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An eight nodal volumetric finite element with nodal displacement and stress as un-

known parameters is developed for calculation of an arbitrary loaded shell of rotation.

Approximations for stress and displacement were constructed using three linear rela-

tions. The modified stiffness matrix is obtained with the help of a variational principle

based on the Reysner functional. We present an example, which shows that the pro-

posed finite element method has a good potential for calculations of plates and shells

of any thickness.ÂâåäåíèåÄëÿ ðàñ÷åòà ïðîèçâîëüíî íàãðóæåííîé îáîëî÷êè âðàùåíèÿ ñ èñïîëüçîâàíèåì êðèâî-ëèíåéíîé ñèñòåìû êîîðäèíàò ðàçðàáîòàí îáúåìíûé øåñòèãðàííûé êîíå÷íûé ýëåìåíòâ ñìåøàííîé �îðìóëèðîâêå, óçëîâûìè íåèçâåñòíûìè êîòîðîãî ÿâëÿþòñÿ êîìïîíåíòûâåêòîðà ïåðåìåùåíèé è òåíçîðà íàïðÿæåíèé. Êàæäàÿ êîìïîíåíòà âíóòðåííåé òî÷êè êî-íå÷íîãî ýëåìåíòà àïïðîêñèìèðîâàëàñü ÷åðåç óçëîâûå çíà÷åíèÿ òðèëèíåéíûìè ñîîòíî-øåíèÿìè. Ïðè ïîëó÷åíèè ìàòðèöû äå�îðìèðîâàíèÿ êîíå÷íîãî ýëåìåíòà èñïîëüçîâàëñÿâàðèàöèîííûé ïðèíöèï íà îñíîâå �óíêöèîíàëà �åéñíåðà.1. �åîìåòðèÿ îáîëî÷êè âðàùåíèÿ.�àäèóñ-âåêòîð ïðîèçâîëüíîé òî÷êè ñðåäèííîé ïîâåðõíîñòè (ðèñ. 1) îïðåäåëÿåòñÿ âûðà-æåíèåì
R = xi + r sin θj + r cos θk, (1.1)ãäå i, j,k � îðòû äåêàðòîâîé ñèñòåìû êîîðäèíàò; x � îñåâàÿ êîîðäèíàòà; r � ðàäèóñâðàùåíèé òî÷êè ñðåäèííîé ïîâåðõíîñòè; θ � óãëîâàÿ êîîðäèíàòà.Áàçèñíûå âåêòîðû â òî÷êå ñðåäèííîé ïîâåðõíîñòè, êàñàòåëüíûå ê íåé, îïðåäåëÿþòñÿäè��åðåíöèðîâàíèåì (1.1):

a1 = R,s = x,s i + r,s sin θj + r,s cos θk;

a2 = R,θ = r cos θj − r sin θk.
(1.2)© Èíñòèòóò âû÷èñëèòåëüíûõ òåõíîëîãèé Ñèáèðñêîãî îòäåëåíèÿ �îññèéñêîé àêàäåìèè íàóê, 2008.51
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�èñ. 1Íîðìàëü ê ñðåäèííîé ïîâåðõíîñòè îïðåäåëÿåòñÿ âåêòîðíûì ïðîèçâåäåíèåì
a3 =

1

2
a1 × a2 = −r,s i + x,s sin θj + x,s cos θk. (1.3)Ñîîòíîøåíèÿ (1.2) è (1.3) ìîæíî ïðåäñòàâèòü â ìàòðè÷íîì âèäå

{a}
3×1

= [M ]
3×3

{i}
3×1

, (1.4)ãäå {a}T = {a1, a2, a3} � âåêòîð-ñòðîêà áàçèñíûõ âåêòîðîâ; {i}T = {i, j,k} � âåêòîð-ñòðîêà åäèíè÷íûõ âåêòîðîâ.Ïðîèçâîäíûå áàçèñíûõ âåêòîðîâ ïðîèçâîëüíîé òî÷êè ñðåäèííîé ïîâåðõíîñòè ÷åðåçîðòû äåêàðòîâîé ñèñòåìû êîîðäèíàò èìåþò âèä
a1,s = x,ss i + r,ss sin θj + r,ss cos θk;

a2,s = r,s cos θj− r,s sin θk;

a3,s = −r,ss i + x,ss sin θj + x,ss cos θk;

a1,θ = r,s cos θj − r,s sin θk;

a2,θ = −r sin θj − r cos θk;

a3,θ = x,s cos θj − x,s sin θk,

(1.5)êîòîðûå ìîæíî ïðåäñòàâèòü â ìàòðè÷íîì âèäå
{a,s} = [N1]{i}; {a,θ} = [N2]{i}, (1.6)ãäå {a,s}

T = {a1,s, a2,s, a3,s} � âåêòîð-ñòðîêà ïðîèçâîäíûõ áàçèñíûõ âåêòîðîâ ïî äëèíåäóãè; {a,θ}
T = {a1,θ, a2,θ, a3,θ} � âåêòîð-ñòðîêà ïðîèçâîäíûõ áàçèñíûõ âåêòîðîâ ïî óã-ëîâîé êîîðäèíàòå.Ââåäåì ìàòðè÷íîå ñîîòíîøåíèå, îáðàòíîå (1.4),

{i} = [M ]−1{a}. (1.7)Âûðàæåíèÿ ïðîèçâîäíûõ áàçèñíûõ âåêòîðîâ ÷åðåç âåêòîðû ýòîãî æå áàçèñà çàïè-øóòñÿ â âèäå
{a,s } = [N1][M ]−1{a} = [m]{a};

{a,θ } = [N2][M ]−1{a} = [n]{a}.
(1.8)
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V = ν1a1 + ν2a2 + ν3a3, (2.1)ãäå ν1, ν2, ν3 � ïðîåêöèè âåêòîðà ïåðåìåùåíèÿ íà âåêòîðû ëîêàëüíîãî áàçèñà.Ïðîèçâîäíûå âåêòîðà ïåðåìåùåíèÿ ïî êîîðäèíàòàì S, θ, t èìåþò âèä
V,s = f 1

1
a1 + f 2

1
a2 + f 3

1
a3;

V,θ = f 1

2
a1 + f 2

2
a2 + f 3

2
a3;

V,t = ν1

t a1 + ν2

t a2 + ν3

t a3,

(2.2)ãäå f i
1
, f i

2
(i = 1, 2, 3) � êîý��èöèåíòû, ñîäåðæàùèå êîìïîíåíòû âåêòîðà ïåðåìåùåíèÿè èõ ïðîèçâîäíûå.�àäèóñ-âåêòîð òî÷êè, îòñòîÿùåé íà ðàññòîÿíèå t îò ñðåäèííîé ïîâåðõíîñòè (ðèñ. 1),îïðåäåëÿåòñÿ âûðàæåíèåì

Rt = R + ta, (2.3)à ðàäèóñ-âåêòîð ýòîé òî÷êè â äå�îðìèðîâàííîì ñîñòîÿíèè çàïèñûâàåòñÿ ñóììîé âåê-òîðîâ
R∗t = Rt + V. (2.4)Âåêòîðû, êàñàòåëüíûå ê ïðîèçâîëüíîé ïîâåðõíîñòè â èñõîäíîì è äå�îðìèðîâàííîìñîñòîÿíèÿõ, îïðåäåëÿþòñÿ äè��åðåíöèðîâàíèåì (2.3) è (2.4):

gi = R,ti = ai + ta3,i;

g∗

i = R,∗ti = gi + V,i .
(2.5)Êîìïîíåíòû òåíçîðà äå�îðìàöèé, îïðåäåëÿåìûå ðàçíîñòüþ êîìïîíåíò ìåòðè÷åñêèõòåíçîðîâ εij = 1

2
(g∗

ij − gij) [1℄, çàïèøóòñÿ ñîîòíîøåíèÿìè
ε11 = g1 · V,s ; ε22 = g2 · V,θ ; ε33 = g3 · V,t ;

ε12 =
1

2
(g1 · V,θ +g2 ·V,s ) = ε21;

ε13 =
1

2
(g1 · V,t +g3 · V,s ) = ε31;

ε23 =
1

2
(g2 · V,t +g3 · V,θ ) = ε32.

(2.6)
Ñ èñïîëüçîâàíèåì (1.8) âåêòîðû gi (2.5) ìîæíî ïðåäñòàâèòü âûðàæåíèÿìè

g1 = z11a1 + z12a2 + z13a3;

g2 = z21a1 + z22a2 + z23a3;

g3 = a3.

(2.7)
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ε11 = ν,1s A11 + ν,2s A12 + ν,3s A13 + ν1A14 + ν2A15 + ν3A16;

ε22 = ν,1θ A21 + ν,2θ A22 + ν,3θ A23 + ν1A24 + ν2A25 + ν3A26;

ε33 = ν,3t A31;

ε12 = ε21 = ν,1θ B11 + ν,2θ B12 + ν,3θ B13 + ν,1s B14 + ν,2s B15 + ν,3s B16+

+ ν1B17 + ν2B18 + ν3B19;

ε13 = ε31 =
1

2
(ν,1t B21 + ν,2t B22 + ν,3t B23 + ν1B24 + ν1B25 + ν2B26 + ν3B27 + ν,3s );

ε23 = ε32 =
1

2
(ν,1t B31 + ν,2t B32 + ν,3t B33 + ν1B34 + ν2B35 + ν3B36 + ν,3θ ),

(2.8)
ãäå êîý��èöèåíòû A11...B36 � �óíêöèè êîîðäèíàòû t êîìïîíåíò ìåòðè÷åñêîãî òåíçîðàè ýëåìåíòîâ ìàòðèö [m], [n]. Íàïðèìåð, A11 = (1 + tm31), A12 = r2tm32, A13 = tm33,
A14 = m11(1 + tm31) + tr2m12m32 + tm13m33 è ò. ä.Èëè â ìàòðè÷íîì âèäå

{ε}
6×1

= [Ä]
6×12

{ν}
12×1

, (2.9)ãäå {ε}
1×6

T = {ε11ε22ε332ε122ε132ε23} � âåêòîð-ñòðîêà äå�îðìàöèé òî÷êè, îòñòîÿùåé íàðàññòîÿíèå t îò ñðåäèííîé ïîâåðõíîñòè; {ν}
1×12

T = {ν1ν2ν3} � âåêòîð-ñòðîêà ïåðåìåùåíèéâ âûøåóêàçàííîé òî÷êå; [Ä]
6×12

� ìàòðèöà äè��åðåíöèàëüíûõ îïåðàöèé.3. Ñîîòíîøåíèÿ ìåæäó äå�îðìàöèÿìè è íàïðÿæåíèÿìèÇàêîí �óêà äëÿ èçîòðîïíîé ñðåäû â ãëàâíûõ îñÿõ òåíçîðà äå�îðìàöèé è òåíçîðà íà-ïðÿæåíèé âûðàæàåòñÿ ñîîòíîøåíèÿìè [1℄
ε11 = −

ν

E
g11(σ

11g11 + σ22g22 + σ33g33) +

(

1

E
+

ν

E

)

g11g11σ
11;

ε22 = −
ν

E
g11(σ

11g11 + σ22g22 + σ33g33) +

(

1

E
+

ν

E

)

g22g22σ
22;

ε33 = −
ν

E
g33(σ

11g11 + σ22g22 + σ33g33) +

(

1

E
+

ν

E

)

g33g33σ
33;

ε12 =

(

1

E
+

ν

E

)

σ12g11g22;

ε13 =

(

1

E
+

ν

E

)

σ13g11g33;

ε23 =

(

1

E
+

ν

E

)

σ23g22g33.

(3.1)
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�èñ. 2Ïðåäñòàâèì âûðàæåíèå (3.1) â ìàòðè÷íîì âèäå

{ε}
6×1

= [C]
6×6

{σ}
6×1

, (3.2)ãäå {σ}
1×6

T = {σ11σ22σ33σ12σ13σ23} � âåêòîð-ñòðîêà íàïðÿæåíèé â ïðîèçâîëüíîé òî÷êåîáîëî÷êè; [C]
6×6

� ìàòðèöà óïðóãîñòè ìàòåðèàëà.Ôóíêöèîíàë �åéñíåðà ÏR äëÿ îáîëî÷êè âðàùåíèÿ èìååò âèä [2℄ÏR =

∫

ν

[

{σ}T [Ä]{u} −
1

2
{ε}T{σ}

]

dν −

∫

{q∗}{u}ds−

−

∫

su

{σ∗}T ({u} − {u∗}) ds, (3.3)ãäå V � îáúåì îáîëî÷êè; {q∗}, {σ∗} � çàäàííûå ïîâåðõíîñòíûå è ãðàíè÷íûå ñèëû;
{u∗} � çàäàííûå ïåðåìåùåíèÿ; su, sσ � ÷àñòè ïîâåðõíîñòè îáîëî÷êè ñ çàäàííûìè ñè-ëàìè è ïåðåìåùåíèÿìè.4. Ìàòðèöà äå�îðìèðîâàíèÿ êîíå÷íîãî ýëåìåíòàÊîíå÷íûé ýëåìåíò âûáðàí â âèäå îáúåìíîãî øåñòèãðàííèêà ñ óçëàìè i, j, k, l, m, n, p, h(ðèñ. 4, à). Äëÿ âûïîëíåíèÿ ÷èñëåííîãî èíòåãðèðîâàíèÿ ãëîáàëüíûå êîîðäèíàòû s, θ, tàïïðîêñèìèðîâàëèñü ÷åðåç ëîêàëüíûå êîîðäèíàòû êóáà ξ, η, ζ (ðèñ. 4, á) òðèëèíåéíûìèñîîòíîøåíèÿìè

λ = {f(ξ, η, ζ)}
1×8

{λy}
8×1

, (4.1)ãäå {λy}
1×8

T = {λiλjλkλlλmλnλpλh} � âåêòîð-ñòðîêà óçëîâûõ çíà÷åíèé âåëè÷èíû λ. Ïîäñèìâîëîì λ ïîíèìàþòñÿ êîîðäèíàòû s, θ, t.Äè��åðåíöèðîâàíèåì (4.1) îïðåäåëÿþòñÿ ïðîèçâîäíûå ãëîáàëüíûõ êîîðäèíàò â ëî-êàëüíîé ñèñòåìå S,ξ S,η S,ζ θ,ξ θ,η θ,ζ t,ξ t,ξ t,η t,ζ è ëîêàëüíûõ êîîðäèíàò â ëîêàëüíîé ñè-ñòåìå ξ,s ξ,θ ξ,t η,s η,θ η,t ζ,s ζ,θ ζ,t.



56 Í.À. �óðååâà, Þ.Â. Êëî÷êîâ, À.Ï. ÍèêîëàåâÏðèíèìàÿ â êà÷åñòâå óçëîâûõ íåèçâåñòíûõ ïåðåìåùåíèÿ è íàïðÿæåíèÿ, ïðåäñòàâèìâåêòîðû óçëîâûõ íåèçâåñòíûõ â âèäå
{uy}
1×24

T =

{

{ν1

y}
1×8

T
{ν2

y}
1×8

T
{ν3

y}
1×8

T

}

=

= {ν1iν1jν1kν1lν1mν1nν1pν1h . . . ν3nν3pν3h};

{σy}
1×48

T =
{

{σ11

y }T{σ22

y }T{σ33

y }T{σ12

y }T{σ13

y }T{σ23

y }T
}

=

= {σ11iσ11jσ11kσ11lσ11mσ11nσ11pσ11h · · ·σ23nσ23pσ23h},

(4.2)
ãäå èñïîëüçîâàíû ìàòðè÷íûå îáîçíà÷åíèÿ

{ν1

y}
T = {ν1iν1jν1kν1lν1mν1nν1pν1h};

{ν2

y}
T = {ν2iν2jν2kν2lν2mν2nν2pν2h};

{ν3

y}
T = {ν3iν3jν3kν3lν3mν3nν3pν3h};

{σ11

y }T = {σ11iσ11jσ11kσ11lσ11mσ11nσ11pσ11h};

{σ22

y }T = {σ22iσ22jσ22kσ22lσ22mσ22nσ22pσ22h};

{σ33

y }T = {σ33iσ33jσ33kσ33lσ33mσ33nσ33pσ33h};

{σ12

y }T = {σ12iσ12jσ12kσ12lσ12mσ12nσ12pσ12h};

{σ13

y }T = {σ13iσ13jσ13kσ13lσ13mσ13nσ13pσ13h};

{σ23

y }T = {σ23iσ23jσ23kσ23lσ23mσ23nσ23pσ23h}.Èñïîëüçóÿ äëÿ àïïðîêñèìàöèè ïåðåìåùåíèé è íàïðÿæåíèé âíóòðåííåé òî÷êè êîíå÷-íîãî ýëåìåíòà òðèëèíåéíûå ñîîòíîøåíèÿ (4.1), ñ�îðìèðóåì ìàòðè÷íûå ñîîòíîøåíèÿ
{σ}
6×1

= [G]
6×48

{σy}
48×1

; {u}
3×1

= [A]
3×24

{uy}
24×1

,

{ε} = [Ä]
6×3

{u}
3×1

= [ Ä
6×3

] [A℄
3×24

{uy}
24×1

= [B]
6×24

{uy}
24×1

,
(4.3)ãäå

[G]
6×48

=

















{t}T ... ... ... ... ...
... {t}T ... ... ... ...
... ... {t}T ... ... ...
... ... ... {t}T ... ...
... ... ... ... {t}T ...
... ... ... ... ... {t}T

















,

(1 × 8) (1 × 8) (1 × 8) (1 × 8) (1 × 8) (1 × 8)

[A]
3×24

=





{t}T ... ...
... {t}T ...
... ... {t}T



 .

(1 × 8) (1 × 8) (1 × 8)Çäåñü {t}T

1×8

= {f(ξ, η, ζ)}T

1×8

.



�àñ÷åò îáîëî÷êè âðàùåíèÿ ïðè ïðîèçâîëüíîì íàãðóæåíèè ñ èñïîëüçîâàíèåì... 57Äëÿ �îðìèðîâàíèÿ ìàòðèöû [B℄ èñïîëüçóåì ïðîèçâîäíûå êîìïîíåíò âåêòîðà ïåðå-ìåùåíèé
ν,gλ = ⌊{f,ξ }

T ξ,λ +{f,η }
T η,λ +{f,ζ }

T ζ,λ ⌋{ν
g
y} (g = 1, 2, 3),ãäå ïîä ñèìâîëîì λ ïîíèìàþòñÿ êîîðäèíàòû s, θ, t.Ñ ó÷åòîì ìàòðè÷íûõ ñîîòíîøåíèé (4.3) �óíêöèîíàë (3) çàïèøåì â âèäåÏR = {σy}

1×48

T

∫

V

[G]
48×6

T [B]
6×24

dν [uy]
48×1

−
1

2
{σy}
1×48

T [C]
6×6

[G]
6×48

dν{σy}
48×1

−

−{uy}
1×24

T

∫

sσ

[A]
24×3

T{q∗}
3×1

ds.
(4.4)Â (4.4) çàäàííûå ïåðåìåùåíèÿ ïðèíÿòû ðàâíûìè íóëþ.Äè��åðåíöèðóÿ ðàâåíñòâî (4.4) ïî óçëîâûì íåèçâåñòíûì {σy}

T è {uy}
T , ïîëó÷èìñèñòåìó óðàâíåíèé

∂ÏR

∂{σy}T
≡ [H ]

48×48

{σy}
48×1

+ [Q]
48×24

{uy}
24×1

= 0;

∂ÏR

∂{uy}T
≡ [Q]

24×48

T{σy}
48×1

− {f}
24×1

= 0,

(4.5)ãäå
[Q]

24×48

=

∫

V

[G]
48×6

T [B]
6×24

dν; [H ]
48×48

=

∫

V

[G]
48×6

T [C]
6×6

[G]
6×48

dν;

{f}
24×1

=

∫

sσ

[A]
24×3

T q∗
3×1

ds.Çàïèøåì ñèñòåìó (4.5) â òðàäèöèîííîé äëÿ ÌÊÝ �îðìå
[k]

72×72

[Zy]
72×1

= [F ]
72×1

,ãäå
[k]

72×72

=





− [H ]
48×48

[Q]
48×24

[Q]
48×24

T [O]
24×24



 � ìàòðèöà äå�îðìèðîâàíèÿ êîíå÷íîãî ýëåìåíòà;
{Zy}
1×72

T =

{

{σy}
1×48

T{uy}
1×24

T

} � âåêòîð óçëîâûõ íåèçâåñòíûõ êîíå÷íîãî ýëåìåíòà;
{F}
1×72

T =

{

{0}
1×48

T{f}
1×24

T

} � âåêòîð óçëîâûõ óñèëèé ýëåìåíòà.Ïðè �îðìèðîâàíèè ìàòðèöû äå�îðìèðîâàíèÿ âñåé êîíñòðóêöèè èñïîëüçóåòñÿ òðà-äèöèîííàÿ ïðîöåäóðà ÌÊÝ [3℄.Â êà÷åñòâå ïðèìåðà ðàññ÷èòàíà íàõîäÿùàÿñÿ ïîä äåéñòâèåì ðàâíîìåðíî ðàñïðåäå-ëåííîãî äàâëåíèÿ èíòåíñèâíîñòè q îáîëî÷êà âðàùåíèÿ, ìåðèäèàí êîòîðîé îïèñûâàåòñÿïàðàáîëè÷åñêîé çàâèñèìîñòüþ (ðèñ. 4):
Z =

Ä− A

l2
x2 + A.
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�èñ. 3Ïðèíÿòû ñëåäóþùèå èñõîäíûå äàííûå: A = 0.25 ì; Ä = 0.02 ì; l = 0.5 ì; E =
2 · 105ÌÏà; ν = 0.3.�àñ÷åò âûïîëíåí â äâóõ âàðèàíòàõ. Â ïåðâîì âàðèàíòå ïðè q = 10

∂aHñì2
òîëùèíàîáîëî÷êè ïðèíèìàëàñü ðàâíîé h = 0.004 ì (îáîëî÷êà ñ÷èòàëàñü òîíêîé). ×èñëåííûåçíà÷åíèÿ ìåðèäèîíàëüíûõ σss è êîëüöåâûõ σθθ íàïðÿæåíèé â çàâèñèìîñòè îò êîëè÷åñòâàýëåìåíòîâ äèñêðåòèçàöèè ný ïðèâåäåíû â òàáë. 1 (â ∂aHñì2

).Àíàëèç òàáëè÷íûõ ðåçóëüòàòîâ ïîêàçûâàåò õîðîøóþ ñõîäèìîñòü âû÷èñëèòåëüíîãîïðîöåññà. ×èñëåííûå çíà÷åíèÿ ìåðèäèîíàëüíûõ íàïðÿæåíèé σss â òî÷êàõ 3 è 4, áëèçêèåê íóëþ, ñîîòâåòñòâóþò �èçè÷åñêîìó ñìûñëó çàäà÷è. Ñðåäíèå çíà÷åíèÿ íàïðÿæåíèé âòî÷êàõ 1 è 2, ïîëó÷åííûå èç óñëîâèÿ ðàâíîâåñèÿ îáîëî÷êè, ðàâíû
σss =

q(A2 −Ä2)

2(A + h/2)h
= 308.07

∂aHñì2
,÷òî ïðèìåðíî íà 1% îòëè÷àåòñÿ îò òàáëè÷íîãî çíà÷åíèÿ.Âî âòîðîì âàðèàíòå ðàñ÷åòà ïðè q = 100

∂aHñì2
òîëùèíà îáîëî÷êè ïðèíèìàëàñü ðàâ-íîé h = 0.07 ì (îáîëî÷êà íå ÿâëÿëàñü òîíêîé).×èñëåííûå çíà÷åíèÿ ìåðèäèîíàëüíûõ íàïðÿæåíèé â çàâèñèìîñòè îò ÷èñëà ýëåìåí-òîâ äèñêðåòèçàöèè ïðèâåäåíû â òàáë. 2.Ò à á ë è ö à 1

ný = 56 ný = 100 ný = 212� òî÷êè σss σθθ σss σθθ σss σθθ1 305.58 485.78 305.44 485.44 306.11 485.462 311.16 480.39 308.22 479.22 307.69 478.883 4.6 84.11 0.92 81.4 0.27 81.024 1.12 54.69 1.42 53.42 1.65 53.49



�àñ÷åò îáîëî÷êè âðàùåíèÿ ïðè ïðîèçâîëüíîì íàãðóæåíèè ñ èñïîëüçîâàíèåì... 59Ò à á ë è ö à 2
ný = 56 ný = 100 ný = 212� òî÷êè σss σθθ σss σθθ σss σθθ1 138.44 315.72 136.11 315.13 136.14 315.212 159.53 248.06 159.08 248.07 158.06 247.953 32.44 276.84 2.16 277.76 3.13 278.274 5.77 −12.4 0.75 −14.07 0.37 −14.65Àíàëèç òàáëè÷íûõ ðåçóëüòàòîâ ñâèäåòåëüñòâóåò î õîðîøåé ñõîäèìîñòè âû÷èñëèòåëü-íîãî ïðîöåññà.Â îáîèõ âàðèàíòàõ ÷èñëî ýëåìåíòîâ ïî òîëùèíå îáîëî÷êè ïðèíèìàëîñü ðàâíûì ÷å-òûðåì. Â äàííîé çàäà÷å è ïðè äâóõ ýëåìåíòàõ ïî òîëùèíå îáîëî÷êè ïîëó÷èëèñü ïðàê-òè÷åñêè îäèíàêîâûå ðåçóëüòàòû.Èñõîäÿ èç èçëîæåííîãî ìîæíî ñäåëàòü âûâîä, ÷òî ðàçðàáîòàííûé ýëåìåíò âïîëíåïðèãîäåí äëÿ ðàñ÷åòà ïëàñòèí è îáîëî÷åê ïðîèçâîëüíîé òîëùèíû.Ñïèñîê ëèòåðàòóðû[1℄ Ñåäîâ Ë.È. Ìåõàíèêà ñïëîøíîé ñðåäû. Ì.: Íàóêà, 1976. Ò. 1. 536 ñ.[2℄ �àëàãåð �. Ìåòîä êîíå÷íûõ ýëåìåíòîâ. Îñíîâû: ïåð. ñ àíãë. Ì.: Ìèð, 1984. 428 ñ.[3℄ Ïîñòíîâ Â.À., Õàðõóðèì È.ß. Ìåòîä êîíå÷íûõ ýëåìåíòîâ â ðàñ÷åòàõ ñóäîâûõ êîí-ñòðóêöèé. Ë.: Ñóäîñòðîåíèå, 1974. 344 ñ. Ïîñòóïèëà â ðåäàêöèþ 14 ìàÿ 2007 ã.,â ïåðåðàáîòàííîì âèäå � 3 ìàðòà 2008 ã.


