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Investigation on semi-implicit integration method based on exponential map for
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ARTICLE INFORMATION ABSTRACT

In the nonlinear elastoplastic finite element analysis, the stresses must be updated at each Gauss point of
the elements in each iteration of each load increment by a stress-updating process. The stress-updating
process is performed by integration of the constitutive equations in plasticity. It should be noted that the
accuracy of integrating the constitutive equations significantly affects the accuracy of the final results of
the structural analysis. In this study, the von-Mises plasticity model along with the isotropic and
kinematic hardening mechanisms is considered in the small strain realm. The constitutive equations are
converted to a nonlinear equation system in an augmented stress space. The aforementioned nonlinear
equation system is solved by a semi implicit technique. The precision of the solution is dependent on the
radius of the yield surface which is used in the process of the solution. Therefore, the relations are
derived so that the yield surface radius can be picked up from each arbitrary part of plasticity step.
Finally, to determine the best time of loading step for calculating the radius of the yield surface, a wide
range of numerical tests is performed.

Original Research Paper
Received 26 January 2016
Accepted 23 May 2016
Auvailable Online 20 July 2016

Keywords:
Integration
exponential map
von-Mises plasticity
linear hardening

S8 g oo oles CS Al p slo iy, slas sl [2] ws s &l
o Ll oyl yitey )3 (Slawge ) 55le 5 g0 Slahy; plo 4 o VL
ssba i (g ISk e e Gl o &l ol Sl o8
ghe p LS GalbSn @ Gl 5 055 L8 ekl gl n o5
J= 5o bl 5l eolaul oals o o g, ol u e Codle ails pulus
st w2l laye3p Vb QLI I (Sl sgame sl (sladim
Sl by slaghy; Glp ) e Smgme GYL QLI & cul

U LS AR JON N E DN

Please cite this article using:

s g -1
Slosgsdl a5 slad o aled CllS Al » sRSadsl &b b,
5 Sl ] oo ol yio sloalobea j1 (6 el b 55 (slabs,
Ol 5l m [1] wiayS (Gyme ) eog3dl (s slad 1999 Lo s 5
o85S (S ¥ghid b jasle =y (Slange 4 bg o S¥olas (5 g5
b ot 00,5 o sl il dobee oS 4 1, ot
dobe 5l alod spSadsl @l (29, 2003 Lo 3 e g 9SG
L ey So Sogon e 3,S0s, e aly 1) oad ol Jeil i

aples odlitwl Jo3 &jle I Ao el 4 glany) shy

N. Haji Aghajanpour, M. Sharifian, Investigation on semi-implicit integration method based on exponential map for von-Mises plasticity model with linear miked'hardening,

Modares Mechanical Engineering, Vol. 16, No. 7, pp. 163-169, 2016 (in Persian)


www.sid.ir

Ol pib 3 pe0 9 0920 BT A1 3L

G @) 5 digibdiw b jumle - ly Sluege Sl les bl A4y s Glesddas 5 A9l BB gy w4

by 55 QLS O jpon ez (R el ez (15505 S

A o Jos (4)

p =Ko 4)
G 50 4 Gl S el S Jsae KL sl o a8

S5 g0 s (6,5) Laly) 30 4 lussge 5 S

e=eP +e (%)
s =2Ge®* =2G(e —eP) (6)
Gy (7) alal, Opgons (o0d als) JUl 25 s, «oeST

I=s—a @)

5 b 5 5l (RS 25 Sl e @ L b
Al L o =y el i a5 g0 55 1 s s 350 31,
e ©)
F=|ZI|-R=0 8
by ol Fad (Saighis oy byl ol ol glas R
2580 ol (9) )90
R =Ry + Hiso¥ C)
wl.a) oole ol Hiso ol v sy gled Ry aaly opl o
EIYPRTEES Pt SO RPN b ) RC R ATOR
ol (10) alaly Sygon (Bl Glaege (16,5 ol (0I5 e i ya
Dy
éP =yn (120)
S el e Al 55 ol s , Syac o N o gisS el o
e o5 (11) el 90 21, il Glogn 255 g
N o
ox Iz R
ot (12) abl, b STy (as sbsy (Saisicsen ol (izean
g oo 031>
& = Hy;,€P (12)
GRS TP ez ek gl S5 &5 S eipls o)
(Lg SFSgicrm cob) oole culs Hiin 3 09 o0 rasls  Blymil ylusge
oW
(13) sloakal, b ST -5 5)loybim 5L slab s cplovl s
[2] o5 o0 1))
y=0, F<0, yE =0 (13)
e oo bt |y lasge S8, ¥ > 0 5 luts )8,y =0 o5

009381 i (Slad o (soli Sadtale -3
b janle =oly (Sliege & bgsye sladolas 2003 Jlo y3 gilp 5 5a50 51
aal, b el s dolee ofiws @ 1) o w20 Sagdcs

w5355 Jess (14)
X =AX (14)
(15) alkul, &jgo 4 am N +1 L oog3dl i o X YU akaly jo
R
_ (X% _ (Xx®
x={ X0 b= 1{%0) (15)

Wlo aslsl o a5 55 4 (14) alal, ofiws 4 sbows sl

@ S S Ede 5 (7) 5 (6) alasly 50 S5 50 Joe lgice
Dl oo Candey (16) alal, )le;

L+ +2GeP =2Gé (16)

Casddy (17) alasly 5 0gd 00 o0l 1,8 (16) ;o (12) alayl) ¢ puos

7 o )lois16 095 1395 jue (uioe Suilfo wiie

sled ST adsl b by, 99 2004 Jlo o 5 esil 5 50551 51 m
[3] 55 silwalal; S5 - S1he Cllas lucse pelass Jlne sl e
S5 2006 Jlo yo Ll SKen g Jous,T.[4] wols sgage 55l el o 1,
Jeabe Ty S oigdidis o8l ln ped A e (pled oged
oguis 2007 Jlo o plpai g 35 olo, aslsl o [5] wols slpri
@l GrSadsl Bl egd o 4 ) el —oly Glaege sl ool
Jlos jo 2 Sen g (Jgu5,T [B] w5ols dgups 99 45 po B0 b (oo
L eale m0ly (Slege slp 1) G5 (ples ilupllinay o5t 2007
Gty S5,0,8 9 Sl sl (asb sbgs 5 ot Sen (Soigbcse
&b g 90 2008 Jlo o olpeal 5 ih ol e 7] Q3o
TS oslbe plaege (55501 (sl |y 90 4 e (Geddan (ples (5T adsl
by (Fghio b pmbe=oly (Gluegs slp | ol 65
oo Sl b gy 55 200 Lo 5 5 [9] ol g as
5 Ohdeyd g W5 @bo) [10] o Sl glas 2 Sleegs Joo sl
Sleiiog Uas 5855 J S ol b s pSadsl o5 by, S5 2011 Jle
A g S E 5w sl Al S adsl b gl gy o s S
Slerig (ASHL g edd Lraly a5 e ) g 0ol ral>
L;’?) 99 2011 JLM: 5o ubl&a@ 9N LS’L’é) UT » 05)5‘ [ll] Gl 00
3 o BT iyt b s IS s e s eyl b
ab bg, 95 2013 Jlo s el [12] wols «l) ST, sl
97 3 975 Jol laoged 5 oles CBS wly p (Geddes 5T adsl
05,5 gjlotlal, a3l i s Saigbici b 51y - STs Slaoss sl
[13]

2 el g9090 (ol (o) 4 jl8 Latagh ade aslllas 5l
Al 5l o plaS ) Slaoge glad clilsy gddess plod ybg, 40 a5
ClSs y selie ol sl yoon ol 0755 4 e (slngs
Caond Ho 3l 1) ks mhaw glad Glony o 0l walss (g5ludlal, slaisS
8,5 cailsy Slasge 5 S olgls

Ls)l‘))" L: 90 A o GLm)smlJ Qj-‘“‘s“ 45‘)‘ alio w‘ D) as LﬁJa"lﬁ) )
o 1 35le (1) alaly &y 4 cladlze 9
o= [Gx Txy Txz Tyx Oy Tyz Tzx  Tgzy Uz]T (1)

@ it gloadlie Jlad 5o 4o lo gl ()5 4 azgi b ax]
S o0 sladdie il sl jlo g 3l eolainl dax bz il oo ralS b
g 23kl (il o) g 1 Slas il il

Solw ol -2
03guze ;o at o280 Sasicse b ool moly Sleese g5 SO
Se e S ST 5 IS G ogliee a8 )5 Sl 0SS Gle S5 s

Wil o il (3.2) Laly, & jpon ez g Bl (i 99 4
_ 1
6=s+pi, p =§tr(0) 2
6 = tr(g) (3)
Jop i (tr(0) = 014 + 0yp + 033) el I Slee dr() &5

O S € ez i P Slel 25 S 2 ag e gles jeudl b Jolee

E=e€ 31,

164


www.sid.ir

Ol pib 3 pe0 9 0920 BT A1 3L

G @) 5 digibdiw b jumle - ly Sluege Sl les bl A4y s Glesddas 5 A9l BB gy w4

2G [ Ogxge

LS odadswe A :_[ 9%9 9x1]

° ’ ¢ 2R 0;x 0 10%10 (30)
G[Ogxg €951

loge o A, =—] .

Qe go 039t p R [eT1x9 0 Lox10 (31)

sl Aanslg € 0 LS A cplplo sl coll R Ly Saigscsen jo
355 om asly X s A (3l 1ess <ol R o 5 Saigicis o Ll
S e 3L 1, X = AX aolas a5
S i (13) 56 -5 glabys 5l a5 5 byd g0 azplir
J4] ol &8ly Jlusge 03gamme 43 g e S8 Hlojed O ygods 0
2l (32) abal) &gt peles mhaw (55, Wb o rasl> -1
Izl =R (32)
(33) w5080 b5 ] (19) 5 (15) (slaalad, § solizad L 5
b\)»“_s.c )é
Ixs] = x° (33)
bl ©)pot bl whaw 5l 0gm S & Wb 5,5 98, Cex -2
b (34)
xTe>0 (34)
2y 533l (35) alal; ©jpoas (i |y GoiS bl oS
X5)Te>0 (35)

o (g3l v 51 -4

Sl (85,5 25 Bl 55 Sl 0 (AT silepllia Cex
la i polie £ = by oy 5 cJyone gt (€= ClE) 050 53
polas 35 T = tngy gloy 50 (85 wized (Vi 0o, B0y Sp) psles
cslaoge Yolae Jo cres ol golgiinn w6l cplpl (€141) ol
Aol J> sl 0)] cavsay 1) bysse ple g caspllina i
Dghige 41,5 113050 (36) alal) (et by (14) Jeudlyass

)
x0 =5} =[x

1 (36)

Ll (37) alaly &y 0 (14) dolee uls
Xn+1 = exp(A.AD) X, (37)
B A usl (Higo#0) Ke» S VgdhcSus sl b
Sles el 2 sk 13 LA (lsiee Sige onl o a5 G Sl Glisse
plos 5o 1y T (An) o8 52T 0 A lade (8L 5l ey (ms tulany <ol
555 00l (39-38) atly, 50 e ol b

Xn+1 = exp(An- At) Xn . (I_;’nxn (38)
( = I 2—GAe
G, = |9 R,
G, = 0 1

G = [11+ (ap — 1)ABAET  pyA&
P = boA&T a,
Ap At Gds Jaie o 6lp s Col sl G yile Gy o jle oS
Llg, &yg0a by 509 AR A€ slafule pizen il Sbhcws LB

(39)

ol (41-40)
e
Ae=e, ., —e,, Aé= Tael (40)
26 26
ao = cosh (R—||Ae||) . by =sinh (R— ||Ae||> (41)
n n

o ol bl e s S el 2l slapi ;o8 5l (5 il gz
D¢ 521 (42) alaly &gt

165

¥+ (26 + Hy)eP = 2Gé 17)
(18) abal) 5 098 o0 (5,135 s> YL abail ;5 (11) 5 (10) (slaalad,

. T .
(19) alal, &0 (B) dmr sy oads bral> 25 o walsl o
Dy A
(19)
58,5 oo o5k (20) abaly & jg0a (18) alal,

¥ =2Gé— (26 + Hyip)Zy (20)
ably 5,056l L ogd oo 48 5 Gitie o) 4y s (19) ala

M|
Il
| ™

oy (21) by 0 g5 oo T 50 (9)

- 2G + Hiso + Hkin v 2G

5, 26+ Higo* Hin 26, 21

o Hin 5 20 (21)
Dy o iy (22) alaly & jgons X (s S eyl ol 55

d _ 2G

—(X9%) = — x0%¢ 22

dt(X %) R g 0

Susndy abaly 5 958 oo plxil o 4 S (65T Friie aall; Gl 5o
33,5 o s (23) ey & jg0 4 X4 o0l
T+=T=""¢ 23
oy 5015 (24) abay (9) N> 5(23) 5 (21) aslie
X° _ 2G + Higo + Hyp
X0 Ry + Higgy

2 03l 0gh oo 485 L0 Y5l b XO(24) dolee S ol

. _dy o _ dX° 1
&b g ead Cpodt jo YU dolee ‘w‘yzd_)t/5X0:7“)9‘>’ ol

Salys (25) alul, & 5o 45 (28) asbes goly cl iy 1355 oo 425,5 ayl

(24)

..)51\
2G+Hyin+Hiso
( Hiso ( :iso )
(1 + ]/) HiSO #0
X°() = Ro
| 2G + Hkin _
k exp TV Hiso =0 (25)

(26) alayl, (22) 5 (15) akasl, 4o 009581 (s oy iy ya5 dy azgi b
2G

S — —_ yOg 26
Xo=—-X0% (26)

d‘h") ‘(24) d..]m‘) 4 Lsa:li L ‘u..w‘]/ =0 ‘SJL.MMS 03gdZte jO (>
Dl e casoay (27)
XO =0 (27)

08T 01, (23) alyl) s coi X045 Sluaege o3gamte s
Dl oo Cawsay (28) alal, g 00,
1d
2dt

4 abal, )1 (28) alal, 0 X005 5 e el T =1 a5 T
Lle ;0 (29) abal) JS2

26

X0 = ?esz (29)
Sloalal; 4 IS L wopd widF Ll 0 X = AX 03,28 JSa azoly
acle (31) 5 (30) Laly, ©ygo 4 ol A sl (28-26)

_ X0 _ 2G ..
IZ11? +FIIEII2 = FeTZ (28)

SR

7 opleis 16 055 1395 e JASNA Adiica i did


www.sid.ir

Ol pib 3 pe0 9 0920 BT A1 3L

G @) 5 digibdiw b jumle - ly Sluege Sl les bl A4y s Glesddas 5 A9l BB gy w4

S 5 S gzl e KT S el g 4 oY
S lade o8 Ha el o 1) T Gl e Gl tas o] (40,5 plEima

S o S sl goae (Salin w5l I ol icdilasg

s i 198N (546 3l -5
b ol 5l s o b oo a3l,] (g0 (g, a5 ] cyols olis sl
Wil adls JI8 s maw g9, (i Jlopty oley yo aSepl Cdl e
5 wodddll o el S 4 i gleplna 5l w 0ed cull Wb
613,15 5118 e o (555 25 o 2 b Oles
bl b e )l 3 el o 59, BT =T ol 0
g |, (59) bl olg o0 (33)
X517 = (X7)? (59)
Sppe @ tnsr by ;X0 9 X° polie (39) 5 (38) slaaka, L
] o Cowsas (61,60) Ly,

X541 = X5 + (a, — 1)A8ARTXS, + by AéX) (60)

X0, = b, ABXS + a, X2 (61)
S5 oo dmlons (62) abayl; & jg0a X5k l1? el o

X5 111% = (X541) X504 (62)

ol [[AB]| =1 ez Bk 5 b e solatul (60) alal,
ol 25 ©ygots | (63) abal, onlple
1X541117 = afIX311? + b (XR)? + 2a, b, X7 X5 A8 (63)
abal, &yse 4 (X241)% & )ke (BL) abayl 5l oslial b 508 5w )
Dy oo dumlea (64)

(Xp+1)? = af (Xp)? + bEIIX3 ||* + 2a, by Xp X5, A& (64)
Ll Cavods Slol 4 (65) alal, (64) 5 (63) sloakl, awslis ;|
I1X541117 = (XR41)? (65)

w88 )13 als whaw 59, =ty ey 40 5 Sl s o]

Wl

Soue w991 50 ¢ Gildly -6
gl 3l ool LA, o )z candgo (Lt sz po G2g, S (38) aka,
ol Ge Sl pl8 o Jsb ool 0wl Cawsay o, ol o ek
4 silealal) (edae gy ahlS 5 cds il cuz 0,8 sales s
il Slasge pl8 5l Ceand o gl eled lgn 4T 060 oo plasil slaisS
25 ond bl ool Gy g8 Jsb ples o glads cal Gl 5l o 05

e gn oliiul (66) alay, & jso 4y Slolre

R= Rn+a+n(1—a) (66)
1, (68,67) Luls, g cowl onis ey [0,2) o5t ;5 soue eS N
2G
XS, =X5+a—X02Ae (67)
R,
_ 2G
XRuarnaay = DOST (X5 + a - X20e) + axy (68)
n
Lulyy b byl o o5 Sglis ol b sl (50) slacis,ai ol by @
s |, (70,69)
a = cosh(ng) (69)
b = sinh(ng) (70)

alaly &jgody Glawge = letS 88 5l olgsds alads o gl cplply

7 o )lois16 095 1395 jue (uioe Suilfo wiie

X3t = G X, (42)

SR JIRY 535")'1 Jo sl Jh3n (43) bys axgls Sype ol o
5dse )91 YU (Sgeil J> (5, 3l 1o picie (sla oo § 39 o
X5l = Xy (43)

3 Sy g g ces wBpdy Gsesl J> wils 3, (43) bys S
G SG 1095 el Coond 90 4 Wlgi o o pl il (Jlansge o8
0 <a < ol wbce aslol laoge —laiS idw SO L a5 lasS
et 1) plaege ~luatS 4l g oS LS a4l (50 ST
D5 s iy y5 (45-44) Laly, & 50 4 S 0

VCZ=DM - C
R (44)
2GX0 26X e\
C=—"X5Ae, D :(M>
n Rn
M = |IX5[1* — (X9)? (45)

S SL-he y s LS s Sl ale
Selaalss Cosa, (48-46) Lals; ©)g0n (Xp41)

Xn+az = Gexn (46)

Xn+1 = prn+a (47)
Ly

Xn+1 N GerXn (48)

a5 gl ol b igd oo (aseine (39) alal, LGp g Ge il yo
(L= a)he b yluwge - luiS 4l o gale b lusS b 0 Ae
(51-49) Luls, =500 (41) 5 (39) slaaal, (onlpln 058 00 (035l

gl oo (s 33l

( I 2G A

| Ge=|" %R °°
G, = { 0 1

| G = I+ (a; — 1)AéAeT b Aé

(7 b, A&T a (49)
a, =cosh(g), b, =sinh(g) (50)

26

g —R—n(l— a)llAe]| 51)

s bt |y laege = ltS B8 S @ =0 o5 ol K5
Gp=Gp 5G =1
SeS 4 oS 258 plaa Wb ks gl glad 5 a oLL o
s (53,52) Laly & Ol (25) 5(9) slaakl,
Rpy1 = Ro(X21)P (52)
ﬁ - iso
26 + Hiso + Hkin (53)
958 dwle plN a8 5 glad oy NHL B8 o el 0L L
D9l g0 el § xS (54) alayl, O j50 4 xXNF Pkl cnlple
x2,.\° x2,.\
Rns1 = Ro(X3)? ( ;31> = Ry (—;gl> (54)
n n
L) ©ypet wdod ghaw S5 g eadplliae 25 LL o
D98 oo dnmlone (58-55)

Rnis
Zaen = 5o X (5)
n+1
_ Hkin
Cnt1 = Sy g Hy (2Gens1 — Zniq) (56)
mn
Sn+1 = En+1 + 0y (57)
On+1 = Sn+1 +K. 9n+1i (58)

166


www.sid.ir

Ol pibs 3 pe0 9 0920 BT A1 YL

G @) 5 Aigibdiw b jumle - ly Gluege Sl les bl A4y s Glesddas 5 A9l BB gy )

w
ol
<
©

Controlled strain
(=)

-Seyof

Time (sec)
Fig.1 Strain history

GRS 6 I8 At 1 Sl

ol gice mey Bosle 51 e sl Koo (gyloges ;0 0.9 5 0.8
ol 00 03,91 5 52 slo JSi o o loges

2 o sl et wlen B 2 ladss ) o5 aisSolen
Cewddy bogwl op 33801 = 0.5 o a5 cusline gl opl el =05
Ay 1l =05 Solown 3 5588 o & S S ]
Slp 5 o sl walplliea o as S8 e oein sln
0.5 plpnslp g Jloges S5 ;005 5048 0.45 7 slolode
Sl S 10 45 358 o sy 00lo 48 (gl ;500 (5 loges ,0 0.55 5 0.52
el 00 03,91 Lo loges ! 9B 6

0.014 s ;
—o—0.1
0012 o
—8—03
———04
0.01

o
o
=1
=]

Stress relative error (EJ)
o
=
2

0.002

Time (sec)
Fig.2 Stress relative error for material 1 withn = 0.1t0 0.5
05601 plyn Lloske gl gons sl 2 JS&

0.014

0012

001F

0.008

0.006

0.004

Stress relative error (Ey)

0.002

Time (sec)
Fig.3 Stress relative error for material 1 withn = 0.5t0 0.9
09605 ppn bl ok sly s slas 3 S

167

XO (1-a) B
n+a+ -
Rn+a+n(1—a) =Ry (TZ) (71)
n
23,9150 (72) alasly & 900 | alasly (! Ol s
Rn+a+n(1—a) = RnHﬂ (72)
ool Cewsay (73) alal, &jgo 4 (71) 10 (68) ol 5l H a5
el
. ABTXS 2G
H = sinh(ng) | —5— + a—5—IllAe]|| | + cosh(ng) (73)
Xn Rn
Sy oo iy y25 (T4) abayly &jg0a g akaly ol jo a5
2G
g =5 1= a)llde] (74)
n

I3l (gwlon Khos -7

O3y s o3 Sl lagl o a5 el sgucme lizl ladelos o
lbes Shos 4 ojlo (oulon (o i le obp sl 05800 oolinl
>l o Bl lee Slas 8] cnl Sl Glasge - plusS 5 5Le
48 g0 dralons (75) ably b Glasage - olusS

00541 _ 2G 0Zn4q
Otns1 26 + Hyy (aen+1
e cwsas (78-76) Loy, b Jluss 56 sl

+ Hgn ) Laey + KAT (75)

014 _ 61, + KAIT (76)
0€n41 4

Iggy = 1— 330" (77)
I'=9%9 ke il

i"™={1 0 00 100 0 1} (78)

Goue sbgeiT -8
g glad (15 iluplindy anTyp 10 a5 09di e )y i Cnl o
bl (rpE8s U osd cilsy Gluege ol Connd plaS 5l ooles
polae (13,5 ()51 anctny o jsliie (nl 4 ams; lp ] Cessay
ol £ 99 sl Ay slo 5 s (1 SE) 05500 w285 iy
[4] wigh oo plmay glie

gy Jole el jao 10,8 sloadlie plo 1 JSG 255 aniny jo

(o0 = P2 sosr 5, s s i
R, = 15MPa 1 ooke
E =100 MPa; v = 0.3; Hy;, = 10 MPa; H;s, = 10 MPa;
R, = 24.3MPa
E =7000MPa; v =0.3; Hyj, =0; Hiso, = 225 MPg;
Slagal Cund S929e baralinws (ol 6l 330 J> S nl 4 x5 b
Slseay (At =1x107%sec) SzoS b o a8 5l saeliass 4

2 ools

Sloamsl 085 canlie oy sl 0pdee 485 A B8 slaguly
dwlze (79) alasl, b oaspllind sl pid oo @l odnlowma
)

Eo = ”Gn — 511“
" llanl

abiod o alalfindy i o 0y g GBS i oy Oy YU dlal, o

(79)

Lt =1t
0.7 .0.6.05,0,7 &y s Jsges 5o 505,04 .0.3.0.2.01

7 oleib 16 055 1395 e JASNA Adiica S did


www.sid.ir

Ol pabs 31 p0 9 9920 BT AL H3L hd a2 F Jgubndtw b jamle - Ul (lwege 81 led bl Aily i Fesddess 5 A9l BB i) w2

2]

Cowsdy ool 3E8s wol ookl 18 (gilupllea Slaulrs

m

ooz b Sople o @ am ol ad jslol b bl e T

Sl gy Se L 9t A (lepliinas pi 980l 5 (g3l slaalslas

Lol 60uls Cawody

S

Stress relative error (E7)
w

2
x10°
18 : : . : : :
——05 # 1
16} —6—052 !
---os
14t A ] 0l
A i .
12k ] \‘ - Time (sec)
! . . . .
W i | I Fig.4 Stress relative error for material 2 with n = 0.1to 0.5
\

05601 47 L2 oole sl (oo sl 4 JSio

x10°

Stress relative error (E9)

Time (sec)
Fig.7 Stress relative error for material 1 with n = 0.5 to 0.55
05550.5 plpn Ll ook gly o gllas 7 JSCi

Stress relative error (Ey)

—6—0.45

Time (sec)
Fig.5 Stress relative error for material 2 with n = 0.5to 0.9

0.9 605 17 L2 ooke (gl oo sllas 5 S5

Stress relative error (Ey)
£

[N)

Time (sec)
Fig.8 Stress relative error for material 2 with n = 0.45 t0 0.5
0.5050.45 plpn L2 ool gly (oos sl 8 JSCb

Stress relative error (EZ)
o
[=x]

06

x10* 04
8 y ’ , . y .
——05

7t —6—052 - A

Time (sec)
Fig.6 Stress relative error for material 1 with n = 0.45t0 0.5
05060.45 plpn L1l ook gly oms slas 6 JSC

Stress relative error (Ey))

3 o Gl e wgd e 0030 9 LB o S (o aS aieF e
oA e Cansas ) = 0.5 L gy on 5a8s (m sl 7 = 0.5
wd)F &)50 0.51 50.5.0.49 L1 slaaie Glp oy 25 s

el 00l o0l QLM.; 11 9 10 6LQJS...J 9 o]

Time (sec) 2SN =055 5L Lles o 11 5,10 ol s
Fig.9 Stress relative error for material 2 with p = 0.5t0 0.55 e T = i ol sy 4 B0 2 sl

0.55 5 0.5 o7 L2 ools g1y (oo (sllas 9 JSio Ol |y aml (pl 1) iy yed 4 daz g b avogo Cawoty |y (s gllas

7 o )lois16 095 1395 e (yuioe Suille wiiie

168


www.sid.ir

Ol pibs 3 pe0 9 0920 BT A1 YL

G @) 5 Aigibdiw b jumle - ly Gluege Sl les bl A4y s Glesddas 5 A9l BB gy )

b ooadpllina slo i al> oy 50 0l clllyy Slawge a8 51 ol>
Oy ool glaal>ye ISy 2 cds 5 awlie B8 slagul

Oype ladelod Al b ey ola)lged g anule alllax
oolainl ( gledcudl Gl Seddend by, ,0 a5 o g oo a8 T

2P BB 09 so Sy Sluege pl5 ails 5l a5 el e glad

&b o a8 gl slaes o cwsony 1 s gile e o Rl
oolaiwl 5y90 (g, CBS 4z ;o Gluoge (g0l sladloles I (5,8 adsl
o Bl 1, 655, oy slepls Jel ol wb il
Gl Jelo e 3 g0 (el Sl 9,90 2o o Sl i 50 nlnl

esloojl (b g g )0 mae jlems sladsle 5 (o S Wb

z=lw-10

[1] H.-K. Hong, C.-S. Liu, Internal symmetry in bilinear elastoplasticity, Non-
Linear Mechanics, Vol. 34, No. 2, pp. 279-288, 1999.

[2] F. Auricchio, L. Beirao da Veiga, on a new integration scheme for Von-
Mises plasticity with linear hardening, Numerical Methods in Engineering,
Vol. 56, No. 10, pp. 1375-1396, 2003.

[3] C.-S. Liu, International symmetry groups for the Drucker-Prager material
model of plasticity and numerical integrating methods, Solids and Structures,
Vol. 41, No. 14, pp. 3771-3791, 2004.

[4] E. Artioli, F. Auricchio, L. Beirao da Veiga, Integration scheme for Von-
Mises plasticity models based on exponential maps: Numerical investigations
and theoretical considerations, Numerical Methods in Engineering, Vol. 64,
No. 9, pp. 1133-1165, 2005.

[5] E. Artioli, F. Auricchio, L. Beirao da Veiga, A novel ‘optimal’ exponential-
based integration algorithm for Von-Mises plasticity with linear hardening:
Theoretical analysis on yield consistency, accuracy, convergence and
numerical investigations, Numerical Methods in Engineering, Vol. 67, No. 4,
pp. 449-498, 2006.

[6] M. Rezaiee-Pajand, C. Nasirai, Accurate integration scheme for Von-Mises
plasticity with mixed-hardening based on exponential maps, Engineering
Computations, Vol. 24, No. 6, pp. 608-635, 2007.

[7] E. Artioli, F. Auricchio, L. Beirao da Veiga, Second-order accurate
integration algorithms for Von-Mises plasticity with a nonlinear kinematic
hardening mechanism, Computer Methods in Applied Mechanics and
Engineering, Vol. 196, No. 9, pp. 1827-1846, 2007.

[8] M. Rezaiee-Pajand, C. Nasirai, On the integration scheme ‘for Drucker-
Prager’s elastoplastic models based on exponential maps, Numerical
Methods in Engineering, Vol. 74, No. 10, pp. 799-826, 2008.

[9] M. Rezaiee-Pajand, C. Nasirai, M. Sharifian, Application of exponential-
based methods in integrating the constitutive equations with- multi-
component nonlinear kinematic hardening, ASCE Engineering Mechanics,
Vol. 136, No. 12, pp. 1502-1518, 2010.

[10] M. Rezaiee-Pajand, C. Nasirai, M. Sharifian, Integration of nonlinear mixed
hardening models, Multidiscipline Modeling in Materials and structures, Vol.
7, No. 3, pp. 266-305, 2011.

[11] M. Rezaiee-Pajand, M. Sharifian, A novel formulation for integrating
nonlinear kinematic hardening Drucker-Prager’s yield condition, Mechanics
A/Solids, Vol. 31, No. 1, pp. 163-178, 2011.

[12] M. Rezaiee-Pajand, M. Sharifian, M. Sharifian, Accurate and approximate
integrations of Drucker-Prager plasticity with linear isotropic and kinematic
hardening, Mechanics A/Solids, Vol. 30, No. 3, pp. 345-361, 2011.

[13] M. Rezaiee-Pajand, F. Auricchio, M. Sharifian, M. Sharifian, Computational
plasticity of mixed hardening pressure-dependency constitutive equations,
ActaMechanica, Vol. 225, No. 6, pp. 1699-1733, 2014.

169

x 10
45 T T
——=—049
4+ ——05
—=—051
35¢

w

Stress relative error (Ef)
N
o

Time (sec)
Fig.10 Stress relative error for material 1 with n = 0.49 to 0.51

051 50.49 37 L1 oole (sl oo sllas 10 S

Stress relative error (E7)

Time (sec)

Fig.11 Stress relative error for material 2 with n = 0.49 to 0.51

0515049 537 L2 osle gl oo (sl 11 JSCi

S5 -9
sly lecals b » Gedaesd ) eun @ Al Gl
Sl sl s asly s by 5 (Sen 08y SlaSagics
Sibealaly 0,8 uBlsyy (Slunage pl5 5l ol abadi ya 5l 1, glad Glon
e S & ad b Syge onl 4 soe Ggel 285 Dygo oY
Slite oole g5 90 lp s 2D 485 JL5s polas S (65,1850

s pla b s
Oyge hlide glaal>ye 0 goae Geeil o A (silupling,
Crond Sl (Glaege (slapite g glad al> 1o o )3 Cdide 028 pdy

7 oleib 16 055 1395 e JASNA Adiica S did


www.sid.ir

