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ABSTRACT
Purpose is to determine regularities of the development of corrosive fatigue cracks in terms of high-strength drill pipes.

Methods. Basing upon the approaches of the material failure mechanics, the crack has been characterized by the area
that is the integral characteristic. Having applied the equivalent area methods, semicircle fatigue crack has been con-
sidered instead of the plane fatigue crack of the arbitrary shape; the semicircle fatigue crack is equivalent to the plane
fatigue crack of the arbitrary shape in terms of the area. Kinetics of its growth has been analyzed basing on the solu-
tion of the first order differential equation which determines dependence of the equivalent semicircle radius upon the
number of loading cycles in terms of the specified initial condition. Critical radius dimension has been defined pro-
vided that the condition of transition to unstable failure is met within at least one contour point.

Findings. Remaining lifetime of drill pipe TBPV 127x9.19 S-135 with the detected cross crack of the fixed area has
been evaluated; in terms of the specified operating modes, the lifetime was 653000 cycles, i.e. 181 hours. According
to the production data, that pipe operated 3215 hours in the well including 200 hours after the last defectoscopy; that
correlates with the obtained results.

Originality. The proposed mathematical model of the fatigue crack development makes it possible to calculate the
remaining lifetime of drill pipes approximately but sufficiently enough for practical needs.

Practical implications. The obtained regularities may be used to sort out the defected pipes as well as to substantiate
periodical non-destruction control in the process of drilling and tripping operations. Studies of the fatigue crack
growth may be the basis to develop measures aimed at reducing stresses effecting the drill string and minimizing
washout formations; that will help prolong the drill pipe life.
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1. INTRODUCTION

1.1. Statement of the problem

Practice of drilling oil and gas wells shows that fa-
tigue and corrosive-fatigue damages are the most often
reasons for the failures of drill string elements (MacDo-
nald, 1994; Dzheyson, Reynol’ds, Ellis, & Styuart, 2004;
Artym, Yatsynyak, Hrytsiv, Yurych, & Rachkevych,
2012; Zamani, Hassanzadeh-Tabrizi, & Sharifi, 2016).

Table 1 represents the data concerning failures of drill
pipes in terms of well drilling within the area of Ukrbur-
gas drilling division (DD) in 2015-2017. The men-
tioned period demonstrates 75 failure cases in terms of
pipe body and 2 failures in terms of threaded joints. Main
reasons of the first failure type are as follows: formation
of micro-cracks with their further erosion and fatigue-
related complete breaking (44 cases); fatigue breaking
due to the effect of considerable sign-reversing loads

(19 cases). Other accidents occurred due to the non-
observance of technological processes during trips and as
a result of bit overloading or jamming.

Pipes were most often damaged within the range of
0.5 - 0.6 m from the face of coupling or nipple (27 cases);
in general, the failures were recorded at the distance of
1 m from a coupling (38 cases) or nipple (37 cases).

The damaged pipes operated in the holes during dif-
ferent periods of time: 17.2% of pipes operated up to
4000 hours; 26.7% — from 4000 to 8000 hours; 18.7% —
from 8000 up to 12000 hours; 26.7% — from 12000 up to
14000 hours; and 10.7% — more than 14000 hours. After
defectoscopy, the pipes operated from 30 to 380 hours
more. That indicates the fact that the pipes operating in
the well had certain mechanical damages being the stress
concentrators and reducing operating period of drill
pipes. Bottom of those failures contains a layer of plas-
tically deformed (during the failure formation) metal.
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Table 1. Data concerning drill string failure occurring while
drilling wells within the areas of Ukrburgas DD in

20152017
Year
(number of accidents) Total
2015 2016 2017 number
29 (18 (28
Failure point
From coupling face 12 10 16 38 (50,7)
From nipple face 17 8 12 37 (49,3)
Reason of pipe
failure
Formation of micro-
cracks with their fast
erosion and further 2 6 15 44 (38.7)
pipe parting
Fatigue metal failure
due to considerable 1 7 11 19 (25,3)
sign-reversing loads
Other reasons 5 5 2 12 (16)
Type of the
damaged pipe
TBPK 127%9,19
G-105, S-135, class 1 4 3 6 15(20)
TBPK 127%9,19
G-105, S-135, class 2 ? 7 8 2432)
TBPK 127%9,19
G-105, S-135, class 3 16 6 14 36 (48)
Number of
operating hours
0—4000 5 4 4 13(17,2)
4000 — 8000 8 2 10 20 (26,7)
8000 — 12000 3 5 6 14 (18,7)
12000 — 14000 9 5 6 20 (26,7)
> 14000 4 2 6 8 (10,7)

That layer may contain micro-ruptures resulting in
the origin and progress of fatigue cracks during the ope-
ration. Growth of the cracks depends upon their dimen-
sion, direction, and nature of operational loads in the
process of drilling and tripping.

Taking into consideration the abovementioned facts,
it may be concluded that fatigue failure of a drill string is
still the dominating breakdown reason while drilling.

1.2. Analysis of literature sources

Numerous papers by both national and foreign re-
searchers deal with the problems of determining lifetime
for drill string elements. Authors of papers
(Kryzhanovskii, 1978; Pokhmurskii, Kryzhanovskii,
Ivasiv, Poddubnyi, & Yanyshivskii, 1984; Kryzhanovskii,
1991; Kryzhanivs’kyi, Tsyrul’nyk, & Petryna, 1999)
propose using curves of fatigue and curves of corrosive
fatigue which are usually described by equation:

lg(aa)n:b-lgN+a, €))]
where:

(04)n — the amplitude stresses of an asymmetric cycle
reduced to a symmetric cycle;

a, b —the parameters of the equation determined in
terms of the given non-destruction probability on the
basis of fatigue tests of the sampling of full-scale drill
string elements;
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N — the number of cycles up to the failure of a drill
string element.

To predict endurance of drill string elements basing
upon the results of studying their current state, authors of
papers (Ivasiv, Artym, Hrytsiv, & Rachkevych, 2010;
Kryzhanivs’kyy & Kopey, 2010) propose to apply G
criterion. Ratio of fatigue area to nominal area of weak
pipe section is used as the failure degree while bending.
Failure degree G is the growing linear function depen-
ding upon the number of loadings; it varies within the
range from 0 to 1. It has following form:
Nr

G:GO_(GO_Gk) (2)

where:
G= |lg(D)| — the current value of the criterion;

Gy = |lg (Dy )| — the value of the criterion at the initial

registration moment;
G, = |lg(Dk )| — the value of the criterion at the mo-

ment of failure;

Nr— the current number of loading cycles;

N — the number of loading cycles before failure.

Another approach to the problem solution is based on
the failure mechanics (Migal’, Kopey, Karpash, &
Kirindas, 1980; Hnyp, Babyuk, & Chernov, 1990;
Kryzhanivs’kyy, Shats’kyy, & Petryna, 1997). Following
idea is taken as the basis: endurance of a specific drill
string element in stipulated by the number of loading
cycles N during which crack dimensions grow from the
initial /o up to certain critical /c value:

lc

v=f9, (3)
YV

where:

V — the rate of fatigue crack propagation.

Thus, endurance of the damaged drill string elements
is calculated with the help of the crack propagation rate
determined by the state of pre-failure zone being de-
scribed by a stress intensity coefficient (SEC) K (or by
the range of a stress intensity coefficient 4K). Practically,
graphic dependences ¥ upon K or 4K are used which are
usually called kinetic diagrams of fatigue failure (KDFF)
or diagrams of the material crack-resistance.

The mentioned papers contain formulas to calculate a
stress intensity coefficient (or range of stress intensity
coefficient) which have different variants of representa-
tion depending upon the shape of the fatigue crack front
and the selected mathematical model.

Paper (Kryzhanivs’kyy, Shats’kyy, & Petryna, 1997)
represents the data on studies dealing with fatigue endu-
rance of drill pipes; the data are based on the model of
semielliptic fatigue crack within a hollow cylinder. The
equation describing kinetics of its development is based
on the idea on the crack opening in terms of local plane
elastoplastic deformation.

Paper (Vaisberg, Vincke, Perrin, Sarda, & Fay, 2002)
describes in detail a cycle of formation and deformation
of a fatigue micro-crack. It may be divided hypothetical-
ly into three stages (Fig. 1).
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Figure 1. Stages of micro-crack development

Stage 1. During the drill pipe rotation, micro-cracks are
being formed on the drill pipe surface near the stress con-
centrators under the effect of cyclic sign-reversing loading.

Stage 2. Micro-cracks propagate within the pipe body
perpendicular to the direction of the effective stress; rate
of the micro-crack propagation correlates with its magni-
tude. Rate of the micro-crack development grows within
the areas of stress concentration: threaded joints, points
of transfers from a tool joint to a drill pipe body, sections
of drill pipe gripping by slips and wrenches, internal
surfaces of a drill pipe affected by the pit corrosion
(MacDonald, 1994; Macdonald & Bjune, 2007; Fangpo,
Yonggang, Xinhu, & Caihong, 2011).

Moreover, rate of the micro-crack development is ef-
fected by the operating environment (Pokhmurskii,
Kryzhanovskii, Ivasiv, Poddubnyi, & Yanyshivskii,
1984; Zamani, Hassanzadeh-Tabrizi, & Sharifi, 2016),
i.e. drill mud. During the rotation within the curved well
shaft, a micro-crack in a drill pipe opens and closes in
turn while passing along short and long radius. When it
opens, vacuum is formed in a micro-crack acting as the
pump to suck in the fluid from the operating environ-
ment. After the semi-rotation, a micro-crack closes and
the fluid stays inside under pressure resulting in addi-
tional breaking effect, so-called wedging effect.

Stage 3. Micro-cracks propagate inward the pipe
body resulting in its failure. When the crack depth reach-
es the pipe side thickness, the opening is formed; flow of
drill mud goes through that opening under the pressure
and that flow washes out the pipe body causing its com-
plete failure.

Author of paper (Ustalostnoye razrusheniye...,
2018) represent the results of analytic study of fatigue
failure of drill pipes during the well construction, the
failure prediction and measures to prevent erosion, and
failure of the pipes.

1.3. Statement of the problem

Problem to control corrosive-fatigue failure of the
drill string elements is rather topical. Pipes in the well
operate in terms of huge amount of loading cycles resul-
ting in origin and growth of cracks either in the pipe
body or at the points of stress concentration (thread,
fillet, grooves etc.). At the same time, some cracks are
not dangerous from the viewpoint of possible sudden
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breakdown and pipe can operate with such defects for
some time. Consequently, there is a necessity to evaluate
the pipe lifetime (both new and the ones with operating
defects like fatigue cracks) before the critical situation
taking into consideration possible dispersion of fatigue
characteristics of the pipe material.

Thus, objective of the study is to determine regulari-
ties of the development of corrosive fatigue cracks in
terms of high-strength drill pipes.

2. RESEARCH METHODOLOGY

To solve the specified problem, use the approaches of
failure mechanics. Basing upon analysis of the drill string
loading conditions and possible reasons of drill string
elements failure by non-destructive methods, find the
crack-type defect. It is characterized by area Sy being the
integral characteristic. A crack is within the plane per-
pendicular to the effective load (well axis), i.e. stress-
strain state is symmetric relative to the crack plane. The
area is of semielliptic shape with semi-axes 2a (length
along the circle) and / (depth along the pipe body) or
close to it. After that, determine stress-strain state (SSS)
within the considered cross section.

Knowing SSS, it is necessary to study failure kinetics,
i.e. regularities of the defect development which can be
the basis to determine remaining lifetime of the pipe. To
analyze kinetics of the crack growth in a pipe, assume the
following:

— conditions of automodeling is implemented around
the crack top, and stress-strain state within the pre-failure
zone is determined only by KDFF;

— crack propagates towards the normal to its surface
at any contour point.

Thus, our task is to define dependence of crack area S
upon the number of loading cycles N in terms of the
initial condition S(0) = So.

Select origin of coordinates in the crack center
(Fig. 2). In general case (in terms of complex SSS), a
crack will propagate along the curvilinear trajectory
which equations in polar coordinate system are as fol-

lows p = p(N, 9), ¢ = ¢(N).

Figure 2. Propagation of the crack front within the drill pipe body

Use equations (Panasyuk, 1988; Andreykiv & Darchuk,
1992) for a fatigue crack developing within one plane:

] e

a_p 1+L

T R 4)
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P(0,8)=py(2),

where:

v(K7) — the dependence of the fatigue crack rate (FCR)
upon maximum KDFF value per cycle being determined
by kinetic diagram of fatigue crack (KDFC) of the drill
pipe material in terms of the specifies loading conditions;

p(N, ) —the required radius-vector of the moving
crack contour in the polar coordinate system;

po(@) — the radius-vector of the initial crack.

Taking into account that:

127:

S(N)=7 1 p* (N,9)dg, )

0

differentiate expression (5) in terms of dN and get:

as 2z op

—= N,p)—d¢. 6

e (IJp( )N (6)
Taking into consideration (4), we will have:

s 2w 1 (9pY

—= l+—| =— K;)do. 7

e gp p2[8¢]v( 1)d¢ @

2
Having defined that dr = p2 +[g—/;] d¢ 1is the ele-

ment of the crack contour arc, rewrite (7) as follows:

ds
Eziv(](,)dt . (8)

It is difficult to integrate the expression in the right
part (8) since the formulas to find w(K)) are of complex
form and depend upon geometric parameters of the crack
contour. In practice, cracks usually have complex con-
figurations; in general, fatigue propagation of such a
crack is described by non-linear differential equation
with partial derivatives. Nowadays, methods to solve
such nonlinear equations have not been developed yet.
However, approximate method — equivalent area method
proposed in monographs (Panasyuk, 1988; Andreykiv &
Darchuk, 1992) — helps simplify the situation considera-
bly (as a rule, with minor errors).

The essence of the method is based on the assumption
that to describe kinetics of the growth of a plane fatigue
crack of arbitrary configuration, it is enough to study
kinetics of the growth of a circular fatigue crack being
equivalent to it in terms of the area.

Introduce parameter a.,(N)—radius of the “equiva-
lent” semi-circle which area is equal to the crack area
(Fig. 3) — near value S(V), i.e.:

2

(V)

- ag,
2

S(N). ©)
Then, differential equation (8) will be rewritten as

follows:

da,, R

dN

[v(K;)dt.
eq L

(10)
za
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Figure 3. Edge semielliptic crack located on the internal (a)
and external (b) surfaces of a drill pipe

Consider that function w(K;) is continuous and limited
within all the points of crack contour; then the latter
expression will be of following form:

d
%G (K ey )

eq —
dN

Applying Paris formula v = C-K/", value Ky, may be

represented as:

1
Kleq = |:72'a
eq

Thus, Kj, is the generalized SSS characteristic in
the neighbourhood of the developing crack top; it has the
specified area S and takes into consideration KDFF
changes along its contour.

Move on to the next problem:

(K. aeq(o):@.

Ratio (13) describes approximately kinetics of the
growth of the fatigue crack developing within one plane
in the invariant form not depending on the defect shape.
Value K., depends insignificantly on the crack configu-
ration and is determined mostly by its area.

According to the studies of pipes disruption, the crack
is mostly of semielliptic (or close to it) shape. KDFF
for the edge semielliptic crack is determined using fol-
lowing dependence:

(an

jv(KI)dt}n . (12)

L

dag,

dN

(13)
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(14)

f (éj —the complex function of the parameters of
a

ellipsis and angle S. It is close to the constant being taken
as 1.1 (Andreykiv & Darchuk, 1992).

In terms of the edge effect, value K, depends slight-
ly on the ellipsis semi-axes ratio; thus, we take:

Kpog=124-0[a,, -

Taking into account (15), rewrite problem (13) as
follows:

(15)

dag,

=C (1240 fa )

g (0)= 2

where:

o — the tensile stresses within the crack plane.

Ratio (16) describes approximately growth kinetics of
the fatigue cracks which shape is close to a semielliptic
crack developing within one plane of a drill pipe.

Having integrated (16), we obtain:

(16)

d
a;]q = C~(l.24'0" Aeq )" Aeg (N) =
(“eq )1_5

Dependence (17) helps determine radius of the equi-
valent semi-circle in N cycles which area will be:

(™)

2

(17)
—[g—lj-c-(l.m.a)” -N}”_z .

n

2
eq
2

T-a
S(N)= (18)

Critical dimension a’., is determined basing upon the
fact that condition of transition to unstable failure is met
within at least one point of the contour:

Kleq :Kfc’ (19)
i.e. a crack loses its stability, and its spontaneous growth
begins (stage 3 of the fatigue crack development).

Period of the development of initial area crack
So(a”ey) up to the critical dimension with corresponding
value §*(a".,) is determined according to formula:

a*
eq da
N'= | —4 (20)
A eq V(K[eQ)
3. PRACTICAL CALCULATIONS
To perform the calculations, drill string of

Perekopivska #63 well was analyzed. In October 2014,
there was an accident in this well. There was a parting of
drill pipe TBPV 127x9.19 S-135 at the depth of 2775 m.
Cross section was represented by the even pipe failure
with minor washout traces of 3 —4 cm length around the
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circle. The failure was caused by the crack formation
with further washing out and parting of the drill pipe.
Using the proposed model, we have studied the growth
kinetics of that fatigue crack.

We analyzed the drill string consisting of two sec-
tions: drill pipes TBTV 127%x9.19 S-135 with the length
of 4727 m and heavy-weight drill pipes OBT 165x70
with the length of 146 m. Operating parameters were as
follows: bit loading varied within the range of G=6 -8 t,
washing liquid loss was Q=241I/5s, pressure was
P=10MPa, and drill string rotation frequency was
N=150-70rot/min. Drill mud was of p=1.18 g/cm?
density and 7'= 60 s viscosity.

There was a cross section at the depth of 2775 m; the
cross section contained a cross crack within the drill pipe
body. The crack shape was close to semielliptic and
characterized by cross section area Sy. Calculations were
performed for different values a.,(0) of the “equivalent”
semicircle radius which area was equal to the crack area.

In terms of the cross section, there were tensile and
bending stresses; oscillation processes occurring within
the drill string while hole drilling were taken into account
as well. In terms of the specified operating modes of the
drill string, stresses varied within the range from
Omin = 90 MPa up to omax = 250 MPa.

Calculations were performed for drill pipes 127x9.19
S-135 with following crack-stability characteristics:

—n=23.45;

~Kp=142.8 MPa- /m ;

— C=4.4510"2 m/(MPa: v/m .

Figure 4 demonstrates the calculation results.

(a)

S (mnr’)
20.00

18.00

16.00
14.00
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6.00

S(mnr’)
72.00

64.75
57.50
50.25
43.00
27.50
28.50
21.25
14.00

______éb_——————?;’
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Figure 4. Kinetics of the fatigue crack growth in a drill pipe
depending on the effective load: (a) acq =2 mm;
(b) aeq =3 mmy 1—90 MPa; 2 — 120 MPa; 3 — 180 MPa;
4—250 MPa
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Analysis of the results shows that in terms of the
specified operating modes, the crack does not reach criti-
cal dimensions, and the pipe may operate within the well
for some time more. As soon as the “equivalent” semi-
circle radius reaches its critical value a*o, = 5.6 mm for
the conditions under consideration), critical crack growth
begins resulting in the pipe failure. According to the
calculations, pipe with the crack should operate
653000 cycles more, i.e. 181 hours. According to the
production data, that pipe operated 3215 hours in the
well including 200 hours after the last defectoscopy; it
correlates with the obtained results.

4. CONCLUSIONS

The proposed mathematical model of the fatigue sur-
face crack development helps calculate the drill pipe
lifetime to the extent being rather sufficient for practical
implementation. The obtained results may be used to sort
out the damaged pipes as well as to substantiate periodi-
cal non-destruction control while drilling and tripping.

Analysis of the process of the fatigue crack growth
makes it possible to develop measures for reducing
stresses effecting the drill string and to minimize for-
mation of openings which help prolong the drill pipe life.
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IMPOI'HO3YBAHHA 3AJIMITIKOBOI'O PECYPCY BYPUWIBHUX TPYH
3A KIHETUKOIO BTOMHOI TPIIIMHU B JOKPUTUYHUI ITEPIO/]]

B. Tupnuu, B. Moiicuiux

MeTa. BusHaueHHs 3aKOHOMIPHOCTEH PO3BUTKY TPILlIMH KOPO3iifHOT BTOMH y BUCOKOMILTHUX OYpHIIBHHUX TpyOax.

Metoanka. Ha ocHOBI mizxoiB MexaHiKi pyHHYBaHHSI MaTepialliB TPIIIMHY OXapaKTEPHU30BaHO IUIOMIEIO, SIKa € iH-
TErpaIbHOI0 XapaKTePUCTHKO. CKOPUCTABIIMCH METOJIOM €KBIBAJICHTHHUX IUIOII, 3aMiCTh INIOCKOi BTOMHOI TpIIIMHA
JOBUIBHOT KOH(]Irypamii po3rissHyTO eKBiBaJIEHTY iif 3a IIOIIEI0 HAIIBKPYTOBY BTOMHY TpilMHY. JlOCTIIJDKEHO KiHETHKY
1 pOCTY Ha OCHOBI pO3B’s3Ky A(pepeHIIIaTFHOTO PIBHIHHS MEPIIOTO MOPSAKY, SIKI BU3HAYAE 3AJICKHICTD pajiyca eKBi-
BaJICHTHOTO ITiBKOJIA BiJ YKCJa IUKITIB HABAaHTA)KEHHS 3a 33[JaHOI IMOYaTKOBOI yMOBU. Kputndanuii po3mip pamiycy BH-
3HAYEHO 3 YMOBH TOT0, III0 X04a O B OJIHII TOYII KOHTYPY AOCITAETHCS YMOBA IIEPEX0Ay 10 HECTaOLIBHOTO PYIHYBaHHS.
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PesyabraTu. Ouineno 3anumkoBuii pecypce OypuiabHoi Tpyou TBIIB 127%9,19 S-135 3 BHsIBIEHOIO HONEPEYHOIO
TPiLMHOK (PIKCOBAHOI ILIOIL, SIKMI MTPH 3aJaHuX peKrUMax podoTu ckias 653000 uukii, To6To 181 roauny. 3a npo-
MHCIIOBUM JaHUMH 11 TpyOa BidmpaiiroBajia B cBepyioBuHI 3215 romun, B Tomy uucii 200 ToauH MiCis OCTaHHBOT
nedekrockortii, 0 KOPETIOE 3 OTPUMaHUM PE3YIbTATOM.

HaykxoBa HOBH3HA. 3aIIpOIIOHOBaHA MaTeMaTHYHA MOJENb PO3BUTKY BTOMHOI TPIIIMHM Jia€ 3MOTY HaOJIM)KEHO, 3
JIOCTAaTHBOIO ISl TPAKTUKHU TOYHICTIO, PO3PaXOBYBaTH 3aJIMIIKOBUIT pecypc OypHIIbHHUX TpPYO.

MpakTuyna 3HayuMicTh. OmepikaHi 3aKOHOMIPHOCTI MOXKYTh OyTH BHKOPHUCTaHI JJIs BiIOpaKyBaHHS MOIIKOKE-
HUX TPYyO, a TaKOX I OOTPYHTYBaHHS IPOBEIEHHS MEPiOJUIHOTO HEPYHHIBHOTO KOHTPOIIO B IpoIeci OypiHHS Ta
MIPOBEACHHS CKYCKOIIiiHMaNbHUX onepariif. Ha 0CHOBiI BUBUEHHS MPOIeCy pOCTy BTOMHOI TPILTHHNA MOYKHA pO3pO0IIs-
TH 3aXO[JH 100 3MEHILIEHHS HAIlPyXKeHb, K1 IiI0Th Ha OypHIbHY KOJIOHY, 3BECTH A0 MIHIMYMY YTBOPEHHS IIPOMHUBHH,
10 T03BOJIUTH 30UTBIINTH JOBIOBIYHICTE OypHIIBHUX TPYO.

Knwuosi cnosa: 6ypunrvia mpyba, mpiwuna, xoegiyienm iHmMeHcugHOCHi HANPYICceHsb, KiHemuKkad, YUKl Ha8anma-
JICeHHS, 3ATUWKOBULL pecypc

IMPOI'HO3UPOBAHUE OCTATOYHOI'O PECYPCA BYPWIBHBIX TPYB
IO KHHETUKE YCTAJIOCTHBIX TPEIIAH B TOKPUTUYECKHU ITEPUO/T

B. Tupnuy, B. Molicuinx

Hean. OnpeneneHrne 3aKOHOMEPHOCTEH Pa3BUTHS TPELIMH KOPPO3HMOHHOW YCTAJIOCTH B BBICOKOIPOYHBIX OYpHIIb-
HBIX TPYyOax.

Metoauka. Ha ocHOBe 110/1X0/10B MEXaHUKH Pa3pyIICHNs] MaTEepHaJIOB TPELIMHY OXapaKTepHU30BaHO IUIONIa IeH, KO-
TOpast SIBJISIETCSl MHTETPAIBHONW XapaKTEepPUCTUKOW. BocCIoap30BaBIIMCE METOAOM 3KBHBAIEHTHBIX IUIOLIAJIEH, BMECTO
TUIOCKOH YCTaOCTHOM TPELIMHBI TPOM3BOJIILHON KOH(QUIYpaluy pacCMOTPEHO 3KBHBAICHTYIO €H IO IUIOIIAI II0JTy-
KPYTOBYIO YCTAIOCTHYIO TpelinHy. VcciaenoBana KHHETHKA €€ pOCTa Ha OCHOBE pelleHus quddepeHnuansHoro ypas-
HEHHUsI [IEPBOTO MOPSIIKA, KOTOPOE OMPEIENSAET 3aBUCUMOCTh PaJlyca SKBUBAJICHTHOIO MOJYKPYyra OT YMClia IHKIOB
HaArpy)XeHHsl MPU 33/IaHHBIX HAYaJIbHBIX YCIOBHsX. KpuTHueckuil pa3mep pajuyca ONpeeseH U3 yCIOBHs TOTO, YTO
XOTsI ObI B OJTHOI TOUKE KOHTYpPa JIOCTUTAeTCs YCIOBUE Mepexo/ja K HeCTaOMIbHOMY pa3pyIICHHIO.

PesyabTaThl. OieHEH ocTaTouHBIA pecypc OyprisHOi TpyOsl THIIB 127%9,19 S-135 ¢ BBISBICHHON MONEPEYHON
TPEImUHON (UKCUPOBAHHOH TUIONIAAN, KOTOPBIM MPHU 3aaHHBIX pekuMax paboTsl coctaBmil 653000 MUKIOB, TO €CTh
181 uvac. [To mpoMBINIUIEHHBIM JIJAaHHBIM 3Ta TpyOa oTpaborania B ckBaxxuHe 3215 wyacos, B ToMm uunciie 200 yacoB mnocie
nocJeiHel 1e()eKTOCKOMHIH, YTO KOPPEIUPYET C MOTYUEHHBIM PE3yJIbTaTOM.

Hayuynas noBu3Ha. [IpeyioxxeHHass MaTeMaTHyecKkass MOJIENb Pa3BUTHSI YCTAIOCTHOM TpPEIIMHBI MO3BOJISIET IPH-
OJIDKEHHO, C JOCTATOYHOM JUIsl IPAKTUKH TOYHOCTBIO, PACCUNTHIBATH OCTATOUHBIN pecypc OYpHIIBHBIX TPYO.

[pakTHyeckasi 3HAYUMOCTB. [loiTydeHHbIE 3aKOHOMEPHOCTH MOTYT OBITh MCIIOJIb30BAHbI JJIsl OTOPAKOBKH ITOBpE-
KIIECHHBIX TPYD, a Takxke sl 00OCHOBAHMS TPOBEACHHS MEPHOANYECKOr0 HEPa3pyILAIOIIEro KOHTPOIS B Mpolecce
OypeHHsl U MTPOBEJCHHUS CITYCKOMOIbEMHBIX omnepanuii. Ha ocHOBe M3ydeHHsl Mpolecca pocTa yCTaIOCTHON TPEIInHbI
MOYKHO pa3padaThiBaTh MEPHI 10 YMEHBIICHHUIO HAPSDKEHUH, IEHCTBYIOMINX HA OYPUIIbHYIO KOJOHHY, CBECTH K MUHH-
MyMy 00pa3oBaHKe IIPOMOUWH, YTO MO3BOJIHUT YBEJIUUUTD J0JITOBEYHOCTh OyPHIbHBIX TPYO.

Kniouesvie cnosa: 6ypunvras mpyba, mpewuna, KodQpduyuenm uHmMeHCUuHOCMU HANPIHNCEHUN, KUHEMUKd, YUK
Hazpydicenue, 0OCMamoynblll pecypc
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