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Abstract

This study is intended to develop an accurate and efficient, analytical thin-walled beam
model, and to analyze overall behavior of SWATH ship under repeated overloads. SWATH
ship is idealized to a simple thin-walled beam of channel type. An analytical beam model is
formulated by the stress component with geometrically (fully) nonlinear thin-walled beam
and treated numerically by the Finite Element Method. An efficient cyclic plasticity model
is also included, suitable for material nonlinear behavior under complex loading conditions.

The local stress distribution can be very exactly represented and the material yielding
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propagation, easily traced. In addition, the local treatment of the effect of shear defor-
mation improves the representation of deformation and shear stress distribution along the
section contour, It is desirable to use the analytical thin-walled beam at initial design stage,
and is needed to improve the practical thin-walled beam model advancing the current ap-

proach.

LM B

SWATHM(SWATH Ship, Small Waterplane
Area Twin Hull) & 1& 3o H§E 8 opiet H
AEFH Ao ZLEHE AN sy 1
FA 2 R o] 4Eide FHE AU YA,
O Pehr) o) Aura Poletn FRAAAA HE
& Aol o} FEH UA uh(1-3].
SWATHMY 2 Fae] Mutate 2e] %5 ¥(Trans-
verse Bending)# H]E ¢ (Torsion)d] th3le Fe
JEE AN v 2RERA, FHF o & 9)g ]
g3l pREAdEs A2 24U el g8y
FHe A2ade] #NsE T 5343 A% S vE
Aok olHES BT n#ste FHMNE F¥st=
Re oEgor HH, FH 28R IRP=
(Fatigue Strength) ¥-oF2 TE3ld Hrisla ¢l
t}. SWATHA ) ti g 2 F71A 9 A7 e 2 &5
Ael4] 2 AAsE #H (5159 FAEASH 2
ofoll IFHol gt HF 2= (Ultimate Streng-
th) € M2 RE 58S vl&s 124 Fofo A7
B3] A=s 2 lvk6-8].

Hoe AFEe) ¥E TEalEe] v o
2 A 3xd ez st Ho) 7RI )
AAE dHNsle AS 78I 9EE 2AEAE
59 A7 A0 E3 A A HEE RAFE d
= HA-3A] 2§ Ax vk Ao 27|44 9A
oA MAle Fmet JFT A MutHd AFL
A A & vt# B (Thin-walled Beam) & &4 33t 3
A3 gkcb[9-16]. 7HwHA ® (Open-section Beam)
720l &= #H ¢ 1 (Closed-section Beam)ol B3}
BlE¢ 7343 (Torsional Rigidity)o] @A slA oFgo
2 9o vEY 9% (Torsional Warping)oll th 3t
de(17,18]% vl =4 (Centroid)® HEF4
(Shear Center)o] dX|3}=] 4202 Ag 434 -H]
Ed d47%[12-16]0 oig EA o] s gl
b ey gtgr e o o8 F2 MY ©Ay
2 el ghg o} U 383 (Stress Resultants)

AMEM BRI H30% 49 1993F 11A

o} &j3lo] A4 sH(Formulation) g2, 3 3} )
o Ao U3 AEE FAFsrlde 23 st

SWATHH d#e] M3 H 7)&sts &4 Fig
11(a)9 ol 7z, Strut, Lower Hull,
Haunch® %22 o]folx <t @we HEH
(Distorsion) & &85 =] |9t Bl EHH IS
(Shear Deformation)oll © 3 $13 2 nals &, Fig.
1.1(b) &} 72 1§ Ad ¥ (Channel Type) ¥t
B2 SWATHA & ol4ststa, wr22ql 3 akg
He B3e st gt AN AES dEE
Iz} gy,
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/ 2nd Deck
Wet Deck
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Fig. 1.1 Geometry of SWATH and its idealization
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P (Accuracy)7F 3 AlAb#go] hA% Wi
wel M mdaMe 7stgdeos S uAd
& (Fully Nonlinear) ¥ =2d-& &3AE(Stress
Components) 2.2 P 3stn F3taiyol &) +
e ez Aeste Aol wiEA s &5 HA
A& g e AA FEgozA 3xkde] 23
2 13¢or NI F Uxn, FHAHELR £X4
Hetoza e kA AE, & &3 (Stress)
o]} W& = (Strain) 5ol £X o A7 5 (Yield-
ing)slo] 7te ARFSE A FHE 5 vk £
ooz FAggo Astd A F e FF
2 2 Aell (Multi-stress State) stofl A 2] =23t a5
21 (Yield Surface)& 73+ ogi &= d# F 3
o} 3wk Al R E Wi B3 sF g st
e g vAdE ASS F U & 729
Ao HEge a2 F7H F4544(Cyclic
Metal Plasticity)=d¢] Me= Hesch 34
E FAA Az & o & sl AR
(Rotation Field)& A&stA Uehlies $y 024
298 ZHEuler Angle)so] dutd oz {834
A= itk ©@el HEd 2% e 9%
(Finite Warping) # Ag#igos A% w4 4%
(Infinitesimal Warping)& 2 go2 A ity o]
My e 7|adtE ez wurt ol F&sA veld & U
c}, olAtel Hity nu g wtEIFE We B 1F
Hol 3.0E H2EA gl £ AnE AU
tH19].

2. x4 2 24(Channel Beam Model)

2.1 W3 7|35}8+9] 7|4 (Kinematic Description)

3o &2 (Configuration)& @Al AGFTHE
At Mol ¢ x9N E](Position Vector), ©H <] 3
Aupere Jehl e 339 e A me]EE(Orthogonal
Moving Frame), 2383 ¢3¢ P = (Intensity of
Warping) 24 EAFE & ok Aozt L o3 #&
Hog njd AA S 7HAE wd a2l JAE
M, A 7F =09 Wel 71Ede B=(0, L) X OCIR%]
Aol NEREAE 1A e (Ejeh 3 X2, d
A Aol el BRAFEAE 1A (gl e {x}
2 EAg adn T ARAT dR3e A=
sz El, a5 NAYEE PEste o] f&3ith
W & AFAH(Deformation Map)< ¢ : BCIR® — IR?
g2, gl ¥¥ v (Deformation Gradient) =

o 43, 2&A

F=0¢ /0X & vebdict AW XEB x€¢ (B)ES
2ty 1g o) A WY X9 x2A FES)

Fig. 2.1614 ¢k o] {X1, Xo, X3}&L 2tz &9 g
AGFA SolA 2ol Hoyg, B (Web), TdA
(Flange)oll v&tst g st} el 2 HelshAl
Xi=Sse.2 sta, Ady 9dy 7segAg] JdE
F-214] o 2jul &l (Parameter) m=2bty /ht (4 B. A &
of gt ZWA) HA 3t v n=ph/h(EY
Zo th3 ZA X9l Zolo B3 v)E vEldn, O
gile 9t d & 2t A E 9 FAMANAM A4 S}
T4 Coloj2& Aot =9 AdFo] glod
gl A4(Lartin Index)¥ {1,2,3},, 18l X%
(Greek Index)+ {2,319 & ZEZ 3o},

N
!

X2, x2

HPZREEE!

lele
a
—>

X1, x1 V —>
X3, x3
le h »l
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Fig. 2.1 Geometry of channel section

2.1.1 838 718+89] 714 (Kinematic Hypothesis)

B e £33 (Finite Deformation) 3 #%
3] (Finite Rotation)® olual vl &) 2§ #3%
3 g Avhagel o vl YHE neste ¥
#7)3ete] wd & ofi et B2 AR fFrdith A
A B ado faud faAe g g ¥
Ao 2 veld $= Ao 20].

¢ =¢ ()(S)+Xa tz(S) (2.1)
o) 7)ol M
$ o S)=[S+u(S), v(S), w(S) ] (2.2)

t g A9 AxHMHE YEhl T, EH
u(S), v(S) S w(S) & 4 FL 2o HWAgEIh
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@9 B HLFL Fig 2.20] 49 o] Apa4
o dE Fmo] %7 A e (Orthonormal Moving
Basis Vector) {t(ShE vetd 4 9z, HaAad
o} £8) 2:(Orthogonal Transformation Matrix) A(S)=
AB®EQ 9)3ta] k3 go] RAY 4 9Uth.

£ (S)=A(S) E=Ai(5)é (2.3)

Fig. 2.2 Finte rotation due to primary torsional
warping

F BE¥ 9% (Primary Torsional Warping)o
o)ste] ©Re) 2} QA5 L Fig. 2.200 M} o] 27)
v FEsAY FHg A wWaEa(]
Fig. 2,309} zro] g o] 9B, Au @ sln Zg
Aol A2 A 2E(Orthogonal Frame)o] &4 g
=

t=Py(7)y, i, jefl, 2

H=QMy,  A=QMy,  ijell, 3 (2.4)
Y —sinY _ Y —siny
P(y)z[c?s sin ] Q(y)z[c?s;}' st]
sinY  cosY- sy cosY

A7Vl A R AR w, 19 b Zhz) @del 9B, Ax
2 S ZRAE i MYAPF(2.1)L v EY
of o) 3 99 n 3t b7} o] WHG,

ta) [X3—2e)(t5) [2e
$(x)=¢ o(S)+X2 {tFH X35 K+ 0 bss
ty) (Xs—2e)it) l2e
(2.5)
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top flange bottom flange

Fig. 2.3 Finte rotation of section elements

Ay oz Q3 gHel 998 B A A
SAFI SR og Yg Ao BAY 5 gk
Cowper[21]7} 3822 Timoshenko2] 1 o]& o]
A== A@A S (Shear Coefficient) & A AFst=
WS ML, Simo[22]F Cowpere] AgA| 48
AR F2¥ 5 de "8y YL Rgu
18] 1 Hjelmstad[23]& o2& HAAIA Sl
AfFEEA e 9 E Yo RHo|lEL Awsy
o}, Fig. 2491419} zto] 2 v5d 93 o) 5
g vl A PG ooy RS MNwEy
o} Fig. 249149} o]  uEY % wuio) 57
T a AY YYEFL FH o] Y@se
Xz, X3)Bi(S) et 2ol vEbd 5= ded), 9714 g
T B(SYEL W9 71X ¥4 (Basis Function)E
Yi(Xz, X3)oll 93] FP8 & 99 228 el

I
|
\

Fig. 2.4 Distribution of warping in web



ty X3~ 2eyrth Ze
$ (x)=¢ o(S)+X (I X3 t3}+{ ()}t3

to) \ys—2edlti) 20
t]
(X, XDBLS) {t] (2.6)
£
=@ (($)Foi{X)y
o} 7)o} 4
0) [X3—2e)(—sin¥ cos¥
a1 {X)=X,{sin¥ ) 0 +‘P;ﬁ,-{cos¥
0 X3—2e}| sin¥ cos¥
1 0
as(X)=X,lcosY} — W filsiny
1 0
3—2e) {cosY) {2e —sin¥
a(X)={ X; 1 01 —~¥g 0
~9¢){cosy) \2e sin¥

2.1.2 $%3+8 34 (Finite Rotation)

AndguEgd X A>S)E 372 JAREHL
(Rotation Matrix) 4;, A% A9 282 4528 F
et

AS)=A(61(S)) A(E3(S)) Mm(B:(S))

't 0 03] C: 0 5:1[C3 383
=10 i -8 i: 0 1 018 C3 0
10 S1 Clt—=S2 0 Catd 0

=1ClCs 18203~ C1Cz C15:C3— 8153
L —S; $i1Ce (1)

[C2C3 S15:C3—C1C3 CszC3+Ssz}

(2.8)

A7l A Gy, Gy Or= 2H7ZF X, Xo, XaFeol OIS F-8
5442 dehde 298] 2524 X X Y139
AR R AR, C=cos 8:(S), S/=sin(S)olc}.

B 0 (S)=[1+u(S), v (8), w(S)T

ol 42k, L&A

2.1.3 Aol 2% 22 93 (Secondary War-
ping)

HEde) i3t 23 99 4= g8 gk
-3 +3m % (120 X5~ 3HXoCg) in web
Y= 3 sgn(X)[40(X3~2e)® —3h( X3—2¢)Cy]
in flange
(2.9)

o7l A 44 Cg, Cu ol ¢} et

Cro= 103 + 3m )% + 6042 +6m +3m2)]

(1+3m)?
—10.22+3m)* (2.10)
10 (1+3m)?
3 Aol A% Xy, XaF W 23 HY @
TEL A4 g g

2020 X3~ 3252Co) in wed
-
-%—sgn(Xz)[120(X3’—e)3*240b(X3~*e)+h2C21]
in flange (2.11)
~d(120 XF—35°C30) in wed
]
A0 X3—e— a3~ 38 X3—e—d)Cyy in flange (2.12)

ET G Cop, Cn B Cap, CyESE ol g} 2o}

Lrem(i~8) o _ 4(1+60mm)?
U+am 0= (T am)

Copm30UFm) §4i,’m+m2)%4nz§24+]2m+zﬁ—n?2
Q-+my(4+m)
Coy— 2n%( }§+§mi-8n3¢n§2 —20m(14m)

Cy==

A+m)-(4+m) (2.13)
2.1.4 ¥l (Deformation Gradient)
AFAM (2.6)9) 3 QB 7= o3 g},

FX) =¢ ,RB~{¢ ¢ ($)+a(X) #(S)1QE,
+ 2y (X) tS) (2.14)

710N wis] AREae) A E g} o) Er A
Be Rg4EL obg ot gk,

(2.15)
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JA dGk

E WE] (2.16)

t'(S)=A'E=Ax0x E=

Za}o)(Prime)& (- )'=d(-)/dS& A"

(Comma) ¥ ( - ), x=0( ) /éX¢E v)ghyg, 18]
=aAE6x0) 3L, ait= ai(X) 2] Ftufoltt,

2.2 Wy YA
{(Equilibrium Equations, Weak Form)
ojeolo] AAZRHUE WEs= 3 & WE(Kinemat-
ically Admissible Variation) ol thétsd & 7
o] ok & (Weak Form)o = Ha wdae gHe
4 A 25].

G(¢, n)=‘BPZ (DF - 5)dV — proB' ndV

[, i nas=o (2.17)

ol 714 P+ A1 Piola-Kirchhoff -3-# &l A (Stress
Tensor), p,t= 71 & 3efol Aol xoli, By A& Y
olt}, 1a]ln BB (Traction) 1 A AR éBol
A, WEge AARE BN wEEd F aBUL
B,=6B 0B,NOB=Q. 1811 DF- 5= WY Fulo] W

Fozx tgn & Wy =¥(Directional De-
rlvatlve)gl FH & o] &t £t

DF(X, u(S)) - r;=d—‘i[F(X. utep e (2.18)

7)o A u(S)= Yutstd r\‘i”’rl‘?llﬂ(Generalized
Displacement Vector)oli »(S)+ u(S)e] w0
t} HelE 938 A1 Piola-Kirchhoff ‘5——15*1 R |
2 Piola-Kirchhoff & el (S=FP)& thx]3}1, ]
o ¢sl= Green-Lagrangian WES®A E=
(F'F-1) /28 A1&9th

ByurA A (2.17)0]+= St. Venante] v]|E ) of
3+ gto} gletl, ofel o} o] o] FEFE el d 4 U

23

Gu(¢, p)= [B 15(DT g+ p)dV

o

=j:mn(DK1' 2)dS (2.19)

K EAT PR U H30% 438 19934 1153
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o 7] A 1= St. Venant 2] vlEE 7 HHd §
292 (Stress Couple), Tpis 1,2 Wwtalgl g
¥ % (Generalized Conjugate Strain), &
DIy« pe= 18] B ME Tojr} St Venant 2] ¥ E
Y HEdxes g AEASGs Fages o (2
19)9] 9z o] HET 4 vk mets Tl ¥
EHol gl St. Venant?] ¢ E 23 (Resultant
Torque)ol 32, k(S)x BIEY & (Torsional Cur-
vature) &4 7+¢+3| St. Venant W& 7} o] 48 o)
A 4 9ddh, & Te=k(S). =ty &S ‘5*

te=GJ* ki(S)¢} gol Uehd £ 9li. e ddel &
Ade wet REE HEY d5e2 A T
17/3, ARANE /32 JEPE F Q)

g oo

{

1

¢
=
=

JE o ‘“lﬂ

9

2.2.1 v 4] 9
(Linearized Governing Equations)

413 8}(Linearized Governing
Z7+4e)(Intermediate Configuration) ¢ : B—

IR chat a4 (2.17)2 238 8} (Linearizat-
ion) &% ch& 3 ok

LGl = [(DF P [S®1+F‘ Fh

:(DF- 29 )3dV+G(8, n) (2.20)
A7) A 1& w9 vEE 2ol 1, Ad : IR B
& (Increment Motlon)O]E}. ogn HEe
d 47} = (Tangent Stiffness) 2 A, 1A 2] A=t
2 71318k Ql REoln EMEe HF YU gojr)

>

]
vpz)ut g2 238 2 (Our-of-balance Force) &

oh&3} AL, ¢ 7F HE eolw glojich

1

G($ .w)=[,p: (DF - masav—{ z-nas  (220)

ulo i

12] a1 St. Venantgoll thgh ¥ she wsatA o
3} o] S E .

d SV
LIGy]= j (Dxy 7)g: [—m——°]¢
1 {(Dkyr & )3dS+G( é, 7) (2.22)
o 71 A dmy, /dr=GJ*e) v}
2} (2.20) e 2] WEFu) Fef wtg
= o0& gk

S35 DF - o9
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DF- &¢ =408 ¢ QE+(A tataisA VE®E;
+(/\Aai,,'+auAA)éi®}::1 (2.23)

A71X AP y=[2u’, av, aw’]), AA=A, L0, A
A=A, ub' D0+A, (260, 28 T Ay Ao 242t
AF oot 28 T8 o ;9] FHoloh 4 (2.20)004
o] MEL s DF - pi= &¢ 9} pr) WEko] Mg o
2o A ol DF- A¢ 9 T3l

222 f%aAi AA 3}

2} (2.20) 2 %32 24 ¥ (Finite Element Method)
o2 HFsr] AGE Yue Hojgloh He 379
Ayl 2t g2 2L 1070 AREE A= &
22 2gEg dutsle He w(S)=(u, v, w, 6,
6, 63, B, B2 B3, Y] = HAHLA U=[U,V, W, 0,0,
Oy, B, By, B3, I'2 th&-3} o] Yeld 5 2t}

u(s)=z:h,-(s>ui (2.24)

A7oH M(S)E ' d5HE 2 B4

PG SHFEE e gol FEOZA ehdin,

DF: &9 =B(X, u(S))aU,
DF- 7=B(X, u(5))7 (2.25)
o719 B(X, u(S))8) B(Row)EL DF- o9 9 A
BE3 10 12 )&%,

el A& AHRste] Ay shE HE LR A (2.20)
= 5 2399 avd g e 2 EEF
¢l o) 4k3} ¥-A|(Discrete Problem) & Ad®c},

1l

KiaU=t; (2.26)

A71MAM HAZAPE K} BEHEE fis 8 849
o2 A g3 o}
K=Y J BIS®1+FD’FI;BdV,

f,=F,—szB' Py av (2.27)

o133,

&4

ki

o7 A Fe @A) 24 BdskE wgolnt 18,
38 Sz 9 ©AA FAMEZ A [pP]; 9 vard(In
elasticity) © 2 13l dioM e dutz oz v A
Foz wgon AN Hos g st
Hatadof sic), gy G = 37 RE, F 9
Het 2709 EAAE Yo, Zzbel R sl
Gauss-Lobotto HEH S A&l tgozr HE
£ Peo} a8lm ZHo| WEFS T = Shear Locking
< BAE7 98t ZAAE B (reduced  inte-
gration) & A}ggtt},

3. 2 2d|(Plasticity Model)

@& ®3HMonotonic Loading) Al 2] g Wy
3}H(Strain Hardening) 9| 93ke dwtzy oz 71dh

54 73 & (Isotropic Hardening Rule) 2
, W% (Cyclic Loading)o]v} A aH(Unload-
ing)Ale) AMEQ ogAd AF, odE S9 Bausch-
inger A3-5-2 ol% 73 # (Kinematic Harden-
ing Rule) & 292 X834}t 28 o]2) 8 g
3 2d S 27) §A A8 (Elastic Unloading) ©7
o)A 93}=(Reversed Loading) & W& G784
(Permanent Softening) 2.2 Ho|xi& Ao A9}
2L AA AH4AEE B Jel A £80)

olf§t R FL FEIE AAEE Duwez[26]
7} 71414 R 2w 4 (Mechanical Sublayer Model)
< ALg RS AR 3, oA 71EHA S
€ #FA3ld Mroz[27]%¢ o4 249 (Multisur-
face Model) & AH4-3l o}=-8-8 (Multiaxial Stres-
s) e &) AEE HAFIA T E3) Krieg[28]9} Daf-
alias[29]% & o] FH w4 (Two Surface Model) &
£ ¥A=2H 2 d(Bounding Surface Model) 222
A wdS Ba3lA) 25, Petersson & Popov
[30]9} Popov & Petersson[31]& 3F&-2wH 3 3HA)
FHAbolo] B Z = (Auxiliary Surface)S-& A&
3ted Br} o] d4d3 o2 el Rees[32]e @7
A 73} 5|4 A (Filed of Uniform Hardening Po-
tential) o] oz olEAsYH 9 MdE FFA
A, HZAE[33] 3, F/PHEE Hed 9 7Y
HE Aeksld o

olg gt F713 2= d(Cyclic Plasticity Mod-
e)ELS A4 AR AFL F Uz AR 2
TR A H§stA & B oz, vE
2dE9 FHE A= FAAMNHLE §8FHY

7
ks
2
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zdo} Ygsaic} vAd 744%4 4 (Nonlinear Con-
stitutive Equation)& Simo & Taylor[34]7} At
&A@ HEAA A4 Consistent Return Map-
ping Algorithm) 3} o 7] A A Qraly MEE ol F
Haby Ao mulat Agsle e FIch ARG o]
7N He md e 7t whialE GAnich AR
zary AzpE el B2 ol og, o] myd
g dee MABLES AR Alge g 7
B 2 E

3.1 S Hsl(Isotropic Hardening)
v 43 =ukd A sby F (Nonlinear  Isotropic
Hardening Law)2] A&l nd& Fig. 3.13% #

a1, SRR xR E o g oo
) (@) i+ Ko+ (kx —x0) [1—e P 1=x;+4(Z) (3.1)

(@)
3

Kt

Saturation limit
KQ
Initial yield plateau

|
- > 7

Fig. 3.1 Nonlinear isotropic strain hardening model

Yield Surface) 2] z7Int7o]
7, K& A¥78kg, 18ty

& 2448 z7)1golth a8 Wy P2 thE
po] F¥Y = 571 24 ¥3¥ 5 (Equivalent Plastic
B

Strain) £ A 3+ Z E(Yield Plateau) © 3181l

et

_ 0 0<¥ <

o {zﬁ—ah Za<? (3.2)
A7 Epe FEFHE T3] Aol E vrebdct

& % 2% (Effective Stress) # § &4 3 = (Effec-
tive Strain)& o]&3le] ojuWd &F e Az 3
£% 4 A& s 28-¥¥T 54 (Universal
Stress-strain Curve)2 AH&¥ 4 AH31]e 714
slol], YrsR Ao 202 HE sFSWe] BAES

KEEATRAR O B304 43 19934 114
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&
-3
Surfaces) & +%%
i=]
!

& R 1 AYHE A% 2ol B4
o §7h AU S GFATE AU WGS
o thg 3 pol Aste,

=@y (3.3)

2R Aol E dAS Y} YANEET} § 8
Y fFad¥Ee YXFPoR ©@E —~HHE
Z QRN A FakE ziol Hal s,

3.2 ChE FI|1X 2AMBPU(Muitiaxial Cyclic Plas-
ticity Model)

R a2 e 9o WY Fslgkry U v

¥ S AEgea e the ) ol Yusl A

4 At}

>

.‘

w

N

Ktm =k { — 1) A(F e 1+ AF )+ (= 1)L 4 (& v

m-2 ) m~2
+2A(Aé")+2;0[<—1)'"+’“ 24(Y AP+ AP)
J= =]
m— 2
+(~1)"24( % AP) (3.4)
=]

AN T t& mAR G3FA 9] B 2AAEH 0]
3, AP - 12 A& - AT ) o) Th

9o md-g Ha s A 44 (Implement) 3t7] 98t
o, o2 e FAS iy A4S (Internal
Plastic Variable) o] " astt}: HalE4e 2 &3
W3, 57 2AUYE, SRR 34, S99

e

s AAAFe $4, o TN g Hael gE
2 4. A deEel iE BRrde o

et

U[O QSL 03'_’

=

L

¢ (m)=—%‘émlfm"—§*xz(mﬂép)50, Ew=s—o'tm (3.5)

A7) M miA FIHHEE HAEF) FHA ' m e
e o FoldAel g U FHo2M, mi A
F7)9) spgAHol e WskA) gt

Atal 3 Qe 2ol BT ol F L Fig.
3200 AAROZ F Ueht Aok R I BF
il g wAsH GE% ohew 22 Aoe Erh
% =wo]l N2 P2 Y W SF T YHES ¥R

1
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AL AT ¢ AAT, 24AF o] ot Fot
o= #FEwel IV mfe WA Y Aoz
Hg @t ol HHEELS &3 2o] Fejdrh

f"(Sn—B(Kﬂ)-——Ko, f”+1(S,,+1 —ﬂ("ﬂ)):xo,

F(Si—am=x%,  FS,1—am)=c""3(3.6)
A71N QAR k+1L kHlHA AANE PRIy
7L aEEE P s ane vy Y, gu
o 24 g5 QA 228 Yepdh 28,
734137 (Updated Stage)ollAle] gEIAI} 315

s whe] Apolol s T} 2 AT ATk,

(x+1)

Set1 —am= KK (Snt1—B*M)
0

(3.7

o|Rez ¥E gEIw9 HNE 24 Ve o
T 23, 9838 (Reversed Stress)o] witju}dro &
AP S ASG dod v N2 SiEEe o
&4 2 (Field of Equi-strain Potential) 2] 4] aimt1)
o] gt}

ﬂ(K-H):Sn-H_ (Sn+1_ﬂ(x+1));gc%ﬂ (3'8)

Yield surface
V3t  Common tangent plane after updating (")
A’

See gl 4 Yield surface
A T NS, before updating(/**')
B/

Loading surface
after updating(#*')

A i

Loading surface /
before updating(F} /
° e

Fig. 3.2 Translation of yield surface to subsequent
loading surface

33 Aol £X|5HA
A o2 v BE HFATHE AANA, 91
st EdA asdde F7HA PH$Egel (Loc-

ol 4zt &4

ally Plane Stress State) 2 }3%ich, gl 343
wg A o] ARWo 2N Simo & Taylor[34]¢] 4%
B SALGALE A SEH A LR E HY
sle] Hg3ic) ©4 28, Wi xe AP @4y
AA L= o7 2

E 0
S=L[sn, Sil'’, E°=[Ey, Esl, D={0 G} (3.9)

Sush Eve 22t Aeed s dgddseA 2 aa
o wgel o8 ohe3t 2},

Si(web) =S, Sy(flange) =53,
E(web)=E),, Ey(flange)=E3 (3.10)
71N A ARgsta Sl it VEAHQ] AEe @
A GANES YU FHY Jgoz Q3
gutr3te 274 % (Generalized Midpoint Rule)
< H L3t vEAEALE TEHSte A2, New-
ton-Rahpson W& 23 Ao82 £AAFE= 9
g &4 4 ZMASF(Consistent Elastoplastic Tan-
gent Modulus) & A 4tst=d Stk

F718 24w d& olef ¢l Table 3.1-3.3°] 8.9k
o] glth, Table 3.19) 4 (3.11)8 HF A4 (2.20)
o thgdstd S8 Ad o tiste FFPWPAE w2
sto g My sAZIc) o] A AdrdS F7)
A u|v)d 337 = (Cyclic Nonproportional Load-
ing Path)ol] ti3t A|ihg 338t Fig. 3.37% 2&
A#E dye, oA AFAAR[35]9 FAHHL
2 e F XA UL vFo] Hol B AR
42 AT 5 A& Aot

bR

My

4. FXIsM R oF

293 A2y vdEuz o)ydslE SWATHA
A Ay vdg FE3td o] mdle] BHFAHS
ZApstnAE Bl Fig, 4.1014 B npel 2ol
SWATHA 9] Fgddwo] VIsetx oz dAAE 2
otalod o] XL F&atar, Aule) AdR AHdd F
o AGEH(V,), £4 Adxd (V)3 E2a(TE &4
Zt NP E v 7 A2 o] B X5 A
89 EAXEL g7 gvh: L=40m, h=10m,
b=5m, t=0.2m, 17=0.2m, E=210GPa, G=80GPa,
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Table 1 Cyclic plasticity model

(1) Update strain tensor and compute trial elastic stresses.
Ev1=EAVu, S5=D(Ey1 —E), n"=S"— o, EE=S"— "
(2) Check the trial elastic stresses for yielding state under the mth cyclic loading stage from Table 2
(3) Solve ¢ (4i)=0 for i, enforcing consistency condition at #,+ from Table 3
(4) Compute modified elastic tangent moduli : E(1)=[D"'+1Ql7", Q:—é— [g (6)]
(5) Update stresses, plstic strain and back-stresses of yield surface
ey =Z(A) D755 1y Se1 =10 1108 B = B4 +AQ7 014

. =& +V 234 (D), ($ (1) from Table 3)
V=8 1 —(S,. —a(n.))}%% from Eq.(3.8)

(6) Compute consistent elastoplastic tangent moduli:

iy . EQ7.,.)EQ7 .0
[T],H—]::_ B oy '—nrﬂl
E 7 a1 Q:Q” /1+l+v n+l
Yn+1=%(xt:1)))n+l
where, a1 Q7

1-2/ 3(x(h) wiid

Table 2 Check of trial stress for yielding state under mth cyclic loding stage

I$ Bl=11/24":2"—1/3ml <0?  (xm from Eq. (3.4))
YES : Check the stresses state for the current yield stress
lWEI=11/2(% 1 (¥~ 1/3k5| <07
YES : e Update the current strains and stress, and QUIT
NO : e Update the center of the new field of isotropic hardening
potential from the center of the current yield surface,
(Bt = amin)
* Set w(mt1) = am), and compute zE=SE—gn,
¢ GO TO (3) in Table 1
NO :GO TO {3) in Table 1

Table 3 Determination of plastic lagrange multiplier

2/3(n | 29"

3 2( 0y —
W =2 /3EF T (T H2Gi™ 7

(2) &fW=eL" " V27348 (1)
(3) ¢ (A)=1/28 " (i")~1/3(ef™

Ot _ 30 _ A
(4) A=y THT’%

E 2 E\2
§ G == (1-2 /3 < GOy G

(1+2/3EY T (1+2GA™Y
(5) If |—£%—|>tol, then x < x+1 and go to (1)

1~2 /38 2™
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shear strain

ol 4, Z&4
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-
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axial stress

25 T T T T T
a -
o L.
7
w 0
]
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R .
—95 1 3 1 ) S 1
—=0.015 0.000 0.015

Total Strain
0.015 T T
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! i
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a
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Fig. 3.3 Cyclic nonproportional loading paths —model behavior

Fig. 4.1 Channel section beam

k0{=a) =330MPa, kx (=a,) =480MPa. k=0, y=15.0

Z4=0.025.
WA AdRe] A 3 AdE(V,= 0.1
MN), 3 dd€(V,= 0.1 MN) 3 E23(T=1

MN-m)E 7hz A2 2§AZ w, do] ggoz
s/Hel Q48 AMgstel AfTel A7k w(of 1.
Tm)o Mol dehg vy eH SRl AN AR
E3% 258 =402 Jepd B Fig 4.3-4.59
2. grel Agds PN SHRS T
71 A5kl Fig. 4.29F ro] 9] 2 2 2ot} 5742
Lobotto 2 HEE Abgstel Alusgich Al 2
HAEe Mol 2ol A SABEH WS YA
1

a3 Qeh. olE o) BEelA & 4 Uzo] Bl 9
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o weElde PHAFHRY Ha-EHol AMrH
AAE Alsta de 2E g F Utk olHez
Fo] dudygoz g Mg BxE Yot
A FAse Aol dastn, A7t A AE Hof
g woll = 153 H eVt obd tEH G E 1Y

5 4 3 2 1
. - --— L —y
web
N 8_ (3]
5 3
g 3
[ae] = % Lo
a =]

j=]

2 %
~ S
w w

Fig. 4.2 5 Lobotto integration points in elements

o
bottom flange —37.49 —31.00 —18.73 —6.46 0.00
web 37.48 48.21 56.26 48.21 37.48
top flange 37.49 31.00 18.73 6.46 0.00

(a) Shear stress(107* MPa)

bottom flange 12.69 12,69 12.68 12.66 12.64
web 12.69 3.3 0.00 —-8.31 —12.69
top flange —12.69 1269 —1268 1266 1264

(b) Normal stress{10™* MPa)

Fig. 4.3 Stress distribution in lateral shear force
V2=0.] MN

AMGEATR AR K 304 4% 19934 1174
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d
bottom flange 60.00 6678  60.00  27.50 0.00
web —60.00  —39.28 000 3928  60.00
top flange 60.00 6678 6000 27.50 0.00

(a) Shear stress(10™* MPa)
d
T2 227

bottom flange 20.29 623 -2029 468 —60.87
web 2029 2029 2029 2029 2029
top flange 20.29 6.23 —2029 —4685  —60.87

(b) Normal stress(107° MPa)

Fig. 4.4 Stress distribution in vertical shear force
V3=0.] MN

stedol g2 @ 4 Urh ggEoz FHAY de
o]g} Bo Aekgel B g HEsA FHE +
& Aot}

go £3 AGH(V,=0.1 MN), 53 Adg
(Vo=0.1 MN)#} E23(T=1 MN-m)E FAlo 2
£ o, 19 B9 o] Af ol 77 2 (eF
L7m)ol A e AekgE ) My 22X Fig 4.6
st gvt 4PN W2 7 FFES A8 FAA
o g & A8k et

Ao 3 AGHE(Vy=0.1P), 3 Ad¥g
(V,=0.1P)# E23(T=1.0Q)& EAld F7|8e
2 ZgAZ u, 7 5o st A B A 2
2 a7 EE o] e L A Hokrh o7
A P9 Q¥ z+7z} uld sk3(Proportional Load)#
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e
bottom flange —7854 —109.90 -—117.80 —58.35 0.17
web 78.72 11.34 —39.27 11.10 78.36
top flange 78.48 109.80 117.80 58.48 0.12
(a) Shear stress(107° MPa)
/ e
bottom flange —79.25 —42.80 26.47 96.03 132.90
web —=79.25 —52.12 -0.21 52.17 79.95
top flange 79.95 43.09 —26.64 —96.02 —132.40

(b) Normal stress(10~° MPa)

Fig. 4.5 Stress distribution in Torque T=1.0 MN-m

W] # E 23 (Proportional Torque)E& uepdt)
ey e 71zt 2239 1/10 A71olx, Arc Len-
gth Method & Al§3ta 8132 ZEA7E tlaldl
HAE FMezA B g3t orMe
HE Y2} Fig. 4.79149} o] #7130z &84
EdR=2

Fig. 4.8—4.10%& Z l5d & 719 A%& o}
B3, AME7)t gEE 7h= 3L Fig.d.11904
9} gol AEr 2 Pz Jeht gk o9} o
TRE A EFH] dFo] &3l Ao
H3te F719 s EsE 44 A4 & AU
a3 3ol A AV v A 5 Asledd o
2 A=A A% £33 bl Foln}, Ko ol 2

o), ZEH

e
bottom flange -56.07 —74.15 —76.58 —37.32 0.18
web 5625  20.31 17.01 98.60  175.80
top flange 176.00 20760 19650  92.44 011
(a) Shear stress(10™° MPa)
e
bottom flange ~4628 —23.84 1887 6186 8467
web -4628 —2353 2006 6413  87.53
top flange 87.53 36.67 —59.60 —155.50 —205.90

(b) Normal stress(10~° MPa)

Fig. 4.6 Stress distribution in V.=0.1 GN, V;=0.1 GN,
T=10GN-m

Right
20 -

1.0 |
Rotation l I
(rad) 0.0 ] I |

1.0 |

20 L
Left

Fig. 4.7 Loading sequence

Transactions of SNAK, Vol. 30, No. 4, November 1993



SWATH®] #+28]4& #3 Thin-Walled Beam 5.4
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-300.0 1
—400.0 7

—~500.0 " 1 . L . . L .
=10 —05 0.0 0.5 1.0 L5

Rotation (rad)
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|
™
s
=]
T

Fig. 4.8 Torque — rotation curve in cyclic loading
response

40.0

30.0 b

)

10,0 -

® -w00r / .

a ~200 F .
-300 F .
—40.0 4
T T o0 25 50 75 100

Vertical Displacement (m)

Fig. 4.9 Vertical load — displacement curve in cyclic
loading response

40.0

100

o
=3

Load (MN)
I

—200F .

=300 1

—40.0 [ 4

—~50.0 i i 1 i A 1 L L 1 1 -,
-15 -10 _ —05 0.0 0.5 1.0 15
Lateral Displacement (m) !

Fig. 4.10 Lateral load — displacement curve in cyclic
loading response
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.—».—— ——»

Yielding gropagation

bottomn flange
bottom flange

(d) 4th Unloading state

top flange

bottom flange

(b) 2nd unloading state

/////////.

///{n/////

Y,
B

bottom flange
bottom flange

(c) 3rd Reloading state (f) 6th Unloading state

Fig. 4.11 Yielding propagation during cyclic loading

£ @ FoolNE Aol tu eyoze ¥
A7t EEE ASE IR Fig. 411404 = v
By ggskeh, AR Aol HRAYoR urh A
fan T3 dudYes A dugdr AR
grzo] nHPo wrt LAY Aol
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5.4 2

SWATHA & 3#3 = BEH) ddtd 22
=& 713 vt FREZ A, e HFFe
g sl 7+ FERA 2 AMEH) BAFHH ¥
g A pze HF T UMY 2L 7553
vl e 5e ol H33et A5-S Jepdch
7147 @AM e AR HQ F, B3 W
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