c2ec Computational Plasticity

Plasticity with
Singular Yield Surfaces

Topics:
» Tresca model in principal stress space
» Mohr-Coulomb model. Geomaterials

* Finite strain single crystal plasticity



Computational Plasticity

General Return Mapping-based
Algorithm for Plasticity.
REVIEW
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Problem 7.1 (The elastoplastic constitutive initial value problem). Given the initial values
e(to) and a(to) and given the history of the strain tensor, e(t), t € [to, 1’|, find the functions
e®(t), a(t) and ~(t) for the elastic strain, hardening internal variables set and plastic
multiplier that satisfy the reduced general elastoplastic constitutive equations

(7.6)
a(t)=4(t) H(o(t), A(t))
A(t) =0, Pla(t), A(t)) <0, A(t)P(a(t), A(t)) =0 (7.7)
for each instant t € [to, T'|, with
Y o
ot)=p Dee |, At)=p % (7.8)
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Problem 7.2 (The incremental elastoplastic constitutive problem). Given the values &,
and o, of the elastic strain and internal variables set at the beginning of the pseudo-time
interval [t,,, t,41], and given the prescribed incremental strain Ae for this interval, solve the
following system of algebraic equations

Eiﬂ = E-ﬁ. + Ae — 3" N(O'-n+1-. A-n+1)

(7.10)
Qpyr] = Op + Aﬁr’ H(J??.+1r A?H—l)
for the unknowns €5, |, &, 41 and A, subjected to the constraints
.Aﬁtl 2 0._ (I)(Jn_i_]_, An+]_) g 0._ Aﬁ:r (]:)(0--”,_’_]_, Aﬂ_'_]_) — [:}. (7.1 l )
where _ _
_ Oy _ O |
Ont1=p Appr = - . (7.12)
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(1)

(i1)

(ii1)

(1v)

Elastic predictor. Given Ae and the state variables at t¢,,. evaluate the elastic trial
p
state -

en 1 =5 + Ae

trial
i = an
~ ;. |trial o/, |trial
trial __ — dU Atrlal dl»’
O-'n—i-l =p 056 n+1 — ()C\(
n+1 n+1

Check plastic admissibility
IF @ (o1, ALY <
THEN set  (‘)n41 = (.)35‘331‘ and EXIT
Return mapping. Solve the system
€8 —etti 4 Ay Ny 0
Qpy1 — 2.‘:‘11 —AvH, 1 7=10
(I)(O'n—f-la An+1) 0

for €7, 1., Q1 and Ay, with

o A _ O
—— ntl = p ——

On41 = /3

EXIT




. for the von Mises model with isotropic hardening...

Computational Plasticity

(1) Elastic predictor. Given A€ and the state variables at ¢,,, evaluate the elastic trial state

et = e + Ae

—ptrial | —p

n+1 En

trial - _etrial, trial e trial
Pny1 - =K Ey n4+1: Sn—l—l =2G €4 n+1

rial
arpt =\ /3 sl st
(11) Check plastic admissibility
IF g3 — oy (S741") <0
THENset (-)p41:= ()& and EXIT
(111) Return mapping. Solve the equation

P(A7) = g3 — 3G Ay — 0y (T + Ay) =

for A~ using the Newton—Raphson method — GOTO Box 7.4 — and update the state

variables _

trial o 1 ‘—\ﬂ 3G trial

Pn+1 = Pnt1s  Sn+tl 1= ~ " inal | Sn+1

qn—l—l
Tni1 = 8Snt1 + Pr+1 I
e _ 1 1 _etrial

Ent1 = 27 Sn41 + 3 Ev nt1 I

=P . =P A o~

Eny1 =& + Ay

(1v) EXIT
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Tresca Model
in Principal Stress Space
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Subgradients and the subdifferential

Let us consider a scalar function y : Z" — 2. The subdifferential of y at a point & is the set
oy(z)=4{seZ" |ylx) —y(@)>s - (x—F), Ve eRz"}. (6.69)

If the set Jy is not empty at &, the function y is said to be subdifferentiable at . The elements
of dy are called subgradients of y. If the function vy is differentiable, then the subdifferential
contains a unique subgradient which coincides with the derivative of y,

Dy = {dl} (6.70)

dax

the subdifferential
\\ of y at ¥

5

y(x) — (%)

s(x—X)

e

Figure 6.6. The subdifferential of a convex function.
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Plastic flow rule for non-smooth (sub-differentiable) potentials

N € 0,V
Hc -4V

the subdifferential

setof ¥ at ¢~ 41 ep

Isosurfaces of
Y(-,A)

Figure 6.7. The flow vector. Non-smooth potential.
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Tresca yield function in principal stress space
(I}(J: (—T’y) = Omax = Omin — Oy

05 4

_ Tresca

———— von Mises

Figure 6.8: The Tresca and von Mises yield surfaces in principal stress space.
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von Mises

Tresca

o, G,

G,

Figure 6.9: (a) The m-plane in principal stress space and, (b) The w-plane repre-
sentation of the Tresca and von Mises yield surfaces.
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Invariant representation

O =2v/.Js cos b — o,

h=-h(s) =} tfs?] =} s s = § s
A 03
s=o — x(tro)I
—3V3.J
0= % Sill_l ( v 3 3) Tresca
2.J5 \\
i T
<< =
66
von Mises
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Multi-surface representation

Elastic domain

E={0c | i(c,0,) <0 1=1,...6}

Yield functions (linear on princ. stresses)

Pi(o.0y) =01 — 03 — 0y
Oo(0,0y) =02 — 03 — 0y
Ps(0,0,) =09 — 01 — 0y
Qy(0,0y) =03 — 01 — 0y
O5(0,0y) =03 — 02 — 0y
bo(o,0y) =01 — 02 — 0y
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Associative Tresca flow rule

General (subdifferential) form

é p — ’::r"fg' N i
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o= E ;€ X e;
i=1

sextant with

Computational Plasticity

15

Possible representations:

1. Flow from main plane

&P =4 N°

)P )
Ne = 2 9o
o Jdo

= e ®We —e3xNes,

2. Flow from right corner
el = A TN+ Ab N b

b —
N =4 () €1 — €s ::7_<} €2

3. Flow from left corner

Nb = €9 X ey — ez ¥ esy
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Associative Tresca isotropic hardening law
Yield stress
oy = oy(&¥)

General accumulated plastic strain evolution for multi-surface models

n -
: ;. 0Dy :
FP = — E A 5 : n = number of active surfaces
UK
1=1

Tresca model

iy . lr::)‘{1}1 . .

FP = —~ —— =~  main plane
Ok

- - é)(I)l . é)(I)(i . . .

Fp= A0 = A2 — 344 20 right corner
Ok Ok

L OB, 0Dy

=Ep — __Aa

= 4% 4 Ab left corner

Ok " OR
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Three possible return mappings
1. Main plane (one equation)

(I}(A“') — tlml t11¢11 _AG A”' G"y(fﬁ 4 A“) _

Principal stress update -
ntl

main plane
b= §1—53—0y= 0

S1 = tlml — 90} A’“

So = 5511431

Sy = tlml 92 Aﬁ

updated yield
~~_surface at £,

~. yield surface
O < at

i

I

|

I

I

|

I

I

|

! [ T3 1
- A
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2. Right corner (two equations — 2-vector return mapping)

(i)a.(A?a. A’}"‘b) — gtrial _ tlnl 92 (ZAA (1+A,. ) _ C}y(Aﬂg,a.. A,ﬂlb) —0

51

(i)b(A,\/_,a. AA’}_b) — Stll'ia'l—.S'.tzri“'l—QG(AA;*(L—f—QA”;*b) — 5,(AN, Aﬁ}_b) —0

trial
S ntl

Principal stress update

s1 = s 2G (AT + AyD)
So = t11al + 2G A”
Sg = S:tjrlal + 20, AA’:’,G )

yield surface 2
at r,
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3. Left corner (two equations — 2-vector return mapping)

A,\ ) — 51111 trial_QG(QA,}_.Q._I_A,}_,{)} . 5.3}(&,}__@: Af‘}-‘b) — 0

(i;)a'(&f;.
(:I'“: (/_'\ /_\,\, ) — . 5111] t111] 26(& +2A,. } _ &y(A’}"a, /_\nb) —0

_trial .
S n+1 A

Principal stress update

§1 = tlml — 2 AA
tllal D Te: A"‘
trial + 20 (Aﬂl}__,a. 4 A,.}_,b)

-‘_'_1'3 — 53




C2EC Computational Plasticity

...Finally, the stress tensor update reads

3

On41 - — E (Si +pn—|—1) e; Xe;
i=1

20



FLOWCHART

Tresca in principal
stresses

Computational Plasticity

spectral decomposition of the
elastic trial stress - obtain:
trial

a; and e, (i=1.2.3)

L
with o " ”
G;’ﬂﬁ 2 G;llil 2 G;ua

check
consistency:

trial

ial - —
ort-o - o (ef) = ey ?

apply 1-vector return mapping
to main plane - obtain:

Ay and o, (i=1.2:3)

check validity
of 1-vector return:

YES

0,206, 2G5 7

apply 2-vector return map to
appropriate corner (right or left) -
obtain:

A%, Ay® and G, (1=1.2:3)

NO

process is elastic — update:

(=5

and exit

assemble updated stress tensor:

3
Oe1=2 0; e@e;
=1

and other state variables, and exit

21



C2EC

Computational Plasticity

(i) Elastic predictor. Given Ae and the state variables at t,,, evaluate the elastic trial state

etrial ,__ e . —ptrial ,_
Endl =€&n+Ag; & T =20

trial .__ y~ e trial, trial ,__ e trial
Pn+1 = K €y n+1> Sn-}—l = 2G ed n+1

(ii) Spectral decomposition of s**! (routine SPDEC2). Compute
girial > gtrial > tral —and e, (i=1,2,3)
(1ii) Check plastic admissibility

trial trial —p trial
[F s1™ — 53" — 0y (5, 517) <0

THEN set  (-)nt1:= (-)%  and EXIT
(iv) Return mapping

(iv.a) Return to main plane — GOTO Box 8.2
(iv.b) Check validity of main plane return
IF sy > s9 > s3 THEN return is valid - GOTO (v)
(iv.c) Return to corner
IF sirial | gtrial _ o gtrial ()
THEN apply return to right corner - GOTO Box 8.3
ELSE apply return to left corner - GOTO Box 8.3
(v) Assemble updated stress
Prt1 = pii
Ontl = Z?zl (si+ pnt+1) €2 €

and update elastic strain

1 .

e L e trial

Ent1 = 20‘ Sny1+ § Ev n+l I
r .

(vi) EXIT

22



Computational Plasticity

23
=
=
B
A
6
0%
P
o
J'fff
. /f_ff /,
//"’- _),,/ e
T 20%
- " -
7 o,
5% —=
1
0 4
Aar /1

Aan /r



Computational Plasticity 24

‘e
C2EC

Consistent elasto-plastic tangent operator

ep —
D e trial

= under incremental plastic straining

The (principal stress) return mapping-based algorithm defines the updated
stress tensor as an isotropic tensor function of the elastic trial strain
tensor. The eigenvalues of the stress tensor are implicit functions of the
eigenvalues of the trial strain defined by the return algorithm:

0 = Gy 1, gf i gf trial) i=1.2,3
We compute the partial derivatives (consistently with the relevant return
mapping applied):

e trial

do; [ 0e]

ep . . .
and then assemble D according to a general formula for isotropic
tensor function derivatives.
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C2EC Computational Plasticity
8(7-3' !") S
) . i - L l r -
D€ trial =€ trial (ij '3) + K
) “dk

...for example, for the right corner return...

_ 8G2 4G2
26 (1 - -
( cmtd) dot g %ab ~ daa)
Ds: ] 8G 2G d
~€ tria - . 2G| 1 - -
[daﬂ 1 det d ( T daml)
8G? 4G*
— dap
i det d det d
(iﬂ-ﬂ- — _’—1(;: — H {iﬂ-b — _QG — H

dpe = —2G — H dpy = —4G — H

4G
det d

AG?

~detd

QG’(lJr

dpg,

2G dbb
det d

(dpa — dpp)

)
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Return-mapping-based
Integration algorithm for the
Mohr-Coulomb Model

26
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AT

T=c— 0, tan ¢ (critical line)

& L L -
o Oint &) 0 o

min n

O O

max —__ - min

Figure 6.12. The Mohr—Coulomb criterion. Mohr plane representation.
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Multi-surface representation
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Associative/non-associative flow rule

E' 6 '
=P 2:? i Z-#’)‘Di
g5 = ﬁr N — ﬁr -

; , oo

i=1 i=1

~P

~P p P E
=1

sextant with
0,2 0,204

Q
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Main plane

& =4 N° o= _ 9 + ) sin ¢
=7 — — d1 — 03 a1 + o3) SIn @
do do
=(l+single; e — (1 —sing)es @ e;
Corners
é-p — ﬁrﬂ Nﬂ- + ,_:IF_E) Nb Sgliagi :.;r: "
...right

N = (1+sing)e; @ep — (1 —sino) ex; ® e
...left

N = (1 +sin¢) ez @ey — (1 —sing) ez X es

Apex

6
ép — E ':3'2 Nz
i=1
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Associative hardening
6

P =2cos ¢ E v’

=1

Main plane

sextant with
G,>0,20; L O,

P =2cosd A

Corners

P =2cos o (A +43°)

Apex

CcOS O

=P _— AP
— £y

sin
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Elastic predictor/return mapping algorithm

On+1 — O'Ezl—li?ll — D" : Ag”
Multi-surface representation
6
trial e . A i
J??+1:G-?g—|—t1 - D ZA' n+1
i=1

In principal stresses

6
oy =l = 3T A (26 [NG]; - K N)
=1
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Return mapping to main plane
o1 = ot A~ 2G(1 + % sin ¢') + 2K sin ]
oy = ot 1 A~ ( %G’ — 2K) sin 1
o3 = ot 1 A~ 2G(1 - % sin ¢/) — 2K sin ¢
EP =2cos o Avy

return mapping equation

(i)(Aﬁr) = ({T’irial . ggrial) 4+ (O.’iria.l 4+ O.grial) sin o

—2¢(2P + AZP) cos o — aAy =0,

a=4G(1 + 13 sin ¢ sin ) + 4K sin ¢ sin ¢

33
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Return mapping to right edge Ae? = AV'N® + ARP NP

o = oAl 2G(1 + £ sin) + 2K sin 0] (Ay* + AAP)

'3

o9 =05 4 (3G — 2K) sin ) Ay + [2G(1 — § sin¢) — 2K sin ¢]AA”

3

o3 = o1 4 2G(1 — 2 sin) — 2K sin ]A~® + (3G — 2K) sin ¢ ArP

AP =2 cos ¢ (A"}-’a’ + A’"‘,r’b)

return mapping equations
BU(AN, ArP) = girial _ gtrial 4 (ytrial 4 gtrial) iy g
—2cosp (P + AZP) —a Ay — b AP =0
PO (AN, AP = gtrial _ gtrial 4 (ytrial o traly g o
—2cosp (P + AZP) —b Ay —a AP =0

b=2G(1+sin ¢ + sin ¢ — 13 sin ¢ sin v) + 4K sin ¢ sin ¢

34
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Return mapping to left edge

o1 =0 — 2G(1 4 $sin ) + 2K sin ]Ay* + (3G — 2K) sin ) Ar°

3

oo = o + (2G — 2K) sin ) Ay® — [2G(1 + £ sin ) + 2K sin /] Ay"

o3 = ol £ [2G(1 — Lsin ) — 2K sin ¢](Av + ARP),

AZP =2 cos ¢ (A" + A"}"b)
return mapping equations
(i)a.(ﬁ,.},a.ﬁ A,}_,. )_ J’inal %Il‘ll + (J’ilnl + Jgrial) sin ¢
—2cos ¢ (28 + AZP) —a A — b Ay" =0
DU (AT, Art) = olrial — gtrial 4 (glrial 4 gtrial) iy g,

- 9 (OS() (('-——:-1 + A&Tp) — b Aﬂa — (1 A’“}b = O

35

b=2G(1 —sin ¢ — sin vy — L sin ¢ sin ) + 4K sin ¢ sin v

3
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Return mapping to apex

updated yield surface

yield surface at r,

p=ccoto

— trial - '
Gyt pu+]I pn+1 — p'n.—l—l — I‘_L Agg

P

Figure 8.8. Mohr—Coulomb model. Return mapping to apex.
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Return mapping to apex

p=ccoto

Computational Plasticity

trial A
Pn+1 = Pn+1 — It AC{JF

=P A =P\ A i __trial
-‘L.(-E” + Aé ) cot o — p, 1y

AEP = {1355; o=

return mapping equation

(28 4+ aAct) cot o — piHA + K AcP =0

update of state

+ K At =0

_ COS @

sSin v

=P ._ =p A =P
S A e TA

On+1 = pn+1 1,

37
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Selection of the correct return mapping

U T > 0 = right oMl T <0 = left

n+l

trial \
2 n+l \

yield surface
at 1,

N’

d

updated
surface

38
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spectral decomposition of the
elastic trial stress — obtain:

trial

o, and e; (i=1.23)
with

o_;rial > 0‘5”‘“ > 6;nal

check

consistency: process is elastic — update:
sz\L G;nn]+ (Glu-m]+ ()';ml)sin Q) NO ) . wial
1 a ( )n+l = )n+|
—2c(ef)cosd > €47
and exit
apply one-vector return mapping
to main plane — obtain:
Ay and o (i=1.2.3)
check validity
of one-vector return: YES
G,20,20;?
NO
apply two-vector return map to
appropriate edge (right or left) —
obtain:
AYE, Ay? and o, (i=1.2:3)
check validity
of two-vector return: YES
6,20,20;?
NO
apply return mapping to apex assemble updated stress tensor:

— obtain:

3
Opy1 = 12_:1 o; e®e;

I (i=1.2,
Ag, and o (=123) and other state variables, and exit
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Consistent tangent

Analogous to Tresca in terms of
principal stress derivatives

40
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Material properties — Tresca model

90°

Young's modulus: E = 210GPa

Poisson ratio: v =03

Uniaxial yield stress: 6, = 0.24 GPa (perfectly plastic)

) | 3

. Z 7

-

s
N

b,
-
I

)

L1
L+

=1

L]

[+
:55:
[
[
—

=1
[~

IR

e
i
HI\

HTH
F1.-1
o
»
e
¥
1
i
II
|
|
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ot
»

finite element results <— -
Green'’s upper bound: 0.623 —---

bending moment, M /ca?
o o
N ~

1 1 | |
0 0.5 1 1.5 2

edge deflection (mm)

Figure 8.19. Bending of a V-notched bar. Moment-deflection diagram. (Reproduced with permissior
from A new computational model for Tresca plasticity at finite strains with an optimal parametrizatior

in the principal space, D Peri¢ and EA de Souza Neto, Computer Methods in Applied Mechanics anc
Engineering, Vol 171 (¢) 1999 Elsevier Science S.A.)
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Ag” - contour levels:

0117
0.050
0.010
0.004
0.000



—
0"1’
5
o
v

c2Ec Computational Plasticity 44

Soil properties. Mohr-Coulomb model

h=10m
_ L Young’s modulus: E =20 000 kPa
discontinuity
surface Poisson’s ratio: v=0.49
Cohesion: ¢ =50 kPa
Internal friction angle: ¢ = 20°
soil
Dilatancy angle: v =20° (associative flow)
Specific weight: Y =20 kN/m?

Figure 8.30. Slope stability. Geometry and material properties.
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1 9 — A
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- SESEEeaceR -
/ I."'l r|I I|II
£ / |
F Q | II". | c
/ || |II D
/ | 'lII (a9
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|I II'l
|
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—

75 m

Figure 8.31. Slope stability. Finite element mesh.
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finite element results ©—
limit analysis upper bound: 4.045 ----

settlement at point A (m)
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incremental
nodal displacements

AE? - contour levels:

1.3050
0.6525

0.3263
0.0000

47

Figure 8.33. Slope stability. Increment of accumulated plastic strain and displacement at collapse

(increment 6).
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Finite Strain
Single Crystal Plasticity

48
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Slip systems. Plastic deformation by slip

FCC (face-centred cubic)

lattice
plastic slip
mechanism
slip plane sl|.p pllane.and
/ slip directions
weaker ' slip direction
bonds
\

stronger
bonds -
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Single slip

Y pure

crystallographic
= e

N

Am lattice
latice _ rotation

: initial
crystallographic
arrangement

F=F°F"

F'=IT+~sxm

50
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Multi-slip (multi-surface) model
_ e _ 1%, l;"‘e eT
Hyperelastic law T=T7F")=p e F
OF
Nact
. : P DN — . o .
Plastic flow rule LP = F" (FP) ! = E 44 8% @ m”
a—1
: - YO _\ — O !
Yield functions O (7 Ty ) =T =7, a =1, ..., 2ngys
Schmid resolved T
s e €. L0 o %
(Kirchhoff) shear stress =R TR 18T 0m
. (O Q.
Yield surfaces ¢ (r%(7),7,) =0
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Plastic multipliers:

» Rate-independent case (loading/unloading condition)

(:[)Q < O ";llf"'a ;-_> 0 'ﬂ-l;.-"a(l}a - 0 Y = 1. coeq 2’2\\'51:

» Rate-dependent. For example, Norton type visco-plastic:

N\
Y =0 < ) sign(7Y) . a=1,.. 2ngyst

g

52
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Backward integration algorithm

Elastic trial step

F?e;_tl‘lln.l _ F_\ Fr

1
o e |trial
trial — ()i_;.- - triall
Tn—l P )FE F
c n+1
o trial __ e trial T trial e trial ., o o o
"'m+1 - (Rn—l ) Thor 4ty - (q L0 MM )

Consistency check

IE  ®° trial — ,_r_;_?‘f_ti'm.] o ,.f_y(ﬁl:___::?rl_zi.ll) <0 THEN (_')n—l —_—

ELSE perform multi-surface return mapping

()

trial
n+1

53
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Multi-vector return mapping

Exponential integrator for the plastic flow

plastic
Fy | =exp Z Av* 8" wm®| FY »  incompressibility
acd preserved exactly

o/ is the set of n,et active slip systems

¢

> > trial ' o /
F ., =F, 5" exp [— > Ay s @ m“]

aco

n max 1

Note: exp[X|= E — X"
7.
=0
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« Rate-independent case:

Consistency equations (1 equation for each active slip system)
OY(AY) = 7 (Fy 1 (A7) = 7y (1 (A7) =0 YVaed

Newton-Raphson solution

, do® dre  dF°©
v3 s.0 g JoB = — = :  —
E JY o = -] AA~5 AdF® " dA~P H

.lj = JZ{ .
dF" } . , ,
— _F* tné«'ﬁ!l!l!"QHﬁ ) TTlﬁ}
~ 3 i1 - kl
{(123 / 1]

/—\’}"Fm = A".:-‘f};_l) + 09" tensor exponential derivative
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» Rate-dependent case (system of six equations in 3-D, regardless of the
number of slip systems):

Nsyst
—At Y AUF) s @ m(}] —0

S(FP) — Fc . Fe trial exp

a=1

System Jacobian for N-R algorithm:

Nsyst .
ds d,\,__.a
— _ 5.5 e trial 2 : . _ )
ijkl Dkl
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Consistent elasto-plastic spatial tangent modulus

» Rate-independent case (assuming neo-Hookean elastic law)

a? = a° + a?

a’ =

— 1
e'ijlfl — (Ei()) (‘Fli(t)”1 )]ll.
_ 1
Vijkl = [E U]zﬂm 1\0)1772 o ?[E U: Ew]u Okl
U= Z [J _1}&"3 s* @m® @ [37 @ mP +m’ @ s

of e

j»l
M



— 4
v
%}
o
v

C2EC

Computational Plasticity 58

» Rate-dependent case (assuming neo-Hookean elastic law)

Aijkl = |:J¢1;’3F A :H Jr KT ) I} — (T-gg@jk

ikl

Fiset = 0ir(FS,) 5 + 050 (Bl )i — 5045 (Fiso)

s 7 |- s
Hijrt = 0inFij — 5Fijonr

OF

A= — only algorithm-related term
A=J""1:C

Cijit = —0ur (Friy )y
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Example. Strain localisation
(rate-independent)

prescribed
4 Vertical displ., u

Planar double-slip crystal models
T\-‘eaketr (plane Straln)
elements E
£
3
2R v 1 l y bprescribed

vertical displ., u

W =20mm |

|4
- 1
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Slip planes symmetric about
longitudinal axis

u = 5.0mm

Computational Plasticity

60

edge reaction (kN)

20x60 mesh ¢
10x30 mesh +

0 !
0 1

2 3 4

edge deflection, u (mm)

Table 16.4: Rectangular strip. Convergence table.

iter. no.

relative residual norm (%) — 20 x 60 mesh

mer. 6

mer. 13

incr. 20

=1 & Ut = W =

o oo

0.201249E4-01
0.543621E 401
0.129385FE 401
0.106128E'4-00
0.592669F —01
0.603329F —01
0.693394F —02
0.367075E —03
0.916724E —09

0.210379E 402
0.138596 £ 401
0.171953E —00
0.142736 £ —01
0.645938FE —04
0.212211E—-09

0.187277E 402
0.889731E+01
0.291015F —-01
0.171479E —05
0.444649FE —10
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Slip planes unsymmetric about
the longitudinal axis

v initial lattice
"+,  orientation
S
s2
B =60°
0 =75°
"

! | | I !

4 | ) -
= 3 _/// \\ —
c y S
Q N
o 2F -
S free edges ——

3 clamped ----
1F _
0 | | | | |
0 2 4 6 8 10

edge deflection, u (mm)
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Freely downloadable FORTRAN FE program available at:

www.wiley.com/go/desouzaneto

» 7
The companion software to '

COMPUTATIONAL METHODS
FOR PLASTICITY
THEORY AND APPLICATIONS

EA de Souza Neto

D Peric
DRJ}.Owen

@WILEY
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