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 !" 620.178.151.6 

 .!. "#$%&, '.(. )*+%,-$.%, /.0. !#,12344*$#,  

5.0. )#637-&, 8.0. 9#:.*+;-& 

 !"#$%&' ()$*+,"$-.!//0' -!1/&2!$%&' */&.!"$&-!- 

<=>8?>@5=>0 ?5/ A5@5B>-!/" ?5C/)B5" )0>D)E0 

0<F! ?  >)?>0/ )E=GBEG=?>8> !>(/'5=>0 ?5F 

 "!+$-,.3!/) )4&$,/&! & 4")&5.!+!/, $",./&-!36/,7 )8!/%, ",53&2/01 4)+1)+). % #)+!-

3&").,/&9 .0$)%)4)"&$-01 72!&$-01 #,-!"&,3).. :, )$/).! $-"*%-*"/)() #)+!3&").,/&7 )4"!-

+!3!/0 .!3&2&/0 ./!;/!() ",5"*;,9<!() +,.3!/&7 & #)+*37 *4"*()$-& 72!&$-)() #,-!"&,3, 

/, )$/).! )%$&+, ,39#&/&7 . +&,4,5)/! 4)"&$-)$-& 75–97% $ &$4)365).,/&!# #!-)+, %)/!2/01 

=3!#!/-).. 

 

#$%&'()% *+(%,&+-), (+./% &01%'(2)% .+. 3%24*+(%,&+-), 45-+6+7( 

,864* 241)9 '14:'(1 & 54-;<&* 34(%2=&+-4* 5-+>46+,8 2%54-;<4: *+''%, 

1 ',+12%2&& ' (,+6&=&422)*& *+(%,&+-+*&. ?%2434-&@,%(+241)% 3%2) @/% 

6+124 &'34-;0@7('8 1 +A,4.4'*&$%'.4: & '@64'(,4&(%-;24: 3,4*)<-%224-

'(89 1 .+$%'(1% *+(%,&+-41 – 34>-4(&(%-%: 1&5,+=&&, <@*+ & @6+,24>4 140-

6%:'(1&8, ,+0-&$24>4 ,46+ @3-4(2&(%-%:. B%'*4(,8 2+ A(4, 3,&*%2%2&% (+.&9 

*+(%,&+-41 1 .42'(,@.=&89 0+$+'(@7 4>,+2&$%24 &9 2%1)'4.4: 3,4$24'(;7, 

1 ',+12%2&& ' 6,@>&*& *+(%,&+-+*&. C '180& ' A(&* 1 34'-%62%% 1,%*8 54-;-

<4% 12&*+2&% @6%-8%('8 '&2(%0@ *%(+--&$%'.&9 3%2, .4(4,)% 45-+6+7( 02+-

$&(%-;24 54-;<%: 3,4$24'(;7 & /%'(.4'(;7, & &0@$%2&7 &9 '14:'(1. 

D(,4%2&% (+.&9 *+(%,&+-41 43,%6%-8%('8 4(.,)(4-8$%&'(4: '(,@.(@,4: 

3%2434-&@,%(+2+, + 341%6%2&% – *%9+2&.4: (1%,64>4 (%-+. D-%6@%( '.+0+(;, 

$(4 >-@54.4% 342&*+2&% 0+1&'&*4'(& '14:'(1 *+(%,&+-+ 4( %>4 '(,@.(@,) 

'(+-4 3481-8(;'8 '41'%* 2%6+124. E-+12)* F+.(4,4*, 4.+0)1+7G&* 2+&-

54-;<%% 1-&82&% 2+ *%9+2&$%'.&% 9+,+.(%,&'(&.& *+(%,&+-+, (+.&% .+. *4-

6@-; @3,@>4'(& & 3,4$24'(;, 81-8%('8 34,&'(4'(;. C -&(%,+(@,% (+./% $+'(4 

1'(,%$+%('8 9+,+.(%,&'(&.+ 4(24'&(%-;24: 3-4(24'(&. D180; *%/6@ 3-4(24-

'(;7 & 34,&'(4'(;7 4(.,)(4-8$%&'(4>4 *+(%,&+-+ 1),+/+%('8 '-%6@7G&* 

'44(24<%2&%*: 

? 1 1
S

R
 

! " ! "
 

, 

>6% ? – 34,&'(4'(;; R – 4(24'&(%-;2+8 3-4(24'(;;  " 3-4(24'(; 3%2&'(4>4 

*+(%,&+-+; S "  3-4(24'(; *+(%,&+-+ 2+34-2&(%-8. 
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 $&()1+8 <&,4.@7 34(%2=&+-;2@7 45-+'(; 3,&*%2%2&8 8$%&'()9 *+(%-

,&+-41, &0@$%2&% &9 *%9+2&$%'.4>4 341%6%2&8 81-8%('8 +.(@+-;24: 0+6+$%:. 

H%4,%(&$%'.&% *46%-& *%9+2&$%'.4>4 341%6%2&8 8$%&'()9 *+(%,&+-41 6+7( 

140*4/24'(; 43,%6%-8(; 45-+'(& .42=%2(,+=&& 2+3,8/%2&: & *%9+2&0*) 6%-

F4,*+=&&, 3,%6<%'(1@7G&% ,+0,@<%2&7 8$%&'(4>4 *+(%,&+-+, 1)$&'-8(; F&-

0&.4-*%9+2&$%'.&% 34'(4822)% *+(%,&+-+. H+.&% *46%-& 1 4'24124* 43&')-

1+7( 3%2) 2&0.4: 3-4(24'(& &-& /% 1)'4.434,&'()% 3%2), '44(1%('(1@7G&% 

1)'4.434,&'()* 8$%&'()* *+(%,&+-+* (C?#I) ' 34,&'(4'(;7 70–97%, 

&*%7G&*& 1)'4.@7 +A,4- & >&6,43,42&=+%*4'(;. 

!-8 43,%6%-%2&8 F&0&.4-*%9+2&$%'.&9 9+,+.(%,&'(&. C?#I 1 3%,1@7 

4$%,%6; 2%45946&*4 342&*+2&% &9 >%4*%(,&& & @'(,4:'(1+. J,>+2&0+=&8 

C?#I 341(4,8%( '%($+(@7 '(,@.(@,@ 3%2434-&@,%(+241. H+., 1)'4.434,&'-

()% 3%2) 9+,+.(%,&0@7('8 2%,%>@-8,24: '(,@.(@,4: 8$%%., .4(4,)% &0*%28-

7('8 34 '14%*@ ,+0*%,@. 

C 6+224: ,+54(% 6+%('8 43&'+2&% & 4=%2.+ ,+0-&$2)9 34694641 . *46%-

-&,41+2&7 4(.,)(4-8$%&'()9 3%24*+(%,&+-41. C)34-28%('8 *46%-&,41+2&% 

C?#I 2+ 4'241% 4.'&6+ +-7*&2&8 ( 2 3Al O ) ' =%-;7 3,4>240&,41+2&8 AFF%.-

(&12)9 1%-&$&2 12%<2%>4 ,+0,@<+7G%>4 6+1-%2&8 & *46@-8 @3,@>4'(& 8$%&-

'(4>4 *+(%,&+-+ 1 6&+3+042% 34,&'(4'(& 75–97%, ' &'34-;041+2&%* *%(46+ 

.42%$2)9 A-%*%2(41 (I"K). 

!-8 +2+-&(&$%'.4>4 43&'+2&8 4(.,)(4-8$%&'()9 *+(%,&+-41 '@G%'(1@-

%( 2%'.4-;.4 34694641. B+&54-%% 343@-8,2): & 3,4'(4: &0 2&9 346,+0@*%1+-

%( ,+''*4(,%2&% '(,@.(@,) *+(%,&+-+ .+. 3%,&46&$%'.4:, 1 4'241% .4(4,4: 

-%/&( 2%.4(4,+8 %6&2&$2+8 8$%:.+. L%0@-;(+(), 34-@$%22)% ' &'34-;041+2&-

%* ,%>@-8,2)9 *46%-%:, 6+7( 94,4<@7 .4,,%-8=&7 ' A.'3%,&*%2(+-;2)*& 

6+22)*&, 34014-87( 2+>-8624 ,+''*+(,&1+(; 34-8 2+3,8/%2&: & 6%F4,*+-

=&&, (+./% A(& *46%-& 3,4'() 1 ,%+-&0+=&&. 

!,@>4: 346946 . 43&'+2&7 '180+2 ' &'34-;041+2&%* +33+,+(+ (%4,&& 

1%,48(24'(& & 6&+>,+**) E.M. C4,424>4 6-8 >%2%,&,41+2&8 +2'+*5-%: 2%,%-

>@-8,2)9 8$%%.. L+54(4: 34 *46%-&,41+2&7 '-@$+:2)9 3%2 0+2&*+-&'; Van 

der Burg (1997), Zhu (1999), Windle (2002), Kraynik (2003), Gan (2005). J'241-

2)* 2%64'(+(.4* 6+224>4 *%(46+, 34*&*4 '-4/24'(& 1 ,%+-&0+=&&, 81-8%('8 

(4, $(4 34-@$+%*)% 34 (+.4: *46%-& F&0&.4-*%9+2&$%'.&% 9+,+.(%,&'(&.& 

&0*%287('8 4( 43)(+ . 43)(@. !-8 34-@$%2&8 54-%% 4545G%22)9 ,%0@-;(+(41 

3,4&0146&('8 *24/%'(14 43)(41 2+ 4624: *46%-&, 34-@$+%*)% ,%0@-;(+() 

@',%6287('8. 

D+*): 3%,%6414: *%(46 43&'+2&8 *&.,4'(,@.(@,) 8$%&'()9 *+(%,&+-

-41 '180+2 ' &'34-;041+2&%* ,%2(>%24(4*4>,+F&& & 81-8%('8 34'-%6@7G&* 

A(+34* ,+01&(&8 2%3%,&46&$%'.&9 *46%-%:. N>4 '@(; 0+.-7$+%('8 1 '.+2&,4-

1+2&& ,%+-;24: 8$%&'(4: *%(+--&$%'.4: 3%2) 6-8 34-@$%2&8 (,%9*%,24>4 



 19

'(%,%4-&(4>,+F&$%'.4>4 *+''&1+ 6+22)9 4 '(,@.(@,% *+(%,&+-+, ' 34'-%-

6@7G%: 45,+54(.4: >%4*%(,&$%'.&9 6+22)9 1 CAD-3,&-4/%2&89 & 3%,%6+$% 

1 ,+'$%(2)% CAE-'&'(%*) 6-8 3,41%6%2&8 .42%$24-A-%*%2(24>4 +2+-&0+. 

C)'4.+8 ,+0,%<+7G+8 '34'4524'(; ,%2(>%2-(4*4>,+F41 34014-8%( 34-@$+(; 

*46%-& ' 1)'4.4: 341(4,8%*4'(;7 ,%+-;2)9 '(,@.(@,. J'2412)*& 2%64'(+(-

.+*& 6+224>4 *%(46+ 81-8%('8 2%45946&*4'(; 1 &'34-;041+2&& '(4,422&9 

3,4>,+** 6-8 45,+54(.& &2F4,*+=&&, 34-@$%224: ' (4*4>,+F+, $(4 3,&146&( 

. 34(%,% 2%.4(4,)9 >%4*%(,&$%'.&9 6+22)9 3,& .421%,(&,41+2&& F4,*+(41 

F+:-41, & 34(,%524'(; 1 02+$&(%-;2)9 1)$&'-&(%-;2)9 ,%'@,'+9. O4-;<@7 

'-4/24'(; 3,%6'(+1-8%( '406+2&% .42%$24-A-%*%2(24: *46%-& >%4*%(,&&, 

34-@$%224: *%(464* ,%2(>%24(4*4>,+F&&, $(4 5)-4 4(*%$%24 Maire (2003). 

H+., 1 '14%: '(+(;% N. Michailidis (2008) 3,4146&( &''-%641+2&% *%(464* .4-

2%$2)9 A-%*%2(41 *%9+2&$%'.&9 9+,+.(%,&'(&. C?#I 2+ 4'241% 2&.%-8, &'-

34-;0@8 .4*3;7(%,2@7 (4*4>,+F&7. ?,& '.+2&,41+2&& 45,+0=+ ' 3+,+*%(-

,+*& 25 15 2# # ** %*@ 34(,%541+-4'; 54-%% 34-@*&--&42+ .42%$2)9 A-%-

*%2(41 6-8 '406+2&8 '%(.& & 54-%% 80 $ *+<&224>4 1,%*%2& 6-8 1)$&'-%2&8 

4(.-&.+ *46%-& (&'34-;041+-'8 $%(),%9P86%,2): ?" ' $+'(4(4: 2,4 2+ 86,4 

& 8 E5 JQ ). !-8 ',+12%2&8, ,%+-&0+=&8 *46%-&, 34'(,4%224: ' 3,&*%2%2&%* 

I"K & 3%,&46&$%'.4>4 346946+ 6-8 43&'+2&8 '(,@.(@,), 0+2&*+%( 2% 54-%% 

2 *&2 2+ 462486%,24* ?". N. Michailidis 346(1%,6&- ,%0@-;(+() 4 .42=%2-

(,+=&& 34-%: 2+3,8/%2&:, 34-@$%22)9 ,+2%% 2+ 3%,&46&$%'.&9 *46%-89 *+-

(%,&+-+. D406+2&%* *46%-%: 4(.,)(4-8$%&'()9 *+(%,&+-41 3,& 34*4G& 

,%2(>%24(4*4>,+F&& 0+2&*+-&'; Youssef (2005), Knackstedt (2006). 

L+''*4(,&* 54-%% 346,4524 *46%-&,41+2&% 4(.,)(4-8$%&'(4>4 *+(%-

,&+-+ .+. 3%,&46&$%'.4: '(,@.(@,) 6-8 3,4>240&,41+2&8 %>4 F&0&.4-

*%9+2&$%'.&9 9+,+.(%,&'(&.. "+. 5)-4 4(*%$%24 1)<%, 1 4'241% 6+224>4 *%-

(46+ -%/&( ,+''*4(,%2&% (&3414: %6&2&$24: 8$%:.&, .4(4,+8 3%,&46&$%'.& 

341(4,8%('8, 0+34-288 3,4'(,+2'(14 ,%>@-8,24 @3+.41+224: '(,@.(@,4:, 45-

,+0@8 (%* '+*)* '(,@.(@,@ 8$%&'(4>4 *+(%,&+-+. B+&54-%% 1+/2)* A(+34* 

81-8%('8 1)54, '(,@.(@,) 8$%:.&, 34(4*@ $(4 1 *46%-& &*%224 2+ A(4* 4'-

241)1+7('8 F&0&.4-*%9+2&$%'.&% '14:'(1+ C?#I. 

J624: &0 3%,1)9 *46%-%: 5)-+ *46%-; Gibson & Ashby (1988), .4(4,)% 

3,4146&-& &''-%641+2&8 *+(%,&+-+ 346 6%:'(1&%* 46244'24 '/&*+7G%: 2+-

>,@0.&. ?,%6-4/%22+8 &*& (&341+8 %6&2&$2+8 8$%:.+ 2+34*&2+%( .@5 (,&'. 1). 

K(+ *46%-; 2% '44(1%('(1@%( 8$%:.+* 1 4(.,)(4-8$%&'()9 3%2+9 34 '-%6@7-

G&* 3,&$&2+*: 

1. D43,8/%2&% 8$%%. *%/6@ '454: 3,4&'946&( 34 61@* 3%,%*)$.+* 

(B & B) 1 >4,&042(+-;24* & 1%,(&.+-;24* 2+3,+1-%2&89, $%>4 2% 2+5-76+%('8 

1 3%2434-&@,%(+241)9 3%2+9. 

2. ?%,%*)$.& &*%7( .1+6,+(24% 343%,%$24% '%$%2&%. 
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L&'. 1. I46%-; %6&2&$24: 8$%:.& Gibson & Ashby (1988) [6] 

3. C 1%,<&2+9 '(,@.(@,), 45,+041+224: 34 6+224: *46%-& 8$%:.&, '94-

68('8 34 (,& 3%,%*)$.&, 1 (4 1,%*8 .+. 1 3%2434-&@,%(+2% '9468('8 2% *%2%% 

$%(),%9 3%,%*)$%.. 

4. I46%-; 8$%:.& 643@'.+%( '43,8/%2&% (4-;.4 1 61@9 2+3,+1-%2&89 

(,&'. 1, 2+3,+1-%2&8 2 & 3). 

B+ '%>4628<2&: 6%2; (%4,%(&$%'.+8 *46%-; Gibson & Ashby '@G%'(-

1%224 @'(+,%-+. 

L+''*4(,&* *46%-; '(,@.(@,) C?#I 2+ 4'241% 8$%:.& 1 F4,*% 646%-

.+A6,+ (,&'. 2). I46%-; 45,+041+2+ 30 3,&0*+(&$%'.&*& '(%,/28*& 3%,%-

*%224>4 (,%@>4-;24>4 '%$%2&8, '4%6&2%22)*& *%/6@ '454: 1 20 @0-+9. 

C .+/64* @0-% '9468('8 34 $%(),% 3%,%*)$.&, .+/6): @0%- 3,&2+6-%/&( 

$%(),%* 8$%:.+*, + 3%,%*)$.+ – (,%* 8$%:.+*. I46%-; 13&')1+%('8 1 'F%-

,&$%'.@7 454-4$.@ & '46%,/&( 12 .42&$%'.&9 1),%041. H+.+8 *46%-; &'-

34-;041+-+'; 1 ,+54(% [3] 6-8 ,+'$%(+ @3,@>&9 & (%3-4F&0&$%'.&9 '14:'(1 

*+(%,&+-+. C ,+54(% [3] +1(4, 346,4524 &0-+>+%( 346946 . 34'(,4%2&7 6+2-

24: 8$%:.&, @'(+2+1-&1+%( '180; *%/6@ >%4*%(,&$%'.&*& 3+,+*%(,+*& '%(-

$+(4-8$%&'(4: '(,@.(@,), 34,&'(4'(;7 & 45P%*24: 64-%: 34,41)9 .+2+-41; 

2+ 4'241+2&& 6+224: *46%-& 43,%6%-8%('8 0+1&'&*4'(; AFF%.(&12)9 @3,@-

>&9 & (%3-4F&0&$%'.&9 3+,+*%(,41 C?#I 4( 9+,+.(%,&'(&. '(,@.(@,). J'-

2412)* 2%64'(+(.4* 1 6+224: ,+54(% 81-8%('8 4('@('(1&% @$%(+ 1-&82&8 

&0>&5+7G&9 *4*%2(41, +1(4, ,+''*+(,&1+%( (4-;.4 '/+(&% 3%,%*)$%. 3,& 

6%:'(1&& 12%<2%: 2+>,@0.&. 
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!  

L&'. 2. I46%-; '(,@.(@,) C?#I  

2+ 4'241% 646%.+A6,41 ( ) & A-%*%2() 8$%:.& (!) 

L+''*4(,&* *46%-; '(,@.(@,) 4(.,)(4-8$%&'(4>4 *+(%,&+-+ 2+ 4'241% 

8$%:.& (%(,+.+&646%.+A6,+ (,&'. 3,  ). H+.@7 8$%:.@ 2+0)1+7( (+./% 8$%:.4: 

"%-;1&2+, .4(4,): &'.+- F4,*@ 6-8 *46%-& *)-;24>4 3@0),8. D+*4: AFF%.-

(&124: F4,*4:, .4(4,@7 42 ,+0,+54(+-, 5)- (%(,+.+&646%.+A6,. H+.+8 8$%:-

.+ 0+34-28%( 3,4'(,+2'(14 1 3,%6%-+9 6+224>4 45P%*+, 81-8%('8 341(4,8%*4: 

& &*%%( *&2&*+-;2@7 341%,924'(; 8$%:.& 3,& 0+6+224* 45P%*%. !+22+8 

8$%:.+ &*%%( 14 >,+2%: & ',%62%% $&'-4 ,%5%, 2+ 4624: >,+2& 5,1. D4>-+'24 

'(+(&'(&$%'.&* 2+5-76%2&8*, 8$%:.& 3%2434-&@,%(+2+ 1 3,%6%-+9 34,&'(4-

'(& 80–98% 9+,+.(%,&0@7('8 ',%62&* $&'-4* >,+2%: 13,7 & ',%62&* $&'-4* 

,%5%, 2+ 4624: >,+2& 5,1 [4]. 

?,%6'(+1-%22+8 8$%:.+ 5-+>46+,8 '14%: 3,4'(4(% & '44(1%('(1&7 ,%-

+-;24: '(,@.(@,% 3%2) 81-8%('8 2+&54-%% 3469468G%: 6-8 *46%-&,41+2&8 

C?#I, ,+''*+(,&1+%*)9 .+. ,%>@-8,2)9 '(,@.(@,. 

?%,%9468 . A(+3@ *46%-&,41+2&8, 3,&*%* 2%.4(4,)% 643@G%2&8 1 *4-

6%-& 8$%:.&. !-8 3,4'(4() 43&'+2&8 3,%634-+>+%*, $(4: 

1. "+/6+8 8$%:.+ &04(,432+. C '&-@ (4>4, $(4 *+.,4'.43&$%'.& C?#I 

&04(,43%2, *46%-; %>4 '(,@.(@,) 64-/2+ &*%(; &04(,432@7 A-%*%2(+,2@7 

8$%:.@ [4], 94(8 ,%+-;2+8 8$%:.+ &*%%( 1)(82@(@7 F4,*@ ' 4(24<%2&%* 4'%: 

2,0–2,5. 
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  ! 

L&'. 3. D(,@.(@,+ *+(%,&+-+ 2+ 4'241% 8$%:.& (%(,+.+&646%.+A6,+:  

  – 8$%:.+ "%-;1&2+; ! – F4(4>,+F&8 4(.,)(4-8$%&'(4: 3%2) 64 2+>,@/%2&8, 

34-@$%22+8 3,& 34*4G& A-%.(,4224>4 *&.,4'.43+ [7] 

2. "+/6+8 3%,%*)$.+ 4624,462+ & &*%%( .,@>-4% 343%,%$24% '%$%2&%. 

L%+-;2)% /% 3%,%*)$.& 2%4624,462) 34 (4-G&2%, & F4,*+ 343%,%$24>4 '%-

$%2&8 3,%6'(+1-8%( '454: ,+04*.2@(@7 454-4$.@ (,&'. 4). 

 

L&'. 4. D(,4%2&% 3%,%*)$.& C?#I [2] 

J=%2.+ 6+224>4 @3,4G%2&8 6+2+ 1 ,+54(% Y.W. Kwon (2002). R1(4, 

@.+0)1+%( 2+ 4('@('(1&% 1-&82&8 6+224>4 3,&5-&/%2&8 2+ (4$24'(; &''-%-

641+2&8, 3,&1468 ',+12%2&8 34-@$%22)9 &* ,%0@-;(+(41 ' A.'3%,&*%2(+-;-

2)*& 6+22)*&. 

?4'(,4%2&% >%4*%(,&& 8$%:.& 1)34-28-4'; 1 '&'(%*% (1%,64(%-;24>4 

*46%-&,41+2&8 SolidWorks. ?,& A(4* 34'-%641+(%-;24 ,%<+-&'; 0+6+$& 43-

,%6%-%2&8 .44,6&2+( 1%,<&2 8$%:.&, @'(+241-%2&8 '180& *%/6@ &0*%,8%*)-

*& *%9+2&$%'.&*& 9+,+.(%,&'(&.+*& '4 '(,@.(@,4: C?#I, ' 43,%6%-%2&%* 
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0+1&'&*4'(& 34,&'(4'(& 4( >%4*%(,&$%'.&9 3+,+*%(,41 8$%:.&. I46%-; 

8$%:.& 3,%6'(+1-%2+ 2+ ,&'. 5. 

 

L&'. 5. H1%,64(%-;2+8 *46%-; %6&2&$24: 8$%:.& C?#I 

?,&5-&/%22+8 +2+-&(&$%'.+8 0+1&'&*4'(; 34,&'(4'(& 4( >%4*%(,&& 

8$%:.& ' 3%,%*)$.4: .,@>-4>4 '%$%2&8 &*%%( '-%6@7G&: 1&6: 

2

? 1 "
d

D

$ %! " & '
( )

, 

>6% " – .4AFF&=&%2( 3,434,=&42+-;24'(& 6-8 6+224: .42'(,@.=&&, ,+12): 

6,7; d –6&+*%(, '%$%2&8 3%,%*)$.&; D – 6&+*%(, 8$%:.&. 

?4'(,4%22+8 3+,+*%(,&$%'.+8 (1%,64(%-;2+8 *46%-; 8$%:.& 34014-8%( 

1)34-28(; ,+'$%() 45P%*2)9 9+,+.(%,&'(&. 8$%%., 3%,%*)$.& .4(4,)9 

&*%7( 3,4&014-;24% '%$%2&%. 

B+ 4'241% 1)<%3,&1%6%224: 0+1&'&*4'(& 43,%6%-8-'8 6&+*%(, '%$%-

2&8 3%,%*)$.& 1 6&+3+042% 34,&'(4'(& 8$%:.& 75–97%, 3,& A(4* 6&+*%(, 

'+*4: 8$%:.& 4'(+1+-'8 34'(4822)*. 

?4'-% 43,%6%-%2&8 >%4*%(,&$%'.&9 3+,+*%(,41 8$%:.& 5)-+ 34'(,4%2+ 

,+'$%(2+8 *46%-; C?#I. I46%-; '4'(4&( &0 27 '43,8/%22)9 *%/6@ '454: 

8$%%. 1 F4,*% .@5+, (.%. 2+ .+/64% ,%5,4 .@5+ 3,&946&('8 34 (,& 8$%:.& 

(,&'. 6). H+.4% 3,%6'(+1-%2&% '180+24 ' (%*, $(4 1 34'-%6@7G&9 1)$&'-%2&89 

3,4$24'(2)9 9+,+.(%,&'(&. *+(%,&+-+ ,+''*+(,&1+%('8 4(.-&. 2+ 12%<2%% 

1406%:'(1&% =%2(,+-;24: 8$%:.& .42'(,@.=&&. J'(+-;2)% 26 8$%%., 4.,@-

/+7G&% =%2(,+-;2@7 8$%:.@, &'.-7$+7('8 &0 ,+''*4(,%2&8 6-8 @'(,+2%2&8 

1-&82&8 .,+%1)9 AFF%.(41. C =%-4*, 2+ 4'241+2&& %6&2&$24: 8$%:.& *4/%( 

5)(; 34'(,4%2+ '&'(%*+ &0 3,4&014-;24>4 $&'-+ 8$%%.. 
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C)$&'-%2&% 4(.-&.+ .42'(,@.=&& 2+ 12%<2%% 1406%:'(1&% 3,4&0146&(-

'8 1 3,4>,+**24* .4*3-%.'% I"K ANSYS. ?4'(,4%22+8 '&'(%*+ 8$%%. 3,%6-

'(+1-8%('8 .+. 5+-4$2+8 .42'(,@.=&8, '9%*+ 2+>,@/%2&8 .4(4,4: &*&(&,@%( 

46244'24% '/+(&% ('*. ,&'. 6.). E,+2&$2)% @'-41&8 6-8 6+224: '9%*) 2+>,@-

/%2&8 3,%634-+>+-& F&.'+=&7 1'%9 3%,%*%G%2&: @0-41 .42'(,@.=&&, -%/+-

G&9 1 4'241+2&&, & 3,&-4/%2&% . 1%,92%: 3-4'.4'(& .42'(,@.=&& '/&*+7-

G%>4 6+1-%2&8 1%-&$&24: 1 I?+. !-8 '406+2&8 '%(.& .42%$2)9 A-%*%2(41 

&'34-;0@%('8 (,%9*%,2): -&2%:2): 5+-4$2): A-%*%2( ' .42%$2)*& 6%F4,-

*+=&8*& BEAM188. K-%*%2( 34'(,4%2 2+ 4'241% 5+-.& H&*4<%2.4 & 3,&>4-

6%2 6-8 *46%-&,41+2&8 3,8*)9 5+-4$2)9 .42'(,@.=&:, &*%7G&9 @*%,%224% 

'44(24<%2&% 6-&2) & (4-G&2). C A-%*%2(% @$&()1+7('8 AFF%.() .+'+(%-;-

2)9 ('61&>41)9) 6%F4,*+=&:. L+05&%2&% 2+ .42%$2)% A-%*%2() 3,4146&-4'; 

' 0+6+2&%* $&'-+ A-%*%2(41 2+ -&2&7. !-8 34-@$%2&8 3,&%*-%*)9 ,%0@-;(+-

(41 34 (4$24'(& A.'3%,&*%2(+-;2)* 3@(%* @'(+241-%24 64'(+(4$24% $&'-4 

.42%$2)9 A-%*%2(41 2+ 462@ 3%,%*)$.@, ,+124% 15. 

 

L&'. 6. L+'$%(2+8 '9%*+ 2+>,@/%2&8 *46%-& C?#I 1 3,4>,+**24* .4*3-%.'% ANSYS 

C .+$%'(1% *+(%,&+-+ 4'241) C?#I &'34-;0@%('8 4.'&6 +-7*&2&8 

2 3Al O  '4 '-%6@7G&*& F&0&.4-*%9+2&$%'.&*& '14:'(1+*&: *46@-; @3,@>4-
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'(& 400 E?+E ! ; .4AFF&=&%2( ?@+''42+ 0,2* ! ; 3,%6%-;2)% 2+3,8/%2&8 2+ 

&0>&5 + ,&0> 200I?+.- !  

?4-@$%22)% 1 ,%0@-;(+(% ,%<%2&8 6+22)% 4 3%,%*%G%2&89 3-4'.4'(& 

3,&-4/%2&8 2+>,@0.& 1 2+3,+1-%2&& 6%:'(1&8 12%<2%>4 6+1-%2&8 &'34-;04-

1+-&'; 6-8 1)$&'-%2&8 3,&1%6%224>4 *46@-8 @3,@>4'(& .42'(,@.=&&: 

12
3,

P h
E

h

.
!

/
, 

>6% 12P  – 12%<2%% 3,&.-+6)1+%*4% 6+1-%2&%; h "  1)'4(+ .42'(,@.=&&, ,+1-

2+8 '@**% 1)'4( (,%9 8$%%.; h/ "  3%,%*%G%2&% 1 2+3,+1-%2&& 3,&.-+6)1+%-

*4>4 6+1-%2&8, 43,%6%-8%*4>4 1 ,%0@-;(+(% ,%<%2&8. 

L+'$%(2+8 '9%*+ 3,%634-+>+-+ 3,&-4/%2&% 12%<2%>4 6+1-%2&8 12P  

1 1&6% @0-41)9 '&- F. ?,&-4/%2&% 2+>,@0.& &*%224 . @0-41)* (4$.+* '180+-

24 ' (%*, $(4 -&2&& (5+-.&), -%/+G&% 1 1%,92%: 3-4'.4'(&, 2% 64-/2) 14'-

3,&2&*+(; ,+'3,%6%-%22@7 2+>,@0.@, 3,&1468G@7 . 3481-%2&7 -&<2%>4 

&0>&5+7G%>4 *4*%2(+. 

C%-&$&2+ @0-414: '&-) ,+''$&()1+-+'; '-%6@7G&* 45,+04*: 

12P S
F

N

.
! , 

>6% 12P  – 3,&.-+6)1+%*4% 6+1-%2&%, ,+124% 1 I?+; S – 3-4G+6; 3,&-4/%2&8 

6+1-%2&8, ,+12+8 .1+6,+(@ (,%9 6&+*%(,41 8$%:.&; N – $&'-4 @0-41, -%/+G&9 

1 3-4'.4'(& 3,&-4/%2&8 2+>,@0.& & 81-87G&9'8 1%,<&2+*& 8$%:.&, 6-8 

6+224: .42'(,@.=&& N = 36. 

C)$&'-%2&% 1%-&$&2) 12%<2%>4 ,+0,@<+7G%>4 6+1-%2&8 43,%6%-8-

-4'; &0 @'-41&8 3,4$24'(& 5+-.& 2+ &0>&5: 

&0>[ ]
M

W
0 - , 

>6% M – 1%-&$&2+ '@**+,24>4 &0>&5+7G%>4 *4*%2(+, 6%:'(1@7G%>4 1 =%2-

(,+-;24: 8$%:.% .42'(,@.=&&, H·*; W – *4*%2( '43,4(&1-%2&8 '%$%2&8 3%,%-

*)$.&, 6-8 .,@>+ 
3

32

d
W

1
! . 

B+ ,&'. 7,  , ! 34.+0+2) A37,) &0>&5+7G&9 *4*%2(41 4(24'&(%-;24 

4'%: y, z .42%$2)9 A-%*%2(41. L+'3,%6%-%2&% 2+3,8/%2&: =%2(,+-;24: 8$%:-

.& 346 6%:'(1&%* 12%<2%: ,+0,@<+7G%: 2+>,@0.& 34.+0+24 2+ ,&'. 8. 
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! 

L&'. 7. K37,) &0>&5+7G&9 *4*%2(41 =%2(,+-;24: 8$%:.& .42'(,@.=&&:  

  – 4(24'&(%-;24 4'& y .42%$2)9 A-%*%2(41; ! – 4(24'&(%-;24 4'& z .42%$2)9 

A-%*%2(41 
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L&'. 8. L+'3,%6%-%2&% A.1&1+-%2(2)9 2+3,8/%2&: =%2(,+-;24: 8$%:.& 34 I&0%'@ 

346 6%:'(1&%* 12%<2%: ,+0,@<+7G%: 2+>,@0.& 

?4 6+224: *%(46&.% 5)-& ,+''$&(+2) AFF%.(&12)% *%9+2&$%'.&% 9+-

,+.(%,&'(&.& 3,4$24'(& & *46@-8 @3,@>4'(& 3,& '/+(&& 6-8 C?#I 1 6&+3+-

042% 34,&'(4'(& 75–97%. L%0@-;(+() 1)$&'-%2&: 12%<2%>4 ,+0,@<+7G%>4 

6+1-%2&8 & 3,&1%6%224>4 *46@-8 @3,@>4'(& 6-8 .42'(,@.=&: ' ,+024: 34,&'-

(4'(;7 3,%6'(+1-%2) 1 (+5-&=%. 

?4,&'(4'(; .42-

'(,@.=&&, % 

!&+*%(, '%$%2&8 

3%,%*)$.&, ** 

C2%<2%% ,+0-

,@<+7G%% 

6+1-%2&%, I?+

?%,%*%G%2&8 

3-4'.4'(& 3,&-4-

/%2&8 2+>,@0.&, *

?,&1%6%22): 

*46@-; @3,@>4-

'(&, E?+ 

75 0,268 3,92 0,577%-6 7,353 

80 0,24 2,805 0,821%-6 5,168 

85 0,208 1,822 0,131%-5 3,239 

90 0,17 0,9917 0,263%-5 1,613 

95 0,128 0,426 0,728%-5 0,6 

97 0,1 0,204 0,18e-4 0,2413 

 

?4-@$%22)% ,%0@-;(+() ',+12&1+-&'; ' A.'3%,&*%2(+-;24: 0+1&'&*4-

'(;7 3,4$24'(& 3,& '/+(&& C?#I 2+ 4'241% 2 3Al O  4( 34,&'(4'(& [1] & 3,4-

&--7'(,&,41+2) '-%6@7G&* >,+F&.4* (,&'. 9). 
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1

2

?
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4
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4
'(
; 
3
,
&

 '
/
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&

, 
I
?
+

?4,&'(4'(;, %  

L&'. 9. Q+1&'&*4'(; ,+'$%(24: & A.'3%,&*%2(+-;24: 3,4$24'(&  

3,& '/+(&& C?#I 4( 45G%: 34,&'(4'(& 6-8 4.'&6+ +-7*&2&8:  

1 – A.'3%,&*%2(+-;2+8 .,&1+8; 2 – (%4,%(&$%'.+8 .,&1+8 

H+.&* 45,+04*, 2+*& 34-@$%2) '-%6@7G&% 1)146). 

?4'(,4%2+ *46%-; 1)'4.434,&'(4>4 .%,+*&$%'.4>4 *+(%,&+-+, 34014-

-87G+8 3,4>240&,41+(; %>4 F&0&.4-*%9+2&$%'.&% '14:'(1+ 2+ 4'241+2&& *%-

9+2&$%'.&9 9+,+.(%,&'(&., 43,%6%-%22)9 2+ *424-&(2)9 45,+0=+9 (4>4 /% 

*+(%,&+-+. I46%-; 3,%6'(+1-8%( '454: 3,4'(,+2'(1%224-'(%,/2%1@7 .42'(-

,@.=&7, 5+041)* A-%*%2(4* .4(4,4: 81-8%('8 8$%:.+ (%(,+.+&646%.+A6,+ 

' ,%5,+*&, 3,%6'(+1-87G&*& '454: '(%,/2& 34'(48224: 6-&2) & 3,4&014-;-

24>4 343%,%$24>4 '%$%2&8. 

L+0,+54(+2+ *%(46&.+ 1)$&'-%2&8 34,&'(4'(& 1)'4.434,&'(4>4 8$%&-

'(4>4 *+(%,&+-+ $%,%0 >%4*%(,&$%'.&% 3+,+*%(,) ,+0,+54(+224: *46%-&. S'-

'-%641+2) 0+1&'&*4'(& 3,4$24'(2)9 & @3,@>&9 9+,+.(%,&'(&. 1)'4.434,&'-

(4>4 8$%&'(4>4 *+(%,&+-+ 4( 45G%: 34,&'(4'(& 2+ 3,&*%,% *46%-& '4 '(%,/-

28*& .,@>-4>4 '%$%2&8. 

C 3,%6%-+9 34,&'(4'(& 85–97%, 43,%6%-87G&9 6&+3+042 3,+.(&$%'.4-

>4 3,&*%2%2&8, 34-@$%24 @641-%(14,&(%-;24% '4>-+'41+2&% (%4,%(&$%'.&9 

,%0@-;(+(41 ' A.'3%,&*%2(+-;2)*& 6+22)*&. ?41)<%2&% (4$24'(& ,%0@-;(+-

(41 (,%5@%( @$%(+ '-%6@7G&9 F+.(4,41: +2&04(,43&& 8$%:.&, (+. .+. ,%+-;-

2+8 8$%:.+ &*%%( 1)(82@(@7 F4,*@, ' 4(24<%2&%* 6&+*%(,41 8$%:.& 2,0–2,5; 

,%+-;24>4 '(,4%2&8 3%,%*)$.&, 3,%6'(+1-87G%: '454: ,+04*.2@(@7 454-

-4$.@ ' 0+.,)(4: & .+2+-;24: 34,&'(4'(;7; F+.(&$%'.&9 '14:'(1 *+(%,&+-+ 

' @$%(4* 4'45%224'(%: (%924-4>&$%'.4>4 3,4=%''+ &0>4(41-%2&8. 
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