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Analysis of Material Response Based on Chaboche Unified Viscoplastic
Constitutive Equation

D.Y. Kwak, Y. T. Im, J. B. Kim, H. Y. Lee and B. Yoo
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Abstract

Service conditions for structures at elevated temperatures in nuclear power plant involve
transient thermal and mechanical load levels that are severe enough to cause inelastic deforma-
tions due to creep and plasticity. Therefore, a systematic method of inelastic analysis is needed
for the design of structural components in nuclear power plants subjected to such loading
conditions. In the present investigation, the Chaboche model, one of the unified viscoplastic
constitutive equations, was selected for systematic inelastic analysis. The material response was
integrated based on GMR (generalized mid-point rule} time integral scheme and provided to
ABAQUS as a material subroutine, UMAT program. By comparing results obtained from
uniaxial analyses using the developed UMAT program with those from Runge-Kutta solutions
and experimentation, the validity of the adopted Chaboche model and the numerical stability and
accuracy of the developed UMAT program were verified. In addition, the developed material
subroutine was applied for uniaxial creep and tension analyses for the plate with a hole in the

center. This application further demonstrates usefulness of the developed program.

Aol Tk Myrte Jeha, w3 e

LM E oozl Agablel] gl whEd ko] uf ol

VTR pEbebAl Sleh ofebs] olef e oz

A ael el e vl ®ale], 3ol sha Foll ehgh Al ol Azjdgliz obd 4 W slE

4, lH g4 f’l LBl Sob R TEREE o) gef A gAlHa wlerd a4 7] Lo gl o]
& AolMe] A *OLEHOH wheb Habgh shgelHl -t W) o)

AEEA Eo] a2l 24w E R} e vl ol9} 7to] ;R FREo] ofM A HWZ o3 u

E 1o ?‘ =) ] bl o 1 WL ‘V]x_ ]

e LI S A7) e Sl sl s A

R B R R R T8 vl A o He £ i A4 9

IR I ey Mt Aol AAdG 93 Ad o AEr)e

K



Sofo] Fzyol shi
Attond FRela ol

]71]240] HLHI,] §LEHJO] 1) 8_‘5}

weha] o ol 4] 4=
1skel 2lel AzkAl shA FolAl Fal wAlel
FAH A87% gtlel B el ol
F A& Fof, Armstrong-Frederick, ¥ Robinson, ©®
Chaboche, ®~®  Bodner ¢} Partom, @ Miller, ®
Walker® 52 23} A 44 w4 Chaboche
B A4 B Yool o2 48 FRos
e Zzasle]l ABAQUSe A Ahg3t7] 914
% zgaale 2 s

oloh maAstol §Y a4 BWES 420 4x
el ofal A vlEbd el Aol HEstr) 2)Eh of o)
& 5 ol oF, Krieg, ®  Schreyer, ¢V
Yoder, " Oritz, "* % Nagtegaal"® £.2 &}l
% 44 3 A (elastic predictor plastic corrector
algorithm)-& A 83lod %3 My noae =g
g Z2 el subslel o, Tanakae} Millers:n
Zvlo] whgk NONSS

{(non-linear system solver) % 7§ulgl u} o) 5,

slEbd sl Avlse sals

ALl

] S B o

8wk 5]

= Millers] %23+ A4

Honberger“* 1 2. GMR (generalized mid-point
rule) 4| 7tH ¢S 4 -&sled Robinson %3+ =) £
A el ABAQUSE] UMAT Zg1elo 2 s)ut
& vt gl

B of ol

=4

Honberger %o| Robinson 2.t

ol wfelel A& W Hald o m
Chaboche =dlo] wjslo] GMR 4] 7h=f 3u) #}
Newton -Raphson} & o] &3ale ajg o] 759 &

o]+ ABAQUSe UMAT (user mate-
rial library) =2 aeo 2 F&alolc) wal, o}
% Aol eisted Runge-Kutta ubilell o e -4
et g ArE sarsl UMAT ABAQUS-: o
&oted ek Aabel wlasled Aukxl UMATe 4
A ek Ads H 24 7 H-29 Chaboche v ”‘91

A3} e},

94 o84 A EAF N

3517
2. O|E2X uliY

.l Chaboche &

2 /g ?A"ll‘-’l’x‘i/\l
E g} 14 /;_/H

L4

= ol A el Ao 2 Ao e
2 T WAV Tl o A ulE
Ho2 sAsln, THEAHL g yryes
Eslstel A E e Al gkell whiE W to|els Fa et
2 T8 stelre] Az A mep st
3 el 5% & 2z wdolrl, 5¢], Chaboche @
! 3 AL e g A
ol %% M4 2«24 Chabocheo] ofa 2&
Foll ohE el abiel ojel4 4
1% % (rate sensitivity) & 1298}~ 938 245
melo] AlEd o odFslol Halel o] A%,

1

& 31 ;‘zj_‘qﬂ -?—HMLHA] o] aldl o] X]u

al 4 4 b el -4 4]
ol #elsh Chaboche %38 M4 A4l
Aufubd de b3} 7ol ipebyie}

A E wHag A

Eu=€Euyt et e+ et (1)

Hooke’s Law

o oF .
=Eef+ T qTef;, 2)
AHE H 2l ok 4
€, =yTd (3)
g A
E{)) f]z Y X, T)uu' (4)

3 p o (S —x kN -
N A AR < ) (5)

ai’s JA 2y . 7 &y (6)

’
ey T ﬁu

W Ae] A

Ci’u'/:h(f)‘/ez, an’s X, Ents P, T)E{l/

— o, A’y X, Ent /5. T) a,” (7)
_ 2 .
h~3*(,, y=vp (8)
=[(p, TYp+Op, THT (9)
I'=b(Q—x) (10)

Azl 0y ko b W ayE 7 AL w
s

)
4] (deviatoric stress tensor), % ul 74 8} 2 29 (drag



3518

stress), stz AA W satelgdst Sl
(deviatoric back stress tensor) & 77t fERl =
oz, x= poll dslA Bl dhepA

1o e}
(vield locus) o] =75, ay= &83FAdel F4 o

B9 b7k debdle ofelvh =R K, o G 7,

b, Q, k e exno wE A a4 (material
parameter) 524, olzAdd vl wbEIAAE &

o Zajo] Falxle opelch,©

22 TAHYHAMel 43}

GMR (Generalized Mid-point Rule) *® & 4]
71 o] &4 v]4-ubA 4l (time- dependent differential
F3ah7] 9labed de] AL 9l

Hes (1) 2 7o) vhebubiz vl
A8 2| 7bell efated olabstalglo A A (12),

(13) 3} 7ol viebd + alch,

equation) ] &)
= alm o 2 <] A_}

ye=file (), 1 yili= 1) =y (1)

IO s Ay, = A (S0, 1+ 641D
(12)

o 7)ol 41

Y= (1= ) O Gy =310+ Oy
(13
o Wbl g gholl wheld afe] AEweo] FAH
obal o] Aol x|tz HowM, §=0, =1 0=

zbzk 9)wd® Euler,
ARk el ol 58],
4, |

ol4 4 (un-
O
dl

0.59 74-%7F ol " Euler 3
Crank-Nicholson
0.5<6<1.09 7Sl F27-
conditionally stable) % #ki, w38t =0
o 24 Hateg ] wiite] of wlr,*,s ALg-5)
R
Aoz otfHolni :1’“./" OJ T’ﬂ A Aol el Bhod
agHos A5 cheba 4 el ol 4]
A (D~ 105 (IMR‘%, S O] f3ke] A efar, ol
Rl _r_é}) ol o] 2] 8] &l oi oy u"ol’g 4] 9] 4 %] = o] 4!
2 737 93ked Newton-Raphsont & 288k
A& st sholeh
e A4, (D W (@F GMR 7} Newton
_Raphsontl & A&l AshR che b Re 4
(14), (15) % (16)% % 5 Sth

o Bl 4AHR Gskesh 5

0
|
7
r‘.
b

Ko
2 o

AE,‘_/:Z“ uLM”{fz(Zkz), X}Z,'J'(“w” (14)

A(IU (1*042){] (akﬂ }AEU A),(t#ﬁdf)

{Jolan) Tra,'t %0 (15)

AR =170 4p 40 £ QU 04T, K=

(16)
s, Mad Swdez sbgsted Hooke's

Lawis b3t ol vhepd 4 gek,
Ao =240 (Ad;— Aeb) (17N
o} 7] of] 4]
(t+dt)
ddy= dey+ *,wmﬂ (e, —e ) (18)

9l Alofj#] pt= Lame Abdolx, ey HAAEE

G-Ell 4] (devxatorlc strain tensor) o}tk e} ol

qlolxl Al (14)~ (7)ol wHzted WA Al s A
A oMM =oue A A de® 3 st
obufel, A4t -v—ﬂi ofl 3 ol §- wlEgHolrh, whet

P Al BARE was) Seked o
7lo. ¥ b (projection method)® & o] &

# ofe

&3}
stof shbel Satxl Aoz Fudted s Teh:
sl Agsheh &, 4 (1703 GMRWel ¢lsted

Hoea 4 (1) 9k (15) % el skl o=
A (19 9k 200F AF & Stk
Ao =2t 80 (Al — SFNZ ) (19)

day =173 ﬁj;f‘”’“” A
R ) (20)
wah, I M0 = g 0 g (e ea0 0] b oh A
(19) 2} (200 % Helshed chgat e AS S T
vk
T A0 2 U0 5L g U XTE (21)
of] 4]
X=2+20104d; (22)
Xi=a’ (23)
Bl =
1+ gttt
T A4 2T ) G AN T
(24)
P )

el Al (22) 9k (23) el vhebd Xhsh XE7F Al
& =] 4 (linearly indepedent) Aol kAl A

-



Chaboche %3 A 44 F4dub

Z] 4] <
i

- o] 88 e A Ee Y 3519

o

Table 1 List of terms used in equation (30)

(t+641)
L(t+0At) Hdt|: g}- < z(t+5m)z(w04!)+f(1+8m)< 8[k511+01151k) :1))5”6“>J
af([+6d|) o
Nl(jl+64t) 6A aK zlgua‘m
a0 1 eagty o O/](uem) (e 040) ar(uom)
Pm\l ‘§<l+ fAtr ) (61J5j1+0110j|\) - qJ (a —defiali™ + G4t qJ y Ghj G
al-v(wlml) 89(l+8dl) >
(t+8a41) (t+64t) [
G e (A gy 5y AT
RUJ Atf““’""fiﬁ‘*”"“*z]eﬂ
RiJ2 h(HM”dEf}‘dtr(“ﬁm)mﬁ“e‘“)”A&’ij )
R3 F(HHJUWDJ, {)(HM[)AT*AK o

2 AwdA e ¢goem g Gram-Schmidt 2 w3} 7}

% (orthogonalization process) el 2]#l} 4] 41 (26),
QN3 2e whiez Xiv Xi% Mzs v
(basis) 2 Aoam, M2 7o) chsled 4l
(28) ¥ 72 A& 3 (linear transform)-2- % a}of
A (29) b 7 oAyl AL e "F ek,
= 1 , .
Xi= ==X, (26)
\//Q-];(le
)2’12;“7‘_ ! = [a (((mnan‘ Rl]l]
\2/)\0/11 (a'kl\kl
27)
deb=E°X*", £°=X.,deh
day=AX*, A= X day (28)
(8% =20 L%) SE* + L#3A? — N*6K = Ry
— OGRS 1 PRSAR= R

(;(t+6at) (2/1(“‘4”95:"*8“) ok + 04K = Ry

(29)

9 Aol 4

Laﬁ:X‘ aL(t+BAt)Xklﬁ’ A/a:)zwa‘,r\/l(jueat)

Rl“:XU R[j,

Paﬂ:ijanilk Xklﬂv RZQZXQHRM

Sa:XijaO_l_j/(t+aAt) (30)
g, A4 G0l el 7b gEell es) 4

Table 1o 4 2413 7% 8bed

upzlubo g 4 (29) 288 SAKS} SAE 4£A%

of Al

(3D 2 e E%e] oHgh shibel Hardl

A e i, 4 BDelA Tk SEE 4

(29)oll whe)abe] SAKSt 6AE alde & =
7b oAk mal olm Al Fal Al SAK, 8A¢ Y SE°
5 abgsted 4 28)o] vhrinl g uigke] ol gl
(inverse linear transform)$ % @}o]

Aoy, deby, da,®¢ K-S T 4 9jr},

Hzdoz

GUrHONE (P

[Gas+ 24 40 L 4 L] P1]
—2p RN |GE
=R+ RN~ L[ P~]"R}

w
n
Hy
o
x
%
1=
o
opm
ro
>
e
0x
0Kl
AN/

ABAQ 9] UWAT,O.:n T
AnbEl 22 aelell o sied ¥
2.5 Hge s Asiela, A
Chaboche HEAG ol F5adg 4stsly
fleke] 3165SH @2 sfod Fig l1ta)et 702 &)
&L%‘:

th3: 74 318l 4 (uniaxial hardening

ERES 5]

u rjl o]

228
analysis) #} =F3=ub3-74 3}8)l 4 (uniaxial cyclic har-
dening analysis) = <t} 2 o] la) 4 (uniaxial
stress relaxation analysis) 2 ofv7}%] 2 4 & ¢j

off wHefel Falsla, HANE FHeildon
Tk oddelel Al Aol vl wrtalgdcl, o 4]
o Abgxl 3165S2] #lz HA4 A= *Lir} 600°C of
del s HIAEF (5oll4 el gsiglowd, o)
Table 20 vhebufelct, Galasaadel 2 Soiz
kgl UMAT =2 2o] ABAQUSSH of 75| of
A UA Falld = olE=aH well7] 9] sl



3520 %h:].]og . Ol%gljl . 2l FE

€

) :

time
Hardening Test
£ l/_____
' Relaxation Test time
1
‘ { time

(a) Loading conditions

Cyclic Hardening Test

Solid Element

Axisymmeric
Element

Truss Element

(b) The three element types

Fig. 1 Loading conditions and three element types used in the present analyses

Table 2 Material parameters inthe Chaboche theory for 316 stainless steel used in the present analyses®
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