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 u =u3-uc >0.          
 ,      
   ,      

.         
 .       -
 ,   ,  -

 .   ,  -
 ( )    . 

 
.2.15.     

 
         -

   3 2        
,             

. 
  ,  u =u3-uc< 0,    -

   ,     , -
  ,    . -

        -
. ,   ,  , -

     ,    
         -

.  
 ,       
 ,   ,   -

  ,       
 ,      -

   .  
         -
,     , -
   .      

    .    -
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 , , ,       
   . 

       -
,     – ,  .   

        -
   .      -

    . ,    -
, ,       

.      , , 
,     ,  30 

/   .  
      , , 

  « »  ,  -
          

.     , 
       . 

    ( . 2.16)   
       , -

    .  
     -

  ,        -
  . 

   -   , 
        

         
 .      -

      .  -
       . 

       
,      -

        -
.         

    ,     
  ,     V   -

     f.     
 L = V/(60f).  

  ,       
 ,        ,  

    .    -
 ,     . -
    .  
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.2.16.     

 

,      -
-      V=1200 / ;  
    f=38       
 L=1200/(60 38)= 0,53      d,  

 : 0,34; 0,5; 0,67; 0,84; 1,0; 1,17; 1,34; 1,5 . 
        

,          -
          

 .     ,  -
          -

       . 
 . 2.17     

     -  . -
   ,   -

     z    , 
 : 

,0t))cos(kSz(zCt))sin(kkSzz(bzCzbzm

0;t))cos(kSz(zCt))sin(kkSzz(bzm

papppapp

papppappp

 
(2.20) 

   k –  ;  
p  –    . 

   p2

p

2

æm

b
;

æm

b
;

m

m
;

m
;

m
, 

, ,      pk , -

  (2.20)   : 
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).t(sinS
æ

)t(cosS

)zz()zz(
æ

zz
æ

z

);t(sinS
æ

)t(cosS)zz()zz(
æ

z

a
p

a
2

p
2

p
p2

a
p

a
2

p
2

p
p

p

  (2.21) 

  (2.21)      
          

         k  -
  , . .  k = .   ,  
        ,  
      -

  dSa/dt= Sa,   –  . 
 

 
 

. 2.17.        
  -  : m  –     r ;  

m  –   ; S  –     ;  
b ;  ;b ;  –       

       
  t=0     Sa,t=0 =1,0, 

      i-   ,  
    t=0. ,   i-  

,  

d60

iV
ti .                (2.22) 
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      -
  (2.21)   . 

     -
         -

 ,        -
         .  

        -
 ,          

 ,     .   
,     ( . 2.18),      

    1125         -
 « »  460 ,      16000×3650  

   ,   -
    15,9  17,33  (  11  12  

 « »),   17,66  (  5   
). 
 

 
 

.2.18.    
 

       -
      

 fo ,   L      d   
 V .   

          V  

=60foL / .        -
     V =60fo d / ,   –  .  

 ,     -
    .    -

-       -
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     ,    
       -

 ,       -
 . 

, , f0=7,6 ; Lc=19 ; d=0,75 ,   
,     , :  
: 309, 321, 333, 347, 361, 377, 394, 413, 433, 456, 481, 510, 542 / ; 

  : 268, 353, 537 / . 
   «  »   

       ,  
         
.      -

 ,         -
. 

 

   
 

1)     -
    ( , , -

).      -
  . 

2)       -
      . 

3)       
,    –    . -
        
   . 

4)       -
      -

. 
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3.     
 

       -
,         -
     .      

,   ,    -
,      .  

          -
          . 

     , , -,  
-, , , .     

 , , .    
 ,  , ,  , 

   : , ,   
  ,     

    ,    « »  -
  . 

       -
    , , ,      
 . 

     -  . -
,      ,  

,       - ,      
        . 

          
    0 : 

-    (   = / 0<0,4); 
-   (0,4 <1,0); 
-   ( >1,0). 

 ,   ,    
   (0,7 <1,3). 

   : - ,  -
,    ,  ,  

   ,     
  .        

  .      
.  

   (V 250 / )    -
 .     V =250-800 /  

   .    
V >800 /        .  -

Электронный архив УГЛТУ



45

 

 
 

   (V =1500-3000 / )   
 .    . 

 
3.1.       

 

     -
  ,   ,  -

 .        -
                 

  ,     . 
     -

.         -
,     ,  ,   

    .        
      , , . -

        -
 .     . 

            -
    [3],  ,     
     ,  -

           .   
              -

             
   .     -

   . 
      

       -
  , , .    

        -
,        -

 ,      -
 . 

       ,   
       -

      -
 .       , 

       . 
  ,              

            -
           ,   

              -
   ,          -
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  .     -
  ,  ,   
     . 

 ,    -
:      ; -

   ,   -
;      -
;  ,     -

, , ;   -   
  , ,    . 

  ,   . 3.1 : 
E,  –      ; 
S, I –      ; 

zk,zk, b;C –       -

            -
;  

oo b;C –         -
  ; 

l –   ; 
e(y) –      ; 

km  – ,    . 
 

 
 

.3.1.    
 

 km       -
     : , , -

 .  « »  « »   , -
     . 

    .   
.  ó       -

,          
.         -
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 .       , 

   ,   –  -
  .   ,   -

,    [3],   . 
    « »  « » . -

 ,    , -
  ,   -

 : 

.tcos)y(ezC
t

z
b

t

z

y

z
IE 2

002

2

4

4

         (3.1) 

   (3.1)     
         .  y=0  y=l 

 

.0
td

zd

td

t,lzd
bzt,lzC

y

t,lz
IE

;0
td

zd

td

t,0zd
bzt,0zC

y

t,0z
IE

;0
y

t,lz

y

)t,0(z

k
zkz3

3

k
zkz3

3

2

2

2

2

        (3.2) 

     zk ,       -
 ,      

    ,   .    
     :     

0,zCtl,zzC
td

zd
b

td

tl,zd

td

zd
b

td

zd
m

0;zCt0,zzC
td

zd
b

td

t0,zd

td

zd
b

td

zd
m

kkzkz
k

kz
k

z2
k

2

k

kkzkz
k

kz
k

z2
k

2

k

(3.3) 

 z(0,t)  z(l,t) –   .   
    y = 0  y = l   :  

 

                              
.tsin)l(ztcos)l(z)t,l(z

;tsin)0(ztcos)0(z)t,0(z

21

21                                 (3.4) 
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  (3.4)   (3.3)   -
     , -

   : 
 

).tsin)l(ztcos)l(z(C)tsin)l(ztcos)l(z(b

zCzC
td

zd
b

td

zd
b

td

zd
m

);tsin)0(ztcos)0(z(C)tsin)0(ztcos)0(z(b

zCzC
td

zd
b

td

zd
b

td

zd
m

21z12z

kkzkz
k

kz
k

z2
k

2

k

21z12z

kkzkz
k

kz
k

z2
k

2

k

   (3.5) 

  : 

 

,)/(2æ;/

);bb/(b);C/(C

;m/)bb(2;m/)C(

kkkkk

,z,kz,z,bz,z,kz,z,cz

,k,z,kz,k,k,z,kz
2

,k

       (3.6) 

 k ; k –        -
   ; 

cz; bz –     ; 
        k –  ; 
       , –          

  . 
   (3.1)    0 

    ,  -
     . 
     -

   z    (3.3)  -
   ,   -
  . 

       -
       

 (3.1)    0 z0 + b0 z0/ t,  z0(t) – 
  . 

       
   (3.3)  zk  – z(0,t)  zk  – z(l,t)  -

  . 
     (3.1)  (3.5) 

        (bz , = bkz ,  = 0). 
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  (3.1)    
                      ,tcos)y(z)t,y(z oz                                   (3.7) 

 z(y) –     ,      -   
                  y;      

 oz –    , 
   

                                      ,0zyd/zd 444                        (3.8) 

.
EI

lC 3
0

2
oz14                                               (3.9) 

   (3.5)  (3.7),   

               .tcos)l,0(z
m

C
z

m

C

td

zd
oz

,k

,z
,k

,k

,k,z
2

,k
2

      (3.10) 

   (3.10) 

 .
m

tcos)l,0(z
z

,k
2
oz,kz,z

oz,z
,k                              (3.11) 

 : 

  ),t,l(z
IE

C

y

)t,l(z
);t,0(z

IE

C

y

)t,0(z
3

3

3

3
             (3.12) 

  –   , 

   
,k

2
oz,kz,z

,k
2
oz,kz,z

,
mC

)mC(
.                           (3.13) 

         -
    ,  -

  (3.13).    (3.8)    [12]   

              z(y) = A1 S( y) + A2 T( y) + A3 U( y) + A4 V( y),             
(3.14) 

  1,2,3,4 – ,    ; 
S, T, U, V –  . . . 

 z(y)   ,    -
    1, 2, 3, 4. -
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      ,  -
 . .   : 

,
IE

l
;

IE

l
3

,
,

4
0

0                   (3.15)  

       -
 : 

  0)cosch1()chsincossh()(sinsh2
3333

. (3.16) 

  : 

 0)cosch1()chsincossh(2sinsh2
63

  (3.17) 

       -
  

 

.
S

)(IE

l

1 0
4

20                                         (3.18) 

        
 ,      -

 ,   , , 
, , .      -

.         
   . ,  -

        
          

    ,     – 
     .     

     -
      -

         -
     . 

       
 : 

-    (C = = ; = = ); 
-     ( 0=0); 
-     (mk , =0); 
-    ( = z); 
-    ( , = ); 
-    ( , =0). 
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       -
.       

        -
.       

   : 
1)                 

      
 >> z ( .3.2, ).     

        -
.       , 

   (3.13),    
 = z.    .3.2,    

     ,   
     -

  ,        -
,               -

   mk<<m .        -
   ; 

2)      -
      -

 << z,       -
  mk     m  ( .3.2, ).  -

         -
    .   -
        

       mk  
  m .    (3.1)    -

            
 y=0 b y=l.        -

  : 

;
y

t,lz

y

t,0z
2

2

2

2

 

                                           

.
dt

t,lzd
m)t,l(zC

y

t,lz
EI

;
dt

t,0zd
m)t,0(zC

y

t,0z
EI

2

2

kk3

3

2

2

kk3

3

          (3.19) 

  (3.14)    (3.19),  -
       : 
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0)cosch1()chsincossh()(sinsh2
3333

; (3.20) 

3)       
  EI/l3,   ,  
          -

  (  3.2, ) >>EI/l3.     -
      ,  

    ; 
4)       

 ,     <<EI/l3.   
         

    ,  ,   
; 

5)    ,    
 0l   ,  -

  EI/l3, . . 0l<< EI/l3,    -
   0=0. 

        
         . 

3.2, . 
     

 .      
         -

   .     -
    ( )  

0  ,    (3.15).     -
       -

      ,   -
 (3.21)    4% 
 

         %4100
0

00
,    (3.21) 

 0   0  –       ,      
                              . 

       1   
 ,   EI/l3,    -

     0   -
  .      

       .  
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        -
        

        . 
3.3.         -

    ,   -
  , 800.   ,     -

  ( , 0,1),       
  .       4 %.  

       
 (3.1)    (3.2)   (3.14),   o 

    .    -
 , ,   ,   (3.14) -

  y = l/2,   –  y = 0; l. 
 

 )        ) 

      

)        ) 

       

.3.2.     : 
) Ck>>Cz; ) Ck<<Cz; mk  m ; ) >> EI/l3; ) Ck<<Cz; 0=0 

 
        

   (3.17)    [12]  
 

                                                ,0sinsh                                (3.22) 
 

  .)IE/()l(4 42
oz1  
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    sh 0,  ,  sin =0,        
=i ,   i=1, 2, ... .            -

         -
 

 
 

.3.3.       
         

 

          .l/IEi 4
1

22
ozi  (3.23) 

 
       -
         

                                                 .0cosch1                             (3.24) 
       

      -
         -
      ,  

      , -
    .    

    . 
   « »     

[3].     .    
    .   -

       .  -
 ,      -

      -
 .      . 3.6,  

:  –   ; m –    -
     ;  –    

 ,       
 ; 1,2, b 1,2 –    -
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 ,       ; o, 
bo –       

 : , ,  ; a, 1, l, B, 1, 2 – 
 . 

    : ,    -
    ( )  , -
        ( ). 

     , -
       -

 :   
              Cp1,2 = Cp1,2 a1

2/a2 sin2 
1;       b1,2 = bp1,2 a1

2/a2 sin2 
1.            (3.25) 

 

       -
: 

                    Cn = Co sin2 
2;        bn = bo sin 2 

2.                             (3.26) 
 

  ,   C1=C2=C; b1=b2=b; B1=B2=B/2; 
l1=l2=l/2,      [3]: 

,0)tcos(2

;ticosrtcosexx2x
22

o

ix
22

oxx                 (3.27) 

     x ,  –  , 
                ;12/Bblb2;m/Bbb22 n

2
nx   (3.28) 

      ox ; o  –       
                         , 

                              
;cosg/a12/BClC

;cosg/a/mBCC2
3

n
22

o

n
2
ox                      (3.29) 

        – ,    ,         
                                          ;4/lm 2         (3.30) 

       e=D/m –   ; 
    =D B/  –    ; 

x =Cn B/m –         
                       ; 

      ri –   i-       - 
               . 

      (3.27)    
  . 

  ,   ,    , 
       -

       (3.29),    
. 
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      ,  -

      .  -
     ,   -

        -

     0,1
0

0 . 

   :  

.
1

æ/
tg;

æ/1
S

;
1

æ/
tg;

æ/1

e
S

2

p

2
p

222

2

a

2
x

xpx
x

2
xp

2
x

22
x

2
x

ax

                      (3.31) 

  :   

,
æ/ii1

kr
S

2
xp

2
x

222
x

2

ci
axi                                   (3.32) 

  x ,  –  ; 
    æ xp, æ p –          - 
                      ; 

.
cosg/amBCC2

BC
k

;2/æ;2/æ;/;/

c

opxoxxpo0xx

     (3.33) 

     -
    tcosCC c ,  -

,    ,  : 
,0xtcos1x2x c

2
oxx                                (3.34) 

  –           - 
              ; 

  –             
           , 

0,1
cosa/gmBCC2

B
.                             (3.35) 

 (3.35)     -
.       -

      . -
   t= ct    : 
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               ,0xcos
d

xd
2

2

 (3.36) 

   = 1/ x
2;    = / x

2;    x = c/ ox. 
  (3.36) [3] 

,tcosS;tcosSx axax                        (3.37) 

 Sax,  –      ; 
  x,  –         . 
 
3.2.       
 

           
         . -

   , , ,  -
 , -  .  

       -
  ,  ,       

 .      
  <10.      -

      
.  

      .3.4.  -
      -

  xi      i  i-  -
        -

  zi ; xi      -
 . 

 

. 3.4.     
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  ,     
     

,   : 
 
 

;cosDtcosD2)ll(cosa

)C()lblb(cosabx)bb(xm

k

1j
ijiji

2
iizi1i2iiji

k

1j
ij

izi1i2iiji

k

1j
ijiii

 

;cosDtcosD2)ll(cosa

z)C()lblb(cosabx)bb(zm

k

1j
ijiji

2
iixi1iz2iziji

k

1j
ij

izzxi1iz2iziji

k

1j
ijizzii

(3.38) 

,sinD
2

BB
)t(sinBD2

z)ll(cosdb)lCl(

z)lblb(cosdb)lblb(

k

1j
ijij

1i2i
ii

2
ii

i1iz2iziji

k

1j
ijxi

2
1i

2
2iz

i1iz2iziji

k

1j
ijxi

2
1iz

2
2izxii

 

 
  n –   , i=1, 2,..., n; mi; i –     

  i-     ; ui; bui –  -
      i-   -

        (u=x)   (u=z) -
 (  « »  « »         

      );  ij; bij –    
( )        i-   j-  

 (j=1, 2, ..., k); k –     i-  ;   ij; ji – 
                   

  i-   j-            
  i-   j-  ;  B; l –    -

   ; Bi1,2; li1,2 – ,    
    i-  ; i –   i-  . 

 

);sincos(
2

BB
)sin

cos(
2

BB
)sinzcosxsinzcosx(Ba

jixijizi
1j2j

ijxi

ijzi
1i2i

ijiijjijiijii
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)];sinzcosxsinzcosx(
2

BB
)sincos(*

*
12

B

4

)BB)(BB(
)sincos(

12

B

4

)BB(
[Bd

jijjijijiiji
1i2i

jixjjizj

2
1i2i1j2j

ijxiijzi

22
1i2i

i

 

b

b

k

1
jjjjiiiiij

k

1
jjjiiiijij

,)t(sinr)t(sinrBb

)t(cosr)t(cosrBCD

 

 = 1, 2, ..., kb; 
kb –     i-  ; 

r i; b i –       -   i-  . 
      -
 ,     Su,v(t),  u=x,z; 

v= , ,    (3.38)  : 

).t(Slb)t(Slb)t(SlC)t(SlC

);t(Slb)t(Slb)t(SlC)t(SlC

);t(Sb)t(S)t(Sb)t(S

);t(Sb)t(S)t(Sb)t(S

iz1iiziz2iiziz1iiziz2iiz

ix1iixix2iixix1iixix2iix

iziziziziziziziz

ixixixixixixixix

          (3.39) 

      -  
      -

      (3.38)   
   .   (3.38) -

. ,     -
        

 .   ,  -
      ,  -

        -
 .       (3.38) . 

        
    :  

      . -
     i-    , 
      .  

,      , -
          

   ,  : 
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;costcosrtcosrBC

tcosD2xcosBCC2xcosBbb2xm

ij

2
k

1j

K

1
ijjiiiij

i
2
iii

k

1j
ij

2
ijxii

k

1j
ij

2
ijxiii

b

 (3.40)       

.tcosBD2

cos
12

B
C

2

l
Ccos

12

B
b

2

l
b

ii
2
ii

i

k

1j
ij

3

ij

2

xii

k

1j
ij

3

ij

2

xiii            (3.41) 

 
    (3.40)  mi,   (3.41)  i  

 ;
m

C2
;;

i

xi2
xii

k

1j

2
ij

2
ii

2
i

k

1j

2
xij

2
xii

2
xi  ;

2

lC2

i

2
xi2

ii  

;
m

cosBC

i

ij
2

ij2
xij  

k

1j
xijxiixi

i

ij
23

ij2
ij ;;

12

cosBC
 

k

1j
ijiii ;  

;
m

b2

i

xi
xii ;

24

cosBb
;

m2

cosBb
;

4

lb

i

ij
3

ij
ij

i

ij
2

ij
xij

i

2
xi

ii  

,
D2

;
m

D2
e

i

i
i

i

i
i   xi; xi; i; i –    

         i-  
;       xii; xii; ii; ii  –     

    i-      -
 ; xij; xij; ij; ij –  ,  i-      j-   

   ; ei; i  –     
 i-  ,    : 

 

;)tcos(r)tcos(r

tcosex
cos

cos
xx

cos

cos
2x2x

k

1j

k

1
jjjjiiii

2
xij

i
2
iij

ij

jik

1j

2
xiji

2
xij

k

1j ij

ji
xijixii

b

         (3.42)             

).tcos(
cos

cos

cos

cos
22

1i
2
iii

ij

jik

1j

2
ij

i
2

ii

k

1j ij

ji
ijiii

                              (3.43) 

   (3.38;3.42;3.43)    -
        -
,         . 
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      -
      . 

     -
  :  , , 

 ,    -
    ( . 3.5)     m1  m2, 

        -
  1; 2; 12    b1; b2; 

b12.  ,        -
  1 ; 2 ; 12 ,     

     F1; F2; F12.   -
       . 

       
     .  
      

. 

 
.3.5.      

 

       -
     ,   -
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;tcosetcosetsine
m

b
tsine

m

b

tcos)xx(x)xx(
m

b
x

m

b
x

12k12k
2
011k1k
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   .  ,   

     ,  
   

                                       
k

1i
iccio )tcos(ibbb ,                          (3.60)  

  bo –   ; 
   bci  –  i-        - 

        ;  
 –    .    

     -
    z1 – z2 

                                

k

1i
icci21o )ticos(bzzz .                        (3.61) 

     , 
        -

      . 
         -

    . -
     .    

Электронный архив УГЛТУ



78

 

 
 

      , -
     .  

         -
 ,      -  -

     , . . 

                           
k

1i
ijoioconst )tcos(iC ,                              (3.62) 

 const –   ; oi –  i-  
   ; j –   

   .  
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