AN >, == Y )
& wﬁ"%f

LSRR ¥

oL

= HEMIERZ ERE L7

The nonlinear analysis of three dimensional buckled beam

SRETERE S &

B RN BL



ZRERRZ AR AT

The nonlinear analysis of three dimensional buckled beam

FEOA R

At

Student :  Chu-Chang Huang

R BRI BL Advisor : Dr. Kuo-Mo Hsiao

A Thesis
Submitted to Department of Mechanical Engineering
College of Engineering
National Chiao Tung University
in Partial Fulfillment of the Requirements
for the Degree of
Master of Science
in
Mechanical Engineering
August 2011

Hsinchu, Taiwan, Republic of China



ZRERRZ AR AT

The nonlinear analysis of three dimensional buckled beam

RN N & t R BREEE L

B2 il S SRS AT

MPG IeR2A 2R - BA BRI
wmE % LA h- BXEEOREEE o e B b S 4 A5 1S i By f

A d BREE AR - B g - REEER IR

LA F (18] k4w L2 > R¥ T 12 Green strain 12 2 Engineering
strain KiE{TAYT > MR FERM R IT A2 Z FF - R (consistent
second order linearzaton)4& % z #&d' ~ 42 d' 2 fhe R A M E BRI~ F o

A fERERAM TGS BNk EY 22 LA EH AL
(Newton-Raphson);2 fiz & 3% & #-#1](arc length control);z 3 £ i ;% o 11
sor B R AR 2 FAFNE SR RS A R

BEGHEEFE TR T hmik 2 mi % AX T FTHE L 2 phe
B dg2 4 By f dw 2 A 18 chghe & 4 v o Green strain 2 2 Engineering

strain kA4 chE B > BT L RW2 pE R B2 A F R EDBE o



The nonlinear analysis of three dimensional buckled beam

Student : Chu-Chang Huang Advisor : Kuo-Mo Hsiao

Department of Mechanical Engineering

National Chiao Tung University , Hsinchu, Taiwan, R.O.C.

ABSTRACT

The buckling and postbuckling behavior of clamped spatial rods subjected to
a prescribed end axial rotation first, and then under compressive axial
displacements is investigated using:the:corotational finite element method.

The consistent co-rotational finite element formulation for three-dimensional
Euler beam presented by Hsiao and Lin [18] is'.employed here. Both the Green
strain and engineering strain are used for the measure of strain here. All
coupling among bending, twisting, and stretching deformations for beam
element is considered by consistent second-order linearization of the fully
geometrically nonlinear beam theory.

An incremental-iterative method based on the Newton-Raphson method
combined with constant arc length of incremental displacement vector is
employed for the solution of nonlinear equilibrium equations. The zero value
of the tangent stiffness matrix determinant of the structure is used as the
criterion of the buckling state.

Numerical examples are presented to investigate the effect of the prescribed
end axial rotation and slenderness ratio on the initial, buckling, and postbuckling
end axial reaction force of spatial rods under end compressive axial
displacements. The results obtained using the Green strain and the engineering
strain, are compared. The effect of self-weight and initial imperfection is

investigated also.
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27 7% HEp 4 2 jud

A2 B FZ N4 fARL (T A Z gt d o A% B # R
PhEAFREERISEEAFZEEPN S c FEAFEF DR R L SR
P = W@%} B RET i
w,, =q'f

=W, = (0,06, + 20,06, + 20,,0¢,,)dV (2.7.1)

:&Ifgfa
011 :Egll N 0-12 :2G(912 N 013 :2G€13 (272)

={f,,m,,f,, m,, B} (2.7.3)
f, ={f/, m/ !, m{, B} (2.7.4)
oq ={ouy, 69, duy, 5,, P} (2.7.5)
8q, ={ou;, My, su,, M5, P} (2.7.6)

B AW, &t A g B W, & N F T
R == {00, ~0w; 5} > Bap 5 *h WER FUq L R A S T
€ o o ={f;, /2, f3;} > fj :{ﬁ.j’ij’f?)j} v my ={my;,my;,my}
m§:{mfj’m29j’mgj} (j=12)~B={B,By}" [~ frj» TE* ™R &8 >
Xy L TR R E BB SEx phefd SR B F A
8L R £ 4 B, AR 0 B 5T Ak &2 ehE4 4B(Bimoment) -

f i 222 HRBYE BN ~ Ny R &~ F &P

J‘V (6115511 + 20_125512 + 20135813)dV ?3- )f% 4 Ay 3 E’f"’}i ¥ 551](] =1, 2, 3) é\ i/,ﬂ‘
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TEFHEY RSB QTR ER O EA LGB GRT A ROV I ER
FARB M o AP RAFORE S S e EA T A SRR S
feqpehadndic L RE L ST AP B4 TiTE T LA T S ok
H8h4 4 0q ot ieenm s > Lo Sqeoqy il R A S BN 4 f
£, 8 % o

5q 2 8qp B T A AT

& =Tpq (2.7.7)
‘I, 0 0 0 0]
Tbl Tal _Tbl 0 6
Ty={ 0 0 I, 0 0 (2.7.8)
T,, 0 -T, T, 0
K = |
0 00 1 0s)2/=06,;)2
T, =|-6,;/L 0 0| "Tyu={-6; 1,4 0 ' (/=12) (27.9)
~0,,/L 0 0
3]/ @ 0 1+¢

BRI (27.9)55° o KRG EABITNR o TV UL Ao
BQRIDF A Q77507 @
f =Tyf, (2.7.10)
d(271)2 27.2)5; 7 1 KEBf, > 5 faFE 3o A2 RAET - &
P ¥t AT 3 [ (0106 + 201,081, + 20130613)dV 4t E A £ E B

A0 4 fe °
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271 S &g p 4 £, il

d(2.7.1) ~ (2.7.2) ~ (2.7.6) ~ (2.5.20)— (2.5.23)5" % (2.5.29);% ¥ 7
aqf, = sulf, +ou,f, +oulf +ouf, = | (Ee 06, +4Gs, 06, +4Gs,06,,)dV
(2.7.11)
f,={/1 o} 1, ={/0 my, [, my} (2.7.12)
£ ={f, my, fo, mp} £, ={m}, B, m), B}
2L (i=a,b,c,d) s ¥k (i=a,b,c,d)f &E884 5 E
Su; % (25.20) — (25.23)5 2 (2529 T H 2w A o f, F U A f
(i=a,b,c,d)e&m = o

#(2.6.4-2)3" 2 &, £(2.6.22-2)38 265, (j=1,2,3) % » (2.7.12)5% » ¥ 1
FEL (i=a,b,c,d) o Fld=7® o, T DA, 8P| ehz =038 o1 f,

XS FELS

9

Bel| 0= F o FRIBIR EI ), 0= A i L0k
SRR NI AR G T N AR SEIMARRE & Rl § S
P4 > 0,(1=1,2,3) 30 § AR R ~ 0, (1=1,2,3) 30 § ABIT > - B
#co v‘/gie[16]v’ b BB G BEF Y ~ R PRI EFY LE-F 6,(=1,273)
Lk oo Fpt k2 ¥t P 2 0,(i=1,2,3) 538 £k o

REGEES w RS (i=a,b,c,d)¥ £ 74T

1 3 2 1 2
fy = Gal4ELs, + AELS; +—E1pJ.6?1,xdx

. (2.7.13)
+ 2Bl ijxdx+ ZEl jvxxdx+ El, [ 0f ]
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f, =El (1+¢,)[N] v_dx+ f;G,+3Ea,_ [N] 6

1,xx

w_dx
f. =EI (1+ go)'[Nf w. dx+ f;G, +3anz'fo 0,.v.dx

£, =(GJ +El,e,)[Ny6y dx + El,(1+36,) [N} 0 cdx

14 1 14 3
+3Ea,,, [NY VoW dx + EEK, [N} 67 dx

I,=[z%d4 > I, =y%d4 (2.7.14)
Iy=[0%dd > a,, =[wyzdd > 1,=1,+1,

J=[{(-z+0,)* +(y+0_.)*}d4

K; =j(y2 +22)2 44

SR 1 e k% o PR8N G E A M %Ezpjefxdx 2 &
%(EIP—ZGJ)j OF cdx > (GJ+%)I NigOyxdx & 722 (GJ +(EI, —2GJ)2,) [N} 0y cdx
SHARITEIH -

28 ~E KRB 2
A% AR BB PT_E df =kdq 2 (27.13)8 0 A& MK R R
k ¥ 24 7 £[18, 23]

k= of = o 8‘19 = [kg + (T.;¢ - 114)kg + HD]T.9¢ (281)
oq oq, O
Kk, = (28.2)
oq,
o(T' f
) (283
(9(]9 f,

HYky 5 KB =90 » Hp 5 - 2L » 7 41 &
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0 hy 0 h, 0
hy h, -hj; 0 0
H,= _
D 0 -—hy 0 -h,, 0
hzz 0 _h;ﬁ ha2 (—)
00 00 o,
L L 1
h,=|0 0 0 » h, = 0 0 Em
0 0 0
L | 0 —%mfj 0

HP 0, 0003 2x2, 3%3% 3x2 cHEFE o

(2.8.4)

(/=12

(2.8.5)

k)R EL KT b T dd K, ((=a, b e d, j=abcd) " B

[ AR R Y

_ o
v auj

(2.8.6)

BOo, (i=abed)® tQ71)F Wk u, (j=a b ¢ d)* 5(2520)—

(2.5.23); 2 (2.5.29)5% 7 % o

K, & - $EET > £7 &7 &
A _AEG Graese )
ou, L
f
- 2; _ %Ga[AE(1+ 36,)G} + EI [N}y .dx]

b
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of 1
=—<="G [AE(L+3¢ )G. + EI.[N"'w _ dx
ac ou L a[ ( 0) c y_[ c T, xx ]

c

of 1

w == Gl [N6, .dx+3EI, [N}, . dx]
d

afb ! rt " "t
k, =—"==f,|NN/'dx+EI (1+¢,)[N/N}"dx

ou,

of "
k, =-+=3Ea, [NIN"6, dx

f

k, = A, =3Ea, [N/NI'w_dx

ou, ’

af ! rt " "t
k,=—=f,[NN'de+ El (I+&)[N/N"dx

ou,

f

k = A _ 3Ea, [N/NI'v dx

ou, ’

afd ! re A4
k=2 &=(GJ+ El & )N,Ndx+ET (1+3¢,) [ N/NJ dx

d
3 ! 1t N2
+- EK, [N/ N"62 dx
1t

AP e RA2 B L R RIF GRINTF RV LR 0, 0

TR ST 11 A T SRR R

2.9 kST g 7N B A P
AF A Y R GEME T S AR 0 VA S
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¥(Q.4)=F(Q.4Q,) - P =0

A= 17 T gFd » § P weighted Euclidean norm 1% 5 32 i pF amif
LRE W

L b ot 22 I A

(2.9.2)

He NZHImp Rl P S EF 4 o ey 4 -

PN
g ©
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A2 fRZEMRMT G 2N (2.9.1) 0 chlikc B3 E 2 2 B2 W —PE
# (Newton-Raphson) ;2 fie & 9% & 412 (arc length control) i3 & % ;2
[20] e A2 ¢ 1 G S MBI R DTN E S F o TR DER S L7 REFH
Byf o k2R - AE[21] AR E B OE R LRE RS REA

EE2 [FINELRATHEEE o 20 RERE TR A2 P AT
Filen® — B A f mA BB - BE S - AL T2 » - ReDif
Eialhdy

31 HE &k

FHIBHE DT Fed S e RlA ) =B ks Ak R R Ky
FTOLRE S R IHIBHE M E e £ AQ 0 T I AR IFRE

(Euler predictor) $ &

AQ =AAQ;, (3.1)

‘F’!:J A 1-3‘ '&piﬂﬂ é/{\?"xﬁi’ QT_K;lPref ﬁ%}%éﬁé’iprefmk7%}i

2o AAT ¥ T R A[20]

M=+ A(QHQr) (3.2)

7

FEL 2 FAVERS RALGE ?ﬁ%}uﬂfra’: | B3 ARl R BRI B
%’){#EF °A£%\§:|+1ﬂ§;i‘§1 j‘a—g‘ ’—,ﬁ@_?u‘flt’—rli—"i

He v f P52 22 2407 D E R 12 -1BH T JcaPF 0 R AR

Al=(p /3 2Ar,, (3.3)
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B U AR LA H D 55 BRI G v i
,L,kﬁ’;;,AEI;“ l]ﬂ;i‘a ﬁg’—g“g’fxf‘
Ao ? Ho BHEHEREA RS T A

FRPR L LBETNEY AN BB EBE

T T %%ﬂh‘ﬁ' R 17 Euclidean norm » Iy 5 6 220 &~ i & =< #c >

‘I‘ ‘ i RO Y hAd BRens BEEE -
@'—T“I*F&i‘gﬂliﬁyr&ﬂAQﬁiﬂﬁé*ﬁ ¢ e o

.fsﬁ;%frﬁv%%aﬁ o B I* 275288k fF A F R hE g

2RIRAEL o @ st Rl dw SR A=A

EETERE Ol S0 AL E R S § rAp 4 2 S K@

FIfgrd YT d(29.0)50FF (2.9

)% TRE AL LB - BB LR IQ z

- XERPAQEALY A F- AR RS R EH R il L

FT -z e QBESIF A T aZ N

+
g
S
g
A
=~
i
3
:ﬁ;
%

8Q = K7 (—y + 64P) (3.5)
?=(AQ+5Q)' (AQ+ Q) (3.6)

b2 R R AR B E R TR B(2.9.2) i ac R G Ok
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FI#3LF A BB R BT L REFR 2 3BT o b F B E
it R T AT LR R A TR év’ﬂ;’f ‘E%ﬁw A G R R
EEPEFHNEDMA)o 4 42 D(A)) A u 475 | BHE LE TR ]
2 D(A) 2. & o A4 % D(z,ﬂ)zm |27 1+l € a8 Tr- % ch ) %
DA)z & o Al %7 % 1+1BH £ miaﬂ w29k o D)) %0
FEDA) PR R AN 0T 2 sk R S A
(1) 2 A0 =0, Alg=A0, 4, A=A, Ag=Aj " B7? TELERLZT =R

2 B
) %Am:%  EES IHIBH BN ¥ REITNA R
D(il+1) °

(3) #DMa) <% > AIEA =41, My =Al
F D) 3R RS Ag =41, Alg AL,
(4) BT A HAELEN R

ID(4 1))
—‘D(O)‘ (3.7)
A = AL

‘/1“1‘ <€, (3.8)

Al epr e, s b RhFrFiin
Al A s S b f o BRI w3 1% 2%(2) BB T- = Ao
md o A RERR R FA R kA Ak 1B K(A) 25 8 3 By K
f» 00T RSPk A RO et AR R
(1) #KA) A fEx- Tz 449 L2 + 2 4P URK=LU » 27 L¥té
MAzEy ale
(2 HHEELUIHERAE2 B4ET b ] EehiF 4

TR

N

3
o
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() 4% | BAEO, =1 L #KO=0:h+T 3

Kl,l Kl,l—l 0 K1,|+1 Kl,N 7 0, 3 —K1,|
Kl_l’l I-L,N ®I—l _Kl—l,l
0 e 0 1 0 oo 0 ®| — l L
K|+l'l 0 KI+1,N ®I+1 _KI+1,I
_KN+1 0 KN’N_NXN ®N N x1 KN,| ) Nxt
(3.9)

@) * By 2G9N FIHLEO
(5) #OF AL EY GHEDRS DD E Opy > T

0= (3.10)
®max

3.3 NS N2
BB A R R B BB A L TR Y A il e e o H
LR B B R AR @%gwﬁﬁ%@mw&mmo%&z,
FIC T o sl T s TR FIER S B A 5 0 st L T AR A Y T
RIS R E[22] 0 TP AT
By - ABEEAD S (27T13)54 2 (28.7)50 ¢ “,f 7 (2.7.13) 5% e, 2
(2.87)7 ¢ Pk % P oW A0 T Rt BRI R 1 - B
iﬂi%’rﬁﬂ‘wﬂ @ kB ~Fchaghd BR|RAEL o
Ed = (l > ke tr ik (2.7.13)5 2.1, 2 (2.8.7)5% ® kg,
@ p Ao B Rk Hepengghd B AR R RAEL Y 9
f%?ﬁkmmmbﬂﬁ%iLEo&ﬁ%%%@—iérﬁwﬁﬁﬁ
H? ~F bt Z A RPN R RAFFFLABRL o
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AR R4l §RFEE M B E RN DD 242 8 5 ¥R

2
47 El
GRS NIMIEE SRR E R R R e
Ly
o -~ 2.8617E1, o
FEH L he 4 R B o Mcr:L— & R L fhe ARk
T
Ryd B o

4.1 &% iz Brglt & f250 ehl md
POOFER AT R 2R A BN LR AE Y AT

A 1B IALX 27 2 pr iy ot e

BIRE— ¢ FE M L shebdhe 4 2 du peidk A 1

deBle i o - KRR Ly DA ETR B AR FRE o B R g
pho A5 2 B ARG A FFES f U B - TR BB - B
Thwe b4 PO SRR B S e 2EM 0 e i BH S

% E=57x10°N/mm’® » % 4 % #G=20x10°N/mm’ » = % ch#icp & *

80 B ~ % » Ly =2000mm - %7 2 =0.5mm > A GIIERA 4T H 2§75 12
Frsd - o ABIA(Q92)N L B L e =1x10" » 4= A2 RPT

SRR PR A B My o BT S A E-phd WGBS A v ek o g
Mﬁ%%ﬁfég’éﬁi?ﬁ GEP=0P M, 503 My > @ &

I:)crE&M g %R0
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PIAES C wE R R B dr e 2 R TR

oBlE T 0 - £ RS Lyt AMTe hl s AL Rl B R
Hhhe AR A e A MR EF A AL LR B
RHENR TG P mE B H PN BBE=2x10"N/cm? > ¥ 4 %
#G=79x10°N/cm? » = % cn#ep & * 160 B ~% > Ly =720cm > #55 8
Ea=lcm - 6 534 = 0 & 6141(2.9.2) 5% 2 F 34 e =1x107° -
Bl - 23 %2822 MIMy -AlLy & R B

-

= ) #+
- ¢ %4

M/Mg =0.10013 ~ A/Ly =9.75x10° prsf 4 4 Ay » H By i 4 B = & T g7

W

AT AT K R HR 1A & T RS A R oo L] 45 % BT

Jreh

ORI AR EELANG-g()d RE B - AP T g
BN IR TGRS 0 R phe B A EH A D p(n)E MM R E
THOBAN FEELEEL (@) -MIM W SR AR P ek B AR

g P(r)-M/M, € EMEMTE A AP M2 Sml B eFd T5 thing

ur_’b%’%[l,Z]c‘ BT S R R AR L ek R AR RSB
SRR BV gh e gl E 0 A S s P2 M3 BHHE

2_F 4 o vﬁk[l] 234 i * Cosserat rod theory » Bk £ 37 7 # 55~ 7 4
&?%%’@aﬁ—%iﬁﬁiﬁ—ﬁﬁkﬁ%éﬁi£%®&ﬁ°¢%
[2]¢ @& * F]25%7e cndo& B KRB FF 5% S wk B 5 4045 & £ (nitinol
2 H 4 X i% Bk E=57x10°N/mm* ~ ¥ 4 & #
G=20x10°N/mm?* ~ : %

wm

alloys) » ¢ ‘w

B p=00048kg/m ~ £ j= r=05mm -~ £ &
Ly =300-2000mm > 5 7 # £ 4% & & G @R EGFEALT Tl RIL R
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P d AR X PFElE o R T ARE SRR TR S A e
L AZE 500mm o < gr[2]5 S L et (drill) & gesg e 3 in £
HEERFN 2 NHEINAB A A B nflE iy L%
e RFlEHBA 0 d A2 RRIETR AR 4 PEghe 2EM o @

‘1&

‘FK

r:&

‘1@

v RR[L29 ki % 2 120k sk k f LR > 2 pr[2in i £ 8
RARF TR RE R LRARY RFTRTRY ] YA

P 2 R R R A R R - RER TG

-

bR R A% BF oo d 1 4% & % (Engineering strain) 2 1 4% J& #
(Engineering stress) [17]¢2 & * Green strain % Second Piolla Kirchhoff stress
[11, 14)4e - enR 2 ghe 4 ch- B F L AR > L LR AT R BEL 740
BEOCMTUAZRALAPFRZPESFROGR IFEE L AEREET -
B2 4747 = & (initial imperfection) 2 2 £ * Engineering strain £
Green strain #4475 % 7Z B o AF G|3= B4FFEX £ 4 1 E

Engineering strain £ Greenstrain ez £ o

PAEZ I HHELXp ek 4

Bt - 5w - ER S L chRlA 85 8 A B sy 5 Fad o o
PPEMLEBHEHELEA LRI E V5P BRI 2B
AGBEF ARFEDE R YR T REDPE > SR AB
el b g o ADIREA S kRt 2 g p £4* Engineering strain
Adr~ 2 R p £4* Greenstrain 47 ~ ¥ J p £ 4 * Engineering strain
A% F R p £4 % Greenstrain 4 47 % enE B 4 & Ly =300 ~ 400 ~ 500 -

600 ~ 700mm I A& & > %o L r=05mm > »wmE B H Y Rk
E=57x10°N/mm’ » 3 # 2 #G=20x10°N/mm? » = |48 m & 2 %ra (&
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Jr

-~ AN

oo e[ R* 2mERdpl > HEAPTAZ > BY R EPFE) EAR
Lo BEGE Eq:pg:4.709><10_5N/mm e 3 XS S o0k GIAE
r 200 BAE o W ALe =1x10C . A X B E T H
Engineering strain 4 47 2 & * Green strain » 47 7% AR 4.7 B £ & Ly %
PigTHRBZM/IM, ~ PIP, oV, /Ly » 21 52 38 €T
Engineering strain 4 7 2 # * Greenstrain » 47 fa;k /a7 b & & Ly 2 £
AP THBZMIM AcP/P, »d 222247 ¢ F BT el 4pF
KRTHMIM @B o > a3 L jgp £ L HPIP 1 25
T eg-MIM 2 B GBI(B L=~ =2)2 2T gp £2 ¢-P/P, (Bl+w)
P ML =500mmenig ko ptitd Aw BB AT P ATV BT g EET
4 & p £ 11 2 £ * Engineering strain £2.Green strain ¥ fih e j2 28 L 4o ih
oMtz AN AL EAEE SR E AL =500mmT ¢-M /M
2GR AR LV RRAT R EE YR ETPEM/M,

AP G BLte 22 2EA E R g T L =500mm T $-P/P, 2 B %
Bl > d Bl ¥ 5 d0F @3 efindhd 52 H 4c > @ & * Greenstrain 4~
Frengh4 ¢t 3% Engineering strain chfhd < o T g Ak A A R
S opAE S BT 4P EP(r)-PIP, 2B TaE-d B? 7 g5 L&
SPIP/P sEFE & T B AR ] PR A S AT RPET AT FP2
L -P/P, B Bl > d B+ > 7 5 &g=07 4 * Green strain » 47 &
Engineering strain ~ 47égh* £ 22 <> &4 g p £ 7 Ly A< s BIP/P, ¢
AL Bt LT RAEAIREEYT L -V, 2 M AEB 0 Fl3k* Green
strain A +7 chdh 4 B > F] gt ru gk * Green strain A 45 c0° BRdhe 8 B iR
o Bl e BEIEHEE o o

F] Green strain 4> I F & % P /x> @ Engineering strain 3 P fg e 12

2 & 0 YT A% ¢ #-12 Engineering strain mé%ﬁvgkmé% Wiy o
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‘LE

GIAEE AR L p L P & R phe R

oL N R 0 - KBRS L il 8e mE R o 29 PA M L B

~

HE2ZF A o P mE RGBT R 2R Lk RApke o H @A
= » A B[4E4R * Engineering strain ~ 47 » 3 G = FFE e F T 5 % - FF
B oA  TRFDP L SR L Biaphe s > &
Bip*wte- HEho i  $ZFFE B & > LBt
oA ABHE e BB AP wEEE YRRk
E=57x10°N/mm’ > ¥ 4 % #G=20x10°N/mm? > &% B & @#p £
G- BB AT q=pg=4T09x10 N/ mm i & XS 1f = %o L
T A P=0~1-2 3 4 SrA iR, 0 oA R R R
Bl h <P MR A Gl o d AR gAR L pFAR A B JTar o O
Y RP LR € oA hdear ) TIPS E g b 0 M A F R 4
£ (2928 ¢ AL REFAY - ABMLAY B £ Ly =650mm >
=57 7 € =1x107° » L F BT e+ F 600 B =K B jrac FER TR
AR L e 0 S A T ey =1x100 8 5107 i e ST R 2
TA > T AR T B AR T e =5x1071 o T L AT b
APt bl ~ B HE ey

Oz : Ly =300mm > 100 i =~ % > e, =5x10~"

17 @ Ly =400mm > 200 B =~ % > e =1x107°

27 ¢ Ly =400mm > 200 B <% > ey =1x107°

37 @ Ly =500mm > 200 B ~ % > e, =1x107°

47 : Ly =500mm > 600 # =~ % - ey =1x107°

5z : 7% p £ T Ly =650mm > 600 B~ % > e, =1x107°

57z % Bp £ Ly =650mm > 600 B~ 5 e, =5x107"
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BML4-- L4495 0572 A/L;-P/P, & 8B % M/M-AlLp & 3
B> d ti2 AIL;-P/P,B® 7 1ug 'v}*Jc[Z]’E' U R N )
] ihghe S5 ] A 1S 0 Bhe 4 ERERFXIE T > A @ A/L;-P/Pyd
MAL PR DEAT R A 2 R[2]DF H Sk phe 4 TR S
AlLp-P /Py & Sip > pr[2]2 ik g % s T if > 2 2 219 % 5 &
e 4y g1 S % o E I F R fed F B R RS AR o
MR EP=07 LR P LT AAE R G o R[] hia s f
£ hg207 4 g p LATE DAL -PIP, ¥ M 2 k[1]5L 3% i3 5
TEes FFEF LI Y RRIEHmEE ¢ RS I F SR e
Bend §Bs AXX o d B A2 A/L;-P/Py v BB 7 54> 2614 B
fETS A Lr-P/Py e ST ERT R 2 29 S %
Boatpiro m AT A EEATBAELE LR AN F %
fs ﬁ,A/LTi\g%c,éa ¢ b & o
AR TR S R e R 2] E e A BT A e 3R g 2 v R [2]R R
R AR A ART A ARRRFE S TFL 0 A v R[2]0 T ARAR
HRENGFE P HEL T A ko AL MY R T IR (T R
#HEPTAIL-PIP,B® 2FM > HITHBAEHNH) § o~ TH
B AR I Bl L AT SN AA/ L -P/P d RIFB S g=br v U BT £
A p=Ar2 @ Re py RS (W= ) g SRS PE(9=0-37)
v RR[2)R SRR A 2 AR o p L OMRA DL R F § iR @ b
(B4 oo s o) S R2]Y R ROER R e

‘m\

WA R EEG G AR o0 A2 JEipy LEREE LRV R A A
P=0-3r FFRA) 7 - Repp Fl> g B X PR 4 FRER] 5 e 4 5
B4R R AR i e

YRRHER R XA E DT R S R AR RELHDLE 5 AT

N
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7"
E.7"

?\_
P
F_L
<le
&
)
[

W
M
\‘\‘-;X‘i

a4

[

11

Pex i T B A Gl 2

’gh‘i
IR

e
§BL B XS 2w 1 4 2 EVo{l cos(—)} R A
T

( N
i
#m
¥
gaf
Ehs

FRETIP E Y Bl E BV, 0 X5 A EBAEXS S S

“.,w

R E o A4EE B ¢=07 > Ly =300mm > 100 B~ % > ey =5x107 >
V, =—-0.3224mm > q=pg =4.709x10°N/mm > B = + 4 22 P/P,-A/L;
ﬁﬁ@°@@3*6?%ﬂiﬁﬁﬁgﬁﬁﬁgw%%ﬁ%miﬁgwﬁ

S N BRHEE FA/ILi *PFEETRPpEE A Rp £nd M E

~

T

v RE[2]Y i Rk e F AR R R AL -P/P, & ST 2 Ap e

e
phe BAgwe T P/P i@ g i hZ & - d iz R v g TR
P

B2 42 4~ 47 2 % (initial imperfection) ¥ & A/Ly -P/P, ¥ &
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Section geometry of circle

section r=0.5mm

A(mm?) 0.78540
I, (mm*) 0.04909
|, (mm*) 0.04909
J(mm*) 0.09817
|, (mm°) 0

&y, (MMP) 0
K, (mm®) 0.014317
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4 = P AR - 2 fhd B HORBAE

P/P, T /T,
-1 0.00070
-0.9 0.26312
-0.8 0.38230
-0.7 0.47999
-0.5 0.64776
-0.3 0.79661
0 1.00064
0.3 1.18990
0.5 1.31002
0.8 1.48274
1 1.59344
1.5 1.85598

2 2.09904
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Section geometry of square

section a=1cm

A(cm?) 1
l,(cm*) | 8.333x1072
I,(cm*) | 8.333x1072
Jem?*) | 1.406x107
l,(cm®) | 134.4x10°°

&y, (€M°) 0
K,(em®) | 0.388889

I=[ (Y’ +7" +yo, 10, )dA
I, :.[szdA
a,, :Ia)ysz

_7a°
' 7180
_‘}EL P

8a% 2(-1)"sin(K,y)sinh(Kz)

w= Y7 -

3 z

Z7n=0 " (2n +1)3 cosh(Kng)

K = (2n+1)7z
a
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Ar GAIZ FAR L £ F 4 20 B A B(TRA E)
Engineering strain Green strain
Ly (mm) M (N-mm) P, (N) ¢(7) M/M P /Py Vi, /Lt (10_3) M /M, P /Py Vi, /Lt (10_3)
300 83.8329 1.22740 0 0.00000 0.10268 -1.07453 0.00000 0.10269 -1.07453
1 0.24526 0.17286 -1.04417 0.24527 0.32610 -0.91963
2 0.49056 0.38313 -0.95433 0.49056 1.03503 -0.61904
3 0.73593 0.73529 -0.81548 0.73593 2.26397 -0.38910
4 0.98139 1.23553 -0.65520 0.98139 4.00601 -0.25425
5 1.22699 1.88997 -0.50703 1.22699 6.25291 -0.17622
400 62.8747 0.69041 0 0.00000 0.53536 -1.83898 0.00000 0.53538 -1.83896
1 0.24526 0.59493 -1.80516 0.24527 0.70463 -1.68755
2 0.49054 0.77303 -1.70492 0.49055 1.27522 -1.30300
3 0.73586 1.07107 -1.54325 0.73586 2.37946 -0.88883
4 0.98124 1.49883 -1.33327 0.98124 4.05875 -0.59614
5 1.22669 2.07607 -1.10153 1.22668 6.27886 -0.41618
500 50.2997 0.44186 0 0.00000 1.37012 -2.34791 0.00000 1.37014 -2.34789
1 0.24526 1.41974 -2.32113 0.24527 1.50566 -2.24219
2 0.49054 1.56868 -2.24157 0.49054 1.95283 -1.94208
3 0.73583 1.81859 -2.11163 0.73584 2.83956 -1.51859
4 0.98117 2.17609 -1.93586 0.98117 4,31592 -1.10614
5 1.22655 2.65652 -1.72295 1.22655 6.41561 -0.79763
600 41.9164 0.30685 0 0.00000 2.61330 -2.69143 0.00000 2.61333 -2.69141
1 0.24526 2.65581 -2.67162 0.24527 2.73123 -2.61881
2 0.49053 2.78392 -2.61256 0.49055 3.10998 -2.40596
3 0.73582 2.99985 -2.51537 0.73583 3.83315 -2.07391
4 0.98113 3.30882 -2.38201 0.98114 5.04451 -1.67639
5 1.22648 3.72094 -2.21578 1.22648 6.87973 -1.29628
700 35.9284 0.22544 0 0.00000 4.30445 -2.94719 0.00000 4.30449 -2.94717
1 0.24526 4.34232 -2.93253 0.24527 4.41249 -2.89567
2 0.49053 4.45663 -2.88872 0.49055 4.75301 -2.74296
3 0.73581 4,64962 -2.81630 0.73583 5.38011 -2.49630
4 0.98111 4,92563 -2.71621 0.98113 6.39402 -2.17458
5 1.22643 5.29192 -2.58995 1.22645 7.93150 -1.81567

42



27 G FHRLSEEAGSE S 2 B A B (LA E)
Engineering strain Green strain

Ly (mm) M, (N-mm) P, (N) ¢(x) M/M P/P,, M/M, P/P,
300 83.8329 1.22740 0 0.00000 0.00000 0.00000 0.00000
1 0.24526 0.07458 0.24526 0.25000

2 0.49056 0.29832 0.49056 1.00000

3 0.73593 0.67121 0.73593 2.25000

4 0.98139 1.19327 0.98139 4.00000

5 1.22699 1.86448 1.22699 6.25000

400 62.8747 0.69041 0 0.00000 0.00000 0.00000 0.00000
1 0.24526 0.07458 0.24526 0.25000

2 0.49054 0.29832 0.49054 1.00000

3 0.73586 0:67121 0.73586 2.25000

4 0.98123 1.19327 0.98123 4.00000

5 1.22668 1.86448 1.22668 6.25000

500 50.2997 0.44186 0 0.00000 0.00000 0.00000 0.00000
1 0.24526 0.07458 0.24526 0.25000

2 0.49053 0.29832 0.49053 1.00000

3 0.73583 0.67121 0.73583 2.25000

4 0.98116 1:19327 0.98116 4.00000

5 1.22654 1.86448 1.22654 6.25000

600 41.9164 0.30685 0 0.00000 0.00000 0.00000 0.00000
1 0.24526 0.07458 0.24526 0.25000

2 0.49053 0.29832 0.49053 1.00000

3 0.73581 0.67121 0.73581 2.25000

4 0.98112 1.19327 0.98112 4.00000

5 1.22646 1.86448 1.22646 6.25000

700 35.9284 0.22544 0 0.00000 0.00000 0.00000 0.00000
1 0.24526 0.07450 0.24526 0.25000

2 0.49052 0.29832 0.49052 1.00000

3 0.73580 0.67121 0.73580 2.25000

4 0.98110 1.19327 0.98110 4.00000

5 1.22642 1.86448 1.22642 6.25000
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