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Abstract

The main assumptions have been made for the plhygsidamathematical models of combined developméthestress-
strain state and voids of ductile fracture in weldaipeline elements and pressure vessels with #tecttd 3D met
discontinuities (local corrésn losses of metal, macrovoids), including the soecated in the area of site welds
determination of the characteristic features otdefe structures’ limiting state. Analysis of thteessstrain state of the weld
pipeline section has been carried out based ote fad¢ment solution of the problem of non-statigrtaermoplasticity by tracing
elastic-plastic deformations from the beginningveiding to the complete cooling of the structarel subsequent loading to
limiting state. The continuum dilatation model ofdture is based on a stepwise prediction of mierad macradamage c
material both in welding and under loading witheimial pressure and external force bending momethiettimiting state on tt
basis of the Gurson-Tvergaard—Needleman theory. Crlteria for macroscopic fracture of structure anbrittle-ductile
mechanism have been proposed.

Methods for probabilistic estimation of the stresstate of the pipeline structure from the pointvidw of fractur
susceptibiliy, which are based on the integration of the dated field of principal stresses within the franoekvof the Weibul
statistics, have been developed. Functional depeedeof Weibull coefficients on the properties lo¢ tmetal, namely yie
stress andlegree of strain hardening, were obtained foremmuantitative assessment of the state of drisicactures based
a complex analysis of the limiting state of stapktines under internal pressure.

Specific features of the limiting state undeading with internal pressure and bending momenme tigeen investigat
based on an example of typical cases of operatomade of main pipeline elements such as local rfegsés in the area of 1
site weld. It was shown that nature of interactiresidual postveld stress state of metal with operation strefses the
geometry concentrator significantly affected th&ugeof limiting pressure in the pipe. Besides, dffefcthe additional bendir
moment on load-bearing capacity of the pipelingiseavith isolated flaw of local corrosion wall thing has been tlrmined
The change of failurprobability of the structure as a result of in@npressure and bending moment loading at varieosgtn
dimensions of thinning flaw has been investigdtased on the results of integral analysis of tpeljyie flawed section state.

Keywords:3D discontinuity flaws, ductile fracture, failuregbability, limiting state, mathematical modelinge stresstrain
state, welded pipeline.

Analysis of the static strength and workingmaterials and structures strength, along with the
capacity of pipeline elements with detected operati possibilities of modern means of numerical commutin
flaws is most often based on the determinationhef t of physical processes, is one of the important
limiting state of the structure, based on a cersgstem approaches that allows to take into account a
of loads and characteristics of the material rastst to  sufficiently wide range of characteristics of thetual
various types of fracture. Multifactority of thelrmlary state of the investigated structure and reasonailyce
state of real structures and the complexity of psses the conservatism of the corresponding estimates. In
of origin and development of fracture lead to aarticular, with regard to the elements of the rreamal
significant increase in the conservatism ofechnological pipelines, one of the ways of cording
corresponding engineering techniques and formulatia similar methodology is to take into account the
of inefficient, from an economic point of view, eqp features of assembly or repair welding at the sihtbe
conclusions based on the results of technical disign metal structure, including, if the welds of opevatl
of industrial objects [1-3]. The use of the latestlaws of corrosive nature appear on the periphdiy [
theoretical developments in the field of predictioh To do this, it is necessary to create a method for
predicting the residual state of the structurerdfie site
welding, as well as the development of appropriate
* Corresponding author: criteria for the limiting state. In case of the ahse of

asmilenin@ukr.net sharp stress concentrators, the nucleation predietnd
development of fracture of the metal pipe elements
occurs by the ductile mechanism, i.e. the formatbn
uniformly distributed micro voids during plasticrait
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of the metal. Subcritical damage, which precedes th For the analysis of kinetics of physical, structura
formation of a macro flaw, is mutually connectedhwi and thermomechanical processes during welding and
the stress-strain state of the structure, thathy e subsequent operation of welded structures it is
implementation of techniques of numerical predittid expedient to use methods of mathematical modeling o
the static strength requires the development ahe basis of proven means of numerical and computer
appropriate complex models that take into accohaet timplementation of spatial kinetic models. Thus, the
relevant characteristics of the material resistaoncthe temperature field during welding is determined bg t
ductile and brittle-ductile fractures. One of tlational thermal effect of a moving surface welding heatrseu
methods for assessing the current state of steu@nd The energy of welding heating, most often, is
its working capacity is the integral probabiliséicalysis distributed according to the circular normal law.id
as a necessary component of the risk analysis aésumed that the heat transfer in the sample to be
industrial systems. Based on the calculated limistate welded is caused by conductive processes, desdoyped
of pipeline elements with detected flaws it is golesto  the solution of the non-stationary heat equation The
build appropriate probabilistic methods that allowflow of heat into the environment (technological
quantifying the susceptibility to fracture of theelded equipment and atmosphere), with the temperatyrésT
pipeline element during complex operational loads.  taken into account by formulating the corresponding
The current trend in the development oboundary conditions under Newton's and the Stefan-
methodological approaches to the analysis of theenti  Boltzmann laws (2) [10]:
state of structures is to reduce the conservati$m o aT(r,¢,z)
expert conclusions both for substantiation of dut-0 cy(r,¢,z,T)T:D[/1(r,¢,z,'|')DT( r$.3]; (1)
project exploitation and determining the admisgipibf
detected processes of flaws technical diagnosfizsio _AG_T =ar (T-T,)+eqw E(T4 _ T"’) @)
this, there are proposed complex methods for stirtadri on e/ TSES e
and critical states of critical structures undeifedent whereT, 4, ¢y are the temperature, heat conductivity and
load conditions: static, variable static, fatigueyolumetric heat capacity of the structure mateail
temperature-force, etc. based on modern ideas d@heut given point, respectivelyy is the normal to the surface;
development of physical and mechanical processes. d; is the coefficient of heat transfex;g is the emissivity
particular, a number of practically important seslare coefficient of the structure surfacegs is the Stefan—
devoted to the prediction of ductile fracture alisture Boltzmann constant.
materials, and it is a phenomenon characteristic of Taking into account the peculiarities of physical
typical pipelines and pressure vessels in the alesseh processes during melting of metal, the temperature
sharp geometric concentrators [5-7]. But a limitedependences of heat conductivity and heat capaoity
number of works is devoted to typical problems oflescribed as follows:
simulating subcritical fracture of critical welded

structures, despite the fact that most of suctcsires op(Tg)+= T<T< Ty
have sections of assembly or repair welding, cy(T) = T-Ts 3
characterized by lower resistance to fracture 8, 9 cy(T). T2 T;

The main disadvantage of existing methods for )
assessing the working capacity of critical welded ( )= /l(T),TS<T<T,_, )
structures, in particular, pipeline elements, is a A(TL)nc,Tz T

significant simplification of the analysis of theetal whereT,, Ts are the liquidus and solidus temperatures,

Sfct)?n;?r.Cthfonvgglr?t'rggorgla_ﬁ.S'n.stzeeatgsfhn:io%sehawspectiveIy;g|h is the latent heat of melting, > 3-5 is
9 : - 1his 1S du X the coefficient allowing to take into account cootee

of prediction the residual stress-strain state efamin heat transfer in a liquid metal of a weld pool

the area 9f a permanent connection, depen_dlng en th The estimated kinetics of the temperature field
technological modes of assembly or repair Weld'ngllows to implement the numerical tracing of the
(post weld heat treatment), and the sub-criticahaige development of stress-strain and damaged states of

to m_etal, which determines the _I!m|t|ng state ok th structure material both during welding and subsatjue
C(_)ns_|de_red structure. _In add|t|o_n, the Comple)éxploatation. In the absence of sharp stress
distribution of stresses in the section of the wdld concentrators, the nucleation and development of
structure complicates the analysis of the stat¢|ang- subcritical dar,nage to the pipeline element is deitezd
term strength of .the structure ellement, especialthe by a ductile mechanism, which can be represented by
presence of additional geometric concentrato_rsh_as;c the successive stages given in Fig. 1. Each ofethes
Iﬁ;’vsszfgrgmlgcf‘;Ccc;.rtrgrs.gogf|3]Sesboc'; rgg;a:l, :t‘s;lgmlres stages has a different physical and mechanicalreatu

u Integ e u y ' and therefore their description requires the dgumlkent

The main purpose of this work is to .bu.'ld comp_le%)f relevant interconnected models. Thus, the nticlea
numerical methods and means of predicting the 0% \oids of ductile fracture is determined by the

development of stress-strain and damaged statdseof development of the plastic flow of the metal infbte

v_ve!o_led structures,_ the study of the featl_J_res of ﬂ]gothermal and non-isothermal cases. Thereforea as
limiting state, static sirength and operability thie criterion for the nucleation of micro voids of arteén

%Egll%g?/;t;ronnsl\(/)vsesld;dme;?;ents with operating flaws concentratiorfy there was chosen a modified Johnson-
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Cook approach that offers the following conditicr f 3(1-v)
the nucleation of damage [11]: fq = fq0 1+ﬁpvoid , (7)
dsP . . . N
I >1, (5) whereE is Young's modulusy is Poisson’s ratio.

5 The formation of shrinkage voids in the solid-
2 i liquid state of the metal is due to the specificity of the
where d‘gip_? dgiip Edqu, d‘giip are the crystallization processes, namely, the closure of the
components of the tensor of plastic strainsjs the crystalline alloy frame with the residual volume of the
critical value of plastic strains. fusible eutecticv;, which can cause some void fraction
after further cooling and shrinkage. The volumetric
concentration of shrinkage voids depends on the
temperature cycle during welding, in particular, from
the maximum heating temperatufg., of a particular
OOOQDO part of a structure. So, if the metal heats up above the
00% closing temperature of the crystal lattite the volume
of shrinkage voids is determined according to the
following ratio:

max —

a b fu:ps_qunT >'|'r' (8)
A

whereps, p is the metal density in the solid and liquid
hase respectively.
0 P \ .
0 go% O\QQ% When cooling the metal at maximum temperatures
below 7,, the volume concentration of the acquired
shrinkage porosity depends on the actual volume of the

c q liquid phasev;:
_A-A
a — the nucleation of primary microvoids; b — threwgth of df = 2 Vis Ts < Tmax < Tr.- ©)
voids during ductile deformation and the nucleatifn L . . .
secondary microvoids; ¢ — the nucleation of a méave; The volume of the liquid phase in this case is
d — the growth of a macroflaw determined by the temperature cycle and the properties
) ) of the material according to the lever rule:
Figure 1 — The scheme of the stages of the ductile T -T
fracture development V=M% S To<T  <T. (10)
T - Ts
Usually the critical deformatios. depends on the The connection between the residual volume of

characteristics of the metal, its temperature amel tfusible eutectics and the closing temperature of the
stiffness of the stressed state (the ratio of mamibr crystal lattice has the following mathematical
stresses to the intensity of stressg&s). Therefore, the expression:

value of this parameter can be estimated accortting T, =Tg +(TL_TS) V.. (11

the following ratio: Thus, in the process of welding there can be

—ou(T istinguished between different zones that determine the
& = [dl +d, exp{—%ﬂﬂ ex {UY v )} , ()
o;

B volume and nature of distribution of the scattered
i f

damage, depending on the nature of distribution of
- - temperatures and characteristics of the metal of the
where i, dy ds Bi=(10..15)gy, ¢=3 are the welded structure. The presence of metal discontinuity

constantspy, is the yield strength. Ihas an effect on the development of the stress-strain

It should be noted that the appearance of unlfOrméltate of the metal structure under the influence of the

distributed voids in the metal of welded joints accordin%xternal force. One of the recoanized anproaches. which
to the mechanism of ductile fracture according to (5)= : 9 PP '

(6) corresponds to the deformation mechanism (%HO.W taking .th's factor into account, is the_ use of
nucleation, but the crystallization of gas bubbles angfrous , coqtmual approaches V.V'th modifying the
metal shrinkage are the alternative ways of void'énaIterlals .y|eld su_rface, dgpgndlng on th? yolume
occurrence. Simulation of the formation of bubbles in 8on(_:entrat|on of uniformly d|str|buteq discontinuity. In.
weld pool that do not have time to stand out in the g rticular, the Gurson-Tvergaard—Nidlman approach is

phase before crystallization of the metal is rather - ”?OSt used. Ach)rdlng to it, the yield surface is
. g e ; described as [12, 13]:
complicated and it is not within the scope of this work;

2
but this effect can be taken into account as a . [ ¢ "2 , 30,
predetermined concentration of micro voigs in the CD_(J_YJ () +2qf COS}{%ZJ_ L (12)
metal of the seam. Additionally, the influence of the . )
internal pressure of theP,yq diffusion gases, whereq,, 0., s are the constantsf’ is the equivalent
accumulated in voids, is taken into account based on thencentration of voids.

change in pore volume from elastic deformation:
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The value of the equivalent concentration of void§nere ds® . deP

appearing in (12) is determined as follows: b , L
fif fet the growth of the strain tensor due to the elestiiain
' = lc

mechanism, plastic strains, the kinetics of the
= fC+M(f_fC),if f>f, (13) inhomogeneous temperature field and porosity,

e - respectivelyi, j =r, 5, z (Fig. 2).

where f. is the critical value of discontinuity
concentration, to which individual voids do notergct,
and it is assumed to be equal to 0.I5;is the
concentration of voids, at which the fracture dirdte

element occursf,, =1/q, .

It should be noted that the limiting transition
f'—0 transforms the conditions of the plastic flow)12

into the Mises criterion, therefore this should thken
into account when designing the continuum models of
the stress-strain state of the structure with theiad
tendency of individual parts to ductile fracturey i
particular, during welding.

The further growth of originated voids depends on
the stiffness of the stressed state and the itjeosthe
plastic deformation of metal and is described bgeRi
Tracy's law, namely [14]:

gj-der, g;-of /3 are the components of

o Figure 2 — The scheme of the system of external
dR=R Klexp{ Kz_mj &P, (14) loads (bending momenM and internal pressureP)
g acting on the defective element of the pipeline
where R, Ry is the current and initial void's radius

respectively; g is the intensity of stressek; = 0.28, Dependence of strains on stresses is determined by
K, = 1.5 are the constants. Hooke's law and the associated law of the platiiw,f

In the case where the stiffness parameter of tH@sed on the following relation:
stress state of the structure’s section under deration Ag; =W(o -3 g, )+3 (Kg, +0s +Af/3)-
is small for the intensive growth of the voids atcitog ! (1 v ) : ( ! )

. . D

to (14), _then the substantial development of plasti _(J__ ‘CTij) +(Kam)D, (17)
deformations can lead to the appearance of secpndar 2G

imperfections. The rate of nucleation of secondarwhered; is the Kronecker symbol, that i§, = 1 if i =j
spherical voids depends on the concentration gfnddj =0 ifi #j, gy is the average value of the normal
inclusions in the metal of the structure and th@omponents of the stress tenggr K=(1-2V)/E is the
development of plastic deformations according te thmgagule of volumetric compressio=0.58/(1+1) is the
following law: shear modulus; the symbol «*» refers the variablthée
K' previous tracing step¥ is a function of the material

f=fo+f exp(— J (15) state that determines the condition of the plefiia in

wheref; is a volumetric concentration of inclusions’

accordance with the von Mises criterion, with the
is a constant characterizing the maximal possiblg,ss section of the finite element as a resulthef

C

additional consideration of reduction of the begriret

increase of the Odquist parameter formation of discontinuity within the framework e
It should be noted that the valyedepends on the Gyrson-Tvergaard model.

heat affected zone (HAZ), as well as initial nontafle  4550ciated with two nonlinearities in physical gsses:

inclusions and those acquired in the process adimg@l  piastic strain and fracture. There were applied
The study of the combined problem of the kineticgresponding iterative processes that allow ufinid

of the temperature field, the development of s#eshd e state of a finite element satisfying the eduilim

strains, and the formation of microvoids is basedao equation and the condition of the plastic flow tive

corresponding finite element description using eighthese nonlinear problems. To solve the nonlinedrity

node finite elements (FEs) based on the WeldPiedict pastic strain there was applied an approach pexpby

software complex. Within the volume of a particular/ | Makhnenko, namely, the consideration of the
element, the distribution of temperatures, stres8®5 fnction of the state of a materia¥ satisfying the

strains i.s assumed to be. homogeneous. The growthfgﬁowing conditions on the yield surface [16]:
the strain tensor (taking into account the presearw

uniform distribution of microvoids) can be represeh

by the following expression [15]:

dg =dgt+dgP+q (o +d/3, (16)
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\P:%,if 0, <04 =

:O'Y\/1+(q3 )% - 2q, ' cosr{

)

(18)

Qo
Oy

tP>%,if o, =0

state o; > o, is invalid.

The main difficulty in tracing the non-stationary‘,g”Oys for welded pipelines

marks the time differentiationgy is the initial value of

the yield stress.

Accordingly, metal of the structure changes its
properties as a result of cold-hardening in the process o
accumulation of plastic strains while the tendency to
strain strengthening, quantitatively characterized by
constants in equation (21), determines the degree of
development of the fracture of a particular type. This

henomenon is important for the formation of new
as well as for the

load, in particular, the cyclic one, is that smatianges e\ elopment of specific design solutions for individual

in the state of metal, namely, the accumulation a
growth of subcritical damage, cause a change in t
yield surface in accordance with (12) and the etiatu
of a plastic strain loop. But at the same timesit i
necessary to determine the equilibrium state of t
damage and the corresponding distribution of sies
and strains at each step of tracing. To do thids it
offered to carry out the following iteration prosesn
the function®, from the assumption that the stationar
state is characterized by a negligibly low ratetlod
volume growth of ductile fracture voids in (14)—15

Om | 4ep =
o )

=W, <W)=10°;
F, if W, >w)

F +dF, if foKlexp{K2

(19)

whereF is a system of external power loads upon the

structure; & is an increment of power load during
numerical tracing.

peline elements.

€  The implementation of conditions (18)—(19) is
performed at each step of tracing by the iterative
method, taking into account the corresponding

I'lfiependencerfs on temperature, damage and history of
Sthe plastic strain. At the same time, the stresgesre

calculated as follows (a summation occurs by the
duplicate indices) at each step of the iteratio?aind

Yy 16, 17]:
0j =$(A5u' +4 LP;KAEJ“‘JJ - (22)
where =4
Ji :é[(q -4 b)j+g (KJD—A‘E%MH.
b
3

The relation between the components of the strain
tensorde; and the vector of displacement incremebl

As a criterion for the nucleation of macroscopidas the following mathematical expression:

fracture, the condition of brittle-ductile fractunsas
used, namely the fulfillment of one of three coiwhis:

[Lp_ij ZEf _Ep: Ef _8p ,
2G), 15, 1_5os(gp,T)
f' =iexp[—%] ; (20)
Sl 2107
0,
— 2 >
1-21/3 S

where & is the tension of the microcircuit valug;is
the limiting strain ability of material.

AU; | +AU;
AN = —2
' 2
where a comma marks the differentiation within Fies.

The components of the stress tensor satisfy the
statics equation for internal FEs and the boundary
conditions for the superficial ones. In their tuthe
components of the vectatU;=(4U;, 4V;, AW,) satisfy
the corresponding conditions at the boundary. The
solving system of algebraic equations in the vaeslof
the displacement increment vector in the nodeshef t
FEs at each step of tracing and iterations ¥yis
determined by minimizing the following functional

. (23)

It is known that metal behavior varies considerabl{-agrange variational principle):

depending on the size of its strain: in case ditietly
small strains, the material is elastic and stradne
reversible after removal of the external load; whies
stresses of plastic flow of metal are formed, iemsible
plastic strains are formed; further material logdin
causes some kind of strengthening as a result ldf co
hardening. The shape of Mises vyield surface, dapgnd

L= —%;(Uij +3; A\ ¢ +§,EAU Ag'" , (24)

where Z is the operator of the sum by the internal

\%
FEs; z is the operator of the sum by the surface FEs,
S

on the intensity of accumulated plastic strains, i which the components of the force vectgrare

considered in the following form:
£p

el [+

,=9.112-1F; £,=1.540-1¢"

oy =09 1+clln[
0

where ¢,;=2.149-1C"

given, that is, the following system of equatiotisvas

us to obtain a solution in the components of the
displacement increment vector at each tracing atep
iterations by¥ (¥,) for a specific FEs:

m=0.14 are the constants; the point over the variable

30
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Table 1 — Comparison of results of numerical calcattions of the ultimate pressure
in flawed pipeline elements with the data of laboreory tests [18]
Wall Internal Depth Length Width Fracture | Design pressure
thickness, radius of a flaw, | ofaflaw, | ofaflaw, | pressure, of fracture, Error, %
mm of a pipe, mnp  mm mm mm MPa MPa
3.1750 69.596 1.6002 38.1508 9.525 10.5494 10.5 7 0.4
3.2512 69.596 1.6764 38.0492 38.0492 13.1695 11.9 .64 9
2.8448 70.104 0.5080 40.233 10.1092 14.8243 14.5 19 2
2.8448 68.580 2.0066 38.2014 10.0076 7.239}5 7.3 83 0.
3.1496 65.786 2.4130 12.1412 3.9878 14.4795 13.2 84 8.
3.1242 65.786 2.5400 6.1214 9.652 15.6861 16.6 5.83
3.1242 65.786 2.2606 59.6392 10.2616 6.5503 6.5 7 0.7
3.1496 65.786 2.3876 12.319 363.499 8.9635 9.4 4.87
6.2992 66.548 5.3594 53.4924 9.8298 11.7215 11.6 04 1.
6.2484 66.548 4.6990 13.7668 9.779 22.7535 24.1 259
oL, o oL, o oL, 0. (25 . The accuracy of the quantitative probabilistic
AU, ' DV, ,, ' BW, : estimate according to (27) depends on the adegofacy

o the values of the Weibull parameters used to teeifip

The validation procedure of the developed modgj;oplem. The determination of the valuesipB andy
of nucleation and growth of ductile fracture voids,the may be based on either a series of experimentdiestu
main mechanism determining the limiting state of & the failure of samples using identical materiald a
pipeline element with a flaw of wall thinning, casts  gmilar load system, and the subsequent statistical

in comparing the limiting pressuf@n.c and the degree anaiysis of the results obtained, or on numeritalies

of reduction of the bearing capacity of model thickof 3 limiting state of the structure, taking intocaunt
walled tubes with external flaws of various sizesyhe results of technical diagnostics. The second
obtained during a numerical study, with the avaéab gnnr0ach is less labor-intensive, but more consieeva
experimental data [18]. As it is shown in Tabletie , terms of application of numerical methods for
accuracy of calculated results of determining thﬁnalyzing stress-strain and boundary states chwefl

boundary pressure is satisfactory: the error da®s Nyrycture, taking into account the development of
exceed 10 %. various flaws.

The probability of fracture _of a flawed structure Coefficient A in (26)—(27) characterizes the
has a double nature: the uncertainty is determinyetiie |, osipjlity of the FEs failure at relatively lowresses.
inaccuracy of the available data or the stochagitare |, theory, there is a nonzero probability of thacfure
of the actual failure process. Depending on th@@se ,cleation at stresses close to zefo=(0), but this
of study and the type of the structure damageeth@y  approach is not rational for the solution of applie
be applied various approaches of probabilisticy@i®l ,roplems. To reduce the complexity of the numerical
If the geometry of the studied structure does rateh gy,qy it is assumed that the probabilistic nanfréhe
sharp concentrators, ~the following approach 1igyjjyre is observed in stresses that exceed theeval

determining the probability of fracture can be usad {he plastic flowaye,, which depends on the strength
probablhstlc estimation is |m_pl_emented py integrgt properties of a particular material, namely
the field of main stresses within the Weibull statis oiow = (00 + ov)/2, Wheredy, is the ultimate stress. In its

for the description of the fracture by the mechanf 1y the value of; for describing the failure of structure

the "weak link". In this case, it is assumed thae t :
o ' : steels is assumed to be equal to 3—-4. Thus, thEoper
probability of fracture can be described by theeéir ¢ yhe analysis of stress fields in the structurettie

parameter Weibull function within the FEs [19]: limiting state is to determine the parameRerin the

o -A 7 Weibull distribution, which will allow us to carrgut
p=1-ex _( B j '(Ul > A) ' (26) the necessary quantitative estimates of the prbtyabi
an emergency situation of the pipeline flawed secti
whereA, B, # are Weibull parameters.
Integration of the stresses field over the arethef

An integrated methodology for numerical analysis
allow us to study a class of practically importéastks
weakest cross sectio allows us to estimate the of assessing the extent of operational damage ia ma
integral probability of the structure failure: pipelines (MP) with detected flaws of discontinuity
o - AY ds local isolated or multiple surface corrosive metsls,
_ 1 . . . . . .
p=1- ex;{—j[ ) —} (:>A), (27) including, in the case of complex static or fatigution
s\ B S of the internal pressure and bending moments; smmo
whereS, is the constant characterizing the spatial scagamage on the periphery of the welds of MP and in
of the transition of micro-damage to the macroflaw.  immediate proximity to them; gas inclusions in the
metal of welds; flaws and dents. Minimization o&th
conservativeness of the proposed estimation isdbaise

31
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the exact description of the processes of faildr¢he Wekiedincamn

welded structure at every stage of the integrigfation, 5 mm Flaw di=5 mm
< L _ 710 S —

and on the minimal schematization of the actue |

geometry of the structure within the framework bé t

corresponding finite element partition.

As an example of using the developed compler, mm
model for the analysis of welded structures, thating 710
state of the pipeline element with a diamete 690
D =1420 mm and a wall thicknegs=20 mm from
17H1S steel is studied (temperature dependences r mm
properties of this steel, necessary for the calicmaof 710,
welding processes, are given, in particular, in)28 is s 5 100 150 200 250 ,
generally accepted that there is an external sgtiel .
flaw of a local wall thinning o6=50 mm,a=5 mm, I
which is permissible according to [21] for typical 0.07 0.06 0.05
operating modes (internal pressure up to 7.5 MRA aI.
corresponding safety factors) in the area of the
circumferential site seam of the studied part ef MP.

The mutual arrangement of a weld seam (taking int Pmaxs
account the residual stress-strain state, as vsethe
scattered damage accumulated during the weldit
process) and the concentrator in the place of t20.0
geometric anomaly has an impact both on the failui
mechanisms of the structure metal and the valuheof
limiting pressure in the pipeline. 19.5

At the same time, the failure develops
independently in the region of the maximum depth ¢
the flaw and in the HAZ at the initial stages o th
structure loading with the internal pressure, whsrine
characteristic feature of the limiting state is the
interaction between two types of the studiec
heterogeneities in terms of forming the generakzoh 135 - - :
microvoids (Fig. 3a). Moreover, the greater theatise 0 50 100 150 df, mm
dl between the weld seam and the surface wall ign b)
the greater the force effect is necessary for the

formation of high local stresses and greater nfathire Figure 3 — Distribution of porosity before failure (a)
between them, where macro-failure generates at the  and dependence of the limiting pressure

increase in loading (Fig. 3b). As can be seen fthen i the pipeline on the distance between the thinnmn

Welded
elded seam Flaw d41=50 mm

Welded seam Flaw dI=150 mm

MPa

19.0

above data, the close location of the permissible flaw and the circumferential weld (b)
thinning flaw and the weld seam can reduce theibhgar
capacity of the pipeline to 10 %. p MPa

max 4

If in addition to the internal pressure, there alsi
acts the bending momeM, which causes a change in 181
axial stresses on the valagy depending on the value 7|
and direction of the bending force, at the congidéviP
with an isolated flaw of thinning, the maximum pes
that can withstand the studied pipeline elemer 15 -
quasilinarily depends on the magnitude of the mdme ,, |
(Fig. 4). Besides, for the case of a negative bendi
direction, its effect on the limiting state of tflawed 184
pipeline is relatively small, whereas excessivetsting 12
reduces thé ., value to 47 % for the range of values of 4, |
external moments considered.

In order to assess the impact of the strengt 10
characteristics of a specific MP steel on ductiiéufe 9 . . .
processes and the probability of failure, it hagrbe 0 9 10 % o, MPa
carried out a similar complex boundary analysis Figure 4 — Dependence of the maximum pressure
for a pipeline Dxo = 800x39 mm from a steel X60 Pmax in a pipeline with a three-dimensional flaw of
(ov = 490 MPagy, = 560 MPa) with single isolated wall |ocal corrosion thinning and direction of the appled
thinning of various sizes. As the results of thedgt bending moment
showed, the change of the type of steel withinttihee
assortment for MP influences considerably the quisce

Negative bending

Positive bending
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bility to variation of failure, and it is mathemedily failure with surface flaws on the internal opergtin
characterized by a decrease of the Weibull paranBete pressure in the pipeline. As an example of such a
from the value of 4310 MPa up to 2930 MPa with thealculation Figure 6 shows the dependences of the
yield strength increase from 450 to 550 MPa (Fi). 5 failure probability on the internal pressure up the
The effect of the strain hardening of the MP matesn limiting loads for the pipelin®xs = 80039 mm from
the value ofB is not so significant (see Figure 5 b),X80 steel with flaws of different depths at constan
which is due to the corresponding changes in tHengths and width equal to 150 and 40 mm, respelgtiv

Weibull parameteA. For typical operating ranges of MP operational fagd
B. MPa to 22 MPa, the probability of failure does not estte
! 4.10% which is acceptable to many pipelines in terms of
the overall risk of a failure. Similar flaws havensre
4100+ significant effect on the bearing capacity of theicture
for pipeline Dxg = 142025 mm from X60 steel (see
3900 Figure 6 b): flaws with a depth of 10 and 14 mmoe
acceptable for a typical operating range of interna
37001 pressures (up to 11 MPa ) because the failure
probability is greater than 0.2 and 0.6, respebtivier
35001 a pipeline with a flaw depth of 6 mm, the probapibf
an failure is 5.1- 1) which is in most cases acceptable.
3300 p
31001
2900 " ‘ - - ‘ .
425 450 475 500 825 5 MPa
a) 0.6
B, MPa
| 0.4
2520+ ‘
2500+ | 0.2
2480+
2460 %10 20 30 40 50 P, MPa
2440 | a)
| p
2420+ |
2400+ |
. 0.8
2380 ‘
2360 ‘ " ' ; ‘ | 0.6
0,03 005 007 009 0,10 0,13

7 m
b)

Figure 5 — Dependence of the conservative value
of the Weibull parameter B on the yield strength (a)
and the strain hardening factor (b) the material of 0.2

the pipeline flawed section

0.4

On the basis of the obtained values of thi° 6 8 10 12 14 16 18 P MPa
coefficients of the three-parameter Weibull digitibn b) ’
A and B for 17H1S steel, there was carried out a
probabilistic analysis of the state of a pipelinengent a — Dx¢ = 80039 mm X80 steel;
with a flaw of thinning on the external surface by b —Dxs =1420x25 mmX60 steel

integrating the field of main stresses, obtaineditije-
element solving the boundary-value problem of stodi
the mentioned structure under the influence of the
internal pressure. In particular, it has been shdvan it

is possible to determine the maximum allowable esalu

of loads acting on the MP section and the degree
reduction in its bearing capacity with the help o
numerical dependences of the probability of thelme

Figure 6 — Dependence of the failure probabilityp
of the pipeline with flaws of the wall thinning
of different depth on the internal pressureP

The calculation results have shown that is not

Bserved a significant difference in the failure
robability of the pipeline element at differenepsures
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in the pipeline for the material with different @mm- occurs mainly due to the plastic mechanism at the
hardening factors (the difference does not exc@)l limiting loads and is determined by the value oé th
This is explained by the fact that differences e t main stresses within the framework of the flow
degree of strain-hardening do not cause a significacondition (12). That is why it can be concludect ttie
difference in the limiting pressure for the casalem integral analysis of the susceptibility to failieemore
discussion. Therefore, the corresponding functionaldequate by determining the features of the stiatheo
dependences of the Weibull parameters compensate fiawed section as it is based on the tracing tharsin
the changes in the stress state during the pléhsticof accordance with the continual models of predictidn
metal in the region of the geometric anomaly, anthe structure’s stressed-strain and damaged sfetes
integrating the field of the main stresses of stm& example, it has been considered an element of 17H1S
from different materials leads to identical valudshe steel MP D =530 mm,§ = 18 mm) with a flaw of wall
failure probability. thinning =9 mm, 2=100 mm, 2=80 mm), affected by

A characteristic feature of the relation (27) ie ththe internal pressuré and the bending moment M, the
presence of the spatial compone®S,, which allows limiting state of the structure corresponds to vhkies
taking into account the scale factor of failure irof the Weibull parametera = 560 MPaB = 3600 MPa,
determining the integral probability of the pip@in n=4. The calculated dependences of the failure
element failure. As an example, Fig. 7 presents th&obability for this example of the flawed sectiointhe
comparison of the calculation results of the depend pipeline on the operating pressirat different values
of failure probability on the internal pressure tre of the bending moment (equivalent to the correspuand
pipeline section DxJ = 1420x20 mm with a three- value of axial stress,) are shown in Fig. 8. In case of
dimensional flaw of local wall thinning of small values ofP, the dependences are quasilinear,
2sx2cxa=150x100x12 mm and a pipe of which implies that there is no significant develah
Dx¢ = 71010 mm with a three-dimensional flaw ofof plastic strains and ductile failure for this ganof
2sx2cxa=75%50%6 mm. As can be seen from the datealues of external forces. But the dependencehef t
given, despite the identical distribution of stessat the probability of the value p are nonlinear for highatues
same internal pressures for the indicated cases, tf P: for pressures higher than 30 MPa there is a sharp
failure probability of a larger structure is sigoéntly increase in the failure probability, which corresgs to
higher corresponding to the features of failurghe development of both plastic strain and miciifree

mechanics. of the structure metal by the ductile mechanismthin
p above example, the bending moment acts in a pesitiv
1 direction relative to the flaws{y, have positive values in
the flaw section and are negative in the oppos#ea af
0.75 2 the pipe section). For the case of the oppositeracf

the bending moment, the nature of the failure
probability dependencies of the MP with a flaw of
thinning on the outer surface is similar, but radgahe
0.50 axial stresses in the area of the flaw reducessitsand
the corresponding values of the failure probabilityll
ranges of external force loads variation.

0.25 p
o, =260 MPa
7 9o 11 13 1‘5PIMP 08
,» MiFa o,,=195 MPa
1 -Dxo =1420%x20 mm, 2sx2xa=150x100x12 mm;
2 — Dxg = 710%10 mm, 2sx2xa=75x50x6 mm
Figure 7 — Influence of the scale factor on the flire 5 =130 MPa
probability of the pipeline element with a local thnning 0.2 -
of the wall under the action of internal pressure
ioi i i 0
In the case of the joint action of internal pressur 0 = = o P. MPa

and bending moment (see Fig. 2), the change in tl
bearing capacity of the MP region with a flaw otab Figure 8 — Dependences of the failure probability fo
thinning, in accordance with existing norms, based a steel pipeline element with an external flaw
mainly on linearly elastic theories of failure, esttal  of corrosion loss of the metalg=9 mm, 2=100 mm,
forces should be considered as additive comporients 2¢=80 mm) on the value of internal pressure

the corresponding admissibility criterion. But the at different values of the positive bending moment
limiting state of the pipeline element in this case

characterized by a substantially nonlinear depecelen By means of the described numerical technique
on the applied load, because of the fact that nsétain there was made a study of the features of the rhutua
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influence of local metal loss of assembly and nepai
welded sections under cyclic loading. Without logs
generality, it is considered that the pipeline ifagger
D = 1420 mm and walb= 20 mm) is influenced by the 700
alternating internal pressuke(t), which varies in timet !~ N :
according to the sinusoidal law: -100 -80 -60 -40 -20 0 20 40 60 z mm

r, mm
710

_ . t
P(t) = F3)+dPsm[ m;j' (28) 18 20 22 24 26 28 f£.40°
wherer is a period of pressure oscillation. a)

Within the framework of this work, there can be F mm

singled out two conservative approaches in deténgin 710 \
the onset of the limiting state of a welded strietu 444
under the influence of a static, repeated statit law / /\

pycle Ioz_;ld, namely_ the appearance of the. fl_rst 9100 80 -80 -40 20 O 20 40 60 %
imperfections according to the Johnson—-Cook cateri x
(5) or the failure of the first FEs according te ttriteria
(20). It should be noted that the first approacmads
sufficiently informative in the case of the preseraf b)
welds in the structure that cause local failure and N, cycle
weakening of the metal. Therefore, the second aupro
can be considered rational as it defines the nticleaf 380-
macro-failure as an inadmissible state of structiife
influence of size of the flaw on the number of load
cycles N prior to the macro-failure was investigated 360
based on the example of the characteristic case of
internal corrosion flaw of the main pipeline elemen 3501
the area of multipass welding. 340 |
Thus, with cyclic change in internal pressure
(P;=8.0 MPa, #=2.6 MPa,r=60 s), when the conditions 3301

[e)]
[{s]

.
1.8 20 22 24 26 28 f£.403

370

of ultra low-cycle fatigue are implemented (the tem 220 : : : :

of cycles is not more than 90a micro-failure nucleates 7 8 9 10 a,mm
at the initial stages of the load in the area gqfane c)

welding, and the area of subcritical failure extimto Figure 9 — Distribution of the micro-failure f

the HAS and the base metal as plastic strainsf a pipeline element metal in the area of deposith
accumulate (see Fig. 9a, b). Macro-failure is tgjtyc ~ welding with an internal flaw of thinning at the first
generated in the field of interaction of plasticast  Stages of the cyclic loading by internal pressureaj
fields from the concentrator (flaw) and the reslduaand before macro-failure (b), and the dependence of
deformed state in the welding zone. The dependefice the limiting number of load cycles by the internal

the limiting number of load cycles for the flaws of pressureN; on the depth of the flawa (c)
different depths in the case under consideration is . .
characterized by a significant nonlinearity (Fig. Bhis 2. There is offered the methodology of numerical

is due to the fact that the increase in the deptthe estimation of the failure probability of pipelineements
pipeline wall thinning under the zone of repaiwith three-dimensional flaws of metal: surface loca
deposition welding, on the one hand, causes aeaser thinning and macroscopic gas inclusions in a weddain
in stresses in the area of a geometric concenfratol, based on the integration of the main stress fialdsin

on the other hand, reduces the amount of deposittte framework of the three-parameter Weibull stias

metal and the level of post-welding stresses. This allows taking into account a complex effectiud
internal pressure and the bending moment, and a
Conclusions complex three-dimensional stress-strain state & th

pipeline in the area of geometric anomalies. Khewn
1. The methods of numerical prediction of théhat the Weibull parameteB is a characteristic of the
stress-strain state of steel and aluminum pipelin®@aterial and can be used for the probabilisticysislof
elements during their assembly and repair weldasy, the state of pipelines from pipes of various siaes
well as in the process of further exploitation,imgkinto ~ different type of operational corrosion failure. ik
account nucleation, development and interactiothef advisable to choose the value of coefficiénequal to
metal porosity are developed. The criteria of th#éhe flow stress of a metal for tubular steels with
limiting state of welded structures on the basidwdtile ~ significant propensity to strainhardening. Constvea
failure mechanics and plastic instability are forated.  values of the Weibull distribution coefficients fsteels
of different strength classes are obtained.
3. It is shown that the action of the additional
bending moment can significantly (up to 60 %) iace
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width, whereas the increase in the circumferencthef ProcessesvVysshaya shkola, Moscow. (in Russian).
geometric anomaly slightly reduces the bearing ciapa [11] Johnson, GR & Cook WH 1983, “A constitutive

of the structure under the condition of the acrihe MOdel and data for metals subjected to large stragh strain
rates and high temperaturesProceedings of Seventh

purely internal pressure in the pIpe. . ... International Symposium on Ballistic&oninklijk Instituut
4. By example of the main pipeline section witt 5, Ingenieurs, Hague, Netherlands, pp. 541-547.

the permissible external flaw of the local metaislmear [12] Xue, L 2007, ‘Damage accumulation and fraetur

the site welding seam, it is shown that the lingtstate initiation in uncracked ductile solids subject teaxial

of such a flawed structure is characterized by theading’, International Journal of Solids and Structures

formation of the general failure area between theol. 44, no. 16, pp. 5163-5181.

welding seam and geometric anomaly. [13] Tvergaard, V 1990, ‘Material failure by void
5. It is shown that the change in the straindrowth to coalescence’Advances in Applied Mechanjcs

hardening factor the pipeline element material has vol. 27, pp. 83-151. .
significant effect upon the nature of nucleation 0& [14] Karzov, GP, Margolin, BZ & Shvetsova VA 1993,

o . . . hysical-mechanical modeling of fracture processes
distributed failure under the influence of interna olitekhnika, St. Petersburg. (in Russian).

pressure. Thus, with a low strain hardening, the [15] Makhnenko, VI 2013, ‘Problems of examinatioin o
microdamade formation is determined by purely deicti modern critical welded structure®aton Welding Journaho. 5,
criteria, while the increase in susceptibility toldz pp. 22-29. (in Ukrainian).

hardening changes the nature of flaws nucleatiom in [16] Makhnenko, VI 2006Resource of safe service of
brittle-ductile and ductile. The greatest resistatethe Welded joints and assemblies of modern structurzaikova
failure of the pipeline element by the internalgmere Dumka, Kyiv. (in Ukrainian).

occurs in case of the combined brittle-ductile retof [17] Makhnenko, VI 1976 Computational methods of
failure nucleation investigation of welding stress and strain kingtibgwukova

Dumka, Kyiv. (in Ukrainian).

[18] Kitching, R & Zarrabi, K 1982, ‘Limit and burst
pressures for cylindrical shells with part-througitots,

[1] Reutemann, A, Manfredi, C, Otegui, JL & Belmonte,International Journal of Pressure Vessels and Rjpiol. 10,
JC 1995, ‘Failure Analysis of Power Stations: a Casely’, No. 4, pp. 235-270.

Proceedings of an International Symposium on Materi [19] Weibull, W 1951 ‘A statistical distribution fiction
Ageing and Component Life Extensied. V. Bicego, A. Nitta 0f wide applicability’, Journal of Applied Mechani¢csol. 18.
and R. Viswanathan, CISE, Milan, pp. 1357—1365. pp. 293-297.

[2] Janelle, JL 2005An overview and validation of the [20] Neymark, BE (ed.) 1967Physical properties of
fitness-for-service assessment procedures for litalareas. steels and alloys, used in power engineering. Haakbo
University of Akron, USA. Energiya, Moscow. (in Russian).

[3] Wintle, JB, Kenzie, BW, Amphlett, GJ & Smalley, [21] Directive. Determination of residual strengtf
S 2003,Best practice for risk based inspection as a pdrt omain pipelines with flaws. DSTU-N B V.2.3-21:2008:
plant integrity management. Contract research reporMinregionbud of Ukraine. (in Ukrainian).

363/2001, Health and Safety Executive, Merseyside.

[4] Makhnenko, VI, But, VS, Velikoivanenko, EA,
Rozynka, GF & Pivtorak, NI 2001, ‘Mathematical mdohe
of pitting flaws in active oil and gas pipelines dan
development of a numerical method for estimation of
permissible parameters of arc welding repair oivfia Paton
Welding Journalno. 11, pp. 2-8. (in Ukrainian).

[5] Hancock, | & Mackenzie, AC 1976, ‘On the
mechanism of ductile failure a high strength steddjected in
multi-axial stress stateJournal of the Mechanics and Physics
of Solids vol. 24, no. 213, pp. 147-149.

[6] Alashti, RA, Jafari, S & Hosseinipour, SJ 2015,

‘Experimental and numerical investigation of duetdamage
effect on load bearing capacity of a dented APl XiBep
subjected to internal pressur&€ngineering Failure Analysjs
vol. 47, pp. 208-228.

[7] Ruggieri, C & Dotta, F 2011, ‘Numerical modeling
of ductile crack extension in high pressure pipinith
longitudinal flaws’, Engineering Structuresvol. 33, no. 5,
pp. 1423-1438.

[8] Dong, P, & Brust, FW 2000, ‘Welding residual
stresses and effects on failure in pressure vessglpiping
components: A millennium review and beyondurnal of
Pressure Vessel Technologyl. 122, no. 3, pp. 329— 338.

[9] Sedmak, A, Younise, B, Rakin, M, Medjo, B &

Gubeljak, N 2010, ‘Ductile Fracture Resistance @& Weld
Metal and Heat Affected Zone in a HSLA Steel Weldeht’
TC1 Meeting European Structural Integrity Society, Freiburg,
pp. 1-34.

References

36 ISSN 2311—1399. Journal of Hydrocarbon Power Engin  eering. 2017, Vol. 4, Issue 1



Numerical prediction of the current and limiting st ates of pipelines with detected flaws of corrosion wall ...

VJK 621.791+620.19:539.42

YucenbHe NpOorHo3yBaHHA NOTOYHUX Ta FPAaHUYHUX CTaHIiB TpybonpoBoaiB
3 BUAABNTEHUMMU HeAoniKaMu po3piaKeHHA KOPO3iNHOT CTiHKK

0. C. Minenin

Incmumymy enexmposzeapiosanns im. €.0. [lamona HAH Vkpainu,
eyn. K. Manesuua, 11,m. Kuis-150, 03680 YVkpaina

HaBeneHo oCHOBHI MONOXKEHHS (I3UYHOI Ta MaTeMaTHYHOI MOJENCH CIIJIBHOTO PO3BUTKY HAMPYKCHO-
ne()OpMOBaHOTO CTaHy Ta TIOpP B'SA3KOTO PYHHYBaHHS 3BapHUX TPYOOIIPOBIIHUX E€JIEMEHTIB 1 MOCYIWH THUCKY 3
BUSIBJICHUMH TPHUBHMIDHAMH HECYIIUIBHOCTAMH MeTany (JOKaJbHAMH KOPO3IMHMMHM BTpataMd MeETay,
MaKpOIopaMH), Y TOMY YHCIi, B 00JJacTi 3BapHUX MOHTaXKHHUX ILBIB JiJIs BU3HAYEHHS XapaKTEPHUX OCOOIUBOCTEMN
TPAaHUYHOTO CTaHy Je(eKTHHX KOHCTPYKIiH. AHai3 HampyXKeHO-Ie(hOpMOBAHOTO CTaHy 3BapHOi KOHCTPYKITii
MIPOBOMBCS Ha OCHOBI CKIHUEHHO-EJIEMEHTHOTO PO3B’ I3aHHSI 3a/1a4i HECTalliOHAPHOT TEPMOTUIACTHYHOCT] MUISIXOM
MPOCTEXKYBaHHs MPYKHO-IUIACTUYHUX JedopMaliidi 3 MOMEHTY MOYaTKy 3BapIOBAHHS JI0 IMOBHOTO OXOJOKCHHS
KOHCTPYKIIi 1 MOJANBIION0 HABAHTAXKCHHS IO TPAHUYHOTO CTaHY. B OCHOBY KOHTHHYaJIbHOI MUIATALIHHOT MOJIEII
pyWHYBaHHS MOKJIAJICHO IOCTAIHE MPOTHO3YBAHHSA MIKPO- Ta MAKPOIOIIKO/HKSHHS MaTepiany KOHCTPYKIL K pu
3BapIOBaHHI, TaK i NPW HABAaHTAXXECHHI BHYTPIIIHIM TUCKOM 1 30BHILIHIM CHJIOBUM MOMEHTOM 3TMHY 10 I'PaHUYHOTO
ctany Ha 6a3i Teopii ['ypcona—TBepraapaa—Higmmana. 3anmponoHOBaHO KpUTEPii MAKpOPYHHYBaHHS KOHCTPYKIIIT 32
KPHUXKO-B' I3KMM MEXaHI3MOM.

Po3pobnerHo MeTonu WMOBIPHICHOI OIIHKK HANPY>KEHOTO CTaHy TPYOOIPOBIIHOT KOHCTPYKINI 3 TMO3HIIIl
CXWJIBHOCTI IO PYyHHYBaHHS, I1I0 32CHOBaHI Ha IHTErPYBaHHI PO3PaxXyHKOBOI'O MOJISI FOJIOBHUX HAMPYKEHb B paMKax
cratucTuku BeliOyna. [l KOpekTHOI KUTbKICHOI OINIHKM CTaHy BiINOBIZaNbHUX KOHCTPYKIIH Ha OCHOBI
KOMIUIEKCHOTO aHali3y TPaHWIHOTO CTaHy CTaJeBUX TpPYOONpPOBOAIB MiJ BHYTPIIIHIM THCKOM OTPHUMaHO
(hyHKITIOHATbHI 3aJIEKHOCTI MapameTpiB BelOyna Bix BIacTHBOCTEH MeTaly, a caMe BiJ TpaHHIl TEKydOCTi Ta
CTyIeHs nedopMaIiiHoro 3MiITHEHHS.

Ha npuknai THIOBUX BUIMAKIB EKCIUTYaTAI[IHOI MTONIKOKEHOCTI €JICMEHTIB MariCTPaIbHOTO TPYOOIPOBOIY
TUNY JIOKaJbHUX IOBEPXHEBHX BTpPAT METaly B OOJAaCTI MOHTaXHOTO 3BapHOrO IIBAa JOCTIIKCHO Crenudiky
TPaHUYHOTO CTaHy B YMOBaX HABaHTA)XCHHS BHYTPIIIHIM THCKOM 1 30BHIIIHIM MOMEHTOM 3rHHY. Iloka3aHo, 10
XapakTep B3aEMOJIl 3aJMIIKOBOTO IiCISA3BAPIOBAIFHOTO HANPYKEHOTO CTaHy METally 3 CKCILTyaTalliiHUMU
HANPYKCHHSIMH BiJl TCOMETPHUYHOIO KOHIICHTPATOpa MAa€ CYTTEBUIl BIUIUB HA BEJIMYMHY T'PAHMYHOTO BHYTPIIIHBOTO
TUCKY B TpyOi. KpiM Toro, BU3HaA4YE€HO XapakTep BIUIUBY JOJJATKOBOTO MOMCHTY 3TUHY Ha HECY4y 3JaTHICTh JUISTHKH
TpyOONpPOBOY 3 130J0BAaHUM JCPEKTOM JIOKATHLHOTO KOPO3IMHOTO CTOHIIEHHS CTiHKH. Ha OCHOBiI pe3ynbTaTiB
IHTETPaNBbHOTO aHAJ3y CTaHy Je(PEeKTHOI MUISTHKH TPyOOTPOBOMY IOCTIIKEHO 3MiHY HMOBIpHOCTI pyHHYBaHHSI
KOHCTPYKIii Bif mii BHYTpIOIHHOTO THCKY Ta MOMEHTY 3THHY MpPH PI3HUX TEOMETPUIHHX po3Mipax nedeKTy
CTOHIIICHHS.

KirodoBi croBa: 6's13ke pyuHy8aHHs, SpaHUyHUll CMAaH, 36apHUll mpyoonpogio, UMOSIPHICMb DYUHYSAHHS,
Mamemamuine MoOen08aAH s, HANPYICEHO-0eDOPMOBAHUL CINAH, MPUSUMIPHUL OedeKm HeCYYilbHOCMI.
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