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Application of the explicit time integration finite element
method to quasi-static metal forming problems.

Y.H. Yoo .* D.Y.Yang*

ABSTRACT

In the analysis of metal forming problems, the explicit time integration finite element method,
which does not have convergence problems, is frequently used. The present work is to assess the
applicability of the explicit time integration finite element method to quasi-static metal forming
problems. Compression analyses of thin-walled tubes and solid cylinders are performed with differ-
ent loading velocities. The computed buckled profiles of thin walled tubes are compared with the
theoretical and experimental ones and it is found that at sufficiently low loading velocity, the
explicit time integration finite element method accurately predict quasi-static buckled profiles.
When loading velocity is increased, the computed bucklied profiles of thin-walled tubes are very
sensitive to loading velocity, however, the computed profiles of solid cylinders are less sensitive to
loading velocity. In other words, the geometrically self-constrained specimens like solid cylinders
are less sensitive to loading velocity than the geometrically unconstrained specimens like thin-
walled tubes. As a result, it is found that the geometrically self-constrained problems which
include the greater part of metal forming problems can be efficiently analyzed with loading velocity
control technique.

Key Words : Explicit time integration finite element method (9& AZ&E #% 844),
Quasi-static metal forming problem (44 F449% &4). Loading velocity con-
trol technique (ZIgt&e Z3H)

T FAEREY ed ZlAZYS

53



A YA A128 125 (199543 129)

.M E

249 4 daz VA Aok B4 AS
2 BHE Y ARAL B4 1 IWe 28

o|&38e 2£4¥ (metal forming)olth Wy &

& 4% AFL 399 oot YUHEZ AFY Y3
A€ o7 AdAE AAFln F&AH 8 44

7t Adeit}. 28 dAw 88 Aol AFAA
Aol Holele] oJEBle o|Fold fout A2 /&
849 (finite element method) & o4& A4 &
98} (computer simulation)& 3 3% 4% 33
A4 2 29 QA | Aol g Q75 e A1
Aot F& A9 FF AN Bol AEHE f¥8A
4 Pgdle WaR Azt AR 9 (implicit time
integration method)& AH43 &44 4 (elastic-
plastic analysis), Z&4 #4(rigid-plastic
analysis)¥d 5ol F2 o450 gt} 53 744
it aAge BhA 58 g4 udld WY &
EFE 3A FE& F Yol A4t Algte] Folxa #g
T Fhe FAYE) F& Y 3HY FH49)
2 Wol AMEEA $tet.

@ Azt AE fEk 229 (explicit time inte-
gration finite element method)®¢ 2% ZE,
¢ g4 § ARY 1% WF AL Hos) 93t
o 197084 o) F Fu] ZZo)N AFHe g}, HZ
de A8d 5 40, 14 49 3 AN F
dq Z#Rem AHgsger U4 ¥ (sheet metal
forming)68el} HRES 2449 (bulk metal
forming)® Al #43 7 (quasi-static response)
9 dZzd F4seE Q771 o|FolA 3 it

gAF A AR 43 a4 i A} AR
FH 84N vmd 2W SdF A AR wbpe
Had Azt A% st 22 A4 P (stiffness
matrix)& ©% ¥87} 812 2P (mass matrix)
€ 9% A FFH(umped)A71H #E Hug
(matrix inversion)®] Y8Ae] glojAmz A4txg
Al AFE d2Es daa 3349 Aol Hojdd
=g AARoR Zzode] £l YdF A7
e Py Hgd s #§ At FE(time
increment)® 3 Ao 21 WH 3 (vectoriza-
tion) 2 W38 (parallelization)7t ¥ FHo] 9o
U Azt FE 3718 33 ¥ 9 Courant 70l %
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¥ o =7 (stability condition) & =X A} &
D2 YEd A A& P Blate] Azt FE A7
7} FolAle vdE gl ey 845 4Y B
Ak el A= wAYH (material nonlinearity).
713188 ujM 84 (geometrical nonlinearity)®gt
olzl H&E BASZAE HE wHEA (contact
nonlinearity)e] & A1 A4 dF Ak #& o
Hol A A A whgun gwidog {%k A
27t gon 3349 BAlg go] sMdor & A9 T
B7F ARE B4 of Age] FalE Al

£ =RdM= €34 5 4% A 44 g
a8 A7t AR 42 aade) 4848 H@oiss) 9
g A¥Rert B3 IR FE (thin- walled
tube)®] A2 EAE 43t BPAG] o2 2 A
2749 vy A dHsher] dHEslz P 2@
474 3% 49 24 44 A5 A AE /3
SaHE ALY o A AIZEE Fol7] $iste] Hof
AeEE AdEE 289 (loading velocity control
technique)9 €}94-& #Hrlslr] At vt FBg)
Z4 A9 (solid cylinder)d) ¥¥ &%) g WY
Roo] HAE Hg FEslA 7)35gH P4 iE 7}
& 2P A 4§ 7he RS BAEe 2AY.

2. Slotx Azt ME S8 24

A9 AT AL KT LB IgE Wad A
7+ AY #§F siyde g9 A 24 FEE AL
A 3 mjA7t @A} 84 Yo Ry 2+ AY
9 43" (nodal force)& AN & 4 H39 %
Age] e 2 27 (contact condition)s &3}
€ 7HEEE Teln gdF AL HEE Fskd o
Azt BAe) 7 AR £xo MYE A A
o AJE WSt £x2 2E 7 g4 g0 Wy )
(deformation gradient)® %X T3 (velocity gra-
dient)& Toto] WHRAE EXLE AN T FoA 74
34 (constitutive equation)ol Wddtd 2t 84
of ft gL FaA drd. o|@A e} § Azt BA
o] #Ae] FHAHW 2t e £ Aug Ry 7+ A
A9 W (internal force) & Al4ksie] ¥4 713
2 #)¥ (external force)#e] Aolz ¥H Z P9
A2 AHY LT AYE F# U o] APE L wiEe
2 7 HAd dg tEEE e oA 9494 A
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Boked the Az A 24 4PN S5t
»\Lz} £ A%, olsee ARE Yok A2
dd #9859 3% A4 23E 92 5 9

94?'17—‘1 At RE 73 2489 dA AHEEHE F59
A2 e ukd AT PEE B9 A4 AWEE v
2. H24E HYE Hstd 4 F% 279 jlvk=
FR A 29 A2 (central difference
method)& AHg8tel Foizl AEEE ARso BE
A9 A UAE ALY 1 T 7 FERAG
A &2 gEke) 2R P42 (kinematic con-
straints) & TEIEE 74 Ay A P& 7
t} o P50 AFHE FFE A9 F FHY &R
g ALTE FEY M 7 B3] 5 74
Z220% HEIEE 7 AP 49 NEEE
o HEY A FAWFE vinzAE A A wpEE
2837 9%« Coulomb ©hE sdo] AlgEATH
% AW oA HA weke) Mol 7 o)
4™ Coulomb vlBA 49 FED Ed: 539
Aol FHFsts moE o] FAHT 2 wpel
ALz vinfAe] TAEA G2 AR

B =AM AHE" 74 WAL von Mises 3%
Z73l SW733(isotropic hardening)el 712% &
er2A 249 (elastic-plastic model)o|™ w3 2
g 7HA

a= 00(1+—E—) §))

€0

Fig. 1 Undeformed mesh for case 1
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d714 & & 7t 8 (equivalent stress), &
£ 57 £4¥YE (equivalent plastic strain),
Ot HE $¥(yield stress), HEE

(reference strain), ng 7}1EA A+ (hardening

g, e 7&

exponent)o|® £, = ¢, /EZ a9 ¢ W E=
9&(Young’ s modulus)el=h.
3 35 4F iy st "4
3.1 -’-“-’é"—“" Exol| cist M4
3R 24 4% A9 AT 9428 AT AR &
F aiwe HEAE HoE] g5t HERET} A
He] Yo NAsA Edte I3 FEY F2 £4

g d48ld Kunogid ©l& a4 A9 2 Biswas
g TravisFel 449 ZAn0le} wimele Bkt A4
o AL+ AW Z7lE Biswase Travis?t 48 A
£% AR =279 FY8A Feder 973 D
12.7mm, W74 D& 8.7mm, FE ¥ F4 t-
2mmelth. & AHe) o] H e oA did gold
W71, 2, 39 @¢ ZHES 27 12.7mm,

Table 1. Conditions of Computation

Computation | Diameser | Hebght H/'é Typeof Dis velogity | Fiietion
case no. D ooy | #, tmm} , | Specitten V(mfse.} eoofficient
1 127 127 1 Tube 1.0 Q.05
2 127 254 2 Tube 10 0.05
3 127 ECA 3 Tube 1.0 0.05
4 12.7 381 3 Tube 100 .05
3 127 381 3 Selid 100 . .05
] 127 321 3 Salid 00 003
7 ; 127 34 3 Solid 50.0 0.05
§ 127 381 3 Salkd 100,0 0.05
9 127 38 3 Salid 200.0 0.05

Table 2. Material coefficients for computation

Maeriat mode) Material confficicnts
Elasdo-plastic YicM sess " o= 1.03 (GPD)
marerial model Referencs smin £, = 0,0049
Swrain hardening exponene 0= 0.008
G=0, [1+_§~]n Young's modulus E = 2103 (GPa)
£, Paisson's ratio v=02¢
Density P n'7.8 (ghom™




FZA Y TR A128 A123 (19959 124)

\

{ )
C )L
(a) (b) (©)

Fig. 2 Profiles of the buckled thin-walled tubes,
after Kunogi®®
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Fig. 3 Experimental results of the buckled thin-
walled tubes, after Biswas and Travist!!

Ho Ho Ho
@.po=l () 52=2 (@ p2=3

25.4mm, 38.1lmm=z #ske}.

A A£H AR T2 4249 4§ Eolg
19l 498 92 Jehf? Fig. 1% 2,
43 $52 YHen % gL 44E 9Xd n
ANA ARE a0 FEHG AHA ol g
Coulomb #H&A$ &2 0.058 AHe3ldnh &4 =1
do] F4= thF o)A ek 35 Tty £29 Ao
2o ¥t AFE BdS fenz 4 zde &
2 uikS AA] Aale] AMEstgc. WEHAP o] FHA
o] =i A¥ FH Y &x= AF$ ZF
lm/sec. 2 83 A AgaAct, AdzdE 39
3] Table 14 case 1. case 2, case 3°1 WER%
o, @9 Ao Al2d AE AFEe Table 29 4
el it

Kunogi¥] #14 2112 A# <A i3 gol9] ¥
7F 1, 2, 331 A9 diste] 2@ez A Fig.
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2% 2t AA¢] g weolo] v|7} 1, 2, 39 F;E 7t
Aq 22 14, 24, 34 A9 wWEY Ye) (barreled
profile)3 7FAWA Fgo] dE= AL < & 3
Y. Biswas % Travis®l 43 4%5 e Fig. 3
g B9 97 uiFd ey ¥k 1, 2 9 A
Kunogi®l s Zztel 4% dart & dXse A&
& & Atk B 7o g ole] H7k 3 ¢l A
T Agel g7 HlE) 1UF ZojAA EH FZ(lat-
eral buckling)el 9HAE2 Kunogi®] si4 23
oo} YA o= Hlsr] oot

gdA A7t AR 58 22U E o] 43 4 ARE
Aelgte] 2+ AlHe] 7] Fold Wt 4d-&ol 50%7F
4 g7 Axg 9w $A4L Fig. 4, Fig. 59 Fig.
6ol VERIRiT A dig golg) w7t 12 Fol7t

< A (Fig. 49 2% WEd g7l ofn <tep
16.7%°04 BA=el 1 F A% 43 B3 AH
o Fol7t molAE WEY Fert zFolA e A7I7}
A2l 2o12AA 7o) tig Eol9) H)7} 291 AJH (Fig.
5)e] A% 4atE 16.7%AA HHE 237 AFso
4ot 33.3%04 F3iT vlEd FYE 2FA =
AR h{ wolo] st 39 AlH(Fig. 6)9 A% &
3} 16.7% = vEd BeE AY ZFA Zahz
&otEF 33.3%1AFE WER BHE 2437 A3 5
dotEF 50.0%14 f9F FHE ZFA do =3
RE AfAM A &= Aol He o7 AH AE
o she] Hdld] Wy AT dANA A=A R
o}
7t A%9 HF 9¥ P4 WEL 4ot AF
2 dud B iy A7 2 49 A} s 2
Aty o|ZREH AAF AT FE A 84 W
Bey vgd Bely U4d vk FHe 244 ¥
3 APL 2 BAE F e AEE G F g
3 2 88 2H ME st TitET =EYS

Etete dE

AAA Azt AR {3 4G o] sl A4 o
AW N2"le sle 43T Al FRRAAT ¢
FIEE P2AE DFAAE g} o] 22 v
Hoz AL

At=s2/w

4714 dte H2AS WS Az
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Fig. 4 Deformed mesh of Case 1
{a) At the height reduction of 16.7%
(b) At the height reduction of 33.3%
(¢) At the height reduction of 50.0%

(a} () ()

Fig. 5 Deformed mesh of Case 2
(a) At the height reduction of 16.7%
(b) At the height reduction of 33.3%
{c) At the height reduction of 50.0%

() (15) (]

Fig. 6 Deformed mesh of Case 3
(a) At the height reduction of 16.7%
(b) At the height reduction of 33.3%
{¢) At the height reduction of 50.0%

[FE— -

= #4anA ke A2 Ho Pegpelty, £ =
FolM= oY HFE AHY 24 (four node uni-
form strain element)e ™3de] Flanagan®
Belytscheko?t A|ghgt 2|U20& Algsigion) Al~g
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HA g AR AL FEFE BE 84d U5y 77
2 Al FBigte.g AajAc)

AR F& HY 34 28 A7 tekn o Y&
#3857 dalde /409 AL FE AL
gosity, zd 98 né Y FHE A jE
9 244 49 ZA9 A5 dtel Hsq t7}h ¢
AN A AzEe] VF Bo] 2eEuR ] Bile
g}, old EAAE dEs] ddAe X AEH
= ME4eg AAE 4REY /A 34 4F
T4 2247 tB A2AFAY 4t AAE 7)1 W

& AMgEl A AIZEE TAA Ak dt AR
e iges 23 £: £=23Y (velocity
scaling)o|glz 2= 2ol glon Fxld= AR
452 WA ARe vdn 23 ZaAde 2
F24Y (mass scaling) 5l vt £ Axe] B4
o AsS FAStR AR me{sld AA A A
»d9 #3F A £EE A7 e YE 5= ¥
& oueq Fald Fech AU A% 23 YL
Hadze A4 9x7 dang JFE F AF
2l 3E& ARs F38 Folof st NS F
71E HEM T e HhEMS 53 £Fo] B8
o= wde] sldh

74 AY 33 844 dutRez AMARE Fo|
7] 95t ®Wol AMHEEE e A &5 23 iy
o}, v it &% FH e HEA AR &
ol & &% 20| 7hed 4 Aol 47 gut

< 5
W

¢

%

£ Aot @A ASHE AEe B 8F o
9 &% oluxe) el 5% o7t HEE o 3
B3 A4 A4 Alade 44 A% $18 e 4
A A5 el 34 A% 3719 100 ool =%
Gt WEO Foioh 3ad A PUE A
AL BA A4 A2ds BHE AN Y
AR 2% 3718 W) Falob Brie wAl Yok,

2 =RdAE I 45 2aYe 448 Wk
7 fiskd ARe AseE 74 37k OE 48 F
2 Asst 38 496 ABd gt ¥ 458
AN AMe 99 F A58 g4 B Ut
4 ouAd B &5 ouAe g Sol o FE
g B0z 719 4% 289 BRYe dEIE @
o,

AR T4 FE7t AL AR AL A S
2390 43 914 Ao WAL LIS Bl 3
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o 97 W Eelg H]7} 391 v T2 AJHE A
B 289 &7 £EF 10m/sec. E 8o ANE £
ek, ALZAL Table 19 case 4 of Yehidoh.
2E A 22E case 39 21 3% 339 G &
=5 108 E7HAF T

4 ZAnE Felale AU gateo] 50%7 2
AR ALE B8 HAAL Rig. 74 Jeridd. £33
&4 (Table 19 case 3) Z2AE AwHnW et
16.7%99 A< wEd ddggle] ¢4 ¥E =g
Holuk A8 F8o] 47 £2E 108 S g3t
F 16.7%04 F31g WED et AAe ol 9
Y R dAd ez SAHT WEe| FYs o]
Aol 33.3%°1 o1=W F3F HHU A% 349
WE2d Hes A=Y 9 389 SRS 10w F
7ANZ A4S G AHE Bd 229 e By ¥
Bt ARE A&dle wEde] A 2 HeelA 2
ol & Helth B3] oldF AZH49 WY eyt
A% 32799 ¥Y &57 wWE AL AT 4 9
ov ZAAROZ 719 £X Fo| o T AHe
A5k SFe] Wit WY o] AAF AL & F
dek, BT 42%9 W RE AF £49 ¥ 43
5o AR AHRe el Wty 8y ZAge) Juig

AL E F U oF 9F AZ 29 £ F
7bol W A9 7 i $F #F EYde d
old W¥el AR g3 oldE FF Y ¥
Wdo] AREo gl 5049 A HFY 4L
Fig. 79] (d)$} o] doj7e,

WY &5t & T A9 A% d9% F4 Fig. 6
9 (¢)¢ Fig. 79 ()& ¥zs) RW F 7 fo ¥y
Fgel 2A G AL ¢ 5 Ut NEDY Y4 2
AF7 dan Alfe F3e e qAAE Fel
7t dth ol e AMERE wit FHe o] AHY
NeER & 2] FdFen T2 BA9 B 7h
gt $% Aold mE WY R&o W) HJgEz gt
& 2AYd 9dte] APARY FIH AL o
2382 Amshe A% AAE FEL e7dE A
= ¢ 4 Utk

7EEy 74 A0 2 A9 A, MR 2
Ao A% 4 A MjA= AHE 4HE7] 95
9739 gt wold] v|7} 39 £4 d#Hd AHE 47
28 % £5Z 10m/sec. 2 3t AME FPEA
o, AAZAL Table 19 case 591 et 2E
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ARZAL case 49+ 23 AlHe B4 vl FHo
A 4 4992 wRsAg

4 ZAE Hste] A gekge] 50%7F A
742 At W8 #4% 571 &4 WEEY ¥y g
Fig. 8o vehfigict. #3t& 16.7%94 (Fig. 84
(a)) NS B9 FoA ofZED ] 43 JPoz
MEAEo] 2 2L AN AR LT ¥l 19
Hy g A& € 5 9. &5tge] Srkede g2
AgE Bolv] HFHo2 gatg 50%7F 9 0.8 F
F9 FYF T &4 W¥E S 7Y oy A
HAAA L HA 2E e WIS 3o 25 A
5 ez Yehioz AlH e 39 3 gt
&9 Zolo] oJ& FFL A e e B}
aev geke 16.7%Y W AU FERNA G &
4 WY Eke] 0.290 TT49] e gt tay 9
AL 27| 7AgEEe ko] tha EAdYE A&
GA SR T HF WY Fdole AY FEFEE WA T
L=

NEtEtE P& A=t & AlHe] A% AR F
W7t HF AN Ao vXe 43 AHEY] 93y
A7 e Eolol H[7} 391 T4 HUn) AHE PR
¥ 37 £5E 20m/sec. 2HE 200m/sec. 74A) ¥
FANA ALE AU AL2HL Table 19
case 65E case 9¢ Vet

7t 2T 2 20m/sec. 2 F7MA7E atg 33.3%
AR sgel 7WSF X Aol g witiA WY A
£ i HolAwk ¢halg 50%d o2 AY A #
g AYgL RAFEL. S, ISR 2 9dte] AW

[ 1) ] [

Fig. 7 Deformed mesh of case 4
(a) At the height reduction of 16.7 %
(b) At the height reduction of 33.3 %
(c) At the height reduction of 42.0 %
(d) At the height reduction of 50.0 %
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Fig. 8 Deformed mesh and equivalent plastic strain
distribution of case 5
(contour level @ a=0.2, b=0.4, ¢=0.6. d=0.8)
(a) At the height reduction of 16.7 %
(b) At the height reduction of 33.3 %
(¢) At the height reduction of 50.0 %

w i3] @

Fig. 9 Deformed mesh and equivalent plastic strain
distribution of case 6
(contour level : a=0.2, b=0.4, c=0.6, d=0.8)
(a) At the height reduction of 16,7 %
(b) At the height reduction of 33.3 %
(e} At the height reduction of 50.0 %

o HAFHQ & BH AFE 438 &
Fig. 89 (c)¢ Fig. 99 ()& vlmwatd A
Toke ael7} gley 571 &4 WS B gt
Aol Bel it

7tAEEE 50m/sec. 2 E7HAN 7 #4 dR (Fig.
10)& 49ed A AYgagd 244 AgE A 2%
3 27 24 HEEY ¥ AR gAY AL ¢ F
Ak azu S7F A4 HYEY BE AL Y &
57} 10m/sec. (Fig. 8). 20m/sec. (Fig. 999 o
g dades A2 ¢ £ 99, & 8238 AHY 9%
e v gRE9 X 2 /) &2 2
Aol oJsted AW AFH £ FF A%S dSde
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) ) ©®

Fig. 10 Deformed mesh and equivalent plastic
strain distribution of case 7
(contour level : a=0.2, b=0.4, ¢=0.6, d=0.8)
(a) At the height reduction of 16.7 %
(b) At the height reduction of 33.3 %
(c) At the height reduction of 50.0 %

Fig. 11 Deformed mesh and equivalent plastic
strain distribution of case 8
(contour level : a=0.2, b=0.4, ¢=0.6, d=0.8)
(a) At the height reduction of 16.7 %
(b) At the height reduction of 33.3 %
(¢) At the height reduction of 50.0 %

el ta Rt drke AE ¢ 4 9.

olg]dt AL &SRS 100m/sec. & F7HNT
4 27 (Fig. 11)& AWEA 98 H43 ¢ 5 gl
o} Fig. 119 (a)& 29 A8 43 297} fA=
o2 WIER] Y3 ARM HEE dHo] Avsn
e AE ¢ 5 vt oA s} §E Aoy 7}
% 2% Zols} A7) R A7 A4 EH(inertia
effect)oll 71908t} AlHe] Ao A Huslol e HY
e 9 d3dA wage g 942 AdE
(Fig. 119 (b)) ¥3he 50%14 Fig. 119 ()¢
2 ANE derh o BS 9EE AHY o Ay
T € A4 94 Ans fAsAT T &4 AgE
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TEE §43 A3 iR ez 234 Y 435 A
3 g} 7IgE s 2 osle AHe 34 Ase
d&3te Ao Brledids 2 ¢ 4 4

1Y $=8 200m/sec. 2 S A ANE s
W OAHY AHAA e B o] o WA 2
W3 (mushroom deformation)® H# z7|(Fig.
129 ()l BT & 9o gatg 50%9] LA
e A% /&4 9¥E ¥¥e ZE ¥y Agg
A% Yyex AF sk vdA wde Jelle AE
< g i,

ol AARRE 8EE & 7o Z AS
20m/sec. A=ANE 7IYEE 28 osidq 234
A% dFo Agdvdes AE ¢ 5 Yv. %
50m/sec.© Table 2914 AAE A= A Foz¥
B 7% A5 247 4% (elastic wave velocity)
5.2km/sec. 9l & 1%°] #gH3 20m/sec. = o
0.4%°) dBHez 718e8s 74 2] & 3% &
% Ag B4 £29 0.4% A=A MGEE 23
o B39 234 A%L d3¥ 5 93 1% FEAA
E 7MY 4% 23¢ o 2tz 234 Axe
dag 4 vtz #dEt. £8 fuie g4 43
FRE UHE FYMA st Ao ssetE 7
HFZ20 W$ E B ARHnE Y Sx9
1%7747) 7A4EEE 2dsiie & Fegle] & 34
AL AEH LR 428 ¢ 912 Aoz g}

Fig. 132 Table 19] case 3, Fig. 14% Table 1
9 case 4, case 5, case 69 A Faeq gahg
o w2 WH ¥W¥ 99A (internal deformation
energy)d W3 &£FA) (kinetic energy)d ¥l&
< ZA% Aot case 3 (4 FE. 1m/sec.)® %
F, Z7lele W AguAd g SFoAY ¥
&l 2% AZE vl$ F3 o)z AL el
B case 4(8% FE, 10m/sec.)d A$, F7)49
€ U ¥g uiAe] dig 2FeldA Ml &e] 100%
BFEolu oF MAE s gatE 25% FEAA
£ 10% olste] g /HT. 28 438 42%9 WA
FAGPF & FFHIY dE Ao dsied w4yl
&4 #X (plastic hinge)w & Wi HE o=
ha FEoluRe ugo]l FHF Frlshe Aol 4
o} ol 2 YE A quAd g £FA )
29 348 F7t @42 /1Y &= 234 #AF 9
=24 B8 (local deformation)el 93t A¥ vje &
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AE AEE Y o 95 d40= U &x
240 ZRHADE FHNE AFAT case 5(FF 4
A9, 10m/sec. ) A% case 48T} 7t @& e
A FERog Yy dY JquAd dF LF4
Ao Hlgo] Fasle] AFHoz FiE 50%AME
5% A%Y #T 7MWt case 6(FF 4Ud,
20m/sec.) A% case HET} JviA 4 FE Z
@& AT FEHeR AT YE ¥ oA
Ha F duRe Hlgo] Fide HFHoz 8l
& 50%94E 20% F=9 &L 7HAA Eot

Fig. 14 oA g= v A2 |8 HE8diAd o
& £51A Y v £4H AFL 45F F Sl=
1% Fx 2Fe] M S A AE R0 8
a goke Aot case 49 A% AFAHAN R
AR G 2FAAR L v Eo] 10% Tl A
Ak 2RE WY AL 8] 234 2y oy
case 69 2% UF AU tF LFohiA g
Bl go] 20% o] ZelAAT 23 WY AL FHE3
o &3tk Aol

ol4te] AHHREE g Ze AES =52F - gl
d. &, 78EE 34 20 AYRez Fe 2%
4% F49 #48 4L /gEE 2YYE o4
o FPste A WRAY quA Y AT +BAUA
9] vl-ge] 4F ugold oHaE Y £x A
oF AN Axs 44 AgH ZA oF F slomz
H7b 71F0] He JFEE oiix]d A £FuA|
9 &g ¥EI AYEEE A2NA Y 25 2H

£ 1] ]

Fig. 12 Deformed mesh and equivalent plastic
strain distribution of case 9
(contour level : a=0.2, b=0.4, ¢=0.6, d=0.8)
{a) At the height reduction of 16.7 %
(b) At the height reduction of 33.3 %
(c) At the height reduction of 50.0 %
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Fig. 13 Energy ratio plot of case 3
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Fig. 15 Deformed mesh obtained from implicit cal
culation of case 2
(a) At the height reduction of 16.7 %
(b) At the height reduction of 33.3 %
(c) At-the height reduction of 50.0 %
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Fig. 16 Deformed mesh obtained from implicit cal
culation of case 5
(a) At the height reduction of 16.7 %
(b) At the height reduction of 33.3 %
(c) At the height reduction of 50.0 %
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