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Load distribution in the thread of body
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1. Introduction

It is shown in the article [1] that the fatigue life of
the internal threads of body is longer than the fatigue life
of the stud/bolt threads. If the studs meet all the require-
ments, a separate analysis for the internal threads is not
performed. If the studs do not meet the fatigue require-
ments for the full design life of a vessel, they can be re-
placed in service. The replacement or repair for a body
(flange) is difficult, expensive and may be impossible.
Therefore, it is important to have a reasonable estimate of
load distribution in the thread of the body for using in its
fatigue life prediction as a primary data.

The analogous estimation is needful for the case
when a defect existing near the thread in body is fore-
casted. The occurrence of defects is often unavoidable in a
large dimension cast iron body made by casting [2]. In this
case it is essential to avoid the defect-crack growth [3-5].
At cyclic loading a tightening of a threaded connection
must be chosen in suit with this requirement. Especially it
is important in the case of tension body because of the fa-
vourable conditions for a defect-crack opening [6].

In analytical models of load distribution between
threads the assumption that longitudinal stresses in the
standard nut wall distribute evenly [7] is used. However
this assumption is unusable for the stud-body connection.

The model of load distribution in the stud-body
thread presented in current paper estimates the variation of
longitudinal deformations in contiguous to body thread
layer, which take place at receeding from turn loads loca-
tions. A stability conditions for defect-crack existance near
the thread in tension body are also analized.

2. Basic equations for tension body

In the presented model the body / is a thick-
walled cylinder with threaded hole (Fig. 1). Its external
diameter and height are D,, >D and H,, > H +d , where

D = 1.5d is external diameter of standard nut, d is nominal
diameter of the thread and H is the length of the thread
engagement in connection with stud 2. Stud core and body
are in the state of tension. Their deformations as well as
deflections of the engaged turn pairs are in the elastic
phase.

The representations, needed to calculate longitu-
dinal load intensities of the turns’ g(z) can be obtained by
using equation for the displacement compatibility of
threaded connection elements. The equation for a connec-
tion with the tension body as well as with the tension nut
looks as follows [7]

(AH-Az)—(A,H-4,2)=5(z)-56(H) (1)

here AH and Az variations of the stud lengths A and z,
A,H and A,z variations of the same lengths in contigu-
ous to body thread layer, 6(z) and J(H) deflections of
the turns pairs at coordinates z and z=H .
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Fig. 1 Connection of stud / with tension body 2

Axial force in the stud cross-section z is

0(2)=0 —jq(z)dz , therefore after differentiation of
0

Eq. (1) the following differential equation was obtained
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where Q is external force on the stud, E, and A are

modulus of elasticity and cross-sectional area of the bolt
core, y 1is pliability of the turns pair, which can be ob-
tained experimentally [8], &,,(z) is average (nominal)
deformation of contiguous to the body thread layer at co-
ordinate z .

Deformation ¢,,(z) due to load intensities g(z,)
(Fig. 1) depends of it’s locations with respect to section z.
For example, the deformation at point B due to ¢(z,),
q(z;)...., which are located between z=0 and z, is
ep = epd(2) = €41(2) + €40(2) + ... as shown in Fig. 1 (in Fig. 2
it is shown also for the compressed body).

Deformation ¢,,(z) of the body layer near the

thread can be expressed as follows

z
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where z, is location coordinate of load intensity g(z,),
&y(z-z4) is nominal deformation of contiguous to the body
thread layer at the coordinate z due to unit load intensity
g = 1, which is located at z,.
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By using Eq.(3) in Eq.(2) and designating
t=1/(E,A;) we get

-tQ+tiq( dZ+I g(l)<z z)dzq:)/q'(z) 4

Load intensity ¢(z), which is the solution of
Eq. (4), can be expressed as series

q(z):ao taz+azt vaz +azt + %)
where 0 <z< H, and ay, ai, a,, as,... are factors which
needs to be determined.

Function g(y(z-z,), which is used in Eq. (4) can be
also expressed as series

2 3
&, (z—zq) =b,+b (z—zq)+b2 (z—zq) +b, (z—zq) (6)
where by, by, by, bs are factors which could be determined
by using FE technique.
Now it is useful to notice that g(z) and g(z,) in
Eq. 4 are the same function really. Therefore

q(zq)= a,+a;z, + ClzZ; + a3Z; + a423 +... (7
where 0 <z,<z.

By using Eq. (6) and Eq. (7) it becomes possibly
to solve integral (3)
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For the solution of Eq. (4) it is needful to put here
integral of Eq. (5), derivative of Eq. (5) and expression (8).
By comparing the factors at z with the same exponents of
power the factors ay, a;, a», a3, ... have been found. After
this the Eq. (5) get the next form
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Factor ay of Eq.(9) can be defined by using
boundary condition

0= q(z)dz =a05(H)+ aII7(H) (11)

O —

here G(H) and V (H) are values of the integrals of func-
tions G(z) and V(z) atz=H.

2. Basic equations for compressed body

The displacements compatibility equation for a
stud connection with the compressed body as well as with
the compressed nut looks as follows [7]

A, (z)+ 4, (z) = 5(2)—5(0)

where Ay(z) is variations of the stud length z, 4,,(z) is a
variation of the same length of contiguous to the body
thread layer, &(z) and 6(0) are deflections of the turns’
pairs at coordinates z and z =0 (Fig. 2).

As it is shown in Fig. 2 in the case of compressed
body coordinate z has contrary direction in comparison to
the case of tension body. In this case axial force in the stud

(12)

cross-section z is Q(z) = jq(z)dz .
0
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Fig. 2 Connection of stud / with compressed body 2

Distribution of load intensities in the thread has
been obtained in the same way as in the case of the tension
body. The solutions for compressed body get the forms of
Eq. (8-11), in which factor a; = 0.

3. Nominal longitudinal strains in the body layer
near the threads at unit load intensity g =1

In the cases of stud-nut connections for the solu-
tion of Eq. (1) or Eq. (12) the nominal (average) longitudi-
nal strains of the stud core and nut wall are used. In the
case of the body the concept of nominal elastic strains is
fitted only to longitudinal layer near the internal thread and
is expressed by Eq. (3). At unit load intensity g,=1 it is set
in Eq. (6). The factors of Eq. (6) have been found by using
derivative of Eq. (13), which expresses longitudinal dis-
placements 4, (z—z,) in the body layer near the thread

m - n (Fig. 3) due to unit load intensity ¢(;)=1 kN/mm
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Fig. 3 Finite element mesh of the threaded body: a - com-
pressed body; b - tension body line m-n is layer near
the threads

The factors of Eq. (13) have been found by using
data of FE analysis (Fig. 3) and least-squares technique. So
the factors of Eq. (6) are by= ey, b1 = 2e,, by=3e3, by= 4ey.

The FE analysis was carried out using the
ANSYS version 10.0 suite of programs. The body with
circular turns was modelled using two-dimensional

isoparametric elements with eight nodes of two degrees of
freedom at each node. Axisymmetric type of analysis was
carried out using only half of a section in length. FE mesh
(Fig. 3) was unstructured, it consist of PLANE 183 ele-
ments. The geometry of the body threads based on ISO
M20x2.5 was modeled. Material of the body is cast iron
(modulus of elasticity £ =160 GPa and Poisson’s ratio
v=0.206).

Longitudinal displacements in tension body layer
near the thread obtained by FE analysis (points) and by
least-squares technique (lines) are shown in Fig. 4.
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Fig. 4 Longitudinal displacements in tension body at
g = 1.0 kKN/mm: 1 - Dpy=30 mm, 2 - 40 mm,
3 -60 mm, 4 - 80 mm

The values of the factors of Eq. (6) for cast iron

bodies with internal thread M20x2.5 are presented in Ta-
ble.

Table

The values of the factors of Eq. (6) for cast iron bodies
Dyq bg by b, b;

mm

M20x2.5; E=160GPa; v =0.26; compressed body

30 6.87E-05 -8.5E-06 3.736E-07 | -3.9E-9

40 4.61E-05 -8.09E-06 | 4.88E-07 -1.02E-8
60 4.01E-05 -7.53E-06 | 4.78E-07 -9.62E-9
30 3.84E-05 -6.46E-06 | 4.15E-07 -8.88E-9

M20x2.5; E=160GPa; v =0.26; tension body

30 6.63E-05 -1.11E-05 | 9.33E-07 -2.82E-8
40 5.68E-05 -9.88E-06 | 7.87E-07 -2.20E-8
60 5.20E-05 -9.27E-06 | 7.15E-07 -1.90E-8
30 5.99E-05 -1.29E-05 | 1.06E-06 -2.85E-8

4. Distribution of load between turns and deformations

of the layer near the thread in the body

By above stated technique the load distribution in
the thread and deformation of the body has been calculated
for connections ISO M20x2.5 which lengths are H=16 mm
(Figs. 5-7). Steel 4130 was used for the stud and cast iron
SG was used for the tension body. Average indices of me-
chanical properties of steel 4130: R, =621 MPa,

R o, =766 MPa, R, =930 MPa, Z =59 %, E, =185 GPa.

Average indices of mechanical properties of body material



cast iron SG: R, =615MPa, R, =870 MPa, Z =3.0%,
E,, =160 GPa. Experimentally obtained pliability of the
turns pair by using special connection M20x2.5 is
¥ =5.26-10°m/(MN/m). For this the stud with a single

turn and threaded body were made from steel 4130 and
cast iron SG respectively.

Calculations of the load distribution in the thread
have been performed at oy,/R,0, = 0.23 where oy, is nomi-
nal stresses of stud.
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Fig. 5 Load distribution in the thread of tension body:
1 -Dp;=30mm, 2 -40 mm, 3 - 60 mm, 4 - 80 mm

In the case of tension bodies the values of load in-
tensities ¢,4(H) and of longitudinal strains near the internal
thread ¢,,(H) are the highest at depth H (in the deepest sec-
tion DS according Fig. 1) as shown in Fig. 5 and Fig. 6.
The values ¢,,(H) obtained for the tension bodies D,;= 40,
60, 80 mm are by 6.8%, 10.3% and 12.1% less respectively
than that obtained for detail Dy;= 30 mm.
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Fig. 6 Deformation in tension body layer near the thread:
1 -Dp,=30 mm, 2 - 40 mm, 3 - 60 mm, 4 - 80 mm

The values of ¢,(H) are by 21.1, 31.7 and 41.5%
less at comparison in the same order.

It is necessary to notice here that wall thickness of
the external detail with D,;= 30 mm is the same as of the
standard nut. In this case because of least wall thickness
the value of strain &,,(H) is the highest.
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Fig. 7 Load distribution in the thread of compressed body:
1,2,3,4-Dy=30,40, 60, 80 mm

In the case of compressed bodies the values of
load intensities ¢,,(H) are the highest in the entry section
ES (Fig. 7). The location of ES is shown in Fig. 2. The
values ¢, H) obtained for the compressed bodies D,,= 40,
60, 80 mm are by 6.9%, 10.6% and 13.7% less respectively
than that obtained for the nut (detail D,,= 30 mm).

5. Determination of tightening stresses for threaded
body with defect

Often structural bodies of large dimensions are
manufactured by using cast iron mouldings in which vari-
ous defects and voids are met. Sometimes modeling of the
bodies assumes that small void is situated near the thread
of threaded hole. This void is identified like a crack. In cast
iron SG which is used in mining industry equipment, typi-
cal dimension of voids is 1-4 mm (Fig. 8).

The study presented in the previous sections may
be useful for a preliminary consideration of tightening con-
ditions in the case of tension body with defect near the
internal thread. A defined level of tightening should safe-
guard against void-crack increasing. A void-crack may
slightly increase at high cyclic loading if it stick at the root
of internal thread. However increasing of the crack must be
stopped when the crack tip leaves a zone of stress concen-
tration. Analysis of the fatigue failure surfaces of the studs
shows this zone deep to be about 0.36P, where P is thread
pitch. This dimension was used for the threaded bodies too.

Fig. 8 The voids in cast iron SG

Preliminary tightening stresses have been defined
for threaded connection M20x2.5. The dimensions of
schematic tension body were D,;= 60 mm, A = 16 mm and
the wall thickness # = 20 mm. Mechanical properties of
used connection elements were the same like given in sec-
tion 4.

The nominal stresses in the stud after tightening is
o;,= Q/A,. The average stresses of the body layer m - n
(Fig. 3) here is called nominal body stresses, which are as
follows



O-bd,t(z): gbd(Z)Ebd (14)

The highest stress o;,,(H) appeared in the body’s
deepest section DS (Fig. 1). Relation of the stresses o, and
Opq(H) may be defined by using the calculating method
given in the section 2. It was assumed that void-crack has
semielliptical form, which depth is ¢>0.36P and length 3¢
(Fig. 9). Crack is situated at the free internal threaded sur-
face in the deepest section DS.

HA

Fig. 9 Crack 1 in the tension body cross-section DS
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According to linear fracture mechanics in case of
elastic cyclic loading the condition of the body crack sta-
bility can be as follows

AK <AK, . /n, (15)

where AK is stress intensity factor range for the body
crack, to be precise 4K =K, —-K where K ., and

1,max 1,min >
K min are maximum and minimum values of the stress in-
tensity factor in loading cycle; 4K}, is crack threshold for
the body material at asymmetry cyclic loading; » is asym-
metry factor of the loading cycle, to be precise

r=K,. /K, ;¥‘is safety factor.

1,min 1,max >
Unfortunately, in the text books [9-11] and other
literature on fracture mechanics authors do not meet with
success to find formulae for the calculation of K; (stress
intensity factor for mode 1) in the case of internal semi-
elliptical crack which is situated in the thick-walled cylin-
der (Fig. 9). Therefore, after special correction the formu-

lae for calculating of the stress intensity factor K in the

case of circular internal crack, which is situated in the
thick-walled cylinder (Fig. 10), was used [10]

K]L'ir()/ - % F, (16)
where F is the function dependent on ratio 7= c/A.

By using the data given in Tables of the article
[10], function F| have been expressed by cubic equation:
Fi=1.0867 - 1.03227 + 1.6409T> + 0.268571°.

To ascertain the magnitude of the correction coef-
ficient for using of formulae (16) in case shown in Fig. 9

the two values of stress intensity factors (K, and K,")

have been compared. Its have been calculated for semi-
elliptical and circular cracks situated in two plates as are
shown in Fig. 11, a and b by using the formulas given in
the article [9].

These cracks had the same depth ¢ and analogous
forms to those which are shown in Fig. 9 and Fig. 10 re-
spectively. Also the plates and the considered cylinder
body had the same thickness # =20 mm.

tt 4ttt ds

J:d ok

Dy K

vy

<
<

PP i i dito

Fig. 10 Thick-walled ciylinder with circular crack
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Fig. 11 Cracked plates: a- with crack

b - cracked over all width

semielliptical

The calculated values of ratio K;*/ K;** are 1.42,
1.47, 1.55, 1.65 and 1.74 at crack depths c=1, 2, 3, 4,
5 mm respectively.

The same analysis was performed for two pipes
too. The crack in the first pipe had semi-elliptical form like
as in Fig. 9. In the second pipe the crack was circular like
as in Fig. 10. Dimensions of pipes were d =20 mm and

h=2mm. The values of stress intensity factors K, and

K" for the first and the second pipes have been calculated
by using the formulas given in the article [11]. The ob-
tained values of the ratio K, /K~ are 1.4 and 1.77 at

crack depths ¢ = 0.5 mm and ¢ = 1.0 mm respectively.

It can be noticed that in both cases of the per-
formed comparisons considered ratio is more than 1.4. For
preliminary analysis the same can be assumed for the case
of thick-walled cylinder too. So, the stress intensity factor
for the internal semi-elliptical crack in the thick-walled
cylinder have been calculated by using formulae (16) with
the correction coefficient

circl
— Kl

K]
1.4

(17)

By using formula (17) and (16), in which o =
= opq{H), relation between K; and nominal tightening
stresses oy, (H) and o, for the case of tension body
(M20x 2.5, Dp,=60mm) with internal semi-elliptical
crack (Fig. 12) have been found.

To settle tightening parameters for the considered
threaded connection the condition (15) should be met. For
this the allowable mean stress intensity factor K, in the
loading cycle must be defined because it meets the state of
crack after the connection tightening. By using allowable
value of K, the allowable tightening stresses o, and
Opa(H) could be determined from the graphs in Fig. 12.
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Fig. 12 Stress intensity factor dependencies on tightening

of threaded connection: 1,2,3,4-0,= 0y
I*, 2% 3% 4* - 0,= opa(H); crack depth c:
1, I*- 1 mm; 2, 2%- 2 mm,; 3, 3*- 3 mm,
4,4*%-4mm; 5 and 6 - K,,=5.7 and 6.1 MPa\/;,
7 - 0y, =0.4R,,
The mean stress intensity factor is

Ky =Ky o= ak ()

2 2(1 - r)

because K, =AK/(1-r).

To avoid the crack growth it is necessary in for-
mulae (18) to use 4K = AK,,,/n,, where n; is safety factor.

In the example under consideration the body is
made from cast iron SG which is used for mining equip-
ment manufacturing. For determining the threshold AK, o
(at r=0) five compact tension CT specimens (M1 - M5)
were tested in accordance with the ASTM E 647-00 meth-
ods. Thickness and width of the specimens were B = 25mm
and W=50mm. The obtained crack growth rate versus
stress intensity factor range fatigue diagram is shown in
Fig. 13. The average value of threshold 4K, is

9.5 MPav/m .

The value of threshold 4Ky, at »>0 may be
found by using expression [10]

(19)
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Fig. 13 Fatigue crack growth
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where exponent of power 1= (0.5-1) for steels and 1 =1
for cast irons.

In the final analysis the allowable tightening
stresses of the stud can be defined approximately for the
case of tension body (M20 x 2.5, Dy;= 60 mm) with the
internal semielliptical crack (Fig. 9).

The asymmetry factor at high cyclic loading for
mining equipment usually is in range » =0.7-0.95 and the
safety factor can be n;=1.5. By using formulae (18) and

(19) it was obtained: K,,=5.4 MPa\/;, when »=0.7 and

K,=6.2 MPa\/a , when = 0.95. These values of K,, are
marked in Fig. 12 by the vertical lines 5 and 6. It can be
seen in Fig. 12 that tightening stresses o, of the stud at
various crack depths ¢ (lines /, 2, 3, 4) are disposed below
the horizontal line 7, which reflect o;,=0.4R,,, and be-
tween lines 5 and 6. It shows the tightening stresses of the
stud are less than o;,=(0.4-0.6)R,, which is recom-
mended to safeguard stability of tight [7].

So, at setting conditions for crack stability in the
case of threaded tension body the problem of connection
release arises, which should be analysed in particular.

In design stage it would be useful to change the
construction of connected parts in order to get a com-
pressed condition in the threaded body. Then the possibil-
ity of crack growth in the body would be considerably less
and the tight could be bigger.

6. Conclusions

1. The proposed model of the load distribution in
the thread of stud-body connection estimates the variation
of longitudinal strains in contiguous to the body thread
layer, which take place at the receeding from the location
of the turn loads.

2. The increasing of the body volume around the
internal thread (increasing of D) the maximum value of
the turn load intensity in stud-body connection thread de-
creases.

3. In the case of tension bodies the values of turn
load intensities g,«(H) and the values of longitudinal
strains near the internal thread e,,(H) are the highest in the
deepest cross-section of bodies DS where the turns en-
gagement take place. In the case of compressed bodies the
same is obtained in the opposing cross-section ES of the
bodies.

4. The highest values of the turn load intensities
qra(H) in threads of examined cast iron compressed bodies
D,,~40, 60, 80 mm are respectively less by 6.9, 10.6 and
13.7% than that obtained for the nut (detail D,,=30 mm)
and the like it is in the cases of tension bodies. In these
cases the values of the longitudinal strains near the internal
thread ¢,,(H) are by 21.1, 31.7 and 41.5% less in compari-
son with the same order as above.

5. In accordance with the preliminary calculation
the problem of connection release arises if the condition
for crack stability has been applied and when the crack is
situated in the cast iron threaded tension body near the
thread and connection experience the high cyclic loading.
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A. Krenevicius, M. Leonavicius, J. Selivonec

APKROVOS PASISKIRSTYMAS KORPUSO
SRIEGYJE

Reziumé

Straipsnyje pateiktas apkrovos pasiskirstymo kor-
puso sriegyje analitinis modelis, jvertinantis iSilginiy de-
formacijy kitima, pasireiskianti korpuso sriegiui gretimame
sluoksnyje tolstant nuo viju apkrovy pridéties vietos. Kor-
puso sienelés storio itaka Siam kitimui, veikiant vieneti-
niam jégos intensyvumui, nustatyta BE metodu. Apskai-
¢iuotas apkrovos pasiskirstymas plieninés smeiges jungciy
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su gniuzdomu ir tempiamu korpusais, pagamintais i$ ke-
taus, sriegio vijose.

Straipsnyje pateiktas sudaryto modelio taikymo
pavyzdys, kuriame preliminariai analizuojamas defekto,
esancio Salia sriegio tempiamame ketaus korpuse, stabilu-
mo ir jungties {verzimo rysys, veikiant daugiaciklei apkro-
vai.

A. Krenevicius, M. Leonavicius, J. Selivonec
LOAD DISTRIBUTION IN THE THREAD OF BODY
Summary

This paper presents the analytical model of load
distribution in the body thread. The model estimates a
variation of longitudinal strains in contiguous to the body
thread layer, which takes place at the receeding from the
locations of the turn loads. The influence of the wall thick-
ness of the cast iron body in case of this variation at unit
force is assessed by FE method. Load distributions on the
turns are calculated for the steel stud connections with the
compressed and tension bodies of cast iron.

This paper also presents the application of the
proposed model to a preliminary analysis of the relation
between the stability condition of the internal defect of the
tension body and the tight of the connection at high cyclic
loading.

A. Kpenssuuroc, M. JIsonasmutoc, E. CenmuBonert

PACIIPEJEJIEHHME HAI'PY3KU 110 BUTKAM
PE3bBLI B KOPITYCE

Pe3smomMme

B Hactosmelt paGoTte mpemno)keHa aHaIMTHYe-
CKasi MOZIEJIb pacIipeeeH sl Harpy30K M0 BUTKaM Pe3bObI
B Kopmyce. Mojenb y4uThIBa€T M3MEHEHHE IPOJONBHBIX
nedopmanuii B coceiHEM K pe3rde ciioe Kopiryca npH yaa-
JICHUH OT MecTa NPHIOKSHHUS Harpy30K Ha BUTKaX. Brms-
HHUE TOJILIMHBI YyT'YHHOTO KOpIyca Ha TaKOe M3MECHCHHUE
IpU eIMHUYHOM YCHJIMM Ha BHTKE OIPENEIeHO METOJOM
KOHEUHBIX JIEMEHTOB.

[IpuBeneH mpuMep HMCIOJIB30BaHUS MOIETH IS
NPUOIIIKEHHOTO aHalM3a CBS3H MEXAY YCJIOBHEM CTa-
OunpHOCTH AedeKTa HaxoAsIerocs: BOIM3U K pe3pde pac-
TSATUBAEMOTO KOPITyca ¢ HANPSHKEHUSIMU 3aTsra B IIMTUIbKE
MIPY MHOTOIMKJIOBOM Harpy»eHUH COENHEHUS.
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