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Abstract. An overview is given of theoretical and computational issues regarding localisation
and failure phenomena in solids. Starting from an elementary one-dimensional bar problem,
a classification is given of various instability phenomena. Cohesive zone models as well as
enrichment of continua using gradients in space and in time are considered.
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1 INTRODUCTION

Prevention of failure of structures and structural components has always been a major
concern in engineering. While there are many possible causes for structural failure, much
attention has been given over the past few years to fracture of materials. Upon a closer
observation of a fracture, it appears that it is often preceded by the formation of a process
zone in which damage and other inelastic effects accumulate and, accordingly, in which high
strain gradients prevail. This phenomenon is commonly denoted as strain localisation, and
has been documented for a wide range of materials, for instance by Nadal as early asin 1931
in his monograph Plasticity'. Indeed, strain localisation occurs in the form of shear banding in
soils, necking and the coalescence of voids in metals, rock faults, crazes in polymers and the
localised accumulation of microcracks in concrete and rocks under low confining pressures.

The first theoretical contribution probably goes back to Hadamard? in the beginning of the
previous century. After a dormant period of some fifty years theoretical considerations for
strain locdisation, and in fact, more generally for material instability phenomena were
published by Hill®, Mandel*, Thomas® and Rice®. While attention was initially focused on
localisation phenomenain metals, recently also much work has been devoted to shear banding
and diffuse bifurcation modes (such as bulging) in geolo%ical materials’, to (micro)-cracking
in concrete®® and to the propagation of necks in polymerst®.

Attempts to capture shear bands, cracks and other localisation phenomena via numerical
methods have started in the mid-1980s. These attempts failed in the sense that the solution
appeared to be determined fully by the fineness and the direction of the discretisation. The
underlying reason appeared to be a local change of character of the governing egquations. In
the static case the elliptic character of the set of partial differential equations is lost, while, on
the other hand, in the dynamic case we typically observe a change of a hyperbolic set into an
elliptic set. In ether case the rate boundary value problem becomes ill-posed and numerical
solutions suffer from spurious mesh sensitivity.

The inadequacy of the standard, rate-independent continuum to model zones of localised
straining correctly can be viewed as a consequence of the fact that force-displacement
relations measured in testing devices are simply mapped onto stress-strain curves by dividing
the force and the elongation by the origina load-carrying area and the original length of the
specimen, respectively. This is done without taking into account the changes in the micro-
structure. Therefore, the mathematical description ceases to be a meaningful representation of
the physical reality.

To solve this problem one must either introduce additional terms in the continuum
description which reflect the changes in the micro-structure, or one must take into account the
viscosity of the materia'’. In either case the effect is that the governing equations do not
change type during the loading process and that physically meaningful solutions are obtained
for the entire loading range. Another way to look upon the introduction of additional terms in
the continuum description is that the Dirac distributions for the strain at failure are replaced
by continuous strain distributions, which lend themselves for incorporation in standard
numerical schemes. Although the strain gradients are now finite, they are very steep and the
concentration of strain in a smal area can ill be referred to as strain localisation or
localisation of deformation.
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Along a different line solutions have been proposed in which the Dirac distribution in the
strain field is incorporated in the kinematics of the finite dement**>. Mgjor improvements
have been reported, although, curioudly, a rea discontinuity is not modelled because the
added strain modes are condensed at element level.

In this contribution we will start examining the by now classical example of a ssmple bar in
pure tension, which has a small imperfection. The analytical solution will be briefly
recapitulated which shows the strong mesh sensitivity and the convergence of the energy
dissipation of the failure process to a zero value upon mesh refinement. To illustrate that this
unphysical behaviour pertains also to more complicated boundary value problems a carbon-
fibre reinforced silicium-carbide specimen is analysed. The observations that come out of the
analyses for this specimen are not basically different. A popular solution is the introduction of
so-called ‘cohesive zones . In fact, finite element models with embedded discontinuities?™*®
as described above, can be conceived as refined cases of the cohesive-zone approach.

Then, the treatment will become more fundamental as underlying mathematical reasons for
the strong mesh sengitivity in softening solids will be treated, as well as remedies such as the
addition of spatial or tempora gradients. Using the simple framework of small-strain
plasticity a classification will be given of various types of material instabilities, with emphasis
on the distinction between static and propagative localisation phenomena. Also, the role of the
addition of spatial or temporal gradients will be highlighted. Finally, we will focus on a
framework for gradient-enhanced coupled plastic-damage theories.

2 FAILURE COMPUTATIONS

The essential shortcomings of the conventional approach as well as the properties of some
remedies that have been suggested are best demonstrated by the example of a smple bar
loaded in uniaxial tension, Figure 1.
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Figure 1. Bar with length L subjected to an axial stress s.

Let the bar be divided into m elements. Prior to reaching the tensile f, a linear relation is
assumed between the normal stress ¢ and the normal strain ¢ :

o =Ee Q)
with E Young's modulus. After reaching the peak strength a descending slope is defined in
this diagram through an affine transformation from the measured |oad-displacement curve.
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Figure 2. Left: linear softening diagram. Right: response of 1D bar for different discretisations.

The result is given in the left part of Figure 2, where « , marks the point where the loagd-
carrying capacity is exhausted. In the post-peak regime the stress-strain relation thus reads:

<5=ft+hD£—Kog, 2
with h the hardening/softening modulus. For linear softening we have
h= - f : 3
Ku—Ko

We now suppose that one element has a tensile strength that is marginally below that of the
other m - 1 elements. Upon reaching the tensile strength of this element failure will occur. In
the other, neighbouring elements the tensile strength is not exceeded and they will unload
elastically. Beyond the peak strength the average strain in the bar is then given by:
- o E-ho-f
g£=—+——+. 4
E Eh m
Substitution of expression (3) for the softening modulus h and introduction of n as the ratio
between the strain « , at which the residua load-carrying capacity is exhausted and the
threshold damagelevel « 5,0 =« ,/x o and h= - E/In- 1], gives

.9, M _ (5)
E mE

This result has been plotted in the right part of Figure 2 for different ratios of n/m. The
results do not seem to converge to a ‘true’ post-peak failure curve. In fact, they do converge,
because the governing equations predict the failure mechanism to be a line crack with zero
thickness. The numerical solution simply tries to capture this line crack, which results in
localisation in one element, irrespective of the width of this element. The result on the load-
average strain curve is obvious: for an infinite number of elements m- «( the post-peak

curve doubles back on the origina loading curve. A maor problem is now that, since in
continuum mechanics the constitutive model is normally phrased in terms of a stress-strain
law and not as a force-displacement relation, the energy that is dissipated tends to zero upon
mesh refinement because the area in which the failure process occurs also becomes zero.
From aphysical point of view this is unacceptable

The above observations are by no way exclusive to the smple one-dimensional example
guoted above. A somewhat more complicated boundary value problem is the silicium-carbide
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specimen of Figure 3 which is reinforced with carbon fibres (SIC/C composite). The
dimensions of the specimen are 30 mm x 30 nm and a uniform horizontal loading is applied to
the vertical sides. The fibres are assumed to remain elastic and also the bond between fibres
and matrix materia is assumed to be perfect. A softening effect is only considered for the
matrix material, for which asimple Von Mises plasticity model with linear softening has been
adopted®®. A plane-strain condition has been enforced and linear elements have been used.

Figure 3. Deformed SiC/C specimen beyond peak load with localisation band (for finest discretisation).

After the onset of softening a clear localisation zone develops, as is shown in Figure 3.
This figure actually shows the finest mesh which has 973 elements. The computed load-
displacement curve has been plotted in Figure 4, together with those for the two coarser
meshes, with 3892 and 15568 elements, respectively. The same picture arises as for the
simple one-dimensional bar example: a more brittle response ensues if the mesh is refined,
which seems to converge to a zero-energy dissipation. In fact, the solution not only becomes
more brittle upon mesh refinement, also the peak load is reduced. Moreover, the solution
becomes numerically very unstable when finer meshes are employed. This becomes apparent
from the rather irregular shape of the load-displacement curve for the finest mesh, which
could not be continued at some stage in the loading process, no matter how sophisticated
solution techniques (e.g., with indirect displacement control and including line-searches) were
employed. The explanation for this phenomenon is that, as shown in the simple bar problem, a
refinement of the discretisation introduces more and more possible equilibrium states. The
iterative solution process has to "choose' between these aternative equilibrium states and
tends to pick another equilibrium state at every new iteration. Ultimately, this leads to
divergence of the iterative procedure.
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Figure 4. Load-displacement curves for the three discretisations of SiC/C specimen.

3 COHESIVE-ZONE MODELS

A most important issue when considering failure of materials is the observation that most
engineering materials are not perfectly brittle in the Griffith sense, but display some ductility
after reaching the strength limit. In fact, there exists a small zone in front of the crack tip, in
which small-scale yielding, micro-cracking or void growth and coalescence take place. If this
so-called fracture process zone is sufficiently small compared to the structural dimensions,
linear-elastic fracture mechanics tools still apply. However, if this is no longer the case, the
cohesive forces that exist in this fracture process zone must be taken into account, and so-
called cohesive-zone models must be utilised. In such models the degrading mechanisms in
front of the crack tip are lumped into a discrete line, and a stress-displacement (o - ug

diagram over this line represents the softening effects in the fracture process zone. Apart from
the shape of the stress-displacement relation, also the area under it is materia-dependent. This
area represents the energy that is needed to create a unit area of a fully developed crack. It is
commonly called the fracture energy DGfg and has the dimension of Jnf (or, equivalently,
N/m). Often, only the part to the right of the damage threshold « ( is included in the definition
of the fracture energy in order to avoid a dependency on the value of the elastic properties (i.c.

Y oung's modulus), but this seems somewhat artificia as it excludes possible nonlinear elastic
effects. Formally the definition of the fracture energy reads:

Gf=Z<5 du, (6)
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with ¢ and u the stress and displacement across the fracture process zone. Cohesive zone
models were introduced around 1960 by Barenblatt!’ and Dugdale'® for elastic-plastic fracture
in ductile metals. Probably motivated by this approach, Hillerborg”® published his so-called
Fictitious Crack Model for concrete, which ensured a mesh-independent energy release upon
crack propagation.

Adapting this concept to smeared formulations, BaZ ant and Oh° developed the Crack
Band Mode, in which the fracture energy G; was smeared out over the width of area in
which the crack localises, so that

Gi = [oelld ds. @)

Carrying out the integration of eq. (7) for a linear softening diagram, and assuming that the
strains are constant over a band width w (an assumption commonly made in numerica
analyses), we arrive at the following relation between the strain « , at which the residual
strength is exhausted, and G;.
N ®)
fiw
Making use of the observation that w= L/m, with L the length of the bar, the expression for
the softening modulus h becomes:
2
B Lf, ' _ )
2mG; - Lf2/E
We observe that this pseudo-softening modulus is proportional to the structural size and
inversely proportional to the number of elements. In fact, a model in which the softening
modulus is made a function of the element size was proposed first by Pietruszczak and
MroZ?, but without resorting to an energy concept.

We shall now carry out an analysis for the tension bar of Figure 1 and give one element a
tensile strength marginally below the other elements. As with the stress-based fracture model
the average strain in the post-peak regime is given by eqg. (4). However, substitution of the
fracture-energy based expression for the pseudo-softening modulus h, eg. (9), now results in:

o 260t -of (10)

h=

TETT g
t
We observe that, in contrast to the pure stress-based fracture model, the number of elements
has disappeared from the expression for the ultimate average strain. Therefore, inclusion of
the fracture energy G; as a material parameter has made the stress-average strain curves, or
aternatively, the load-displacement curves, insensitive with regard to mesh refinement. But
also the specimen length L has entered the expression for €. In other words, the brittleness of
the structure now depends upon the value of L, so that, effectively, a size effect is introduced.
Indeed, for large values of L the second term of eg. (10) which is aways non-negative,
approaches zero. ¢ becomes smaller and smaller and in the limiting case that L -
e —» o/E, which means that the stress-average strain curve doubles back on its original
loading branch.
When we prescribe the fracture energy G; as an additional material parameter the global
load-displacement response thus becomes rather insensitive of the discretisation. In finite
element calculations the crack localises in a band that is one or a few elements wide,
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depending on the element type, the element size, the element shape and the integration
scheme. Typically, it is assumed that the width over which the fracture energy is distributed
can be related to the area of an element®*?

NINT

h=oAc=c. Y W detJ; , (12)

i-1
with w, the weight factors of the Gaussian integration rule and detJ; the Jacobian of the
transformation between the local, isoparametric coordinates and the global coordinate system
at integration point i.The factor o is a modification factor which is equal to one for quadratic
elements and equal to A2 for linear elements.
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Figure 5. Load-displacement curves for SiC/C specimen with a cohesive zone mode!.

Recently, cohesive-zone models have become quite popular, not only for describing crack
propagation in concrete and rock, but also for describing delamination and other separation
effects in composites and bi-materials'®?*%, and for fracture in metals and polymers®™. When
an embedded fracture process zone model, like the Crack Band Model, is applied to the SIC/C
specimen that was introduced before, we indeed obtain |oad-displacement responses that are
fairly independent of the discretisation, see Figure 5. However, it is emphasised that the
number of aternative equilibrium states is not reduced. The numerical procedure is only more
stable, because the softening branches are more ductile for the finer meshes because of the
introduction of a fracture energy. Indeed, if one would try to include the possibility of
debonding at the fibre-matrix interfaces, the number of aternative equilibrium states would
increase again, and probably to such an extent that divergence again results.
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4 STATIONARY AND PROPAGATIVE INSTABILITIES

Descending branches in the equivalent stress-strain diagram (softening) and non-
symmetries of the tangentia operator (e.g., in non-associated plasticity) are the principal
sources of localisation phenomena on which numerical research has focused so far. They are
caled static instabilities, because the localised strain mode remains confined to a certain area
in the body. However, experimental observations have revealed aso other types of
instabilities, like patterning in rock masses and salt formations and propagative or dynamic
instabilities like Luders bands and Portevin-Le Chatelier bands in metals and alloys, where
the shear band propagates through the body. The latter type of instabilities are caused by
rehardening phenomena and by a negative strain-rate sensitivity, respectively.

For a classification of instability problems?” we shall consider the simple problem of a
uniaxially stressed tensile bar. Then, the governing equations for motion and continuity can be
stated in arate format as

- 2
%:r %2 (12)
and
e:% , (13)

inwhich r isthe massdensity and n = u the velocity. In classical small-strain plasticity, the
strain rate € is additively decomposed into an elastic contribution €° and a plastic
contribution éP:

e=e®+eP (14)

Assuming linear elasticity the elastic contribution is related to the stressrate s in an bijective
fashion according to

s =Ee° (15)
with E the Young's modulus. Differentiation of eg. (12) with respect to the spatial coordinate
x and substitution of egs (13)-(15) resultsin

Ts r ¥s reP
- — =r : 16
™~ E Tt qt? (16)
In standard, rate-independent plasticity the stress s is purely a function of the plastic strain
e’:s =s Cepn. As aluded to in the Introduction, the proper description of instability pheno-

mena requires the inclusion of gradients, either in space or in time. Accordingly, we postulate

a dependence of the stress on the plastic strain, the plastic strain rate, and, following

arguments advocated by Aifantis and colleagues”®®, the second gradient of the plastic strain:
e

S :spep,ép,ﬂTk. (17)
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In arate format we then obtain:
e’
™®>

s =heéeP+séP+g (18)

with

fis s fs

h=——, S=——, = )

fe? &0 O qlver/0e]
Herein, h, sand g refer to the strain hardening/softening, the strain rate sensitivity and the
gradient parameters, respectively. In general, they can be strain and strain rate dependent. We
now combine eg. (16) with the constitutive equation in rate format (18), to obtain:

= ~ ~F q%eP reP

hNe” +sNé’+gN I =

(19)

e =r W (20
with
- 2
N = . r ﬂ_z . (21)
x> E fqt?

To investigate the stability of the equilibrium state, we assume a harmonic fluctuation &°
starting from a state with fully homogeneous deformations:

ép: AeiUkX-HDtQ’ (22)
where A is the amplitude, k is the wave number and w is the eigenvalue. Substitution of eq.
(22) into eg. (20) gives

w?+aw?+bw+c=0 (29)
with
Ek* h- gk®

E
, b=—k?, c= : 24
r T S 29

_ 2
a:h gk +E
s

According to the Routh-Hurwitz theorem all solutions Wng have a negative real part when
the following conditions are fulfilled simultaneously:

_ 2 2 o 2
a:h gk +E>O, c:Ek h- gk S
s r S

0,

2
Bk Eoo . (25)
r S

ab-c=

If the Routh-Hurwitz stability criterion fails to hold, an eigenvalue with real, positive part will
exist, which implies that the homogeneous state is unstable and a small perturbation can grow
into, for instance, a shear band instability. Thus, we have two possible types of instabilities:
() An h-type ingtability which is associated with the formation of stationary macroscopic
shear bands
s>0 , h-gk?<0 (26)

10
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It is interesting to note that the h-type instability is dependent on k, the wave number, which
has a cut-off vaue
k3 h (27)
g

Because the wavelength | isdefined as

P (28)

only wavelengths smaller than 2p/k can propagate in the shear bands. If we define
| =1 /UZ pg we obtain the internal length scale

g
| = 29
h (29)
The thickness of a shear band in the one-dimensional case exactly matches the largest poss-

blewavelength | =2p |.

(i) An s-type ingtability which is associated with the occurrence of travelling Portevin-Le

Chatelier (PLC) bands
s<0, h>0 . (30)

5 GRADIENT ENHANCED ELASTO-PLASTIC-DAMAGE THEORIES

Now, we shall extend the one-dimensional gradient plasticity model discussed in the
preceding section to a three-dimensional gradient-enhanced model, in which damage is
coupled to plasticity. Firstly, we shall briefly summarise the existing knowledge on gradient
elastic-damage and on gradient plasticity theories. Next, the theory will be extended to
damage theories, where the damage evolution is coupled to plasticity. A concise elaboration
will be given of the numerical implementation.

Below we shall first outline the structure of the elasticity-based gradient damage theory
developed by Peerlings et a**>. The basic stress-strain relation is given by

s -l1-o(D%e (31)
with ¢ the stress tensor, D€ the virgin Hookean stiffness matrix, e the strain tensor and w a
scalar-valued damage variable, starting at 0 for undamaged material and reaching 1 upon
complete disintegration of the material. The damage variable is a function of the strain state
through a scalar-valued history parameter « d,

o = ofk dj (32

where « ¢ obeys a loading function fd,

f9_g_x¢ (33)
with € a non-standard equivalent strain which is coupled to the standard, local equivalent
strain £ viaa Helmholtz-type equation

E-gvlE-¢ (34)

1
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with g the gradient parameter and £ afunction of the strain tensor e.

Plasticity theories differ from elasticity-based damage theories in the sense that a
decomposition is assumed with respect to the strain. For the small-strain flow theory of
plasticity this decomposition directly applies to the rates:

e-e°+é". (35)
The elastic part is coupled to the stressrate s via Hooke' s relation, cf eq (31):
s = D°:e° (36)
The plastic strain rates are commonly derived from a plastic potential function, @ , as follow:
L (37)
oS

with ¢ P the equivalent plastic strain rate. Its magnitude follows from enforcing the consist-
ency condition fP = 0, wherein a gradient-plasticity theory the plastic loading function fP
is defined by?®30:34:
fP-G5 -« (39)

with ¢ a function of the stress components, e.g., via the Von Mises definition, and « is a
functional of P and, unlike in standard plasticity, of its Laplacian, v % P. Elaboration of the
consistency condition then yields a Helmholtz equation for the plastic strain rate:

vy 9g2p 100 . (39)

hos

quite similar to the governing equation for the non-standard total strain in an elasticity-based
gradient damage theory, eq. (34). A difference is the occurrence of a hardening modulus,

AL (40)
oe P
which causes that the gradient constant
oK
S 41
oV 2 eP 4

has a different dimension than that in the gradient-damage theory. Another mgjor difference is
that eg. (34) is valid on the entire domain occupied by the body, whereas eq. (39) only applies
to the plastified part. This has severe consequences, since now the boundary conditions must
be taken care of a the elastic-plastic boundary. This is particularly difficult since this
boundary is unknown and, moreover, changes throughout the loading process. In practice, this
problem has been solved by utilising C-continuous shape functions for the interpolation of
the plastic equivalent strain ¢ P.

For the above reason, gradient damage theories are computationally more versatile than
gradient plasticity formalisms. For combining both approaches it is therefore preferable to
depart from a gradient-damage theory and to enrich this theory such that irreversible straining
is properly accommodated. To this end we take eq. (31) as point of departure and change it
into:

s - 1- o] D° le- €] (42)

while the plastic strain rate till follows from eqg. (37), but their occurrence is now governed
by a strictly local plastic loading function
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£0 518 (-« &P (43)
so that the consistency relation remains a pointwise relation
gpo 1004 (44)
hos

Asisimplied in eq. (43) the stress measure ¢ is no longer a function of the stress components
of s . Instead, it is derived from the effective stresses

§__S (45)
l-o
which stems from the observation that plasticity can only apply to the intact matrix material,

and not to the voids. The nonlocal aspect thus resides entirely in the averaging equation (34)

for the equivalent strain w remains a function of the damage history parameter « 4 asin eq.
(32).
An agorithm for this theory reads:

1. Solve for noda displacements u and nodal non-standard equivalent strains €.

2. Compute strains and non-standard equivalent strains in integration points at iteration n+1 :
en+1 1 €yl -
3. Resolve plasticity in effective stress space:

So= So/[)l—wog

2 2 e.

Stia =So+D -nen+1‘ eng
S tria = StriaIDS trian

Evaluate the plastic loading function: fP =8 4 -« fe |-

If fP>0 :SAml:SAtrid_Ange:Fde
as n+1
using a standard return-mapping scheme, to compute A ¢,
d% :§n+1:§trid y AEpZO
4. Evauate the damage loading function fd._ € .- Kﬂ

d . .d —
Iff >O - Knp+1r = €n+t

...d d
dse DK 1= Kn

Compute: o1 = ofk ﬂ+1j

A

5. Transformstress: s |, = -o n+1gs el

6. Compute force vectors and, if no convergence has been achieved, the tangential stiffness
matrices and repeat the iteration loop.
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