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: The report presents the research result of the third-year

phase of a proposed three-year ranged project. The ultimate
goal of the three-year ranged project is to contribute to
the development and improvement of advanced constitutive
models for simulations of cyclic plasticity phenomena. The
report consists of three parts. In the first part, we
present the results published in The 7th International
Conference on Computational Methods, ICCM. 5. In the second
part, we then show the results presented in The 40th
National Conference on Theoretical and Applied Mechanics,
2016. In the third part, we then show the results presented
in 2016 AASRC Conference, 2016. Engineering structures are
often exposed to cyclic loads. Structures of elastic-
plastic materials under cyclic loads may behave in some
cyclic plasticity phenomena such as elastic shakedown,
plastic shakedown and ratcheting. The predictions of cyclic
plasticity phenomena are of great importance to structural
design and safety evaluation. Accordingly, ratcheting based
criteria has been included in some design codes.
Considerable experimental, theoretical and numerical
attention has been paid to uniaxial/multi-axial ratcheting.
However, 1t 1s found kinematic hardening models are not
general enough to simulate ratcheting experiments. The
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deficiencies of kinematic hardening models may be
attributed to the fact that yield surface distortion is
neglected. In the project, we aim to take yield surface
distortion into account in order to investigate cyclic
elastic-plastic behavior. We enhance the capability of
ABAQUS in the simulation of yield surface distortion by
editing the user subroutine. Case studies are performed by
ABAQUS and compared with those experimental and numerical
results of SS304/CS1026 published in the literature, in
order to test and verify the correctness of user
subroutine.

plastic anisotropy, isotropic hardening, kinematic
hardening, distortional hardening, uniaxial/multiaxial
cyclic elastic-plastic analysis, elastic shakedown, plastic
shakedown, ratcheting, parameter fitting, finite-element
method.
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ABSTRACT

The report presents the research result of the third-year phase of a proposed three-year ranged
project. The ultimate goal of the three-year ranged project is to contribute to the development and
improvement of advanced constitutive models for simulations of cyclic plasticity phenomena. The
report consists of three parts. In the first part, we show the results presented in The 7th International
Conference on Computational Methods, ICCM. In the second part, we then show the results
presented in The 40th National Conference on Theoretical and Applied Mechanics, 2016. In the third
part, we then show the results presented in 2016 AASRC Conference, 2016.

Engineering structures are often exposed to cyclic loads. Structures of elastic-plastic materials
under cyclic loads may behave in some cyclic plasticity phenomena such as elastic shakedown,
plastic shakedown and ratcheting. The predictions of cyclic plasticity phenomena are of great
importance to structural design and safety evaluation. Accordingly, ratcheting based criteria has been
included in some design codes. Considerable experimental, theoretical and numerical attention has
been paid to uniaxial/multi-axial ratcheting. However, it is found kinematic hardening models are not
general enough to simulate ratcheting experiments. The deficiencies of kinematic hardening models
may be attributed to the fact that yield surface distortion is neglected.

In the project, we aim to take yield surface distortion into account in order to investigate cyclic
elastic-plastic behavior. We enhance the capability of ABAQUS in the simulation of yield surface
distortion by editing the user subroutine. Case studies are performed by ABAQUS and compared
with those experimental and numerical results of SS304/CS1026 published in the literature, in order
to test and verify the correctness of user subroutine.

Keywords: plastic anisotropy, isotropic hardening, kinematic hardening, distortional hardening,
uniaxial/multiaxial cyclic elastic-plastic analysis, elastic shakedown, ratcheting, plastic shakedown,

finite-element method.
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Cyclic plasticity simulations with yield surface distortion by ABAQUS

+*S.Y. Leu!, K.C. Liao®, and C.W. Su'

'Department of Aviation Mechanical Engineering, China University of Science and Technology,
Taiwan, R.O.C.
*Department of Bio-Industrial Mechatronics Engineering, National Taiwan University, Taiwan,
R.O.C.

*Presenting author: syleu@cc.cust.edu.tw
tCorresponding author: syleu@cc.cust.edu.tw

Abstract

To improve the ratcheting predictions, the need to consider yield surface distortion has been
recognized. Rokhgireh and Nayebi (2012) combined the nonlinear kinematic hardening model of
Chaboche with the yield surface distortion model of Baltov and Sawczuk (1964) for the simulations
of uniaxial and multi-axial ratcheting. The simulated results of uniaxial ratcheting of CS1026 and SS
304 were compared to the experimental results of Hassan and Kyriakides (1992), Kang and Kan
(2007), respectively. On the other hand, the simulations of multi-axial ratcheting involving CS1026
and SS 304 were compared to the experimental results of Bari and Hassan (2002), Corona et al.
(1996), Hassan et al. (2008), Kang et al. (2004). It was illustrated that the modified model
(Rokhgireh and Nayebi, 2012) gives good predictions of the ratcheting strain increment in various
uniaxial and multi-axial tests.

Since ratcheting predictions is of great importance to safety assessment and structural design, it is
imperative to develop a robust numerical framework for ratcheting simulations. Due to the complex
task of numerical implementation, the general-purpose finite-element commercial codes, e.g.
ABAQUS and ANSYS, are comparable tools for accurate simulations of ratcheting responses.
However, the existing plasticity models in ABAQUS or ANSYS cannot describe yield surface
distortion.

The paper is to present simulations of cyclic plasticity phenomena by ABAQUS. The advanced
constitutive model by Rokhgireh and Nayebi (2012) is to be formulated and implemented into
ABAQUS via the user subroutine UMAT. Formulation and implementation are to be validated with
comparisons between simulations and experiments of CS1026 and SS 304 (Hassan and Kyriakides,
1992; Kang and Kan, 2007), respectively. Finally, a numerical framework based on ABAQUS will be
provided with advanced constitutive models general enough for simulations of cyclic plasticity
phenomena to aid safety assessment and structural design.

Keywords: Cyclic plasticity, Distortional hardening, Elastic shakedown, Plastic shakedown,
Ratcheting, ABAQUS.
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Abstract

The thesis aims to take yield surface distortion into account in order to investigate cyclic
elastic-plastic behavior. Finite-element commercial codes provide elastic-plastic analysis for
multi-purposes. However, they do not take into account yield surface distortion. Therefore, we
enhance the capability of ABAQUS in the simulation of yield surface distortion by editing the user
subroutine. The advanced constitutive model considering the distortional hardening available in the
literature is adopted. Case studies are performed by ABAQUS and compared with those experimental
and numerical results of CS1026 published in the literature, in order to test and verify the correctness
of user subroutine.

Keywords : Yield surface distortion. Finite-element analysis. Uniaxial cyclic elastic-plastic analysis.
Ratcheting.
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Self-Evaluation of Research Results
Overall speaking, the project has been performed as proposed. Three students in the master
program have acquired appropriate training during the execution of the project. In addition, a part of
research results has been presented in an international conference. Also, several journal papers, in the

field of cyclic plasticity involving distortional hardening, are to appear or in preparation.
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Cyclic plasticity simulations with yield surface distortion by ABAQUS
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Abstract

To improve the ratcheting predictions, the need to consider yield surface distortion has been recognized.
Rokhgireh and Nayebi (2012) combined the nonlinear kinematic hardening model of Chaboche with the yield
surface distortion model of Baltov and Sawczuk (1964) for the simulations of uniaxial and multi-axial
ratcheting. The simulated results of uniaxial ratcheting of CS1026 and SS 304 were compared to the
experimental results of Hassan and Kyriakides (1992), Kang and Kan (2007), respectively. On the other hand,
the simulations of multi-axial ratcheting involving CS1026 and SS 304 were compared to the experimental
results of Bari and Hassan (2002), Corona et al. (1996), Hassan et al. (2008), Kang et al. (2004). It was
illustrated that the modified model (Rokhgireh and Nayebi, 2012) gives good predictions of the ratcheting
strain increment in various uniaxial and multi-axial tests.

Since ratcheting predictions is of great importance to safety assessment and structural design, it is imperative
to develop a robust numerical framework for ratcheting simulations. Due to the complex task of numerical
implementation, the general-purpose finite-element commercial codes, e.g. ABAQUS and ANSYS, are
comparable tools for accurate simulations of ratcheting responses. However, the existing plasticity models in
ABAQUS or ANSY'S cannot describe yield surface distortion.

The paper is to present simulations of cyclic plasticity phenomena by ABAQUS. The advanced constitutive
model by Rokhgireh and Nayebi (2012) is to be formulated and implemented into ABAQUS via the user
subroutine  UMAT. Formulation and implementation are to be validated with comparisons between
simulations and experiments of CS1026 and SS 304 (Hassan and Kyriakides, 1992; Kang and Kan, 2007),
respectively. Finally, a numerical framework based on ABAQUS will be provided with advanced constitutive
models general enough for simulations of cyclic plasticity phenomena to aid safety assessment and structural
design.

Keywords: Cyclic plasticity, Distortional hardening, Elastic shakedown, Plastic shakedown, Ratcheting,
ABAQUS.

References

[1] Rokhgireh, H. and Nayebi, A. (2012) Cyclic uniaxial and multiaxial loading with yield surface distortion consideration on
prediction of ratcheting, Mechanics of Materials 47, 61-74.

[2] Baltov, A. and Sawczuk, A. (1964) A rule of anisotropic hardening, Acta Mechanica 1, 81-92.

[3] Hassan, T. and Kyriakides, S. (1992) Ratcheting in cyclic plasticity, part I: uniaxial behavior. International Journal of Plasticity 8,
91-116.

[4] Kang, G. and Kan, Q. (2007) Constitutive modeling for uniaxial time-dependent ratcheting of SS304 stainless steel, Mechanics of
Materials 39 488-499.

[5] Bari, S. and Hassan, T. (2002) An advancement in cyclic plasticity modeling for multiaxial ratcheting simulation, International
Journal of Plasticity 18 873-894.

[6] Corona, E., Hassan, T. and Kyriakides, S. (1996) On the performance of kinematic hardening rules in predicting a class of biaxial
ratcheting histories, International Journal of Plasticity 12 117-145.

[7] Hassan, T., Taleb, L. and Krishna, S. (2008) Influence of non-proportional loading on ratcheting responses and simulations by
two recent cyclic plasticity models, International Journal of Plasticity 24, 1863-1889.

4



i
CE

© i B < 2
fSd r A s F & yzagis
% 4v ] H
mFT G
, &
v B
}ﬁﬂ HY &% s R
Q—F";f“gj’ ;
“g’}
y2a) ’ J‘z;b‘g'
!
] X i#ﬁj‘ﬂ?

\;}‘%T}"‘ﬂ‘
R
T

=4

:ql =X
EH‘ g :% %_E = .PJ

4

i :

]\E\ 1 ‘% EE —_
* J‘ g
A “‘Ei ‘é.
)



PP 4 g 2 SR T A

p#:2016/10/11

PR

PRAfA FEY

% % 104-2221-E-157-005- 5P R

AFF SRR TH




104 R Edgmy P d %4

PEAL I EEY 4 %% 104-2221-E-157-005-
PR REYHCZ PR e PG ORER R (3/3~3/3)
fL
i . (P @ 2 &I EI FF ,Tu;_ 7}' m
E 1L >
> &P e i IB P w&r’ﬂﬂ"" | Ef~ &~ B~ A
TR B EEL..E)
RO 0
DA o' Ko e cnjgaRiB g 7 54
17, 20167 ZX Wéns § ¢ F it ¢
}éu ,r'g;‘a#h‘iv’ﬂif"\ﬂl()BEllnBB
it g~ 2 .2)% J& Chaboche A_#+ %Al it #°5¢% 2 #7
BRPEEPL G, P EARS FE G
I LT N ER R AT
Ao 2016+ 11 % 25-26 P .
Fih e |[* 8 0 +
BEhe IE
FaR 4 0| A
FALEF DY gERefd 2 FcE@ L7
ol E > *;ft?'l-"é?", PEREAR
H o # [** BT 104 AT A K
i - sy Q). T2 BHREL T S AT
S ,ﬂ%ﬁﬁ %/%%mawﬁpﬂw
104/ /227 4 03 335%
¢ v 0
w5
ER N 1 L EW 0
AT/ KB A 0
. e 0
%‘ IB‘E‘ = DR gS1 id 2 2,
jgt.; "y 21en of #
RHUIRTET HiE 0
¥ irip 0
S 0
Hi 0
i+ #ic 0]
—_—
FoAs o o= =
;!qujf‘;!m;'b 2 j:"‘"a v
o ‘%—p FHTJ %: - E?;J_-—é; > Ié @Z]K%Sﬁﬂ;—} g
B g h 1 Jn (The 7th International Conference
" FR on Computational Methods,
o |F AT 2 ICCM) » 2016/8/1~8/4, Paper ID 1968.
%3 of ~
EE 4 0] %
FER 4 0| &




FH

T

S~ T W

LN B J

&:’;‘\‘

oclo|lo|lo|lo|lo|lo|lw|l—r|lo|lo|lo|lo|lo|lolo|lao|lo|lo|lo|o
T

0

(2 g i

9B

5 8
mRE4 2 d
PRFEIEE 3

Hp %
%éiﬁ%ﬁr?&ﬂ?}ﬁ"}éﬁ%
EREBELE P AR
“ﬁ“ﬁ##ﬁﬁfxﬁw
i T2 FACIEE S| o)

I LR

FENE S B E RS € (The

Tth International Conference on Computational

Methods, ICCM) -
l_FLL,'Aa':J\ __'g;?f‘? ’

P VL ®

yFWﬁQZMGM/l&%Tﬁéﬁwrﬂﬁ
PEAFAEFH I HEYF LA F AL

v.@l——

3%; i'%”\ \‘%—FF pﬁq °




~== W @ Jér‘h

PRIV HLEET P E % 6 =4

[e—

RPN S RFEAGARR SRR PR S R FaR g
(AL ETRAZRAE-BE \ﬁ”"’i‘\:za aﬁ;}f"y ?%M) “EE
- TR A S ~u§@m(@$4@%$%1} F R 2
fiiiﬂ%f?‘%f—'ﬂnxd AFR) AHW G MR EE . (- ﬁgpx,f o
FRFELNFERFEAACAER L STED P RFRE- FEETR

F PR
[JrE=p & (GsRp > 2100 5 ')

(15 =% 4 P

(1P 2% P %

[J# & & 5]
wm

ﬁ%p%Wﬂm%a PR IR Gt R R e B4R
%’fb “J ~ e ;%' /r»pi-?‘i HwmE il FTL)
%éilgﬁ$ Ox# 2224 R i
B4 &® Y Ee
B[] $ DmMﬂ | Ed
His 0 (m200F %)

SR E RS PARIRT AL G BER S 6 ERE L S R LR EA Y
(fRAcit S22 L& BiE PP E-HFB2Z7 a1 1500F
5 ')

*ERGE KRN ﬁ%’%n FAlH 2§ R AL ik 1 AT
’é;fﬁiﬁﬁ%mirﬁ > mﬁg\*’lﬁ%%?*%ﬁﬁﬁﬁ&

PP v g i i BT L MPRA TS o D
WANRKRET R RS I REE o ﬁ\& Bitd 0 ATABAQUSH T B¢ #
;Lzﬁjt FlARN chF R o B EMREE R G d % > T2 ABAQUSA 75N i
J 'H&*‘#%wABAQUSm"’)%fI% Boam i 2 5B M 475 a0 o & 17X B|F * SS
304£:CS 102644 » #5 %*ﬁ&xﬁﬁﬁ DO TR § PR 2 BIRSE 7
,QﬁA%Tﬁvﬂimaﬁ s R FHEAPTSEFE R AT FFT ST R
BRI A R A 5 A e A RS T a0 4 g
Fﬁﬂﬁkm#ﬁﬂ?mﬁﬁ.ﬁJ*%@lﬁﬂ%I%fﬁﬁl@ﬁﬁﬁ
’,f‘:;.iﬁéﬁxfi L) M o

A H N F R 200 H S B E 2 2 AR § 00D R 6
2016/8/1~8/4 BEF W4 M fpie F X F BT LA PFAEFIH2F L LS
,Lifisz ’ Fgﬁfﬁ%;ﬁv T 2 2§F ;},—g—;';\‘ii%‘?%—;ﬁv o

iR
AT E G R
(9F TE, ¥ grIRER7RETRET 2531 § 58)




~=h
P
Al

T
=

[ i

8~/

JN

N

o &

2B AT F R o




