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Abstract. The stress state around the holes in cylindrical part of prestressed concrete protective
shells is examined in this paper. This stress state is caused by general shell prestressing having the aim
to compensate internal emergency pressure and the curvature of the reinforcement elements near
technological holes in cylindrical part of shell. Presence of technological holes predetermines occurrence
of so called “disturbed” stress state of a local nature (stress concentration). The exact solution of the
stress concentration problem at any load does not exist even for a plate. So the approximate solution
using complex functions and Fourier series for a plate with a hole is proposed. It can be concluded on the
basis of the calculation results that the stress concentration due to curvature of reinforcement elements
near hole has to be taken into account, since in this case the maximum compressive stress is
considerable.

AHHoOTaums. B gaHHol paboTe paccmaTpuBaeTCsl HaMpsPKEHHOE COCTOSIHWME KOHCTPYKLUUM BOKPYT
OTBEPCTUI B LWMMHAPUYECKON YacTu NpeaBapuTenbHO HamnpsKeHHbIX OETOHHbIX 3aliMTHbIX 060MoYek.
OTO HanpshikeHHOe COCTOSIHME BbI3BAHO OOWMM npeaBapUTENbHLIM  HaMpsikeHUemM OBONOYKM,
HeobXoAMMbIM Ans KOMMEHCAUWW BHYTPEHHErO aBapUMHOIO AABMEHWS, U KPUBWU3HOW apMaTypHbIX
3MNeMeHTOB BOM3U TEXHOMOMMYECKMX OTBEpPCTUA B LUNMHAPUYECKoW 4Yactu obonoukn. Hanuuve
TEXHOIMOrMYECKNX OTBEPCTMI npefonpenensieT BO3HUKHOBEHME TaK Ha3blBAEMOrO «BO3MYLLEHHOIO»
HanpsKEHHOTO COCTOSIHUSI TIOKanbHOrO xapaktepa (KOHLUEeHTpauusi HanpsbkeHui). TouHoro pelueHus
NpoGnemMbl KOHLUEHTpaLuW HanpsbkeHuid npu nobol Harpyske He CylwecTBYeT fdake Ans NnacTuHbI.
Moatomy npegnaraeTcs NPUONMKEHHOE pelleHne C MUCMONb30BaHWEM KOMMIEKCHbLIX DYHKUMIA U psSaoB
®ypbe Ana nNnacTuHbl ¢ 0TBEpPCTMEM. Ha ocHoBaHWM pe3ynbTaToB pacyeTa MOXHO caenatb BbIBOA O
TOM, YTO HEOBXOAMMO YYMTLIBATb KOHLLEHTPALMIO HaNPsKEHWI, BbI3BAHHYIO UCKPUBIIEHNEM apMaTypHbIX
anemMeHTOoB BOMM3W OTBEPCTUS, MOCKOMbKY B 3TOM Crydae MaKCMMarbHOE CXUMaloWee HanpshkeHue
ABNSETCSA 3HAYNTENbHbIM.

Introduction

Cylindrical part of prestressed concrete protective shells for nuclear power plants with a helical
scheme of reinforcement is compressed by two groups of reinforcement elements, oriented over the
counter spirals and directed at an angle of 55 degrees to meridian.

The general stress state of the cylindrical part of the shell caused by the preliminary compression
forces in areas, sufficiently distant from the bottom and the support ring, is momentless and can be
determined in accordance with the membrane theory of thin shells [1-8].
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In areas of technological holes, the largest of which reaches a diameter of 4 m (at elev. 38.1 m), it
is necessary to bend the reinforcement elements around the hole. To reduce the prestressing losses from
friction trajectory of the reinforcement is made fairly smooth; nevertheless there is considerable pressure
of the reinforcement elements (Fig. 1) and the additional stress state in concrete. Of course, in Figure 1
for illustration a simplified scheme of the fragment of rather complicated reinforcement system around the
circular hole is presented.

Presence of technological holes predetermines occurrence of so called “disturbed” stress state of a
local nature (stress concentration). Thus the stress concentration around the holes is caused by the
general compression and by the influence of the curvature of the reinforcement around these holes.

The concentration of the stress caused by a general shells compression is sufficiently investigated
[9-23], so the aim of this article is the research of effect of the reinforcement elements curvature for the
stress state near the holes , because only a few studies is devoted to this problem [24-25].

R2=10.0 m

Figure 1. Loads due to curvature of the reinforcement elements

Methods

In the framework of the theory of elasticity a number of special problems of shell theory is currently
still not resolved taking into account the complicating factors connected with the mathematical nature of
the difficulties. One of such problem is the determination of the stress-strain condition of shells in the area
of technological holes. So one has to substitute shell fragment around the hole by the plane fragment in
order to solve many engineering problems and consider the plane task. The latter does not lead to
significant errors if the fragment is characterized by small curvature, and the hole can be considered as
"small". Methods for solving some problems for thin isotropic cylindrical shells (membranes) are
described for example in [8, 9, 11]. The holes in these membranes is called small if the following
condition take place:

fa<l, @

_ 4} 2 .
where B=y3A-v )lzﬁ’ R, h — radius and thickness of the shell; a — radius of the hole.

For this problem solution the following sizes are accepted: R =23.1 m; h=1.2 m; a= 2.0 m, which
corresponds to pa = 0.25, that is, the hole is certainly small. Note that, if in the above formulas for the
stresses around the holes [9, 11] to accept fa =0, one gets the corresponding formula for a plate of
unlimited size.

Comparative calculations show that for the shell with accepted parameters in case of uniaxial
tension (or compression) along the cylinder the maximum stress for the shell near hole exceeds
corresponding stress for the plate by only 3 % and in case of internal pressure — by 18 %. It can be
assumed, that in case of the reinforcement curvature influence the error is less than above.

However, even for plates stress concentration around the holes is one of the most difficult sections
of the theory of elasticity, so here analytical solutions in its final form have been obtained for
comparatively simple cases of loading [12].

Solution of the problem of stress concentration around the hole can be realized as follows. Due to
the task linearity the overall stress-strain state of the plate or membrane can be taken as the sum of
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“background” stress-strain state and “disturbed” stress-strain state. The state of the plate (or membrane)
without holes loaded with an arbitrary system of forces and moments is considered as “background”
stress-strain state.

In determining the disturbed state of stress a plate with a hole is considered, and this plate is under
influence of the load applied to the hole contour. This load has to be taken equal to stress of the
background state, but has to have the opposite direction in order to get zero stress on the hole contour,
as well as it should be within the meaning of the problem.

When the superposition of background and disturbed states is realized, the result stress state of
the plate with the hole will take place.

In this paper the pressure of the reinforcement elements, caused by its curvature (Fig. 1), for the
plate without hole is taken as a background stress state. The intensity of this pressure can be calculated
as:

g = N/Rj @)
where N — tension force in the reinforcement elements, R; — radius of curvature of these elements in the
plane of the plate. To calculate stress state the actual distribution of the load was replaced by an
equivalent in the form of a large number of concentrated forces oriented at different angles to the vertical
axis (Fig. 1).

Calculation of the background state of stress from the effects of each of the concentrated forces
was carried out according to formulas derived by Melan [1] for the force acting within an infinite plate
(without holes) in its plane:

P cosé
oy =— |:—(3+u)+2(1+ U)Sih2 6’}; )
dr r
P cose[ .2 }
oy=——|1-v-2(1+0v)sin“ 0 |; (4)
y Az r ( )
_—P S|n9|:1 2(1 ) 29:| 5
Txy_747z7r -v+ +v)cos . (5)

In the above formulas: r — distance from the force to the point at which the stress is determined;
6 — angle is measured from the vertical axis.

The state of stress from all the concentrated forces approximating a distributed load is determined
by a superposition of solutions for each of the concentrated forces. Then the transition from Cartesian
coordinates to polar has to be fulfilled.

To solve the problem of the second stage (the calculation of the disturbed state) it is advisable to
apply the solution of the plane task of elasticity theory with complex variables, which in some cases leads
to significant simplifications.

The components of stresses for plane stress state in polar coordinates can be expressed as
follows [6]:

o-r+0'9=4ReF‘(Z)=2[F'(Z)+E‘(£)]; (6)
o —or +2ity =2[ ZF*(2)+ 2°(2) |e*? (7)
where  Z =r(cos@+ising)= el 7= r(cosg-ising) = re 10 7_ conjugate functon Z,

F (Z) uy'(2)- some analytic functions. Subtracting (7) from (6) we obtain:

or ~irgg =F'(2)+F(2)-] zF "(Z)+1"(Z)]e2i9. ®)
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Let us consider the general solution for unlimited size plate with a circular hole with the origin in the
center of the hole. If to run the boundary conditions on the contour of the hole, then o, and 7z, will be

known when z = aem, where a — the radius of the hole, r — distance from the center of the hole (on the
contour r = a).

Analytic functions F (Z) x"(Z)—can be expanded in power series, so that the functions remain
finite at r —> o0

. ® “n 1 1
FiZ)= X AZ = A+ A+ A St ©)

n=0 Z Z

" - -n 1 1

where An and Bn — complex constants (independing from Z).

L = —1 —1
F(2)= LAz =AtA Rl an
n=0 Z 7

F'(z2)=-Az%-2A2"° —..—nAZ " (12)

Since the stresses o, and T p Must be known on the hole contour (r =a), the expression

(or - iTr.g)r=a can be expanded in a complex Fourier series [6]:

0

(6, —it,p)ea= X Coe™; (13)

N=—o0
the coefficients of which are determined by the formula:

Ly [0,(0)-ir,, | e ™ap; (14)

=— e
" 27 0 r=a
wheren=0;1;-1;2;-2; ...

Equating the right-hand side of the equation (8), expressed in terms of (9)—(12) and the expression
(13), we obtain:

S i, o MA Sine N By —ign-2)0
Doy 3 By 20 oo, 5
oa n=0 & a

n=0

ZOO: Cneine — 2%ein9 +
n=

N=—o0 n=|

. 0, 5-n _ 1 —in@
since at the hole contour z=ae"; Z " = — .

a

The last expression can be written as follows:

io 4 2ig -2i6 3io
Co+Ce " +C e "+Ce"" +C e "7 +Ce7 +...=

A+ A e+ &Ze’m + ﬁs ey ..
a a a

— A g 2i0 E 30
+ A +—e  +—Le 4+ 2e" 4.
A N o 23 (16)
i 2 oig 3 i
+ﬁe|9+ AzgezueJr;Asgeaue
a a a
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Equating the coefficients before the same powers of e in both parts of the equality, we get:

— B
A+ A= =G (17)
a (when n = 0);
;1 B
——1=C (18)
a a (when n = 1);
A,
— BO = CZ (19)
a (when n = 2);
h_c, (20)
a (when N=3)
2 B
PR R (21)
a a (when n =-1);
1+n B
A =C (22)

Constants A,, A, equal to each other, since the imaginary part determines the displacement of a
rigid body, and in the analysis of strain and stress can be assumed to be equal zero [6]:

r(cos¢9+isin 49): r(cose—isin 0): r(cos&) (23)

that isA‘)’ngz'AU'

From the condition of the uniqueness of the value of the displacement 9. +i9,, should be

1+v—,
A== 3 By, (24)
—-U
whence
— l1+v
A1:_3_U81; (25)
Substituting (25) into (18) we obtain:
3-—
E,1 = _(Z)Cla; (26)

Substituting (26) into (25) we obtain:

_ 1 1 3- 1+v
A +U|31:— +v _( v)ca :( )Cla; 27)
3-v 3-v 4 4
or
— (1+ U)cla
A = rv)al (28)
4
From (19) we get:
g = Boa2 + C2a2; (29)
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4, =B_0a2 _'_Ezaz; (30)
Taking into account, that A, +g =2A,, from (17):
BZ
24y —— =G, (31)
a
B, = 2A0a2 - Coaz; (32)
From equations (20) and (22)
Ay = Cya” when 123 33)
B, =(n-1)a’A, , —a"C (34)
n 2 —n+2? Whenn23_

Thus, all members of the functionsF'(Z),;{"(Z),E'(Z),F"(Z), are  known

(expressed in termsC_ ), and the problem reduces to the determination of the coefficientsC, by the
formula (14), which can be written as follows:

1 Z:EO'r —lZ' :' e_inedﬁ =
22” = (35)
1 7r
= =2 0 [ar Irr0] (cos ng —isin ne)de
v

Results and Discussion

When the plate is loading by the pressure of curved near the hole reinforcing elements (Fig. 1),
coefficients in the complex Fourier series were determined by numerical integration in accordance with
expression (35). Convergence was studied by doubling the number of intervals between concentrated
forces. The calculation results show that for the scheme of loading, which has two axes of symmetry
(Fig. 1.), it is sufficient to restrict 8—=10 members of series (9)—(12).

The calculations were performed for the reinforcement elements with the prestressing force of
8000 KkN. Accordingly accepted radius of curvature distributed load intensity are

0, =888,9kN /m, g, =800kN /m. According to the calculations, the maximum value of the tangential

v
forces near the hole, induced by curvature of two reinforcement elements, when 6 = 5 is about 1900

kN/m.

Since the influence of the curvature of individual prestressed elements near holes was hardly
studied by other authors, the force from curvature of two elements is compared with the vertical force of
general compression which is necessary to compensate internal emergency pressure p = 0,4 MPa. This
force in the shell with a hole, but excluding influence of the curvature of reinforcement elements near
hole, is approximately determined as 3pR/2 [26—37], where R is the radius of the cilindrical part of the
shell. This force at R = 23.1 m is equal to 13860 kN/m.

It can be concluded on the basis of the calculation results that the stress concentration due to
curvature of reinforcement elements near holes has to be take into consideration, since in this case the
maximum compressive stress may achieve about 15% of the maximum stresses caused by general
compression.

pR 400-23,11
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Conclusions

1. Analysis of existing analytical solutions related to the study of stresses around the holes in the
cylindrical shells and plates, showed that, when examined relations between the radius of the shell and
the radius of the hole take place, solutions for the plates is allowed to use.

2. It can be concluded on the basis of the calculation results that the stress concentration due to
curvature of reinforcement elements near hole has to be take into account, since in this case the
maximum compressive stress may achieve about 15 % of the maximum stresses caused by general
compression. At the same time, a significant value of tensile stresses, caused by curvature of
reinforcement, may result in inadequate general compression in some areas of the shell around the
holes.

3. The method developed for calculation of the stress state near the holes of plates using complex
functions with some improvements can be used in any case of the load distribution in plane of the plate.
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