.sciencedirect.com/science/article/abs/pii/S0263823114000366#!
https://www.sciencedirect.com/science/article/abs/pii/S0263823114000366#!
https://www.sciencedirect.com/science/article/abs/pii/S0263823114000366#!
https://www.sciencedirect.com/science/article/abs/pii/S0263823114000366#!
https://www.researchgate.net/publication/%20283925162_Burst_pressure_and_failure_strain_in_pipeline
https://www.researchgate.net/publication/%20283925162_Burst_pressure_and_failure_strain_in_pipeline
https://doi.org/10.1007/s00419-020-01691-6
https://orcid.org/0000-0003-3297-0776
https://orcid.org/0000-0003-1798-4934

