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Abstract

The main goal of this paper is to give a general overview of some of the recent advances accomplished in the de-
scription of ductile damage, both from a theoretical and numerical point of view. To start with, the classical local theory
with regard to the thermodynamics of irreversible processes is reviewed where a general elasto-plastic damage model is
established. It is also highlighted the assumptions and limitations behind the classical theory when the constitutive equa-
tions are obtained from the solution of a constrained maximisation problem. Recent advances on the non-local modelling
of ductile damage are also addressed where we shed some light on the principles and consequences of non-locality in
elasto-plastic damage models. The issues regarding the efficient numerical implementation of both local and non-local
theories are also discussed where special attention is devoted to the implementation of non-local models. In particular,
a novel computational strategy, suitable for implementations in commercial programs, is presented for the explicit finite
element code LS-DYNA in detail. A FORTRAN code excerpt is given in which the main steps for the implementation of
the model are schematically depicted. The effectiveness of the non-local model is assessed through the simulation of an
axisymmetric specimen and a sheet metal forming process. It is shown that in both cases the non-local numerical strategy

is able to diminish the pathological mesh dependency inherently present in local elasto-plastic damage models.

Key words: ductile failure, damage, elasto-plasticity, non-local model, LS-DYNA user-defined material

1. INTRODUCTION

Metal forming processes are generally character-
ized by the fact that they involve significant changes
in shape of a part, in the solid state, through the ma-
terial flow under large plastic deformation, con-
trolled by contact and friction by means of tools.
Their industrial importance comes from the large
variety of structural parts manufactured by these
processes in a large diversity of industrial sectors
(automotive, aeronautics, consumption goods, etc.).
The state and geometry of the final part depend on
various factors: load conditions, geometry of matri-
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ces, tools, lubrication of contact zones, geometry of
pre-forms and material forming limits, to name only
the most important ones. Therefore, the possibility
of mastering all these factors is decisive for devel-
opment and optimization of metal forming processes
based on large plastic deformation of metals. In this
aspect numerical tools based mainly on the Finite
Element Method have become indispensable. The
last twenty years have witnessed a great develop-
ment and evolution on both theoretical and numeri-
cal abilities to deal with these phenomena. To
a large extent it is possible today to predict deforma-
tion mechanisms, stresses, forces, material proper-
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ties changes, the influence of tools geometry, lubri-
cation conditions, etc. The great development in
computing facilities made way for important theo-
retical advances on the treatment of large deforma-
tions of inelastic materials which could not be as-
sessed before, which in turn prompted the develop-
ment of new and faster algorithms to solve increas-
ingly complex problems.

Nowadays there exist powerful commercial
codes which are able to simulate complex forming
processes and give very useful information for their
improvement and optimization. However, one aspect
that needs still some progress and in which commer-
cial codes commonly fail to give the adequate re-
sponse is the prediction of material formability, un-
der complex loading paths. Nevertheless, this is
a decisive feature in order to be able to predict de-
fective parts in processes like forging or to describe
processes in which fracture is a part of the process
itself as in sheet blanking or metal cutting. In large
deformation of metals, when plastic deformation
reaches a threshold level, which may depend on the
loading, the fatigue limit and the ultimate stress,
a ductile damage process may occur concomitantly
with the plastic deformation due to the nucleation,
growth and coalescence of micro-voids. Sometimes
those codes include a posteriori fracture indicators
that are not always suitable for all deformation
paths. In the simulation of bulk forming processes, it
is common to utilise fracture criteria based on the
computational evaluation of functions of some state
variables and that depend on the deformation story.
Those criteria may be, broadly, classified in two
groups: one based on micromechanics which include
as primer state variable the total plastic work (Freu-
denthal, 1950), the maximum plastic shear work or
the equivalent plastic strain (Datsko, 1966); and
another based on the growth of defects which in-
clude geometric aspects (McClintock, 1968; Rice &
Tracey, 1969), growth mechanisms, dependent on
principal stresses (Cockcroft & Latham, 1968) or
hydrostatic pressure (Norris et al., 1978; Atkins,
1981), or material behaviour coupling (Oyane et al.,
1978; Tai & Yang, 1987; Lemaitre, 1985).

In fact, in many cases those criteria do not take
into account the facts that the damage localization
site may be away from the zones where the maxi-
mum equivalent plastic deformation is located or
that damage evolution may be different for compres-
sion or traction stress states or different triaxiality
stress states. For these processes, models based on
Continuous Damage Mechanics (CDM) (Lemaitre,

1996) may offer a better understanding of the physi-
cal phenomenon and become an important tool in
the formability and fracture prediction. More re-
cently, a lot of research is being focused on multi-
scales models which may give an important insight
on how the damage mechanisms at lower scales may
manifest at the macro level and affect the definition
of the phenomenological laws which are usually
adopted at this level. Nevertheless, due to the huge
amount of computer capabilities needed, in most
cases nonexistent nowadays, the application of these
multi-scale models in practical terms are still far
from being a reality and for the moment industry
will have to rely on the application of phenomenol-
ogical models at the macro scale.

The softening induced by the standard imple-
mentation of those damage models in finite element
solutions leads to mesh and orientation dependence
as the localization effects are not correctly dealt with
by mesh refinement. One of the solutions for this
problem is the use non-local models (Pijaudier-
Cabot & Bazant, 1987; De Borst & Miihlhaus, 1992;
De Vree et al., 1995; Stromberg & Ristinmaa, 1996;
Polizzotto et al., 1998; Borino et al., 1999; Jirasek &
Rolshoven, 2003; Cesar de Sa et al., 2006; Cesar de
Sa & Zheng, 2007; Jirasek, 2007; Andrade et al.,
2009a). Non-local models include some length scale
information, related with localization effects due to
microstructure heterogeneity, in order to average an
internal variable associated with the dissipative
process. Two types of models are usually assumed
for this purpose: integral and gradient models. In this
work, an integral non-local model is adopted, in
which the internal dissipative non-local variable is
the damage. The model is implemented, by means of
user-defined subroutines, in the commercial code
LS-DYNA and some examples are used to assess its
performance.

2. LOCAL CONSTITUTIVE MODEL

One of the more well established phenomenol-
ogical models for ductile damage in metals is based
on the work of Lemaitre (Lemaitre, 1996) in which
the damage variable, D, is a measure of the disconti-
nuities density per unity area in each surface of
a representative volume element at the meso-scale.
Therefore, damage is a scalar variable and the model
is only valid for isotropic damage in which a homo-
geneous distribution of micro-cavities is assumed. In
order to avoid a formulation associated to each type
of defect or damage growth mechanism, the prin-
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ciple of strain equivalence is postulated by which is
assumed that the constitutive law of the damaged
material is the same as the one assumed for the un-
damaged material, but in which the stress tensor is
substituted by the effective stress tensor defined as:

o
1-D

where o is the Cauchy stress tensor.

o=

(1

Lemaitre’s model is based on the theory of CDM
and thermodynamics of irreversible processes which
strongly couples elasto-plasticity and damage at the
constitutive level. In this framework, two potentials
are introduced: a state potential, the Helmholtz free
energy potential, which is a function of the state
variables and from which is possible to define their
associated variables; and a dissipation potential as-
sociated to the evolution of the state variables char-
acterising the dissipative process. As the two dissi-
pative processes associated to damage and plasticity
result from different phenomena at the micro-scale,
it is assumed that the state potential can be split in
two terms as

=¥, (s,D)+V¥,(R) )

In this expression, where kinematic hardening
and temperature effects are neglected, W, represents

the specific elastic potential of the damaged material
and ¥ , 1s the specific plastic potential associated to

hardening. In equation (2), &° is the elastic strain
tensor and R is the isotropic hardening variable
From these potentials, it is possible to derive the
state variables
oy oy oy

cr=p v 3
oe” ¥ TP R Pop @

o=p

where y is the thermodynamic force associated

with the isotropic hardening variable, —Y is thermo-
dynamic force associated with damage and p is the

density of the material.

As a consequence of the strain equivalence prin-
ciple, the specific elastic potential of the damaged
material is defined by

¥, (s°,D) = i (1-D):D :e* ()

where D¢ is the fourth order elasticity tensor

The Cauchy stress has then the following ex-
pression in accordance to equation (1) and the strain
equivalence principle

oc=(-D)D":¢&° Q)

The associated variable to damage is then writ-
ten as

oY, 1
-Y=- c=—g’:D°:¢g° 6
PaD =3 (6)
or, equivalently, as
q’ p’

= 7
6G(1-D)’ ! 2K(1-D) @

where p is the hydrostatic stress, ¢ is the undamaged
equivalent von Mises stress and G and K are respec-
tively the shear and the bulk moduli.

2.1. Potentials of dissipation for plasticity and
damage

For associated plasticity, the potential of dissipa-
tion is related to the particular yield (limit) function
adopted. For the case of the von Mises law, coupled
with the principle of strain equivalence, the potential
of plastic dissipation takes the following form:

o (R)-) o ()

(1-D)

®)

where ¢ is the yield stress function and s the de-

viatoric stress tensor.

Likewise, it is possible to define a potential of
dissipation for ductile damage in the form of the
limit function:

(s+ 1)21 - D) (_ryjm H(el,

where » is a material parameter representing the
energy strength of damage and s
dimensional material parameter which is a function
of the temperature. The Heaviside function H of the

RO

Fd(_Y):

1S a non-

equivalent plastic straing” , whose inclusion is
justified in the next section, is defined from a critical

value &7 which triggers the onset of damage.
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2.2. State variables evolution

From the second principle of the thermodynam-
ics of irreversible processes, the Clausis-Duhem
inequality implies that the energy of the dissipative
processes of plasticity and damage must be equal or
greater than zero:

p(o,y,~Y)=0:8"—yR —=YD>=0 (10)

The evolution of the internal variables may be
obtained from the generalisation of the principle of
maximum plastic dissipation for coupled plasticity
and damage. Consequently, admitting that, for

a certain level of plastic deformation &” and a cer-
tain damage value D, among all the possible state
stresses that satisfy both the plastic and damage limit
functions, the solution will be obtained by maximis-
ing that energy. In Lemaitre’s model, it is implied
that these restrictions are imposed, resorting to only
one Lagrange multiplier. This is a simplification of
the model that consequently does not allow the two
dissipative processes, plasticity and damage, to
evolve separately. Nevertheless, this may be a valid
assumption for ductile damage where this is almost
always the case. That is also the reason why the
Heaviside function is included in the damage limit
function in order to prevent damage evolution prior
to a threshold value of plastic deformation. The La-
grangian associated to this principle is then stated as:

Lo, 7, Y,y)=0:"— yR-YD-

i|F, .0+ F,(-1)] (1)
where y is the Lagrange multiplier.

The evolution laws for the state internal vari-
ables may then be obtained as:

oL

R DN VS XN VI N SR NP
oo oo 2(1-D)q
—2 -0 R=-y—LoR=y (13)
ox
* —0=D=y Fi_ o
o(-Y) o(-Y

I-D\ r
Recurring to the previous equations and, for the case
of the von Mises law, it is possible to express the
equivalent plastic strain in the following form:

p="7 (ij H(el —el) (1)

“1-D
(15)

which permits to restate the previous equations that
define the evolution of internal variables, for the
case of coupled plasticity and damage, as:

3 s

Ef ==¢gf = 16
3 fueey (16)
R=(1-D)é”, (17)

Dzéfw(_—jjsH(gic—gﬁ) (18)

3. NON-LOCAL MODELLING OF DUCTILE
DAMAGE

At this point, it is important to remark that the
constitutive framework presented in the last section
falls within the so-called local approach. It is widely
known that the standard local theory suffers from
a pathological dependency on spatial discretisation
when under softening regimes. Within a typical fi-
nite element framework, this corresponds to having
spurious dependency on the mesh refinement used to
simulate the fracturing process. This leads to unreal-
istic numerical solutions since the fracturing zone
tends to become infinitely small as the mesh is re-
fined.

Aiming to overcome this issue, the non-local ap-
proach has been addressed by several authors in the
literature (Pijaudier-Cabot & Bazant, 1987; De Borst
& Miihlhaus, 1992; De Vree et al., 1995; Stromberg
& Ristinmaa, 1996; Polizzotto et al., 1998; Borino et
al., 1999; Jirasek & Rolshoven, 2003; Cesar de Sa et
al., 2006; Cesar de Sa & Zheng, 2007; Jirasek, 2007;
Andrade et al., 2009a; among others). In the non-
local theory, the constitutive behaviour is no longer
independent of neighbour material points. In fact, an
intrinsic length is incorporated in the continuum
theory, either by means of an integral or a gradient
approach. As a consequence, a diffusive effect is
introduced into the model, spreading the fracturing
zone over a finite area.

Over the past two and half decades, several au-
thors have addressed non-locality as an effective tool
to prevent spurious localisation and to eliminate
pathological mesh dependency. After the pioneering
work of Pijaudier-Cabot and Bazant (1987), who
adopted a non-local formulation of integral-type for

- 282 -



INFORMATYKA W TECHNOLOGI MATERIALOW

the mesh-insensitive description of quasi-brittle ma-
terials, several relevant contributions on the subject
have emerged. Initially, most of them have concen-
trated on the modelling of materials like concrete
and soil (Pijaudier-Cabot & Bazant, 1987; De Vree
et al.,, 1995; Peerlings et al., 1996; Benvenuti &
Borino, 2002; Borino et al., 2003; among others).
However, ductile materials have also, more recently,
been focus of attention in many papers (Geers et al.,
2003; Cesar de Sa et al., 2006; Mediavilla et al.,
2006; Ricci & Briinig, 2007; Andrade et al., 2009b;
Andrade et al., 2010).

In this section, we briefly revise the general con-
cepts of non-local modelling by adopting the integral
approach. Some of the recent advances accom-
plished within the framework of non-local models of
integral-type are also highlighted and discussed.
Finally, a general non-local model for elasto-plastic
ductile damage is presented.

3.1. General aspects of non-locality

In a general sense, a non-local variable can be
obtained by averaging the associated local quantity
through the following integral

g0 =] Ax.OOAVE) (19
where f(x, &) is an averaging operator given by

a(x,¢)
a(x,¢)dV (<)

ﬂ(x,eg):J (20)

14

where a(x,&) is a weight function, here, considered
to be

a(x,¢)=(1

The integral of Equation (19) incorporates a dif-
fusive effect in the constitutive model, which pre-
vents the chosen non-local variable to spuriously
localise into a narrow band as the spatial discretisa-
tion becomes finer. Therefore, as demonstrated by
Andrade et al. (2009b) and Cesar de Sa et al. (2010),
only the variables that influence the softening re-
gime should be regularised.

One important aspect of the non-local theory is
the assumption of an averaging operator which is
independent of the history of deformation. As dis-
cussed by Andrade et al. (2010), such hypothesis is
particularly important from a computational point of

view since the numerical implementation of the non-
local model is much simpler if compared to the case
where S(x,&) is a function of deformation. As a

direct consequence, the rate of the averaging opera-
tor vanishes, i.e.,

PED_jwo-0 @

Thus, the rate of the chosen non-local variable is
simply given by

E0) =] BOZSAV(E) (23

At this point, some interpretations and conclu-
sions can be withdrawn from the above statements.
For instance, if the history of deformation has no
influence on the non-local averaging operator, it
means that the intrinsic length remains constant as
the body undergoes deformation. Thus, the size of
the fracturing area is inherently assumed to be con-

stant and dictated by ¢, . However, there is no ex-

perimental evidence supporting this statement. Ap-
parently, a more realistic modelling would consider

an evolving intrinsic length, for which ¢, would be

a function of other variables that are known to sig-
nificantly influence the dissipative fracturing proc-
ess, e.g., the plastic strain, the stress state, the inter-
nal degradation or the history of deformation itself.
On the other hand, the consideration of a non-
constant intrinsic length as well as an averaging
operator which is dependent on the history of de-
formation is still very challenging, demanding fur-
ther developments both on theoretical and computa-
tional point of view of the non-local theory. None-
theless, the present non-local theory has already
been successfully employed in the task of reducing
pathological mesh dependency and provides more
sound results than the standard local theory.

It is also important to mention that the assump-
tion of a deformation-independent averaging opera-
tor facilitates the extension of the non-local theory to
finite strains. This point has been discussed in more
detail by Andrade et al. (2010), where different av-
eraging strategies at finite strains have been pre-
sented. Therefore, in the following, we will limit
ourselves to show the theory in small strains in order
to keep notation simple. However, the extension to
the finite strain domain can be straightforwardly
done by employing the same procedures adopted by
Andrade et al. (2010).
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3.2. Non-local elasto-plastic damage model

In the works of Andrade et al. (2009b) and Cesar
de Sa et al. (2010), different non-local variables
have been chosen to enhance the local continuum.
The results have shown that damage is a good can-
didate, especially due to the fact that it highly influ-
ences the softening regime. Therefore, we will con-
sider herein the choice of damage as the non-local
variable for the definition of the non-local model.
The elastic-damage constitutive relation can then be
expressed as

o (x)=(1-D(x)D*(x):(x)  (24)

The yield function, the plastic flow rule and the
evolution of isotropic hardening are also rewritten,
respectively given by

F=—1Y 5 @Ry @

1-D(x)
a3 7)) s(x)
&)= (-D(x)q(x) (26)
and
R(x) = j(x) 27)

In contrast to the model of Section 2, all consti-
tutive variables have been explicitly written a func-
tion of their spatial location, generically represented
by x. This stems from the fact that the non-local
formulation yields on an enriched continuum theory
for which the position of the material point in the
body is essential for the determination of its consti-
tutive behaviour. Moreover, since non-local damage,

D(x), is now the actual state variable, its rate

should play the role of damage evolution. From
equations (22) and (23), we know that

D(x)=[ Bx.D@arE)  @8)

where

D(&) =

7€) (_Y@T 09)
=D&\

where & corresponds to the global coordinate of a

given surrounding point in the vicinity of x. It is
worth mentioning that the Heaviside function has
not been considered in equation (29). However, its
inclusion in the constitutive model is rather straight-
forward.

Finally, the Kuhn-Tucker conditions (7(x) >0,
F,(x)<0 and y(x)F,(x)=0) must be fulfilled,

leading to the final constitutive model, summarised
in table 1. It is important to remark that, since every
material point depends on its neighbourhood, the
Kuhn-Tucker conditions must, in practice, simulta-
neously hold for all points of the whole body. As
a matter of fact, the integral character of the non-
local model yields on a substantially more compli-
cated constitutive problem for which analytical solu-
tions are difficult to obtain. A strategy that numeri-
cally solves the non-local material problem through
a global integration algorithm has been addressed by
Andrade et al. (2010). In Section 4, we will present
an alternative implementation strategy suitable for
explicit formulations.

4. NUMERICAL IMPLEMENTATION

4.1. Local damage model

One of the possible modifications for Lemaitre’s
damage model is achieved by disregarding the ef-
fects of kinematic hardening. As shown by de Souza
Neto (2002), the consideration only of isotropic
hardening leads to a remarkably simple and efficient
numerical algorithm.

The algorithm for the numerical integration of
the constitutive model starts with the definition of
the typical elastic trial state. Notice that the consti-
tutive behaviour is meant to be locally computed at
every material point within a generic time interval

[tn,t,m], where the constitutive variables €7, o

R, and D, are known ‘a priori’. The goal of the

algorithm is to find the updated values of &”,,, o, ,,,
R ., and D,

., for a given strain increment Ag
within [t

. M]. In a typical finite element frame-

work, the material points correspond to the Gauss
integration points.
The elastic trial strain tensor is given by

e trial
n+l

£ =g +A¢ (30)

from which it is possible to compute the elastic trial
stress tensor, written as.

&e trial :De :getrial (31)

n+l n+l
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Table 1. Classical non-local damage model with D

(i)  Strain tensor addi-
. £(x)=£°(x)+£" (x)
tive split

(i) Elastic law

o (x)=(1-D(x))D(x): £(x)

ﬂ o, (R(x))
-D(x

(i) Yield criterion | F,(x) =

1-D(x)
i i & 3 '(x) s(x)
(iv) Plastic flow (x )_ D(x) e
(v) Evolution of )
isotropic hardening (x) = 7(x)
= IV B(x,ED(E)AV ()
(vi) Evolution of where
damage . ~ .
Sy - V(&) Y(&)
D@)_I—B@)( r ]

(vii) Kuhn-Tucker 7(x)20; F,(x)<0;

conditions

y(O)F,(x)=0

Considering now the deviatoric/hydrostatic split
of the stress tensor, the elastic trial stress tensor is
alternatively written as

~e trlal ~ trlal ~ trial
an+1 n+1 + Pu 1 (32)
~trial ~trial . . .
where s,." and p, .| are the effective trial devia-

toric and hydrostatic stresses, respectively given by

trlal 2 G£ etrial , prtlrizil Ke etrial (3 3)

n+1 - dn+l1 > vn+l
where
e trial e . e trial
gd n+l gd n + Agd’ gv n+l gv n + Ag (34)

in which the strain deviator and the volumetric strain
have been denoted, respectively, by &, and &,.

Finally, with equation (33) it is possible to com-
pute the elastic trial von Mises equivalent stress
from the effective deviatoric stress as

~trial __ é ~ trial
qn+l - 2 Sn+1

is necessary for the proper evaluation of

(35)

~ trial
n+l

where g
the yield function and to check whether the pseudo-
increment is elastic or plastic.

Following standard procedures of elastic predic-
tor/return mapping schemes, Lemaitre’s constitutive

model can be written in its (pseudo-)time-discretised
version by the following system of equations

e _ _etrial 3 Aj/ Sn+l
gn+1 - n+l A~ N\
2 (1 _Dn+l)qn+1
Rn+l =Rn +A7/
Ay (=Y., ) 36
D —D I — 7/ ( n+lj ( )
1-D,, r
qn+1
——— -0 (R _,)=0
l_l)}'t+1 y( ”H)
where £°,,, R, ,,, Ay and D, ,, are the unknowns of

the incremental initial boundary value constitutive
problem. It is important to remark that the last equa-
tion of the system is the consistency condition
which, in practice, acts as a constraint for the consti-
tutive problem.

The above system of equations is unattractive
from the numerical point of view due to the high
computational burden if compared to simpler elasto-
plastic models (e.g. von Mises isotropic plasticity).
However, by performing some relatively straight-
forward operations, it is possible to reduce the sys-
tem of equation (36) to a single scalar non-linear
equation, which can be written as

F(Ay)=3GAy-(1-D, )(CNI,ffl —o,)+

~trial 2 _ s
@ Gay) ( Y(M)j 37)

3 r

where Ay is now the only unknown. In fact, the
scalar equation above is much simpler to be worked
out, significantly reducing the computational cost
per Gauss point. The derivation of equation (37) is
omitted here for convenience and the reader is re-
ferred to de Souza Neto (2002) for further details.
The complete stress update algorithm for the effi-
cient numerical integration of Lemaitre’s simplified
model by means of a fully implicit elastic predic-
tor/return mapping scheme (Simo & Hughes, 1998)
is summarised in table 2 in pseudo-code format.

4.2. Non-local damage models

The numerical implementation of non-local
models of integral-type has been usually considered
as one of the main disadvantages of this kind of
regularised model. The main reason for that is the
presence of the integral in the constitutive evolution
equations that prevents the model to have the consis-
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tency condition fulfilled locally. Some implicit gra-
dient-dependent elasto-plastic models proposed in
the literature have tackled the problem by adding the
non-local variable in the global structural problem
and then satisfying the consistency condition only in
a weak sense (Peerlings et al., 1996; Geers et al.,
2003). Adopting the integral-type theory, other au-
thors have employed a solution scheme where all
integration points are solved simultaneously (Strom-
berg & Ristinmaa, 1996; Andrade et al., 2009a,
2009¢, 2010; Cesar de Sa, 2010).

In the particular case of elasto-plastic damage
models, the works of Cesar de Sa et al. (2010) and
Andrade et al. (2009a, 2009c, 2010) have presented
detailed algorithms for the numerical implementa-
tion of non-local models of integral-type. The strat-
egy was based on a global version of the typical
return-mapping scheme, for which all the integration
points are integrated simultaneously. This assures
the

Table 2. Stress update algorithm for Lemaitre’s simplified (lo-
cal) model.

(1) Define elastic trial state

e trial _ e . ~ trial etrial
€, T€, +Ag; S, —2G£d”+1
trial .
Rn+l - Rn ’ } 3 )
~itrial __ K etrial . ~trial — = ~trial
ntl = B8E 4 n+l 2 n+1

(i1) Check plastic admissibility
trial)s 0 THEN

n+l

~trial

IF 941 _O-y(R

SET (-),,, = (-)" and EXIT

n+l
ENDIF
(iii) Solve the single residual equation

X ~trial __ o 2 _ s
F(87)=3GAy = (1-D,)@% =)+ <‘I3G>(Yj
;

for A ¥ with the Newton-Raphson method where

): (O-y(Rn + A}/))Z + (IN’Z:?I)Z

-Y(A
(a7 6G 2K
(iv) Update stress and internal variables
3GA _ qn 1 trial .
D,,=1- wwz—}/ S”“_T;al n+l ’
qn T o-y (Rn +1 ) qn“
cnJrl = sn+1 + pn+ll ;
pn+l = (I_D)Hl )ﬁrfg‘lﬂ > ge =is +lge tria/I
) n+l 2G n+l 3 v n+l
9pn = (I_Dn-H)O—y(RnH)’ .
(v) EXIT

consistency condition to be fulfilled at all mate-
rial points at the end of a given deformation step.
Within an elasto-plastic damage framework, this
algorithm has proved very efficient and relatively
simple to implement in existing finite element codes.

However, for its implementation, one needs to have
access to all integration points of the finite element
mesh in order to proceed with the global integration
scheme. In general, this fact does not represent
a problem if one has full access to the source code of
the finite element program, or, at least, access to the
algorithm that assembles the internal force vector.
Unfortunately, most commercial FE codes do not
allow the user to do the necessary modifications
since they restrict the user-defined constitutive
model to be computed for a generic Gauss point
only.

The global integration approach can be avoided
by substituting it by alternative formulations that
only approximate the non-local theory. For example,
Tvergaard and Needleman (1995) have proposed
anon-local model intended for the description of
ductile materials where they have approximated the
rate of the non-local variable (in their case, the po-

rosity /) by
j1n+l =Kn[f’n+l (38)

where f and f_ are, respectively, the local and

non-local rate of the porosity and K " isa penalty
factor given by

K= (39)

where f “ and f" are the local and non-local rate

of the porosity at the last converged incremental
step. As a matter of fact, this methodology can be
interpreted as an "explicit non-local integration"
since only information of the previous step is used
for the computation of the non-local quantity. The
main advantage of this strategy is that the state up-
date procedure keeps its typical local format. On the
other hand, a major restriction arises since the time-
step must be kept small enough to avoid instabilities
in the solution. In explicit codes, however, the time-
step size has necessarily to be small in order to ren-
der stable solutions where a critical time-step is dic-
tated by the size of the smallest element of the mesh.
Thus, in this case, the use of an approximate expres-
sion like the one in equation (38) is very attractive
from a computational point of view since the stress-
update can be done locally and the time-step will be
necessarily kept small either way. Following these
ideas, we have implemented a similar non-local
strategy in the commercial FE program LS-DYNA.
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The implementation is described in detail in the
following.

To start with, an expression equivalent to the one
in equation (38) can be written for the non-local
model described in Section 3. Therefore, non-local
damage is now given by

- ° In+l ;tn * In+l
D= kp =P p (40)

t”

It is important to remark that the relation above
must be consistently introduced in the local stress
update algorithm. When the evolution of the chosen
non-local variable is explicitly given in the numeri-
cal implementation of the local constitutive model,
the modification is rather straightforward. However,
when algebraic manipulations have been previously
done, one must take special care in order to correctly
add the penalty factor in the residual equations. For
the case of the local damage algorithm presented in
Section 4.1, the single residual equation must be
modified to

F(Ay)=3GAy —(1-D, )@, —0,) +

~trial 2 s

— O _

Kn[ (Qn+1 y) ( Y (41)
3G r

In addition, the rate of damage must be stored
after convergence has been achieved with the local
material integration algorithm. No further modifica-
tions are necessary in the stress update algorithm.

However, one still needs to compute the non-
local counterpart of the damage rate, which requires
having the values of the local damage rate of the
surrounding points. In fact, this step may still be
very complex depending on the commercial FE pro-
gram used. In the case of LS-DYNA, the access to
information of other elements is available, especially
because the software allows the user to create vecto-
rial implementations. Therefore, the arrays contain-
ing the stress, plastic strain, and the history variables
of the elements of the mesh are readily available in
the user subroutine urmathn (in the case of solids)
and have the dimension of n1qg, which is a parame-
ter dependent on the machine architecture. When-
ever the software enters the subroutine urmathn,
the information of a given group of elements (the
size of the group depends on the parameter n1q) is
supplied. The user subroutine is then called as many
times as necessary until the material integration al-
gorithm of all elements of that particular group has

been carried out. For instance, if n1q is defined to
be 96 and the mesh has 2000 solid elements, the
subroutine urmathn will be accessed 21 times by
LS-DYNA, where at each time the arrays sigX,
epsps and hsvs will store, respectively, the
stresses, the plastic strains and the history variables
of a different group of 96 elements. This code struc-
ture can be conveniently used for the implementa-
tion of the non-local strategy since we need the rates
of the surrounding points only at the previous con-
verged time. Therefore, a general procedure can be
adopted as follows.

In the first incremental step, all the information
necessary (nodal coordinates, connectivities, etc.)
for the computation of the non-local factors, /., can

be retrieved and stored in user-defined arrays.
Meanwhile, the material integration is done locally
for all elements of the mesh and, after convergence
of the local material algorithm, the rate of chosen
non-local variable (in the present case, damage) is
stored in a user-defined array. This information will
be necessary in the subsequent steps when the non-
local averages for the computation of the penalty
factor, K", will be updated. In turn, the penalty
factor is input as an argument of the local material
user routine. In order to avoid numerical instabili-
ties, the penalty factor is set to 1.0 if the local rate of
damage is less than a given prescribed value (e.g.
107%).

A critical step in the procedure described above
is the correct storage of the user-defined arrays. To
prevent data loss and to assure that the information
computed in the previous step will be available in
the next one, the FORTRAN77 save statement
should be issued at the beginning of the subroutine
urmathn for the user-defined arrays.

In order to know the current step (or cycle, as it
is called in LS-DYNA), the following common
block needs to be included at the beginning of the
subroutine urmathn:

common/bk06/idmmy, iaddp,ifil,
maxsiz,ncycle,time (2, 30)

The variable ncycle is an integer that stores
the number of the current step. For the determination
of the non-local averaging factors, as well as the
element connectivities and the nodal coordinates, it
is in general easier to handle with the external ID’s,
which can be easily retrieved through the function
lgfinv(id internal,itype).
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Table 3. FORTRAN code excerpt for the implementation of the A FORTRAN code excerpt schematically de-
non-local model in LS-DYNA for solid elements picting the implementation procedure is given in
table 3 for reference. Note that only the main steps
for solid elements have been presented. Neverthe-
common/bk06/idmmy, iaddp, ifil, maxsiz, ncycle, less, the same concepts can be straightforwardly

subroutine urmathn (...)

ti 2,30 . .
ime ( ) extended for shell elements (in subroutine urmats).
dimension betaij(...), dot nlv(mxelem,2)
dimension connect (mxelem,8), coord (mxnode, 3) 5. NUMERICAL EXAMPLES
C Save data in arrays for the next step 5.1. Axisymmetric specimen

save betaij, dot nlv, connect, coord

if (ncycle.eq.1.and.nnml.eq.0) then In this first example, the analysis of an axisym-

C Initialise rates for penalty factor calculation metric SPeCimen (See ﬁgure 1) is carried out in order
do ielem=1,nelem to assess the regularising effects of the proposed
dot_nlv(ielem 1)=0.0 ! local rate numerical implementation. A similar specimen has
dot nlv(ielem,2)=0.0 ! non-local rate . . . . .
enddo been investigated by the authors in previous contri-

endif butions (Andrade et al., 2009¢, 2010) using an im-

if (ncycle.eq.1) then plicit in-house finite element code. Three mesh re-

C Get connectivities (e.g. linear hexahedron) finements using linear quadrilateral elements with
do i=1ft, 11t reduced integration (see figure 1) have been consid-
ielem=1qgfinv (nnml+i, 2) ered in order to capture the pathological mesh de-
connect (ielem, 1)=lqfinv(ixl (1), pendency. The material properties adopted are given
connect (ielem, 2)=1gfinv (ix2 (1), in table 4

connect (ielem, 3)=1gfinv (ix3 (i),

connect (ielem,4)=1gfinv (ix4 (i),

Table 4. Material properties for the axisymmetric example

( ), 1)
( ), 1)
( ), 1)
( ), 1)
connect (ielem, 5)=1gfinv (ix5(i),1)
( ), 1)
( ), 1)
( ), 1)

connect (ielem, 6)=1gfinv (ix6 (1),
connect (ielem, 7)=1gfinv (ix7 (1), Pmperty Value
connect (ielem, 8)=1gfinv (ix8 (1), Young's
£ E=210000 MPa
enddo modulus
C Get coordinates - .
call get coordinates (..., coord , r mem(dm x) POISS.OnS v=023
L) - - ratio
endif Damage -
if (ncycle.eq.2.and.nnml.eq.0) then exponent s=10
call compute_non-local_ factors (..., betaij ,
connect , coord ,...) Dam_age +=25MPa
endif denominator
if (ncycle.ge.2.and.nnml.eq.0) then . Initial yield
call compute non-local rate (..., betaij , Gy, = 80.559 MPa
- - stress
dot nlv ,...)
endif Yield
. 4 0.216
s hardening o,=0,+[58910" +R —80.559| MPa
do 90 i=1ft,11lt curve
U Non-local
C Get global element ID ..
Jen grome ment characteristic ¢, =10 mm
ielem=1lgfinv (nnml+i, 2)
length
C Compute penalty factor
penalty factor=dot nlv(ielem,2)/
dot_nlv(ielem,1) It is worth mentioning that the regularising ef-

fects of the non-local theory can only be achieved if
41 call umatdl (..., penalty factor , rate local the characteristic length is large enough to span at
pees) least some elements. Therefore, in the present case,

C Call local user material routine

¢ Store local rate of damage the value of ¢/, =1.0 mm has been chosen aiming to

dot nlv(ielem,1)=rate local fulfil this condition rather than based on experimen-
tal measurements. Nonetheless, this consideration is

90 continue .
reasonable enough to assess the non-local algorithm.

COMPUTER METHODS IN MATERIALS SCIENCE

end subroutine urmathn
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The specimen is loaded at its ending edge with
a low velocity that grows linearly with time, there-
fore, minimising the effects of inertia. Figure 2
shows the damage contours for the local case. We
notice that damage tends to concentrate at the criti-
cal element meanwhile its numerical value also
tends to increase. Conversely, the non-local solution
provides a different behaviour. Observing figure 3, it
is possible to notice that both the damaging area and
the damage values are kept nearly constant upon
mesh refinement.

Tty

53.334 mm

12.826mm|

HEHE

Fig. 1. Geometry and different mesh refinements for the axi-
symmetric specimen.

Fringe Levels
7.269¢.01
5595601 ]
5921601
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4573001
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3.226e01
2551601
1877¢01
1203601
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Fringe Levels
6389601
5.803e.01 :I
5217001
4631001 _
4046e01
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2874001
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1703601
1117601
5315602

Fringe Levels
5891e01
5355601
2818¢01
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b

Fig. 2. Damage contours for the local case.

Fringe Levels
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5.369¢.01
4831001
4294001 _
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3218e01
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1.605e.01
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Fringe Levels
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6.060e-01
4657¢01 |
4053601 _
3550e-01
3047e01
2544001
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Fig. 3. Damage contours for the non-local case.

12

1.0 4

,

08 4
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Damage
----- Penalty factor
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0.0 1.0 2.0 3.0 4.0 5.0

Displacement [mm]

Fig. 4. Evolution of damage and penalty factor at the critical
point of the finest mesh (non-local solution,).

In figure 4, the evolution of the damage variable

and of the non-local penalty factor, K", are plotted
at the critical point of the finest mesh. At the initial
stages, when damage is still low, the penalty factor
is kept constant and equal to the unity. However,
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when damage begins to evolve rapidly, the penalty
factor decreases accordingly, which slows down the
rate of damage evolution. As a consequence, spuri-
ous localisation is avoided.

5.2. Sheet forming

This example is based on the analysis carried out
by de Souza Neto et al. (1994). It consists of the
simulation of a sheet metal forming process (see
figure 5). Only one quarter of the geometry has been
simulated. Despite the fact that this kind of process
usually requires anisotropic constitutive laws for an
accurate prediction, the use of an isotropic model is
helpful and sufficient to demonstrate how the pro-
posed non-local implementation can significantly
alleviate the pathological mesh dependency issue.
Nonetheless, it is worth mentioning that the same
non-local methodology can be extended to account
for anisotropy. The sheet is considered to be made of
an aluminium alloy, while the punch and the die are
regarded as perfect rigid materials. All the material
properties employed are given in table 5. Different
mesh refinements using linear shell elements with 5
integration points have been used to model the sheet
as shown in figure 6. A general surface-to-surface
contact algorithm available in LS-DYNA has been
employed to consider the frictional contact between
the parts. Both static and dynamic friction coeftfi-
cients were assumed to be equal to 0.05. The dy-
namic effects have been minimised by applying a
linearly growing low velocity on the punch. Similar
to the last example, a characteristic length that is
sufficiently large to get the influence of enough sur-
rounding elements has been adopted.

Table 5. Material properties for the sheet forming example

Property Value
Young's E = 69004 MPa
modulus
Poisson's ratio v=0.3

Damage $=10
exponent
Damage F=2.5MPa

denominator

Initial yield

6,,=80.559 MPa
stress -

Yield hardening
curve

o, =, +[589(10 + R ~80.559] MPa

Non-local
characteristic
length

l, =50 mm

R50.8mm
I.Dmml
[ 1

R R6.35mm

b——11836mm —

Fig. 5. Simulation of the sheet forming process: geometry and
finite element model for the coarsest mesh (the model has been
mirrored in respect to the XZ plane).

jﬁﬁ@%ﬂ ;th‘

Fig. 6. Mesh refinements of the sheet for the metal forming
simulation (top view).

In figure 7, the damage contours for the local so-
lution are plotted for the same punch displacement.
Clearly, damage tends to localise very rapidly upon
mesh refinement. On the other hand, when the non-
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local solution is adopted, the localisation effects are
significantly attenuated since the damage values do
not vary as much as in the local case (see figure 8).
Furthermore, the differences on the contours are also
smaller, especially on the zone where damage con-
centrates.

Fringe Levels
3845001
350101 ]
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2816001 _
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4121602

Y

bo
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8214e01
732201
6430601 __
5538¢01
4645¢01
3753e01
2861601
1.968e01
1.076¢01
1.839¢ 02

Fig. 7. Damage contours for the local case (top view).
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box

Fringe Levels
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2.190e-01
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9962¢-02
5968¢02
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Fig. 8. Damage contours for the non-local case (top view).

6. CONCLUSIONS

A general overview of the general framework for
the description of ductile damage has been addressed
in this paper. The standard local theory has been
revised where some important interpretations have
been highlighted. The general aspects of the non-
local theory incorporated into a continuum damage
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framework have also been focus of discussion where
some of the main assumptions have been reviewed
and clarified. The numerical implementation of an
alternative non-local formulation has been presented
in detail for the finite element code LS-DYNA. The
results of two sample cases have shown that the
methodology was able to alleviate the pathological
mesh dependency observed due to the softening
regime caused by the damage model. However,
since the proposed non-local formulation is only an
approximation of the true non-local theory, it is still
not clear if the methodology will properly prevent
localisation for a wider number of cases. Therefore,
a deeper assessment of the presented non-local strat-
egy, together with element erosion techniques under
several circumstances, should be focus of further
investigation.
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PROBLEMY TEORETYCZNEJ I NUMERYCZNEJ
ANALIZY PLASTYCZNEGO PEKANIA - WYBRANE
ZAGADNIENIA

Streszczenie

Celem pracy jest przedstawienie przegladu najnowszych
osiagnie¢ w zakresie opisu plastycznego pgkania, zarowno od
strony teoretycznej jak i numerycznej. Na wstgpie omowiono
klasyczna lokalna teori¢ odnoszaca si¢ do termodynamiki nie-
odwracalnych procesow, wykorzystywana do opisu ogodlnego
modelu sprgzysto-plastycznego pgkania. Naswietlono réwniez
zalozenia i ograniczenia klasycznej teorii pojawiajace si¢ wtedy,
kiedy réwnania konstytutywne sa uzyskiwane z rozwiazania
problemu minimalizacji z ograniczeniami. Oméwiono tez ostat-
nie osiagnigcia w zakresie nie lokalnego modelowania sprezy-
sto-plastycznego pgkania, pokazujac zasady i konsekwencje
wynikajace z nie lokalnego traktowania tego procesu. Zagadnie-
nia zwiazane z efektywnym numerycznym opisem lokalnej
i nielokalnej teorii sa rowniez omoéwione w pracy, a specjalng
uwage poswigcono implementacji modeli nie lokalnych. Nowa
strategia obliczeniowa, umozliwiajaca implementacje tych
modeli w komercyjnych programach symulacyjnych, zostata
szczegOtowo przedstawiona na przyktadzie LS-DYNA. Frag-
menty kodu w jezyku FORTRAN, w ktorych pokazano gtowne
kroki implementacji, sa przytoczone w pracy. Efektywnos$¢ nie
lokalnego modelu jest oceniona na podstawie symulacji od-
ksztatcania osiowosymetrycznych probek oraz procesow tlocze-
nia. Wykazano, ze w obydwoch analizowanych przypadkach
nielokalna strategia numeryczna pozwala na obnizenie wrazli-
wosci rozwiazania na rozmiar siatki, ktore jest nierozerwalnie
zwiazane ze sprezysto-plastycznymi modelami pgkania.

Received: July 31, 2010
Received in a revised form: October 10, 2010
Accepted: November 14, 2010

Ll
O
Z
=
0
%)
%]
—
<
4
=
<
=
Z
%)
a)
o
T
&
=
e
=
>
o
=
o
v

-293 -




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /POL <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


