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.

, 

 4  4,5  ( . 3.14), 

 6 . 

 (5…6,5 ).

 E,

, 

  , 

.
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, 

. 3.15. , 

 N

, 

 ( . 3.16).

, 

. 3.16. , 

 Z
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 3.17 

 Z, 

. , 

 4  5,5 .

, 

. 3.17. , 

 Z

:

,  – 

;

, 

, 

 4  5,7 ;
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 N, 

 6 ;

, 

, ,

;

, 

.
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 3

1) , 

 "  –  – " , 

, 

, 

.

2)

, 

. 

.

3) ,  (

) 

, 

.

4)

, 

, 

.
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 4

 –  – "

 "  –

 – " 

.

 "  – " 

.

1)

. . . .

2)

. . .

 "  –  – ", 

, , 

, 

 "  – 

– " ( ).

, :

 Ansys Workbench;

 Robot structural analysis.

.
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4.1 

. 

 (

).

, 

. 

, .

:

. 

, 

, , , 

 10 ;

-

. , 

; , 

.

.
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4.2 

 "  –  – ".

, 

, 

 "  –  – ". , 

, , 

.

, 

: 

.

, 

.

, , ) , 

,

 [8, 7, 83, 24] -

.

 (  2) 

.

1) .

2)

 "  –  – ".

3)

.

4)

.
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5)

, , .

4.2.1 

.

, 

 (

), 

 [89].

)

)

. 4.1. :

) . ±0,000; ) .
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 Robot. 

, . , , 

. , 

, 

. ( . 4.2).

. 4.2. . 

4.2.2 

.

. . . .

. 

.1, .2.

. . 

 4.1.
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. :

= /2 ; = /2.

 4.1

. .
1 L 24
2 B 18

3 D 1,9

4 p 1,6 3

5 Vs 300

6 0,35

8 f 5,50

9 Ab 432 2

10  "
" =

3,4
(1 ) · 499,76 /c

11 =2 f 34,54

12 = 1,04

13 = 0,75
14 = ( ) × ( ) 168 2

.

z.

1)  4.1:

= 	
2

1
(0,73 + 1,54 0.75), (4.1)

Kz = 10480,34·103 .



91

2) :

= , ; , (4.2)

= 0,9.

3)  (" "):

= ( ), (4.3)

= 9,43 10 .

4)

:

= , ; , (4.4)

= 0,9.

5) :

= ( ) , (4.5)

= 31,09 10 .

6) :

	 = 	 	 + 2 , (4.6)



92

= 36,55 · 10 .

y:

1)  4.7:

= 	
2

2
(2 + 2.50 . ), (4.7)

= 8289,54 · 10 .

2) :

= , ; , (4.8)

= 1.

3)  (" "):

= ( ), (4.9)

= 8,29 10 .

4)

:

= ; (4.10)

= 0,9.
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5) :

= ( ) , (4.11)

= 18,66 10 .

6) :

	 = 	 	 + 2 , (4.12)

= 23,46 · 10 .

 Ox:

1)  4.13:

=	
0.2

0.75
1 , (4.13)

= 8073,54 · 10 	 .

2) :

1.

3)  (" "):

= ( ), (4.14)

= 8,07 10	 .
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4) :

= , (4.15)

= 20,74 10 .

5) :

	 = 	 	 +
2

, (4.16)

= 25,41 · 10 .

 Oy (rOx).

1)  4.17:

= 	
1

.
.

2.4 + 0.5 , (4.17)

= 74,15 · 10 	 .

2) :

= 1 0.20 , (4.18)

= 0,79.

3)  (" "):

= ( ), (4.19)
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= 58,78 10 .

4)

:

= ; , (4.20)

= 0,25.

5) :

= ( ) , (4.21)

= 233,17 10 .

6) :

	 = 	 	 + 2 , (4.22)

= 573,52 · 10 .

 Oy (r y)

1)  4.23:

= 	
3

1
.

,
(4.23)



96

= 119,91 · 10 	

2) :

= 1 0.26 , (4.24)

= 0,73.

3)  (" "):

= ( ), (4.25)

= 87,6 10 .

4)

:

= ; , (4.26)

= 0,4.

5) :

= , (4.27)

= 663,23 10 .
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6) :

	 = 	 	 +
2

, (4.28)

= 1170,49 · 10 .

.

1)  4.29:

= 	3,5 .
, ,

, (4.29)

= 14,93 · 10 	 .

2) :

= 1 0.14 , (4.30)

= 0,85.

3)  (" "):

= ( ), (4.31)

= 12,76 10 .
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4)

:

= ; (4.32)

= 0,3

5) :

= ( ) , (4.33)

= 46,66 10 .

6) :

	 = 	 	 + 2 , (4.34)

= 120,57 · 10 .

 Oz.

1)  4.35:

, = 	 [1 + (1/21)( / )(1 + 1,3 )] 1 + 0,2( / ) / , (4.35)

, = 	11789,05 · 10 	 .
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2) :

, 		 1 0.09( / ) / ; (4.36)

, = 0,87.

3)  (" "):

, = , , 		( ), (4.37)

, = 10,29 10 .

4) :

C , C + V A , (4.38)

, 38,75 · 10 .

5) :

	 = 	 	 + 2 , (4.39)

= 44,70 · 10 .
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 (Oy)

1)  4.40:

, = 	 1 + 0,15
,

{1 + 0,52[( / )( / )] , }, (4.40)

, = 	10814,03 · 10 	 .

2) :

, 		 = 1. (4.41)

3)  (" "):

, = , , ( ), (4.42)

, = 10,81 10 .

4) :

, = + 4 + 4 , (4.43)

, = 29,24 · 10 .

5) :

	 = 	 	 + 2 , (4.44)
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= 35,49 · 10 .

 Ox:

1)  4.45:

, = , 	, (4.45)

, = 	10532,25 · 10 	 .

2) :

, 		 = 0,98. (4.46)

3)  (" "):

, = , , 		( ), (4.47)

, = 10,32 10 .

4) :

, = + 4 + 4 , (4.48)

, = 31,31 · 10 .
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5) :

	 = 	 	 + 2 , (4.49)

= 37,28 · 10 .

 (r x)

1)  4.50:

, = 	 {1 + 1,26( / ) · [1 + ( / )( / ) , ( / ) , ]}, (4.50)

, = 	97,47 · 10 	 .

2) :

, 	 = 0,79. (4.51)

3)  (" "):

, = , , 		( ), (4.52)

, = 77,27 10 .

4)

= 0,25 + 0,65 ( / ) / ( / ) / , (4.53)

= 1,22.
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5) :

, = 	 + ( / ){ ( / ) + 3

+ ( / )[1 + ( / )]} ,
(4.54)

, = 844,95 · 10 	 .

6) :

	 = 	 	 + 2 , (4.55)

= 1292,39 · 10 .

 Oy 

 (rOy)

1)  4.56:

, =	 {1 + 0,92( / ) , [1,5 + ( / ) , ( / ) . ]}, (4.56)

, = 178 · 10 .

2) :

, 	 = 0,73. (4.57)

3) :

, = , , 		( ), (4.58)
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, = 130,04 10 .

4) :

= 0,25 + 0.65 ( / ) / ( / ) / , (4.59)

= 1,3.

5) :

, =	 + ( / ){ ( / ) + 3

+ ( / )[1 + ( / )]} ,
(4.60)

, = 	1205,29 · 10 .

6) :

	 = 	 	 + 2 , (4.61)

= 1958,29 · 10 .

1)  4.57

, = , (4.62)

, = 24,52 · 10 	 .
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2) :

)

= 1 + 0.4( / ) . ( / )( / ) . , (4.63)

=1,01.

)

= 1 + 0.5( / ) . ( / ) . , (4.64)

=1,61.

)

= (4/3) ( + ) + 4 ( + ), (4.65)

= 23461,2 4.

)

= (4/3) ( + ), (4.66)

=1679616, 4.

)

, 	 , 	 =0.85.

3)  (" "):

, = , , 		( ), (4.67)

, = 20.97 10 	 .
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4) :

( / ) . /[ +(1/2)( / ) . ], (4.68)

0,76.

5) :

, = + 4 [(1/3) ( + ) +	 ( + )] , (4.69)

, = 153,09 10 	 .

6) :

	 = 	 	 + 2 , (4.70)

= 274,5 · 10 .

 1.2.
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. 

 4.2.

 4.2

:
.
.

1 L 24
2 B 18
3 p 1,6 3

4 Vs 300
5 0.35
6 Gmax 144000

7 , I0m 76701572.3 2

8 I m 128168309.8 2

9 d 5.28

10 m 848924.8

:

1) :

= 2(1 + ) , (4.71)

Kx=8081056247.8, .

2) :

=
1

, (4.72)

= 9209180909.2 , .
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3)

:

=
1

, (4.73)

= 1033609846153.9 , .

4)

:

=
16
3

, (4.74)

= 1322346403518.4	,	 .

	

:

1) :

= 0.576  , (4.75)

= 181989531.8 , c/ .

2) :

= 0.85  , (4.76)

= 306052353.5.
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3)

:

= . , (4.77)

= 	12735226752.5 .

4)

:

= , (4.78)

= 7900977868 .

4.2.3 

.

 [7, 8, 24, 59, 83] 

, 

.

, , 

. 4.3).
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. 4.3.

. 

 4.3

, , , ,

1 m. 1 6,7 m. 4 15,8 m. 7 15,8 m. 10 27,9
2 m. 2 95,1 m. 5 118,1 m. 8 88,2 m. 11 62,9
3 m. 3 66,7 m. 6 91,5 m. 9 93,5 m. 12 53,9

, 

, , , 

.

, 

 [24], , 

 85 % 

 75 % 

.
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, 

.

 (  4.4

 4.5).

 4.4

 ( ) 
 1  2  3

1,86 2,39 3,18
1,84 2,43 3,19

 4.5

)
1 

2 
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. 4.5

)
3 

 4.4  4.5, 

. ,

 2 %.

, 

 ( ).

, , , 

, 

.

 "  –

 – " 

.
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. 4.4),  ( ).
, 

2

, 

. 4.4. , 

, 

, 

.

, 

.

, 

.

,  (1,56 ) 
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, 

 "  –

 – ".

, 

. 4.5.

, 

 Robot, 

 "  –  – ".

 "  –

 – ", 

,  4.6.

 4.6

 ( ) 
 1  2  3

1,78 2,29 2,88
1,81 2,35 3,01

.  5 %.
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4.2.4  "  –  – " 

. .

 "  –

 – " 

. 

. . .

 "  –  – ". 

, 

 ( ), 

.

 Robot. 

, 

 (x, y, z). 

, 

.

, , ) .

.
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.  4.7 – 4.8.

.

 4.7

.

4

2
,

2

,
%

E 0,055 0,068 23,6
N 0,042 0,054 28,5
Z 0,041 0,038 7,8

 4.8

.

6

2
,

2

,
%

E 0,026 0,03 15,4
N 0,022 0,025 13,6
Z 0,038 0,036 5,5

 ( ) 

:

 4

 N  28,5 %. 

;
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6 

 15,4  13,6 %.

 4.9 – 4.10.

 4.9

.

4

2
,

2

,
%

E 0,055 0,071 29
N 0,042 0,0580 38
Z 0,041 0,0435 6,01

 4.10

.

6

2
,

2

,
%

E 0,026 0,03 15,38
N 0,022 0,028 27,2
Z 0,038 0,039 2,6

 ( ) ,

, 

 4  N

 38 %. 

, 

 6 %.



118

, 

 –  – " 

 28,5 %. 

. . .  38 %.

, 

. 

 4.

 4.6 

.

, 

. 4.6. , 

 E ( )

4,1  5,7 , 
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 (

). 

 5,7  0,1.

 4.7 , 

 E.

, 

. 4.7. , 

 E ( )

 0,13 ,  30 % 

. 

. , , 

.

.
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 4.8 

, 

 N. 

 3,8  6 ,

 0,05  0,08 .

(5,5…6,2 ).

, 

. 4.8. , 

 N ( )

 4.9 , 

 N. , 

 4,2  5,7 . 

 0,11 ,  35 % 

. 

 4,6 .

 4.10 

, 

. 
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 Z)  4,0  5,7, 

 0,05  0,09.

, 

. 4.9. , 

 N ( )

, 

. 4.10. , 

 Z ( )

 4.11 , 

. 

 4,2  5,7 .
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, 

. 4.11. , 

 Z ( )

, 

, :

, 

.

 35 %;

,  ,  5,5 %

;

;

, 

, 

 4  5,7 .
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,

,

, . 

 35 %.

4.3  "  –

 – ". 

 Ansys.

, 

.

 15 ., 

.

,

 ( . 4.12). 

 [55],

 3 – 4 . 

, 

.

.

.

1)

.

2)

. .
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. 4.12.  "  –  – "

, 

. 

 5  ( . 4.12).

, 

.

, . 

, 

1,56  ( . 4.14).
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. 4.13.

 "  –  –

".

, 

. 4.14.  (

)
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, 

 ( . 4.15).

, 

. 4.15.

. 

. 

 Shake. 

. 

.

, 

. 

. , 

.  Shake
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, 

. 

, 

, , .

 4.16 

.

, 

. 4.16.

,

 1,6…1,7

, , 

 1,56 .

, 

.

. 4.5 

, 

.
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 Ansys

.

, 

,

 4.11.

 4.11

,
 1  2  3

1,78 2,29 2,88
.

 Ansys 1,75 2,15 2,70

.  6.1 %.

, , ) .

 4.12

,
2

.
Ansys, 2

, %

4
E 0,055 0,061 10,9
N 0,042 0,049 16,6
Z 0,041 0,043 4,8

5
E 0,051 0,058 13.73
N 0,039 0,045 15.38
Z 0,04 0,042 5.00

6
E 0,026 0,028 7.69
N 0,022 0,024 9.09
Z 0,038 0,040 5.26

7
E 0,024 0,027 12.50
N 0,019 0,022 15.79
Z 0,038 0,040 5.26
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, 

 16,6 %.

 "  –

 – " 

, 

, , 

.
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 4

1)

, 

.

, .

2) , 

 "  –  – " 

. . 

 28,5 %, 

. . ., 

 38 %.

3) , , 

), . 

 35 %.

4) , 

 16,6%.

5) , 

, 

, 

.
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 5

, 

 "  –  – " 

, 

:

- ;

- .

 ( )  ( ) 

 "  –  – ". 

, ,

 [47, 49, 50].

 "  –  – " 

. 

. 

 [48].

 "  –  – " , 

, , 

  , 

.
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 ( ) .

1) .

2)

.

3) .

4)

.

5)

, .

 "  –

 – " 

 5.1.

. 5.1.

 –  – " 

.
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5.1 

 ( ) 

. 

,

 ( ) 

 ( ), , 

 (

, 

). 

:

- ;

- ;

- .

 "  –

 – " 

, 

 [49].

5.2 

. -

 (

).
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. , 

  

. -

 5.2.

. 5.2. - :

) . +6,600, ) . + 33,600; +36,600, ) .
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 Robot. 

 5.3.

) )

. 5.3. - :

) , ) 

. 

 "  –  –

" 

.

, 

: , , 

 ( . 5.4).

, ,

: , , 
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 ( ,

.).

. 5.4.

, 

. .

.

, 

.
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5.3 

, 

, 

, 

, 

.  (Gazetas). 

).

, 

. ,  5.1.

, ,  5.2.

 5.1

= 29300000,
= 29300000,

= 2759900,
= 2759900,

= 36200000, = 4255400,

= 47284000000, = 1030451000,

= 28359500000,
= 28359500000,

= 741907200,
= 741907200,
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 "  –  – ". 

, 

 ( ), 

 ( . 5.5).

. 5.5.

 Robot.
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 5.2

 /
. ., 

. ,
3

E, Vp, Vs,

1  – , , , 
0,0

22

4,8

17,2
4,8 1,92 0,35 11,6 450 230

4
, - , 4,8

17,2

12,4

9,6
7,6 15,2 1,95 0,31 30 880 300

7
12,4

9,6

13,1

8,9
0,7 2,02 0,35 20 985 385

4
, - , 13,1

8,9

18

4
4,9 1,95 0,31 30 880 300

5
, 18

4

23,4

-1,4
5,4 2,12 0,32 40 1240 435

4
, - , 23,4

-1,4

31,7

-9,7
8,3 2,12 0,3 45 880 320

9
, , 

, 

31,7

-9,7

35,8

-13,8
4,1 1,91 0,42 20 1400 470
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 –  – ", 

.

5.4 -

 Robot. 

, 

 (x, y, z). 

 ( . 5.6).

. 5.6.
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, , 

.  1 %, 2 %,

5 %  ( . 5.7).

, 
2

, 

. 5.7.

 ( ). 

, .

, 

, 
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.

 5.8  ( ) , 

 X, Y, Z.

. 5.8.

 "  +

" , 

 1,4 .
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 5.9 

 "  + 

".

. 5.9.

 +32,400, 

) 

.

 5.10 

.
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. 5.10.

 +36,900,

, 

.

5.5 

 –  – "

 "  –  – " 
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. 

 [48].

.

 Sassi (system for analysis of soil-structure

interaction), 

, : .

, 

, 

. 

 "  –  – " 

:

-

. .

. 

 "  –

 – " (

);

-

, , 

. +13,200 , 

. 

. 

. 

, 

) – 

. 
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, 

. 

, , 

. 

, 

 [48].

 5.11.

) )

. 5.11. - Sassi):

) , ) .

 "  –  –

" 

.

, 

.

, 

,  5.3.
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 5.3
2 2
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. 5.3
2 2

2 2
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 "  –  – " ,

 X  Y 

 1  11 2. 

,  5 %. 

, 

, .

, , 

 Sassi,  (10…30 ).

, 

 "  –  – " .

, 

, , 

 Sassi. 

, 

. 

, 

.
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1) , 

,  ( , 

, 

, 

, ).

2)

, : ,

, , 

.

3) -

 "  –  – ", 

.

4) , , 

. , 

 "  –

 – " 

.
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. 

:

1) , 

 –  – ". 

.

2)  "  –  –

" . 

. 

.

3)

.

4)

 "  –  –

" .
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5) , 

 "  –  – "

. , 

 28,5 %.

6) , 

, 

, 

.

7)

. ,

, 

.
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