OIL AND GAS TRANSPORTATION

Static strength evaluation of pipelines sections wi th crack-like defects
in the weld zone

Yu.V. Banakhevych *', R.Yu. Banakhevych 2, A.V. Dragilev 3, 4.0. Kychma*

1 PJSC «UKRTRANSGAZ»;
9/1, Klovsky uzviz, Kyiv, Ukraine

2 MPD «Lvivtransgaz» PJSC «UKRTRANSGAZ»;
3, I. Rubchaka Str., Lviv, Ukraine

% PE «Engineering Technologies»;
60, Volynska Str., Kyiv, Ukraine

* National University "Lvivska politechnika”;
12, Stepan Bandera Str., Lviv, Ukraine

Received: 14.02.2014  Accepted: 04.12.2014

Abstract

The article propounds the evaluation method ohientife time of long-term usegipelines based on the definition of ti
safety coefficients with regard to the changeseaorgetry of crackike defects and relaxed residual stresses. Threrexamine
welding joints of pipe sections with the existirlgjselshaped defects that are modeled by external axitdce cracks. On tl
basis of the two-parametric criteria of ductiletthei failure mechanicshere are set criteria ratios of evaluation ofrtiséatic
strength.

There are obtaed closed formulas for calculating safety coédfits of pipeline sections with cracks in weldeths
considering variables along the pipe and beyondesidual stresses thickness. During the researchiefined the residl
stresses and their vakiaveraged over the crack surface for specificlipipasections with the external axial surface crimcthe

welded joint, calculated the stress intensity faeted informational stresg ¢ , Which characterized the mechanism ottie

failure (plastic instability), and identified onighbasis the safety coefficients. There are eséithttie residual stresses influe
on the static strength of pipeline section with sheface cracks in the weld and, according to egry docurents, establishe
categorization of their danger. There is made aareh of the effect of thermoplastic deformatiomrdes of pipe length a
thickness on the level and distribution of residstaésses in the areas of circular weld zoneseopipe. Te article analyzes t
change of safety coefficient for different dimemsiatios of external axial crack, placed in thedwel

The research of the actual conditions of pipeliogsration, early recognition of actual sizes osehlshaped defects a
cdculation of safety coefficients of the MP sectiavith damages in accordance with the mentioned ogetlogy allows exper
of the production department to choose the teclyyoémd tools for the repair-andnewal operations beforehand, taking
account the mode of transportation and supplyldrad gas to consumers, minimizing the potentgdgiof accidents.

Key words:defects, failure, failure assessment diagram, nd gas pipelines, safety coefficient, static sttengtresswelding
joint.

In recent years, technological disasters of pigslin 8 m. Losses from the accident amounted to several
characterized the industrialized world, as eviddniog million dollars. Pipeline transport accidents of#ar
the global experience of pipeline systems operationature and with no less losses occurred not lomgimg
Thus, in Alberta (Canada) a brittle failure of thas USA [1], Canada [2], Russia [3], Ukraine [4] andhext
pipeline at a speed of crack propagation 100..1809 countries of Europe, Asia, Africa, etc.
took place in 2001 due to corrosion damage of the The above examples illustrate the urgent problem
welding joint and the weld proximity. This resulteda of prevention a catastrophic failure of criticahtpterm
pipe fracture in a 100 m lot and forming of an leent operation facilities, such as oil and gas pipelirEse
crater with the diameter of 90 meters and the depth analysis of accident damages on the pipeline t@hsp
shows that there are changed mechanical properties
steels under the long-term operation of pipelines

* Corresponding author: influ_enced by the cyclic Ioads_ [5], corrosive
banakhevich-yv@utg.ua environments [5], and the running - temperatures
variation [7]. This leads to brittle fracture witthe
© 2014, Ivano-Frankivsk National Technical design loads, even without any visible signs of agen
University of Oil and Gas. [8].
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Geometric heterogeneity, especially in the form of It is also recommended to build the failure
chisel-shaped defects of slit-shaped type, caissessment diagram (FAD) in the coordinatés and

significantly affect the strength and lifetime of =6../6. (Ga — the limit strenath of the material
pipelines. Therefore, one of the main problems 0?‘ et /08 (e m g ial)

modern technical diagnosis is identification an@nd the functioi, =f(§), which characterizes the
measuring such defects, their shapes and sizeswithmargin line, can be approximated by the following
destroying the integrity of the pipe body. To soties formulas:

problem there were elaborated the appropriate mefans K, =1, 0<§ <0.%7 by ;
control based on the results of the research iereifit 1 0.2%
countries [9]. Complexes for the interiorly tubular P = (1— T —0.75,] ,
diagnosing of the defects in the pipe body shoelgit 1-0.70; bg Og 3)
particular, allocated among them [10]. 0.70; _

The problems of fracture mechanics of pipeline O—BSS‘ <1

sections with crack-like defects in the weld zones
pipe parent metal are widely described in the ditene. S =1 0 K <03.

For example, the experts from Karpenko Physico- This diagram and the categorization fields of
Mechanical Institute of the NAS of Ukraine offerad defects are shown in Fig. 1. The green color irs thi
computed model [11] of pipe body limit-equilibrium figure highlights the admissible domain, which is
state with a crack on triaxial static and cycli@do obtained by decrease of limitary portion ty times
Accounting of a geometrical nonlinearity in caldilg  based on the criterion of static strength. The cisfare
the thin-wall elastic pipes with long axial cracase divided into three conditional categories dependimg
studied in [12]. Analytical approaches for deterimin the level of safety coefficient: minor, dangerous
the local (in the area of defects) and global ststate (moderate, major) and critical.

of pipelines generally are described in the monplgra
[13]. However, the analysis of the known studiesveh
that they do not take into account the effect sidweal
stresses in the welded joints on the static strendt
pipeline sections with crack-like defects. 0.9

Criteria relation of static strength evaluation of or/(-0g)
pipelines sections with crack-like defects such as 1/k
cracks in the weld zoneFor evaluation the strength of
the pipeline with such defects as cracks we use tl

Margin line

Failure Assessment Diagram (FAD), which is a lingti 0318

curve that defines the limit strength between safd KA

unsafe state of the construction and allows th T .

simultaneous analysis of two marginal states -tlérit

and ductile. This diagram is based on two-parametr o : O

criteria of ductile-brittle failure [14] sS4 0.7 G—;j 1/k 1.0
Y= f(kL)-KK (1)

where K, =K,/K,, is a dimensionless stress intensity is a dimensionless coefficient that characterizes

factor (SIF), which characterizes the mechanism of the degree of approximation to the ductile failure;

brittle failure in the corresponding area along ¢hack ~ Kr i @ dimensionless stress intensity coefficieat t
periphery; K,. is a critical score of the SIF; characterizes the mechanism of a brittle failure;
1 C 1

) _ . og is a limit strengthpr is a limit of liquidity;
L, =0, /0r is a parameter that defines a mechanism

k is a permitted safety coefficient
of ductile failure (plastic instability) for thigack; k is Figure 1 — The diagram of the failure assessment
a permitted safety coefficient that is controlleg¢ b and the field categorization

regulations.

Function f (kL) is given in literary sourcesn The SIFK, and o, are calculated for the state
the basis of numerous experimental data for differeof syress that influences the pipe section; acogrdd
materials and can be represented as [15] the given factors we calculate the point grid refiee

f(kL) :(1_0.14@ er)[ 0.3 O.7e><‘?- 0_%16)} (2) A, which determines the strength of the pipelinenit
crack on a two-criteria diagram:

for L <™ and f (kL )=0 for L >L", where L A= Ot @
r T - -
Og +0 K o
LM =—B_—T for most pipe steelsgg is the material © B :
' 20+ PIP Te The safety coefficient n  for the given
limit strength in the crack zone. computational pointA is graphically calculated by the

ratio of segments:
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_OA, into account. Therefore the formulas for calculgtihe
- ' safety factor n are represented in the following
N="On () safety f 7 d in the followi
where A, is an intercept of the ra®A with the limit form 1 07
curve of FAD. The safety coefficienh can also be n=r—-=<—7r, 0s§ < i ;
calculated analytically by the relationship: (1+C )Kr O
Ay A -
n:S—A or n= KrA ) (6) n= 1 02]0T/GB ,
K/ (1-0.701 jog)(1+¢ K} + 0.5,
Based on the expressions (3), (5) for calculation a 0.7
safety coefficientn we obtain the following formulas: 107 <S <1; (11)
1 0.70; Os
n=—, 0§ <——; 1
r Og n=—, 0<K, <03,
n= ! < Sr <1' r — res H
1-0.70; by X, + 0.5, o wherec =K /K" .
1
n :gl 0<K, <03 (7) Practical results. Based on the formulas (11) for

. ) welded pipe joints made of steel 17G1S
Depending on the numerical value of the Safet(oB =510MPa, o; =326 MPa) there are made

coefficient n according to the regulatory document [14 . .
9 g y [ umerical computing and assessment of the effect of

the pipe section with a defect by the criteriontioé ;
. . . residual stresses on the dependence of the safety
static strength shall be interpreted as: efficient n, which corresponds to the summary action
operative, and the defect absolutely acceptable s " P Y
?f the operating and residual stresses, to thetysaf

n= k. The defect is classified as a minor defect (ligh ficient thout dering th idual st
area in Fig.1): coefficient n, without considering the residual stresses

conditionally unacceptable if the safety coeffities

within 2k/(1+k)< n< k. The defect is classified as athe coefficients ration/n, of the value of S/ for
dangerous defect. To make a decision on termspafire different values of ¢ and the dimensionless SIF
measures, this category of defects is divided tato H
parts: moderate defect, if.1og lor <n< k and major K, =0.4.
defect, ifl.1<n< 1.bg b ;

inoperative, and the defect is absolutelyn/n,
unacceptable ifn<1.1. The defect is classified as a 0.9

critical defect.
Admissible safety coefficient by the criterion of 0.8

1

I\IIIIIIIlIIII‘II!I‘I!II

the static strength is calculated by the formuly [i6]: 2
0.9k, k 07
k:ﬁ, (8) 3
m 0.6 .
where k, is a partial safety coefficient for material .
strength; k,, is an intended safety coefficienty is the SRS s O I B =
0 0.2 0.4 06 0.8 S,

coefficient of the working conditions. Safety

coefficients are determined by the SNIP 2.05.06-85 N is the safety coefficient that corresponds to the
[16]. summary action of the operating and residual seess

In cases where a crack is in effective area ofl, is the safety coefficient without considering desil
residual stresses, the stress intensity coefficisnt

represented as a sum of: i T i
K = KH +K'es characterizes the degree of approximation todhetile
0o l. ! Lo _ failure at point4; ¢ = Kr'eS/KrH is the coefficient that
Ky is determined by an external loading, and takes into account the ratio of SIF from residual
K{*® — by residual stresses. Then, respectively, stressesK[®, to the SIF from external loadingg” ;
K, =K +K™s. (10) 1-¢=0.2;2-04;3-06;4-0.8;5-1.0
It should be noted that the residual welding  Figure 2 — The influence of residual stresses

stresses almost completely have time to relax bettog on variables n/n, depending onS” for different
forming of plastic instability and do not affecetihalue P

of 0, . Consequently, when calculating the parameter values ¢’
S, residual stresses are not recommended to be taken

stresses;S” is a dimensionless coefficient that
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The analysis of the graphs shows that if the values c C
S* rise, the influence of residual stresses decrgases

and if the valuesc’ rise, the influence of residual
stresses increases.
In case of $*<0.65 the influence of residual

stresses is seen af =0.2. After high-temperature _ o
tempering of welding joints, as it is mentionedaiarks aand c are semi-axes of a semi-elliptically shaped
[17], unrelaxed residual stresses in the weld zorfdack; x is a d|rect|on of axisp is the anglle that.defmes
remain at the level of 50-120 MPa, and underth® location of a point on the crack peripheyis the
operational loads that cause the operating voltage origin of coordinates

stresses of 250—300 MPa, the residual stressds aee Figure 4 — Geometrical parameters of an axial
taken into account when assessing the fatigueolife semi-elliptically shaped crack

welding joints.

_ 90, *[(g0p)* +9(Mo ) [°

Evaluation of residual stresses influence on the Ot = (12)
strength of pipe sections with welding joints with 3
axial surface cracks in the weld zoneThe authors Here
studied the evaluation method of the residual st®s a)V” . a 1
influence on the strength and the forecasting sititel g=1-2 ) © 9T
life of gas pipeline with axial surface cracks lne tweld 1+-—
zone. ¢
We examine the straight pipeline section M =1 1-0853[ L
influenced by the action of internal pressupe with S 1-0.852 t\ M, )]
welding joint with the external surface defect et t
annular field weld modeled by a direct-axis sumwafi 1.02+ 0.44122+ 0.006124 0.5
semi-elliptically shaped crack with semi-axasand ¢ ¢ =[ ' ' > —— 5 4j
in circular cylinder according to the regulatiofég( 3). 1.0+0.02642° + 1.533 I0A
1.818c
A= , (13)
2¢ JRt
9 R, is the internal radius of pipeg,,,0, are the
S v L P4 7z A s
A Cf/_;-\) ./ // stresses normal to the crack edge membrane and the
.‘-‘ /o \ SN bending [15],
Ry | Ry

e R
b >2_=2lr olrl &R ‘AR
a and c are the semi-axes of a semi-ellipticallypsid Ro - 33 R 2\R SUR R
crack; t is the pipe thicknessj B the outer radius of a where R, is the outer radius of the pipe.
pipe; R is the internal radius of a pip€ is the origin

of coordinates The theoretical results. There is madea

Figure 3 — The fourth pipe section with an external numerical analysis of the problem for the pipe isecof
axial semi-elliptically shaped crack the gas pipeline made of steel graded X60

(E =200 MPa, n=0,3, 0 =588MPa,

The position of an arbitrary point on the crack

periphery is defined by the angle< ¢ < 1t (Fig. 4). If o =440MPa), with diameterD =1020mm and wall

the angle® =0, the point on the crack peripher iSthicknesst=21mm, which is subjected to internal
' i y pressurep = 4.5MPa. The calculation is carried out for
located on the surface, and @ =172, the point is : Co .
i ) external axial semi-elliptically shaped crack in a
located on the crack periphery, which correspondsst \ye|ding joint at different deptha with the ratio of

maximum depth. semi-axes of ellipsec=1.2a and circular residual

For calculating the stress,; the authors use the stressesnEB , averaged over the crack surface.

recommendations of the relevant literature. In case ) ) H )
when a pipeline section with an axial superficiaing Stress intensity factoK;" for the external axial
elliptically shaped crack is under the action deinal surface crack in the pipe due to internal pressuris

pressurep, the calculation expression far,; can be calculated by the following formula:
written as
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The distribution of residual stresses in the weli(100
zone is described by the formulas:

W PR a aY Oy MPa
i _Rg‘@lzeﬂzel[%]”(;z(%) * 300 [- S  0
3 4 (15) -
4 i) %(i] na. 200 |-
+63(Pb R o :

2 p
GE’B(G’X) O-O+OI( ]+d( j . (16) 0 ;-‘—,-.--.-.

oo e e
Here 100_20 10 0 10 2, mm
o (a) :W(q)+p[6ao(a)—§6al(a)}+ y = hon the pipeline outer surface;
y =-h on the pipeline inner surface;
+(1+ oy~ ) 9y (0) S () y =0 on the pipeline median surface
o (a)= _Z{U[Uao )= 2644 (a )] + Figure 5 — The dependence of circular residual
+(0& ‘Zrh)¢1(0‘) gf (0()} ; stresseso[g[3 in circular welding joint on the distance

z along the axis of the pipe

0oy () = _4[U6a1(0‘) +ny(a) S (O‘)] ;o (A7)
60(0(0():%{_ /3(1_u2)(1_%)':21(q)+ 0250 | }Z?D. | 270‘ | '2?0\ | ‘2?0. | ‘3704 (IS,HT;, MPa

2(1-p%)

+Hop Ry (o) + KQZ[ Fip(a) _PF13(O‘)}}; "
1_u2{un1¢1(0‘)§(0‘)+ *
+Kn, [ 9,(c) () ~po5(a) §(a) - e

The calculation of residual stresses in the studie ,,
welding joint have to be performed for the disttibo
of thermoplastic deformations under the following
values  of  numerical  parameters: k =0.7 z=0 is distribution of residual stresses on the lirfie o
_ o . e,  _~a. symmetry of the joinz = 4.0 mm is stress distribution
(E‘-ﬁl _kloT/E)’ k=01 =1, 5=2; p=08; at a distance of 4.0 mm from the line of symmeéftthe

cA)-cxl(o‘) =

Y x, mm

n =0.5; n,=0.6; g =0.25; ¢, =0.3; b =12mm; joint
b, =9 mm; b; =6 mm. Figure 6 — The dgpendence of circular residual
The graph in Fig. 5 shows the distribution of SLréSSeson the distance x from the outer surface
. ; o . of the pipe
residual stressogs on the outer (solid line), internal
(dotted line) and median (dash-dotted line) sudask In case of the residual stress distribution, shown
the pipe. Fig. 5, o3 = 261MPa.

o . .
Stress distributiorogg through the pipe thickness For the above values of stresses and ratios of
in sections z=0 and z=4.0 mm is graphically geometrical dimensions of the crack at differertts

depicted in Fig. 6. there are calculated the values¥f and o, , caused
The expression for calculating the averaged ov

the surface external semi-elliptical crack (Fig. ﬁé
can be written as

%y the action of total stresses from internal press
p
Opg and residual stressecg%[3 (O'BB —O'BB+O'BB) and

ap correspondingly K, =K;/Ky and S =0, /0g,
__4 2
- I Op-a [00(0‘)+ (18) according to the given recommendations [15].
bo According to the experimental data in [14] the eabf

Then there are calculated safety coefficients dfling
joint n according to formulas (11) and safety

coefficientsn, , which correspond to the influence of the

20(D

( j\/%TO’(O(HB;' (f‘jz aZ-q o’(a)} Kic is K& =48MPad/m for the welding material.

wherea=c/R.
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operating stresses on the pipe section with a dratthe  a critical value of a safety coefficient reaches 1.1 at

(658 _ O) _ the defect deptta/t =0.49 if g =100MPa.

) o The outlined approach can be used for pipes after
Fig. 7 shows the dependence of safety coefficientfeir prolonged operation, which leads to the cleaniy

n andn, on the relative depth of the craekt . mechanical and physical properties of steels [ a
Straight line n=1.63 corresponds to the level of also for the distribution of residual stresses.

acceptable safety coefficierk by the criteria of the

static strength, which isk =1.63 according to the

normative document [14] for this pipeline sectigime brittle failure and failure assessment diagramulagd

line -n-=1.1 corrgsponds to the |Imllt; the safetyby the normative documents, we obtained the closed
coefficients below it have values according to Whiice  formyjas for calculating the safety coefficients of

relevant defects are classified as critical. Cutve nineline sections with external axial cracks in the
charact.enzes the dependence of the safety caxffici welding joints with regard to the variables alorig t
n,, which corresponds to the level of operating s&8s pipe and beyond its residual stresses thickness.

H — These characteristic curves for the pipe, made of
Opp =104.8MPa. Curve2 shows the dependence of the X60, with outer diameter of 1020 mm, shoat th

safety coefficientn on the crack depth with regard toyhen the dimensionless factor increases it chaiaete
the summary action of operating stress&&; and the approximation measure to the ductile fail&e the
residual stressesgy =100MPa, which remain in the effect of residual stresses on the change of the oa
safety coefficienh, which corresponds to the summary
action of the operating and residual stressessatety
coefficient n , without consideration of the residual

welding joint og = p%

Conclusions
Based on the two-parametric criteria of ductile-

weld zone even after high-temperature tempering
Curve 3 is built with regard to operating and agech

residual stresseexgB =261MPa. P

stresses, reduces, and when the relative coefficén
24 residual stresses;’ grows the effect increases. If

n, @=0°% p=4.5;c=12a| S* <0.65 the influence of residual stresses becomes
20 apparent ag’ =0.2.

A ! n=163 The value of safety coefficienh of a defective
6 welding joint substantially reduces when the crack
I 2 depth increases. Meanwhile the residual stressesdma
12 n=11 important impact: Whenogﬁ=100MPa the critical

I 3 value of the safety coefficient reaches=1.1 at the
08| defect deptha/t =0.49.
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OuiHka cTaTU4HOI MiLHOCTI AiNAHOK TpybonpoBoaiB
3 TpiwmHONoAioHMMK aedekTamm B 30Hi 3BapHOro wBa

10.B.Banaxesuu* , P.IO. Banaxesuu °, A.B. /lpazunee 3 A.0. Kuuma*

Y [TAT «Vkpmpanczaz»; 9I1,Knoscwkuii y3eis, Kuis, Vpaina
2yMr «Ivsismpanceas» [TAT «Ykpmpanceas»; 3,6yn. I. Pybuaka, Jlveie, Yipaina
S «IHorcunipuneosi mexnonocii»; 60,6y1. Boauncoka, Kuis, Yxpaina

4 . . . . . . . . .
Hayionanvnuii ynisepcumem "Jlvsiscoka nonimexuixa”; 12, eéyn. C. banoepu, Jlvsis, Yrpaina

3anponoHOBaHO METOJIUKY OIIHKH PECYpPCy TPYOONPOBOIIB TPUBAJIOI €KCIUTyaTallii Ha OCHOBI BU3HAYEHHS 1X
Koe(ilieHTIB 3amacy MIIHOCTI 3 ypaxyBaHHSAM 3MiHM TeoMeTpii TPIIMHONOAIOHMX Ne(EeKTiB 1 pesaKCOBaHUX
3IMIITKOBUX HaMpyXeHb. PO3TISIHYTO 3BapHi 3'€qHAHHS MIITHOK TPYOONPOBOMIB 3 HASIBHUMH TOCTPOKIHIIEBUMH
nedexramu, 110 MOJIEITIOIOTHCS 30BHIIIHIMU OCLOBUMH NMOBEPXHEBUMH TpilimHaMu. Ha ocHOBI BOIIapaMeTpu4HOTro
KPUTEPII0 MEXaHIKH KPHXKO-B'SI3KOBOTO DPYHHYBaHHS BCTAHOBJIEHO KpPUTEpialbHI CIiBBIIHOIICHHS OINIHKH iX
CTaTUYHOT MII[HOCTI.

OneprxaHo 3aMKHYTI (GopMmynu ayst oOYMcIeHHsT KOedillieHTIB 3amacy MIIHOCTI JUISHOK TPyOOTpOBOMIB 3
TpIIIUHAMHK y 3BapHUX 3 €HAHHAX 3 ypaXyBaHHAM 3MIHHUX Y3J0BX TPyOW 1 3a i TOBIIMHOK 3aJUIIKOBHX
HanpyXeHb. IS KOHKPETHUX IUISHOK TPYOONPOBOY i3 30BHINIHBOIO OCHOBOIO IMOBEPXHEBOIO TPINIMHOIO Y
3BApHOMY 3 €JJHaHHI BH3HAYEHO 3aJIMIIKOBI HAIPYXEHHS 1 X ycepemHEHI M0 MOBEPXHSIX TPILIMH 3HAYCHHS,
004YnCIeHO KoeilieHT IHTEHCUBHOCTI HAIIPYXXEHb Ta JJOBIAKOBE HANPYXKEHHS O , L0 XapaKTEPU3YIOTh MEXaHI3M

B 13KOr0 pyiHyBaHHs (MUIACTHYHY HECTIHKICTB), i Ha Wil OCHOBI BU3HAYCHO KoediuieHTH 3anacy MinHocTi. OLiHeHO
BIJIMB 3aJIMIIKOBUX HAINPYKE€Hb Ha CTATHYHY MILHICTh TIJSTHKHA TPYOONpPOBOLY 3 MOBEPXHEBHMHU TPIIIMHAMU Y
3BapHOMY IIBI 1, 3TJTHO 3 HOPMaTHUBHUMHU JIOKYMEHTAaMH, BCTAHOBJIEHO KaTeropiiHICTh X HeOe3neku. JlociipkeHo
BIJIMB 3MiHHM TE€PMOIUTACTUIHUX JedopMalliii 3a JOBKHWHOIO 1 TOBITMHOIO TPyO Ha PiBEHH 1 PO3MOJIN 3ATHITKOBUX
Halpy’)XeHb y 30HaX KiJbLEBUX 3BapHUX WIBIB TpyOompoBoxis. IIpoanamizoBaHo 3MiHy KoedilieHTa 3amacy
MIIHOCTI JUTS Pi3HUX CITiBBITHOIIEHB PO3MipiB 30BHINTHHOI OCHOBOT TPIIIMHHU, PO3MIIIICHOT y 3BapHOMY IIIBI.

BuBueHHs peanbHUX YMOB eKCILTyaTallii MaricTpajJbHuX TpyOONpOBO/IB, Ta CBOEYACHE BHSIBJICHHS ITapaMeTpiB
nedeKTiB J1ae MOXJIHMBICTh 3TiJHO HABEJEHOI METOJIOJIOTI] OMIHWTH BIUIUB TEOMETPUYHUX PO3MIPIB 1 MiCIb
po3TallyBaHHs TOCTPOKIHLIEBUX JIe(EKTiB, 3 ypaxyBaHHSM 3MIHHHUX B3JIOBXK TpYOH i 3a ii TOBIIMHOIO 3aJMIIKOBUX
HamnpyXeHb, Ha KOEQIIli€HT 3amacy MIIHOCTI AUISHOK MariCTpallbHUX TPYyOOINPOBOMIB, 3BOISYH JO MIHIMYMY
MOXJIMBI PU3UKN BUHUKHEHHSI aBapiiHUX CUTYaIlii.

KirouoBi cnoBa: easzosi i Hagymosi mpyoonposoou, depexmu, diacpama OYiHKU PYUHY8AHHS, 36APHUL W08,
Koegiyicnm 3anacy MiyHOCMI, HANPYJHCEHH s, PYUHY8AHHS, CIMAMUYHA MIYHICMb.
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