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5.5.4) .

1.4. 

, 
, F,  

R  ( . 1.4, ).

. 1.4



9

P
F
R

F 0
lim -

. P -

.
P

 ( . 1.4, ) 
` ``. 

, 
. ,

, 
.

-
, -

. T ,  .
, . A , -

.  ( . 1.5, ). xyz
u, v w, -

.

. 1.5

, 
, 

, S  ( .1.5, ).
-

, -
S S + S. 



10

S
S

S 0
lim -

. -
xyz, -

x , y , z.
x , y , z -

, -
. , -

D
.1.5, ). DOC

D O C .
lim

0,0 ODOC

( DOC D O C ) =

D. 
xy , xz , yz .

.

1.5. 

, -
.
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.
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. 2.3

 N . -
, 

 N 
 ( ). , 

 « », «b»  « » 
:

Nc = F3 = 40 );
Nb = F3-F2 = 40-30 = 10  ( );
Na = F3 - F2 – F1 = 40 - 30 - 20 = -10  ( ).

», «b»  « » -
:
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 = Na/Aa, = (-10000)/(5  10-4) = - 20  106  = -20 );
b = Nb/Ab = 10000/(2,5 10-4) = 40 );
 = Nc/Ac = 40000/(2,5 10-4) = 160 ).

:
l  = Na /(EaAa) = (-10000) 1/(2 1011 5 10-4) = -0,1-10-3  =

= 0,1 );
lb = Nbb/(EbAb) = 10000  1/(2  1011  2,5  10-4) = 0,2 10-3  =

= 0,2 );
lc= Ncc/(EcAc) = 40000  0,5/(2 1011  2,5 10-4) = 0,4 10-3  =
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 F  
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, . . , -
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, .
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 – .
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N1 N2 sin  = 0; N2 cos  = 0. (2.19)
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 ( . 2.5, ), N1, N2 N3 -

, -
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, . -
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.
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F  = F, (2.20)
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.  (2.20) 
 = os . (2.21)

-
 ( . 2.6, ),  (2.18) 
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2
1
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, -
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E
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 [l].

 lmax  [l], (2.31)

 (2.31) -
.
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x, y ( . 3.1) 
S y dF ; S x dF ,x y

F F
(3.1)

, -
F. 

dF
 (x y). -

x, -
y.

, -
-

 (  3.2).

. 3.1 . 3.2

, 
 x = x1 + a; y = y1 + b. (3.2)

 (3.2)  (3.1) 

F F
Y

F F
X

aFdFxdFaxS

bFdFydFbyS

.)(

;)(

11
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(3.3)
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 b F = Sx ; a F = Sy , (3.4)
0

11 ySxS .

, , -
. ( , yC) 

 (x, y) -
 (3.4).

C C

S Sy xx a ; y b
F F

.     (3.5)

,  ( . 3.3)
F. Fk (k = 1, 2, 3,..., n) k-

, . 
(3.1) :

1 1 1 1
k k

n n n n
( k ) ( k )

k k k kF F

S y dF S ; S x dF Sx x y y ,     (3.6)

)()( , kk

ySxS k-

x y. , -
.

. 3.3

3.2. 

x0y ( . . 3.1) -

2 2I y dF; I x dF; I yxdF.x y xy
F F F

         (3.7)

-
x y, -

x, y.
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.

;2

;2

1111

11

11

2

2

abFySbxSayxIxyI

FaySayIyI

FbxSbxIxI

         (3.8)

, x1 y1 ( . . 3.2) -
, 0

11 ySxS  (3.8) -

.;;
1111

22 abFyxIxyIFayIyIFbxIxI  (3.9)

-
x y ,  ( . 3.4).
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, dF = d d .

24
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0
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0

3
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R

F
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.  ( . 3.5, ), 
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x y , Ix = Iy =
4

4R
.

-
:  ( R)  -

 ( r)

44
44

222
rRrRI K .

3.3. 

, 
x y u v. 

. 3.5, , 
 u = y sin  + x cos ; v = y cos x sin . (3.10)

FFF

dFuvuIdFuvIdFuI ;; 22

 (3.10), :

.2cos2sin)(5,0

;2sin2cos2sin

;2sin2sin2cos

xyIyIxIuI
xyIyIxII

xyIyIxIuI

v

v        (3.11)

, 
 Iu + Iv = Ix + Iy = I , (3.12)

222 yx ;
       I , -

.
 (3.11) Iu -

,  = 0 , Iu -

I xI y

xyI2

2
1

0 arctg . (3.13)
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 (3.12) ,  = 0 -
Iu Iv , . -

 = 0 Iuv , 
 (3.11).

, 
, 

.
 (3.11)  (3.13) 

I
IIII

xy
xyyxI 2

2

min
max

22
.     (3.14)

-
x y ix iy , -

:

F
y

yF
x

x
II ii ; . (3.15)

3.4.  (  2)

,  d= 80 , -
 (300 12) ,  (90  90  9)  24
. 3.6) -

.
.

 z 
, . 

 zi, i,  z, .
-

 zOy:
 1 ( ) z1= - 1,69 ; y1 = 30 - 4=26 ;
 2 ( ) z2 = 0,6 ; 2 = 15 ;
 3 (  90  90  9) z3=1,2 + 2,55 =3,75 ;

3 = 30-9 + 2,55 = 23,55 ;
 4 (  24) z4= 1,2 +12= 13,2 ;

4 = 9 - 2,42 = 6,58 .
-

: F1 = 25,12 2; F2 = 36 2; F3 = 15,6 2; F4 = 30,6 2 (F3 F4
).

F5=107,3 2.
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. 3.6

1 1 2 2 3 3 4 4

25 12 1 69 36 0 6 15 6 3 75 30 6 13 2 441 6 4 11
107 3 107 3

y
c

S F z F z F z F z
F F

, , , , , , , , , ;
, ,

z

4

1

1762 16 42
107 3

iz i
c

yFS , .y
F F ,

z y , -
z, .

-
 ( ) :

d1 = 80 



33

0;5,100
128 111

2
4
1 J z

dJ z
I

y
I ;

;76,28
3
2

8128
4

2
1

2
1

4
1

1

dddJ I
y

 (300  12)

22

3 3
4 41 2 1 230 302700 4 32

12 12
II II

y
, ,; , ;J Jz

 90  90  9  (  8509 - 72) 

3 33 3

3 3 3 3

4 44

4

118 186 48 6

1 2 45 68 7
2

III III III III
u v

III III III
z y u v

; ; , ;J J J Jz y

( )sin( ) , ;J J J

 24 (  8240 - 72)

4 44 4

4 4 4208 2900 0VI VI VI
z y .J J Jz y

  zic

yic
z , zic

= zi – zc, yic
= yi – yc:

z1c= -1,69 - 4,11 = -5,80 ;  = 26 - 16,42=9,58 ;

z = 0,6 - 4,11 = - 3,51 ; 2c=15 - 16,42= - 1,42 ;

z = 3,75 - 4,11 = - 0,36 ; 3c = 23,55 - 16,42=7,13 ;

z = 13,2 - 4,11 = 9,09 ; 4c =6,58 - 16,42= - 9,84 .
-

. -
 (3.9):

1

1

1

2 2
1

22
1

1 1
1

100 5 25 12 9 58 2406 5

28 76 25 12 5 80 872 8

0 25 12 5 80 9 58 1396

cc

c
c

cc

4I I
I

4I I
I

4II
Iy c c

, , , , ;yJ J Fz z
, , ( , ) , ;J J F zy y

y z , ( , )( , ) ;J FJ z z y
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J z
II

c
= 2773 4, J y

II

c

 = 447,8 4, J zy
II

c c
= 179,4 4;

J z
III

c
 = 911 4, J y

III

c

= 120 4, J zy
III

c c
= -108,7 4;

J z
VI

c
=3171 4, J y

VI

c

= 5422 4, J zy
VI

c c
= -2737 4.

J zc
 = 9261 4, J yc

 = 6863 4, J yz cc
= -4062 4.

0 0 0
2 2 40622 3 388 2 73 34 36 47

6863 9261
o oC C

C C

Jz y ( )tg , ; ; .
Jy Jz

 2  – , z , ,
, v).  >0, z -

u v.
-

, .

-

-

zc, c

-
-

zi, i

-
-

zc, c

-

-
-

-

-

Fi

zic ic
izi

J
iyiJ

iyizi
J 2

cii zF 2
cii yF

22
cc iii yzF

czi
J

cyiJ
cyczi

J
2 4

1 25,12 -5,8 9,58 100,5 28,76 0 844,1 2306 -1396 2406 872,8 -1396
2 36,0 -3,51 -1,42 2700 4,32 0 433,5 72,72 179,4 2773 447,8 179,4
3 15,6 -0,36 7,13 118 118 -68,7 2,04 793,1 -40,03 911,1 120 -108,7
4 30,6 9,09 -9,84 208 2900 0 2522 2963 -2737 3171 5422 -2737

       F = 107,3 9261 6863 -4062

 (3.11)
Ju = 9261 s2 36°47' + 6863 sin2 36°47 -(-4062) sin73°34' = 12310 4;
Jv = 9261 s2 36°47' + 6863 sin2 38°47' + (-4062) sin73°34' = 3810 4.
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12300 107 3 10 7

3827 107 3 5 96

u
max u

v
max v

Ji i / , , ;
F
Ji i / , , .
F

 iu  iv
, , , 

. . 3.6),  iu  v,   iv -  u. 
: -

.

4. 

4.1. . 

, -

 –   ( -
z, 

 –  z).
, -

. -
 (  - m), -

.
-

, -
, , .

-

.  n , 
, ,  (n/60)2 

n/30 .  m , . -
 N, , 

 ( ) 

30
nmN ,

n
Nm 30

, (4.1)
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 N .
 N  ( .), 

n
N

n
Nm 2,7167530

. (4.2)

 N  ,  ,  ,   1  .
 0,736 , :

n
Nm 6,973 . (4.3)

, -
, -

.  ,  
 ( Mz =

0 
),  .  4.1, ,  -

 ( ) 
 m1=m2.

,
.

, ,
, -

, .

. 4.1

-
 ( ). 

-
, ,

.  ,  -
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, 
, .

z
: , 

-
 ( . 4.2). 

, -
.

. 4.2

-
, 

. ,  - 
, 

.

4.2. 

-
 r  dz. -
 ( .4.3).

. 4.3

, -
, 
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.
dz
dr (4.4)

dz
d

. (4.5)

, -
, 

W
M

J
M

. (4.6)

, 
, -

. -
, .

-
.

, , 

GJ
l

. (4.7)

,  G  (4.6)
.  (4.7) .

 GJ .
2. -

.

4.3. -

, -
,  -

max . (4.8)
. -

 [ ] ( , )
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-
.

n
. (4.9)

 ( -
)  – , -

 –  – .
,  -

, , -
 ( )

. -

. , 
]  0,5[ ];  [ ]  [ ],  [ ] – 

.
, -

: , -
, .

max  (4.8) -

. -
, 

WM k . 
, 

.
, -

, , -
 (4.8):

)  ( );
)  ( );
) .

, .
,

. -

.  (4.8) -
, -

, 
. ,  (~ 5%) 

.
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 (
),  (4.10) -

,
.

maxM
W . (4.10)

 – 
.

 (4.6)
 [ ] -

 W
max, , 

.
-

, . -
-

, -
. , , -

, -
 ( , ) -

. 
, .

max , (4.11)

GJ
M

max – ;

 – , 
 0,15  2°  1 

 (  0,0015  0,02°  1  0,000026 
0,00035  1 ).
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5.1. 
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), , , 
, 

; , -
.
, 

, 
. -

, -
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.
, -

, .
,

, , -
. .

, 
, .

5.2. 

, , -
.

, -
 ( . 5.1):
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;

)  Q, -
, ;

) , , -
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. 5.1

, x (  y
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) .
-

, 
,  - .
 N .

 Q , 
,  –

; -
 ( )  – -

, 
. 

. 5.1 ( )  5.2.

. 5.2

. 5.2 , -
 ( ),  –

 ( ).
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, , -
, , -

, :

y
z ydFM ;

y
y dFQ ; (5.1)

y

dFN .

, , 
, .

,  ( )
, 

,  ( ) 
, .

, 
, , -

, . 

.

, 
, , -
.

x  x -
-

, , 
 ( ),  ,
, ,

. .
,xxx MMM (5.2)

, 
.

 Q
, , 

, ,
 ( ), , 

, ,
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. .
,x YYQ (5.3)

, 
.
 N

, , 
,  ( ), , 

, ,

. .
,ZZN (5.4)

, 
.

-
,  

 ( . , 
).

.
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