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In this thesis, a vibration correlation technique (VCT) was introduced to determine a 

buckling load of thin plates. It was shown that the square of the natural frequency of a thin plate 

linearly varies with an applied in-plane load, and the natural frequency approaches zero when the 

applied compressive load approaches the buckling load. Buckling experiment was performed on 

an experimental setup which is able to apply tensile and compressive load to a specimen. The 

specimens used in this study are stainless steel and aluminum plates with CCCC, CCCF and CFCF 

boundary conditions. The buckling loads were determined from the vibration data of plates in the 

tensile range by plotting the square of measured natural frequency against the applied load, and 

extrapolating the data to the applied load at which natural frequency approaches to zero. Buckling 

loads from the experiment were compared with numerical solutions. The average percentage 

differences between the measured buckling loads and the numerical solutions of stainless steel 

specimens with CCCC, CCCF and CFCF are 11.41, 0.41 and 0.45, respectively. The average 

percentage differences for aluminum specimens with CCCC, CCCF and CFCF are 1.24, -1.14 and -

1.73, respectively. The experimental buckling loads compared very well with numerical solutions in 

most cases, although the standard deviation in some cases is high. Boundary conditions are 

believed to be a considerable factor in the high percentage difference between the measured and 

numerical buckling loads. In conclusion, the buckling load of rectangular thin plates can be 

experimentally identified with acceptable accuracy using vibration data. This approach is very 

useful, especially for structures with unknown or imperfect boundary conditions where analytical or 

numerical solutions to the problem are not available. 
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~,)lJ''a~1 n "''1I'a-l~fi L:n-l ~') L~'1I ~'a n1r~ Lf'1r1::tfYl1-l Flru(;l P11~ (;1ft,,] ~1l-J1rCl~ 1 ~'a-lYi ~ ~ nrrl-J'1I'tl-l 
~ I ~ I 

:nlJ-l1lJ"l1-lL~tlth-l~l-J\lrnr n~ 1') ~tlCJ~ L'fl~UYlL~"l1n~fiL:n-l ~') L~'1I LU'WCJ~ L'fl~U'lltl-l:n'W-l1'WYliJ 
I~ , ~ 

~ n1tcu:: (;I 1 l-JYl ~-lL.n 'Wnr::u,)'Wn1 mnu ClJ~1 L:n-l ~') L~'ll ;-lm"l hJ (;IN nu~ n1tcu::'lltl-l:n'W-l1'W"l1-l 

" ~1~ fu~fi n 1 rYl '" ~'a-l ri iJ, 'a~ 1 n '" ~'a n 1 r~ ~1-l:n lJ-:J 1'W LL~::, "'Yl '" ~ 'a-l iJ r11L1' ~1U ~ -l LL~ ::L1' 
" . 

r::u ::L,)~1L 'Wn1 r~1 L U'Wn1r'W1'W LL[;j riiJ,'a ~ ~'a~1l-J1 rCl~1 r11111r::n1 r Lrl-l-ltl'lltl-:J:n'W-l1'W"lr-lYliJ 
II "I " 

FI,)1l-J 1lJ~ l-J\l rnr'll'a-l"';-l:n'W-l1'WLL~:: L~tl'W L 'll'1ltlU L'll (;I'lltl-l mr4'u:n'W-l1'W 1~ 

" ~YlU1UYi'Wfi'fluui1~ n1t1 mr~1 "'1111 r:: m r Lrl-l-l 'tl'll'a-l Lf'lN ~ ~1-l LL~'WU1-l ~')u n1 rYl '" ~'a-l 

L",uHLYlf'lUFlFI,)1l-Jil-J~'Wfi'1ltl-ln1ri'W~::LVltl'W (Vibration Correlation Technique) L-if1l-J1'Jbu 
" , 

L 'Wn1rU-l; r11111r::n1r Lrl-l-l'a L Yl FlUFI f'l,)1l-Jil-J ~'Wfi'lJ'a-l n1ri'W~::L V1tl'WLu'Wn1r L1' f'l') 1l-Jil-J~'Wfi 
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" " t I 

n1~'VlIfI~'fl~ t tJ~'VlU111yn.!fit1d:JtJn1~~ m~t1~1I'il111~:;n1~ Lri~~'fl'1l'a~:ntJ~ltJVi;j L~'fltJ 1 '1I"lI'atJ L'1I (;\ 3 
., , , 

u.tJtJl~LLri LLtJtJUIfILLtitJl1~~~ltJ (CCCC) LLtJtJUIfILLtitJ~ll-J~ltJtJ~lU~M:;~~~~ltJ (CCCF) 
., 

LL~:;LLtJtJU IfILLtitJ~'a~~ltJtJ~lU~M:;~'fl~ ~ltJ (CFCF) 'Vl1fI~'fl~ LIfIU t t¥111~:; t tJLLtJ')~:;tJltJl1~l11~:; 

~~LL~:;nlfl'1ltJllf1vh~1 LL~,)~1I'ilr1,)1l-J~fi~~l-J"lIl~'1I'fl~Lr1N~¥1~LLcJtJtJl~~ftJ111~:;'1ItJllf1vh~1 Ul 

-D'a~~~l~l-Jl'Yi ~'a (;\ n ~1~ LL~:;tJ~:;l-Jl cwl'ilfll~:;n lfI~li 1 t t¥ l'il r1,)1l-J ~ fi~~l-J"lIl ~"lI'fl~ Lr1N ~¥1~ LLcJtJ 
, " ., 

tJl~ LYI1 ntJ PltJU;~ l'ilfll ~:;u\J''l :;d:JtJl'ilfll~:;n1~ Lri~~'a"ll'fl~ Lr1N~ h~ LLcJtJtJl~ ~ ~~"l1 nutJ 
" 

, ., 
n1~itJ~:;LVi'atJ 1 tJn1~~ll'ilfll~:;n1~ Lri~~'fl'1l'fl~ Lr1N ~¥1~ LLcJtJtJl~ ~fi n1~t1"l :;djtJ'Vll~ L~'a n t ~~ 

t tJn1~~ll'ilfll~:;n1~ Lri~~'fl'1l'a~ Lr1N ~ ¥1~ LLcJtJtJl~ LIfIU~fi n1~Y1If1~'fl~ ~~"l:;"J!')ul m~rhfll~:;n1~ 

~'VlU111'YitJfi\l;j, IfItJ~:;~~ rl~~ n ~'a~tJ~:;L!~tJ~'a L ~'fl ~mtl'Yi ~ ~ m~l-J n1~itJ~:;L Vi'fltJ'1I'fl~ 

Lr1N ~ ¥1~ LLcJtJtJl~ ~ ftJfll~:; 1 tJLL tJ')~:;tJltJ~~fll~:; LLtJtJ ~~ LL~ :;fll ~:;LL tJtJ n IfI LL~:; LmutJ LVi UtJ l'il 

fll ~:;n1~ Lri~~'flLL~:;ltJ11~ n1~ Lri~~'a (Mode Shape) "lJ'fl~ Lr1N~¥l~ LLcJtJtJl~"ll n n1~'VlIfI~'a~ ntJ 

I'ilfll~:;n1~ Lri~~'aLL~:;ltJ11~ n1 ~ Lri~~'a~ ~ltJ') CW"ll n'Vl ~1t~LIfIU 1 i1ih il~ vi') L~"lI LIfIU I'ilfll~:;n1 ~ 

Lri~~'a'1l'a~ Lr1N ~¥1~ LLcJtJtJl~"ll n n1~'Vl1fI~'a~~1"l1 n L'Vl r111r1 r1 ,)1l-J i l-J~ tJ fi~:;~~l~ l'il ih ~~ ~ 'a~ '1I'a~ 

r1,)1l-J ~fi~~l-J"lJl ~ ntJ l'ilfll ~:;~t t¥ ntJ Lr1N ~¥1~ LLcJtJtJl~ 

... .... .. 
1.3 'lI'il\JL'lIj;}'lI'il~1't'1!.11\AVi\Afi 

., , 
'1I'atJ L '11 (;\'1I'a~~ 'Vl ul11 'YitJfit1~'a n 1 ~~ n1tl r1,)1l-J il-J~tJfi~:;~~l~ n 1~~ ~'a~ '11 'a~ r1,) 1l-J ~ 

finWlIl ~'ll'a~ Lr1 N ~ ¥1~ LLcJtJtJl~ LL~ :;l'ilfll ~:;1 tJLL tJ') ~:;tJltJ~Lr1 N~¥l~ l~ftJ~l;j r1,)ll-Jil-J~tJfi 

LLtJ1.JLil~ L~tJ LL~:;l'il r1,)1l-J ~fi~~l-J"lJl ~t tJ'Vll~Y1 ~1t~"l:;;j l'il LYl1 ntJ~tJUL~ 'a;jfll~:;'1I\Allf1 LYl1 ntJ l'il 

I 0 ~ 0 11 .J " .l' 
fll~:;n1~ Ln~~'al-Jl n ~:;'Vll LIfIU n1~'VlIfI~'a~'Vl~~l-J lfI'Vll Llflul "lI11f1'Vl1fI~'a~'Vl'a'an LLtJtJLL~:;~~l~'1ItJL'fl~ 

~~11f1'Vl1fI~'a~~~¥1~~tJ~1l-J1Hltt¥fll~:;LLriLr1N~¥1~LLcJtJ'U1~1~~~fll~:;~~LL~:;fll~:;nlfl 
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", , 
=il.!,nl.!YiL-rL l.!n') ~l1 rn 'M)'I L ~~~1 fii 1111~:: n 1 ~ Lri'l'l~'1l~'I LFiN ~ h'l LL~ l.!U1'1~ 1 n ~fi 

FI'J1l-Jil-J~l.!fi,,~'I n1~il.!~::L Yi~l.!Lill.!1'~VI L~~::~~'I n~l-J ~~ n~l-JLL~l.!~~ij Ll1Ul-J 6061-T6 ~i1 
~ ~ ~ ~ 

'1ll.!1V1irn~'Jl.! (Aspect Ratio) v11'11 nl.! 3 '1ll.!1rnirn~'Jl.! L~)tJLLv1~::<JIl.!1V1iVl~'Jl.!i1F1'J1l-J~l.!1 2 

'1ll.!1rn LL~::~nn~l-J~~LL~l.!~L~l.!L~~ AISI 304 <JIl.!1V1iVl~'Jl.!v11'11 nl.! 3 '1ll.!1V1iVl~'Jl.! LL~::i1F1'J1l-J 
" "" I 

~l.!1 2 '1ll.!1 VI L'lil.!L~m nu=Dl.!'I!l.!Ll.!n~ l-J LL~n LVlu=Dl.!'I1l.!'f1'1mJ Vll1 VI ~~'I111U 1~\~~l.! 1 <JI<JI~U L"lJ ~ • " , , 
LLUU ~ rn LL Ul.!'f1'1 ~ ~1l.! LL UU~ VI LL Ul.!~1l-J ~1l.!U~ 1 u~ M::~il'l ~1l.! LL~ ::LLUU~ VI LL Ul.! ~~'I ~ 1l.!U~1 U 

, , Aio" 'I ... 4 ., 0 I q 4 ~~ 11 
~M::~~'IVl1l.! LL~::l1rn~~'I111U ~~111~::rn'lLL~::111~::nrn ~l.!LLl.!'J~::l.!1U l.!1F11m1l-JClfinl-J"ll1~l1 ~VI 

~1 n n1~l1 VI~~'Il-J1Yi~~ ~ nr)Yh::~~1'11'l'J1l-J ~ fi~~l-J"ll1 ~ n1 ~'I~~'I nU111~:: Ll.!LL l.!'J ~::l.!1 U L ~~ ~1 fii1 

" " , 
111~:: n1 ~ Lri'l'l~ LL~::tui1'1 n1 ~ Lri'l'l~<JI~'I:nl.!'I1l.!LLv1 ~ ::LL~l.! ~1 m!l.!U1 f'11111 ~::n1~ 'Lri'l'l~Yll~l-J1 

Lmuu L YlUunu fii1111 ~::n1 ~Ln'l'l~l11'1l1 ~ljn LL~'J~~UtJ~ f'I'J1l-J LL~l.!ii1<J1~'I~fi<JI~'I f'I'J1l-Ji l-J~l.!fi 

<JI~'In1~il.!~::LYi~l.! 

" " ~l1u1UYil.!fil11.h::n~u~'Jmil~~1 7 

~1U~::L~UVl Ll.!LLv1~::~'Jl.!~'I~ 

Ul1~ 1 n~1'J5'1m1l-J~1~CY ~l-J1'1l~'IUCY~1 '1l~UL'1l~ LL~::'1rnU~::~'Irl'1l~'I1l1U1UYil.!fi 
" " ~'Jl-J'f1'1 L il~~1 Lrnm'Jl-J'lJ~'I1l1U1UYil.!fi 

• " I I 

Ul1Yl 2 Lill.!Lil~~1Lnu'Jnum'f1P\u'J~~run~~l-J ;'In~1'J5'N1l.!1{uLrnmLu'lLill.!~~'I~'Jl.! 

~~'I1l.!~{U~ L~mif~'Inuu CY~1 n1~ Lri'l'l~'lJ~'I 'LFlN~~1'1 LL~l.!U1'1~'I~'Jl.! 1 ~ '1i Lill.!n1~l1 rn~~'1 LL~'J 
U1 tJ~~1~l-J1 Lmuu L Yiuu nu fii1111~::Lri'l'l~~ i"i1l.!'J rul-J1~1 nl1 ~lj n ~'Ju1fi L:n'l ~'J L~" ~ n~'Jl.!~~'I 
~'el'l1l.!1{U~ L~U'J.;{~'I nuu CY~1 n1 ~il.!~::L Yi~l.!~'I~'Jl.!l-J1 n Lill.!n1~~ nlj1 ~'Ju1fi L=D'I ~'J L~'1l Lrnu 

" 
'I1l.!1{ u L ~~ 1l1L.;{ Lill.!LL l.!'J l11'1Ll.!n1 ~~~ n LLUU n1 ~l1 VI ~~'I n 1 ~Ln U.;{~l-J ~ LL~::1 Lf'I n::oJ tJ ~ n 1 ~ .. 

'" , 
Ul1Yl 3 Lill.!n1~l1Ul1'Jl.!l1 ~ljn~l.! ~1l.!'1l~'I 'Lf'lN~~1'1 LL~l.!U1'1 n1~1 LFI~1::oJL ~~~1 fii1 

111~::n1~ Ln'l'l~ n1~1 LFI~1::oJU '1l~1 n1~il.!~::LYitll.! ~l-Jn1H:n'l~~~l.!fi'1l~'I Lf'lN~ h'l LL~l.!U1'1 1l.! 

~'Jl.! ~ ~'I'1l~'IUl1~LL~ rn'l1fl n1 ~~1 FI'J1l-J i l-J ~l.!fi~::~~ 1'1 n1 ~il.!~:: L Yi~l.!nu L~ ~ U ~ 111Yi'1l~'I 
• I I I " 

Lf'lN ~ h'l LL~l.!U1'1;'I Lill.!Yil-J1"lJ~'I L l1 FlUFI FI'J1l-Jil-J ~l.!fi'1l~'I n1~il.!~::L Yi'ell.!Yil-rL l.!n1 ~~ n1j1l1 

Ul1~ 4 LL~ VI'In1~~'elUl1'Jl.!Ll1 FlUf'I FI'J1l-Jil-J~l.!fi"ll~'I n1~il.!~::L Yi~l.!~l-rL l.!n1~~1 fii1111~:: 
" , , 

n1~ 'Lri'l'l'el Ll.!Ul1i1n~1'J 5'1~:: LUuu1nwfYil.;{1l.!n1~~1 fii1 FI'J1l-J ~fi~~l-J"ll1 ~ LL~::fii1111~::n1~ 'Ln'l 
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, ~ 

~'El Fl,)1l-J~in~'ufi"jJ'tl~ Fl'l1l-J nfi~~WJ!1 ~ti1~~~'El~ LLa ~1"11111~~ 1 ULL U,)~~U11J~,)l-Jl1~ n1 ~~1 1"11111 ~~ 

n1~Lri~~'tl"jJ'tl~LFlN~~1~LL~U1J1~"1nFl,)1l-Jil-J~Ufi"ll'El~Fl,)1l-J~fi~~WJ!1~ti1~~~'El~n1J111~~1uLLU,) 

, 
1JYlYl5 LLMI~~1tJa~L~tJc;'I"jJ'tl~n1~Ylc;'la'El~ L~tJmh~ti~n1~Lrn~tJl-Jn1~Ylc;'Ia'El~ "lfc;'lYlc;'la'El~ • , ., , 

~umruLLa~LFl1'tl~ij'tl.r c;'I ntJa ~L~tJ ~"lI'tl~:nu~1UYlH1. Un1~Yl c;'Ia'El~ ~fin1~Yl ~a'El~ ~,)l-J ti~ n1 ~ 
... .. 
1JUYln~an1~Ylc;'la'tl~ 

1JYI~ 6 djUn1~LL~ ~~ ~a n1~Yl~a'El~~1 1"11111~~n1 ~ Lri~~'El~1~"1 n n1~Yl c;'Ia'El~ ~')tJ~fi 

Fl,)1l-Jil-J~ufi"jJ'tl~ n1 ~iu~ ~L Yl'ElU L~tJ~1 1"11111 ~~n1~ Lri~~'El"jJ'tl~ LL~UYl ~a'tl~~YI c;'Ia'El~ ~')tJ~fi 

Fl,) 1l-Jil-J~ufi"jJ'tl~ n1~iU~~L Yl'tlULmtJ1JL YltJ1J n1J ~aYl1~Yl ~1t D~ ~1U,) nJl-J1"1 n ~~LutJ1J1Y1i 1 U 
., , 

1JYluu~1~LFl~1~i~an1~Ylc;'la'El~Yll~"1nn1~Ylc;'la'tl~n1~~11"11111~~n1~Lri~~'El"1n1fi 
, 

Fl'l 1l-Jil-J~ufi"ll'tl~ n1 ~i U~ ~ L Yl'tlUI11 tJ 1111111~~ ~~ LLa ~ n ~ LLa ~111tJ 1111111 ~~n c;'I L Y; tJ~'tlth~ L~ tJ ') 

~') l-JvT~~ LFl11 ~i~1~1 L ~ 1tJ"jJ'tl~ Fl,)1l-J Fla1 c;'I LFl ~'tlU~ Ln c;'I;U 1 un 1~Yl ~a'tl~ LLa~1 u~')u~ ~yhtJ dju 

n1~~tu~an1~Yl~a'El~ 

1JYl~ 7 n~1,) ti~i'tl~ ~U"jJ'tl~~YltJ1il'Yiufi U~~LtJ"l!U"jJ'tl~~YltJ1il'YiufiLLa~i'tl L~lJ'El LL lJ~ • 

., , ., 
1lJ~,)lJ~ c;'IYl1 tJ"jJ'El~ ~YltJ1il'YiufiuLtllJI11 Fl ~lJ,) nen~ ill1~~l-J c;'I~1l-J ~')u 1~ LLri111 Fl ~lJ,) n n • ., 

djU~1tJ a~L~tJ ~'lI'tl~' c;'IYl c;'Ia'El~ 1lJLL~a~:nlJ~,)lJ 111 Fl ~lJ,) n "jJ LtllJ~a n1~Yl c;'Ia 'El~"jJ'El~ VJ nLL~lJ 

Yl c;'Ia'El~ L~tJ LL~ c;'I~ 1lJtunn~~~W)1~ 1"11 Fl,)1l-J ~fi~~WJ!1 ~ ti1~~~'El~ n1J111~~1lJLL lJ,) ~~lJ11J LLa ~ 

111 Fl ~U') n Fl LtllJI"11111~~n1~ Lri~~'tlLLa~1"11 LU'tlfL enUt1l Fl,)1l-J Fla 1 ~ LFl~'tllJ"JJ'tl~ n1~YI c;'Ia'El~vT~~l-J c;'I 

LlJYlnnnU • 



" " " 
Yl ~ ~ nrnJ"1I~~:nl.l~'Jl.I th::n~u LL~~ :::nl.lll.1 LI'lN ~ ~1~Ul.l l.I~n'"l1 n"l ::~~~Yi"l1 ~ru 1 ~-l1'l'J 1~J ~fll.I 

LL~::1'l'J1)J Lri~U I'l~ Lnl'l~l.IUl.I LI'lN~ ~1-lLL~~::~l.ILL~'JU~ ~~~Yi"l1~ru1~ n~1 LI'lN~ ~1-l,rl.l't)~ll.1 
~fl1'J::L~nUn~1't) hJ ~-l LI'lN~ ~1-l~~1m.h::Lfl'Vl~1)J1 ~Cl Ln I'l 1'l'J1)J L~U~1U L n't)-l "I 1 n'lJ1 '" 

L~nu~fl1Ylll.1"11ru::~fufl1~:: ~1~fUI'l'J1)JL~U~1U"1l't)-lLI'lN~~1-lLLtJ-ll~ 2 ~m~tru::~'tl 1'~~ 
" , 

L~U~1U (Material failure) LL~::HH1-lL~U~1U (Form failure) LI'lu1'~I'lL~U~1mn"'~l.IL;j~1'l'J1)J 
~ . 

"I::tJnn!Jll.1~miru::"1I~-lm1LL(;Inin~1~m~~mI11'l LL~~1~funrru"ll~-lttJi1~L~U~1U~1)J1~Cl 

Lnl'lfl.ll~LLlj' I"h 1'l'J1)J Lfll.IU-lii f'h 1~~-l; t'1"h nl'l I'l ru~)JU~'Vl1-l n~"lI~-l1'~ I'l Lt'1U LL~ I'l-l1,x L i;l.Ill.1 • • 

" " " I 

;l.I~'Jl.Iu1~:nl.lll.1 LI'lN~~1-lm"l~11,x Ln I'l1'l'J1)J L~mnu ~~ LI'lN~ ~1-lli-l~)J t'1 1~ Ul.lLL~ t'1-l1,x Li;l.I~1 

1'l'J1)J L~u~1mLuultJi1-lL~U~1Uii 1'l'J1)J~1 r)'Y)J1 n ll.1nr::u'Jl.Imr'tl'flnLLUU Lt'1U L llYl1:: LI'lN~ h~ 
.J ClIo!' .J... ':.J.d .... ~ 0... f .J 0 '" 4 

'Vl)J".lIl.1~'Jl.I'VlrUfl1~::n I'lLL~::Lijl.l"lll.l~'Jl.I'Vl)J~ miru::L~mU1-l ~1~~U 1'l1fl1~::'Vl"l ::'Vl11 ~ Ln t'1 1'l'J1)J 

«II ~J' I ..... I 1.1 .J 0 d ..::.I 0 S.I 

L~U~1UtJ~:: Lfl'Vll.l"lll.l'tlfJ nUlth1-l "lI~-l LI'l N ~ n~ LL~ ::ttJLLUU"lI~~fl1 ~::'Vl n ~::'Vl1 "ll-lfl1~::'Vl'Vl11 ~ 
I I I " 

LI'lN~~1~ Ln I'l LtJ~Ul.l~fl1'J::"I1 n L~ om fl1Yl~il-l hJ~~ n L~ om fl1Yl~il-l;jL~U n~1Jl1 ~::m ~ Lri-l-l't) 
~ 

~1~fl1r::~n~VI LL~::ltJi1~"1I~-lLI'lN~~1-l~-lLtJ~Ul.lLLtJ~~hJ~~nL~OurJl1Yl~;1-lL~un~1ttJi1-ln1r 
Lri~~~ (Buckling mode) 

l.I't) nL ~il~"I1 n 1'l'J1)J L~ U~1U LL~'JYl ~ ~nr~)J~;1-l~ ~~~~"I1rru11l.1m~'t)'t)nLLuu ~~ m~ 

il.l~::L Vi~l.I "litH LI'l N ~ ~1-l ~-l LI'lN ~ ~1-l'Vl1~~ Pi'J n ~~)J'~ '" djl.l~::UU'Vl1-l n~"ll u",~;1~ ~ ii n1 ~ 
(;I't)U~l.I~-l ~~ m~il.l~::L Vi~l.I~ LLVln ~1-l nl.l hJ n 1~il.l~::L Vi't)l.I't)th-l~M::'jJ'tl-l LI'lN ~ ~1-l~)J1U~-l 

m~il.l~:: L Vi~l.I"1I~~ LI'l N~ h~~ Ln I'l;l.I~th~~~ r::l~1~'t)~Jl1U 1~~'Vl fiYl~"1I't)-l LLNJl1 Ul.l~ n Lt'1U 

.J .Jq I 4 I" .: q I .J ~ 0.., '" I 

1'l'J1)J Cl"ll ru::'Vl)J m ri l.I~:: L 'Vl~l.I't)U 1~ 't)~ ~::l.I LrU m 11'l'J 1)J Clfi~~)J"ll1 VI ~1~ ~U LI'l N ~ n-l LLVI~:: 

LI'lN~~1~"I::iiI'l'J1)J5fi~r)J"ll1~LLVln~1~nl.l;l.I't)~nu~Vln~'Jl.I~Jl1YlUt'1~~w;1'J~~~Jl1Yl~1l.1m~ 
I II " I I 

ll.l~::L Vi~l.I li~;j'tlm1~'Jl.Ic;Y-l n~1'J~1)J1~Cl~"I1 rru1~11~"11 n~)J m~m1LI'l~'tll.lYi"1l'tl~ LI'lN~ ~1-l 
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"I I " 

il'U~,)'U"1I't.l~ Lrli't.l~u'U HltI'Uvr\.i1't.lL~'t.l ;~ Lf)N~~1~ LLc.i'UU1~ L ~~1i1,r mn c,;) f),)1lJ L~tI~1t11 'ULLUU 

" , 
pJh~L~tI~1t1Lc,;)tI't.l~1'Ultln1~Lri~~'t.l 11i~t!'Un1~~n1=t1Lntl')nUVi~~n~~lJn1~Lri~~t:l"llt:l~Lm~~h~ 

LLc.i'UU1~~~ij f)')1lJ~1 dj'UL~'t.l1 '" L ,11" Vi ~ ~ m~lJ LL~::~1lJ1~C1't.l't.l n LLUU LM~~~1~ LLc.i'UU1~ 1~ Ll'ltl 

" 1Y1t11\lVi'Utfij~n1=t1 n1~~1 fii11l1~::n1~ Lr1~~fl"1l't.l~ Lf)N~ ~1~ LLc.i'UU1~ Lc,;)tl1 frlfi f),)1lJ ~lJ~'Utf"1lt:l~ 
I I I " I 

n1~~'U~::L YI't.l'U ;~ij ~ ,)'ULn m''t.l~ nUL il'fl~1 ~ ~ n ~ 't.l~i')' 't.l ~'t.l n1 ~ Lr1~~ t:l LL~:: n1 ~~'U ~ :; LVi t:l 'U"lIt:l'l 

Lf)N ~h~ LLc.i'UU1~ LL~:: 1, f),)1lJ ~lJ~'Utf"ll't.l~iJ '1l~1~~ ~t:l~ 1 'U't.l't.ln LLUUn1 ~Y1 c,;)~t:l'l LL~::Y1 c,;)~ t:l'l~1 
""" , ..I " 

1'1 11l1~:; n1 ~ Lr1'1'1't.l 11i~t! 'U L il't.l~ 11 'UUYI ij,,:: n ~ 1 ') 5'1 'I 1 'U14' tI Yi Ln tI')''t.l'l n U1 YI tl1 \l Vi 'U tfi1Lc,;) tI 

LLU'I n~lJ"1I't.l'l~1'U14'tI LtI'U~'t.l'l n~ lJ ~'t.l'l1'U14' tI~ L~ tI'),t:l'l nu n1 ~~1 1'111l1 ~::n 1 ~ Lr1 'I 'I t:l"ll t:l'l 

Lf')N~ ~1~ LLc.i'UU1~ Lc,;)tI":; L U'Un1 ~~ n1=t1~ LtI'Un11Y1 c,;)~'t.l'l ~')'Un~lJ~ Ml'l LtI'U'I1'U14'tI~ L~tI') nu • 

n11~1fii11l11::n11Lri'l'l't.l"1l't.l'l Lf')N~11'1 LLc.i'UU1'1~1lJ1~C1'fi1 Hi1c,;)tl1fin1~1 Lf)~1::,r 1fi Lil'l 

(;j'') L~"1I ~~t:l1fin1~Y1 c,;)~fl'l ~'1 n1~~1 fii11l1 ~:;n1 ~ Lr1'1'1't.l"llfl'l Lf')N~~1'1 LLc.i'UU1'1 ~')tl1fin1~Y1 l'l~t:l'l 
, " 

Yhl~c,;)tln1~~"1~ru1"1nVi~~m~lJ''ll't.l'lLf)N~~1'1LLc.i'Uu1'1Lijt:lfu1l1~::nc,;) 1fin1~U'I:n1l1~::n1~ 
" Lr1'1~'t.l" 1 nn1~Y1 c,;)~t:l'l ~1lJ1~C1'fi11~~~1t11fiLc,;) tI ~ 1lJ1 ~Cl LLU'I1fi n1 ~U'I=D1~~t:l'l~ n1=tru:: ~t:l n 1 ~~1 

fii11l1~::n1~Lr1'1'1flLc,;)tl1fiYl1'1~~'ILL~::Y11~~t:llJ ~'I1fin1~Y11'1~~'I~1lJ1~C1~11~"1nn1~~c,;) 

1'11Vi111ij L~t:lf~1'11 "1It:l'lVi~ ~m~lJ n1~ Lr1'1'1t:ll~LLri ~::tI::Lf')~fl'U~'Ut:l m:;'U1U ~::tI::tJU (;j'') 1 'ULL'U,) 

~:;'U1U (End shortening) LL~::f),)1lJ Lf')1t1 c,;)U'UCj,)~U1~ Lu~tI'Ult1Lijt:l LM'I ~~1'1fu1l1~::n c,;)~ij 
" 

"1I'U1 c,;) ~1'11 n'U Lc,;)tlij~1t1~:;L~tJc,;)~'Iij 

" 1fiij~1 fii11l1 ~::n11 Lr1'1 'I fl" 1 n n nYl"1lfl'l f),)1lJ ~ lJ~'Utf~::~~1'11l1~:: 1 'ULL 'U ') ~::'U 1U n U 
I 1 I I I I 

d .::II I ..::::. ... ~ ~ q 4 

1:;tJ::Lf')~'t.l'UYI'U't.l m::'U1U"1Ifl'l LL~'UYI c,;)~'t.lU ru U1L,) ruYi Ln c,;) n1nf')~'t.l'UYI'U'tl m:;'U1U~'I ~ c,;) ON 

nnYl f'),)1lJ~ lJ~'Utf~::~~ 1'11l11:;1 'ULL 'U,) 1::'U1 U n U 1::tI:: Lf')~'t.l'U ~'U't.l n 1:;'U 1UYl1'1 ~ ~lJ f') ~,,::ij 

~n1=tru:;~1lJ L~'U 1-2-3 1 'Ultl~ 2.1 n ~1,) f.lmi'l'l LL1nLrit:lij m1L ~lJ1l1 ~:;1 'ULL 'U,) ~:;'U1u1 '" LLri 

Lf')N ~~1'1 LLc.i'UU1'1"::U'I hJ Ln c,;)1::tI::Lf)~'t.l'U~'U't.ln ~:;'U 1U LL~ Lri't.l1l1~:: L ~lJ 5'1 1'111l11:;1 n ~ (;m~'tl 

111 ~::m~ Lr1'1'1't.l ('1 c,;) 2) Lf)~'1 ~11'1 LLc.i'UU1'1~'I L1lJ Ln c,;) m~ Lri'l'l't.l~ ~'tl L1lJ Ln l'l~:;tI:: Lf) ~'tl'U~'U't.l n 



@,t't'!Jlb l.,U t'~kt~ ~'m@,!J N ... jl-ft ~t-Al.,b un~' ~l:l rt1U l.,~~t'b~n~' t'@'lt,lo:l ~ ~ ~~ ~ @,~ t.l.,~U 111.,n~b 

u@,n~n@'~~'~rl~b~~I111 Lrll.,»~~~l.,~lHl.,rtl.,~@'t't'!Jlbl.,Ulo:lk!'~l4~t'~~t'f1bl.,U~~ £OG ~rln~t-Al.,bu 
I I ." I 

t'l4' ~\ ~ btAl.,b U ~ @,~ Ml.,rt t'@'~ t'~.f @,~, t:l.,b l.,Ml.,~ l.,!l@,t!, {3.t't'!Jl bl.,U t'~ l.,rubl.,b~b l.,Un U-~~.f@,~' t: l.,bl.,M 
"0 0 

t.~nl:p 111., n~b t.n'1ft ~ t.~ 11t1~ rl~b ~ ~~ bt:~~ {3.t't'!Jl b l.,U t'~ t'lo:l ~".f@,~' t: l.,bl., Mnl:}' 111.,n~bU @,n 
" 

l.4.n{3.~l!f'~rl~bll.' ~bl.4.nl.4."~"t'rlM' 111.,n~W@,nl.4.n{3.~~'~rl~bgt.I1Urll.,~~~ru.qu~rtngt. fts'., ,," II=" I It=' p::.... fItJ'-...." ..... II=" fa' fD'''' 
I I I I I '" 

111.,n~bt.mm~t.~I1t1~rl~b~~ GO ~ °G 

I1l.,n~bu@,n~n{3.~~'~fl~b~~fll41 {3.t't'!Jlbl.,U~bl.,Lll.,~l.,Ml.,U GOG ~~l 
o 0 0 

M. 111.,n~bU@,nl.4.n{3.~~'~fl~b 
rr ~ 

.~d @'t't'!Jlbl.,U~bl.,Ll 

d ~bLLl 

t'l.,l1n~"t'l.,~~t'b~lt'{3.IT.@,t't'!Jlbl.,Urtbbu~bM ~ °G ~rl 

M. 111.,n~bU{3.nl.4.n{3.~~'~fl~b 
... ... o 0 

V 

£ d ~bl.,Ll 

GOG ~rln ~ N4 ~" t'!' {3.t't'!Jl bl.,U l4 k!' t'~kt~~" l4 k!m{3.!J t't.jl-n ~tAU U t'~ ~l:l rt1 

Ul.,~~t'b~n~'t'{3.lt,lo:l~l4~~~t:~~flt.~{3.t't'!Jlbl.,U~bl.,Lll.,~h~bbLUfll41 V lo:l~t'9r~ ~ lo:l~t'l.,l.4.n~1rtl.,~ 
o " 

t'lo:l ~" t'~ ~bl.,Ll,t\ ~~" t'~ aU l.,br~bt'l.,l1n~" t'l.,~ ~ t'b~l t'{3.It, {3.t't'!Jl bl.,U~fl~b~I1Qrt'l.,l.4.n ~~" 111.,n~b 
" 

L 



" 

fl1~:; P 

~:;!J:;~lJ~')LULLU,)~:;1..nlJ 5 

tU~ 2.3 n1~~lrilfl1~:;n1~tri~~'t) t~u~fi~:;u:;~lJ~,) LULLU'n:;UllJ 

8 

~fin~1 rillll~:;n1 ~ tri~~'t)"I1 n nn~ f'l')1~~in~'ufi~:;~~I~lll~:;L ULL U'l~:;ullJ1ilJ ~'Cl ~1~ 
" I I I q ~.... II I 0 I .oC:Ii.oC:ll ..:1..:::.1 

"lI't)~f'l')I~LFl~U~lJU~'lVl~M)~~IU"lI't)~LL~UVI(Ml't)lJ ru mLL~U~V1~n1~LFl'Cl't)uVlU't)n~:;UllJ~~~~ 

J .0=1 .a. 11.4 I .aI I .4 ~ J' 
'lI~ f'l')1~ Lfl~U ~lJU~,) ~IU~U~'lI't)~ LL~UVI ~~'t)lJ"I:;~FlI LUU'CllJ ~'Cl't) ~L,)'Cl1 Ll-J't)LLN n ~ L Yi~'lIU ~'lU . " . 
~ n ~IU~i1~,rUFl'lI~ LflrU "'''I:;i1 ri1 LUU'CllJ'lI ru:;L1~~UflJll1~:;L'lIUL~U,) nlJ Fl,)I~ Lflru '" ~IU(;lN 

-if1 l-J LL~"I:;i1 ri1 ri't)u1 L ~~~u"Iui1 ri1 LUUlJ'l n L ~'t)~"11 n:iu~ IUL~~ Ln '" n 1 ~ tri~~ 't) L~ 't)~1 
" . 

Fl'l1 ~ LFlru "'11~ ~'t)~ ~1~1 ~ 'Cl ~1~ LL'Cl :;~I~IYi ~'t) (;l nlJlll ~:;L ULL u') ~:;ullJ"I:;l~ L~un n~Yl i1 
. . " 

~n1=tru:;~~tUYl 2.4 t~ufh /),,£ f)'t)~'Cl~I-:j"ll't)-:jFl'lI~LFlrU"'YlCj'll1~~'t)~~IU "Ilnnn~~1~1Hl 
" ~¥I-:jL~U(;lNi~cr~nlJYi~~m~l-JLU'jh~ri't)ULL'Cl:;'lh~~~~n1~tri-:j~'t)l~ LL'Cl:;'1~~WlJ't)~L~U(;l~-:jl1-:j 

. . " 
~'t)~f)'t)"I"'YlLn"'n1~tri~-:j't) ~-:j/11~:; ru "I",~",nf)'t)rillll~:;n1~tri~-:j't) • • 



nl,~t'~~t'~n f\ 11l4l ~~m1 l4l ~~}~l,U t:t'L~nf'm t'l,~~t'~~!! . .m l4l U::~LLI,\\ \~nl,~ru u1~mll4l! nL~ t'~~ 
~ , 

nf\"l4l~::~mnL~t'~~ (lJoddnS aldw!s) flL~~mml:p~l1.m~l1.l1.tn~~'t:::I~mufl~'t'l,lA.\t.I~~Ln::~ 

umm\l4lU::~l,LlJtl\fll,Llt'L~nf'l"t'L~~t'~~!t'~Jl.~t't'f.l!~LUl,~U~ [~] ::ru~::~m !848 !!~t~~t'~~t 
~ 

~~~l.1~LttL~t'~~l4llA.~LU~~flU~~t't'f.l!~LU::~l,Lll,~Lk'\~l,U~1lt'~JIoW~1~b\n~Lf\~fl}~nLt' 

lOld lIaM4lnos ~~fll4l!~t't'f.l!~LU::~l,LlL~Lk'\~LU S"G ~~Z 

M 

( J~J II ) 
~t't'f.l!~LU::~l,LI / ~ = n,g.ttLu~ 

7 ~ 
ULttt'~ru~l\tt~ .. 

ttl,u~ ttt'~~:: b~~~l4llA.n~"::~" ~B~l4llA.n~1't'BJl.l,nk'\ttl,u~ ~U~fllA. 1 Btt, fl~nL~ ttt'B~nLt'nl!. ft:P" I I ,.. fCt'''' "If'=''' It7 
, ~ 

t'BIT.~Ln::~uBn~nB~~1::fl::~~l4l11L~BJtt:!!~~ttL~1:~tt'LflB S"G ~~Zt'~nIJ1tAL~u::ru~U~t:::~" I. I" I 

J~ ~llLY. m,g.ttLu~ t:uL~Ut'~n~' t'~'~LU tt~n.rt'~ nBnnU"un"n 1JB~1 tsL~LM.nlJ' M ttBlA.' 

::~"t'~nu"un'm1JB~'tsL~LM.nlJ' ~ tt~lA.'Lru~Lb~~~' n~'t'~'~Lutt~nlJ' (~"G) ~~LUtt~ 

(~ "G) (

Jd 1)_ J 
M II -M 

B~~LUtt~t:fll4l! nu"un'm\l4lut'~"~l~tB~'L~'t'~I1.M.LLlW~~'t'LlA. 

~ LU tt~ t'BI1.~Zl4l }~LU U LbLtt~t:U LH~t: 1 L~1 t'~IT.Bt't'f.l! ~ LU::~ LLlL~ Lk'\~LU ~.!k'\L~~ \~~~nlJ'!! 
I I I " 

YWl4l' (M) ~Ln::~U~nlA.nB~~1~LU::fl::~~U (clfo) ~~t'L~~t'~~' lA.::~LLI~~lA.n~~~'~LU::fl::~t'~Jl. p:::r-.;. ~ f'=7 17 .... ,.." ~p I P' IP' 
I I I I I 

nu~L~~~t'L~k'\::~Jn~tt1ttl,u~~B~M.::b lOld lIaM41nos ~~n\~~uL~U ~Ln::~UBn~n~~l!l1::fl::~ 

.. ~~ULHL~Jn~tt1ttLu~tAL~unfl~1Lttt'~~t'~~tt~JtL~~" ~Ln::~uBn~nB~~'::fl::~~~llnB~k'\1 
~ , , 

~~~l4llA.nf'l" t'~Il.l4l ~t'~~Ln::~u Bn~n~~~1:: fl::~~ll~Ln::~un,m \::~ LLlL~ l4l1>!!~~ , , ~ 

lOld lIaM41nos ~~ V" ~"G 

6 



10 

~,)lJ~'il-3~1lJ~bJ1~fuJl1~:::QnroruuC;)LLuU~1t1 n1~~m~t1~~~mnJ"lI'il~LFlN~~1~LL~lJU1~LlJn1~ 

Ylr;)~'tN;1d:llJn1~~mt1LlJ'jb~ri'illJn1~Lri~~'il (Pre-Buckling) LL~:::~~~n1~Lri~~'il (Post-Buckling 

) ~-3~1lJ1~() LL~ r;)~ LlJltJFl,)1lJ~lJ...rlJfi"ll'il~Jl1~:::LlJLL lJ,)~:::lJ1U~LFlN~~1~ 1~fu nU~1nn L(;J'il f 
o 0 " 

~1-311~LLri~:::tI:::iJU ~') LlJLL lJ,) LLN ~:::tI:::LFl~'illJYllJ'il m:::lJ1ULL~ :::Fl,)1lJ LFl~tI c;)U1L ') ru~h~,j1'~'~ 2 
.., I I I 

~1lJ"lI'il-3;lJ~1lJ LL~,)lJ1-if'illJ~Yl1~lJ1~1 ~1Jl1~:::n1 ~ Lri~~'il L ~'illJ1 ~~Yl1~lJ1~'iluYl,)lJnu ~~Yl1~ 
OJ 

Yl~Mn~~1lJ1t1~~~m~lJ"lI'il-3LFlN~~1-3LL~lJU1~"'l1nYl~MnLLuuhjL;~L~lJ ~~ri'illJ~1n1~YlC;)~'il~ 
Fl ru::: 0rortl1~ (;J~')"'l ~'ilU~::: L Uti u':)fi n1~~1 ~1 Jl1 ~:::n 1 ~ Lri~~'il"ll'il~ (;Jl.iL'il~ Lc;)tI LmtiU L Yl tlU n U 

~:::LUtlu':)fiYl1~ ~') L~"lI"lI'il~-31lJ':)rortl~lJ~-31~ ~~'il'il nlJ1 Li:llJ~ki1~'ilL"'l ~1~fur)~ C;)~L fllJn1 ~~ nM1 • 
" 0 

ilLi:llJr)~ f1l Fl'illJ L ~~ (;J (Composite Material) YliH;PI n1 ~,)1-3 ~,)"lI'il-3 L~lJLtlYi PI L~tI')nlJ LlJn1 ~ 
o " 

Yl C;)~'il-3~1'l1'il-3Jl1~:::n r;) LlJLL lJ,)~:::lJ1UYlL ~ LLri;lJ-31lJLL~:::~:::tI :::iJU ~') LlJLLlJ,) LLN~1lJ1~()r) r;) 1~"'l1 n 

"4 r;)U'illJJl11:::i (;J L lJ~ ~,)lJ~:::tI:::LFl~'illJ~lJ'il n ~:::lJ1U LL~ :::Fl'J1lJ LFl~tI r;)~~h~,j1'l1'il-3 LL~lJYl C;)~'ilU 

r)r;)Lr;)tlL-if LVDT (Linear Variable Differential Transducer) LL~:::~L(;J~lJLn"'l (Strain Gauge) Lri'il 

LmtiUL YltlUn11~~ ~ ~ n~~lJ n1 ~ Lri-3-3'il'll'il-3 Lf'lN~~1-3 LL~lJf'l'illJ L ~~ (;JU1-3~~~1"'l1 n n1 ~Yl C;)~'il-3 nu 

~:::LUtlu':)fiYl1-3 ~') L~"lI~ LL~ C;)-3LlJltJ m1~ f'l,)1lJ~lJ...rlJfi1:::~~1-3Jl1~::: LlJLL lJ,) ~:::lJ1U nu~:::tI:::iJU~') 

~ U~ 1 L~ lJ n 11 ~ 51 ~ n Mru::: Fl ~ 1 tI Fl ~ -3 n lJ"'llJ n-3"J! ') -3 ~ ~-3 n 1 ~ Lri-3 ~ 'il~Jl1 ~:::LlJ LL lJ'l ~:::lJ 1 U 51 

~1tJ~:::lJ1ru 3 LY11"l1'il-3~1Jl1~:::n1~ Lri-3-3'il Lc;)tI mrortiL ~f'l,)1lJ Ll1lJ~1 f'l'J1lJ f'l~1 C;)Lf'l~'illJ~ Ln c;);lJ 
OJ 

" 0 " 

~~-3"'l1 mllJLn r;)"'l1 n Fl'J1lJhj~ lJ\I~ru"'il-3 L~'illJ1 "lI"lI'ilU L 'lI ~m1'il'il1"'l Ln r;) n1~L~ tI ~1t1~:::~~1-3ilJ 

(Delamination) "lI'il-3 LL~lJr)~ c;)f'l'illJ L ~~ (;J ~,)lJnn~"lI'il-3 Fl,)1lJ~lJ...rlJfi ~:::~~1-3Jl1~:::LlJLL lJ,)~:::lJ1U • 

" 0 

n1 ~Yl r;)~'il-3 (Pre-existing Curvature) 'll'il-3;lJ~1lJYl r;)~'ilU L -ih 1tJLlJm1~Yl1~"'l1 nYl1-3Yl ~M n 

~U~1~ ~ ~ m~lJ n1~ Lri-3-3'ilil Fl'J1lJLn ~ L~tI-3 nlJ ~ ~ n1~Yl C;)~'il-3LlJ~,)lJ"lI'il-3 n ~1~ Fl'J1lJ~lJ~lJfi 

~:::~~1-3Jl1~::: LlJLL lJ,) ~:::lJ1U nu Fl,)1lJ LFl~tI c;)~ ~')~,j1~U~1 f'l,)1lJ LL(;J n [;)1-3 ~:::~~1-3 L~lJn n~~1~ 
I I I " 

Yl1-3Yl~Mn LL~:::n1~Yl r;)~'il-3il ~1 hjlJ1 mIn ~~~ nMru:::L~lJm1~"'l:::[;)1-3 nlJYlJl1~::: ~11 L Y11UlJ Lr;)tI 

LL[;)~:::LL~lJYlC;)~'iluii L~lJn11~~ ~ ~m~lJ n1~ Lri-3-3'il~ LL(;J n [;)1-3 nlJ'il'il n 1tJ LL~::: hlii LLlJ,) L ,jlJi c;) L "'llJ~1 

L ~ ~1~-3~1'il ~1 n~1 Lri'il LmtiU L YltiU ~1'll'il~ f'l,)1lJ Lf'l"itl r;)~:::~~'1~ ~'1Yl'1~ Yl ~M n nu n '1 ~Yl r;)~'il~ 
" 

lJ'il n"'l'1 nilf'l ru:::0rortlfi~~1 ~1Jl1 ~:::n1 ~ Lri~-3'il"'l1 n':)fiYl C;)~'il-3"'l1 n n ~1 ~ Fl,)1lJ ~ lJ ...rlJfi ~:::~~1-3Jl1~::: 

LlJLL lJ,)~:::lJ 1U nu Fl,)1lJ Lf'l"itl c;)~~')mJ1 Lr;)tltJ~:::lJ'1 ruf'l,) '1 lJ ilJ"J! ')-3 ri'illJLL~ :::~~~ n '1 ~ Lri~~'il ~ 

~')~,j1 "lI'il-3 LL~lJ"lI'il-3Yl r;)~'ilU ~1lJ ~ Ln r;) n 1 ~L tJ~ tllJ'lI'il-3 f'l,)'1lJ Lf'l"itl c;) n c;) 1tJ LUlJFl') 1lJ LFl ~tI ~ ~-3 ~-3 
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II" I I 

"i rn ~ rn"1l 'il~ L~ UU ~:;lJ 1 rur1'J 1lJ-D u"'-l ~ 'il-l,r U LtlU"i rn Yi Ln rn n 1 ~ Lr1-l-l 'il Lrn u ~ ~ n 1~'" rn ~ 'il-l YilrJlij 

LU'ilfL;U(;]r1'J1lJr1~1rnLr1~'ilU'il~Lu'li'J-l -7% Ci-l + 11 % L~'ilLYiuunurh"'1-l"'~M'n 

-l1U~r.r U'1l'il-l Tuttle LL~:; r1 ru:; [2] LtlU-l1U~r.r u n1 ~ Lr1-l-l'il'1l'il-l LM-l ~ ~1-l LLe.i Ufl'illJ L 'Vi ~ 111 

U1-lfl1t1Li1fl11~:;LLUU 2 liPl.,,1-l Lrntlvi1 n1~'" rn~'il~ nu Lr1N~ h-l LLe.iUr1'illJ L Yi~ I1IU1-lfl1U Hi' L~'ilul '11 

I " " I 

'1I'ilU L"1II1ILLUU~1t1 fl1~:;YiL fl Un1~'" rn~'il-l\lij~ nM'ru:;~'il-lliPl ~-l'il1 n nu LrntiL ""li PI\-111~ Ltlufl1~:;n rn 

~'Ju~nliPl\-1~-l LtI'lJfl1~:;~-l "irnu~:;~-l 1'l"jJ'il-l n1 ~~ n1i1 ~'il L ~'il\-111'11fl1~:;n1 ~ 'Lr1-l-l'il LL~ :;lu 11-l n1~ 

Lr1-l-l'il91 n~fi." rn~'il-l LL~ 'Ju11u LmtiU L Yiuun U ~ ~~lrJl91 n~fi n1 ~L:n~ ~'J L~'1I rJl'J u~:; LU tlu~fi"jJ'il-l 
" I " I 

Galerkin ~1\-1fu;u-l1uYiL-n~nM'1 LtlULI'IN ~~1-l LLe.iUr1'illJ 'L 'Vi~ I1IU1-l"'-l\-1lJ rn 12 LLe.iUYiij'1lU1 rn 

LLI1I mh-l nu 3 '1IU1 rn L Un1~'" rn~'il-l fl ru:; ~r.rmriu-D'il~~ ~:;W)1~fl1~:; n rn nu~:;tI :;Lr1~'ilU~U'il n 

~:;U1U L ~'il\-11 f'i1fl1 ~:;n1~ Lr1-l-l'il rJl'Ju~fi~:;u:; Lfl~'ilU~U'il m:;U1U Lrnut) rn 1'11fl1~:; L ULL U'J~:;U1U 

rJl'JUlJ1111~t) rnfl1~:; (Load Cell) ~'lU~:;tI :;Lr1 ~'ilU~U'il m:;U1Ut) rn I'll LrnuL-nrn'tl~ Ln9 (Dial 

" Gauge) ~1\-1fUn1~\-11lU11-ln1~Lr1-l-l'il"jJ'il-lLLe.iu."rn~'ilu,ruL~filJ'il;u (Moire Method) Lrnu 
" 0 0 

'il1 ~U\-1~ n n1 m1~;'ilU"'U"1I'il-l LL~~ U'il n9 1 n,ruL Un1~'" rn~'il-lU-lij n1 ~LU~UUI'11fl1 ~:;~-l L Yi'il 

~nM'1~~'1I'il-lfl1 ~:;~~rJl1U-D1-lr;1'il1'11fl1~:;n1~ Lr1-l-l'il~lrJl91 n n1~'" rn~'il-l L~'il Lmuu L Yiuu f'i1fl1~:; 

n1~Lr1-l-l'ilLL~:;tu11-ln1~ Lri-l-l'il~lrJl91 n n1~'" rn~'il-l nu." ~M'n~tulrJl~11'11fl1 ~:;n1 ~ Lr1-l-l'il~lrJl91 n 

n1~'" rn~'il-lij r1'l1lJ Ln ~ L~tI-l nu 1'11~lrJl91 n n1 ~~1U'l ru."1-l.,, ~M' n 'Lrnu ~ ~~lrJlij fl'l1l.J r1 ~ 1 rn Lr1~'ilU 
o 

.... 0 '" 

L'il~m"'1nu 1.61 % 

" " 
LmtiU L Yiuu 1'11"'1~'" ~M'n nu n1~'" rn~'il-l LLr;1~:;;U-l1U,rUU~ij r1'l1lJhJ LL UU'ilU'1I 'il-l n1~t) rn'il~ 

r1'J1lJ r1 ~1 rn Lr1~'ilU~ Ln rn~U'il19lJ 19 1 n f'l')1lJ hJ ~lJ U~nr'1l'il~ L~ 'ilU 1 '1I'1I'ilU L "1I11I"jJ'il-liU~1U\-1~'il ~'J 
" 

" 0 0 

;U-l1UL 'il-l LL~:;U-l'ViU~1 Lij'il L ~lJfl1~:; ~~ rJl1U-D1-lL "" nu LLe.iU'" rn~'ilU9 :;~1L "" 1'11fl1~:;n1 ~ Lr1-l-l'il 

LL~:;tu11-l n1~ Lr1-l-l'il LU~UU lu;-lI1lN 11I1lJ~~1U1U lrJl91 n."1-l.,, ~M'n 

Lr1N~ ~1-l LLe.iUU1-l Lrntli-l Ln 11191 n'Vi ~ ~ n~~lJ"1I'il-l Lfl N~ ~1-l L~'illrJlfufl1 ~:;n rn Lrnu~1 n1~'" rn~'il-l ~ 
~firJl'JtI nulrJlLLr1 ~fi~:;U:;Lr1~'ilU~U'iln~:;U1U ~fi~:;tI:;tJu ~'J LULL U'l~:;U1U ~fi~~ r;11-l fl'J1lJ Lfl~tI rn 

LL~:;~fi Southwell Plot LL~'JU1~~ n11."rn~'il-l~lrJl91nn1~."rn~'il-li-lt5filJ1 Lmuu LVitlunu~~ 

L'il~tI LLlJUI1IN91n"'~M'n Lr1N~~1-l LLe.iUU1~~~ nM'1 LtlULLe.JU'il~ii L \lUlJ~ L~'ilul '1I"1I'ilU L '1II1ILLUU~1t1 
~-l~ rJl1U;~ ~ ~ n1~'" rn ~ 'il-l~lrJl91 n~fi 1:;tI:; Lr1 ~'ilU ~U'il n ~:;U1uijI'11Ln ~ L~tI-l n u ~ ~ L 'il ~ tI LL~UI1IN 
Lrntlijf')'l1lJfl~1rnLf')~'ilUL'il~tlU~:;lJ1ru -2 .8% 'ilth-lhriI1l1lJU-lijnn~'Vi~~m~lJn1~Lr1~-l'ilU1-l 
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n~ru~bJ~1l,J1~(llt11'i1Jl1~~n1~ tri-l-l'ill~"'i1n eH'l n1~Yl ~~'il-l Li1'il-l"'i1 n hi~1l,J1HI~ h-l L~~\.!-il,J er~ 

"li'l-lri'il~LL~ ~lti-l n1 ~ tri-l-l'il LVi ~1~n nYl~l~iJ n 1 nu ~ rJ~LLU ~-l Fl'l1 ).J'n~'il ci 1-l ~'il L ti'il-l~-l hi 

~1l,J1~m~~" ~~iJ n1~Lu~ rJ~LLU~-l Fl'l1l,J-n~'tlci1-l-n ~ L"'i~ ~'l~n1~Yl ~~'tl-l ~'lrJfjfi~~rJ~tJtJ ~'l1 ~ 

LL ~'l~~~1tJl~r.J~n1~Yl ~~'il-l~iJ Fl'l1l,J Fl~1 ~ LFl~'il~L~~m VI1 ntJ 13.4% ~-l~1 Llt ~'1l'il-l Fl'l1l,J 
I ... I I 

Fl~1 ~LFl~'tl~ihl1l,J1"1 n L~~nnYlYi ~ ~ m~l,J n1 ~ tri-l-l'tlYll~u-l hi l'i'tlrJ ~ L U'tl-l"'i 1 n n~1YliJi mtru~ 

LtI~L~~~N~iJ f'l'l1l,J-n~ hi LLVl n v11-l n~l,J1 nun 1 ~"li'l-l ri'tl~LL~~lti-l n1~ tri-l-l'il n1~Yl ~~'il-l ~'lrJfjfi 

r.J~ ~1-l f'l'l 'll,J Lf'l'1rJ ~ 1~ r.J~ n1~Yl ~~'tl-l ln~ L~rJ-l ntJ 1'i1Yl1.:lYl~M!Jt~rJiJ Fl'l1l,J Fl~1 ~ LFl~'tl~L~~rJ 
U~~l,J1ru -3,2% t~rJYi ~~m~l,J n1~ tri.:l-l'il~VitJl ~n1~Yl ~~'tl.:l~'l~1 It qjiJi nMru~Fl~1rJ n~LL~~ 

" , 
~1l,J1~(llt11'i1Jl11~n1~ tri-l-l'tl 1~~1rJ iJ LYfrJ.:ltJ1-l mruL 'Vhu~Ylhi ~1l,J1Hm11'i1Jl1~~ n1~ tri-l.:l'tl 1~ 

nnYl~hi~1l,J11(llt11'i1Jl1~~n1~ tri.:l-l'ill~iJi nMru~LiI~L~~ Ul-l~hJ~1l,J1~(l~ ~1.:l L~~-il,J er ~ 
L~~nnYll~"li'l-lri'il~LL~~lti.:ln1~tri-l-l'ill~ ~1ltftJn1~Yl~~'il-lfjfi Southwell Plot ~1l,J1~Cl~~~1'i1 

Jl1~~n1r tri-l-l'tl l~Yl n n1~Yl~~'il-l LL~U-liJ m1~"'i1ntJ1-l n1~Yl ~~'il.:l~iJi nMru~LiI~L~~ Ul.:l L~ nU'ilrJ • 

II I I I '" I 

~~LLn~~-lYl~~UL~l,J'tllu ;-l1~Yl1-lYl~M!JLL~'linMru~L~~n~1~Ylhi~~LLn~~.:lYl~~U'1l'il.:ln1~lt1 
" 1'i1Jl1~~n1rtri-l-l'tl t~rJfjfi Southwell Plot LL~ ~-l~-lFl'l1l,Jl~~l,J\lrci'1l'tl-lLLeJ~Yl ~~'iltJ ~'iln"1n;jU-l 

'tlfitJ1rJl~~1fjfi Southwell Plot ur~tJ nvll,J1"'i1n~l,Jn1~Yl1-l L~5mJl1Yi'1l'il.:l L~1~iJL~'tl~1 '1l'1l'tltJL'1l1n 

tJrL'l ru~1~U~1rJ~-l ~'il.:l LiI~LLtJtJ~1 rJ t~rJl~iJ L~'il~l '1l '1l'iltJ L '1l ~ ~1 ~i1.:l L ltij 'il~ntJ n ~ru '1l'il-l 

tFlN~~1-lLLeJ~tJ1.:l 

, "" 
"'i1 n.:l1~fj4'rJYl n ~1'll,J1i1-l ~~~-lltl,J ~u~LiI~n1 ~lt11'i1Jl1 ~~n1 ~ tri-l-l'il'1l'il.:l tFl N ~ ~1-l LLeJ ~ 

tJ1.:lt~rJ~Nltr'tlfjfi~(i~u (Static Method) n1~lt11'i1Jl1~~n1~tri-l.:l'tlU-liJfjfin1~lt1Yl1-l~'ill,Jt~rJ 

'tl1~rJi'tllJ~n1~i~~~LYi'tl~'1l'il-ltFlN~~1-lLLeJ~tJ1.:ll,J1U~~l,J'l~L~m;1~1rJI'i1Jl1~~n1~tri-l-l'tl'1l'il-l 

tFlN~ ~1-l LLeJ~tJ1-l -l 1~fj4'rJ~ L~mi'il-l ntJ n1~ 1 ifi'ill,J~ n1~i~~ ~L Yi'tl~ 1 ~n1 ~lt11'i1Jl1 ~~n1 ~ tri-l-l'tl .. 
" , " 

iJ'il~lt~1rJ;~;.:l~1l,J1rCl~~ul~~-l~'illu;j 

" tFlN~~1.:l1 ~n11'V1 ~~'il-llt1 rl1Jl1 ~~ n1~ tri-l-l'il t~rJfjfii1L1rJ n~1 n1 ~Yl ~ ~'tl-llt11'i1Jl1 ~~n1 ~ tri.:l.:l'tl 

t~rJH'Fl'l1l,Jil,J~~fi'1l'il.:ln1ri~~~LYi'tl~~-lLi~~Fl'l1l,Jil,J~~fi~~lt~1-lFl'l1l,J~fi~~l,J'1l1~n1i-l~'tl-lntJ 

Jl1~~~tFlN~~1-lftJ t~rJ Fl'l1l,Jil,J~~fi~.:l n ~1'liJi nMru~LLtJtJ L;-l L~~ ~1Jl1 ~~n1~ tri.:l-l'tl~lt11~ 



13 

. ., . 
L~u~fif'l,)1lJi lJ~lJfi'1lt:l~ n1 ~ilJ~:;L Yit:llJU~1lJ1HI~11~"I1 n fii1Jl1~:; 't lJLL lJ,) ~:;lJ 1uVi m:;l111'l'El 

.,. ., 
Lf'lN~11~ LL~,)l11 't llifilN ~~1~,rlJij fii1 R,)1lJ 5 fi1~lJ"1I1 ~iL 'YI1 nu ~lJU 't lJn1 ~Pi m~t1,rlJ l~Pi n M1 . ., 
~" <1:11., 't ..o=f 4 ~ t.I q .... 
~filNM1~ 4 LLUU'Vl~U/l1~:;n ~ lJLLlJ,)~:;lJ1ULL~:;~1 m1lJClfi~~lJ"lI1 (;I"lIt:l~ ~RNM1~'Vl~UJl1 ~:;n ~ 

"1IlJ1 ~ ~1~1 LL~'),j1''alJ~~1~hJ'Yi~t:l (;I~1 R,)1lJilJ~lJfi~:;~~1~ R,)1lJ5fi~~lJ"lI1 ~ r11~~M)~ nu 

Jl1~:;n~ 'tlJLLlJ,)~:;lJ1U ~~LRN~~1~~'t-n~nM11~LLri LfilN~h~R1lJ LRN~~1~ LLyj~lJ LRNn n 

(Truss) LL~:; LfilN~ ~1~LLeJlJU1~ ~1~fu LfilN ~~1~ LLeJlJU1~~'t -n't lJn1 ~'Vl ~~t:l~ LtllJLLeJlJ'a~ij L UUlJ 
I .... I I 

24S-T L~U'Vl ~~'a~Jl1U L1'EllJl "lI , 'aU L'1I (;I LLUU~1Ul1~~ ~1lJLL~ :;L1'alJ 1 "JI"JI'ElU L':II (;I LLUU~1UM)~ ~1lJ . .,., 
U (;) LL t.i lJ ~ t:l~ ~ 1 lJ L~ u rA' 1lJ Vi't ~Jl11:; LLfi:nlJ~ 1 lJ 11~ M)~ rA'1 lJij n 1 ~r.ru U ~ LL U U U ~ LL t.i lJ n 1 ~rj ~ 
.., >-

fii1 fil,)1lJ 5fi~~lJ"lI1~'t lJn1~'Vl ~ ~t:l~U't -n~ L(;I~lJLn"l ~ ~ nu LfilN~ f1~ LLeJlJU1~11~~'El~ ~,)~,J1 "11 neJ~ 
., ., . 

n1~'Vl ~~t:l~':IIt:l~;lJ~1lJl1~ ~t:l~"lI'ElU L ':II (;In1~r.rUU ~'YiU~1 rl1 R,)1lJ 5 fi11lJ"lI1 ~ ri1~~ ~'El~ nu rl1Jl1~:; 'I. \.I 

LL \.I') ~:;\.I1Uij R,)1lJ ilJ~lJfiL;~ L~\.I 'I. \.I"lh~~LI'1N~ f1~ LLeJ\.IU1~ fUJl1~:; n ~,J'au 1 LLI'l L~'El rl1Jl1 ~:;n ~ 

~~~\.IR,)1lJilJ~\.Ifi~1~ijim~n.I:;Li:llJL~\.I LA'~~~~t:l~ mOl L~U eJ~ n1~'Vl ~~t:l~ mnh1'El\.11 ':II"JIt:lU L'1J (;I 
" 
LLUU~1U~~~ ~1\.1LL~ ~~ 't \.IpJ~ 2.6 ~~ hlL ~ijt:llJnu'Yi~ ~ n~~lJ (;I1lJ'Vl ~M ~l11'1. ~hJ~ 1lJ1 ~CI 
tl~:;lJ1 n.lrl1Jl1~:;n1~Lri~~t:ll~ fil1~~1~1 L ~ (;I~ R,)1lJilJ~\.Ifi~:;~~1~ R,)1lJ 5fi~~lJ"lI1 ~ r11 ~~Ml~ • 

4 .J .J..,,, I ~ q I ~ I I I 

LR~'a\.l'Vl\.lt:l n~:;\.I1U 'I. \.I, n.I:;'Vl~UJl1 ~:;n ~ LLlJ ')1 Jl 1 ~:;n ~\.I\.I"I:;lJ 191 (;11 n"l11'11Jl1~:; n1 ~ Ln~~ t:l fl~ eJ ~ 

't ~Jl1~:;~'I. ~ nu LRN~ f1~ LLeJ\.IU1~ UJ d:lWl1~:; 'I. \.ILL \.I') ~:;\.I1U 

. ~ 
i 

I 
'\\,-
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., I I 

~1u~{u~n;u'VIi1,allu'D'il~ Segall LLfl:; Springer [5] ;~LllUn11Y1~fl'il~'VI11"11Jl11:;n1~ 

Lri~~'il"'il~LI"lNt'l11~LL~UU1~~'lU~fil1fl1'(;lL~U'il1~tln1~iut'l:;LYi'ilU'D'il~LI"lNt'lh~LL~UU1~LUn1~ 

'VI 1 1"11Jl1 ~:;n11 Lri~~'il LLfl:;U1 ~fl~1~lJ1 Lmuu LVi UU riu 1"11Jl1 ~:;n1 ~ Lri~~'il~1~"1 n n1 ~Yl I'lfl 'il~ ~'lU 

~fi Southwell Plot L~UYi111nL(;l'ilftUn11Lriuim.!fl~'il1"111"l'l1lJ~ ltl11~n11iut'l:;LYi'ilULLfl:;1"11 

Jl1~:; LULL U'l ~:;U1U~LI"lNt'l11~ LL~UU1~ l~fu LL~'lU 1i'illJ fl~1~lJ1 ~ 1U'l ruL:n~ ~'l Lfl"ll ~ '1 U 1:; L UUU 
OJ 

I ., 

~fil~lu~~~ L ~'ilfL~ui (Finite-difference) L~'il'VI1 1"11Jl11:;n11 Lri~~'il L~u1' '" 1"11Yi1nn L(;l'ilfl1~ 

t'l1lJ (;l1lJ~1 LLml~(;h~1 45 , ~ LI"lNt'lh~LL~uu1~~L-n Un11Y1~fl'il~";1lJ1"1n1't'l ~t'l'il~"l!ij~f.1'il 

LL~U'il~ijLilUlJ LLfl:;LL~um11~.,.,-t)Y;'iln~ T300/976 ~iin11'l1~~'l"1l'il~1~Lu'ilfLLUU [0/90/0]5 
I " " I 

~ 1'V1fu L~'ilul "1I"lI'ilU L"1I (;l"1l'il~;U~1ULUULLUU~1 Ul1~~ ~1ULLfl :;LLUU~ 1Ut'l'il~ ~1UU I'l LL UUt'l 'il~ ~1U 
I ., 

Lc;mL ,xJl1~:;n ~ LULLU'l~:;U1U LLri ~1uViu ~{ULLUU~1Ul1~t'l'il~~1U W3{u1' ~1"11Jl11:;LLfl:;~ Lm1:;\f 
OJ 

1"11 fl'l1lJ~ ~'l U t'l L(;l1ULn" ~'lu~fi n111' ~ltl11~ L 'VIlJ ~ n11 Lri~~'il"1l'il~ LflN t'l11~ LL~U U1~";1 LI'lUL-D' 

optical probe ~t'l1lJ1HlL~'ilultl(;l1lJ~1LL'\!IU~LL(;jfl:;~~1~ YiU~1L~'ilLmUULViuuI"11Jl11:;n1~Lri~ • 

~'il~1~"1n n1~YI ~fl'il~ L~u~fiYifl1' (;lriu~fi Southwell Plot LL~'l ~fl~l~iif'h Ln~ Lii\tI~ riuLI'luii 

1"l'l1lJLL(;ln (;j1~riuhlLnu 10% LI'lU 1"11Jl11:;n11 Lri~~'il~lJ1"1n~fiYifl1'(;liif'i1~~n~1~fi Southwell 

Plot LL(;jtT~'Wt'l1lJ11C1t'lttll~~1~fiL~iifl'l1lJLLlJuii1lJ1nn~1riu U'iln"1n~0{utT~u1~fl~1~~1n 
n 11Y1 ~fl'il~ 't tl Lmuu LVi UU riu ~ fl~1~"1 n n11~1U'l ru L(11 U L-D'~:;Luuufjfil ~'t U~~~ L ~'il fL1Ui~ 

t'llJlJ ~ltl11~ n1~iUL ,x'il~LultlYf~ niu'lI1ulI (Sine) ~~l1u~1ii fl'l1lJ I"lfl1 '" LI"l~'ilU(;j1~ riullJ Lnu 

15% 

"lI'il~ LI"lNt'l11~LL~UU1~t'l1lJ11C1 't~LUUt'l'il~tl~:;LJlYl ~'il n11Y1 "'fl'il~'VI1 1"11Jl11:;n11 Lri~~'il LVltI (;lN~~ 

Hi'illJfl"1nYi~~m~lJn11 Lri~~'il ~'lut)ntl1:;LJlYlf.1'il L"'UYl1~-a'illJ~~ L-D'i'illJfl"1 nYi ~ ~m1lJn11 
i'Wt'l:;L Yi'ilU LVlU~1U~{U~ n~h'llJ1 LUUn11Yl Vlfl'il~Jl1ULt1fJl11:;n VI ~~ ~fl n1~YI Vlfl'il~~l~tT~ llJ Lllu 

~t.i1Yi'ilL ~ L(11U fl1 VI~1t'l1 L 'VI (;l"1l'il~ fl'l1lJ I"lfl1 '" LI"l~'ilU'il1" Ln ~"1 n n1 ~LI"l~'ilU~ U'il m:;U1 u LU"lI ru:;~ • 
... 0 .... __ 4 r~ cI .J.<Q J' _ 
~UJl1~:;n VI t'l1'V1~U'l'" tJ1UYiUfiUYitJ1t11lJ":;fl VlI"l'l1lJ I"l fl1 (11 LI"l fl'ilU'" Ln (11"l1 '1.1" 1 n n11Ln Vl1:;U:; n11 

LI"l~'ilU~U'il m:;U1uri'ilUL'lfl1.aUI"l'l1 LVIU Lt'lU'ilL,x." I'lfl'il~Jl1ULt1fJl1~:;~~ L~'il LL~U'" "'fl'il~fuJl1~:; 
~~~:;llJLn ~n11Lri~~'il ";1L mlJLnVln1nfl~'ilU~U'ilm:;U1uLLfl:;fl1 VI'VI1'~~1 m1~ 1"l'l1lJilJ~ufi 

~:;'VI~1~ ti1i~t'l'il~"1I'il~1"111"l'l1lJ ~fi~~lJ'lI1 ~ riUJl1~:; LULL U'l1:;U1U~:; LUUL~ U(;l N LLfl :;t'l1lJ11C1'V11 1"11 

Jl11:;n11 Lri~~'ill~ 
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if'1p.n n1 ~i'W~:; L Yi!l'W'1I!"HI L~ N ~ ~1-l LLtJ'W1.11-l d:l'W~ ni'l-n!l~~-l~ ij n1 ~~ m~t1 n 'W'tlrh-l 

LL'Yi1~~1U m~~n1i1L 'W-n'l-l fA''W1 ij'!l~1 nI11Yl1-l~1'W~UmnrLL~:;L~1!l-lij!lr) 111l11L,x m~~mt1 ~'lU 

'.1fi m ~YlI11~!l-l f'l!l'W;I1-l ~ 11.11 n LL~:; L,x CJ ~~ ~ ~ 1111 L~ ~!l'W LL~L 'Wif"'l"lu'W~u n ~nrr) 111 ~'l lJ n-l L~ 1!l-l ij!l 

'.1 L~~1 :;iLL~ ::U~:;)J'l~ CJ~ij m~~ ~'W1)J1 n~'Wl11L ,x~1lJ1~(l ~n1i1~'WYlI11~!l-l~i1.1.n!l'WlJ1 n~'Wl~ 

LI11U-l1'W'.14'uL'W!l~"'~L~m-n!l~n1.1if'1p.nm~i'W~::LYi!l'W~th~·klL"'Iij~-l~!llUd 

-l1'W'.14'U'1I!l-l Gorman [6] d:l'W-l1'W'.14'uif'1!~1 m~i'W~::LYi!l'W"ll'El-l L~N~ ~1-l LLtJ'W1.11~ LI11U 

04'ul~1l1 L~'W!l n1~i'W~::L Yi!l'WLL1.11.1:a~~:;"lI!l~ L~N~~1~ LLtJ'W1.11-l ~ L ~~ UlJ ~'W~1~ d:l'Wr) ~ ~ l'El L'lI 

L Yl ~iJ ~ LI11U~1 fh m1lJ ~fi~~lJ'lI1 ~ LL~ :;lu11-l m~i'W~::L Yi!l'W1.1'W~lJ lJ ~ l1'W"lI 'El~ L~N ~ ~1-l LLtJ'W1.11~ 

Jl1U LfA' L1!l'Wl "lI"lI!l1.1 L "lI "'n1~4'1.1U 111 LL1.11.1 ~1-l1L 'WLL~~ :;~1'W l~LLri n1~4'1.1U 111 LL 1.11.1~ 1U n1 ~4'1.1U 111 
~ ~ 

LL1.11.1ul11ml'W LL~:;U~1U:aM:;~'llJ";~~)J111 21 mru 'W!ln"'l1mr'W04'mr~1~1l1L~'W'ElCJ~L~~U"lI'El~ 

L~N~~1-l~ijn1~4'1.1UI11LL1.11.1'111 (Point Support) 1'llJn1.1m~4'1.1UI11LL1.11.1~'W1 ~n 12 mru L'Wn1), 
~ 

'.1 L~n::iilL oj{~~nn1~ Superposition LI11U CJ~ n1~'.1 L~~1:;~1~1l1 L~'W'ElL 'WlU CJ~ L~~U f'l1 L"'I1::"'I~ 
, ~ , 

(Eigenvalues) ~-l ij~1'W'l 'W~~1U f'l1 LL~ :;LL~ 111-l'El~L 'W lU LL1.11.1 "'1 n-lyj ~'EllJ";-llU 11~ n 1 ~~ 'W~:; L Yi!l'W 
, .,. 

"'1lJLL"'n~CU 

Ding [7] ~mi1m~i'W~::LYi'El'W"lI!l-lL~N~~1~LLtJ'W1.11-l~L~~UlJ~'W~1~'lu'.1jh:n-l~'lL~"lI 

LI11UL.n~:;LUU1.1'.1mYli (Rayleigh-Ritz Method) ~:;LUU1.1'.1mYlid:l'Wn1~'.1L~n:;~1I11U'El1I'i'u 

~~ n m~"lI'El-lyj ~-l-l1'W~'llJ ~1q 111 ~ 1~ f1.1yj ~-l~1'W ~'llJ d:l'WCJ~ ~'l lJ"lI!l-l yj~-l-l1'W1'i' nu n1.1yj ~~~1'W"'I ~ tI 

~::LUU1.1'.1nYli"'l:;~)JlJ ~Yf-l ni'Wn1~L~~!l'W~'W!l n ~::'W11.1U~:;n!l1.1~'lU f'l1 ~-l~ ~hjYl ~11.1 f'l1 LL~:: 
t •• I " 

Yf-l ni'Wmnl'1~!l'WYiYi~!l111 ~f\''El~ n1.1 L~!l'W 1 "lI"lI'El1.1 L "lI ",4'1.1U 111 -l1'W'.14'tJUL-nYf~ ni'W"lI 'El~ R1'Wd:l'W ~ lJ n 1 ~ 

L~~!l'W~'W'Eln~::'W11.1~~Yf-l ni'Wu~:;n!l1.11U~'lU!l~mlJ'lI1tJtI (Sine Series) n1.1Yf-l ni'W L yj~L 'W~U~ 
(Polynomials Function) LI11Uf'l1 ~-l~"1I!l-lYf-l ni'W L yj ~L 'WLijU~~'W!l~ n1.1 L1!l'Wl "1I"lI'El1.1 L "lI '" m~4'1.1U 111 

~ 

L~N~~1-l LLtJ'W1.11~ L 'Wm~Yi1'W'lcuri1~'W~ LM'W-l1'WLU'W L~N~~1-lLLtJ'W1.11-ll11"'11 nr)~ Vl1'El L 'lIL Yl~tl ~ • 

, ~ , 
"1I'El1.1 L"ll "'~1)JLL1.11.1~!l L~!l'Wl "II "II !l1.1 L"lI "'LL1.11.1U I11LL U'W";-l~ ~1'W LL1.11.1U VlLL u'W~'El-l ~1'WU~1tJ:aM::~'El-l 
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'" I I , 

~1U U~~U~1[J;aM~li~~~1U Uj'au1c.J~fil~"I1nn1r~1u')ruluLmm.JLfi[Junuc.J~"lI'a~ Gorman 

[6] 'YiU~1~~~1~ijrhln~L~[J~nuL~'aih\.lU~~1u,)U'Yi"l,r~~LLvi 4 'Yi"l~ulu 

", " 
LL~~~fi L;~ ~') L~"lI ;u~1ufil-n un1rfl ~~'a~ ihuULL~Utj~ c;) fil'a~L'Yi~ Vl,Uc;) GRP (Glass • 

.,,, ., 
1[J Vl1~ LLU')[J1,)"lI'a-1;U-11U L~ul[J~~'il1n nULLU')[J1,)"lI'a~;U~1U LL~~L~ul[J')1-1 ~,)~1~~ 45 

" " " 'a~Pl1nULLu')m,)"lI'rl~;U~1U ;U~1Ul'lmL~uijI'l')1~\.lU1 3.2 ~~.Lc;)[J~mn~U~1uI11[Jl!1fn·u4'u 
" UC;)UUU~1[J LLuuuc;)mlu LL~~LLUUU~1[J;a~1~ r')~nrOl~mt1";~\.l~C;) 6 mOl lun1rflC;)~'a~\.l1 

rh fil,)1~~fi11~'1 ~J-UIOl ~\.l1 f'),)1~ 5fir1WJ!1 ~~ Ln c;);U tc;)[J ~~ Ln VllOl1 nlu11~ n11iu~ ~ LYi'rlUIOl1 n 

L~ULL~C;)~n1rLf')~'aU~ LUUPlUU~1\.lfu 6 L \.l~~LL1n ~')u~fi L;~ ~,)L~,l '1~LiJ[Ju~fil ~L Uc;lL'rl~ 
" , , " 

~UVl1un11~1U')ru\.l1rhf'),)1~~firr~"l!1~LL~~ru11~n1r~U~~LYi'rlU''a~LL~Uflln~'rl~li~~1~'UC;) 
" 

, " , 
tj c;) rh f'),)1~ ~fir1~"l! 1 ~UUIOl1 n n1rfl C;)~'a~ 1~ ~1\.lfUIU11~ n11~U~ ~LYi 'aU"I1 n n11fl (;l ~ 'a~ LL~ ~ 

1Ol1 n n1r~1u,) ruij~ n~ru~~f')~1[Jnu rl11'l')1~ ~ fir1~"l!1 ~~tj (;lL~"lI'a~ LL~Ufl 1n~'a~111[J 1!1f L1'rlu L "lI 

" , 
"lI'rlUL'lIVlLLUUUC;)LLtluli~~~1U (CCCC) LL~~n1r4'uuC;)LLUUUC;)LLtlu1')~nUn114'uUlnLLUU~1[J 

(CCCS, CCSS, CSCS) ijrl1LLVlnvi1~1Ol1n~~n1r~1u')ru~')[Jr~LiJmJ~fi1~LUc;lL'a~L~Uc;lU'rl[Jn~1 

10% LLvi~1\.lfumOlL1'rlul"l1"l1'rlUL'Vl~iin114'uuC;)LLuuu~1[J;aM~1,)~'a~~')[J (CCFF, CFCF) 

LL14~1lU11~ n11iU~~L Yi'rlU"lI'a~ LL~Ufl ~~'rl~~tj c;) L~ nun1r~1U,) ruij~ n~ru~ln ~ L~[J~ nu LLvi 

rl1 f'),)1~ ~firr~"l!1 ~~tj InLe1lij rl1U'a[J n~1 rl1 f'),)1~~ fin~'1 ~~ ~1U,) rulOl1n 1~LiJ[JU1fiL ~L Uc;lL'a~ 

L~Uc;l'a~~1nL~[JU1~mOlijI'l')1~LLVlnvi1-1~~O~ 50% IOl~L~U~1~1u~4'[JL~[J')nUn11iu~~LYi'aU 

"lI'rl~tf')N~~1~LL~uu1~~mh,)~1LL~c;)~1,xL~UO~f'),)1~~1~1rt11un1r~Lfilr1~in1riu~~LYi'aUL~[J 
, " , 

~fiL;~ L~'LL~~Lfl f')Uf') n1rfl 1n~'a~\.l1rl1f'),)1~ ~fin~'1 ~ 1 u~flmil'YiufiillOl~l ~fin1r\.l1 rl1 f'),)1~ ~ 

fir1~'il1~Lc;)[J~fin1rLf')1~ [9] Lc;)[Jl,A''auLf')1~~~uutM~~~1~U~UU1-1L~'rlnr~!1ful,xLnc;)n1riu • 
u~')tj In rl1 f'),)1~ ~"lI'a~ n1riu~~ LUUrl1 f'),)1~~ fir1~"l!1 ~"1l'a~ Lfil N~~1~ LL~UU1~J-U 

,'" , '" 
"11 n~1u~4'[Jfi n ~1,) ~1li~\.l ~ C;)'1~ !1fULUU~1U~4' [Jfiijli~ n1 r~1U,) ru~')[J ~fi L;-1 ~') L~"1l 

LL~ ~~fin11fl C;)~'rl~~~ LLvi~ ~~fiiji'rlL~ Lm[JU LL~~ L~[J Lm[JU LLVl n vi1~ nu IOl ~~~ Ln VlL~~1~1U~4' [J~ 

L~[J')i'a~ nUn11 Lri~~'a"1l'a~ tf')N~~1~LL~UU1~ LUUn11fl C;)~'rl~ Lc;)[J 1 ,x1111~n c;) 1 ULL U,)1~U1ULLri LL~U 
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'Vl"'~'il-l~-ln11'V11FlI1l11::n11 'lri-l-l'il 'l"'£J (;1N Ln"'rl,)llJ rl~1 "'Lrl~'illJ"l n n11~1 n L~lJLlJ"li,)-l ri'illJ 

LL~:: 'VI ~ -l n 11 'Lri-l-l'il ~ ') lJ n 11'V11 Fl 11111:: n 1 ~ 'Lri-l-ltl'Vl 1-l ~'illJ"l n ~fi rl,) IlJ i lJ ~ufi'1l 'il-l n 1 ~ 
I I" I I 

ilJfl:: L Vi'illJ 'L"'tJ L i,j''illJ ~ n 1 ~ilJ~::L Vi'illJ'1I'il-l;lJ-lllJ~fu1l11::n '" 111\' L~lJnn~ rl,)llJilJ~lJfi~1lJ 
" , ., 

LUlJL~lJ(;1N (;11lJ'Vl ~~n ~-l1lJ~llJl~C1'V11 FlI1l1~::nl~ 'Lri-l-l'il~ LLlJlJih 111\' ~''V1fu~'VltJ1UYilJfi'Uuuil 

~ n~1~fin1~'VI1 Fl11l1 ~::n1 ~ 'Lri-l-l'il 'L"'£J~fi rl')1lJi lJ~ufi"ll'il-l n1 ~ilJfl:: L Vi'illJ 'LV)£] L ~1l11:: LlJLL lJ,) 
., , 

~::lJIU LLri'LrlN~ 11-l mJuUI-l11-l1l1 ~::~-l LL~::n 111 LL~'),j1 ~~~1l1\'lJl Lm£JU L ~£JU tlU Fl11l1~:: n 1 ~ 'Lri-l 
I ~ ~ " 

-l'il~ ~llJ,) ru 1~", n~:: LUtJu~m-'Vli 11-l ilrl111l~ILlJn1 ~'Vl '" ~'il-l il" ::fl1lJI1C1 ~ 111 if 'ilYi nYi 1'il-l "lI'il-l n11 

'VI1FlI1l1~::nl~ 'Lri-l-l'il"1 n~fi'LI1l £J (;1N LL~::n11'V11 FlI1l1~::n1~ 'Lri-l-l'ilI1\',)£J~fimllJilJ~ufi"ll'il-l n1~ 
, ., 
ilJ~::L Vi'illJ 'LI1l tJll 1 £J L~1l11::n '" L YitJ-l'ilti1-l L~m 1,)lJ n-lYi", ~rul-n'il ~-n'ilL~ £J'1I'il-l~fi n1 ~'Vl 11l~'il-lil 

L~'ilL-n LUlJLL lJ,)'Vl1-lLlJn1~P1n~ (;]'il1tl 



d 
UV1'Vl 3 

fl113-Ji 3-J~'U fi'1~'VI'h.:tn1'1i'U ~~ ~ cVi'fl'U r11.1 ~~ il !I '1111""" 'fI.:t tfl'1.:t~f1.:t ~~~'U 'U1.:t 

, " " 
~U~~L\1'ilU~1J.J1~()\.l11~"I1nn1~~"I1~ru1~J.J n1~~~'il'lJ ~~J.J"lI'il~iJ ry\.l1~~ ~'il~ 1 U'lJYlU"I ~Yl'lJYl,)U 

" , 
Yl ~M ~~Uj1U'lI'il~ t~N~ ~1~ LL~U'lJ1~~~"I~~1 11.J~~J.J n1r~~'il'lJ ~~J.J~1\.lf'lJiJ ry\.l1 n1 ~ tri~~'il LL~~ 

, " 
n1~' ~u~~L\1'ilU 1 u~,)u";1tJ"lJ'il~'lJYlud:Jun1~\.l1 ~,)1J.J~J.J~ufi"lJ'il~~ ~ ~ m~J.J n1 ~ tri~~'il n'lJ 

~~~n~~J.Jn11iu~~L\1'ilutc;)tJ~"I1~ru1LllitJ'lJLY1tJ'lJ~J.Jn1~~~'il'lJ~~J.J'lI'il~iJry\.l1i~~'il~ L~'ilLL~'M 
~ ') 1J.J ~J.J~U fi~~\.l~ 1~ fl1 m 1J.J ~ fir~lJ'li1 ~ n'lJJ11 ~~ 1 U LL U') 1~U1 'lJ'lI'il~ t~ N ~ h~ LL~U'lJ1~ ~~"I ~ 

~1 11.hJ~~!Jn [;l1-rt. Un1~\.l1 fl1J11r~n1~ tri~~'il(;]'il 11.J 

~J.J n11L~~'il'4~ufi'll'il~ tm~~~1~ LL~U'lJ1~~1J.J1~()\.l11~"I1 n n1 ~~"I1~ru1~J.J "J~.'lI'il~J11~~ 
, ," 

LL~~tJ.J LJ.JU~'lI'il~ t~N~~1~LL~U'lJ1~Y1'il~1 U~~'lJ'lJ~n l?1'inn~~LL~c;)~l upJY1 3.1 tl?1tJ ~~~J.JJ.J ~j1U 
" " dj'il~~U~~(;]'il hJu 

1. t~N~~1~LL~U'lJ1~~tJ~m~tJJ.J~u~1Lilurj~l?1lat'l!tYl1tln 
~ . 

rtJ ~ q l 1l 
3. 'il~~ ~~n'il'lJ~,)1J.JL~~tJl?1'lJU~~U1'lJ x - y (c x, c y, Yxy ) J.J~1U'iltJlJ1n1 

4 . hj~"I1rru1~~'lI'il~~,)1lJL~1tJC;)L~'ilUU'ilm~U1'lJ Yxz LL~~ Y yz 

5. hj~"I1~ru1~~~,)1J.JL~1tJc;)lu~P1Yl1~ z ,rU~'a C
Z 
= 0 (~,)1J.J\.lU1hiLtJ~tJULLtJ~~'lIru~Lnl?1n1~ 

tri~~'il\.l~'iliU~~L\1'ilU ) 

6. m1J.J~J.J~ufir~\.l~1~~,)1J.JLf)un'lJ~,)1J.JLFl1tJI?1Lilu1tJ[;l1J.Jn!)'lI'il~~Fl (Hooke's Law) 

7. hjii~,)1J.JLf)UL~'ilU T xz LL~~ T yz ~~1LL\.lti~~~n~1~m1J.J\.lU1"lJ'il~LL~U'lJ1~ z = ± Ji 

1 U"lI ru~~t~N~h~LL~U'lJ1~ Ln C;)n1~ tri~~'a\.l~'iln1~iu~ ~L\1'ilU"I ~Ln 1?1 LLN~~fi (;]1~1 m~Yh (;]'a 

t~N~~1~~~LL~c;)~lUltJ~ 3.2 LL~~ltJ~ 3.3ltJ~ 3.2 LL~C;)~LLN~~fiLuLLU,)~~U1'lJLL~~ltJ~ 3.3 

<4 .. .J. ..J.a. J' '1 II 

LL~C;)~LLNL'Tl'aUU'ilm~U1'lJLL~~tJ.JLlJU[;l ·NLLNluLLu,)~~U1'lJYlLnC;)"1IutJ~~n'il'lJ LtJc;)')tJLLN Nx N y 
I ~ I I 

LL~~ Nxy tc;)tJY1LLN N; ~'ilLLN~~'Tl1nluLLu,)~~U1'lJL"liuL~tJ')n'lJLLN Nx LL(;]nr~YhY1~1LL\.lti~Y1 
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~1'l~~nhJYn'l"ll'l1Ltl'J),:;U:; dx ri1"l1~'lLLN N; ),J1'"11nm~nn.J"lI~'lLYlL~tlf (Taylor's Series) ~ 

~:;Yi'"lu~i1tl~~'Jfi~1;U~'l1 LL~:;~1),J1)'m~u'J1~~1 

N • =N aN, dx 
x x + ax 

(3.1 n) 

aN 
N· =N +-_Y dx 

Y Y ax (3.1 "11) 

aN 
N· = N +---2..dx 

xy xy ax (3.1 fi)) 

x 

y z 



Ow 

Ox 

y 

dy 

v 

( dx 

Ow 

Ox 

N 
y ,,/ Ow 

/ -
Oy 

• --N -------------
xy 

Ow a (Ow) -+- -- dy 
Ox Oy ax 

dx 

20 

x 



~sin(:: + !(:: ))dy-N,Sm(:: )dy+~Sin(: + ~(: )}ix 

-NySm(: )dx+~Sin(: + !(: ))dy-N"Sm(:)dy 

+J{"Sin(:: + ~(:: ))dx-N"Sm(:: )dx=O 

I 4 "i'..... '" ,. 
Fl1~'tl~LLNL~'tl\JLL~:;UJUJ\JVlU\J"lI'tlU"'1\J x = dx LL~:; Y = dy ~1"nn'tl'1nnJ"lI'tl~L'VIL~'tl~ 

L 'lI\JL~m nu n ~cijLLN ~.,..fiL \JLL \J'l~:;\J1UJ\J~'tl 

Q. =Q + aQx dx 
x x ax 
. aQ 

Q=Q+-Ydy 
Y Y By 

M; =Mx+ aMx dx 
ax 

. aM 
M =M +-_Y dy 

Y Y By 

. aM 
M = M +----2.dx 

xy xy ax 

21 

(3.2) 

(3.3) 

(3.4n) 

(3.4"l1) 

(3.4Fl) 

(3.4~) 

(3.4'"1) 
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. ~ 

Li1'fl~~1rru1~lJ~~''fl,mNL~'fllJLLnlJ z ~:;1~c;l~i1 

( aQx + aQy JdxdY = 0 
ax By 

(3.5) 

(3.6n) 

(3.6"11) 

~~JlJ~lJ~~''fl~LLNi~~lJ~~ Ln ~~lJ1JlJL'tl~ LlJlJ[;J''tl~ trlN~r1~ LL~lJ1J1~ ~1lJ LL lJ,) LLnlJ z ~1lJ1Hl 
~11~~1nn1rr,)lJLLNllJLLlJ')r:;lJ11J~1n~lJn1r~ (3.3) LL~:;LLNL~'tllJ~1n~lJn1r~ (3.5) ~~ 

~1lJ1rm;JulJl~d~lJ 

(3.8n) 



, ..., 
Ll.J~ v ~'a fOi1ti(;lrl~')uihf'll~ (Poisson's ratio) 

E ~~ UJ~~~fI,)1l.JU(;)~~U (Young's modulus) 

t ~~ fI,)1l.J~U1"l1~~ LflN~~1~LL~UtJ1~ 

.. , .. 

23 

(3.8"11) 

(3.8f1) 

(3.9) 

tflN~~1~LL~UtJ1~'"I::LUU[11~::n(;) ~~ll'ufOi11l1~::n1~Lri~~'tlVi1~'"I1n~l.Jn1~i1'"1::iifOi1LtlU~tJ tu 

n'lHLn~l.Jn1~~ (3.9) 11f'tl~'V1ntJd'tlu1'jJ"II'atJL"II (;l"ll'a~ LflN~~1~LL~UtJ1~ un(;],)'ath~ L"jjUn1~ 

~1U')ru~1fOi11l1~::n1~Lri~~~"II~~LflN~~1~LL~UtJ1~"IIU1(;) a x b ~ftJ1l1~::tULLU,)~::U1U(;l1l.J 
'" I I I 

LLnu x LL~::CJn{UU(;)LLUU~1U~~~~1U ~1l.J1~ClYh1~(;)u~l.Jl.J~~l.Jn1~~::U::LfI~~uViu~n~::u1u 

( ) A 
. m1! x . n1! y 

w X,Y = mn Sln--Slll--
a b 

4 0 ~ r~ ~ ~ 
m, n fI'tl '"I1U,)Ufl~upJ'lI1UUfl~~~n'jJ'a~~::U::LfI~'tlU'V1U'tln~::u1U (L(;)U m, n LUU 

~1U,)uL~l.Ju')n) 
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(3.10) 

~UJ n1 ~L:n~'el'4~'.Jfi"ll'el~if ry~1 n1 ~i'.J~:;L Yi'el'.JLL1J1J;a~ ~:;"ll'el~ LI'I N~h ~ LLti '.J1J 1~ ~ 1l-J 1 ~Cl~1 
t !..c;' A ... 4.J ~.J.:.. J' I 1.dI • 

'" L"'tI'l Ll'ln:;~n1nl'l~'el'.J'Vl LL~:;/ll~:;~'ll-Jt '.J'Vl PI z 'Vl Ln "'"ll'.J~:;~'l1~ n1~i'.J~:;L'Vl'el'.J 1'.J~:;~'l1~ 

n1 ~i'.J~:; L Yi'el'.JIOl:;Ln Vl LLN L~'eltl~iiVi PI'Vl1.:j ~'lWi1J~:;tI:;n1 ~LI'I~'tl'.J~"ll'el.:j L'el~ Ll-J'.J~"1I'el.:j LI'IN~ ~1.:j 

LLti'.J1J1.:j~.:j LL~ "'~ 1 '.Jttl~ 3.4 L~'tl LI'IN ~~1.:j LLti'.J1J1.:j Ln '" n1~i'.J~:;L Yi'el'.J1Ol :;Ln '" n1~LI'I~'el'.J~'.J'tl n 

oJ': tJ .d.J I oQ ~ 4:t. ~ a2w 
~:;'.J11J L"'tll'.J'Vl'.Jl~n1nl'l~'el'.J'Vl'.J'tln~:;'.J11J'tl\l1'.J'VlPl + z 'NIOl:;Ln"'LLNL'U'eltl"ll'.J1Vl pdA-2 at 
1 '.JVi PI ~N']1l-J 1'l1l-J n!l,]'el~~'el.:j"ll'tl.:jU'l ~'.J LVltl~:;tI:; LI'I~'tl'.J~'.J'el n~:;'.J11Jl '.Jmcili'.J~:; L Yi'tl'.JLU'.J 

Yf.:jni'.J"ll'tl.:j~:;tI:;l'.JLLn'.J x ~:;tI:;l'.JLLn'.J y LL~:;L'l~1 L~'tlYiIOl1~ru1~l-J~~"1I'el.:jLLN1'.JLL'.J'lLLn'.J z 

LVltl~1'YiIOlU"1l'el.:j LLN L~'eltll-J1~'ll-J ri1J~l-J n1~~ (3.9) IOl :;t~~l-J n1 ~M'el1J 1'I~l-J ~1~f1Jif '1!~1 n1 ~ 
, ~ 

i'.J~:; L Yi'tl'.J"ll'tl.:j LI'I1~~ ~1.:j LLti'.J1J1.:j ~.:jil 

a
4
W(x,y,t) +2 a

4
W(x,y,t) + a

4
W(x,y,t) _ N x a

2
w -2 Nxy a

2
w _ Ny a2

w + p a
2
W(x,y,t) =0 

ax4 ax2ay2 ay4 D &2 D axay D al D at2 

(3.11 ) 

, ." 

LVltl P ~'el 1'I'l1l-J~'.J1LLtl'.Jl-J'l~r;i'tl~U.:j~tl'ltlYJ'.JYi 
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y 

W(X,y,t) 

• • ~ I 

pH; 3.4 LLNYi Lncn;'W~~~~l ,ml~~'W~~LYi'tl'WLLUU~~~~'1I'tl~ LfOlN~~1~LLc.i'WU1~ 

, 
~~L'U~tJ'1I'tl~~lJn1~Yi (3.11) ~llJl~mnl~cntJ~fiLLtJn~'Jmh (Separation of variable) LentJ 

W(X,y,t) = w(x,y)T(t) (3.12) 

LL""'Wroll~~tJ~LfOl~'tl'W~'W'tlm~'W1U~ln~lJn1~~ (3.12) ~~l'W~lJn1~~ (3.11) LL~'J4' entt!~lJnl~ 

fOlffiU fOl~ lJ L:n~'tl'4~'WfL ~'tl~l 'Wtt! 

D[a
4
W(X,y) +2 a

4
w(x,y) + a

4
w(x,y) _ Nx a

2
w -2 Nxy a

2
w _ Ny a

2
w] 

p ax4 & 2ay2 ay4 D &2 D &ay D ay2 _ 

w(X,y) 

~~L~'W~1~~U""1~.nltJLiJ'W~lJn1~'tl'4~'Wfi'1l'tl~~~tJ~LfOl~'tl'W~'W'tlm~'W1U~~LU'WYf~ni'W'1I'tl~ x LL~~ 

y ~'J'W""l~~l'W'1I'Jl LiJ'W~lJ n1~'tl'4~'Wfi'1l'tl~ L'J~l~~ LiJ'WYf~ni'W"JJ'tl~ L'J~l t ~~U""l~.nltJ~~LVh nu 
I " . I" 

~~U""l~'1I'Jl rij;J'tl LiJ'tl~~U";~~'tl~ LU 'Wrol 1 fOl~Yi Lcntllil~'Wen 1 ~ roll fOl~Yit1'Wij roll Lvh nu 0 2 ~~ 
., 

~llJ1H1LiitJ'WLU'W~lJn111~~1~(?j'~u 

D[a
4
W(X,y) +2 a

4
w(x,y) + a

4
w(x,y) Nx a

2
w - 2 Nxy a

2w _ Ny a
2w] 

p &4 ax2ay2 ay4 D ax2 D axay D ay2 _ 

w(x,y) 
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T(t) = Tsin(Ot + a) (3.13) 

a4w(x,y) 2 a4w(x,y) a4w(x,y) N a2w N a2w N a2 0 2 p 
----'--"-'-+ + _x --2--==t'..----y ~---W(x y) = 0 

ax4 ax2al 0'4 D ax2 D ax0' D 0'2 D ' 

(3.14) 

(3.15) 

"1n~lJm~~ (3.14) LL~:; (3. 15) ~~Ln~1~~1';m~tru::;'1J'il~~lJm~rl~'il1Jrl~lJ'1J'il,nJq!,~nm~Lri~~'il 
LL~::;tr '\I~1 m~iu~::;LYi'ilu~hHjI11~::; 1 ULL u'n:;u11Jij.; m~tru::;rl~1U riu LrnuijYi"U~ LL~ n ~h~ riu 

, ", 
Fi'ilYi"U'1J'il~m1lJ~fi~~lJ"ll1~ 0 LL~::;Yi"U'1J'il~LLN1uLLu'a::;u11JLl'h,ru ~'lu';n1tru::;Yirl~1uriu 

" , 
'lI'il~ ~lJ m~M'il1J rlqlJihh 1l¥~1lJ1~Cl,j1 hJ~1 m1lJ~lJ~ufi~::;~~1~ rl'l1lJ ~ fi~~lJ"ll1~ri1J111~::;1 U 

LLU'l~::;U1U'1J'il~LrlN~j1~mJU1J1~LL~::;,j1hJ~m~~1fl1111~::;m~Lri~~'il1~ 
" 
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Fl')1~i~~tJfi1~"'~1~ n11itJ~~L Yi'tlW1U L~ ntl1 J)1Vi'1l'tl~ tl'lN~ ~1~ LLtJtJU1~'tl~L tJt1J'lI'tl~ 
l'l(n~i~~tJfi1~"'~1~rhl'l,)1~~fi11~'lI1~n1i~~'tl~nUJ)11~LtJLLtJ,)1~tJ1U n11"'11'l,)1~i~~tJfi~ 
~ 1 ~1nm1't~~t1~~11ru1Vi~~m1~n11itJ~~LYi'tltJ'1l'tl~tI'lN~~1~LLtJtJU1~~fuJ)11~ Nx LtJ 

LLtJ,)1~tJ1Ut;l1~LLntJ x C;)~LL~'MLtJlU~ 3.5 ~~~~11ru1~1n~~n111'l1'tlUI'l~~'1I'tl~i1'Y"'1n11tri~ 

~'tl (~~n11~ (3.9)) LL~~i1'Y"'1n11itJ~~LYi'tltJ (~~n11~ (3.14)) t~t1n1"'tJ~1~ N x LL'V1tJrh 

J)11~n11tri~~'tl'll'tl~tI'lN~~1~LLtJtJU1~ 

y 

~~------------~~-
~ 
~ 
~ b 
~ 
~ 

~~-----a--------~~--------x~)~ 

~~n11L;~'tl~~tJfi'1l'tl~tl'l1~~~1~LLtJtJU1~~fUI111~ Nx LY;t1~J)11~L~t1,)~1",fui1'Y"'1 
, ~ 

1111~n11 tri~~'tlLL~~i1 'Y"'1 n11itJ~ ~L Yi'tltJ~1~11(J L~t1tJ 't~ t;l1~~1 c;)u C;)~i1 

(3.16) 

(3.17) 

, , .... ....." 

W I'l'tl 1~t1~LI'l~'tltJ'V1tJ'tlm~tJ1U 

Nx ~'tl ri11111~n11tri~~'tl 

N x ~'tl 1111~LtJLLtJ,)1~tJ1U~n1~yhnutI'lN~~1~ LLtJtJU1~ 

m* ~'tl 1'l,)1~~fi11~'lI1~'lI'tl~tI'lN~~1~LLtJtJU1~'lIru~~fuJ)11~ N x 
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Nx LL~~ Nx Lih.u11~~1uLLu,)~~u1u~m'~";'1l1uLf'lN~r1-3LLcJuU1-3L~;j'ilunu LL~ Nx Liluyh 

ll1)'~m),Lri-3-3'il~-3LiI'W11~~n~~iJY)1Lilu~u ~')u N LiI'W11),~~m'~";1nULf'l),-3~~1-3LLcJUU1-3~-3 x 
~ ~ ~ 

Lilul~li-3ll1),~~-3u~~n~ ;-3,rUf·h~'il-3 N x ~1lJ1)'milul~li-3Y)1u,)nLL~~~U 

f'l,)1lJ~lJ~ufi),~~~1-3 f'l,)1lJ ~fi),),lJ~1 ~~'il-3 Lf'lN ~r1-3'D ru~~fU1l1),~ N
x 

nU1l1 ),~n1 ~ Lri-3 

-3'il Nx ~1lJ1Hm11~"l1nn1)'~(;n~ru1~lJn1rL:n-3'il'1~ufi~'il-311'Y~1ll1),~n1),Lri-3-3'ilLL~~11'Y~1 

n1)'iU~~L;i'ilu (~lJn11~ (3.16) LL~~ (3.17)) ~1~fUL~'ilUl'D~'ilUL"lHWll'il-3Lf'lN~~1-3LLcJUU1-3LLUU 

~rt-3 ~-3niu),~U~n1~Lf'l~'ilU~U'iln~~U1U"l~L~;j'ilUnU~1~fu11'Y~1n1~Lri-3-3'ilLL~~11OJ~1n1~ 

iU~~L;i'ilU un~,)'ilti1-3L'lIum'nh~'ilul'D'D'ilUL'D(;ILilULLuu~1uyf-3~~1u~-3niu~~u~n1~Lf'l~'ilU~ 
. . mnx . nny ::. . 

U'ilm~U1u"l~'ilfJ1ul1J w(x,y) = Amn sm-a-sm-
b

- Yl-31u11'Y~1n1~Ln-3-3'il [1 0] LL~~ 

11 'Y~1 n1~iU~ ~L ;i'ilU [6] ,rULL~ ~-3~1Ztl11-3n1~ Lri-3-3'il LL~~ttl11-3 n1~iU~~L ;i'ilU~'il-3 Lf'l N~~1-3 
" f I I 

LLcJUU1-3iJimiru~L~U')nu ;-3,rUL;j'ilYl11U~1ltl11-3n1~Lf'l~'iluYiU'iln1~U1U~'il-3Lf'lN~r1-3LLcJU 

U1-3~Lri-3-3'il nu Ztl 11-3 Lf'l~'ilU~U'il n ~~U 1 U'D'il-3 n1 ~iu~ ~L ;i'iluiJ i n1'tru~ L ~;j'ilUnU~-3 ~1lJ1 ~(l 

L;jUU~lJ n11L:n-3'il'1~Ufi'D'il-311 t1J~1 n1 ~ Lri-3-3'ill~ ~lJ Lilu 

~ ( w) - Nx L2 ( w) = 0 (3.18) 

1u";1u'il-3L~mnu~1~fu11OJ~1n1~iU~~L;i'ilU'D'il-3Lf'lN~r1-3LLcJuU1-31u'Dru~~fU1l1~~~1lJ1~(l 

L;jUU~lJn1~L;-3'il'1~ufil~~'il 

~(w)=pw 
D 

(3.19) 
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• • 0-

LUtW~1nlUi1~n1~ tri~~tlU~~lUi1~n1~i'l.!~~LYi'il'l.!"1I'il~ trlN~~1~ LLtJ'l.!1J1~ L~;j'il'l.!n'l.! ~~l!'l.!t 'l.! 
• I I iI 

...... I ~. I " .,.. ..... ., ."f <I .. ., 
Vi"'l'l.!l'lu~~n'il1J ~U~,)U'il"'Vi'l.!D"II'il~1~U~Lrl~'il'l.!l'l'l.!'ilm~'l.!11J w "II'il~l'l~~'il~ u ClJ~1"'1..:l L mJ'il'l.!n'l.! 

"'I1mUJn1~~ (3.18) ~1).J1~m~u'l.!l;hl11~~n1~tri..:l~'ill~LU'l.! 

(3.20) 

t 'l.!Yi1'l.!'il~ L~U'l n'l.!U ClJ~1 n1~i'l.!~ ~L Yi'il'l.!~1).J1 Hl~1 rh rl'J1).J ~D~~).J"Jj1 ~"II'il~ trl N ~ h~ LLtJ'l.!1J1..:l t'l.! 

"llru~~nJ111~~ N x 1~ t(;lUYl"'l1HU1"'11n~).Jn1~~ (3.19) "'I~1~rhrl,)1).J~fi~~).J"Jj1~",~n 

(0* 2 = -I,(w)+Nx~(w) 
~(w) 

(3.21 ) 

~'l'l.!U ClJ~1 n1~i'l.!~ ~ L Yi'il'l.!"II'il~ trl~~~~1~ LLtJ'l.!1J1~~hjl~f1J111~~ t 'l.!LL 'l.!,)~~'l.!11J ~ 1 ).J1HI~ 1 rl'l1).J ~ 

fi~~).J'lI1~"II'il~trlN~h..:lLLtJ'l.!U1..:lt(;lUri1~'l.!(;lfih N LvhnuP\'l.!u~~1~ri1rl,)1).J~fin).J"Jj1~LU'l.! x .. 

(3.22) 

"'11 n~).J n11~ (3.20-3.22) ~1).J1~(I~1 rl'l1).Ji).J~'l.!fi~~~~1~ rl,)1).J~fi~~).J"Jj1 ~ nUI11~~t 'l.!LL'l.!,) 

~~'l.!11J t(;lm11~).Jn11~ (3.21) ~1~~')U~).Jn1~~ (3.22) "'I~1~rl,)1).Ji).J~'l.!fi~~~~1~rl,)1).J~ 

fi~~).J'lI1~ W*2 n1J111~~t'l.!LL'l.!,)~~'l.!1U N x LU'l.! 

(3.23) 

., "I I 

f1J111~~ w LU'l.!Flru~nMru~"II'il~;J'l.!~1'l.!LLl'i~~;J'l.!~~ijri1rl~Yi~1~f1JtM~~~1~LLtJ'l.!U1..:l~U~1 "'I1n 

~).Jn1~~ (3.23) ~~~1).J11(1Yl"'l1~ru11~~1ri1~~~'il..:l"ll'il~rl'J1).J~D~~).J"Jj1~"II'il~tFlN~~1..:llLtJ'l.!U1..:l~ 



n ~~BXl ~ nil ~, U~ l.,11l.,~ t: t'B~ t'~l.,k1.tU J:L t'B "'11 ~l!j I1B~l!j~ l.,U 11 ~ l.,ru~ l.,b~~ l.,U U l.,bl.,I1l.,k1.t'~nB~';: ~n~ 
" " I I 

~ l.,U 11~~ U ~ II MI11' t'l.,11 nrm t'l.,~ ~ t'~ l!jl t'B'" Bt't'~l ~ l.,U;:~ l.,lJl.,~ t'l.,~k1.;:~Jn ~ 11 ~ 11l., t,l!j 

l1l.,n;:~t,n,m ~;:~ l.,lJl11' t'B~t'~ l.,~ ~ l.,Il.I1Ug ~ 11l.,t,l!j t'l.,~k1.;:~Jn~I1~I1l.,t,l!j ~l.,~U 9'£ ~f1l 

rN 

rN 

(I) 
l 

rN 

l.(T} 

t'B m~t'l.,l1n~" t'l.,~ ~t'~l!jl t'BIl.Bt't'!Jl ~ l., U;:tl.,ltl.,~nlJ' Bik1. Jln~ 111' l.,lA' t1l.,ll.l1tug 11l.,t,l!j t;St'l.,11 
~ 0 

• n~" t'l.,~ ~ t'~ l!jl!1l1l.,n;:tt,n,m ~;:~l.,lJl.,~nlJmBnnu" l4 ~ l4 b!1l.,~I1:Ek1.l.,~ ;:~ l.,lJl1:E~\ft\!1t-l.,l1n~" 
o 0 0 

t-l.,~~t'tl!jl t'B"'t'B~t-~l.,~~ 1.,1l.I1Ugg 111.,t,l!j l.,~nlJ' t'~num~~ l4 b!1l.,~ t-~ r N !l(T} 111' l.,lA m1-I1l.,t,l!j l.,~ I ~ I 1--

~l.,~I1M~\!1t't~n~'Jn~I1~I1l.,t,l!j ~l.,~UU l.,b t'B~t'~l.,~~ l.,ll.l1t~gg 111.,t,l!j l.,~nlJ' t'~nu"nt,~ 11:E~\ 
o 0 .. 

t'l.,l1n~" t'l.,~ ~ t'tl!jl~l1l.,n;:~t,n,m t ;:tl.,lJl.,~nu'mlJmBnnu" 1Jl41 9'£ ~f1ln ~ t'l4~" t'~Jln~ 111' l.,lA' 

~ l.,ll.l1ttg~I1l.,t,l!j ~ r N l1l.,n;:t t,mm t;:t l.,lJl.,~ B~ t-l.,l1n~" t'l.,~ ~t-t~l N~Il.Bt't'!Jl ~l.,U;:~l.,lJL~ 11141 

r N 111' r* (I) t'l.,~k1.;:t~l.,~U ~B~Mt,~"~LIl.I1Ug~I1l.,t,l!jl.,~l4 ~1ll41 t'l.,l1n~" t'L~~t'~l!§l t'BIt. Bt-t-!Jl 

~l.,u;:tl.,lJl.,~ l.,k1.tl.,unU t Ilbl.,I1l.,~t:Jn~11111l.,t,l!§l.,~ntt ';:bt!~ u, t'1B~U l.,b g -Rll v.I1L~Jln~ 111' LlA' 
" " 

l.,~ ~ .(1) ~ l.,1l.11~tg g 11l.,t,l!j t,~" Bt't-!Jl t l.,U;:~ l.,lJl11' l.,lA' L~ ~ r N l1l.,n;:~ t,f1.1,n ~;:~l.,lJB~';:~" 
o 0 

l4 u;:~ l.,lJl1:E~\ t'l.,l1n~" t-l.,~ ~ t'tl!§l B~' t-~l4 ~ ~ l.,Il.I1Ug~ ttl.,t,l!j 11l.,~n1' t-t ~ t'l.,v.n ~ t'~ 11111';:~l.,lJl1:E~\ 

t'l.,l1n~" t-l.,~~t'tl!jl B~m~I1~' l.,~ ~~ l.,ll.l1t~g~ 11l.,t,l!§;:~'m~nlJ' L~ ~t'l.,l1n~"t-L~~t't~l t'Blt.Bt-t-!Jl 

~LU;:tl.,lJl.,~ (£Z:T) ~tl.,ul1~ntt-l4~"t'~ rN 111' t*(I} t'L~k1.;:tn~'t'~'Jn~11111l.,t,l!§Ul.,b 

.. n1'nB~k1.'t'?k1.t'4f1tnB~';:~n~tl.,ul11't'!Jl~t'Ll1n~"t'l.,~~t'tl!§1 

t'Blt.I1l.,n;:~u Bnv.nB~l!j';: 1J;:~tl.,U 11~I1;:bt'nk1.~ It. mB It. It. , nBt"u l.,bt'Bf1.1 l4' U l41 11111'~ It. mIn ~ f" ~ ~ k F" !"''' k» " 

It. \nB~' ~ ~t'l.,l1n~" t'L~ ~ t'tl!§ll11' ~U-~ IH l.,11l.,~t'~t'Ll1n~" t'L~~ t't l!jl t'Blt.Jn~hBt'~ '~l.,U 11~ 

Ul.,bl.,I1~\t:Jn~11111l.,t,l!jt'~ r N l1l.,n;:~t,n"n t;:tLlJl11't't~n~mlJ'Jn~11111l.,t,l!§~ t* (I) ;:tLlJl1:E 
" 0 

O£ 
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llJ 1'll)12,J ~2,J~\lfiL:n~ L~\I'tl~ f111'll) 12,J [( fi~~W1l1 ~ rh ~~ Ml~ nUJl1 ~:::1 \ILL \II) ~:::\l1 U '"11 n 

1'll)12,J ~2,J~\lfi ~~ n~ 11) ~12,J1 ~C1~1 f11Jl1 ~:::n1~ Lri~~'el''el-l LI'l N~ ~1~ LLcJ\lU1-l1~'"I1 n f11Jl1~::: t \ILL \II) 
I .... I 

~:::\l1UYi n~:::Yh nu LI'l~~~~1~LLcJ\lU1~ LL~I)li11lliI'lN~ ~1~,r\liif11 1'l'l12,J Ofi~~2J"1I1 ~ LYI1 nu Pi\lU ~~ 
'" 

1 \lUYl c1 rn 11.1'"1::: n ~ 11) n~ n 1~~'elUYl I) \I I'll) 12,J ~ 2,J~ \lfi ~~ n ~ 11) LL~ :::n1 ~~1 f11Jl1 ~:::n1 ~ Lri~~ 'el'lltl-l 

LI'lN ~ ~1-l LLcJ\lU1~Jl1t11~ L1'el\l 1 'D'D'elU L' (;lLLUU vi1~1 



L ~~UlJUlJFI':l1 ~ \1 n I1i'tl~"1l~~ FI':l1~ ~ ~~lJfi ~:;"'~1~ I'i 11'l'l1 ~ ~ fi~~WJ!1 ~ nUJl1~:; LlJLL \J 'l 
, , " 

~:;lJ1uYil~"'l1nn1~Yi"'l1m.n~~n1~1'l~~ul'l~~"1l~~tf'1J"'1n1~Lri~~tlLL~:;n1~~lJ~:;LYitllJLi1~"'1LlJ 
" " , 

uYlij"'l:;d~I\Jn1~~tluYl'llJl'l'l1~~~~lJfi~~n~1'l L(;\ULLn~~n1~I'l~tlUI'l~~"lI~~~~~tl~tf'1J"'1LYl~"'1 

~~ L ~~U LL~'l,j1 hJ"'11'l'l1~~~~lJjh:;wh~ 1'l'l1~ ~fin~']j1 ~ n1 i~ ~tl~ nUll1~:; L \JLL \J'l~:;lJ1U 

~ • I V 

~~~ ~1lJLUlJtf '1J"'1Yi ~1~1 ~~ L;;U\J~~ Lll~ULlJltl ~ ~ L~~ U mJ\J(;lN 1~ LlJi'l1tlij"'l:;~~UYl'llJ 

1'l'l1~~~~\Jfi"1l~~ 1'i1Jl1~:;n1~ Lri~~tlnU'W~ ~ n~~~ n1~i\J~:;L YitllJ LlfWL1 ~~ L~~tJ LLlJlJ(;lN"1ltl~ 
::. .J':.Q II I ...J.J 4 " .J .... 

tf'1J"'1Yl~~~~ LlJYllJ'W"'l1~ru1 LI'lN~n~LL~\JU1~~L"'~U~~lJ~1"1llJ1(;\ a x b Yl~UJl1~:;L \JLLlJ,) 

I " I " I 

~:;lJ1Ur;!1~LLnlJ x LL~:;ih~tl\Jh"1l~UL"1l (;l LLUU~1U~~~~1\J LI'lN~~1~ij~1~1~~"'11'l,)1~O 

fi~~~']j1 ~ LL~:;Jl1 ~:;n1 ~ Lrl ~~tll~L(;\U~~~ ~YI~ ni\J~:;U:;LI'l~tl\J~lJtl n ~:;lJ1U~~~ ~ I'l~tl~ nu 

() 
. m7rX . n7rY !', , ~ !', 0 ..... "f 

W X,Y = A",n sm-a-sm-
b

- "'l1nlJlJLLYllJl'l1 ~lJ~~n1~I'l~tlUI'l~~Yl~~tl~ ~1~~Uu'1J"'1n1~ 

Lrl~~~"'l :;"'1 ri1Jl1~:; LlJLL \J') ~:;\J1U 1~ LUlJ 

(4.1 ) 

1'i1Jl1~:;~1~"'l1n~~n1~~ (4.1) "'l:;LU\J1'i1Jl1~:;n1~Lri~~tln(;)~L~tlri1~Fi1lJ')rul~iJI'i1u~U~~(;\ • " , , 
L~tJn1rLLYllJri1 m LL~:; n ~~LL(;) 1, 2, 3, ... "'l:;1~~1 N x iJI'i1U~UYi~~L;j~ri1 n Lvhnu 1 L~~tl 

~,)lJI'i1 m ~vi1LlXI'i1Jl1r:;u~u~~(;\,r\J~1"'l"'l:;11JiJI'i1Lu\J 1 1'i1 L(;\U m LU\J1'i1~LL~(;\~i1~ltl11~ 
" >-

"1ltl~ LI'lN~h~ milJU1~ L;j~ Ln (;\n1~Lrl~~tl:O~ L~un~1 L ~~ (;\n1~ Lrl~~tl ~~,rlJJl1~:;n1 ~ Lri~~~"1l~~ 

LI'lN~n~ LL~\JU1~ ~~ 
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(4 .2) 

1 'kin num ~i'kl~:; L Vi~'kI~'I LL "''kI~:;tJ:;m~L~~~'kI~'kI'tl n ~:;'kI ') lJ L 'li'klL~tJ'l n'kl'"l:; lr1l f)') ~') ') l-J ~ finl-J"l!,) ~ 

1 'kI'lI ru:;~t~~'1 ~r')'1 uc.i'kllJ,)'IflJlll ~:;L vh nlJ 

(4.3) 

(4.4) 

, I I tI 

L U'tl'l'"l ') n t ~l-J ~ nI ~i 'kI~ :; LVi ~'kIY1~ '"I ') ~ru ') L U'kI t ~l-J I1l L~ tJ ') n'klnlJ t ~l-J ~'lI~'I m ~ tTl'l'l 'tl ~'I,r 'kI~'I 

n,)~'kI11l1\\,f)') n 1'k1~l-JnI~~ (4.2) LL~:; (4.3) ijf),)LvhnlJ 1 '"I:;1~~,)Il-J~finl-J"l!')~1'k1"11ru:;~ 

flJJ1,)~:;L'YhnlJ 

(4 .5) 

(4 .6) 

" ~'tl'l nlJJ1,)~:; 1 'kiLL 'kI')r:;'kI,)lJ ~'Iil 

(4.7) 
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~1nR11111:;n11tri-l-l'tl (~~Jn11~ (4.2)) ~1~11m;jm.l~~n11P1'.l1~i~~ufi1:;~~1-lPl'.l1~~ 

fi11~'lI1~n1~-l~'fl-l nU1111:; LULLU'.l1:;U1U LU~~ n11~ (4.7) HiL ~lJ Li'Ju 

~-l~~n11P1'.l1~i~~ufi~1~;1L~ij'flUnUnU~~n11~ (3.23) JULL~'ML~L~U~1P1'.l1~i~~Ufi 
1:;~~1-lPl'.l1~~fi11~'lI1~n1~-l~'fl-lnUI111:;LULLU'.l1:;U1U~~1~1nn11v.~11ru1~~n11P11'flUPI~~ . 

~1~fu tPlN~ ~1-l LLcJUU1-l~ij L~'flU 1 'lI'lJ'flU L"1I(;I LLUU~u~1lJL "Ih~'tlu1 "1I'lI'tlU L'll (;I LLUU~1tJ llJ 

~1~11t1~1R11111:;n11tri-l-l'tl~1'flPl'.l1~~fi11~'lI1~L~'flulunJCJ~L'tl~tJLLlJu[;1N1~ 1:;LUtJU~nYli 
" " 

Ltlu~n%~tl-l~~1~11t11fl LPl11:;\ftf CY~1 n11iu~:;L Yi'flULL~:;n11 tri-l-l'fl'll'fl-l tPlN ~ ~1-l LLcJUU1-l~ 

ijL~'tlu1 'lI'l1'flUL 'lI rnLLuu~u 1~ lui'.l;J'fl 5 Vl1t.1~:;LL~ ~-l,;)ihn PI'.l1~ ~fi11~'lI1 ~LL~:; R11111:;n11 tri-l-l'tl 

tVltJ l·h:; LutJu~m-YI'lf LL~'.l LL~ Vl-l n-l PI'.l1~i '-J~ufi'll'a-l R1 n1~-l ~'a-l'll'tl-l PI'.l1 '-J ~ fi 11~'lI1 ~ nu r111111:; 
s-

LULL U'.l1:;U1U1'.l~";-l n11~1 r111111:;n11 tri-l-l'tl'll'a-l tPlN~ ~1-l LLcJUU1-l~1 n PI'.l1~ i~~Ufi'll'tl-l 

PI'.l1'-J ~fi11'-J'lI1 ~nUI111:; lULLU'.l1:;U1U 

.d _~ r 

4.2.1 1:;LUtJU'.lfi1Y1'li 

1:; LUtJu~nYliLtlUn11~ LPl11:;\f ~'.ltJ~fi L;-l ~'.l L~'lI t~tJ'a1 Pi'tJ~~ n n11Yi ~-l-l1U1'.l ~ ~1~ Vl • 

(Minimum of total energy) tVltJ~Yi~-l-l1U1'.l~LiiVl~1nn111'.l~nU'1I'tl-lYi~-l-l1uPi'nu Yi~-l-l1U 

PI'.l1'-J LPl1tJ (1\ LL~:;Yi~-l-l1U~~,r ~1~futf CY~1 n11iu~:;L Yi'flU~1~11t1 L;jtJUYi~-l-l1U1'.l~ LUlt.l"ll'a-l 

(4.8) 
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(4.9) 

o 0 

4t "' .. -1 " .-:::.I oQ~ ~ 4 dI.c:.I .. I " 
~t.!n1~LLnuqp.'I1j;1,)m'~LUtJU,)fi~"'"lI~~~l-Jl-J(;1~~tJ~m~LFI~'elUYlU'elm'~t..nu W(X,y) u~~n'elUj;I')tJ 

f'i1F1-l~~hJ."nUrh (Amn) LL~~Yi-lniu"lI'el-l~,)LLU~~UX(X) LL~~ Y(y) ~~'Elj;lFl~'El-lnuL1'Elut"ll 

"D'ElUL"D (;1"D'El-l LFlN~f1-lLL~UU1-l Lj;lm'~tJ~LFI~'ElU~U'Eln~~U1U~1l-J1~(l L;itJU t ~'El~t UtU 

M N 

W(X,y) = LLAmnX(x)Y(y) (4 .10) 
m=1 n= 1 

o 0 

Lj;ltJ W(X,y) ~'El Yi-lniU~~tJ~LFI~tlUViU'Elm'~U1U 

X(X) ~'El Yi-lniu"lI'El-l x LYitJ-l'Elt11-lL~m~~'Elj;lFl~'El-lnUL1'Elut"D"D'ElUL'1I(;1 
, 

Vij;j1LLml-l x = 0 LL~~ x = a 

Y(y) ~'El Yi-lniu"D'El-l y LYitJ-l'Elt11-lL~m~~'El~FI~'El-lnud'flul"11"D'flUL"1I(;1 
o 

ViJ;J1LL'VIU-l y = 0 LL~~ Y = b 
I I ." 

Amn ~'El f'i1F1-lViVi~'El-l'VI1~-lij~-l'VIl-Jj;I M x N ~') 

, 0 q.a.~ ~ I .., A .. .., "J.J .J 
FI,)1l-J LLl-JUm"ll'fl-l ~::;LUtJU,)fi~"'"lI"DU'El\l n U m ~~ l-Jl-J (;1Yi-l n-nu ~::;tJ ~ LFI ~'ElU"'Utl n ~~U1U'" L 'VIl-J1~~ l-J 

LL~~~U'El~nU~1U,)U'Yl~lI~t-nuYi-lniu~~tJ::;LFI~'ElU~U'fln~~U1U ~-lLj;ltJ.,,~1:t~LL~')ri1(;1'Elu~1~ 
~::;~L;h~~~L~~tJLLl.lU(;1NL~'El~1U,)U'Yl~lIijf'i1L;h~'ElUU~ 

"'.-t' " oIICIiI A~ .. 

4 .2.2 mmnuCY'VI1 j;I,)m'~LUtJU,)fi~"'"lI 

n1 ~'VI1 ~~ L~~tJ"D'El-ll1CY'VI1 n1~Lri-l-l'El LL~~l1CY'VI1 n1'1iu~::; L Yi'Elut un~ru~ij d'Elut"1l 

I I " " 

"1I'ElU L"D (;1Vitl.lt -rl LLUU~1tJ~ ::;~'El-lvh Lj;ltJ t -if ~~LutJu'ln."i ~-liu(;1'Elum ~'VI1 ri1 (;1'ElU"1I'El-ll1 CY'VI 1 r1-l 

" 0-

~'El-lijin1:tru~FI~1tJnULj;ltJ~1l-J1~(lLL~~-liu(;1'ElumnLlll1CY'VI1t~cK-l~'Eltutl 
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'" '" , 
tFlN~11-.l,r1.Ifi'tlU t~Un1~~m~t1U~'tl-.ln1~~1Fl'l1l-J~l-J~Ufi"l1'tl-.lFl'l1l-J~fi~~W1l1~n1~-.l~'tl-.lnU 

ll1~::llJLLlJ'l~::lJ1U ml-JLLnlJ x ( Nx ) llJn1~LLntJ'1l~1 n1~ilJ~::L~'tllJLjl-J'"l1nn1~~l-Jl-J ~rt-.l nilJ 

, , '" 
1J'tln~::lJ1ULLf1::rh1l1~:: Nx YiI1f'tl-.ln1~~NllJ~l-Jn1~Yi~-.l-.l11J~'ll-J (~l-Jn1~Yi (4.1)) -nlJ~'tllJ~'tlhJ 

~'tl~1rh Amn ~";11~Yi~-.l-.l1lJ~'ll-Jiirh~1~~ t~ul~'tl~~lJfitJ'tlU"l1'tl-.lYi~-.l-.l1lJ~'ll-J TI LYiUU Amn 

.... , ~:'... an ~ "., an ", :, 1 
l-JFl1LillJPlUUUlJFl'tl -- = 0 "l1lJ~'tllJ~~Yl1U'"l~~l-Jn1~-- = 0 l~'tlullJ'i'ULLUUYl'l U"l1'tl-.l 

"aA • aA " (, 
mn mn 

tft1J~1r11L'"l1::'"l-.l (Eigenvalues Problem) t~Uiir11Fl'l1l-J~fi~~l-J'il1~ 0/ Lil1JJ;]'lLLU~~hJYl~1Ur11 

llJ";11J'tl-.l L~U'l nlJ~ 1~futf C\.J~1 n17 tri-.l-.l'tl Lri'tl LL YllJfhrt-.l ni1J7::U:: LFl ~ 'tlU~ 1J'tl m::lJ 1U ~-.ll U 

~l-Jn1~Yi~-.l-.l11J~'ll-J (~l-Jn17~ (4.2)) '"l::1~tJC\.J~1r11L'"l1::'"l-.l~-.liiJ;]'lLLU7~hJYl~1Ufh~'tl N x t~u 

~l-Jn17tfC\.J~1L'"l1::'"l-.l~'tl-.ltJ'1l~1n1~iu~::LYi'tlULL~::tJC\.J~1n1~tri-.l-.l'tl~1l-J1~ClL~uul~ml-J~1~U 

[A][C]-W*2 [B][C] = 0 (4.4n) 

[A][C] + N x[B][C] = 0 (4.4'11) 

, 
t~u [A]LL~:: [B) ~'tl Ll-JYl1ni4'~f~'1IlJ1~ [MxN,MxN] Yil-J1'"l1nn1nLYllJrh~l-Jn1~ 

n1 nFl~'tllJ~~-.llUllJ~l-J n17Yi ~-.l-.l1lJ7'll-J 

[C) ~'tl Ll-JYl1niLLCl'l"l1'tl-.lr11Fl-.l~~hjYl71Ur11 (Amn) 
* -4 ~ ~ 'l' 11 I ..J.., 

(j) Fl'tl Fl'l1l-JClfi77l-J'il1IW1.I'tl-.l ~Fl7-.l~~1-.lLL~UU1-.l'lJru:;Yl~U1l1~:; Nx (rad/s) 

Nx f1'tl ll1~::llJLLlJ'l~::lJ1U~1l-JLLnlJ x 

N x ~'tl ll1~::n1~tri-.l-.l'tlllJLLlJ'l~::lJ1U~1l-JLLnU x 

~~-.1'"l1nLLntJ'1l~1r11L'"l1::'"l-.11lJ~l-Jn1~~ (4.4n) r11L'"l1:;'"l-.1 (Eigenvalues) ~l~LillJ 

r11 Fl'l1l-J ~fi~~l-J'il1 ~'1I'tl-.l tFlN~ 11-.1 LL~lJU1-.1"lJ ru:;~ fUll 1 ~:; N r11 Fl'l1l-J ~ fi7~l-J"l11 ~~l~ii~ ~ 1U r11 x 

~-.1 LLvi~::r11 LillJr11Fl'l1l-J ~fi~~l-J"lI1~'D'tl-.1 n1~ilJl1JLL~~:;lU11-.ln1~ilJ t~u [C) LL~ ~-.l C1-.1lU11-.1 

t~l-J~n1~i1J~::d;'tlU ~1~fUn1~~1r11ll17::n1~tri-.1-.1'tlllJLLU'lLLnlJ x iit in1~~1lJ'lrutlJ~ m~tru:: 
L~U'lnUnUn1~~1Fl'l1l-J~fi~~l-J"l11~ Lri'tlLLntJC\.J~1L'"l1::'"l-.l'"l1n~l-Jn1~~ (4.4'11) r11ll1~:: N x ~l-J1 
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• "" I I 

Yi~.:JH LL~f11Jl11:::n11 Lri.:J.:Jtl~ LYitJ.:Jr11 L~m~tlrh L"1:::".:JYi~f11UtltJYi~Ci) ~'lUt1H1.:J n11 Lri.:J.:Jtl 

~~tl L~lJCi)n11Lri.:J.:Jtl~1lJ11()~1't~"1n L~lJCi)n11Lri.:J.:Jtl'JItl.:Jrh N x ~d1UrllL"1:::".:J~UtltJ~~Ci) 
L'1lunu 

I I • f II 

n11LLnilCY~1tun1ruYi~L~tlU't1J'JItlUL'JIVlLLUU~UYi'Wt'1lLLuu~1mrU~1lJ11()LLnilCY~1L~tJ 

t-n1::LUtJU1fihl~.:Jtl1pjtJ~~nn11"l1tl.:JVi~.:J.:J1U1'llJ~1~Ci) LCi)tJpJLLUU"tJtl.:JilCY~1":::tl~tUltl'JItl.:J 

ilru~1rl1 L"I1::"I.:J ~1~fum'r~iI ru~1n11iu~::LYltlUrl1 L"I1:::".:J~~1l.J1L~ djUf111'1'l1lJ ~fi11l.J'JI1 ~ w w 

'JItl.:Jn11iu~.:J~~~1tJ rl1 ~'luil CY~1Jl11:::n11 Lri~~tl f11 L"I1:::"~~~1l.J1L~~~~1tJ rl1 L"liunu LL~rl1 

Jl11::n 11 Lri~~ tl ~ L Yi tJ.:J rl1 L~ tI'l ~tl f11 L., 1::"1 ~~ ~ f1 1 Utl tJ ~ ~ Ci) Yf.:J n-n U1:::tJ:: Lrl ~ tlU ~ Utl n 
I , I '" '" 

1:::U1U X(x) ~~tl Y(y) Yit-n"l:::~tl~LtluYf~n-nuYi~tlCi)f'I~tl~nUL~tlUL'JI1JtlUL1JVl'JItl.:J:nU~1UUU1 tu 
" , , 

1'VlmUViU{i1t-nYf.:Jn-nUn11~Ci)'JItl.:Jrl1UtUn11tl1:::lJ1rurl1n11LF1~tluYiUtln1:::U1U 

" , .. ~ ~.., ..:I q C1I • , !:4t .elf 4~ ..... ..~ .. .., .., 

11~n"llU1::tJ:::LF1~tlU'VlUtln1:::U1U'VlU1l.J1 ~"lI ~U1:::LUtJU'lfi1'Vl"llF1tll1~n"llUn11~~'JItl.:Jrl1U 

L~tJ L~tln H'~~n-nU"lltl~rl1U~~L1tlUL "ll1JtlUL "lI Vl"lltl.:J L'1luL~mnUL1tlUL "lI"lItlU L "lI [;1"l1tl.:J LI"1N~ ~1.:J LL~U 
• I " I I 

U1~Yi ~tl.:Jn11~ m~1 ~1~fumruL~tlU't 'JI"lItlU L'JI [;1 LtlULLUU~1tJ~.:J~ ~1U Yf.:J niuYit -ntl~t Ultl 

tl~n1lJ"lItl.:J"lI1 mr ~'lut un1ruL1tlUL "lI'JItlUL 'JI [;1 LtlULLUU~U~1lJ11() t -nYf~ niu"lltl.:J rl1U~.:J L~ tJUL~ 
" -- .... Ci).:JU [12] 

Ldtl qJ(r) LtluYf~n-nu X(x) ~~tl Y(y) LL~::: r LtlUL~~~ x ~~tl y ~Utl~nU~1 qJ(r) LtlUrl1 

X(x) ~~tl Y(y) ~1~fUrl1'J1tl.:J Ym LL~:: Am ~utl~nuL1'tlUL"lI"lItlUL'JI[;1'J1tl.:JLf'lN~~1.:JLL~UU1.:J 
, " 

mruL~tlu't'JI'JItlUL'JI[;1LtluLLUUUCi)LLUU~.:J~tl.:J~1Url1"l1tl~ Am LL~::: Y m ~1lJ11()~1L~"1mJ~L'il~tJ 
" 'JItl.:J~lJn11IRtlLtli1[;11l.J~h~u 

COSA cosh A = I 
m m (4.6) 
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cos A. - cosh A. 
r = m m 
m sin A. + sinh A. 

(4.7) 
m m 

~1,"fum'nlL1tl'Wl"l1"l1tlUL'lIInLthJLLUUUv)LL"hJ~I'W r = 0 LL~:;tl~It1~M:;~I'W r = L r)'l"lltl~ Am 
., 

LL~:; r m ~'l).Jl~C1r11'W')ru,"11~r.l1n~).Jn'l~~tl~~).Jn'l~~tlltlu 

cos A cosh A = -I 
m m (4.8) 

COSA +COShA 
r = m m 
m sinA -sinhA (4.9) 

m m 

mOcU2 mod. I 

(n) ("lI) 
, ., 

ZtlYi 4.1 Ztlil~Yf~ni'W"1Jtl~I"l'l'W (n) LLUUUv)LLU'W"'~~tl~~I'W 

("lI) LLlJUUv)LLU'U'"rt~~'l'WLL~:;tl~It1~M:;'"rt~~I'W 

, ., , 
~'l'Wn ~ru(~tl'W 1 "lI"lI tlU L"lI (;] LLUUtl~'l tI~~~:;"'~~tl~ ~'l'W~I).Jl~C11-nYf.:l ni'W"lItl~ I"lI'WYi L; tI'W 1 'WZtl 
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, '" , 
L~~\.Il '1I'1I~U L'1I j;1LLUUUl?1LL lJ\.Ivl~~~~ ~1\.1 LL(;]~1~fu nnllL~~\.Il 'll'll~U L'1I VI LLUUtJ~1tJ~~~:;~~~ ~1\.1 

Yl'~ni\.l'1l~~f')1\.1'1:;m~l-Jl?1LL'~~Ln1~L~l-J~n~~~L~l-Jl?1~~ lPrl (r) = 1 LL~:; lPr2 (r) = ..fi(l-2r / L) 
" , • I I I 

~~ ,r\.l'1:;~~~ L Yll-J L ~l-J l?1 n1~Lf')~~\.IYi lPrl (r) LL~:; lPr2 (r) L on11tJL \.I~~ ni\.l~:;tJ:; Lf')~'t)\.IYi\.l~ n 

o oIICli..... " Q.c.~ tr 

4. 2.3 c.J~ n1~f')1\.1'HUL"l1~ VI') L~'1Il?1')m:;LUtJU,)fi~Yl"ll 

L ~~Yl ~'1,rf'),)1l-Jil-J~\.Ifi'll~~ f'),)1l-J ~finl-J'lI1 ~ nu rl1J)1~:;L \.ILL \.I') ~:;\.I 1U~'i ~ fumru 
" 

L~ ~\.I 1 '11' ~u L'1I VI L i1\.1LLuu~\.I~hIL1 LLUU~1tJ ~~ Lon~:; LijtJu~n.".lf ~1\.1 ') rurl1 f')') 1l-J ~ fi~~l-J"l11 ~'11~~ 

LM~~~1~ LLtJ\.IU1~ L \.I '11 ru:;~ fUJ) 1~:; L \.ILL \.I') ~:;\.I1U rl1 (;]1~ 1 ~,)l-J ~~~1 rl1J) 1 ~:;n1 ~ Lri~~~'ll~~ LLtJ\.I 
'" , 

U1~,r\.l1 ~,)tJ ~:;djtJu~n.".lfL 1 \.I n\.l LL~,) LmtJu LYitJUrl1J)1 ~:;n1~ Lri~~~'ll'tN Lf')N~~1~ LLtJ\.IU1~Yi 

1~'11 n n1~~ 1 \.I') ru Ll?1tJ VI N nu rl1J) 1~:; n1 ~ Lri~~~'11 non~ l-J~'1I~~ n1 ~i\.l~:; L l1~\.1 L ;i~~'11 n~:; L utJu .. 
~nYliLtI\.I~fi L;~ i ') L~'1I~~ ~~~ Ii 1~\.Il?1~ 1 \.I') \.IYi'1 ,r'1l~~ ~:;tJ:; Lf'1~ ~\.I~\.I'tln ~:;\.I1 U~L; ~1 \.I') ru 

~~J-\.Iri~\.In1~\.Il?1~1\.1,)\.IYi'1,r'1l't)~ ~:;tJ :;Lf') ~'t)\.I~\.I't) n ~:;\.I1U~~ ~'t)~ ~ mt1 n1 ~~ L on1'11 't)~ ~1 (;]'t)u 
" , ,'" 

ri't)\.I Ll?1tJi')'t)£h~YiL;~m~nLtI\.ILf')NLLtJ\.IU1~'t)~~LijtJl-JYiijf')ru~l-JU~Yl1~n~~~U E = 20 OPa .. . 
I " I I 

L~~\.Il'11'11't)uL'llVlLtI\.ILLUUUl?1LLlJ\.Ivl~~~1\.1 c.J~n1~~mt1YiU~1L;j't)rl1'11~~ M LL~:; N LVl1nU 5 
, , '" 

~1V1't)U'1l~~i1'1J~1J)1~:;n1~ Lri~~~ L1l-J~ L'1 ~~ LL~ l?1~ L \.IttJYi 4 .2 LL(;]L \.In1~~1\.1,) ruUL; rl1'11't)~ M 
I I I I I.... d oIICIfo .. -=I tI::tI r .d I 

LL~:; N LYl1nU 12 "l1~'1:;l-J'11\.1,)\.IYi'1\.1'll~~~:;tJ:;Lf')~~\.IYl\.l~m:;\.I1U 144 Yi'1\.1 L\.I~~'11nf'11'11't)~ 

M LL~:; N LVl1nU 12Ll¥rl1~~n~~~l-J1nn~1 M LL~:; N Lvhnu 5 Ll?1tJL;~:;tJ:;L,)~1~1\.1,)ru 
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Buckling load ( kN/m) 
138 

136 X 

134 

132 

130 

128 

126 

x x x x x x x x x x 

124 +-.--.-.-,~~~-.-.~--~~-.-.-. 

o I 2 3 4 5 6 7 8 9 10 11 12 13 14 

Value of m and n 

~U~ 4 . 2 LL~ f?l.:J nt~~ dh"llfl-l fOil11'W:;nt~ Lrl-l-lfl"llfl.:J LLthJflflij Lum . .J111t11~ L~flu1 "1I"lIfllJ L"lI (;1 LLlJlJ 
~ ~ ~ 

" . 
Uf?lLLl.iUl1-l~~IU 

. " 
ml~ f'I,)ll-Jil-J~ufi~:;wh-l f'I,)l).J ii fi~~Wl!l ~ nl~-l ~fl.:J nlJ1111:; 1 ULL U')1:;UllJ 1 Un11~ mnu1-n 

~:;LutllJ'1fihli~1 fOil mll-J ~ finWl!l ~"lIfl-l Lf'lN ~~I-l LLtJUlJl.:J 1 U"lI CU:;~ flJ111 ~:;"1IUI (11 ~1-l1 L~ll 
. " 

Yi~fl (;1 n~l~ f'I,)ll-J i).J~ufi~:;~~I-l f'I,)ll-J iifi1~).J"l!1 ~ nl~-l ~1l-l nlJ1111:; 1 ULL U,)~:;UllJ LL~,) '"11 m!u 

~1 fOil1111:; n11 Lrl-l-lll L(11mh:;).J 1 CUfOil111 ~:;~ fOi 1 f'I') 1).J ~ fi~~l-J"l!1 ~ L Vl1 nlJ ~U tJLL~ ,)U 11 U 

. " 
LmtllJLYltllJnlJfOil111~:;n11Lri.:J-lflYll-JI'"11nnt~~lu')cu~')m:;LUtllJ'1~'Vli ~1~flJ~,)llth-l;U-lIU 

I " • I 

Yl ~ n~1 LUULLtJ 1..111 ~ ij L UtI).J ~ 1l-J;UYl ij "lI 1..1 1 (11 i f?l ~ ') ULLfl:; L~llU 1 "lI"1IlllJ L "lI (;1 LL(;1 n ~1.:J n 1..1 L(11 tI 

nl~U(11n1nL~ (11-l dllu1 "lI"lIlllJL"lI(;1~')tI ~')'rl n~~ 111~1'rl-l n ~~~ ~,)~-lLL~fl:;~,) LL~ (11-l L~llU 1 "1I"lIlllJL "lI (;1 

1ULL~fl:;~IU L"llU sese ~,)'rln~1 s ~,)LLmLLfl:;~,)~~I).JLL~f?l-lL~llu1"l1"11fllJL"lI(;1~ x = 0 LLfl:; 

x = a (;11).J~Ir;llJ ~,)U~,)'rln~1 e ~,)~~fl-lnlJ~,)~~LL~(11.:Jdllu't"ll"lllllJL"lI(;1~ y = 0 LLfl:; y = b 
I " '" I 

(;11l-J"h r;llJ ~1~flJ ml).J~).JIt1"l1fl-l ~')ran~~Yl1-n ~fl '11..11 u'1'VltllilYiufiuLUU~.:JU s FlllL~llU't"1l 

"lIfllJL"lI(;1LLlJlJ~lt1 ~')U e Fl~dflU't"ll"lllllJL"lI(;1LLlJlJU(11LLl.iU LLfl:; F Fllldflu1"l1"11lllJL"lI(;1LLlJlJUfllt1 

:a~~:; ~-l tJ fl n11~IU,) CU".1 fOil111~:; Lrl-l-lll LLfl:;lu11-l n1 ~ Lri-l-lll~,)tI ~:;LUtllJ';jn'Vl "l!1"'tI (;1N"lIfl-l 
" " I I I I 

;U-lIU";-l~I).J't~LL~(11-l1u(;1111-lYl4 . 1 1U"1ifl-lYl~LLfl:;lUYl4 . 3 (;11).J~I~lJ ~')UfOil111~:;n11Lri-l-l1l 
It" I 

"lIfl-l LrlN~ ~1-lLLtJUlJl-lYll-JI'"11 n;fll-Jfl"llfl-l nt~iu~:; LVilluuu't~ml~ 1:;~~1-l fOil f'I,)l).J iifi1~l-J"l!1 ~ .. . " 
nl~-l~fl-lnlJ1111:; ~-lLL~f?l-l1ulUYl4.4 n-l 4 .6 '"Ilnn~I~";-l~I).JYilJ~lmll-Ji).J~ufi1:;~~I-l 

w * 2 nlJ111~:; Ncr ijf'l,)l).Ji).J~ufiLUUL~U(;1N L(11t1~ fOil f'I,)Il-J~fi~~l-J"l!I~~-l~UL~1l1111:; Ncr LUU 



41 

, , .... I 

Jll~::~~ 1lJ'Vll~n~UnlJFl'lllJi1finlJ'lilti~In~NLij~~lJ~llJfuJll~::nln LL~::U~'Y'lU~Ir11Jll~:: Nx Yi 

1l\' I'll Fl'lllJ ~fi~~lJ'lil ti LVii nu PilJtm I'll hi Lvii n lJ ~ l,"fu LL~ ~ ::~Ui1~ n1 ~ilJ~:: L Yl~lJ n1 ~U~::lJ 1 ru v v 

I I I 1,1 

~::~Uil~ n1~ilJ ~::L Yl~lJ LL~'l LLrl ~lJ n1 ~,"1 r11Jll ~::Yi1l\' ril Fl'lllJ i1fi ~~lJ'lil ti Lvii nu PilJtJ"'Il mr lJ 
v v 

I I I " I 

L~'an r11Jll~::n ~Yi iJrlll!'aUYi~ ~ ;~Jl1~::,rlJ"'I::LtllJrllJl1~::n1~ Lri~~~~~ LL~ ~~1lJ-ri'a~Yil\'I'1i~~ • 

~llJ'lru t~u j;1NiJ r111n~ L~U~nlJ lJ~n"'l1 mrlJlUi1~ n1~ tri~~'a nUlui1~n1~ilJ~::L Yl'alJ"ll~~ t ,"lJ ~ 

~Lnlnn1~tri~~~iJ~m~ru::L~U'lnlJ t~UlUil~n1~ilJ~::LYl'alJ'lJ~~LL~~::~lJ~llJLL~~~1lJlU~ 4.7 

n~ 4.9 

, " , 
j;11n~Yi 4.1 r11Jll~::n1~Lri~~~"ll~~LL~~::~lJ~llJYi~I'"11nn1nLrltl'1J~1Jll~::m~Lri~~~ L~Uj;1N 

02 

LL~::"'Iln-if~lJ~m~ilJ~::LYl~lJ 

., .. 
'IilJ~llJ 

1 

2 

3 

0.15 
0.05 

v 

"lIlJ11n 

a x b (mm
2

) 

20x20 

40x 20 

20 x 20 

1.5 

10 

05 

, 
L~~~'t"1l 

"1I~UL"1Ij;1 

sese 
sese 
sFse 

Mode Shope 
S.C-s.c 

0.0 LtI:i:J.~ 

.(1.5 

-15 

0.4 0.3 
0.2 0.1 

0.0 . 00 

, " 

r11Jll~::m~Lri~~~ Nx (kN/m) 

0 

FlllJ'lru 

LInUj;1N 

-97.323 

-88.215 

-21.019 

" "'Iln'1l'tl~~n1~ 

ilJ~::LYl~lJ 

-97.322 

-88.215 

-21.020 

_Shope 
Sf-S-C 

lUYl4.3 lU11~n1~Lri~~~'1I~~LL~~::~lJ~llJ"'Ilm::L;jUU~n'Vli 



o mode I 

D mode 2 

6 mod e 3 

120 

100 

80 

uT = 182.298 Nx + 17741.803 

- 125 -11 -75 -50 -25 0 

-97.322 Nz (kN/m) 

25 50 75 JOO 12 5 

lU~ 4.4 n~1vi~:;~~1~Fl')'UJ~fi~~W1l1~ri1~~~'r) 'H1tJ 111~:; Nz 'jJ'tl~:i'W~1'W~l.J1m~'jJ 1 

<> mode 1 
a mode 2 

t. mode 3 
x mode 4 

40 

35 

30 

25 

-100 -75 -50 -25 0 25 50 75 100 

-88.2) 5 Nz (kN/m) 

lU~ 4.5 m1Yl~:;~~1~Fl'l1l.J~fi~~l.J'lI1;jri1~~~'r)~ntJ 111~:; Nz 'jJ'r)~:i'W~1'W~l.J1m~'1I 2 

<> rrode 1 
a rrode 2 
6. rrode 3 

-30 ~o 
-2 1.020 

-10 

16 

14 

12 

4 

2 

0 

Nz (kN/m) 

cJ=45 .574 Nx + 957.945 

10 20 30 

" " lUVi 4.6 n~1Yl~:;~~1~Fl'l1l.JCifi~~l.J"lI1~ri1~~~'tl~ntJ 111~:; N z 'jJ'r)~~'W~1'W~l.J1m~'lI 3 
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..... ~ 
S-C-~ 

0115 00 

_Sh .... 
S-C-~ 

00 
0115 

0.1 

~""7.~"""0 2-""".....,-n-_.L 0 2
0 

15 
0.1 00 

0.0 

0.115 00 

- ...... S-C-S-C 

ModISh"" 
S-C-S-C 
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.... _po 
S-F-S-C 

-1 

ModeS1oopt 
S-F-S-C 

01 005 00 . 

o 0 ., 

-1 

pJYi 4.9 pJh,m11~'tJ~:;L~t)tI'lIt)'!;tI'!1t1\.n.J1m~'lI 3 
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_51>. 
S-F-S-C 

iii 1 n ~ ~ n 11r11t1'l ru t~tJ 1:;LijtJu't)nYliLL~ CM 1"" L ~tI~11')'l1~ i~~tlfi1:;~~1,!1')'l1~ ~ 
fi11WI!1 ~ ii1~'! ~t)'! nU1111:;1 tlLLtI'l1:;tl1ui1I')'l1~i~~tlfid~tlLLUU L~tI~N LL~:;11 1 1:;1 tiLL \J'l 

1:;\J1U~yhl""fhl')'l1~~fi11~"il1~LvhnuP\tluJ\JLtI\Jf'i11111:;m1tri'!'!'tl c;)'!JtlIiI1n~~m1r11\J'lru 
" 

L;'! L~'lI LL~ ~'!1 "" L ~\J~ 1't)fi ~'l1~ i~~\Jfi'llt)'! m 1i\J~:;L ~'tl\J~1~ 11ml1~11 f'l \J~ 1 f'i11111:;m 1 tri'! 

'It) l~t)th'! LL~\Jih 1 tlUYl ~t) hJ LtI\Jn11~mt1 t~tJ't)fimrYl ~~t)'! L ~t)LL~ ~'!1 "" L~\J~1 m1Yl ~~'tl'!~1 

f'i11111:;m1 tri'!'!t) t~tJ't)fi~ L~\J'tli1 f'I'l1~ L~\J!i1 LL~:;~1~11ml111.l1-n'!1\J 1~IiI1'! 



d 
'U'VI'VI 5 

n'Vi'VI ~~'£l~Vl1 Fi1111~n1' Lri~~'£l~1 n1fi'VI ~~'£l~ 

1tJ~tl~UYI~cJTlnJ11~n~1,)~~FI,)1lJilJlitJfi"1Jtl~f11F1,)1lJ~fi~~lJ"1J1tiihi~MI~nUI11~::1tJ 

LL tJ') ~::tJ1U~,)lJ ~~ n1 nn f11111~:: n 1~ Lri~~tl., 1 n FI,)1lJ i lJlitJfi ~~ n ~ 1') L(;)tJ 1~ ~ 'tlUYI ') tJFI,)1lJ 

Cin ~tl~"lI'tl~ f11111 ~::n1 ~ Lri~~tl~~1" 1 n-ntllJ ~ n1 ~itJ~:: L YitltJ L(;)tJ Hi' ~ ~ L 'U ~ tJ LLl.itJUlN LL~:; ~ ~ L 'U~ tJ 
~ ~ 

~ ~ 

L;~ ~') L~"1J 1 UUYI~"::LL~ (;)~ ~~ n1 ~Y1 (;)~'tl~~1 f11111 ~::n 1~ Lri~~tl"lltl~;U~1U L~~::LLcJUU1~ ~')t(1fi . ~ . 
Fl'J1lJilJlitJfi"1ltl~ n1~iU~::L YitltJ n1~~n~ L(;)tJ n1 ~Y1 (;)~tl~~":h L ~tlUU5UFI,)1lJ LLl.iUU 1 LL~:: LL~ (;)~ 

1 ~ L\{U~1~1lJ1~m11-ntllJ~ n1~iU~::L YitltJlJ1~1f11111~::n1~ Lri~~tl1~ ~~n1~~1 f11111~:;n1 ~ Lri~ 
~ . ~ 

~tl ~')tJi)fi FI'l1lJilJliufi"lltl~ n1~iu~ ::LYitlU"IItl~ LFlN~ 11~ LLcJUU1~ 1 ui)Y1tJ1ijYlufi'UuU~LiltJn1~ 
"''' I II I 

~1f11111~::n1~ Ln~~tl"1ltl~LLcJtJL~~:: 2 'lIi'l(;) UYI~ij LUtl~1 LnmnUntJ~::L~tJ "'"1Itl~;U~1uYiH1 U 

n1~Y1 (;)~tl~ 1 "'Y1 (;)~tl~ ~tlnnuLL~ ::Lf"11tl~ijtl1' (;) i)fin1~Y1 (;)~tl~ ~,)lJ ~~ n1~/ehUf11 LL~::UUYi n ~ ~ 

n1~Y1 (;)~tl~ n1 ~~1 f11111 ~::n 1 ~ Lri~~tl ~') tJi)fi FI,)1lJ i lJ litJfi"lltl~ n1 ~iu~:: L YitltJL ilun 1 ~~1 
, I , " 

f11 FI,)1lJ nfi~~lJ'lI1 ti'lltl~ LLcJUYI "'~tl~ 1 U"1J ru::Yi fUI11~:: 1 ULL u') ~::U1U'lItJ 1 (;) vl1~ 1 LL~,)~1 f11Yi1~,rtJ 

lJ1Yl ~tl ~n n'Vh::~~ 1~ FI'l1lJ ~ fi~~lJ'lI1 ~ ihi~ ~tl~ nUI11~:: 1 ULL u') ~::U1U ~~,ru 1 Un1 ~Y1 (;)~tl~1 '" 
~ 

YI '" ~ tl~.,:: ~tl~ ~ 1lJ 1 ~CI'.rU U '" LLcJ UYI (;)~tl~ LL~:: 1 ~111~:; LLn LLcJUYI '" ~tl~ 1~";~111~:; ~~ LL ~ ::111 ~::n '" 

"1JtJ1111vl1~1 

. ~ 

LL~ 11I~ 1 uZtlYi 5.1 1 l1I{uu (;);U~1U (1) ~1lJ1~Cl{ULL~::1 ~111~::~~ LL~::n (;)LLn LLcJUYI "'~tl~ (2) 1~ 

Ll1ItJ1-D'i') n (;) 1tl "'~tl ~ n L iltJ~ ') 1 ~111 ~::LLn LLcJ tJ YI '" ~ tl~ 1 tJn 1 ~Y1 '" ~tl~.,::ti 11I ~ ')1'", FI,) 1lJ L1~ 
~ 

(Accelerometer) (3) nULLcJtJYll1I~tl~LL~::ti"'~~lJ1Ul~1''''111~:: (Load Cell) (4) nU1"'{UU'" 
~ . 
;tJ~1ULL~ ') 1'-"111~:; LLn LLcJU YI "'~tl~;~ lJ1 (;1~1' "'111 ~::.,::1' "''lIU1 "''lItl~ LLN LL~,) ~~ i'1l '111 ru 1tl5~ 

sensor interface (5) i)LFln:;ii'1l'1l1ruLL~,)LL~(;)~~~UU~~1F1'tllJ~,)L(;1tlf (6) 1tJn1~Y1(;)~tl~n1~ 

iU~::LYitlu":h Ll1ImFl1::LLcJUYI(;)~tl~ ~')tJ A'tltJLFl1:: (Impact Hammer) (7) ~ vltlnULfOlitl~'lIt.J1tJ 
i'1l'1l1ru (Amplifier) (8) ~~L~tllJtl~nULFlitl~i)LFln::ii'1l'1l1ruYl~1'(;1 (Dynamic Signal 

Analyzer) (9) LdtlLLcJtJYI"'~tl~ Lii "'n1~itJ~::L YitltJ":h 1 ~~')1' ",i '11 '1I1rufOl,)1lJL1~1' '" f11 n1~iULL~,) 
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., 
~ 'kJ 'kJ1 ru1J\.l~tJ1'"l~ LC;)m'1tJ~:;L~tJ C;)11'l~~ C;)'"l:;n~1'J 1 \.l~'J\.lti c;) hJ 

Amplifier (8) Accelerometer (3) 
Sensor Interface (5) 

Impact Hammer (7) 

Load Cell (4) 

Dynamic Signal Analyzer (9) 

, , ., 
~1 1il'J1~~fi~~~"ll1~hJ~'l LL~\.lYl C;)~~'l1 \.l"llru:;Vl f1JJ11 ~:;"ll\.l1 c;) ~1'l1 ~'lU\.l1 c;)Yl c;)~'t)'l ~~'l ~1~1 HI1 ~ 

., ., 
Jl1~:; 1 \.lLL \.l'J ~:;\.l11J LLn LL~\.lYl "'~'t)'lL~11'lJl1~:; ~'l LL~ :;Jl1~:; n '" ~ nl1'l '"l:;~~'l ~ 1~ 1 Hl{1JU '" LL~\.l 

, I I "" I t 

Yl c;) ~'t)'lL~ (;11~ L1't)\.lL "ll"ll't)1J L"ll (;1Vl ~~'l n1 ~~ m~t1 ;'l1 \.l~Yl tJ 1U'Yi\.lfi;j~ m~t1:n \.l'l1 \.lVl ij L1't)\.lL"ll 
., , , 

'lJ~1J L"ll (;1 LL1J1JU c;) LL tJ\.ll1'l ~ ~1\.l LL1J1JU '" LL tJ\.l~ 1~ ~ 1\.lU ~1 tJ~~~:;~i1'l ~1\.l LL~:; LL1J1JU c;) LL tJ\.l~~'l 

~1\.lU~1tJ~M:;~'t)'l ~1\.l L"'tJ1c;)Yl C;)~~'l~1~1~mLU'l~'J\.llh:;n~1JLU\.l~'t)'l n~~1 ~'1i1 ~~ n~~ 

LIilN ~T1'l"ll~'l1 c;)Yl C;)~~'l n1J n ~~1 c;){1JU c;) LL~\.lY1 '" ~~'l n ~ ~ LIilN~ h~"ll~'l1 c;)Yl c;)~'t)'llh:;n~1JhJ 
." , 

~'JtJ:n\.l~'J\.l~1'l1 ~'lLL~ C;)'l1 \.llUVl 5.2 ~1\.l~~~ (1) l11'"l1 nL~~ n LIilN~ T1~l11~tJ1Vl LU\.l ~1\.l~~'l1 '" 
"" I I 

Yl "'~'t)'l11'l~~ c;) ~1\.l~'t)~;j~~'l ~tJ1JLL~:;~~1 \.l~:;\.l11J L~m n\.lL~'t) 1 ~Jl1 ~:;Vl~'l LLn LL~\.l LIilN ~T1'l't)~ 
, " 

1 \.lLL\.l'J ~:;\.l11J L"'tJ ~1\.l1J\.l"ll't)'l~1\.l~~'l LU\.l~1\.lU c;) (2) ;'lijr.l1\.l'J\.l 2 :n\.l~~ ~1\.l.n1mL~:;"ll'J1"ll~'l 

1c;)Y1 C;)~~'l L"'tJ ~1\.lU", ~1\.l"ll'J1ij Ln~m B~'J~ n1Ji'J nc;) LlIC;)~~~ n (3) ~l11~tJ1~1 ~Jl1~:;LLn LL~\.l 

Y1"'~~'lL"'tJ~1~1Hl1~Jl1~:;nc;)L~'iI\.l1"'~1nlillc;) 1 0 ~\.l LL~:;tj1\.lU"''"l:;{1Jn'l~L(;1\.lL~~ (4) f'i~~'l~ OJ ~ ~ 
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~ , ~ 

~~~fu;u~')u'1l~~' VlYI Vlfi~~Vi~~ ~:;\.d1~ ~1UU Vll1~~'tl~ ~1U U Yiu~~ (5) '"I:;~')).J nU~1~~ L(;JULfi ~ 

L~tJJl1tJ1Ui~~')).JnUn~~ L(;JULfi~ii LLUi~ L ~'tl1 'lXLL YiU~~~1).J1~Cl LfOI~'tlU~1 ULLU'l~:;~U 1~ LLfi:;LL Yiu 
~ " 

~~i1ii1~~~1~ fU,)1~).J1 (;J ~<) VlJl1~:; LYi'tl<) ~"1IU1 ~Jl1 ~:;Vi ~~ 1 'IX LLn LLe.lUYI ~fi~~ ~,)ULL Yiun VI (6) ii 

i mtru:;fOI~1tJ nULL Yiu~~ LLj;Jii~'lUL~).J L~).J ~'tl1'tl~~1~fu1~ LLe.lUYI ~fi'tl~ LLfi:;, ~4'uu ~ LLe.lUYI Vlfi'tl~ 
~ , , 

U Yiu~i~ (7) LtlU;U~1UViiii mtru:;fOI~1tJ nULL Yiun ~ Uj;Jii"1lU1 ~n ')1~ n~1 LYi~ H~'l).Jnu L~1~ L(;JU 

Lfi~ (8) ~cl1mLN'"I1nLLYiu~~Ld~~~~n1~1'IXJl1~:;~~LLnLLe.lUYlVlfi~~ ~1~fuLLYiU~~~fu (9) ii 
, ... 

~1U,)U 4 , Vlii~U1Viu VI, Vl4'UU VI 1 ULLj;Jfi:;, Vllh:;n'au ~'ltJU~'tl n'tl~ij L i1tJ).J~'a~;uu~:;nu~'tlU 
~ I 

n,)~L(;JULfi~ Ufi:;U (?l LL llu~')tJ~ni ~') nu (1 0) LilU'tl~ij L i1tJ).Jiit~1~fu1~~ niL Yi~u ~ nun'l~ L(;JU 
, ., I " 

Lfi ~Vi1~U1Vi Lilu~'l nULL Yiun (?l L;j~ ~'tl~ n1 ~ 1 'lXJ11~:;~~ un LLe.lU YI ~ fi'tl~ LLfi:;nULL Yiu~ i~ ~ 1 ~fu n1 ~ 

'VI ~fi~~ L(?ltJ 1 'lXJl1~:;n VI LLri LLe.lU'VI Vlfi~~ 

" ." "I 
i'U(;J~Un1 ~Vi1~1UL;j'a ~ ~ ~~ LLe.lU'VI ~ fi~~ nu, ~YI (?l fi~~ LLfi:;ufu;u4' uu (?l1'IX LL llU(;J1 ~iuVi 
~ ~ I 

5 .2 '"I1mru1'IXJl1~:;LLri;u~1uc:r')tJi'ln~111V1~~~n (3) L;j'tli')n~ll1V1~'tl~nn~LLYiu~~ (5) Vi11'IX 
" I • 1" 

LLYiU~i~ (7) ~')).Jl1~ LLe.lUYI Vlfi~~ LfOI~~uVilU'VI1~i1tJ;j'tl LLj;J L n'a~'"I1nii~'lnu (1 0) ).J1"l1,)1~ n1~ 

LfOI~~U~'1I'tl~ LL Yiun ~Vi11 W.2J~1).J1~Cl LfOI~~u~lUYl1~i1tJl~ ~~ ~1Un1~LfOI~~u~Vi11 'IX Ln (?l LLN ~~ 
" "" I 

nuue.luYI ~fi'a~ n1~~VI~~'Jl ~YI (?lfi'a~LL1JUi1Li1Un1~~~ ~~~1~f1Jn1 ~YI (?lfi'tl~ LYi'tl1 'lXJl1~:;~~ LLn LLe.lU • 
I I ... 

'VI~fi'a~~~ LLMl~ 1 upJVi 5.3 ~1~f1Jn1~YlVlfi'a~Jl1tJ1~Jl1~:;n ~v)~ LL~ (?l~ 1 upJVi 5.4 UU'"I:;Cl'tl ~LL Yiu 
~... I 

~-3 (5) 'tl'anLLfi:;U1rJ~')nu (10) hJ~VI~~~1Ui1rJ'1I'tl~LLYiU~i~ (7) Lij'tli')n(?lll1~~'a~nn~LLYiun(?l 
I I t " 

Vi11 'lXLL Yiun ~ LLe.lU'VI Vlfi'a~ LLfi:;LL Yiu~i-3 LfOI~'auViluYl1~i1tJ LLj;JL n~-3'"11nii ~'l nU).J1"l1'l1~ n1 ~ 

LfOI~'tlU~"1I'a~ LL Yiu~ i-3~~ 12-1 ~1).J1 ~Cl LfOI~'tlu~lc:r~~ e.Jfi 1'IX Ln (?lJl1 ~:;n (?l LLn LLe.lUYI Vlfi'a-3 



48 

" (;j')nu (10) 

LLvlun~ (6) ~1UU~ (2) .. 
tr')n~lt1~~'tl~n (3) 



U~~t'LJtnL~ ~ ~11}l4 ~L~ra~1 

~\ L~lJ~LttL ~~~ ~~raL~f1l1mmlJ' ~ty~ unc,~ nL~ ~t'~nf\" l4 ~l1l1m~ ~, 11~~~ \n~~' r:t'~~~ IAnfm 
I I " t 

,\t\L~pn!,-'~~I1}~Lu~ru~u~rac,~ nllw~HLUU~k1.~Lura~L~ral41t'~n~~n~~l!j'~LUI11f1lJ~LttL~ 

,\t \ ~~ ,~u ~~\111k1.L~t'~fr:~ (9) raL~c,,!\~ ~11}n~nllc,ra~, t'BnL~n\ 111t'~~n!A "t'B~nl1nL~ ~~ 
o 0 " 

~ (S) ~U~ULbnl1n~t'LJtnL~~~I1}n~t'B~t'~n~~nB~l!j'~LUI11f1ral41nf\",\t\t'B~l4IAn~'m~~~' 

t'~n~lAn~~l!j' lJ~LttL~nl1nl!.t'L~nL~~ ral1bn~k1.' ~LU t'~~~L~M.' t'~~nn.,~ru~u ~ttk1.' 11m, UBB PID' IF" ..,. '" " J7.... -=w'I ~" I I.:;" .... JD'II " 
"I I '" " 

~~k1.'L~ (v) 111t'B~n!A'mll~~B~' (t:) ~U~~\111k1.L~t'Bfr:nl1n~t'LJtnL~~~I1}n~ lu~rac,~ 
I I "" 

111t'B~n!A'mll~~t'~t'~~~lAn~"~~I1}c,~nlJ'~LJ:\k1.L~ (G) t'qmL~~~" (~) nl1nL~B~nc,~t'B~ o 0 

r:t'LJtnL~l4 ~11}n~ra~1 S·S ~f1~t'~ Lt'L~nc,~n~rac,~ f1\I1BU~~f1nL~ ~t'~nf\ "l4 ~l1l1mtll1.' I1B~ 
"I " I " 

11. \nB~' r: ~t'B~l4lAn~" 111k1.L~t'B~ l41Al4 ~ ~LU t'B)f ttL~ Lt'L~ 1111"~ ~, I1B~~ \nB~' r:,\t \t'B~l41A o 0 0 

n~" l4 ~11}~LJ:\k1.L~t'~t'B~l4lAn~" ~ ~11}tt~ U B~ t't:k1.tt ~ U U ~t'~~l4IAl4 ~11~u~~f1nc,~ o 0 0 

nuc,~ ~ ,.. 
" 

6v 
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," " 
pJYl 5.5 :au~'lU~h~1 "ll'el~:aU~')u4'uuvme.lW{lV1~'el~ 

" , , 
1 um 1Vl V1~'el~ 1 uijVltJ'liJ.Ylufiill-n LLe.lU L~~:;U'l~Yl ii L1'elUL "ll"lJ'elU L"1l (;]~ 'll-J LLUU ~'el LLUU 
" , , 

UV1LLoJU~~~~'lU (CCCC) LLUUUV1LLoJU~'ll-J~hutl~'l£J~M:;~i1~~hu (CCCF) LL~:;LLUUUV1LLoJU 

~'el~ ~'lutl~'l£J~M:;~'el~ ~'lU (CFCF) LV1£Jl ULLUUtl~'l£J~M:;~il~ ~'luii ~'lU~tl~'el£J~M:;'el~~ 

~'lU y = b ~~Ltlu~'lu~hjL~~ULL1~ N)( ~'luluLLuutl~'l£J~~1:;~'el~~'luii~'lu~tl~'el£J~M:;'el~ 

~ I I ~ 

1 un 'l1~ n,);,'l~~~'ll-J LLUU "lJU '1 wn'el~ LLe.lUVl V1~'el~Yll-n ~'l~~U LL(;] ~:; L1'elu L "lJ"lJ'elU L"1l (;]ii~~~l-J V1~'ll-J 

"1lU'l V1 LV1m'l n"1lU'l V1ii fil'l'll-J nr)'l..:! b fil..:!~ Lvi'lnu 200 l-Jl-J . ~,)Ufil'l'll-J£J'l,)"lJ'el":! LLe.lUVl V1~'el~ii"1lU'l V1 
" , 

150 l-Jl-J . 200 l-Jl-J . LL~:; 300 l-Jl-J . ml-J~'l~U ~~t!ULLe.lUVlV1~'el..:!Yl't-nlum1VlV1~'el~~~ii"Jlu'lV1 

iV1~'lU (Aspect Ratio) Lvi'lnu 0.75, 1.0 LL~:; 1.5 (;]'ll-J~'l~U ~~LLe.lUVlV1~'el~VJmLe.lU"I:;ii1:;£J:; 
I tI I tI 

L~'el~'l~~uH4'uUV1:aU~'lU~'lU~:; 20 l-Jl-J. ~'l~~U~'lUYliim14'uuV1LLUULLoJU ~~t!ULLe.lUVlV1~'el~ 
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I "", " 

~T.lJlJ. ~1lJ~1~U ltlYi 5.7 LL~Mn114'uurn:nU'!1'ln;'!~1lJLLUUYl~m:t11u1VltJ1ilYn.lfi\l1fi 

L1J~uun1T4'uU(;lLL~UVl~~'tJ'!'"I1nLLUU CCCC Li:lu CCCF Yhl~rnutl~'tJu1J~1u~1u y = b 1~ 
~ 0 

:aM::L~U(l'tJ~:nur.rUU(;l~"u'"'!'tJ'tJn LL~,)~Cil''tJU''tJ'!LL~UVlCil~'tJ'!Yi1;-tun1TVl~~'tJ'!LLUU CCCC 
I "I I 

SI ~ 4 .. s..-.ctI~ ctI SI l ' ."."' 
rn1U y = b 'tJ'tJnLuU1::U:: 20 lJlJ. 1'1'"1:: ~Cil'U'!1UVllJ'U1CilmlJVl~'tJ'!n1T UVl1U'tJ'!L~u')nUn1T 

VlCil~'tJ'!LLUU CFCF '"I::U'1LL~UVlCil~'tJ'!"QrnL~lJlJ'1~rn''tJu~'1U y = 0 'tJ'tJmUUT::U:: 20 lJ~.LL~:: 
~ 0 

(l'tJrn"Q Cilr.ruurn~'1U'"'l'tJ'tJ n L 'llwiu ~'1~fULL~UVl Cil~'tJ,! LL~~::'U1 rnijr,hu')u:nu'l'1U~'tJ,! LL~U~'lLL~ 

~::LL~U'"I::ijFl'l'1~~U1hiLyhnu ~1T1'l~ 5.1 LL~rn'!T'1U~::L~UCil''tJ'!LL~UVlrn~'tJ'lLL~~::LL~U Lrnu 

LL~UVlCil~'tJ'!~1;-tun1TVlrnM)uvi1'"11nt)~~~'tJ'!tlT::LflVlf)'tJ ~Lr;)UL~~ AISI 304 LL~:::'tJ~ijL\lU~ 
o " 

6061-T6 Lrnut)~~LL~~::tlT::LflVlij~'1u,)uLL~uVlrn~'tJ'l 6 LL~U ~'lT')~li'l~~~LUU 12 LL~U~'1~fu 

d'tJul"'tJUL'r;)LLUU~~'!1 ~'1~fU~1T1'l~ 5.2 LUUr;)'1n'lLL~ (;l'!filru~~~Vl1'! n~''tJ'lt)~ ~~1;-t U 

mTVlCil~'tJ'l 

'U1rn axb FI'l'1~~U1 
0 

t)~Cil ,u1rnirn~')u UtJUVl(;l~'tJ'l • 
(mm2

) (mm) 

1 1.17 
300 x 200 1.5 

2 1.39 

3 1.11 
~Lr;)UL~~ AISI 304 200 x 200 1 

4 1.39 

5 1.12 
150 x 200 0.75 

6 1.41 

7 2.03 
300 x 200 1.5 

8 2.30 

9 1.77 ... .". 

6061-T6 200 x 200 1 'tJ~~LUU~ 
10 1.96 

11 1.75 
150 x 200 0.75 

12 1.98 
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..- ...... 
flru~l-JUt;l ~Lt;l\H~~ A ISI 304 ~~l-JL\.ltll-J 6061-T6 

jihLl-J~~~f"l'l1l-Jtl~~~\.l E (GPa) 193 70 

~1~t;l11~'l\.lU'l~~~ v 0.3 0.33 

f"l'l1l-J~\.l1LLti\.l P (k~l) 8000 2700 

y y y 

b+--~F __ -?o..,. r20 
nvn 

, , , 
4 ------f"..-------
, ' 
I : 20rnm 

~ 
F 

-?o J~20nvn 

, , , , , 
c: y: 

x F a x 

c , 
, 
~_ L.. _-__ -__ -_€-__ -__ -__ -'_ .Q.L...;.,--?o x 

c! r 20nvn 

: :-.¥ 
:- -- ----('"-- -----~ 

r , 

(f"l) 

(n) ('11) 
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(rl) 

lU~ 5.7 nJ~{UUC;)LL~UYlC;)~'eN (n) LLUU CCCC ("lI) LLUU CCCF (rl) CFCF 

L UnJ~\nrl1Jl1~:;tri~~~ ~,)U~flrl,)1l-Jil-J~ufi'tl~~ nJ~iU~:;L Y1~U~1 Lilu~~~Y1 nu rl,)1l-J ~ 

fi~~l-J'l!1 ~"lI~~ trlN~11~"lI ru:;~fUJl1~:;"lIU1 C;)~1~1 rl1 rl,)1l-J ~finl-J'l!1 ~~t) c;) L-DrlflnJ ~t) c;) t.J~ rl,)1l-J ~ 

(;l~U~U~~ (Frequency Response Function, FRF) LilunJ~t)c;)t.J~rl,)1l-J~(;l~U~U~~"lI~~ 
., 

trlN~11~'"I1nnJm~:;~U'"I1nLLNm:;LLYln ~1~funJ~Y1C;)~'eNLU~Y1mil~ufiilL-DrlflnJm~:;~utc;)u • • 
n1~Lm:; (Impact Testing) ~umcl~L-n Lrl1:;LL~UYI C;)~~~L '-'\71 c;) n1~iU~:;LYI~U~~ A'~ULrl1:; 

Jl1ULU~')Ut.r,)"lI~~A'~ULrl1:;ijL:nUL'l!~ft)C;)LLN (force sensor) ~~nU~,)UU~1U"lI'tl~A'~u tc;)uA'~u 
, " 

,.., 4 % 4... ., ... , 1 .. 1.~ 'I .,.., ., .., % 
Lrl1:::'"I:;(;l~nULrl~~~"lImu~'1) '1)1ru 'l!~l-J~U1Y1'"11U n~:;LL~ YO''i1 ~~nUrl~ULrl1:;LL~:;~U~ '1! '1)1ru 

nJ~LU~UULLU~~ rl,)1l-J ~1~ ~ mr~ Ln c;)Jl1UL ut.r,)"lI~~ A'~U'"I1 n n1 ~Lrl1:;l-J1"l1mui '1) '1)1 ruLL~,) ~~ 1u 

U~Lrl1'tl~~Lfil~1:;ii'1)'1)1ru~~t)(;l (Dynamic Signal Analyzer) tc;)mfil1~~"lImui'1)'1!1ru 

~1l-J1H1UfuLU~UUn1~~"lImui'1)'1)1ru~1l-J~:::~U~~ 1 LVl'l 10 LVl'l LL~:; 100 Lvi1'1l~~i'1)'1)1ru 

n1~Lfil1:;L~l-J ~U ~1~fu ~')r) (;] m1l-J Li~ Lilu~u mcl~ ~c;)~~ nu LL~UYI (;]~~~Jl1UL uu~:;n~u ~')U 
I II I I 

r)~(;JLYiut'l!t1L~n(;ltn (Piezoelectric) L;j'tl:nU~1U~nm:;~UL""L71(;]nJHrl~'tlUYli'1)'1)1rurl,)1l-JL1~ 

'"11 n n1~Lrl~~U~"Jl~~LL~UYI C;)~~~'"I:;Yi1L ""r)~ ~ LYiut'l!~ L~ n (;l1n L71 (;]m1l-J Lrl1u c;)Yi1L ""u~:::, 1 ~yh 

Jl1UL Ur)~ (;JLYiU t'l!~ L~ n (;ltn L71 (;] nJnu~uuLLU~~ rl,)1l-J ~1~ ~ mr i'1) '1)1 ru1 ~~1"l1~~ rl,)1l-J ~1~ ~ nu 
'" I I I 

tl'u'"I:;~~i '1) '1)1 ru1uu~ Lrl ~~~~ Lrl~1:;ii '1) '1)1 ru~~r) (;l L~'tl~ Lrln:;ii'1! '1)1 ru~~ 1u tc;)u Lrl~'tl~ 

~ Lrln :::ii'1) '1)1 ru~~r) (;lYi1~U1~ fui '1) '1)1 rum1l-J ~1~ ~ nu1 ~~1'"11 n ~')r) c;) rl,)1l-J Li~ LL~ :;fu 
, ., 

i'1) '1)1 rurl,)1l-J ~1~ ~ nu1 ~~1'"11n Lrl~~~"lIU1Ui '1) '1)1 ru '"11 ntl'un ~~~ LL~ :;'tlm ui'1) '1)1 ruLL~,) 



~ t fl141 r\fl ~, r\flW' Lr-t ~ I'l L!tg ~' r\Ln;:~ U gn~ng~l!:!';:fl;:~~~U L bgt't'~l ~ LU;:~ LlfL~ Lk\t'g~141A.t'9 

tHmMt:LfllA.~n t c,~'mB~' ;:~m1~ LU N~IT.Jn~r-t1 r-tLC,l!:! ~~flC,~ t'B~14IA.~LU U LbU Bn t:~~flC,~ t'g~~ IA. 
'" " 
~ L U t'gIT.~ ttBIT.fl Lb;:~U~LU;:~" Lflnr-t" r-tLC,l!:! k\;:L~l!:!' C,BM' t'~ l!:! OZ: ~ r-tk\t'IA.LJ!,LlA.nt'g~~ IA.~LU " 01 J "p'" "OOP:;ll' 

I '" """ 

~t~~L~ U U Lbgt't'~l ~LU;:~LlfL~ Lk\C,~" n,ttL!-'o' gt't'~l ~LU 14 r-tk\ 1 nl:p ~nB~';: ~n1~LU t'Lff1tt'BIT. 
, ". I 

.. ~ LJ!,tt~~g~ r-tLC,l!:!;:LM~' ~r-tBJfu~nll~"t:Lttk\nB~ t'B~~ IA.~LUr\llc,fl~mp-,' t'B~~ IA.n,ttu Lb l.rR.U~ 
, " " 

~lfJ IT., r\B IT. U. t ng~, r-t LlfJ f1t nr;p ~ t t'g~ ~ IA.n~" 14 ~r\~;: ~" t'~;:~ LlfJtlt flLlft'B~14IA.~ L U r\m, f1tn t~g~ t , , 

t'B~14IA.14 u"r\ gU;:~f1fl141 W~, t'L[] Bt'fl ~, t'~;:~ LlfJtlt flLlft'g~~ IA.fl141 Bt't'B~l ~LU;:~ LlfL~ Lk\t'B~~ IA. 

~ LUnlJ' f1t B~n~c,~" Bt't'!Jl ~LU 14~' ~~ r-tk\ lr\L~IA.B~' nll C,fl~';:ru~U ~!!;:bBt't'~l ~ LU t'Lff1~ 

r\llnB~';:~n~~LU t'Lff1tt'~gt't'~l ~LU t'BIT.14r-tk\ lnlJ' (V ~) 14r-tk\ 1 L~r\M 8·S ~f1tULbt'~ 14t3~L~ 

~14 U;:~ LlfL~~ t c,~" r\Ln;:~c,n"n t;:~ Llfnu" ~ ~ ~~t 14 r-tk\ 1 U Lbr\Ln;:~c,n,m t;:~ LlfL~ L~Lru~Lb~ 
, , 

c,~" r\Ln;:~c,n 11n t;:~Llfnu" ~ ~nbt'~lfJn~mlJ'Jn~r-t1r-tLc,l!:! ~t'c,p-,n t t'~lfJn~' U L~fl141 Bt-t'~l 
, 

~LU ~~, ~14 r-tk\ 1 Lk\B~ mB~' ;:~n1~LU ~ r-tk\ 1 ;:~~'m t~LW t'BIT.r-ttt 1 c,n "lfJ u, t'1;: b~t~t'B~~ IA.~ LU 
I I I I 

~I'lULb 8·S ~f1~t'~;:ru~U~!!~~L~U~\;:b;:~LlfL~r\llt'g~t'~L~~LU.r-tUg~r-tLC,l!:!L~t'L~k\;:~~L~U 
" , 

lfJB~MLr-t~' lA.~ttBIT.LnBr-t' nUW14mc,flc,~ Lt'LlfJ~LnIT.14u;:~Llf;:~"t'~;:~Llfk\' fl141;:~Llfr\~IA.;:rulT. J) II kit' "0 P ,. Jt:I' p;::.'t:Ir II • P' " '-.... fC" , , , 

~ LU.r-t~~g~r-tLC,l!:! L~ Lk\n,ttULb ng~ ';:~n1~LU t'Lff1tLk\j\;:l.,~l!:!' ~\ l.,!tg~ 't'B~~lA.n~'mr\14nk\Ly I "I I 

~ Lt'L~ ~ br-tl.,lfJ;:l.,l!:!'~l.,U t'!1k\" l.,!tlnfl~f1'n,ttu l.,b ;:~l.,lfr\~}t'tf1t~;:ru IT.n t~ LU.r-t~~g~ r-tLC,l!:! L~ I I ,. I I 

nlJm.!\~tnL~~~ r-tl.,c,l!:!l.,~ t'~ lfJ1'~Mru L rn rn 1~ 1't'Bil!:!' U Lbn1~LU t'BIT.~ r-tLc,l!:!l.,~nl.,~ nB~';:~n1 
" I I' I I I I 

~LU 14~' t'g~14lA.n~"~ tn~;:~uB~ '~l.,U t'BJtl ~t'l'\k\" l.,!tl ru t'~;:Ll!:!mBJt.H c,~" nL~;:~f1~ ~1'nlJ' t'¥~ 

~ tfl~l t'g~14lA.n~" r\lllfJ 1'~MruLrnrn 1j\;:L~l!:!' ~t'B~l!:!' r\llruLrn rn1flL~g~ r-tB~'~t'f' r-t1.,c,l!:!141'c,~14~ 

fl~l t'g~14lA.n~" t'gIT.~ LU.r-t~lg~r-tLC,l!:! L~ ~ 1'U~Lr-tL~C,~"~LUt'BJtl ~lfJ IT. mgIT.IT. \ nB~m t~B~ t t-g~~1A. 
, " 

14 u"r\BU;:~f1B~' Lt'L~ L~r\Ln;:~ c,n,m t;:~LlfL~;:~" ~ LU.r-t~~g~ r-tLC,l!:! L~B~nc,~t'g~!!nB~ ';:~n1 , , , 
.. ~ LU t'BIT.Jn~r-t 1r-tL c,l!:! ~~flC,}t' Bt't'~l ~LU;:~ LlfL~ Lk\t'B~l4IA.~LU n t L~ r\~' t'BJtl ~~r-tgJIo 

t-@"~~IA.~Lun@..~nll. £·s 
';l 

.fglfJ'C,~r-tgl!:!Bbnr\~t 141'~;:~LlfL~ N~ ~" C,~";:~Llf141'lfJ~Lr-tULb 

Lr-tt'~~rul.,rnrn1~c,r-t;:~f1~tt'~ a::)8!JalU! Josuas r\llB~t:;:~Llf141'~lfJLr-tf1141 n~ S t'~ 0 t'c,p-,nt 
, , " 

~\;:~Llf141'U~Lr-tL~t'~ bum~~' ~r\mmlJ't:t'B~14IA.~LUn U t~;:~Llf141'~lfJ Lr-tnc,~ ~I'l t'14~"Bb 
, " , 

Lttk\nL~r\~~\~ruLrnrn1j\;:L~l!:!'~LU~ttBJft'~~";:~" (W4l!J0618 WJOJSU8Jl J8pn0:llS8:l) l:l:l 

~LU U ~k\flX'LBf1~l~ r-tLc,l!:!nr-t'l41 n t~B~~ttBJIonlJ'~ t L~c,mr-t'l41 nr\~B~ru Lrn rn 1~ttBJrt-~f1" 

l7S 
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'r;)~r;)~11l1~::;L~U'lriuri1Jn1~V1~~~~C;)(W%f'I'l1~~~~Utf'D~~n1~iu~::;LVi~ULL~::;1-nr;)~~Ln"'lLiju 

~umnr~r;)~::;U::;Lf'I~'aU~U'am::;U11J ~1~f1J~::;U::;Lf'I~~U~U~n~::;U11J"'I::;L~~~r;)"'I1nhJi11l1~::;"'IU 
" , 

~11l1~::;~1 n n~11l1 ~::;n1 ~ Lri~~~ L~ n,J~u "'11 mrU,j1'~''a~ ~Yi1C;)~1Yi~~ ~ nn~~1 ~11l1~::;n1~ Lri~ 
" 

~ 0 
X 

000 
o 

o 

X X X X X 

1$00 o 

1000 
X X 

500 

o 
o 

o 

• • • 

. ~(1.1) 

o ~(2. 1 ) 

X~(1 .2) 

• • ~. __ ~~.~~.~.~. ___ ·~· ___ ·~~ ____ ~ __ ~~ __ ~Nz(kN) 
-40 -30 -20 -10 o 10 20 30 

, " , 
'a~ij LilU~1l1U1~ L~tJu1 'D'D~1J L'D ~LL1J1JU ~LLt.iUl1~~ c;)1U'DU1 ~~ r;)fi'lU O. 75 f'I'l1~~U1 

1.98 ~~ . 

• SI '..:I.4".J t;dI I .J <Q I 

1l1~::;n 1~ Ln~~tJ"'I1 n"ll'alJ ~"lItJ~ n 1~~U~::;L V1'aU 'N"lI'a~~V11 'D f'I~ f'l1 f'I'l1~ ClfinW1I1 ~"lI~~ LLc.JU 

V1Vl~'a~"lItu::;~f1J1l1~::;"lIU1Vl(;]1~1 n1~Ll11J'h~~f'I'l1~~fi~~~"lI1~~1~1~Cl-a1U~1"'11nnn~ FRF 
I I" I 

~~1uYiilm~Vl~c.J~Liju~~~~'lU~~ri1"l1U1~LL~~U~~Vl"ll~~n1~~U~::;LVi'auri1Jri1~'lU~U~1l1Yi'D~~ 

n1~iU~::;LYi~U~~ LL~ ~~1 UlU~ 5. 91fi~1 ~1 f'I'l1~~fi~~~'ll1 ~~11C;)Lr;)U~~ Ln ~"'I1 n ri1~~~ ~ 
I I , I " 

(peak) "lI~~m1~LL'a~U~~~"lItJ~n1~~U~::;LYitJu~~i1~m:ttu::;Lijuu'a~LL~~~ ~1f'1'l1~tlYiU'tl~,ru 
I I I "I 

"'I ::;djUri1 f'I'l1~ tl fi1~~'ll1 ~"lI'a~ n1 ~~U~::;L YitJU~~ i1~ ~1U ri1 t~u LL(;]~ ::;~1,rui1lui1~ n1 ~~U 

LL(;1n(;]1~riu1u 'tlth~L"J!unn~1ulu~ 5.9 (n) Yi1J~1LLtJUVI~~'a~i1f'1'l1~~fi~~~'ll1~1C;)LLri 208 Hz, 

336 Hz. 481 Hz LL~::; 618 Hz (;11~~1~1J ~1~f1JlUi1~n1~iU"lI'a~LL(;]~::;f'I'l1~~~11C;)"'I1n 

~1~~~~"lItJ~~'lU~U(;11l1Yi"ll~~n1~iu~::;LYitJU[9]~~f'I'l1~~~~1~~~~"lI'tl~~'lU~U~1l1Yi"ll~~n1~ " ~ " .. 
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~ I~ I 

~1LL",tl'l ~1'l1 ~1 nU~~1 f"i1~'l~~~j;1111Yi'1l~'lf'l'l1~~UlJYi~1 LL ",tl'l ~1'l1 ~1 L;;U~LL~ IMlUi1'l n1~ 

i~~:;L Vi~lJ ~'lT)ti1'l L "li~n1~"'1lUi1'lilJ~:;L Vi~~'1I'tl'l f'I1~l ~lU~ 5.10 Lri'aYl fn~'a'l Lrl1:;j;11~ 

~1LL"'tl'l~ 1, 2 LL~:; 3 LL~'l~:;1~nn~~'l~~~j;1111Yi'1l'a'ln1~i~~:;LVi'a~~'llU~ 5.11 LriT)~1 

f"i1~'l~ C;)'!I'a'l~'l~~~j;1111Yil ~LL~~ :;f'I'l1~ ~fi~~~'i!1 ~~1~1 n ~T)n~~:;1~lUi1'l n1~i~~:;L ViT)~~'l 

LL~ 1M l~ltl~ 5.12 L"lilJL~U')nlJ~1",~'tJLL~~Yl c;)~T)'l~1~1~C1"'1ltli1'l n1~ilJ~:;L Vi'a~'1I'a'l LL~~:; 
, ~ 

rl'l1~~fi~~~'i!1~1~~'lu~fin1~u 

60 

50 

40 

30 

20 

10 

481 618 

O~~--~~----~~------~-------. 

60 

40 

20 

o 200 400 600 800 

(n) 

481 

O~~--~~ __ -L~~~~~~~ ____ ~ 

-20 800 

-40 

-60 618 

I , iI I 

Hz 

Hz 

lUYi 5. 9 ~~ n1~Yl fn~'a'l mruL~T)lJl"l1"l1'auL '11 j;1LLUUU fnLLtl~li'l~ ~1~'11 ru:; hJi1111~:;'lI'a'l LL~~ 

Ylfn~T)'l~Lj;1\'!L~~"lI~1fniln~,)~ 1.5 f'I'l1~"'~1 1.39 ~~.(LL~\'!Ylfn~'a'l"'~1m~'1I 2) 
, , 

(n) LLT)~U~~In"llT)'ln1~i\.! ('11) ~'l\'!~W;J111Yi"ll~'ln1~i~ 

~r-___ 1~. ____ ~~ ____ ~~ 
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I I 
I I f I 

. . . 
o • "" 
(;)1LL~'U'IYl 1 o • "" 

(;)1LL~'U'IYI 2 
o • "" 
(;)1LL~'U'IYl 3 

1 1 
~ -l l I 

-. 

r------ I ------ I 
1 I , -----.. I 

~--..., 

L~~(?l2 

lU~ 5.12 n1r~1lU11'1n1ri'U~:;L~'a'U"l1nnnyj~'l'U~'U(;)111Yi'1l'a'ln1ri'U 



~ nUn~L~n~~U~nLnLb I'" • 

nn., t-(H3LA.L~ ~~'L~nLt.1 x nUm'tL~n~~ U, LA.n~~U~nLnLbNlIlL~k\.U,mL~ ~~, L~ Il~' L~ t-B~ 
i,; f"'" '" r ,f-f"1'" 0'" '" '" ~'" 

~~, L,.Lt1IlL~ t-~ ~" t-~~ ~k\.ln~' Ullt';:bBt-t-~l ~LU t-LffltB1!:Ullt'~LUI1~k\.L~ n.!\t-!,k\."L~~I1Ln;:~ I I" • 

uBn~nB~~';:Il;:~r:!11t-~IlL~k\. (0) ;:~'m~L~t-~IlL~k\. (-) nL~ ULl1n~'L~r:n.!\t-!,k\."L~ ru 
, . .. 

I1Ln;:~UBn~nB~~';:Il;:~t-~t-~~" (+) IlL~k\.t-B~~m~l Lt'L~t-f\k\."L~~L~t'B~~LA.nrmt-B~I1Ln;:~ 

U BnLA.nB~~';: Il;:~ t-B~IlL~k\.t-B~~' t'U IlL~k\.fllnl1tlBt-~ ~" LA.ru~u ~ru ~ £°9 Nl ~ °9 LA.flln ~ t-~ ~" f" r r' 1=7 I f"...... .. r=r 

~ IT., I1BlT.lT.l nB~' I1L~t-~t-B~t'B~~ LA.n~" t-BIT.Bt-t-~l ~ LU t'Lffltll~l Bt-t-~l ~LU~~' U Lbt-~k\.n~~~' 

~ t-B~ ~ LA.n ~" t-B~11 Ln;:~ U Bn~nB ~ ~,~ LU t-Lfflt t'~ IlLI1k\.Bt't'~l ~ LU t-Lfflt 11~k\.L ~ nLt'n~t-B~ I I I ~ 

~ IT., I1BIT.IT.' nBt-, 11 unua.nLt-na.t-B~t-~bt-LLU 11 LL~ 11 L~ru ~nLt-na.t-B~t-LLU I1LL~;:Il;:~B~ t-~'m~' 
it r ... .fr-:-.,." " :-" I 

IlL!,k\.r:JoLA.U~I1Il!}';:~ULbBt-t-~l~LU;:~Ll/L~nlJ't-~ n,.Lt1 Lt:~wnlJmL!,k\.r: x N t-Bl'-n~~Bt-~ ~" 

~ °9 ~t-L~L~n~ Bt't'~l~LU;:~Ll/L~ (:18:18) nL~t-B~;:~~!!IlL~flnL~t-B~n!,"~~l1m';:~" (:1888) 

nL~t-t!k\.;:~~!!IlL~flnL~I1L~n!,n~~l1m' (8888) nL~~t'~n!,"~~l1m' ~"~ll1l1nI1L~t-~ 
I I " " 

~IT.mBlT.lT.lnB~'r:~t-B~~LA.n~"t-B~Bt-t-~l~LU;:~Ll/L~t-~~'m~l ~09 ~t-L~L~n~t-~~"t'~~1JtLA.U~ 
, , , 

111l!}';:~IlL,If Lt-L~ I1m'~ ~, I1B~~ 1 nB~' r:~t-B~~ LA.n~"t-BIT.Bt't-~l ~LU;:~ Ll/L~ru LnL~ ll~LI1L~ S , , 

~LA.I1t-BU. GOS ;:~" ~ os ~t-L~L~n~t-~~"~t-B~~LA.n~m·B~~Lnu.;:~m;ut-LlA.~I1~rutluLb , , . 

~RbI.4.I1L~@,t-t-!ll~LU:::~LlIL~ ~ °9 

Ufll B~ t-~ ~ 1l~';:~IlL~ r:t-~t-B~~ lA.~ LU ~~ fl~ ~;:~"j\;:L~~' ~t'~I1L~ .. , .. 
Jo LA.U~I1Il!}' ;:~U L b~l~g ~b lA.t'LlA.~~ 11111111 ~, I1IlW';: ~'mB~';: ~n~~ L U t-B~Jn~I1~I1L L~ ~~ . , 

IlL~t-B~~lA.~t-B~~lA.n~"t-BIl.Bt-t'~l~LU;:~Ll/L~Lk\.~LU~~Bn~'L~UlA.I1Il~l ~lt'B~~lA.n~"t'B~Bt-
, .. 

" t-~l~LU;:~Ll/L~Lk\.LI1L~U~LI1L~ S ~lA.l1n1.HLL~U~t'B~~lA.~LUULb~I1BJr;:~"~I1LL~L~ ., , 

"Btt~ IA.~LU ttt.l 

9 IA.IMl. 
f" 
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~'aU'l"tl1JL"~ 

LL~UY1 ~~tl~ CCCC CCCF CFCF 

N x (kN) hUJ(1l N x (kN) L,"~~ N x (kN) L,"~~ 

1 14.11 (2,1 ) 3.97 (1,1 ) 2.45 (1,1) 

2 23.43 (2,1 ) 6.53 (1,1 ) 4.08 (1 ,1 ) 

3 14.42 (1,1 ) 6.05 (1,1 ) 4.70 (1,1 ) 

4 28.26 (1,1 ) 11.86 (1,1 ) 9.22 (1,1 ) 

5 17.34 (1.1 ) 10.43 (1.1 ) 8.71 (1.1 ) 

6 33.94 (1.1 ) 20.42 (1,1 ) 17.05 (1,1 ) 

7 27.17 (2,1 ) 7.48 (1,1 ) 4.71 (1,1 ) 

8 39.29 (2,1 ) 10.82 (1,1 ) 6.81 (1,1) 

9 21.48 (1,1 ) 8.96 (1,1) 6.98 (1,1) 

10 29.18 (1,1 ) 12.18 (1,1 ) 9.48 (1,1) 

11 24.03 (1,1 ) 14.41 (1,1 ) 12.04 (1,1) 

12 34.90 (1,1 ) 20.92 (1,1 ) 17.48 (1,1 ) 

, Y " Y 

C b 
C 

b 
+ 0 -

c c c + 0 - c 
+ 0 -

C a x C a x 

L,"~(1l (1,1) L,"~(1l (2,1) 



:l8:l8 :::~" :l888 8888 rmm~lI.mc;lI.lI.tl'l.c;~'Jtlt~LVt-B~~l.A.I'l.r:nH'BII.I'l.B~':::~1'l.1tLUt-Lf~ll'l.l:p o 0 

t-u. v'g t-u G'g l.A.t-LtLl~JI'l. tt-~ ~,,~ ~l1btLU~ II. mc;lI.lI.' I'l.Bt-'rtL~t-l.A.t-c;~~l.A.I'l.Lt-I'l.II.t-c;II.I'l.Bl.A.':::~1'l.1 
-r I=' r-p.... "r" ~ :' IF" t 

tLU~ rtk\.1t-Lf~lI11k\.L~ II. uc,I'l.~l!! LVI'l.ll'tt-~ ~,,~ rtk\.t-~t-B~~l.A.tLU t-B II. 11 LI'l.:::t c,1'l. ,mt:::tLv 
.. 

::: ~" ~ LlI.rtttgg rtLC,l!! t-c;lI.t-c;~t-~L~ L~ t-c;II.JI'l.~rt1rtLC,l!! ~LtUt:t-~ g'g !1~ll'l. t t-~ ~" :l888 11m, 
I .... " , 

~1I.'I1BlI.l'l.c;~'Jtlt~LVI'l.1lt-L~I'l.C,~~1~LI'l.II.~!1rt~t:'tS~Bt-B~~l.A.I'l./'l":::~" 9'9 !1~ll'l.tt-~~'mlll'l.lI-' o 0 0 

I1mml.,~ t-l'-~ II. mB1I.1I. tI'l.B~'Jtlt~l.,V (9 lr.~mLrtk\.t-B~~ l.A.1'l./'l") ~~m~' ~I'l./'l" t-BII.t-B~~ l.A.tLU 
" 0 

~~:::~" v'g !1~ll'l.tt-~~'mm'rtL~t-~~lI.mc;lI.lI.tI'l.B~'Jtlt~l.,V (6 lr.~mLrtk\.t-B~~l.A.I'l./'l,1) rt~t:'tS~B o ,,0 
1'l./'l"t-BIr.I1LI'l.:::tc,I'l.'mt:::tLVl1llt-B~t-~L~~LlI.rtttggrtLC,l!IL~t-L~k\.:::t~LtU~c;~M.LrtI'l.B~':::~1'l.1 

o 0 

t LU ~ItB~L!\U Lbt-~k\.t-c;~~ l.A.tLU ~ ~ t-Lrc;c,~ Lt-L~ ~ rtk\.1 t-B~~ l.A.1'l./'l" t-BII.I'l.B~'::: ~1'l.1t l.,U t-Lf~l 
o 

~t:::~"I1LI'l.:::tc,I'l.'mt:::tLVl1llt-B~t-~L~~l.,lI.rtttggrtl.,C,l!It-L~k\.:::t~LtU~\:::b~c;~M.Lrt~t!1t-B~~l.A. 
o 0 

I'l./'l" t-c;J1.l'l.c;~,::: ~I'l.JtLU ~ItB~L!\Bts' Lt-L~ ~ 1.,1'l.1r.:::t LVI11 !1:::ru J1.t-B~~ l.A.1'l./'l" t-BJ1.l'l.c;~ ':::~1'l.1 I I I I 

t l.,U t-c;lI.~ 1.,II.rtU g g rtLC,l!! L~ B~ ~ u:::t l.,V::: ~" t-~ :::tLVJtlt ~l.,Vt-B~~ l.A.t LU U Lb~t!1 ~ It B~ 
o 0 

t-IM~~LU,LU~tWLl~,¥n~~rtLc.~t-tL~U l'9 

(:l8:l8) I'l.L~t-B~:::~~B 
" - ~L~~1'l.1.,~t-B~I'l.T\"~~l1m'~Ir.'I1BlI.lr.tI'l.B~'Jtlt~LVt-B~~l.A.I'l./'l"t-BII.Bt-t-!J1~LUt-4~l £'g !1~l o 0 

(~O~) ~rtk\.1 

r/ o d 

:J :J 

d Iq 

,( \ 

(:l888) I'l.L~t-I'l.k\.:::t~B 
'" p ~ 

~ 1.,~~1'l.1.,~ rtL~I'l.T\" ~ ~l1l1m~ Ir., I1BIr.Ir. \ I'l.B~'Jtlt ~l.,Vt-B~~l.A.I'l./'l" t-Blr.c;t-t-!J! ~ LU t-Lf~ll' 9 !1~l o 0 

(V~) ~rtk\.! 

r ( 0 :J 

:J :J 

d Iq 

,( 

Og 
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," , 
mlJ~'1 ~U i '1l~ n1=tnHi LL~ m'l~~uul1J1 umn'lli'l~'1lJij Ft'l'1lJ~lJ'1t1 L"liUL~tJ') nui '1l~ n1=tnrYi 

LL~ (M 1 upJi'1'ln'1~ Ln'l'l~n~u~,j'1i1 ~'lltli'1'l L ~lJ mn'11iu~:;LVi'au~'11~~'1 n rh~'lU~U(;1I1'1Yj"ll~'l 

fi1'l'1lJ ~fi1~lJ"ll'1 ~ rh~~'l~ ~'1LL~U'l ~'1'l11JULLcJUl11f)~~'l ~'l~ n~'1'llt)L U1Jl1~ 5 ~'1 nm1l1 m~'tN~:; 

i'l Ln (;11~ ~'1ltl i'1'l n '11 Ln'l 'l ~"ll'a'l LLcJ U'a ~ iJ L U tllJ LL~ :;LLcJU~ L(;1U L~ ~ ij ~ m~tru:; fi1 ~ '1 [J n U 
" , 

U~ n~'1 mJuLL U'l L ,jlJ"ll~'l fi1'l'1lJilJ~Ufi1:;~~'1'l rh fi1'l'1lJ ~fi1~lJ'lI'1 ~ ri'1~'l~'a'l nUll') 1:;1 ULL U'l 

1:;u'11J1 u"li'l'lI1'1~:;~'lij~ n1=tru:;djuL~U(;1N ~'lu1 u"li'l'l11'11:;n mi1 fi1'l'1lJi lJ~UfiLtlUL~U(;1N 

1u"li'l'l~I1'1~:;n If)ij .. h,j~[J1 LL~:;rl~[J1 LtJ~tlULilu~n1=tru:;LA''l L~~I1'1 ~:;n mij rl'1lJ'1 n~u ~'1~f1J~fi 
" , 

~'1 L ~lJmn'11 Ln'l'l~";'1 L~m[J~'1n L~U(;1N 1 u"li'l'l11'11:;~'l"ll'a'l"l n L ~lJ f1l "'1'1 mJui'l Ln (;1~'1 n L~U(;1NYi 

L~~'1 n n'11~'1 n L~unn~"ll~'lltl 11'l n'1~iu~:; L Vi~u 1 ULL~~:;L ~lJ m~ '1 L~U(;1N"ll'a'lltli'1'l n'11 

iu~ :;LVi~u L ~lJ m 1m ~ ~lLLnUI1'11:;1 ULL U'l~:;U'1U LL~'l1lX rl'1I1'11:;n m ~'1~~ m L ~lJ If) m1iu~:; L Vi'tlu , 
" , , 

"ll'a'l n~'1~ L~ulJudju L ~lJ m m 1 Ln'l'l'tlYiL~~'1 n''alJ~ n '11iu~:; L Vi'au ~'l'ath'l ~ ~ n'11l1 If) ~'a'l .. 

" " 
L ~lJ m (1 ,1) ~mLLm.lll'11:;1uLL U'l1:;U'11J LL~'l1lXrl'1I1'1~:;n m ~'1Yi~ m ~'llJultJi'1'l n'11 Ln'l'l'tl'll'tl'l LLcJU 

" I • I I I 

l1 m~~'ludjUltJi'1'l m1iu~:;L Vi'tlu1u L ~lJ m (1,1) ;'l~'tlmfi1~'tl'l nu~~YiL~ Um1'1'lYl 6.1 ;'l 

~1U'lrulJ'1~'1 nl1 ~1=tn ~~'l~'1 nl1nu L ~lJ (;l~ Lilu L ~lJ m'll'a'l n'11 Ln'l'l'tl LL~'l~'l";'1 n'1~l1 m~'a'l ~'l[J~fi 
, , , 

fi1'l'1lJilJ~ufi'll'tl'l m~iu~:;L Vi~ul1'1[J 1!1i'11'11:;~'l Lm[J L1iu,'a~~ L'ym'1:; L ~lJ (;l n'11iu~:;L Vi~uYi LUU 

" , 
L ~ lJ m"ll 'tl'l n'11 Ln'l'l'tl ~ '1 n lJuu '1''a~ ~ YiL~lJ '1~'1 ~lJ mn~ U(;1 1'1 LL~'l~'1 rl'1I1'11:;n '11 Ln'l'l'tl~'1 n 

~lJ n'1~~L~m[J LLll ~lJ n'11~'1 rl'1I1'1 ~:;~ rl'1 fi1'l'1lJ ~ fi1~lJ'lI'1 ~ Lvh nu PlutJ .. 
j 2 (x I 03 HZ2 ) 

1200 

1000 0 

800 0 • M::>0E(1 .1) 
0 

0 o M:)OE (2.1) 
600 0 x x x 

~ 
x x x x M:)OE (1 .2) 

x x x x x 
0 

0 
0 

200 • • 0 0 
0 • • • • • • • • • • N x(kN) 

-40 -30 -20 -10 0 10 20 30 

(n) 



-15 

o 

x CS 

-10 

x x 

o 

x 

o 
... 

x 
x 
o 0 

-5 

x 

o 
... 

f 2(xl03 HZ2) 
700 

600 

500 

400 

>soo 
200 

o 
100 

... 

200 
X 

150 

100 

0 50 ... 

o 

x 
x 

o 0 

... ... 

X X 

o ... 
o ... 

x 

o 

5 

X X 

o 0 ... ... 

X 
X 

o 0 

... ... 

10 

X 

o ... 

... M)[)E(1,1) 

o M)[)E(1 ,2) 

X M)[)E (2,1) 

N kN) 
15 

... MODE (1,1) 

o MODE (1,2) 

X MODE (2,1) 

o 
... 

.--------" ... ~_,_--_,_-___{}__+--____r--~--___, Nx(kN) 
-6 -4 -2 o 2 4 6 

(rl) 

~U~ 6.4 n nYl rl'l'1lJ ~lJ~'Ufi~:;\·d'1\l A'J'1lJ ~ fir~lJ"jj'1 ~ rh ff\l~'tl\l n tJJn~:;"1I'tl\l LUJ'U'Yl Vl~tl\l 
" 

tl~~LUUlJ"1I'U'1"'~"'~'J'U 1 \-l'U'11.77 lJlJ. (n) CCCC ("11) CCCF (rl) CFCF 

f 2(xI03 HZ2 ) 

1000 
900 
800 
700 
600 

X ~o 
X 0 0 400 

o 0 2S 0 300 
... X X X i60 

o 
o 

o 
o 

o 

X X X X 
X 

... MODE (1,1) 

o MODE (2,1) 

X MODE (1 ,2) 

... ... ...... 
~ ____ ~ ____ ~"' ___ ... __ ... ~_ ... __ 1~~0~· __ "' ___ "'~ ____ ~ ____ ~Nx(kN) 

-40 -30 -20 -10 o 10 20 30 

(n) 

62 



63 

f2(x10 3 HZ2) 
400 

X 350 x x 
x x x 

x x x ~ 

250 
• MJDE(1 ,1) 

200 
o MJDE(1,2) 

150 0 
0 x MODE (1,3) 

0 
0 0 

0 0 0 0 'lOO • • • • • • • .sO 
• • Nx(kN) 

-15 -10 -5 0 5 10 15 

("11) 

f 2(x10 3 HZ 2) 

180 

160 X X 

X ~o X X 
X X X X X 

120 • MODE (1.1) 

100 0 o MODE (1.2) 
0 

80 0 0 • X MODE (1,3) 0 • 0 CSo • • 
0 0 • 

0 0 • ~o • • • • 20 

Nx(kN) 
-8 -6 -4 -2 0 2 4 6 

(1'1) 

t1J~ 6.5 m'1YlI'1,)1l-Jil-J~Ufi~~~~1-11'1,)1l-J~fi~~l-J"1!1~ri1~-1MI-1nUfl1~~"1I'f)-1LL~U'VlVWl'f)-1~LC;]U 

L~~"1IU1(;\i(;\~')u 0.75 ~U1 1.12 lJl-J. (n) CCCC ("11) CCCF (1'1) CFCF 

2(// (x 10
3 

HZ2) 

X 180 0 

160 0 

140 0 

0 0 X X • MJDE(1 ,1) 

X 
~20 X X o MJDE(1 ,2) X doo X 

X 
0 0 80 X MJDE(2,1) 

0 0 60 

• 40 • • • 20 • • • • • Nx(kN) 
-15 -10 -5 0 5 10 15 

(n) 
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f 2(xl03 HZ 2) 
700 

X 
600 x 

x 
500 x A M:>DE{1 .1) 

x 
o M:>DE (1.2) )400 

X 
X 

300 X M:>DE (2.1) 
X X 

X 
0 0 

0 rioo 0 0 0 
0 0 0 0 

100 A A A 
A A 

A • A N (kN) A • , 
-15 -10 -5 0 5 10 15 

('lI) 

f2(xI0 3 HZ2 ) 
1200 

X X X X 
X1~ X 

X X X X X X X 
800 A M:>DE{1 .1) 

600 
o M:>DE (1.2) 

0 
0 0 X M:>DE (1 .3) 

400 0 0 
0 0 0 

0 0 
0 0 0 • • 4ClO • • A 

A • A • A 
N x(kN) • A • 

-20 -15 -10 -5 0 5 10 15 

(fOI) 

nJ~ 6.6 m'1~m1~.af~~ufi~:;\d1~fOI'l1~~fi~~~"l!1~ih~~M)~nUI11~:;'1I'tl~LL~UYlt')~'tl~ ... 

'tl~ijLilU~111U1~L~'tlU1'11'11'tlUL'1I(;1LLUU CCCF (n) '1Iu1c;\it')~'lU 1.5 ('11) '1Iu1t')it')~'lU 1 

(fOI) '1Iu1c;\ic;\~'lU 0.75 
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~"n{;li (;l~'l'-l tUi1~ n1~i'-l~:;L Vl'tl'-l 

y y 
Mode (1 . 1) ...... 12. 1) 

b 
C 

b 
c 

1.5 - - - .. 0 -
c - - - c c + 0 - c 

- - - .. 0 -
c 0 x C 0 x 

y y y 

MoOo(I.I) Mode (2.11 Mode( I .~) 

b 
C 

b 
C 

b 
C 

1 - - - .. 0 - - - -
c - - - c c + 0 - c c 0 0 0 c 

- - - + 0 - + + + 
c 0 x C 0 x C 0 x 

y y y 

Mode(I.I) Mode (2.1) Mode (1.2) 

b 
C 

b 
C 

b 
c 

0.75 - - - .. 0 - - - -
c - - - c c + 0 - c c 0 0 0 c 

- - - .. 0 - + + + 
c 0 x C 0 x C D X 

~'-l1Iniln~'l'-l tui1~n1~i'-l~:;LVl'tl'-l 

y y y 
Modo (1 .1) ...... (1.2) Modo (2.1) 

b 
F 

b 
F 

b 
F 

1.5 - - - .. .. .. .. 0 -
c - - - c c 0 0 0 c c .. 0 - c 

- - - - - - + 0 -
("' 0 x C D X C a x 

y y y 

Mode (1.1) Mode (1.2) Mode (2. 1) 

b 
F 

b 
F 

b 
F 

1 - - - + + + + 0 -
C - - - C C 0 0 0 C C + 0 - C 

- - - - - - + 0 -
C D X C 0 x C D X 

Y Y Y 
Mode (1.1) Mode (1 .2) Mode (1.3) 

b 
F 

b 
F 

b 
F 

0.75 - - - + + + - - -
C - - - C C 0 0 0 C C + + + C 

- - - - - - - - -
0 x ("' D X 0 X 
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'U'U'lc;)lV1~'l'U pH'l'.:m'l1i'U~::LYI~'U 
)I )I )I 

Mode (1 .1) "_(1.2) Mode (2. 1) 

b 
F F F 

1.5 b b 
. - - . . - · 0 + 

c - - - c c 0 0 0 c c · 0 + c 

- - - + + + · 0 + 
F a x F a x F a x 

)I )I )I 

Mode (1. 1) Mode (1.2) Mode (2. 1) 

" 
F 

" 
F 

" 
F 

1 . - - - - - . 0 + 
C - - - C C 0 0 0 C C - 0 + C 

- - - + + + - 0 + 
F a x F a x F a x 

)I )I )I 

Mode (1. 1) Mode (1.2) Mode ( 1.3) 

b 
F 

b 
F 

b 
F 

0.75 - - - . - - + + + 
C - - - C C 0 0 0 C C - - - C 

- - - + + + + + + 
F a x a x a x 

LL~'l ~'l)J11(l~ LI'l1'l:;\f c.J~ n'l1Y1 c;)~~~ LL~ ::~'lJl'l1:: n'l1 Lri'N~'U~~ LLcJ'UYi C;)~'tl~ 1~V1t1 ~'l n L~'\.II;)N 

L'U"lh~Jl'l1::~~'lI'tl~~nL~)Jc;) LL~'ll~Ln(;)~'lnL~'U(;)N~1~~'lL~'U(;)N'U'tl~l1H1~n'l1i'U~::LYI'tl'UL~)JV1 

LC;)vlV1LLmUl'l1:;L'ULL'U'l1::'U'l1J LL~'lL \\'ri'lJl'l1::nc;) ~'l~~ c;) ~~ L~)J c;) n'l1i'U~::LYI'tl'U'lI~~ n1'l~ L~'U~:: 
" 

U'ULi]'U L~)J c;) n'l1 Lri~~'tl ~'l~f1Jn'l1~'l ri'lJl 'l1::n'l1 Lri~~~ ~'l )J'l1wth 1~~'l n n'l 1~'l ~)J n'l1'U 'tl~ 

L~'U(;)N'U'tl~ L mJ c;) n'l1i'U~::L Y1'tl'U~ Li]'U L~)J V1 n'l1 Lri~~'tl LL~'l LLrl ~)J n 'l1~'l 1'1 1 Jl'l1::~ 1'l'l'l)J ~ 
I" I " 

fi11Wll'l ~L l'i'l ri1J~'UtJ ri'lJl'l1::Yi ~'l'U'l ru 1~,r'\J~::dj'Uri'lJl'l1::n'l1 Lri~~'tl L 'UYiU'lI'tltl n ~'l~rh~ n'l1 

\nri'lJl'l1::n'l1 Lri'N'tl~'ln nn~ c.J~ n'l1Y1 V1~'tl~"1I'tl~ LLcJ'UYi c;)~'tl~~~ih UtI)J'U'U'l V1l C;)~,)'U 1.5 ~'U1 .. 
, " , 

2.03 )J)J. (LLcJ'UYi C;)~'tl~~)J'lm~'U 7) Jl'ltlL!1f L~'tl'U1 'U'U'tl1J L"lI (;)LL1J1JU C;)LL lJ'Uli~~ ~'l'U ~'l n-n'tl~ ~ 

1'l,)1)Jl)J~'Ufi"ll'tl~ri11'l,)'l)J~fi11)J"lI'l~ri'l~~~'tl~ri1JJl'l1:;~ LL~ c;)~ LUltl~ 6. 7 ~~~'l n L~U(;)N LU-n'l-l 

Jl'l1:: ~~Yi1J~'l L~U(;)1~~ ~'l n~'l n L~)J c;) (2,1) ~ c;) LLnUJl 'l1::LL~ ') L \\' ri'lJl'l1::~ 1'l,)'l)J ~ fi11)J"lI'l ~ 

Ll'i1 ri1J~UtJU'tltl~~C;)LL~ C;)-l~1 LLcJ'UYi C;)~~-l~::Ln c;)n11 Lri-l~'tl(;)1)Jltli1~ n'l1iu~:;L Y1'tlU LU L mJ c;) 
" , 

(2 ,1 ) ~~uu~~';h n11Y1 c;)~~~ ~')tI~fi 1'l,)1)Ji)J~Ufi"ll'tl~ n11iu~::LYI'tlUJl1t1L!1fJl11::~~ LV1t1 Lfi1J 

-n'tl~~L~Yi1:;ltli'l-ln'l1i'U~::LYI'tlUL~)Jc;) (2,1) ~-l~,)'tlrh~I'l,)1)J~fia)J"lI1 ~~i V11~Un'l1Y1V1~'tl~~ 
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~'l'ath~u~~~luj;\1~1~~ 6.5 t~tI"lI'a~Um'!l'a~LLvi~:;n1~Yl~~'il~LtlurhIl1~:;~~~1,xnuLL~UYl~~'a~ 

~'lu"lI'a~~~'il~Ltlurhji)'l1~a'!l'il~n11ju~:;LVI'auhn.J~ (2.1) ~1'~L~'!Iru:;~LL~UYl~~'a~fUIl1~:; 
~ • ~ '" I I 

"lJU1~,rU'a~ ~:;~~Lnj;\L~u~1~~n11Yl~~'il~YiLcnuLLvi~:;ji)f~,ruiJrhln~Lf)tI~nU L~'a,j1ji)'l1~5 

fi~~W1l1~LL~:;rhIl11:;~L~~1Yl~'aj;\m1~ji)'l1~~~~ufi~:;~~1~ji)'l1~~fi~~Wll1~n1~~~'a~nu 
." . 

1l1~:;LL~'l n n~YiL~~ 1 n n1~Yl ~~'a~LLvi~:;ji)f~iJ 1"l11n~ Lf)tI~ nU"ULL YlU":;v1U nu~~ LL~ ~~ 1 uxuYi 

6.8 ~'l1..!1"l11l1~:;n1~tri~~'a~1~1~Cl~1L~~tI~1~~n1~L~uj;\N~1n''a~~"lI'a~nn~ji)'l1~~~~1..!fi .. 

" . . 
fi~~~"ll1~LYhnuPluu 1"l11l11:;,rufhtlufi11l1~:;n1~tri~~'aYiL~~1n''il~~n1~~U~:;LVI'ilU ~~n11 .. .. 

'" , I I 

ji)'l1~~~~1..!fiL~uj;\N~1nn11Yl~~tl~Uvi~:;ji)f~LL~~~lu-rltl~Yi~tl~'Dtl~V\111~Yl6.6 L~'ilLLn~~n1~ 

~~ n~1'l L ~tl~1~ ~ ~ ~ LLnUUtlU~:;L~1"l11l1~::n1 ~ tri~~tl~~ LL~ ~~ 1 u'litl~~ ~1~ ~'lUrh LU'ilfL .ju~ • 

0/ E N x ,exp - N .I,lhe<> 100 
/0 rror = x 

N.I.theo 

o 

-40 

j 2 (x 103 HZ2) 

400 

350 

300 

250 .A MX£(1 ,1) 

o MX£(2,1) 

_ * _ -a - -A- - -.A - -.A -

10 20 30 

(6.1 ) 

lU~ 6. 7 nn~ ji)'l1~~~~ufi~:;~~1~ ji)'l1~ ~fi~~~"ll1 ~n1~~~tl~nUIl1~:;'Dtl~ LL~1..!Yl ~~'a~~~1t1 L~"lI 
7 1l1t11I1fL1'ilUL"lI"lI'ilUL"lIVlLLUU ecce 
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. . 
l1:li d 4 I ... d .... 4 I 

[;]1~'Wr1 6.5 Fl,)1).JClfi~nJ"l!1[;]"l!'fl~LLt.JtiYl~~'fl~'fl~).J Ltitl).JlUJ1m~'1I 7 '1Iru::~tJfl1~::~~"l!ti1~j;J1~1 

fl1t11rXL~'fltil'11'11'tltJL'1I[;]LLtJtJ ecce 
., . 
ov ... 

1 n1~Yl~~tl~FlNYl 

. 
d 

fl1~:: Fl'l1).JCI 

(N) (Hz) 

0 452 

2098 476 

4047 492 

6046 507 

8045 530 

10044 539 

12043 553 

13992 566 

16091 581 

18090 594 

20089 604 

., . ., . 

.... ... 
n1~Yl~~'fl~FlNYl 2 

ovd 

m~Yl~~'fl~FlNYl 3 

. 
." 

fl'W:: Fl'l1).JCI 

(N) (Hz) 

0 459 

2048 480 

3997 495 

5996 513 

8045 529 

10044 543 

12043 557 

14092 571 

16091 584 

18090 596 

20089 607 

j2(xl03 HZ2) 

400 

fl1~:: 

(N) 

0 

2048 

4097 

6046 

8045 

10144 

12043 

14042 

16091 

18090 

20039 

350 •• -
300 •••• 

250 .... 
200 

150 
100 

I ... 
Fl'l1).J CI 

(Hz) 

461 

481 

500 

515 

529 

545 

558 

572 

585 

599 

609 

+ Exp 1 
[J Exp 2 
6Exp3 
xEx 4 

50 ~(m) 
O ~--~----~----~ 

o 10 20 30 

., . 
ov'" 

n1~Yl~~'fl~Fl~~Yl 4 

. ... 
fl1~:: Fl'l1lJCI 

(N) (Hz) 

~ 
0 461 

2048 479 

4047 497 

6196 512 

7995 530 

10094 545 

12043 559 

14142 569 

16041 581 

18090 592 

20089 603 

pJ~ 6.8 nn~Fl')1).JilJ~tifi~::"d1~Fl'l1lJ~fi~~).J"lI1~ihi~~'fl~ritJfl1~::~~'1I'fl~LLc.itiYl~~'fl~ 
'I-1).J1m~"l! 7 fl1t11rXL~'fltil"lJ"l!'fltJL'1I[;]LLtJtJ ecce 



~1~1-:J~ 6.6 ~~.Jn1n~t.!VlNLL~::fOhJl1~::n1~tri-:J-:J'tl~1nn1~Ylt;l~'tl-:J'!l'tl-:JLL~t.!Yl(Ml'tl-:JlUJ1m~"1I 7 

Jl1UhlLi'tlt.!1'!l'!l'tllJL'lIVlLLlJlJ CCCC 

n1~Ylt;l~'tl-:J ~lJn1~L~t.!(;1N Jl1~::n1~tri-:J-:J'tl (kN) % Error 

1 /2 = 7.9192N" + 209732 26.48 -2.52 

2 /2 =7.8357N,,+214442 27.37 0.74 
.-

3 /2 = 7.8693N" + 215947 27.44 1.01 

4 /2 =7.5538N" +216370 28.64 5.43 
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t.!'tl n L ~il'tl~1 n ~,)'tlth~~l~ mh') hJ-D1-:J ~t.! 1 t.!mru~Yl t;I~'tl-:JJl1U 11A' L~'tlt.!l "1I'!l'tllJ L"1I (;1LLlJlJ~t.!~1'tl 

LL~t.!Yl c;J~'tl~~t.! nnYl f')')1lJilJ~ t.!fi'!l'tl-:J fO),)1 lJ ~ fi~~lJ'li1 ~ n1i-:J ~ 'tl~ nlJJl1 ~::~-:J~\~;:j fO),)1 lJilJ ~ t.!fi 

d1t.!L~t.!(;1N L"J!t.!L~mnt.! ~,)'tlth~ L"J!t.!1 t.!ttJ~ 6.9 Ltlt.!~~ n1~Yl c;J~'tl~'!l'tl-:J LL~t.!Ylc;J~'tl-:J'tl~i1 LilUlJ 

~lJ1m~'!l 7 LL~::LL~t.!Ylc;J~'tl-:J~L(;1t.!L~~~lJ1m~'!l 2 

400 

350 

300 

250 

200 

150 

100 

50 

• • 
• • • 

• • • •• 

x Stanless steel 

• Alurrinium 

o +---~---~--~ 

o 

f2 (x 103 HZ2) 

40 
35 
30 

10 

• • • 

20 

CCCC 

• • 
• 

25 
• XX 

20 • • X X 
15 • X X X X 
10 X X 

5 

30 

X Stainless steel 

• Alurrinium 

0 +-------,-----,.-----, 
o 5 10 15 

CCCF 
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Ov 
(NJf)'N 
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• 
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0 
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g 
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" " I • 

"''l'UI Ift~rnl"''l ~~ O1nn 1'i1/11~:;01~ tr1'l'l'tl'"l1 n~fi~:;tJ:;Lf'I~'tl\.IVi'-l'tln~:;'-I1u'1l'tl'l LL~'-IYl Ift~'tl'l LLUU 

CCCC LLUU CCCF LL~:;LLUU CFCF ~nJ1~~'l1il1n'l~ 6.7 n'l 6.9 !iI1~~1~U tlfttJl'-1~"li'tl'lLLm • 

L~~'tlYl1'l ~1'-1'n'l1 dj'-l1'i1Jl1~:;01 ~ tr1'l'l'tl'1l'tl'l LL~'-IYl Ift~'tl'l LL~~:;LL~ '-I tlfttJ"li'tl'l1'i1Jl1 ~:;O1~ tr1'l'l'tl 

Yl1'lYl~~lJL~~1'"11 n O1~~1'-1'l ru~'ltJ~:;LutJu~nYli ~'l'-l1'i1Jl1~:;01~ tr1'l'l'tl~L~'"I1 n 01 ~Yl Ift~'tl'l 
~'ltJ~fif'l'l1~i~~'-Ifi'1l'tl'l O1~i'-l~::L Yi'tl'-l~'tl~l '-I"li'tl'l VCT ~'l dj'-l1'i1/11~:;n11 tr1'l'l'tl L ~~tJ'"I1 n 011 

Yl 1ft~'tl'l~11'i1Jl1~:;01 ~ tr1'l'l'tl 20 rlf'l ~1~fu 1'i1Jl1~:;01~ tr1'l'l'tll '-I"li'tl'l '"I 1 n~fi~::tJ :;Lrl~'tl'-l~'-I'tl n 

~:;'-I11J1i LU'-I1'i1 L~~tJ L"liWl'-l 1'i1 m1~ rl~11ft Lrl~'tl'-l~ LL~ Ift'l'tl~l '-I"li'tl'l % Error '1l'tl'li'l~'tl'l~fi 
~1'-1'lru'"l1n~~01~~ (6.1) tvml-D'1'i1 N x. theo '"I1n"li'tl'lJl1~:;01~tr1'l'l'tlYl1'lYl~~lJ ~'l1'i1LU'tl~\-n'-l~ 
rl'l1~ rl~1 IftLrl ~'tl'-l~ Ln Ift;'-lili'l r11U'l n LL~ :;~U tlfttJ rh~ Ltl'-lU'l mL~ 1ft'l~11'i1Jl1 ~:;O1~ tr1'l'l'tl~L~ 

'"11 n O1~Yl Ift~'tl'lij 1'i1~'l n~1 r11Yl1'lYl ~~lJ ~'l'-ln ~ru~ 1'i1Jl1~:;01~ tr1'l'l 'tl'"l1 n O1~Yl Ift~ 'tl'l ij 1'i1 ~1 n~1 
r11'"11 nYl ~~ lJ'"I :;L~ 1'i1 LU'tlfL ;'-I~ rl'l1~ rl ~ 1 Vl Lrl ~'tl'-lLU'-I~U ~ 1~ fu 01 ~Yl Vl~'tl'l/l1tJ l~ d 'tl'-lL '1l 

'n'tlUL'1lIilLLUU CFCF '1l'tl'lLL~'-IYlIft~'tl'l~~1tlL~'1l 6 hil~YlIft~'tl'lL~'tl'l'"l1mL~'-IYlIft~'tl'lLnVln1~L~t.JtU 
, " " 

'"I1n011YlIft~'tl'lJl1tJ l~ L1'tl'-lL 'n'1l'tlUL'nIilLLUU CCCF r1'tl'-l~,J1lj~'l hJil ~~ O11Yl 1ft~'tl'l~1~fu nnulj 
, ," 

r11~'l'-lLUtJ'l LU'-I~1 1i11~1'-1 (Standard Deviation, S. D.) Vi LL~ 1ft'll '-I!iI1n'l"''l~1~ ~'l n~h'l LU '-I 1'i1 
, " , 

~'l'-lLUtJ'l LU'-I~1 1i11~1'-1'1l'tl'1011YlVl~'tl'l 20 f'lf'l'1l'tl'l LL~~:;LL~'-IYl Ift~'tl'l Lii'tli'l Lnlil'"l:;YiU~11'i1~'l'-l 
, " , 

LUtJ'l LU'-I~1 1i11~1'-1l '-I011Yl Vl~'tl'l"''l ~1~ L1'tl'-lL '1l'1l'tlU L '1l liIill'i1ln~ L~tJ'l rl'-l ~'l'-101m1:;'"I1 tJ'1l'tl'l 

-D''tllJ~n11YlIft~'tl'l~1~1H1LL~Ift'lL~'-ItU'1l'tl'l~~tIilLLn1~~'lLL~Ift'll'-1tU~ 6.11 n'l 6.13 tlfttlLLU'lLU'-I 

6 n~~1iI1~'1l\lIft'1l'tl'lt)~ VlLL~::L1'tl'-lL '1l'1l'tlUL'1l rn'n'tl'l O11YlIft~'tl'l ~1~fu ~~ trnLLm~ LL~~:;nnlil '-IpJ~ 
6.11 n'l 6.13 Luw·hLU'tlfL;'-Iv1rl'l1~LI')~'tl'-l'1l'tl'lLL~'-IYlIft~'tl'lLL~~:;'1l\lIftJl1tJl~L1'tl'-lL'1l'1l'tlU L'1l iii 

• II" I 

LLUU~1'l1 ;'lLU'-I;r'tllJ~'"I1n011YlVl~'tl'l"''l~~1ft 120 I')f'l Lii'tli'lLnrnnnli~~tIilLLn1~YiU~1n11 

Yl 1ft~'tl'lJl1tJl~ L1'tl'-lL'1l CFCF ij O11m:;'"I1tJ ~'l'1l'tl'l;r'tllJ~ 1')'l1~ 1')~1 1ft LI')~'tl'-l,J'tltJn~1 L1'tl'-lL '1l 

'1l'tlUL'1lrntin~'tl'lLLUU tlfttJ"li'l'l'n'tl'lLU'tlfL;'-Iv11')'l1~1')~1lftLI')~'tl'-l'tl~1'-1"li'l'l -10% n'l 15% ~1~fu 

LL~'-I~LV1'-1L~~ LL~:; -10% n'l 1 0% ~1~fULL~'-I'tl~nLljtJ~~'l~'tllftl')~'tl'lrluI'i1~'l'-lL~tJ'lLU'-I .. 
~1 iii ~ ~1 '-I LL~ :;'"11 n ~~ n 11Yl Vl~ 'tl'l YiU~11'i1fl11:; n11 tr1'l'l'tl~ ~ 1'"11 n n11Yl Ift~'tl'l ~'l tJ~fi 

1')'l1~i~~'-Ifi'1l'tl'l O11i'-l~:;L Yi'tl'-lil r11ln~ L~tJ\l rlU 1'i1Jl11:;011 tr1'l'l'tl~ ~1'-1'l ru'"l1 n Yl ~~ lJ~1 n n~1 
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r:;U1uiJ fOi1 LU'ilfL ;U; f')') 1 ~ f')fi1 r;) Lfil~'ilU~~ Lr;)UiJ f'i1 LU'tlfL ;U; fil,)1~ filfi1 r;) Lfil~'tlUL'U~U'"I1 n m r .. 
~ , 

Vlr;)fi'il~l1~~~r;)Ll'hrlu -24.58% ~1~fuC.JfimrVlr;)fi'il~~')u~fifil,)1~i~~ufi"ll'tl~mriu~:;Ll1'tlU 
, ~ , 

i~ Ln Vll~11L un rnlL1'tlu 1"11 "II'tlU L"II VI LLUU U r;) LL UU 11~ ~ ~1Uf'i 1111 r:; n 1 r Lri~~'il"ll 'il~ LLe.i UVl r;) fi'tl~ 

'il~ i1 L tJU~ iJ f'i1Ln ~ L~U~ rlU f'i1111 r:;Lri~~ 'tl'"l1 nVl ~M ~lJ1 n n11 LLe.iUVl r;) fi'il~ ~ LVlULfi ~ Lr;)U f'i 1 

LU'tlfL ;U;fil')1lJ filfi1 ~ Lfil~'ilUL'U~U ~1~fu LLe.iUVl ~fi'tl~'tlfii1 LtJU~iJ f'i1 0.38% ~,)ULLe.iUVl ~fi'il~~ .. 
, 

.ell , .., I I ..c:.I , .dI 

LVlULfi~lJ fil1 11.41 % LLfi:;mYiU')1 fil,)1lJ~U1"11'tl~ LLeJUVl r;)fi'tl~~ LVlULfi~lJ eJfi L'l'tl fil,)1lJ filfi 1 ~ Lfilfi'tlU 

Lr;)U LLe.iUVl r;)fi'tl~~ LL'lULfi ~ ~iJ fil,)1lJ~U1lJ1 n n11'"1:;iJ f'i1 LU'il fL ;U; fil,)1lJ f')fi1 ~ Lf')~'tlU~~ n 11 

~1~fun rruL1'tlul "II"II'ilU L"II L'lLLUU CCCF f'i1111r:;mr Lri~~'tl"ll'il~ LLe.iUVl ~fi'tl~'tl~i1 L tJUlJ LLfi:;LLe.iU 

Vl ~fi'tl~~ LL'lULfi ~'"I1 n n 1 rVl ~fi'tl~ii f'i1Ln~ L~U~ rlU f'i1111r:;m r Lri~~'il'"l1 nVl ~M~ L~U LU'ilfL ;U; 

fil,)1~filfi1 r;) Lfil~'tlUL 'U~U"II'tl~ LLe.iuVl r;)fi'tl~tlfii1 L tJu~ii f'i1 -1 .41 % ~,)ULLe.iUVl ~fi'tl~~ LVlULfi~ ii f'i1 .. 
I I '" I 

LU'tlfL;U; f'l')1lJf')fi1~ Lfil~'ilUL'U~m ."hrlu 0.40% ~')unrru;uVl ~~'tlu~ii L1'tlul "II "II 'tlU L"lI L'lLLUU 

CFCF iJf'i1 LU'tlfL;U;fil')1lJ fil fi1 r;) Lf')~tlUL'U~m!tlU L'liUrlU Lr;)U f'i1 LU'tlfL ;U; f'l')1lJ filfi1 r;) Lfil~'tlU 

L'U~U"IItl~ LLe.iUVl ~fi'tl~ LLe.iUVl ~fi'tl~'il~i1 LtJUlJii f'i1 Ll'h rlU -1 .73% ~,)ULLe.iUVl ~fitl~ ~ LVlULfi~iJ f'i1 
~ 

L."h rlU 0.44% '"11 n m rVl ~fi'tl~l1~~~ r;)~1lJ1 Hl~ tUl~11L umruLLe.iuVl ~fi'tl~tl ~i1 L tJU~ f'i1111r:; 

mrLri~~'tl~1~'"I1nmrVl~fitl~iJLn~L~U~rlufOi1111r:;mrLri~~tl'"l1nVl~M~111UL~L1'tlul"11"11'tlUL"lIVI 
~ , 
11~~1lJ LLUU ~')un rruLLe.iuVl r;)fi'tl~~ LL'lULfi~ f'i1111r:;n1 r Lri~~'tl'"l1 n mrVl ~fi'tl~111UL~ L1tlul"11 

LLUU CCCC 
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Fi1m1:::m1tri~~~L'i)~tI (kN) .. .. 
1:::tI:::Lf'lfl~'l.I'Vl'l.ltln 

LLcJ'l.I 
VCT 

1J'l.I1~ f'l'l1)J1-l'l.l1 1:::'l.I1tJ 
1'~"l 

~~~'l'l.l ()J)J.) 
.. 

Vl~ft~~ 'VltPf{] 

- % -
Nx,exp S.D. Nx,exp % Error 

Error 

1 1.17 14.11 15.01 6.35 2.44 19.25 36.44 
1.5 

2 1.39 23.43 27.03 15.38 3.75 21 .16 -9.67 

3 1.11 14.42 15.52 7.58 6.21 11 .03 -23.50 
Steel 1 

4 1.39 28.26 32.06 13.45 3.11 21 .13 -25.25 

5 1.12 17.34 19.00 9.55 6.22 10.23 -40.99 
0.75 

6 1.41 33.94 39.42 16.15 6.72 12.57 -62.96 

7 2.03 27.17 27.77 2.21 2.77 28.60 5.28 
1.5 

8 2.30 39.29 37.73 1.14 6.53 30.84 -21 .51 

9 1.77 21.48 21.36 -0.53 4.89 16.00 -25.51 
AI 1 

10 1.96 29.18 30.03 2.90 3.16 22.97 -21.28 

11 1.75 24.03 24.26 0.94 4.03 23.94 -0.40 
0.75 

12 1.98 34.90 35.16 0.75 3.96 29.62 -15.12 
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ri11111::m1tri-3-3flL~~U (kN) 

1::U::LFl~fll.l~l.Ifln 
U~l.I 'IIl.11(;1 fI'l1lJVll.I1 VCT 

1'~~ ... 1::l.I1U 
Vl"'~fl-3 ~",ri'll.l (lJlJ .) VlClHD 

- % -
Nx,exp S.D. N x,exp % Error 

Error 

1 1.17 3.97 4.17 5.13 4.19 3.33 -16.08 
1.5 

2 1.39 6.53 6.25 -4.21 4.12 4.36 -33.24 

3 1.11 6.05 6.25 3.18 3.52 5.03 -16.84 
Steel 1 

4 1.39 11.86 12.14 2.33 6.86 5.67 -52.16 

5 1.12 10.43 10.63 1.91 3.92 6.97 -33.20 
0.75 

6 1.41 20.42 19.21 - 5.91 3.17 6.39 -68.71 

7 2.03 7.48 7.67 2.43 6.88 5.48 -26.83 
1.5 

8 2.30 10.82 10.23 -5.52 4.19 6.76 -37.58 

9 1.77 8.96 8.43 -5.95 5.17 5.74 -35.94 
AI 1 

10 1.96 12.18 12.07 -0.90 3.58 7.83 -35.71 

11 1.75 14.41 14.26 -1 .01 5.37 10.67 -25.96 
0.75 

12 1.98 20.92 21.78 4.10 5.33 14.02 -32.97 



LLc.i'U ~'U1'" f'l'l1 t1l-l'U1 
t)~fil 

Y1~i'lfl'l ~",i'l'l'U 
... 

(t1t1.) Y1t'Jl:t!J 

1 1.17 2.45 
1.5 

2 1.39 4.08 

3 1.11 4.70 
Steel 1 

4 1.39 9.22 

5 1.12 8.71 
0.75 

6 1.41 17.05 

7 2.03 4.71 
1.5 

8 2.30 6.81 

9 1.77 6.98 
AI 1 

10 1.96 9.48 

11 1.75 12.04 
0.75 

12 1.98 17.48 

" erra 

ecce 
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Pi1m1::m11ri'NflL~~U (kN) 

-
Nx,exp 

2.41 

4.11 

4.73 

9.34 

8.83 

N/A 

4.82 

6.84 

6.74 

9.35 

11 .41 

16.90 

50 

40 

30 

20 

10 

veT 

% 
S.D. 

Error 

-1.88 2.01 

0.87 4.13 

0.48 3.48 

1.32 5.36 

1.43 1.99 

N/A N/A 

2.40 2.37 

0.48 1.90 

-3.43 3.24 

-1.39 1.66 

-5.18 0.95 

-3.28 2.62 

--

J .. 
1::U:: LI'l i'lfl 'UYI 'Ufl n 

1::'U11J 

-
Nx,exp % Error 

1.70 -30.75 

3.38 -17.07 

2.20 -53.19 

6.46 -29.85 

6.82 -21.71 

N/A NJA 

3.90 -17.07 

5.86 -13.83 

5.89 -15.63 

8.08 -14.81 

10.86 -9.79 

15.59 -10.81 

o~~r-~~+-~~ __ ~~ 

~erra 



40 

30 

20 

10 

.3) -15 - 10 -S 0 S to K .:0 l'S 10 

" erra 

50 

40 

30 

20 

10 

O~~~~~~~~~~ 

" erra 

pJ~ 6.12 i1~LVlLLnnJ'iJ'a'l LU'afL;lJj;f Fl'l1t1 Flfl1 (;I LFl~'alJ'l1'a-.'l n11Yl(;lfl'a'l~ih~'e"I'Wb'l1'aUL'l1 VlLLUU 

CCCF 

50 

40 

30 

20 

-
-

10 h 
o ~~~I~~-+-l __ 1==--~~~ 

-3) - IS -10 ~ 0 , to K .:xl ~ ]I) 

" erra 

80 

60 

40 

20 

O~~~~~~~~~~ 

" erra 

tU~ 6.13 i1~ LVl LLnnJ'l1 'a 'I LU'afL;lJj;f Fl'l1t1 Flfl1 (;ILFl~'alJ'l1'a'l n11Yl (;Ifl'a-1~ih~'alJl 'l1'l1'aUL'l1 VlLLUU 

CFCF 
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llJn11Yl (;I fl'a-1 ~1 rl11111:;n11 Lri'l-1 'a'l1'a-1 LFl N ~ 11-1 milJU1-1111 U 1~1l11:; ~'l LLfl:;n VI'YiU~ 1 

Ld'a,j1''atlfl~1~tl1'Yi ~'a Vl n 11~~:; 1~ Fl'l1t1itl~lJfi1:;~~1-1 rl1 Fl'l1t1 ~fi11t1"li1 ~ n1 ~-1 ~'a-1 riU1l11:; 
" 

llJLL lJ'l1:;lJ1UllJ"li'l-11111:;~-1)1~ mtru:; LtllJL~lJVlN ~'llJ llJ"li'l-11111:;n (;1)1 Fl'l1t1 itl~lJfiLillJ 
.!' '.J..J .... , ., '. I..J !'I'" ~ ., ..j .... , ..r.., 
L~lJVlN ~ lJlI'l-1 Ylll 11:;n VIti Fl1lJ'aU1 LLfl:;Fl'aU LuflUlJLulJfl mtru:; ~f'l-1 LtI'a1l11:;n t1ltl Fl1t11 n'l1lJ(;I-1 

t~tI(;In11ilJ~:;Lli'alJ (1,1) llJtU~ 6.14 ~-1hiVlNriu'Yiq~n11t1Yl1-1YlqM~~nn~Fl'l1).Ji~~lJfi 
, ., 

'lI'a-1 Fl'l1~ ()fi11~"li1 ~ n1 ~-1 ~'a-1 riu1l11:; llJLL lJ'l1:;lJ1UiJ Fl'l1~i ~~lJfiLillJL~W'lN Vlfl'a Vll1-11lJ"li'l-1 

111~:;~-1 LLfl :;1l11:;n VI ~ 1 L ~ [;J~ R'l1 ~i~~lJfi1:;~~1-1 fil'l1 ~ ~fi11Wil1 ~ n 1~-1 ~'a-1 riU1l11:; llJLL lJ'l 

1:;lJ1U hl LillJL~lJVlN llJn11Yl Vlfl'a-1'a1~ Ln VI~1 n LL~lJYl t1lfl'a-1 Ln (;I n11 Lri'l'l'a llJ'lI ru:;~fU1l11:;n (;I 

~-1 ~fll ~1l11:;~1 ~ LLri LL~lJYl Vlfl'a-1 hll~'a~llJLL lJ'l1:;lJ1U LLfl:;LL~lJYl Vlfl'a-1 hJL~'a~llJ~ nMru:; 
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'lfOlN~~1-:J LL~.h.lU1-:J.yh 1,\' jOh fOl'J1)J ~fi~~)J'll1 ~~t) V11~ LU~ [J'Wlu~1 nYl1-:JYl q~ ~~-:Ju'W5 'Wc.J~ 1~ ~'J[J 

m~Yl ~~~N LV1[J~jh:::[J:::LfOl~tl'W~'Wtlm:::'W1u~-:J LL~ ~-:J 1 'WZu~ 6.15 ~1 n m1vl~:::Ltl'W~1 rl1 ~:::[J::: 

LfOl~tl'W~'W'tln~:::'W1U~ Ln ~~'WiJrl1)J1 n~'W'tlti1-:J L tl'Wl~iC;)~111~:::U~:::)J1ru 10 kN ~-:J~'tlC;)fOl~'tl-:JrlU 
c.J~m~Yl (;l~'tl-:Jm~i'W~::Ll1'tl'W~l~ L~'Wm1vl~iJ~ n~ru::: 'lA'-:J'tlti1-:J L tl'Wl~i V1~ rl1111 ~:::~-:J mh'J LL~::: 

iJn1~Yl (;l~'tl-:J1 'WU1-:J mru~ n~1vl1 'W'lI'J-:J 111'tl~::"d1-:J111~:::~-:J rlUI11~:::n c;) hJ I11tl L ~'a-:J rl'W L ~tl-:J~1 n 

'11 ru:::LU~ [J'Wm ~ 1 ,\'111 ~:::~-:J Lfl'W111~::n c;) 1 'W~::,"~1-:J n1 ~Yl c;)~tl-:J ~'tN".II5u1 (;l{ uu c;) LLc.l'WYl ~ ~'a-:J~-:J 

tl1~~::.yh1,\'L~tl'Wl'11".11'auL".IIj;)Lu~[J'Wlu~1m~)J 1111,\'m1vl~1~'bJl11tlL~tl-:J~-:JLL~(;l-:J1'W~u~ 6.16 ~-:J 
" 

~ ~ 

~-:J,r'Wm~u~::)J1rurl1111 ~::n1~ tri-:J-:J'a '1Itl-:J LLc.l'WYl V1~'a-:J 'lV1[JH';rtl)J~";-:J 1 'W'lh-:J111~::~-:J LL~::: 1 'W'li 'J-:J .. 
111 ~:::n ~~-:J1111~[J1 mL~ :::tl1~ 1,\' c.J ~~ iJ fOl'l1)J fOl~ 1 ~ L,",~'a'W~-:J ~1,"fuzu 11-:J n1~i 'W~:::L l1'a'W".IItl-:J 

LLc.l'WYl(;l~'a-:J~u~1iJ~n~ru::~tlV1fOl~tl-:JrlUZu11-:J~~1'W'Jrul~Yl1-:JYlq~~ 

J 2 (xIOJ HZ2) 
1000 

900 X 
tWO X X X X 

X X X 
X X X 700 .. M:>OE(1 .1) 

600 o M:>OE (1,2) 

500 X M:>OE (1 ,3) 

0 
400 

0 0 

:WO 0 0 0 
0 0 

0 0 0 
200 .. .. .. .. .. .. .. .. ~O .. .. .. N (leN) 

-20 -15 -10 -5 0 5 10 15 

lU~ 6.14 nnvl fOl'J1)Ji)J~'Wfi~:::,"~1-:J fOl'l1)J ~fi~~)J'll1 ~ri1~-:J~'a-:J rlUI11~:::'1Itl-:J Uc.l'WYl C;)~'a-:J,")J1[J 

11 111[J1~L~tl'Wl".11'11tlUL".IIj;)LLUU CCCF 

N x(kN) 

16 

14 

12 

10 

8 

6 

4 -

2 w(mm) 
0 

0 2 3 4 

ZU~ 6.15 nnvlfOl'J1)Ji)J~'Wfi~::,"~1-:J~:::[J:::LfOl~tl'W~'W'am:::'W1UrlUI11~:::".IItl-:JLLc.l'WYlV1~'a-:J 
,")J1m~".II 11 111[J1~L~'a'Wl".11".11'auL".IIj;) CCCF 



J 2 (xIOJ HZ2) 
600 

500 0 
0 

400 
0 

0 .\ M)[)E(1 .1) x ~ x x 
x x x x x x x x x aoO o M:)[)E (2.1) 

0 a X M:)[)E (1 .2) 
0 200 

0 0 
0 

0 
100 .\ .\ .\ 

.\ .\ .\ .\ 
.\ .\ .\ .\ .\ .\ Nx(kN) 

-40 -30 -20 -10 0 10 20 30 

tU~ 6.16 nn~ l'I,)l2Ji2J~tJtf~:;~~l~l'I,)l2J ~fi~~2J"J!l~nl~~~~~nU[n~:;"1I~~LL~tJYl ~'Cl1l~ 

~2Jlm'Cl"JJ 4 J)1t11~L~~tJl"11"11~UL"1I(;JLLUU ecce 

... 
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"11 n tJ 'Cl n 1 ~Yl ~'Cl~~";~~2J ln~l2Jl ~Cl LLtJ~ tJ'Cl n1 ~Ylln'Cl~~ Li1tJ~~~ n~2J fi~ LL~tJYlln'Cltl~~ L(;JtJ • 
L'Cl~LL'Cl:;LL~tJYlln'Cl~~tl~ij Lntl2J(;Jl2J (;Jln~~ 6.1 0 ~~LtltJn1~~~Ul'llLUtlfL;tJ~l'I,)l2J l'I'ClllnLI'I~tltJ 

L~~t1 LL'Cl :;~')tJLritl~ LUtJ2Jl (;J~jltJ"1Itl~ I'ilJ)l~:;n1~ Lri~~ll"lln nl~Ylln'Cltl~nUrh"ll nYl ~~n L~tl 
, ... , 

Yi"ll~rul tJ'Cl nl~Ylln'Cltl~"1Itl~ LL~tJYlln'Cltl~J)1t11~ L~tltJ 1 'll"1lllU L'1I (;J LLUU~1?l LLl..itJ";~~ ~ltJ~U~ll'1,)l2J 

LI'I~tltJ"Ilnn1~Yl ~'Cltl~'1Itl~ LL~tJYlI?l'Cltl~~ L~tJL'Cl~i1 rb ~~ n~l LL~tJYlln'Cltl~tl'Clij L ntl2J LlntliJ I'll L~~t1 .. .. 
LL'Cl:;~,)tJLritl~ LUtJ2Jlln~~ltJ"lI~~ I'll LUtlfL;tJ~ 1'I,)12J l'I'CllC;) LI'I~tltJLVIl nu 11.41 ± 6.23% ~~ u 

LL(;J n ~l~"Il n tJ'Cl'1ltl~ LL~tJYl C;)'Cl~~~'Clij L ntl2J~l '" tJ'Cl n1 ~Yl C;)'Cl~~~~L~t1iJ I'll L~~t1 LL'Cl:;~')tJLritl~ LUtJ .. 
, ...' 

2Jl~~jltJ"1I~~l'llLU~fL;tJ~l'I,)l2JI'I'Cll~LI'I~~tJLYitl~ 1.24 ± 4.44% LVI1UtJ ~')tJltJmruL~~tJl"11 

'1I~U L"1I ~ LLUU~ c;) LL tltJ~l2J ~ltJU ~ 1 t1~M:;~n~ ~ltJLL'Cl :;LLUU ~ ~ LL tltJ~~~ ~ltJ U ~ 1 t1~ ~ ~:;~tl~ ~1 tJ 
... , 

~'Cl n1~Ylln'Cltl~"1Itl~ LL~tJYlln'Cl~~"1Itl~1'~ lnYi~~tl~"J!ij~iJ rb ln~ Lfi1m ntJLL'Cl :;u~ Li1tJtJ'Cln1~Ylln'Cl~~Yl ~ • 
Ll?ltliJ I'll L ~~t1 LL'Cl:;~ ')tJLritl~ L UtJ2Jl (;J~~ltJ'1I~~ I'll LUtl fL ;tJ~ 1'I,)12J l'I'Cllln LI'I~tltJ "11~~ n1 ~Yl ~ 'Cltl~~iJ 

L~tltJl"11'11tlUL'1I(;JLLUU~lnLLtltJ~12J~1tJU'Cllt1~~~:;~n~~ltJLVllnU 0.40 ± 5.95% ~l~fuLL~tJ 

Yl~'Cl~~~L(;ltJL'Cl~LL'Cl:;LVllnU -1.14 ± 6.30% ~l~fuLL~tJYlI?l'Cltl~~~ijLntl2J ltJmru~iJdtltJl'11 
"lItlU L"1I (;l LLUU~ c;) LL tltJ~tl~ ~ltJU'Cll t1~ M:;~tl~ ~1 tJiJiJ l'il L ~ ~ tI LL'Cl :;~')tJL rim LU tJ2J 1 (;l ~~ltJ'1I ~~ fOil 

u 
... I~«" .J I .oI!:IiIq I .... 

Lutl~L'jItJl1ll'l'Jl2JI'I'CllC;)LI'I'CltltJ "lItl~LLtJtJYlln'Cl~~~ L(;JtJL'Cl~ LL'Cl:;tl~2J LtJtl2JLYllnU 0.45 ± 3.76% LL'Cl:; 

-1.73 ± 3.38% (;Jl2J~l~U 
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CCCC CCCF CFCF 

rlMI • % Error S.D. % Error S.D. % Error S.D. 

~L(;1UL~~ AISI 304 11041 6 .23 DAD 5.95 0.45 3.76 

........ 
'a~lJLUUlJ 6061-T6 1.24 4044 -1.14 6.3 -1.73 3.38 .. 

~'aunr)1"'1~"'~1in~~LLMI~lUtU~ 6.17 LC;)u"'~1inLL~'lrhrl1~:;n1~Lri~~'a~hJl~{uuC;)LLuuLLuu 
(;11lJ~ c;)lJ flI~~:;ijrh~'aunr)1 n1~{UUc;)(;11lJ~C;)lJ I'l ~ LLj;]l Un1~"'C;)~'a~~~~YiUr)1 Lri'a LL~U'" C;)~'a~ 

fU111~:;L~lJ~u~:;y'hl,xn1~{uuC;)LL~u"'C;)~'a~j;]1~nuL~'aul'11LLuuuC;)LLuulu~C;)lJji)~lJ1n~U ~~ 
~~ tJ ~ l,xrh flI'l1lJ ~DalJ"l!1 ~~ rl1111~:;~~1 ij rl1 ~1 nr)1 rl1~1 n." ~1i nlJ1 n~u ~'lm ~ "l;1y'h 1,x 

I I " I 

~lJn1~L~u(;1~~Yll~2J LyjU~ ~1~~lJ1 L Yl1,rULLj;] 1'l'l1lJ-rU'1I'a~~lJ n1 ~L~Ul'l N n~'au~~ ~'lU :n~li11,x 
" , , 

m1Yh;~~'a~ 12J'1Iu1unu ~~li11,x rl1111 ~:;n1 ~ Lri~~'aYll~~1 nn1~'" C;)~'a~ 1 UU1~ n ~ruij rl1Vi~~ nr)1 
I "I • 

"'~1in~~LL~c;)~lUtUVi 6.17 ~~,rULij'a~lJn1~L~Ul'lNYll~2Jd1ulU(;11lJ"'~1inrl1111~:;n1~Lri~~'a 

~1~~ Ln c;) 1'l'l1lJ ji)~1 C;)Lji)~'aU LC;)U L~Yi1:;tJ~ n1~'" C;)~'a~Ul~ LL~U'" C;)~'a~ ~ Ll'lUL~ ~111U 1~ L~'aU 1 '11 

'1I'aUL'1Il'lLLUUUC;)LLUU~~~~1U y'hl~~~~lJlJ~j1ul~r)1fl1'l1lJLI'l~'tlU~'a~n1~"'C;)~'tl~~LnC;)~uu1 
Ln c;)~1 nn1~{uu c;) LL~U"'C;)~'a~ L~'a d1um ~uutiu~lJlJ ~ j1ul un1~~ LflIn:;\f rf5{U~~li1 n1 ~ 

I I I I " I 

." C;)~'a~ L ~lJ L~lJ LC;)Url C;)~:;u:;Lji)~'auYll ULL U'l ~~'1I'a~1 c;){uu c;)=nU~1U~1Ui1~ L ~'a l'l~'l~~'aur)11 U 
I I I " t 

'1Iru:;Vi LL~U'" C;)~'a~ 1~fu111~:;Ln c;) n11LI'l~'tlUYl'1l'a~1 c;){uu c;)=nu~1ui1~ 1 ULLU'l ~~~1'a 12J LL~:;rl~ 'il 
" nUI'l'l1lJ~U1'11'a~LL~u"'C;)~'a~ijtJ~lun1~{uuc;)=nu~1u'ath~hLc;)uy'hn1~'r'lC;)~'a~Lc;)uli1C;)~~Ln~ 

rlc;)j:;u:;LflI~'au~luLL U'l ~~'1I'a~' c;){uu C;)~U~1U~1U-n1~ ~~YiUr)1 Lri'a LL~U'" C;)~'a~ fU111~:; lULL U'l 
" I I I 

~:;U1ULL~'lLnC;)n1~'1ItiU'1I'a~1c;){UUc;)=nu~1ulULLU'l~~~~LL~c;)~lUtUVi 6.18 ,rULL~c;)~r)1'c;){UUC;) 
" , , 
=nU~1U~1ui1~LnC;)~~U~'aU~1~~L(;1UL~~'1Iru:;YlfU111~:;luLLU'l~:;U1U ~1ntUYl6 . 18 YiUr)1rl~Vl 

" LL~:;1'l'l1lJ~U1'11'tl~LL~U'r'lC;)~'tl~ijtJ~j;]'an1~'1ItiU'1I'a~1c;){UUc;)=nU~1U~1Ui1~ i~Ln(;11~r)1n1~{u 
d , .cal... I ... <4 I"~ .., I 

UC;)LLtJU"'C;)~'a~~L(;1UL~~lJn1~'1IUUlJ1nn'l1n1~~UUC;)LLt.JU'a~lJLUUlJLL~:;U~YiU'l1ji)'l1lJ~U1'11'a~ 

LL~U'r'l C;)~'a~ijtJ~ ~'lU L"llunu Lc;)mL~u", C;)~'a~~ij flI'l1lJ~U1lJ1 n nr)1ii n1~'1ItiUlJ1 n nr)1LL~u", C;)~'a~ 
I " "" I 

YlU1~ i'alol~~1nn1~'" C;)~'a~i1LL~ c;)~ 1 ~ L l1ur)11 c;){uu c;)=nU~1U 12Jl~{u=nu~1u 1 ~ij L~'aul '1I'1I'tlU L'1I (;1 

," I " 

LLUUU C;)LLUU'tlU1~~lJU~nr(;11lJVir;i~ 1~ 1~ Lij'a 1~111~:;~~ nu=nU~1UYI C;)~'au~:;li11 ~Ln c;) n1~ .. 
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.. ., I I " 

;u-:!1uYiil C~'tlul '1I'1I'tltJ L '11 ~LLUUU (;) LL tJUj:;u:;m jLfl~'tluYiU'tln j:;u1uilhl fl'l jil~1 n il m jr.ruu (;) 
" I I I I " 

;U-:!1UYiLtlUtl(;)tJfl~ LL~lun1jYl(;)~'tl-:!""u~1iln1jLfl~'t.luYiu'tlnj:;u1uYiu1L'Jru'1l't.ltJ'1I't.l-:!;u-:!1u 
.. I I 

U~(;)-:!~1;u'nu'Wl~ilL~'t.lul'11'11'tluL'1I~LLutJU(;)LLtJu'tlE11-3~tJ\!jnr Li1'tl-3'"11nLLeJUYl(;)~'t.l-3~L~UL~~il 

fl'J1tJ LL'i-3 Ln1-3tJ1 n n~1 LLeJU't.l~ ij LilutJ~-3~1 t "" j:;u:;m jLfl ~'tlU~U'tl nj:;u1tJ~u1L 'J ru'1l't.lU ~ 1 u-if 1-3 .. 
II I I I 

iltJ1nn~1 ~-3m'"l"l:;n~1'J 1~~1;UYl (;)~'t.l-3 ~ L~UL~~ LLeJU~U1il L~'tlU 1 '1I'1I't.lU L '11 ~Yi~ (;) 11..1'"11 n L~'t.lUl '11 
.. I I 

'lI'tlU L '11 ~ LLUUU (;)LL tJUtJ1 n n~1;UYl (;)MIU~U1 ;-3 rl1Jl1j:;n1 j Ln-3-3'tl"l1 n n1jYl (;)~'tl-:!'lI't.l-3 LLeJ U 

.ell 4.J I I AQ 0 .., I 

Yl(;)~'tl-3~ L~UL~~~U1tJ fl1fl'J1tJ fl1 (;)Lfl~'tlUL~~UtJ1 n m1LL~UYl (;)~'tlU't.l~tJ L \JUtJ ~1~ jU LL~\J .. 
I I " I 

Yl (;)~'tl-3~ L~UL~~Yiil L~'tl\J 1 '1I'1I'tlU L '11 ~ LLUU ecce '"I:; L ll\J~1=ihJ-31\J~\J1 n~1"l:;il 1"11 L ~ ~ U'lI't.l-:! fl'J1tJ 

1')1 (;) Lfl~'tlUtJ1 n n~1~\JYl (;)~'tlU~U1-3 n~1 ~-:!~1tJ 1 Hl't.lfiU1Ul~ \J~1\J'tl-3 L~ m n\J L(;)uYi"l1 jru1 

1')'J1tJ~tJ\!jnr'1l'tl-:! L~'tl\Jl 'lI'lI'tlUL'1I ~ ueJ\JYl (;)~'t.l-3~U1-3 n~1"l:;il~n~ru:;mjr.rtJu (;)~tn~ L~'rJ\Jl 'lI 

.. • I 

,J'tlUn~1 ~1 h"mj~l-!\Jr;i'J'lI'tl-3'(;)r.ruu (;);\J-31\J~1\J-if1-3il,J'rJun~1 ~-3 ~~ 1 ""'~L~'rJ\Jl "'lI'rJU L '!I ~Yl 

tn~ L~U-3 nu L~'tl\J 1 'lI'1I'tlU L 'lI ~ LLUUU (;)LL tJ\JtJ 1 n n~1 

• Theory 

o Experirrent 

-30 -20 -10 o 10 20 30 

Displacement(xO.Olmm) 
16 • 14 • • • • aLAuLaiHL~ulIUl 12 • • 
10 • o oHAuLaaUUU1J1\1 

• • • 000 X ilij1lLlltJlIUUUlIUl 8 0 
o 0 

6 0 
o 0 X X 6. ilij1lLllulIuuu1J1\1 

0 
X X ~ ~~ ~ 6. 6. 

4 
~~6. 6. 

2 
0 N xCkN) 

0 5 10 15 

I I I '" 

ZUYl 6.18 ~~mjYl(;)~'t.l-3j:;U:;Lf'l~'rJ\JYl'll't.l-3,(;)r.rUU(;):n\J-31\J~1\J-if1-3 
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~1n~'Cln1~"'In'Cl'il~L~l-JL~l-J~1l-J1Hl~~1~11~1L~VJ~~'Cln1~"'In'Cl'il~"1I'il~LLtJ'J"'C;)'Cl'il~~L[;'I'J 
L'Cl~111u'\.~L1'il'Jl"11"11'iltJL"lI[;'ILLtJtJ CCCF LL'Cl:;LLtJtJ CFCF ij~'Cl~~n11L1'il'Jl"11"11'iltJL"lI[;'ILLtJtJ CCCC 

L'Y'I~1:;11n1~tJU In"ll'il~' In." 1n'Cl'il~~ dj'Jn1~4'tJu InLLtJtJ LLU'Jij rl'l1l-Jhj~l-J\l~ru n~1'l itl'iln1 ~4'tJu In 

hjl~ d1'JLL tJtJu In LL U'J (;l1l-J." ~ ~ n LL'Cl:; LLtJ 'J'" In 'Cl 'il~ ~ L[;'I 'JL'Cl ~~ ij 1'1'l1l-J ~ 'J 1l-J 1 n n 1 1 Ii ij ~ 'Cl 
fl' I 

.eII.4 14 I ,,".qI .-.:1 I 

rl'Cl1 In Li'lfl'il'J"'~~ n'l1'~ LL~ 1n~'l1 mj~tJu Inl-J rl'l1l-J ~l-J\lnlJ'Cl c;)'Cl~ Ll-J'il m1l-J~'J 1"l1'il~ LL~'J'" c;)'Cl'a~ 

l-J1n~'J LL~~'l'J 1'Jn~nhJ'Cl1ut)M:;hiij n1~4'tJu 1n"1l'atJ"lI'il~~'J~1'J~~~'JL1'il'J 1 "lI"1I'iltJ L "lI ~~~ij rl'l1l-J 

~l-J' I jrul-J 1 n n11Yi1 'I. -xt~~fI n1~'" 1n'Cl'il~~~n11 ~1~ftJm'ruLLtJ'J'" C;)'Cl'a~'il'Clij L UUl-J~~ Lij'J1' ~ In~ij 
~ ~ . 

I 1 " " f I 

m~." 1n'Cl'il~Yl ~111ulJlf L~'il'Jl "11 "1I'iltJ L "11 [;'Iyj~ ~1l-J LLtJtJ 'J'a n~ 1 mr'JL;j'ili~ Ln [;'I r11 ~'l'JLihJ~ LtJ'J 

l-J1 ~~~1'J~:;L ~'J11ij r11 ln~ L~U~ n'J LL(;) f'l1~'l'JLriU~ LtJ'Jl-J1 [;'I~j1'J"1I'fI~ m~." 1n'Cl'il~111U 'l.Jlf L1'a'J 1"11 

"1I'fItJL"1I (;lLLtJtJU InLL U'J~'a~ ~1'JUfl1Ut)~ ~:;~'fI~ ~1'Jij f'l1 ~1 n11~ n~'fI'I LLtJtJ ,r'JLL~ C;)~~1ij n1 ~ 

n~:;41t1ulii'l"1l'fl~''fIl-JfI~'fIUn11~~~1 L ~ ~ L'Y'I~1:;ij L1'f1'J"1I'iltJ L"1I[;'I~~l-J' l~rul-J1n n~1 L 'Y'I~1:;ijU'Cl1U ., . ~ 

... s-
'fIM:;~'fI~ln1'J 

n1~'" Infl'fl'l ~1 f'l1111~:;n1 ~ Lri~~'fI Llnul-n:5fi rl'l1l-J il-J~'Jfi"1l'fl'l n1 ~i'J~:; L Yi'a'J~Yi1 'I. 'J 

~"'U1il'Y'l'Jfid~1l-J1Hm11~41t1 n n ~1~ ~:;~~1~ f'l1 rl'l1l-J ~ fi~~l-J'lI1 ~ n 1 i~ ~'a'l ntJI11~:; LL~'lU~:;l-J1 ru 
I t I II 

f'l1111~:;n InYlYi1'\. "" f'l1 rl'l1l-J nfi~~l-J'lI1 ~"1I'fI~ LrlN ~ ~1'1 LLtJ'JtJ1~ LYI1 ntJ f:I'JtJ ;~ f'l1111 ~:;,r'J41t:; LU'Jf'l1 

111 ~:;n1~ Lri~'1'il"1l'il~ LrlN~ ~1'1 LLtJ'JtJ1~ ~1~ftJ LrlN ~ ~1~ LLtJ'JtJ1~~H1 um~." c;)'Cl'a~ Li:J'JLLtJ'J L'Cl~:; 

41t1 n1'~In~'fI'I'lIilln l~LLri LLtJ'J~ L[;'I'JLfI~ AISI 304 LL'Cl:; LLtJ'J'fIflijLUUl-J 6061-T6 '\. 'JLL(;)'Cl:;'lIilc;)ij 
• v 

"1I'J1lniln~'l'J 3 "1I'J1lnitl'il 1.5 1 LL'Cl:; 0.75 LLfI:;ijrl'l1l-J~'J1~'fI'Irl'l1l-J~'J1 LlnU"'C;)'Cl'fl~111U'l.Jlf 

L1'f1ul"D"l1'f1tJL"1I[;'I 3 LLtJtJitl'flLLtJtJ CCCC CCCF LL'Cl:; CFCF 

41t1 n ~ fI n 1~'" In 'Cl'fl'l ~1l-J 1 ~Cl ~ tul~11 m ~~1 f'l1111 ~:;n1 ~ Lri'l'l 'fI~ 1 n~fi rl'l1l-J i l-J ~'Jfi"1l 'fI'I 

n1~i'J~:;LYi'fl'J '\. ""~'Cl n1~'" 1n'Cl'fl'l~~ij f'l1 rl'l1l-J rl'Cl1 In Lrl~'a'J~1 LlnU f'l1 L'U~ U"lI'fI'I LU'afL ']'J~ rl'l1l-J 

1'1'Cl1lnLrl~'il'J"1I'fI'I n1~'" 1n'Cl'fl'l."nn~ruij f'l1 hJ Ln'J 5% U n Lt)'Jm~." C;)'Cl'fl'l"1l'fl'l LLtJ'J~ L~'JL'Cl~111U'\.1A' • 
I ", I I I 

L~'fIul"11"11'f1tJL"1I[;'ILLtJtJUInLLU'Jyj'l~~1'J;~ijf'l1L'i1~U"1I'a~LU'fIfL']'J~rl'l1l-Jrl'Cl1C;)Lrl~'fI'J~'1n'l 11.41 % 

~'l'Jrl'l1l-J LuJ'JU 1 "11 'fI'I n1~'" 1n'Cl'a'lij f'l1 ~'l'JLriU'I LtJ'Jl-J1 [;'I~~1'J'fIfi'\. 'J..n'l'l hlLn'J ± 7% ~1 L~ [;'I "11 'a 'I u ~ • 

rl'l1l-J rl'Cl1 In Lrl~'fI'J~ Ln 1n~'JU141t :;l-J141t1 n m1l-JhJ~l-J\l~ru"1l'fl'l~'J'I1'JLL'Cl :;L1'a'J 1 "1I"lI'atJ L "11 [;'I'\. 'Jm~ 
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4'tlU ~ ~'I L~'a'IJ 1 'D"lI'ati L"lI ~~ihJ~1Ut1~1::":: 1 tX ~~ O11'V1 ~~~'I~~n~1 Ln~'I"1 n~ 1"'I,)1).J~).J\l1ru"ll'tl'l 
I I J,.o I 

L~'a'IJ 1 "lI"lI'ati L"1I ~).J1 n n~1 r)11111::011 tri'l'l'tlVll~., 1 n L'VI I"'IU 1"'1 \h ::~ Fl'l1).J LUU'I LtI'IJ~'I L ~ n:: d:l'IJr) 1 
I. .., I 

U n rhi'l~~'I"1I'tl'l r)1 Fl,)1).JC1fi11).J'II1~Vll~"1 n n11'V1 ~~'tl'l ~'It!'IJ,"1n r)1 1"'I,)1).J C1fi11).J'II1 ~"1 n 011 
", , 

'VI ~~'tl'l1 'lJLL~~::l"'Ir'l~ 1"'1 '1 1).J 1"'I~1 ~LI"'I~~'lJL flu'I L~ nu~u n.,::ttl1.,vh 1 tX r)11111::011 tri'l'l'tlVll~"1 n 

O11'V1 ~ ~'a'l ij Ltl'afL ;'IJ 1"'1'1 1 ).J 1"'I~1 ~ LP.~~'IJ~ ~'Il~ L ~'tl ~ ~ 1"'I,)1).J L~U'l LtI'IJ~ Lii ~f'IJLL~:: 1~ ~ ~ 011 

..J "" " 
'VI ~~'tl'l'VI LLlJ'IJ~ 1 ~'I Fl'ln;1 O11'V1 ~~~'I,"1 r)11111::01 ~ tri'l'l'tl~')u':)fill;1,"~ 1 U1 1"'1 r'l ~ 1'" ru;f~ 1"'1') ~ 

1::1''It) n~ri1'1,"n'l"1l~'I O11~1,"i n n11011'V1 ~~~'I ~') u':)fi 1"'I,)1).J~ ).J~'lJfi'll~'I 01 ~i'IJ ~:: L Yl'tl'IJ 1 tll-n~'tl 
" , 

O1nj'l;C1'1 t ,").J ~O11 tri'l'l~ ~1,"rtl tf'lN~ ~1'1t11'1tl1::Lfl'VIVl~ 1"'I'l1).Jitl.j~'lJL'll'IJ tl"'lN ~~1'1 Ltl~~ n 

tl1'1 (Thin shell) .,::~t ,").J ~ 011 Lri'l'l~ Li:l'IJ L,").J ~~'I1 ~'Il 'lJ011'V1 ~~~'I L~U 1 ~fil"'l,)1).J~).J~'lJfi"1l~'I 

01 ~i'IJ~::L Yl~'IJ~'I~ LL~ ~'Il 'IJ':)'VIU1u~'lJfi~1.,.,::1~ ,").J ~O11 tri'l'l~~llJ Cl n ~'tl'l,"1 n Lntl.jf~).J~01 ~ 
~ ~ 

i'IJ~:;LYl~'IJ t,").J~~1'11 ).J1~~'tl ~llJ).J1n~~ mh') ~~.,:;~t~01~~llJl~~1.jf'tllJ~011i'IJ~:;L Yl~'IJ 

'II~'I t ,").J ~~ Li:l'IJ t ,").J~011 tri'l'l~).J1~~~ ~lLL~:;':) Ll"'ln:;\f ~'I":;~11 m~r)11111:;011 Lri'l'l~LL~::t ,").J ~ 
I " • I 

m~ tri'l'l'tlVl~ ~ ltl ~'It!'IJ,"1 n":;~1,"i n O111"'1'l1).J~).J~\.Ifi"1l~'I O11~'IJ~:;L Yl~'IJ ltlt -if titl tl"'lN ~ h'lVl~ 
t I I" 

1"'I,)1).Jitl-if~'IJ":;~~'Iij O11~ m~t1 L Y4).J L~).J LYl'a 1 m~LL 'IJ,)'VI1'1 011(;)1 L U'lJ011'V1~~'tl'lVl";11 tX mnj'l; 

L,").J ~O11 tri'l'l'a Li:l'IJ ltl'ari1'1 ~n ~~'I LLlJ\.I~1 



" 

.col 
'UYlYl 7 

'UYl~'itJ • 

;h1'3n1~~m:n L~tI n1~Yl ~fl~-lUfl:;n1~ij Lfln:;iL;-l (;j"Hfl"ll -l1Uij4'tI ~hun1~Yl ~fl~-l ~'JuL 'VI 'ki Lilu 

n 1 ~'VI1 fii1Jl1~:; n 1 ~ Lri-l-l ~~1 n n n~ Vi ~ ~ n ~~)J n 1 ~ Lri-l-l~~-l Lilu n1 ~L;; tlU n ~1 ~ fl'J1)J i)J ~U fi 

~:;'VI~1~ fl'J1)J i)J~ufi~:;'VI~1-lJl1~:;LULL U'J~:;U1U rlUVi1 nih~~f(;j1-l1 L"lIU ~:;tI :;Lfl ~'aU~U~ n 
, " I I 

~:;U1U ~:;tI:;t1U (;j''J 'VI-;'a tJfl (;j1~ fl'J 1)J Lfl ~tI ~li ~h~-l ~'a~'VIU1 U~'JU1 W fllihJ LmtlU L li tlU rlU tJfllil~ 

LLUU(;j1-l1U~ n L'VIlj~~1 n~1uij4'tJ~~mr1~1 nVi ~ ~ n ~~)J n1~ Lri~'lI~-l LflN ~ ~1-l mJuU1-l LL~'JU-l n 
n1~U1 L~u~ijfi fl'J1)J i)J~ufi'll~-l n1 ~iU~:;L Y1~U)J1 HI'VI1 fii1Jl1 ~:;n1~ Lri~~ ~ ~ 1 n~ 1Uij4' tI~Yl ~fl~~ 

Jl1t1L~Jl1~:;n ~ L Y;tI~~th~ L;im L~tlViU~1 fl'J1)Ji )J~ufi'll~-l r11 i~ ~~-l'll~~ fii1 fl'J1)J ~ fi~~)J'i!1 ~ LLfl:; 

fii1Jl1~:;LULL U'J~:;u1uhi LiluL~u~ Nvh L,x n1 nh:;)J1 rufii1Jl1~:;n1 ~ Lri~~m;11~~1u1 n'VI-;~li1 
"" 0 

hjl~ Lfltl ~:;t!uijYl tl1UViUfiil~-l ~ mi1Vi ~ ~ m~)J n1 ~iU~:;L Y1~U'lI~~ LflN~ ~1~ LL~UU1~Jl1t1L~ 

Jl1~:;~~ LLfl:; n ~ LULL U'J ~:;U1U LL~ :;'VI1 fii1Jl1~:;n 1 ~ Lri~~~~ 1 nijfi fl'J1)J i)J~ufi'll~~ n1 ~iu~:; L Y1'tlU 
I "I ~ 

L~tI H'.n~~ fl n1~i U~:; L Y1~U'll'a~;U-l1U Yl ~ ~~UlifUJl1~:; ~-l n1 ~~ m~t1ilu-l Lmtl U L li tlU fii 1Jl1~:; 

n1~Lri~-l~~1~~1nn1~Yl~fl~~~'Jtlijfi~~mh'Jrlufii1~ri1U'lrul~~1m:;LijtluijmYliL~'a'VI1fil'J1)J 

o " 

n1 ~ Lri~~ 'a'll'a~ Lfl ~~ ~ ~1-l u~uu1~liL ~ uijYltl1UViufiil~1)J1~Cl'VI11~~tlYi ~~tI~1 n ~)J n1 ~ .. 
fl~'tlU fl ~ )J"lI'a~i1 qJ'VI1 n1 ~i U~:; L Y1'auufl:;11 qJ'VI1 n1 ~ Lri~~'a 1'1'J1)J i )J~U fi~l~ Lilu fil'J 1)J i )J~U fi 

~:;'VI~1-l fii1 1'1'l1)J~ fi~~)J"lI1 ~ihi~~~-l rlU fii1Jl1~:; LULL U'J ~:;U1U~ -lii i nM'ru:;Lilul'1'J1)J ~ )J~UfiL:n~ 

L~U 1'1'J1)J i)J~ufi~Yi~~u1~~1)J1 ~ClU 1)J1 H1Un1 ~'VI1 fii1Jl1~:;n1 ~ Lri~~~'lI'tl-l LI'1 N~ 11-l LL~UU1-l 
o " 

1~~tI~~1~ru1~1 n fii1Jl1~:; LULL U'J~:;u1uli n~:;li1 rlU LI'1 N~ ~~ LL~UU1~ LL~'lli1L ml'1 N ~ ~1-l,ruii 
o 

d .. I.... .. 
1'1'J1)J Clfi~~)J"Jl1 ~ LYl1 nu PiUtI .. 

"I I I 

ijYl tl1UViUfiilL ;.jf~~ flli ~1 ~ qJ ~'a fii1 fl'J1)J ~ fi1~)J'i! 1 ~'11~~ LI'1N~ ~1~ LL~UU1~ li fUJl1 ~:;'lIU1 ~ 

(;j1~1 L~tlU1)J1'Y'l~'a~nn~~:;'VI~1~fii11'1'J1)J~fi1~)J"lI1~r11i~~'a~rlUJl1~:;LL~'JtJ~:;)J1rufii1Jl1~:; 
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I I • " 

n c;)Yiyh 1"" f'11 m1 ~ ~firr~"lI1 ~'lItl~ LI'lN~~1~ LL~'UU1~ Lyhnuf!j'Uu ;~ f'11111 r::u'Ul;;j:: d]'Uf'11111r:: 
"' , , 

mr Lri~~tl'lltl~ LI'lN ~11~ LL~'UU1~ 1 'UmrYl ~~tl~'1Itl~ mr~mfiilHLI'lN~h~ LL~'UU1~Yiij L1tl'Ul 'll 
"' , , 

'1ItlUL'1I(;1 3 LLUU~tlLLUUU~LL\i'U"'~~~1'U (CCCC) LLUUU~LL\i'U~1~~1'UU~1U:aM::~tl~~1'U 
" 

(CCCF) LL~:: LLUUU ~LL \i'U~tl~ ~1'UU~1U:a~r::~tl~ ~1'U (CFCF) LL~,) 1 ""111r::l 'ULL 'lJ'n::'U1u",~ 
, , 

..s I l.ci... ~.., I 

111r::c;)~ LL~::n C;)'1I'U1 c;) (;11~1 LL~::~11'l11'l,)1~ Cl firr~'lI1 (;1'l1tl~ LLtJ'UYl c;)~tl~'lI ru::Yl rU111 r::'lI 'U1 ~ (;11~ 1 
, "" 

U1 f'11Yil~~1yj ~tl (;1 nn~ LL~')ur::~1ruf'11111r::mr Lri~~tl 1;;j1 nu'Uu1 f'11111r::mr Lri~~tlYil~1;;j1 n 

m rYl ~ ~tl~~1 Lmuu L Yi uu nu f'11111r::m r Lri~~ tl~ ~1'U,) rul~1;;j1 n~fi L;~ ~') L~'lI LL~ ::~fir::u:: 

LI'l~tl'U~'Utlm::'U1u L~tl~lUtJ~ m1~LLlJ'Uii1'l1tl~~fil'l,)1~~mi'Ufi'1ltl~ mri'U~::L litl'U 1 'Umr~1 

f'11111r::n 1r Lri~~tl'1ltl~ LI'l N~11~ LL~'UU1~ LL~'UYl ~ ~tl~~l fl 'Um rYl c;)~tl~ d]'ULL~'U L~~ ::1;;j1 nt)~ I?l 

~tl~'lIUc;)l~LLri LL~'U~L(;1'UL~~ AISI 304 LL~:: LL~'Utl~ihilU~ 6061-T6 l'ULL~~::'lIUc;)ij'1l'U1~ 
"' "' ~C;)~,)'U 3 '1I'U1~~tl 1.5 1 LL~:: 0.75 LL~::ijl'l,)1~~'U1~tl~I'l,)1~~'U1 ~~u'Ul'Umr~mt1ill;;j::vh 

"' "' 
mrYlC;)~tl~"'~~~C;) 36 ;'U·n'U 

.J .:.. __ #" .J "'J'o .... ~ 
1 ~Yl C;)~tl~Yll-n 'U,)YlU1'Uyj'Ufi d]'U1 C;)Yl c;)~tl~Yltltl n LLUULL~::M1~'lI'U~1~ru n1 rYl C;)~tl~ 'U 

"' L~U L'im 1:: 1 ~Yl ~~tl~ ~1~1 rCll ""111r:: 1 'ULL 'U')r::'U1ULLri LL~'UYl c;) ~tl~ 1~"'~111 r::~~ LL~ ::111 r::n c;) 

LL~::~1~1rClUfu LU~u'UL1tl'Ul '1I'lItlU L'1I (;11"" L ~~1::~~ nULL~'UYl c;)~tl~ 1~ ~1~ LLUU (;11~~ n~1,) 
"' ~1 LL~,) 1~Yl ~~tl~ill-ni') n ~ ltlc;)rtl~ n d]'U~tJ nrru1 ""111 r::LLriLL~'UYl C;)~tl~ L~U1 C;)Yl C;)~'tl~~1'J1rCl 

, , 
U .... 1"" ""'" 1 ... .!"I <4'" ... <4 , rUL u ~ U 'U111 r::Yl ~ ~ ~ 1 ~ L u'U111 r::c;)~ ~ rtl111 r:: n c;) LL ~::1 c;)1;;j uu c;) LLtJ 'U Yl c;) ~ tl~ ~ 1 ~ 1 rCl 

ufu LU~U'U l~ (;11~'lI'U1 C;)'lI'tl~ LL~'UYl c;)~'tl~ ~')'Umrt) c;) f'111'l,)1~ ~firnJ"lI1 ~Yi1 LC;)U LI'l1::~ LL~'UYl c;)~ 'tl~ 

1;;j1 n,r'U~ '\J '\J1 rum rLf1I1::1;;j 1 n A'tl'ULL~ ::tJ~ (;1tlU~'Utl~'lI'tl~ m ri'U~ ::Lli'tl'U'1Itl~ ~"lt) ~ m1~ Li~~~ c;) 

tl~ nULL~'UYI c;)~tl~ I;;j::~ n~~ ltJu~ LI'l1'tl~~ Ll'lr1::i ~ '11 '111 ruyj~t) (;1 LL~,) tJ~~ Ll'ln ::il;;j ::~n LL~ ~~U'U 
~U11;;j'tl ~,)'U~ '\J '\J1 rul;;j1 n~ 1 (;1rt) c;)111r::I;;j::L.jf1 sensor 

1'l'tl~Yi"l L(;1tlf 

interface 

I .dI '" d.ci.c4 . .J 11 I.J .J 
~'U~::L Yl'tl'Ul ~ tJ~ mrYl c;)~tl~Yl c;)~ 1'l11'l"l1~ I'l~ 1 ~ LI'l~tl'U ~~~ LC;)U 1'l1 L'il~U LL~::~"l'ULUU~ LU'U 

lJ1 (;1r~1'U'1Itl~ f'11 LU'tl fL oD'Uvll'l"l 1 ~ I'l ~1 ~ LI'l~tl'U'1Itl~ LL~'U Yl c;) ~tl~ ~ L(;1'UL~ ~ LL~ ::'tl~ij L ilu lJ111U Hf 
~ ~ 

dmJ1'l1'l1tluL'1I(;1LLUU cccc ijf'11Lyhnu 11.41 ± 6.23% LL~:: 1.24 ± 4.44% (;11lJ~1~U ~1~fu 

nrruL~'tl'Ul '1I'1I'tlU L'lI (;1 LLUUCCCF ij f'11 L'il~U LL~::~,)'UL~U~ LU'U~1 (;1r~1'U'1I'tl~ f'11 LUtlfL oD'Uvll'l"l1 ~ 
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I " I I 

PI~1~LPI~'aU'1I'il~:nu,nuYiih1'auL'1I'1I'ilUL'1II1lLLUU CCCF '1I'il~LL~UYl~~'il~~LI1lUL~~iJrhLYhnu 

I "I I 

n11Yl !1I~'a~ '1I'il~ LL~U~ LI1lUL~ ~Jl1tJL~ L1 'ilUL "ll '1I'aU L '11111 LL UUU ~ LL UUY]~~ ~ 1 uYiiJ rl1 PI'l1lJ 

PI~1~LPI~'ilU~~~~~ PI'l1lJhj~lJ\l1nr'1l'a~L1'ilUL'1I"lJ'ilUL'1Il1llJ1"11nm14'uu~LLuULLuu~LlJd~luhJ 
. " 

11l1lJ~ ~lJ PI ~ ~~ mlJ~ I?)lJ PI ~,rUm14'uu I?) LLUU LL UU"I :;~'a~ 'tlJ Ln I?)mnn~U"lJ'il~1 V14'UU V1 ~1u'il1~ 
" . 

U(;]LUm1Yl~~'il~~U~1m14'uu~uUULLUU,rU"lIV14'UUV1~1U~1~U~~1lJ1Hl~lJU't~ ,rULL~V1~~1 • • 
L1'tlU 't "ll'1l'ilU L '11111 'tlJ d:JuhJ 11l1lJ~ ~lJ PI ~~~ Lilu~ 1 L ~ [;J"lJ'il~ f1I'l1lJ PI~1 V1 LPI~'ilU~ Ln V1~U LL~ :;"11 n ~~ 
mn1 ~~'il~~~U~ 1iJ rl1 L~~tJ'1I'il~ LU'ilfL -nU~ PI'l1lJ PI~1 V1 LPI ~'aU~1LL(;]fl'lULritJ~ LUUlJ111l1~1U~~ 

" . " 
U~~~ L \.\'L~U~1n11Yl ~~'il~ ~'ltJ~fiuij m1m:;"I1tJ ~'l'1l'a~-n'a~ ~~~ ~~n11Yl V1~'a~ L UU1~ Plf~'a1"1 L \.\' 

PI'l1lJPI~1V1LPI~'ilU~~~'t~ L~'il~"I1nfoh~U1lJ1~~'aI1lLilufohtJnih;~~'il~'1I'il~rl1P1'l1lJ~n11lJ'lI1~~ 
"I I I 

't~"I1 nm1YlI?)~'a~ ~~,rU~1n rl1P1'l1lJ~n11lJ'lI1 ~"I1 n m1YlI?)~'il~ LiltJ~ LUU'tU"I1n rl1Yi LilU"I1~ 

L YitJ~ L~ mJ'ilwi"l:;Yi"l L \.\'''1 V1~~~'ilI1l~~Uunnrl E3 V1 'tUlJ1 n 't~ L~n:;Lilurl1tJ n n1;~~'a~ rl1 f1I'l1lJ ~ • 

n11lJ'lI1 ~"I1 n n11Yl V1~'a~i)"I:;E3 ~ 'tU"I1 n rl1~ PI'l1"1:;Lilufl~ ~~ L \.\' rl1Jl11:;m 1 Lri~~'il LU~ tJU'tU ~'ltJ 

m 1~1 r11Jl11:;n1 ~ Lri~~'a"l1 n PI'l1lJilJ~Ufi'll'a~ n11iu~:;L Yi'ilUL \.\' ~~~~ n~ 1~fi~ Pi n1i1"11 n 

~ ~~m1lJ m 1 Lri~~'il L ~'il~"I1 n~fi n11~1 rl1Jl11:;n11 Lri~~'a ~'ltJ~fi~"I1HU1~ ~ ~m1lJ n11 Lri~~'il 

~'il~~ 1 n L~UI1lN ilJ cr~ LA'~"lJ'll~ m1rl~ ~ ~ n 11lJ m 1 Lri~~'a L u'll'l~ ri'llULL~ :;~;~ m 1 Lri~~ 'a~~ L ilu 
. . " 

~1L~[;J'1I'll~PI'l1lJPI~1V1LPI~'llU fl'lU~fiPl'l1lJilJ~ufi'1l'll~m1iu~:;LYi'ilULum1Pim~t1U~1rl1Jl11:; 

n1~ Lri~~'ll"l1 n~lJ m1L~UI1lN'1I'a~n11rl PI'l1lJilJ~Ufi1:;~~1~ PI'l1lJ~n11lJ'lI1 ~n1;~~'il~ nUJl11:; 

LULL U'l1:;U1UL U'll'l~Jl11:;~~~~iJ PI'l1lJ LLlJUU1lJ1 n n~1 ~~"I1 n m1YlV1~'ll~ 't~LL~ (M L \.\' L ~ULL~'l~1 

n nrl PI'l1lJ ilJ~Ufi~L~iJ; miru:;LiluL~UI1lN LL~:;~1lJ1Hm1 rl1Jl11:;m1 Lri~~'a 't~ 'a [h~ hi) 11l1lJ 

I " I " 

rl1Jl11:;n11 Lri~~'aYil~"I1 n L Yl PlUPlU"I:;iJ PI'l1lJ LiltJ~ LUU~~ ~~ ,rum 1YlI?)~'il~~1 rl1Jl11:;m 1 Lri~~'a 
" 

I "" • I f 

"11 n PI'l1lJi lJ~ufi'1l'll~ m 1iu~:;L Yi'llUPI'l n11 m 1Yl ~ ~ 'll~~ 1~~1 tJ1 Plf~ L fi'll ~ ~ PI'l1lJ LiltJ~ LUUYl 

CIa.t..,,,,, .J f 0 

Ln l?)"llULL~:; L~~~mn'll?)~'a~YlLLlJUm 

. " 
~1U~4' tJYlU1"1:;Yi 1 (;]'il"l1 n~'VItJ1U~ UfiU'a1"11'llJ t1~ n 11Pi nM1 PI'l1lJ LLlJUU1"ll'a~ m1~1 rl 1 

Jl11:;n11 Lri~~'a"l1 n~fi PI'l1lJilJ~ufi"ll'a~ n11iu~:;LYi'aU LL~:;L 'VI PlUPI n11'V11?)~'il~ L ~'a~ I?) f1I'l1lJ 
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No. Name Material Qty 

1 Left column support AI Alloy 1 

2 Right column support AI Alloy 1 

3 Tension crosshead AI Alloy 1 

4 Left crosshead AI Alloy 1 

5 Right cross head AI Alloy 1 

6 Main shaft Stainless steel 2 

7 Tension bar Stainless steel 2 

8 Support housing part 1 AI Alloy 4 

9 Support housing part 2 AI Alloy 4 

10 Block AI Alloy 2 

11 Loaded support Stainless steel 2 

12-1 300 mm. upper side support Stainless steel 2 

12-2 200 mm. upper side support Stainless steel 2 

12-3 150 mm. upper side support Stainless steel 2 

13-1 300 mm. lower side support Stainless steel 2 

13-2 200 mm. lower side support Stainless steel 2 

13-3 150 mm. lower side support Stainless steel 2 

14 Base C-Beam 1 

15 Ram support Steel 1 
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-7895 355 608 868 

-3897 367 609 900 

0 376 626 926 

3847 387 623 953 

7945 406 638 966 

-60 -40 -20 0 20 40 11993 422 657 999 

15991 439 666 1046 

19789 459 675 1075 

CCCF 

""""~'mrI"" (Hz) 

mt:(N) t\UJOl (1,1) tll"0I(12) nw..(I ,3) 

-13892 233 557 884 

-11993 213 465 767 

J2(x101 HZ2 ) 
1000 

-9994 246 436 730 

-7995 262 427 nl 

X 800 A MJDE(1.1) 
-5896 278 426 718 

-3897 298 434 719 

X X 600 o MJDE(1 .2) 
X X X X X X X X X 

400 X M:)[,£(1 .3) 
-1849 302 438 717 

0 304 433 704 
0 

o 0 a 0 02!ilfl 0 0 0 0 a 
A A A A A A A A A 

A N x(kN) 

1799 316 436 706 

3798 330 442 712 

-20 -15 -10 -5 0 5 10 15 
5996 346 451 716 

7995 360 459 720 

10044 373 467 722 



CCCC 

f 2(xl03 HZ2 ) 

400 
a 

300 a a 
0 

0 

2~ 
0 0 

a 0 100 0 ~ ~ .. .. .... .... .... 0 .. .... N x(kN) .. 
-40 -20 0 20 40 

CCCF 

f 2(x103 HZ2) 
200 

X a 0 
150 0 

0 x 

.. WODE(1 .1) 

0 x x x x x~ x x 
0 0 

o WODE(1 .2) 

X WODE(2.1) 

-15 

CFCF 

-5 

.. 0 0 

-10 -5 

150 

x 19p 
x x 50 

o 

50 .. .. .. .. 
0 5 

x x x 
x x 

5 

.. .. 
Nx{kN) 

10 15 

.. M:>0E(1.1) 

o M:>OE(1.2) 

x M:>OE(2.1) 

116 

M",iinnJ'lnOi (Hz) 

mr.:(N) t\UJ~ (1,1) t">J~ (2,1) 

-36031 206 394 

-32083 156 283 

-28135 1~ 244 

-24037 209 257 

-20039 227 288 

-16441 243 321 

-12343 247 354 

-7945 251 390 

-3997 253 417 

0 263 442 

3897 263 478 

l'995 270 504 

11993 281 529 

16091 288 5~ 

20039 297 580 

~mI'II'lii (Hz) 

mf:(N) t""" (1,1) t\UJ~ (1.2) t" .... (2.1) 

-9894 193 418 278 

-7995 104 326 231 

-5896 55 309 236 

-3897 88 321 272 

-2048 113 335 304 

0 126 327 342 

1998 135 325 355 

3847 145 333 362 

5846 158 340 360 

7995 173 353 403 

rm>J5nnn'lii (Hz) 

mr.:(N) tlUlfl (1 ,1) 1"",,(1,2) t" .... (2,1) 

-4097 33 111 225 

-2948 66 129 259 

-1948 83 140 272 

-399 101 148 292 

0 112 155 317 

949 124 183 323 

1949 135 172 342 

2948 144 178 355 

3897 1~ 184 368 

4997 161 190 385 
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PI'l'llJ5amn-.ii (Hz) 

CCCC mr. (N) tu"" (1,1) t""" (2,1) 

-40079 180 263 

-36081 226 248 

-32083 249 305 

-28185 259 349 

-23937 266 391 

-19989 275 427 

-15941 291 463 

f 2(x 103 HZ2) 
400 

000 

0 300 
00 1 4~1 1 

0 0 
o M:>0E2 0 200 

0 44444 

~ Ii ~ ~ 4 4 4 4 4 110 
Nx(kN) 

-11993 295 490 

-7845 293 520 

-3847 331 537 

0 331 548 

1948 342 555 

3947 354 567 

6046 370 581 

-50 -40 -30 -20 -10 0 10 20 7945 375 593 

9994 384 603 

".,-WOlmn-.ii (H<) 

mr.(N) l\41J11(I,I) 1"""(1,2) lUll" (2,1) 
CCCF 

-11993 174 296 433 

-10094 124 299 353 

f 2(x 103 HZ2) 
250 

-6145 102 312 361 

-5996 113 336 376 

0 
200 0 

X 0 
0 

X X X X ~o ~ X 
X X X 0 

0 
0 100 o 0 

-3897 134 364 393 

4 M:>0E(1 ,1) -1998 141 374 397 

o ~(1 ,2) 0 146 390 383 

X~(2,1) 
1948 160 398 386 

3847 172 418 394 

4 4 4 4 4 4 
4 Nx(kN) 5996 185 442 399 

-15 -10 -5 0 5 10 15 
7945 195 459 406 

9894 205 477 411 

CFCF 
ft11lJOamn-.ii (Hz) 

mr.(N) 1"""(1 ,1) l\4IJ"(I,2) 1""" (2,1) 

-5946 118 169 317 

-4947 82 157 310 

f2(x 1 03 HZ2) 
-3948 92 160 328 

-2948 100 165 338 
200 

XX 
150 XXX 4~(1 , 1) 
XX o M:>OE(1,2) X X X X 100 

-1948 113 170 346 

-999 121 175 354 

0 127 181 368 

999 139 187 375 

X~(2, 1) 
00000 
44444 

1996 148 193 383 

2998 155 198 395 

Nx(kN) 
-10 -5 0 5 10 

4047 162 203 407 

4997 168 209 419 
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m'llli'ianm'lil (Hz) 

CCCC mr.:(N) 1,,""(1.1) I"IJ" (2.1) t""" (1.2) 

-28135 311 420 737 

-23937 306 383 669 

-20039 262 435 657 

f 2(x 103 HZ2) -16().4 1 253 497 6~9 

1200 -11943 277 570 672 

1000 c ... M:>OE(1 .1) 
800 c 

c c 
c M:>OE (2.1) 

X 600 0 
X X X X 

X X X X ts4~ X X M:>OE (1 .2) 
c 0 

0 ... 2~ ... ... 
~ i ... ... ... NI(kN) ... ... ... 

-7945 303 633 687 

-3798 330 674 709 

0 338 728 695 

3847 374 774 712 

7995 402 824 721 

11843 416 868 732 

-40 -30 -20 -1 0 0 10 20 30 16091 458 915 747 

19989 473 983 761 

CCCF m",5amnl'lil (Hz) 

mr.:(N) t",,~ (1 .1) t"IJ" (1.2) t"IJ" (2,1) 

-9994 257 531 429 

f2(x103 HZ2) 
800 

-7945 139 417 437 

-5946 118 368 474 

-4097 169 383 534 

600 X ... M:>OE(1.1) 
X 

X X o M:>OE(1 .2) 
400 X 

-1998 197 386 563 

0 224 399 591 

0 X X X M:>OE (2.1) 
X M X f:PO 0 0 0 0 

0 c 0 ... ... ... ... ... ... N (kN) ... 

1849 247 406 629 

3798 269 416 663 

5946 290 425 697 

-1 5 -10 -5 0 5 10 15 
7995 312 439 737 

9944 331 450 768 

CFCF m",fiamnl'lil (Hz) 

mr.:(N) OOJ,,(1,I) t""" (1 .2) t""" (2,1) 

-5047 93 167 404 

-4097 123 186 407 

f2(x10 3 HZ2) 
·2948 153 207 . 415 

250 

X~~ X X XX X 
... M:>OE(1 .1) 

XX 150 o M:>OE (1 ,2) 

-1948 172 226 422 

-949 196 230 425 

0 206 244 431 

100 X M:>OE (2.1) 

00 
009j 

~ ~ ~~ i 
NI(kN) ... ...... 

1149 219 257 436 

2098 235 267 438 

3148 247 279 442 

3947 258 288 446 

-10 -5 0 5 10 5047 272 300 452 



LLcJ'WYl~IMN\nJ1mfl'll 10 

CCCC 

P(xlOJ HZ2) 

-40 

CCCF 

-15 

CFCF 

-10 

1200 

1000 

800 0 0 

X X X6@P ~ x x 
x x x x 0 

~ 
0 400 

i 0 
0 

.2~ • • • i • • 
-30 

-10 

Xx 

00 •• 

-20 -10 

-5 o 

0 10 

x X 
X 

5 

j2(xlOJ HZ2) 
300 

250 X X XXX 
XXX>2a6 

150 
100 ~ ~ ~~~ ~~~~!i 

-5 0 5 

0 0 
• M:>OE(1,1) 

x X 0 M:>OE(2,1) 

X M:>OE (1,2) 

• • Nx{lcN) 

20 30 

X X • M)[)E(1 ,1) 

o M)[)E (1 ,2) 

X M)[)E (2,1) 

Nx(kN) 

10 15 

• r.oJE(1 ,1) 

o r.oJE (1 ,2) 

X r.oJE (2,1) 

Nx(kN) 

10 

119 

M11J5amtt-v; (Hz) 

mr.:(N) 1"""(1,1) IlW11 (2,1) t""" (1,2) 

-32133 323 780 358 

-28235 238 733 360 

-24137 153 705 402 

-20089 205 723 492 

-16041 253 745 569 

-12043 290 783 635 

-7945 320 789 708 

-3847 353 786 750 

0 378 767 767 

3897 404 793 805 

7995 433 804 856 

11943 455 816 892 

15891 473 829 954 

20039 489 841 990 

M'UJ((Sf1lJ1I1;; (HZ) 

mr.:(N) 1""" (1 ,1) t",,~ (1.2) t""" (2,1) 

-11893 225 453 492 

-99« 153 406 521 

-8045 141 393 541 

-5946 172 406 5n 

-3847 197 422 604 

-1899 234 431 637 

0 241 437 649 

1899 258 440 666 

3897 283 446 702 

5846 301 454 740 

7895 321 468 n6 

9944 338 482 805 

M'UJOlmtl-v; (Hz) 

mr.:(N) 1"""(1 ,1) t""" (1.2) t""" (2,1) 

~946 125 191 468 

~6 137 205 458 

~947 159 218 459 

-3947 174 228 462 

-2998 187 249 467 

-2048 223 255 468 

-1049 230 262 470 

0 239 276 474 

1049 247 287 481 

1998 257 295 485 

3098 269 304 489 

3947 278 310 491 

4897 288 3 19 496 



120 

".".mtmn';; (Hz) 

CCCC mr.:(N) t\U.WI (1.1) tlW"(2.1) t""" (1,2) 

-28135 424 785 824 

-24087 367 754 848 

-20139 J3.4 735 881 

-16091 3044 742 953 

-12043 377 77S 1013 

2000 x x 
.~(1 .1 

x x 0~(2. 1 

-7845 410 809 1087 

-3698 425 832 1143 

0 479 844 1170 

x 
x woa=(1 .2 

x o 0 
~ ~ X 0 0 0 

0 0 0 

• • • • • Nx(kN) • • • • • • 

3789 51 1 854 1222 

8 145 546 872 1273 

11993 571 885 1335 

15991 608 909 1383 

-40 -30 -20 -10 0 10 20 30 19939 631 929 1429 

fI'YI~~ttn",;; (Hz) 

CCCF mr.: (N) tlWfl (1.1) t\U.WI (1,2) tlW"(1.3) 

-13992 283 602 880 

-11993 218 516 8Jo4 

-9944 175 450 828 

f 2 (X 1 03 HZ2 ) -7945 220 465 847 

1000 
)< .~(1.1) 

X X X X X xSOO X X X X 
o ~(1.2) 

600 
X MXJE(1.3) 

0 400 0 o u 
0 O 2£ 0 0 

000 • • • • • Nx(kN) • • • • • 

- 281 487 862 

-3848 330 511 880 

-1749 350 528 885 

0 381 540 895 

1799 402 5SS 900 

3897 423 571 906 

5946 «7 587 914 

-20 -15 -10 -5 0 5 10 15 7945 467 603 922 

9894 491 622 935 

fI'YI"i'ftmn,;; (Hz) 

mr.:(N) t"~(I .I ) tlW"(I,2) t"""(1 .3) 

CFCF -9994 132 220 490 

-8895 169 245 497 

-7845 199 269 50S 

~996 222 291 516 

-5996 262 314 529 

f 2(xl 03 HZ2 ) 
-4897 296 J3.4 S39 

-3897 309 35S sse 
400 

XXX xX 
XXX~ .~(1.1) 

XXXX 
00 o ~(1 .2) 

200 000 •• 
000 ••• X~(1 .3) 

oo~~~~ 
o~ •• Nx(kN) 

-2848 325 379 563 

-2048 333 393 587 

-999 357 400 571 

0 359 410 577 

1199 368 427 566 

2198 383 437 594 

2948 395 «6 600 
-15 -10 -5 0 5 10 

4047 413 459 608 

4847 423 469 612 
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""";ilamMI'" (Hz) 

mr.(N) twJ..(I,I) tlUlll (2,1) t""" (1,2) 

..J6331 359 819 870 

CCCC -32233 265 781 886 

-28035 J06 785 965 

-24137 330 796 1001 

j 2(x10J HZ2) 
2500 

-20039 381 833 1022 

-16041 390 835 1071 

2000 o 0 
• MJCE(1 .1) 

00 
0 

-12043 418 856 1121 

-7945 476 887 1176 

0 
H>~ o M:>ce (2.1) 

0 

~~ 
00 0 

~~ XXXX X X M:>ce (1 ,2) 
XXX XX 

500 

•••• •• •• • Nx(kN) • • 

-3798 509 906 1225 

0 529 917 1264 

3947 552 929 1309 

7995 581 945 1355 

12043 608 962 1391 

-40 -20 0 20 40 16041 630 973 1438 

20039 653 993 1475 

WYllJ~lmn'" (Hz) 

mr.:(N) tlUlll (1 ,1) t\4IJ" (1,2) t""" 0 ,3) 

-17990 260 602 951 

-15991 196 518 926 

-14042 191 510 923 
CCCF 

-11943 234 528 939 

-9944 302 544 946 

j 2(x10J HZ 2) 
1200 

-7895 332 564 964 

-5846 366 584 974 

XXXXXX X WOO XXXXX • M:>ce(1 ,1) 
800 o M:>ce(1,2) 
600 

X M:>ce (1 ,3) 
o d1(JQ) 00 0 00 

0 00 0 00 
i~ ••• •• • •• • Nx(kN) 

-3748 396 605 985 

-1849 423 838 993 

0 442 638 1001 

1998 457 647 1006 

3897 478 683 1012 

5896 492 676 1018 

-20 -10 0 10 20 7945 512 700 1026 

9894 533 703 1030 

CFCF 
WYllJ~lmJ1I'" (Hz) 

mr.:(N) no", (1,1) t""" (1,2) llWo! (1,3) 

-10044 312 357 622 

-7945 331 381 627 

-5996 352 422 640 

-3997 381 «6 655 

-1998 386 454 658 

500 XX X XX 

X X X X400 • M:>ce(1 ,1) 

0 407 470 670 

2098 420 488 682 

3997 454 507 694 

300 0 0 o 0 r.DOE(1 ,2) 
0 0 • • 0 0200 • • • X r.DOE (1,3) 

~ ~ • · 1& 
Nx(kN) 6046 472 522 703 

-15 -1 0 -5 0 5 10 15 8045 494 538 712 

99« 513 554 723 



122 

Jl1I'H,J'\.J'ln I'l 1'l1Jl1~:;n1~tri.:J.:J'il"1nn1~VlIn~'il~(N) 

1'l1Jl1~:;n1~ tri~~'il"ll'il.:J LL~'\.JVlIn~'il.:J ~ LVl'\.JL~~Jl1t111A' L~'tl'\.J 1 "lI"lI'ilU L"lI VlLLUU ecce 
w.ntJl""~flfW 

1 2 3 4 5 6 

mmllft~ N, %error N, %em>< - %error N, %error %em>< - %error N. N. N. 
1 15290.79 8.37 2836728 21.08 15218.25 5.52 32013A3 1328 19663.91 13.40 39923.81 17.63 

2 15010.16 6.38 27564.22 17.66 14780.10 2.48 33140.39 17.27 18966.39 9.37 J8431 .32 13.23 

3 14638.37 3.75 26428.52 12.81 18096.97 25.48 34023.49 20.40 18223.17 5.09 39889.61 17.52 

4 15192.62 7.67 26870.18 14.69 15046.51 4.33 31896.67 12.87 18893.50 8.95 38384.18 13.09 

5 14901 .92 5.61 28296.84 20.18 15564.90 7.92 32626.53 15.45 17547.68 1.19 35900A3 5.77 

6 15006.46 6 .35 28092.77 19.91 15688.46 8 .78 32464.94 14.88 2OJ26.48 17.22 41735.61 22.96 

7 14860.21 5.32 27866.13 18.84 16033.83 11 .17 32845.36 16.23 20275.62 16.92 36170.91 6.57 

8 15085.09 6 .91 25896.00 10.53 16052.03 11 .30 30962.26 9.56 19624.39 7.40 42799.93 26.10 

9 15954.G1 13.07 26896.96 14.81 15364.40 6.53 32629.07 15.46 18963.21 9.35 39504.20 16.39 

10 15619.66 10.70 28108.86 19.98 15185.76 5.29 30127.40 6.61 17518.23 1.02 39J22.32 15.85 

11 15002.94 6.33 27651 .43 18.03 15517.16 7.59 30974 .72 9 .61 19772.07 14.02 39738.59 17.08 

12 14901.17 5.61 27853.45 18.89 15516.25 7.59 J2J99.34 14.65 19838.24 14.34 35682.99 5.13 

13 14756.52 4.58 26383.85 12.62 14467.12 0.31 31635.39 11 .95 18678.51 7.71 37542.64 10.61 

14 15000.42 6.31 27043.88 15.43 14675.30 1.75 31609.11 11 .85 17787.10 2.57 39158.43 15.37 

15 14134.94 4.43 26272.00 12.14 15494.97 7.44 31823.91 12.61 18296.78 5.51 37387.81 10.15 

16 14861 .12 5.32 26475.56 13.01 17480.60 21.21 32754.69 15.91 20183.22 16.39 39411 .54 16.12 

17 15343.15 8.74 26305.78 1228 14682.24 1.80 32088.53 13.55 20678.18 19.24 39801 .89 17.27 

18 14810.04 4.96 25528.62 8.97 15397.50 6.76 J2JJ5.59 14,42 17433.56 0.53 44011 .40 29.67 

19 14551 .59 3.13 26717.45 14.04 15290.62 6.02 31192.34 10.38 17872.31 3.06 42838.08 26.21 

20 14595.13 3.44 25980.38 10.90 14765.80 2.38 31648.11 11 .99 20393.68 17.60 40819.99 20.27 

Mean 15005.83 6.35 27030.01 15.38 15515.94 7.58 32059.56 13.45 18996.81 9 .54 39422.78 16.15 

S.D. 2.44 3.75 6.21 3.11 6.22 6 .72 - - '-- '-- '---- -

\UI1lJ''''1~''tH 

1 2 3 4 5 6 

m7'Mftt>.1 N. %error N. %error N. %em>< N. %error N, %em>< N. %error 

1 4699A9 18.39 6979.23 6.89 5782.97 .... 47 12295.19 3.56 10177.71 ·2.45 19625.45 ·3.89 

2 4134.78 4.17 5778.96 ·11.49 5924.35 ·2.14 13104.22 10.47 10267.18 ·1 .59 19953.86 ·2.29 

3 4259.83 7.32 6101 .99 -6.54 6159.91 1.75 12798.12 7.89 1023928 · 1.86 19907.01 ·2.52 

4 4221.48 6.35 5898.27 ·9.66 6346.56 4.84 10896.72 ·8.14 11037.45 5.79 19262.27 ·5.67 

5 4232.25 6.62 6449.44 · 1.22 6387.61 5.52 13598.04 14.63 9957.03 ... . 56 19190.33 -6.02 

6 4064.91 2.41 6302.38 ·3.47 6708.68 10.82 13631 .66 14.92 10868.89 4.18 18445.20 ·9.67 

7 4199.98 5.81 6473.78 -D.85 5916.65 ·2.26 10727.70 ·9.56 10722.29 2.77 20261.27 -D.78 

8 4092.50 3.10 6426.33 · 1.57 6431.84 6.25 11925.85 0.54 10383.58 -D.67 18981AO ·7.02 

9 3996.81 0.69 6495.71 -D.51 6133.95 1.32 11523.33 ·2.86 10409.43 -D.23 19509.62 .... 46 

10 4382.16 10.40 6493.59 -D.54 6440.41 6 .39 11888.45 0.22 10965.18 5.10 18713.09 -8.38 

11 3990.76 0.54 6023.89 ·7.74 6269.61 3.57 11592.48 ·2.27 10788.46 3.41 19934.32 ·2.38 

12 4038.10 1.73 6125.44 -6.18 6411 .20 5.90 12192.95 2.78 10862.35 4.11 19310.92 -5.43 

13 4258.27 7.23 6372.21 ·2.40 6245.26 3 .16 12378.35 4.35 10959.75 5.05 18445.00 ·9.67 

14 4092.22 3.10 5993.26 -8.21 6210.54 2.59 12779.56 7.73 10448.51 0.15 18920.76 ·7.34 

15 4250.24 7.08 6056.79 ·7.23 6422.95 6.10 12483.55 5.24 9824.46 ·5.83 18859.77 · 7.64 

16 4064.29 2.39 6242.08 .... 40 6258.69 3.39 11700.61 · 1.38 10952.45 4.98 2OJ26A4 -DA6 

17 4271 .73 7.26 6235.61 .... 50 6168.75 1.90 12271 .81 3.45 11191 .38 7.27 17976.76 ·11 .97 

18 4009.20 1.00 6264.95 .... 05 6300.20 4.07 10865.57 -8.40 10730.70 2.85 18543.93 ·9.19 

19 4020.48 1.29 6332.08 -3.02 6313.12 428 11842.58 -D.16 10564.11 1.26 18869.08 ·7.60 

20 4183.69 5.40 6043.53 ·7.44 6089.16 0.59 12278.34 3.51 11310.24 8.41 19216.58 ·5.90 

Mean 4173.06 5.11 6254A8 ... .21 6246.12 3.18 12138.75 2.33 10632.02 1.91 19212.95 -5.91 

S.D. 4.19 4.12 3.52 6.86 3.92 3.17 
~ - - '---- - ~ 
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\OI'llI~""w.ilmII"e.t 

1 2 3 4 5 6 

m"",_ N. - N. %error N. - N. - N. - N. -1 2521.91 2.98 3821 .89 -{;24 4481.20 -4.60 9569.19 3.84 9211.28 5.84 NlA NIA 

2 2368.25 ·3.53 4365.94 1.11 4535.26 ·3.51 996821 8.16 8811 .89 1.19 NIA NlA 

3 2369.15 ·3.49 4017.10 0.03 4164.88 1.31 9182.45 6.15 8968.12 2.99 NlA NlA 

4 2319.83 ·3.06 3950.19 ·3.09 4691 .50 -025 10225.83 10.96 8884.15 2.02 NlA NlA 

5 2468.61 0.56 4230.08 3.18 4181.30 1.18 9118.49 5.45 8193.89 0.98 NlA NlA 

6 2401.17 · 1.92 4315.38 5.81 4611 .83 -0.61 9210. 13 -0.06 8101 .62 -0.08 NlA NlA 

1 2368.18 ' 3,51 4294 ,92 5.31 4594.58 ·2.31 8900.88 ·3.42 8989.52 323 NlA NlA 

8 2339.11 -4.12 3821 .56 -{;24 4865.18 3.45 921021 -0,06 8831 ,54 ".1 NlA NlA 

9 2421.64 ' 1.11 4225.11 3.61 4652,51 ·1,08 8784.89 -4 ,68 9013.51 3,50 NIA NlA 

10 2398.18 ·228 4157.43 2.00 4133.51 0.64 9917 ,62 1.61 8455.39 ·2,91 NIA NlA 

11 2481 .99 1,10 4041,54 -0.85 4157,39 1.15 9270.46 0.59 8885.45 2.03 NlA NlA 

12 2315.69 ·3.23 3946.12 ·3,19 4262.19 ·9,31 10069.86 9.26 8926.88 2.51 NlA NlA 

13 2343.80 -4 .52 4121.10 1,12 4113.06 1.48 8535.18 ·7.39 8866.48 1.81 NlA NlA 

14 2365,07 ·3.66 3956.28 ·2.94 4809.29 2.25 8126.52 ·5.31 8891 ,99 2.11 NIA NlA 

15 2423.30 ·129 4223.81 3.62 4821.53 2,64 9292.95 0.83 8995.54 3.30 NlA NlA 

16 2394,42 ·2.46 4087.69 029 4827.55 2.64 9062,62 ·1 .66 8561 .46 ·1.69 NlA NlA 

11 2466.55 0,48 4301.83 5.69 5002.41 6.36 8794.33 -4.58 8196.13 1.01 N/A NlA 

18 2435,81 -0,78 4271 ,60 4,80 4890.39 3.98 8843,46 -4.04 810824 0.00 NlA NlA 

19 2422.98 ·1,30 3909,66 -4.Q8 4848.09 3.08 9433.01 2.35 8125.15 0.19 NlA NlA 

20 2411 .60 ·1.16 4101.59 0.11 4731.99 0.14 9440.27 2.43 8642.90 -0.15 NlA NlA 

Mean 2408.86 ·1.88 4111 .70 0,81 4126.05 0.48 9331.86 1.32 8833.39 1.43 NlA NlA 

S.D. 2.01 4.13 3.48 5.36 1.99 NlA 
'--- '--- - - '--- '---

WJW""1Iw.h.nv."fN 

1 8 9 10 11 12 

mm~_ N. ""m>< N. - N. - N. - N. %otTo< N. ""m>< 
1 21595.49 1.58 38554.83 ·1.88 2058124 -4.16 3043021 427 24311.04 1.18 35893,85 2.86 

2 26483.91 ·2.52 42522.16 821 20691.49 ·3.65 30899,41 5.81 25584 ,64 6.45 32913.85 ·5.68 

3 2736128 0.14 42106,92 8 ,68 22811 ,89 622 29086.19 -0.34 25046,96 422 31668.48 1.94 

4 27441 .14 1.01 40148.83 3.10 20467.94 -4.69 30019.07 3.06 22992,56 -4,33 36158.32 3.61 

5 28643.83 5.43 35111 .18 ·3.96 23268.68 8,35 29062.55 -0.42 24125.76 0.38 33761,66 ·324 

6 28010.14 3.32 3146421 -4.66 21036.06 ·2.05 29521.91 1.18 23908,63 -0.52 34235.66 · 1.90 

1 28897.94 6.37 40006.65 1.81 21398.85 -0.36 29061 .51 -0.42 22812.76 ·5.08 31915.55 8,65 

8 27087.34 -0,30 42241.62 7.52 22614.64 5,31 31317.85 1.31 24588.78 2.31 34408,88 · 1.40 

9 27918.61 2.16 38101.01 ·3.04 1954023 ·9,15 2989223 2.42 23516.31 ·2.15 36643.15 5.00 

10 21926.14 2.79 41113.09 4.18 2062724 ·3.95 31149.37 6,73 2478621 3.13 3446424 ·124 

11 28166.58 5.39 4253325 824 20488.05 -4.60 2946225 0.95 24355.69 1.34 33553.54 -3.85 

12 26192.80 ·3.59 36640.84 ~.75 23331 .09 8,64 30«5.51 4.32 24281.46 1.03 34102.89 -0.56 

13 27462.99 1.09 38011.44 -3,11 20928.16 ·2.55 31373.16 1.50 23310.08 -2.76 35281 .33 1.10 

14 27611,42 1.66 40911.40 4.13 19938.49 ·7.16 29699.90 1.16 23842.54 -0.19 33656.67 -2.98 

15 27991.60 3.06 42063.12 1.05 21409.64 -0.31 30881.56 5.83 24348.07 1.31 34285.19 · 1.75 

16 21784.12 227 39115.46 -0.46 21849.43 1.74 30561 .80 4.72 24348.01 ·3.51 36141.78 5.30 

11 28711.98 5.11 41632.90 5,95 21348.86 -0.59 28503.52 ·2.33 23189.19 4.31 36283.61 3,97 

18 26910.16 -0,95 38037.81 -3.20 21690.44 1.00 30812.51 5.58 25069.41 ·1.39 34663.49 -0.67 

19 21767,08 221 42526.11 823 21168.99 · 1.43 30045.51 2.95 23698.54 1.80 35209.17 0.89 

20 28116.13 5.70 34044.32 -13.36 22060,80 2.73 2831127 ·2.97 27008.04 12.38 34512.91 ·1.10 

Mean 21168.33 221 39744.06 1.14 21362.61 -0,53 30030.17 2.90 24259.54 0.98 35158.34 0.75 

SD. 2,17 6.53 4.89 3.16 4.03 3.96 
~ ~ ~ - ~ -



124 

\AJ,JW,,,,,us.htn.llftfW 

7 8 9 10 11 12 rmM_ 
N. - - - N, %error N. - N, - N, "'error N, 

1 7099.21 ·5.14 11146.26 2.97 8903.65 -0.62 13069.85 7.35 13774.39 -4.38 23951 .98 14.51 

2 77SO.58 3.58 9647.99 ·10.87 8004.55 ·10.65 11868.15 ·2.52 12925.36 · 10.28 22462.67 7.39 

3 8180.53 9.31 10104.91 -6.65 7958.62 ·11.17 11864.35 ·2.55 14622.54 I .SO 21089.28 0.82 

4 7660.58 2.36 9871 .49 ·8.81 8299.77 ·7.36 12058.98 -0.97 14614.58 1.45 23418.23 11 .95 

5 7049.26 ·5.81 9703.34 ·10.36 7958.81 · 11 .17 12288.99 0.94 14219.11 · 1.30 21533.55 2.94 

6 &172.79 13.21 10634.36 · 1.76 8801 .17 -4.00 11406.76 -6.31 14890.78 3.37 22S02.86 7.58 

7 rn6.70 3.91 10185.79 ·5.90 8217.01 ·8.28 12175.57 0.00 14998.73 4.12 22730.46 8.67 

8 8179.57 9.29 10072.35 -6.95 &121 .20 -6.00 11816.92 ·2.94 12160.24 · 15.59 21485.80 2.72 

9 6762.85 ·9.64 9734.19 · 10.07 8387.10 -6.38 12133.94 -o.J4 14991 .09 4.06 20794.28 -0.59 

10 6892.79 ·7.90 11168.89 3.18 8604.21 -3.96 12187.26 -0.10 14670.&1 1.&1 21099.26 0.87 

11 7642.19 2.11 10079.35 -6.99 9034.23 0.84 12348.40 1.42 14769.13 2.52 21755.09 4.00 

12 7298.15 ·2.48 9929.06 ·8.27 8887.94 -0.79 11000.27 ·9.65 13386.69 ·7.07 21634.82 3.43 

13 7676.99 2.58 10070.90 -6.96 8741.28 ·2.43 1,.46.88 -5.98 14813.46 2.83 19812.55 ·5.28 

14 7753.29 3.60 10051.16 ·7.15 7476.29 -16.55 12269.22 0.77 14793.89 2.69 23696.91 13.29 

15 8618.90 15.16 10130.78 -6.41 8123.37 ·9.33 12184.03 0.07 13400.65 -6.98 20960.99 0.21 

16 7762.93 3.73 10126.65 -6.45 8721.65 -2.65 12364.42 1.58 14314.10 -0.64 20979.37 0.29 

17 8142.17 8.79 10044.73 ·7.21 8190.33 -8.58 12024.17 ·1.24 14020.87 -2.67 22777.11 8.89 

18 7026.83 -6.11 10301 .64 -4.83 9095.83 1.53 12396.18 1.82 14525.40 0.83 20523.71 · 1.88 

19 7787.SO 4.05 11062.15 2.19 7802.19 · 12.91 12028.14 -1.21 14258.31 ·1 .04 21011 .58 0.45 

20 7787.52 4.05 10480.81 -3.18 9094.94 1.52 12380.21 1.69 15051.91 4.48 21298.17 1.82 

Mean 7666.07 2.43 10227.34 ·5.52 &126.22 ·5.95 12065.53 -0.91 142GO.00 -1.01 21775.93 4.10 

S.D. 6.88 4. 19 5.17 3.58 5.39 5.33 - '--- - - -

\MltJlft.lUJ1.MIIft"" 

7 8 9 10 11 12 

mnwo_ N. %error N, - N, - N, - N. - N, -1 5028.91 6.87 6740.24 -0.97 6805.96 '2.49 9894.54 4.32 11614 .59 -3.SO 17458.04 -0.10 

2 4944 .07 5.07 7125.54 4.69 6414.58 -8.09 9393.23 -0.97 11304.25 -6.06 16517.10 ·5.49 

3 4966.32 5.54 7011 .OS 3.01 6861.39 -1.69 9364.64 ·1.27 11532.32 -4.18 16582.76 -5.11 

4 4744.32 0.82 6611.27 ·2.86 6773.59 ·2.95 9290.44 -2.OS 11549.01 -4 .04 17814.65 1.94 

5 4746.81 0.87 6828.55 0.33 6765.15 -2.79 9458.28 -0.30 11418.01 -5.13 17258.19 ·1.26 

6 4851 .19 3.09 6722.20 -1.23 7078.39 1.42 9176.14 -3.26 11387.88 ·5.38 16627.06 -4.86 

7 4809.73 2.21 6787.97 -0.27 6591.63 -5.58 9269.61 ·2.27 11416.85 ·5.14 16966.47 ·2.92 

8 4727.95 0.47 6910.06 1.53 7158.51 2.58 9191 .40 -3.09 l1S07.97 -4.38 16714.04 -4.36 

9 4843.52 2.93 6912.53 1.58 6630.70 ·5.00 9363.68 ·1.28 11234.88 -6.65 16443.52 -5.91 

10 4665.29 -0.43 6984.15 2.62 7067.29 1.54 9292.32 ·2.00 11510.34 -4.36 16338.21 -6.51 

11 4595.58 -2.34 6702.36 -1.52 6571 .88 ·5.64 9428.14 -0.60 11441 .39 -4.94 16017.10 -8.35 

12 4842.26 2.90 6738.45 -0.99 7123.91 2.07 9349.59 -1.43 11273.06 -6.34 16690.63 -4.49 

13 4700.06 -0.12 6834.90 0.42 6526.46 -6.49 9253.72 -2.44 11398.46 ·5.29 16640.62 -4.78 

14 4720.54 0.32 6917.98 1.64 6594.06 -5.52 9416.52 -0.72 11243.14 -6.58 17256.39 -1.26 

15 4924.51 4.65 6788.49 -0.29 6597.64 -5.47 9491 .35 0.07 11315.43 -5.98 16821 .94 -3.74 

16 4776.35 I.SO 7023.02 3.19 6565.11 -5.94 9325.35 -1 .68 11483.59 -4.59 16913.OS -3.22 

17 4916.30 4.48 6713.19 -1.37 6595.47 -5.SO 9297.90 ·1.97 11268.00 -6.38 17422.34 -0.31 

18 4749.70 0.94 6749.30 -0.83 6497.61 -6.90 9133.48 ·3.70 11527.60 -4.22 16906.27 -3.26 

19 4870.28 3.SO 6865.43 0.87 6661.86 -4.55 9310.08 ·1.84 11490.61 -4.53 17613.OS 0.78 

20 4930.79 08 6816.26 0.15 6881.76 ·1.40 9370.71 -1.20 11314.83 ·5.99 17058.53 ·2.40 

Mean 4818.72 2.40 6839.OS 0.48 6740.16 ·3.43 9353.46 -1.39 11411.61 ·5.18 16902.80 ·3.28 

S.D. 2.37 1.90 3.24 1.66 0.95 262 
'----- '--- - - - '---
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