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Chapter 1

Introduction

Computational Failure Mechanics has attracted increasing interest over the past
years. However, there are still many aspects of this science that remain as open
tasks. The study of the postcritical behavior of solids is by no means trivial and
involves problems that range from finding an appropriate physical conception of
the phenomenon to formulating correct and efficient mathematical and numerical
models to describe it.

From the Continuum Mechanics point of view, failure is tightly related to strain
localization, which can be defined as a material instability characterized by the
presence of modes of intense deformation restricted to narrow regions in a solid.
This general definition includes phenomena such as slip-lines in metals, shear bands
in soils, and cracking in quasibrittle materials.

Perhaps, the most remarkable characteristic of localization is that it can occur
without the presence of special boundary conditions (it can occur even in homoge-
neous fields). In light of this feature, strain localization, as a material phenomenon,
is related to constitutive models with strain softening or with non-associative flow
rules. From the mathematical point of view, when dealing with inviscid materi-
als, the governing equations change of type when localization appears, rendering
the Initial Boundary Value Problem (IBVP) ill-posed. The absence of an internal
length scale leaves the width of the localization band undefined, which makes the
mathematical description of the problem become meaningless. As a consequence,
the corresponding numerical model may undergo pathological behavior if no precau-
tion is taken. For instance, when a standard Finite Element formulation is used,
a spurious strong dependence on the mesh size is observed. This manifold nature
of strain localization has resulted in the appearance of a variety of approaches to
study it.

The remaining of this chapter is organized as follows. Some approaches to Failure
Mechanics are briefly reviewed in Section 1.1. In Section 1.2, the approach adopted
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in this thesis is laid out. The objectives of this doctoral thesis are stated in Section
1.3. Section 1.4 gives an outline of the structure of this work.

1.1 Review of some approaches to failure mechan-
ics

As said above, many ways of approaching the study of failure and strain localization
have been proposed. A precise and exhaustive account of all of them goes beyond
the scope of this thesis. However, here we try to classify them into general groups.
The boundaries between these groups are not completely clear and they are likely
to overlap each other.

1.1.1 Discrete Approaches.

These approaches are also known as cohesive crack models. For a deeper review
of this type of models, the reader is referred to [Elices et al., 2002]. They were
introduced in the early sixties by [Dugdale, 1960] and [Barenblatt, 1962]. The ex-
tension to the study of failure in concrete can be found in [Hillerborg et al., 1976].
The basic idea is to introduce a discontinuity interface governed by a traction-
separation law within the solid when certain failure criterion is fulfilled. Discrete
crack models have been related to the use of interface elements that allow the in-
troduction of the discontinuity interface in Finite Element simulations (see, e.g.,
[Steinmann, 1999]). This entails that the placement of the discontinuity has to be
known in advance or the necessity of using remeshing techniques in order to follow
the discontinuity path, which can represent a major drawback from the compu-
tational cost point of view. However, the appearance of the so-called embedded
elements ([Dvorkin et al., 1990],[Klisinski et al., 1991]), which introduce the discon-
tinuity within the domain of an element, has been a crucial ingredient for the in-
creasing popularity of cohesive crack models. More recently the use of enrichment
based on the partition of unity concept (the resulting method has some times been
termed Extended Finite Elements, X-Fem, [Belytschko et al., 2001]) has also been
used in the context of discrete approaches ([Wells and Sluys, 2001]).

1.1.2 Approaches based on Classical Continuum

Classical Continuum Approaches to failure are based on the introduction of strain
softening via the so-called smeared crack models ( [Rashid, 1968]). In classical con-
tinuum, this leads to the above mentioned ill-posedness of the governing equations
and the subsequent lack of objectivity of the corresponding spatial discretization.
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To overcome these difficulties several strategies have been proposed. Among them,
one can find approaches like the crack band models ([Bazant, 1983]). The idea here
is to spread the energy release along the width of the localization band, so that it be
objective. One way to do this is by using the Fracture Energy concept. The width
of the band is computed in such a way that the dissipated energy is the correct one.
This introduces a length parameter ([Oliver, 1989]) that depends on the size of the
elements of the mesh used.

1.1.3 Enriched Continua

Enriched continua are based on introducing modifications to the classical continuum
or on making use of more general continua in order to regularize the underlying
governing equations. Usually they introduce a length scale, which determines the
width of the localization band.

One example of a generalized continuum is the Cosserat continuum. It is part
of the more general micro-polar theory and consists in augmenting the translational
degrees of freedom by rotational degrees of freedom. It makes this approach spe-
cially suitable for the study of granular materials ( [Vardoulakis, 1989]). However,
the inclusion of additional degrees of freedom and the necessity of remeshing to
improve the resolution of the localization band are important drawbacks that have
diminished its use.

A way of enriching the continuum is by adding higher order spatial derivatives
in quantities involved in the constitutive models ([de Borst and Mulhaus, 1992]).
These strategies have some common features with the so-called non-local models
([Pjaudier-Cabot and Bazant, 1997]). For them, the stress at a given material point
depends not only on the strain (and internal variables) at that point but also on the
strain (and internal variables) in the neighborhood of that point or on some type
of average strain (or average of some internal variable) of the neighborhood. This
kind of approaches have a smoothing effect in the high displacement gradients that
appear in the localization band. One of its drawbacks is the need of refinement to
capture the behavior in the localization band properly.

Although the use of viscous regularization cannot be considered, in strict sense, as
an enrichment of the Classical Continuum, we include it in this group of approaches
due to some of its characteristics. An internal length scale is introduced and the
governing equations remain well posed when localization appears. Besides, it can be
interpreted as adding higher order time derivatives as pointed out in [Sluys, 1992].
Again remeshing is needed in the localization band.
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1.1.4 Fundamental approaches

The microstructure (in the case of materials such as metals) or the mesostructure
(in materials such as concrete) of the material is modelled in order to account for the
micro(meso)mechanical changes that trigger the appearance of failure in solids. A
very interesting approach is the one based on the so-called quasi-continuum method
which bridges the continuum and the atomistic realms ([Knap and Ortiz, 2001]).
This type of approaches are certainly appealing; however they are still in a devel-
oping phase that make them unaffordable in most of the cases.

1.2 Approach Adopted

The approach adopted in this thesis is the so-called continuum strong discontinuity
approach (CSDA). The CSDA remains within the general framework of classical
continuum mechanics. It is based on the inclusion of jumps in the displacement
field. Thus, the localization zone is modelled as having null width, i.e., as a surface
in three dimensions or as a curve in two dimensions. This approach was first
proposed in the pioneering work by [Simo et al., 1993]. Whereas classically strain
localization had been treated as a weak discontinuity, i.e., as a discontinuity in the
strain field, the use of strong discontinuities was justified by the results obtained
in the context of functional analysis indicating that the proper space for classical
inviscid plasticity was the so-called space of bounded deformations (BD(Q)) (see
[Temam, 1983]). This space admits discontinuous solutions whose corresponding
strains are bounded measures, which include Dirac delta (generalized) functions.

Though, as mentioned above, this approach remains within the realm of the clas-
sical continuum, its relationship with discrete approaches (or cohesive models) has
been pointed out by [Oliver, 2000]. Cohesive traction-separation laws can be seen
as “projections” of the original continuum stress-strain laws into the discontinuity
interface.

Although the continuum strong discontinuity approach is, in principle, indepen-
dent of the numerical model used, it has been tightly related to the use of Finite
Elements with embedded discontinuities. In this thesis this kind of finite elements
are adopted for the numerical simulation of strong discontinuities in solids.

1.3 Objectives

Based on the continuum strong discontinuity approach proposed in [Simo et al., 1993]
and more deeply explained and developed in [Oliver, 1996a] and [Oliver, 1996b], this
thesis has the following as its objectives:



1.4. OUTLINE 5

e To review the state of the art of the continuum strong discontinuity approach,
aiming at contributing to its development for the simulation of complex prob-
lems.

e To compare and analyze the existing families of finite elements with embedded
discontinuities within a general framework.

e To explore the possibility of devising a finite element with embedded dis-
continuities that captures the appearance of strong discontinuities in solids

properly.

e To propose a strategy that allows to manage the propagation of several dis-
continuity interfaces in a solid.

e To improve the robustness of the algorithms currently used to simulate strong
discontinuities in solids, so that complex problems, specially those involving
multiple discontinuities, can be tackled.

These objectives are oriented to getting an efficient and robust computational
tool that allows the simulation of complex problems in which strain localization
appears. All this relying on a mathematical model consistent from the classical
continuum mechanics point of view.

1.4 Outline

The remaining of this thesis will be organized as follows. In Chapter 2, a review of
some fundamental concepts about the mathematical conditions for the appearance
of strain localization is made. The relationship between strain localization and
constitutive models with strain softening is explained. A representative isotropic
continuum damage model is studied within the context of classical discontinuous
bifurcation analysis. The methodology to obtain the conditions for the inception of
a localization band in a solid and the propagation direction of the discontinuity are
explained and applied to the above mentioned continuum damage model. Chapter
3 will be devoted to the theoretical aspects of the continuum strong discontinuity
approach. The strong discontinuity kinematics will be introduced. The regular-
ized version of that kinematics is presented in such a format that it can represent
both weak and strong discontinuities. The so-called strong discontinuity analysis is
explained and then applied to a representative isotropic continuum damage model.
The formulation of finite elements with embedded discontinuities will be addressed
in Chapter 4. A general framework based on the multi-field statement of the gov-
erning equations is presented. From that general framework, the formulation of
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various finite elements with embedded discontinuities is tackled. The peculiarities
of those formulations are analyzed. The locking effect observed in the so-called stat-
ically optimal symmetric element is studied and some remedies to this pathological
behavior are proposed. The limitations of this type of elements are pointed out.
Chapter 5 is devoted to studying some strategies to manage the simulation of the
propagation of discontinuities when finite elements with embedded discontinuities
are used. The concepts of “local” and “global” tracking algorithms are explained.
Then a global tracking algorithm based on solving a heat-conduction-like boundary
value problem is proposed. Its advantages in managing the propagation of mul-
tiple discontinuity paths are pointed out. Motivated by the complexity that the
appearance of several discontinuity paths entails, Chapter 6 deals with some issues
related with stability and uniqueness that can lead to the lack of robustness of the
numerical model. An strategy based on adding an artificial regularizing damping is
proposed. In Chapter 7, the concepts developed throughout this thesis are applied
to the resolution of some numerical examples specially chosen due to its complexity.
Finally, Chapter 8 presents the conclusions of this work and proposes some possible
lines of future research.
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Strain localization

Failure in solids is related to the appearance of regions in which high gradients of
the displacement field are observed. When these intense modes of deformation are
concentrated in narrow bands, the solid is said to undergo strain localization. As
mentioned in Chapter 1, it is a material instability related with constitutive models
either equipped with strain softening or having non-associative flow rules. The
material character of this type of instability becomes clear when one considers that,
even in the presence of homogeneous stress states, the use of constitutive models
including strain softening can lead to the appearance of strain localization. An
illustrative one-dimensional example of this can be found in [Oliver et al., 1998].

The modelling of failure in solids requires information about the time at which
a material point becomes part of a localization band and the direction in which
that band evolves. In a context fully consistent with classical continuum mechan-
ics, this information comes from the so called discontinuous bifurcation analysis
([Runesson et al., 1991]).

In this chapter, the mathematical conditions for the appearance of strain lo-
calization are studied within the framework of the discontinuous bifurcation anal-
ysis. The analysis is limited to infinitesimal strain and to rate independent ma-
terials and follows the guidelines of classical studies about strain localization for
quasistatic problems such as the ones presented in [Rice and Rudnicki, 1980] and
[Ottosen and Runesson, 1991].

In Section 2.1 the fundamentals of the discontinuous bifurcation analysis are
laid out. Section 2.2 presents a representative continuum damage model. The
discontinuous bifurcation analysis is applied to this model in section 2.3.

7



8 CHAPTER 2. STRAIN LOCALIZATION

X2
\/Xl

Figure 2.1: Continuum with a localization band.

2.1 Discontinuous bifurcation analysis

The problem of finding the conditions for the appearance of strain localization can
be stated as follows:

Consider a homogeneous domain {2 undergoing uniform strains at a given time.
Then, find the conditions under which the strain rate, &, may become nonuniform,
varying in a planar band €, C Q bounded by two parallel planes (as shown in Fig.
(2.1)), and remaining uniform outside that band.

To establish these conditions precisely, consider an orthonormal basis {n,t,p},
where n is the normal to the middle plane of the band €2, and t and p are two
vectors lying on that plane. The directional derivatives of the velocity (displacement
rate) field 1 in the direction of p and t are assumed to be uniform, so we have that

[0pu]=[(a® V) - p]=[a® V]p=0 (2.1)

[Oa]=[(0® V) - t]=[a® V]t =0 (2.2)
where [o] denotes the difference between the values of () in € and Q\y,, 0,(e) and
0;(e) are the directional derivatives of () in the direction of p and t, respectively.
From (2.1) and (2.2) (see them as orthogonality conditions), it follows that

[A®V][=8®n

where 3 is an arbitrary vector.
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As a consequence the strain rate has to fulfill the following condition:

[e]=[V*u]=(8 ®n)® (2.3)

where (e)° stands for the symmetric part of (¢). Equation (2.3) is the so-called
Maxwell’s kinematical compatibility condition.

Besides this kinematical condition, equilibrium of the traction vector rate be-
tween €, and O\, must hold!:

[7]=[é - n]=[¢]n =0 (2.4)

Suppose that we are dealing with an incrementally linear material (which is the
case of classical inviscid materials), then we can write the following incremental
constitutive relation:

6=C":¢ (2.5)

where C' is the fourth order tangent constitutive tensor (also called incremental or
tangent constitutive operator). Then two bifurcation scenarios, depending on the
material behavior outside and inside the band, can be considered.

In the first scenario the tangent operator is the same inside the band as outside
the band. From (2.5) and (2.3), we have that

[6]= C":[¢]=C": (B ®n)’ (2.6)

Substituting (2.6) into (2.4) and considering the symmetry of &, we obtain

[6]n=(n-C'n)-B=0

Knowing that Q(n) =n - Ci-n, which is the so called Localization Tensor, we have
that

Q(n)-8=0 (2.7)

The trivial solution of (2.7), 3 = 0, will entail [¢] = 0. As a consequence, strain
localization will take place only if Q is singular. Then, a necessary condition for
strain localization to take place is that for some n

IThis condition will be studied more deeply in Chapters 3 and 4.
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det[Q(n)] =0 (2.8)

An alternative scenario is the one in which the tangent operator inside the band
is different from the tangent operator outside the band. Let € be the strain rate in
O\Qp,, then we have that

[€]) — Cag, : €
(B®n)’]-Cqq, : & (2.9)

[6] = ’Qh : (e +

= Cq, : e+
where Cgh and CZQ\Qh are the tangent operator inside and outside the band, respec-
tively. Replacing (2.9) in (2.4), we obtain

(n-Cy,m)-B+n[Cle=0

Defining Qq, := (n- C§, ‘n), we obtain

Qq,-8 = —n[C'|:€

Remark 1 With regard to the two bifurcation scenarios studied, it 1is
important to mention that in [Rice and Rudnicki, 1980] and
[Ottosen and Runesson, 1991], it was pointed out that the case in which the tan-
gent operator is the same inside and outside the band is a limit case (the most
unfavorable) of the scenario with different tangent operators. So, according to this
result, condition (2.7) is the critical one and bifurcation will be ruled by it.

Remark 2 As mentioned above, the results presented in this section are derived
within the context of quasistatic problems. For the dynamical case, the appearance
of strain localization has been analyzed in classical works such as [Hill, 1962]. There,
the study of acceleration waves is used and localization corresponds to “stationary
waves”.  The resulting condition for the appearance of strain localization is the
singularity of the so called Acoustic Tensor, whose expression is the same as the
one of the Localization Tensor. Moreover, this same condition coincides with the
loss of strong ellipticity (see [Ogden, 1984] for a discussion on the concept of strong
ellipticity) of the incremental constitutive relation.
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2.2 A representative continuum damage model

Continuum damage models are intended to describe the degradation of the me-
chanical properties of a solid prior to the formation of macrocracks?. Extensive
information about Continuum Damage Mechanics can be found in [Lemaitre, 1996].
Here we will present an isotropic continuum damage model based on the ideas pre-
sented in [Oliver et al., 1990].

2.2.1 Ingredients of the model

The expression of the Helmholtz free energy density of the model is the following:

d(er) = [1—d(r)l, (2.10)

where d € [0, 1] is the so-called damage variable (this variable determines the amount
of loss of stiffness of the material point considered), r is a strain-like internal variable
and 1), is the elastic free energy, whose definition is

Po(e) = %(s :C:e) (2.11)

where C is the elastic fourth order constitutive tensor, defined by C =) ® 1+2ul,
with 1 and I being the second and fourth order unit tensors, respectively, and A and
1 the Lamé parameters.

From the definition of the free energy made in (2.10), the following constitutive
equation is derived:

o =d.(er) = (1—d)C:e (2.12)

The damage variable, d, is defined in terms of r:

g—1- 40 (2.13)

where ¢ is a stress-like internal variable.
The internal variable r has the following evolution law:

2Later on in this thesis, we will see how a continuum constitutive model plus the inclusion of
the so-called Strong Discontinuity Kinematics can be used for modelling macrocracks



12 CHAPTER 2. STRAIN LOCALIZATION

= A (2.14)

with r € [rg, 00) and 79 = 7|y—g = 04/V'E (0, is the peak stress and F is the Young
modulus).
The damage function (in stress space) used is

flo.q) :==715—4q (2.15)

where 7, = ||o||g-1 = Vo : C™' 1. The symbol ||e]|o_: denotes the norm of (e)
in the Riemannian metric defined by C~!. This metric is such that the damage
surface

OE, :={o | flo,q) =7, —q=0} (2.16)
is an ellipsoid in the principal stress space.
To these ingredients one must add the loading/unloading conditions:
f<0; AX>0; A\f=0 (2.17)

and the consistency condition:

Af=0 (2.18)

Schematically the behavior of this model regarding loading and unloading is the
following:

([ <0 = A=0 =7 =0 (damage does not evolve)
f<0 = A=0=7=0 [(unloading) (2.19)
f=0 Fo0 — A=0 = 7 =0 (neutral loading)
\ N A>0 = 7 >0 (loading)

Only the definition of ¢ remains to be made. It will depend on the type of
hardening/softening rule used. Here we write the incremental expression of it:

G = H(r)r (2.20)

where H is the hardening/softening incremental parameter. In addition gy = qli—¢ =
To-
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T 1

Figure 2.2: Integration of the damage internal variable in time.
2.2.2 Time integration of the evolution law

One of the most interesting features of this model is that (2.14) can be integrated
in (pseudo)time in closed form. Here we find the resulting expression.
Let us define

Te = |le]lc =Ve:C:e (2.21)
It can be easily proven that
Te = (1 —d)7e (2.22)
Then, it follows that
floq) =17, —q=0%< f(eyr) =7 —17=0 (2.23)

Thus the damage criterion can be posed in strain space [Simo and Ju, 1987], ob-
taining, as in the stress space formulation, a damage surface with the form of an
ellipsoid in the principal strain space.

Consider the case of inelastic loading, then A = 7 > 0. Therefore, in light
of (2.17), f = 0 and r = 7.. Now, notice that, from (2.17) and (2.18), r grows
in loading and does not change in unloading, but never decreases. = Thus, the
expression, in closed form, for r at a given (pseudo)time is

r(t) =r = Srg[%{ro, ()} (2.24)
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Since the hardening/softening law is supposed to be given, then the whole constitu-
tive model can be solved in closed form. A schematic picture of the evolution of r
along time can be seen in Fig. 2.2.

2.2.3 Incremental constitutive relation
For the discontinuous bifurcation analysis that will be performed in the next section,
it is important to have the expression of the incremental constitutive law. In the
elastic regime this relation is

6=C:¢

C being the elastic fourth order constitutive tensor; whereas in damage regime

o=C%: ¢ (2.25)

where

c? = (1 —d)C—q;QZ:(TO'Q@a (2.26)

is the damage tangent operator.

2.3 Discontinuous bifurcation in continuum dam-
age
In this section, the discontinuous bifurcation analysis is applied to the above contin-

uum damage model. First, the general three-dimensional problem is tackled. Then
the analysis is restricted to plane strain and plane stress.

2.3.1 The general 3-D problem

As stated in (2.7), a necessary condition for the appearance of localization is the
singularity of the Localization tensor, regarded as a function of the unit normal to
the surface of localization, n, and of the hardening/softening parameter, H. That
is to say,

det[Q(H, n)] =0 (2.27)
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After defining the so-called effective stress @ = C : e, and using (2.12) and (2.13),
we can rewrite (2.26):

Cd:g —q;g?ﬁ&@& (2.28)
Hence,
Q=0 p o 229

where Q? is the Localization Tensor for damage. Let us now define the elas-
tic acoustic-like tensor as Q° = n-C-n and the “effective” traction vector as
7T (n)= & -n. So we have that

q—HT

Ql= qu 1= TeT) (2.30)

Then, considering the symmetry of Q¢, we arrive to the following expression of the
localization tensor:

qr

Q' =g~ {1 ST @)Y ®T}

Hence,

det(Q?) = gdet(Qe) det {1 g _rzﬁ (7-(Q)7 ®T} (2.31)
Since we know that 7, ¢, and det(Q¢) are always positive, the condition (2.27)
reduces to

det {1 L O ®T} =0 (2.32)

Which yields?

3The following identities are to be used:
1) det(A - B) = det(A) det(B); A and B being two arbitrary second order tensors.
2) det(l—a®b)=1—a-b; a and b being two arbitrary vectors.
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T-(Q)"'7T|=0 (2.33)

where 77 := HIZ_-H(QE)’l =/T - (Q) "T.

Based on (2.33), we arrive to an expression for the values of the softening pa-
rameter, H, for which the bifurcation condition (2.27) would be satisfied for a given
stress state in terms of arbitrary values of the unit normal, fi:

2

Hh) =2 [1— - } (2.34)

r T%—.(fl)

2.3.2 Determination of the critical values of H and n

Now, let us define G as the set of values H(fi) obtained from (2.34) for all the
possible i1 at a given time and at a given material point of a solid. Formally,

2
G = {H(ﬁ) € R | Ih eR™m ||a] = 1,7 =2 {1 - "’72] } (2.35)
r [T ()]

where ngim is the number of dimensions of the problem and ||e|| is the Euclidean
norm of (e).

Therefore, the problem of finding the critical value of the softening parameter

‘H at a given time and at a given material point can be stated as a maximization

problem:

H = ﬁ%z)%@ﬂ(ﬁ) (2.36)

The corresponding critical value of n has the following definition

n“" .= fi such that H(h) =H" (2.37)

Hence, the bifurcation time, t,, for a material point, X, can be defined as the time
at which the hardening/softening parameter H equals H®, i.e.,

t, :=t € R, such that H(t) = H* (2.38)
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Remark 3 The determination of HY® and n“® is crucial for the inception and
propagation of a localization band. In Chapter 5 the importance of this information
in the context of tracking algorithms for managing crack propagation is remarked.

2.3.3 Two-dimensional settings

Explicit expressions for H* and n* in the context of plane stress and plane stress

are derived here.

Plane Strain

For the analysis the vectors and tensors involved are expressed in the orthonormal
basis {n t,p}, where n is the unit normal to the localization line, t is the tangent
to that localization line, and p is the normal to the plane in which the localization
line lies. Then we have that

1 Enn Ent 0
m]=< 0 »; [e]l=| eu eu 0 |;
0 0 0 O
(2.39)
5nn 5nt 0
[6’] - 5-nt 5-tt 0
0 0 oy
Thus, the expression of Q¢ = (A + w)n ® n+x1 in this basis is
X424 0 0
Q] = 0 pu 0 (2.40)
0 0 u
Hence,
1/A+2u) 0 0
[(Q)7'] = 0 1/p 0 (2.41)
0 0 1/u
and the expression of the effective traction vector is
_ 5‘7’”’1
[T]=q Ow (2.42)

0
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Hence,

T'%_' = T ’ (Qe)_l'T =3 Onn + —Ont (243)

Considering the definition of effective stress, & = C : €, the definition of the
norm 7. (2.21), and that, in loading, r = 7., we can write

rP=5:C"':& (2.44)
with
. ) 1
Cl=— " 1@1+1 (2.45)
2u(3\ + 2u) 2
Hence,
A 1
= ————— T &) +— |5’ (2.46)
2u(3\ + 2u) 2

where T'r(e) denotes the trace of (e).
Equations (2.43) and (2.46) can be rephrased using, as the elastic material pa-
rameters, the Young modulus and the Poisson’s ratio as follows:

(1+v)1—-2v) 2(1+v) ,

2= o 2.47
Tr (1 . V)E Onn + E Ont ( )
1+
r? = _%(mm + Gy + 5p,,)2+( B ) (62, + 05+ 05, +252,) (2.48)
Then it can be proven that the following identity holds:
E
r? — 727 =1 .2 Vstt (2.49)

Let us now consider the orthonormal basis {€;, &, p}, coinciding with the princi-
pal strains directions. Vector &; corresponds to the direction of the maximum princi-
pal strain. Let 6 be the angle of n with respect to &;, such that n = cosfé; +sin 6é,.
Then &4 can be expressed as follows:
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en(0) = (g1 — €2)sin® 0 + &5 (2.50)

where € and e, are the principal strains, with 1 > &5
Considering the fact that for two-dimensional cases the normal n is defined by
6, problem (2.36) can be stated as follows:

H" = max H(0) (2.51)
oe[—m,m]
with
71(6)=2 -
== 11— 2.52
) r r? — —15,2 en(0) ( )

where identity (2.49) and (2.34) have been used.
In light of (2.52), it follows that (2.51) reduces to minimizing €2 for € [—, 7].
The condition for an optimal point is

M = 2[(81 — 82) SiIl2 0 + 82] (81 — 62) =0 (253)
O(sin” 6)
which yields
§in2f = —— 2 2.54
i G =) (2.54)
Considering that
P (e,) 2
——— = 2(e1 — > 2.
O(sin” §)2 (E1=22)" 20 (2:55)

then, condition (2.53) gives us a minimum. Since, sin®€@ € [0, 1], we have

1 Ef if 0 < - 8,2 < 1

' e1—¢2) . (e1—€2)

sin? 7" = ¢ 1 if -2y >1 (2.56)
0 if ——=2—-<0

By replacing 0", obtained by (2.56), in (2.50) and then in (2.52), we obtain H¢"®.
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Plane stress

For the plane stress analysis, the components of the vectors and tensors correspond-
ing to the direction outside the plane are not involved. Thus, we can make use of
basis {n t}, where n is the unit normal to the localization line and t is the tangent
to that localization line. Then we have

a- (3} e[ %]

Considering that, for plane stress, the expression of the elastic tensor is

C= .2 1 ®1+(1 —v)I] (2.58)
we obtain
Q° = 1_EV2 [(lgy)n®n+(1;”)1} (2.59)
Hence,
e-1) _ 1 — 12 { 1 0 }
(@) ]=——7%—| 2 (2.60)

The expression of the effective traction vector is

m:{ T } (2.61)

Ont

Thus,

From (2.46), we have
9 v, _ _ L+v), , _9 _2
= _E(O-nn + Utt) + B (Unn + 0+ 2ant) (263)
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By using (2.62) and (2.63), after some algebra, we obtain the following identity:

r? — 12 = Ee}, (2.64)

Analogously to the plain strain case, let us consider the orthonormal basis
{é1,é2} with & and é; corresponding to the principal strains directions.  Vec-
tor &; corresponds to the direction of the maximum principal strain. Let 6 be the
angle of n with respect to &, such that n = cosfé; + sin6é;. Then we can write:

en(0) = (g1 — €2)sin® 0 + &5 (2.65)

where £, and €5 are the principal strains, with e; > &5
Considering again that for two-dimensional cases the normal n is defined by 6,
problem (2.36) can be stated as written in (2.51), with

HO)=2 |1 - 2.66
=4 [1- ] (200
where identity (2.64) and (2.34) have been used.

Problem (2.51) reduces, as in the plain strain case, to minimizing &% for 6 €
[—7,7]. Hence, the value of 6" can be computed using the same expressions as in
plane strain.

Remark 4 Notice that, in both (2.52) and (2.66), H(0) can only take negative
values, which implies that bifurcation cannot take place in hardening.
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Chapter 3

The continuum strong
discontinuity approach

In Chapter 2, the study of strain localization was tackled. It was based on deter-
mining the necessary conditions for the appearance of a band in which the strain
field becomes discontinuous. These discontinuities in the strain field are termed
weak discontinuities. Their use has been classical in modelling strain localization.
However, due to the absence of an internal length scale, the width of the localiza-
tion band remains undetermined in the classical continuum context. In light of this,
the limiting case in which the band of localization collapses into a surface of zero
thickness emerges as a natural option. Then, the displacement field is discontinu-
ous across this surface. This new type of discontinuities are referred to as strong
discontinuities.

In the pioneering work by [Simo et al., 1993], the issue of modelling strain local-
ization by means of strong discontinuities was dealt with. The space of bounded
deformations BD(Q2) (see [Temam, 1983]), developed in the context of classical per-
fect plasticity, was adopted as the appropriate functional framework. Thus, the
displacement field may be discontinuous and the corresponding strains are bounded
measures, which include the Dirac delta. However, the stresses were assumed to
be regular, which led to the necessity of reinterpreting the softening parameter in a
distributional sense. A very interesting consequence of this interpretation is that
dissipation can occur in a region of (Lebesgue) measure zero. The dissipation tak-
ing place in the discontinuity surface can then be related to the concept of fracture
energy (which is energy per unit area) in a straightforward manner. Thus the spu-
rious dependence of the energy released with respect to the width of the localization
band is overcome (see [Oliver et al., 1998]).

The regularized version of the strong discontinuity kinematics was taken advan-
tage of in [Oliver et al., 1997] to propose a transition between the weak and strong

23
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discontinuity regimes. The issue of the conditions that must be fulfilled to allow the
inclusion of strong discontinuities was analyzed. Later, in [Oliver, 2000], the same
framework was used in order to show how the discrete (cohesive) constitutive models
can be regarded as “projections” onto the discontinuity surface of continuum consti-
tutive models when the strong discontinuity kinematics is adopted. The extension
of the so-called Strong Discontinuity Analysis to large deformation settings has been
tackled in [Oliver et al., 2002b]. Important contributions to the modelling of strong
discontinuities in finite strain settings can be found in [Armero and Garikipati, 1996]
and [Larsson et al., 1999], among others.

Throughout this chapter, the use of strong discontinuities and its implications
are explored within the context of continuous constitutive modelling. However,
modelling strong discontinuities in solids can be tackled from other standpoints. In
[Oliver et al., 2002b] a classification of the possible ways of undertaking this task
was presented and three main groups were identified:

Discrete approaches (e.g. [Alfaiate et al., 2002]): the adoption and introduction of
the discrete constitutive model at the interface is done without resorting to the
continuum one. Their connection with the strong discontinuity kinematics
is limited to numerical aspects, mainly to the use of some kind of enriched
elements to capture discontinuities.

Discrete-continuum approaches (e.g. [Steinmann, 1999]): the discrete model is de-
rived from a continuum one and then introduced in the discontinuity interface
regardless the fulfillment of the necessary conditions for the inception of a
strong discontinuity!.

Continuum approaches: the discrete constitutive model is fully consistent with the
continuum one. In fact, the former does not need to be explicitly introduced,
but it is induced from the adoption of the latter.

The last approach is the one adopted in this thesis and will be called, from now
on, Continuum Strong Discontinuity Approach (CSDA).

The governing equations of the boundary value problem are stated in Section
3.1.  Section 3.2 is devoted to presenting the kinematics of discontinuous media.
First the strong discontinuity kinematics is presented. Later the weak discontinuity
kinematics is laid out. Then the regularized version of the strong discontinuity
kinematics is presented as a limit case of the weak discontinuity kinematics when
the width of the discontinuity band tends to zero. In Section 3.3 the implications of
the adoption of the strong discontinuity kinematics in continuum constitutive models
are studied. Finally, in Section 3.4 a relationship between the strong discontinuity
approach and the concept of fracture energy is established.

!These are the so-called strong discontinuity conditions (see [Oliver et al., 1997])
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| )

Figure 3.1: Solid with an internal boundary.

3.1 The Boundary Value Problem

Consider the open domain €2, with elements x (called material points), whose bound-
ary is I' (see Fig. 3.1). The boundary is composed of the open sets I, and I, such
that ', NI, = 0 and I', UL, = I The prescribed rate of displacements, 1, is
imposed on I, whereas the prescribed rate of tractions is imposed on I',. Consider,
also, the internal boundary S§?, which partitions €2 into Q2 and Q™ (see Fig. 3.1).
Then, the equilibrium equations® and boundary conditions in rates format are

V-6+b=0 in Q\S  (equilibrium equation)

Osn=0gsn on S (inner traction continuity)
(3.1)
u=u" on I, .
{ G-v=t onl, (boundary conditions)

where & is the Cauchy stress tensor rate, b is the body force density rate, n is the
unit normal to S pointing to 27, and v is the unit outward normal to T' (see Fig.
3.1).

The hypothesis of small strains is adopted throughout this thesis, then the kine-
matics equation is

¢ =V*a in Q (kinematics equation) (3.2)

The relationship between the stress, o, and the strain, €, fields is given by some
constitutive model, for instance, the one presented in Section 2.2.

2Using Continuum Mechanics terminology, S is a material surface.
3The inner traction continuity is characteristic of problems involving discontinuous kinematics.
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3.2 Strong and weak discontinuity kinematics

The kinematics of a continuum undergoing discontinuities is analyzed in this section.
As a result the link between weak and strong discontinuities is established.

3.2.1 Strong discontinuity kinematics

Consider now that © is split by S (called discontinuity interface*) into QT (pointed
by the unit normal n) and Q~ (see Fig. 3.2-a), then the following structure for the
rate of displacement field, i : Q@ xR, — R™im (ng, is the number of the dimensions
of the problem), is proposed:

u(x,t) = u(x,t) + Hs [u](x, t) (3.3)

where Hs is the Heaviside function acting on S (Hs = 1 Vx €Q" and Hs = 0
Vx €0Q7) and [u] : Q@ x R, — R™im= ig the rate of displacement jump function.
Functions u and [u] are considered to be smooth®. From (3.3) and (3.2), we obtain
the following expression for the strain rate field:

£(x,t) =V*u= V*u + Hs V°[u] + 65 ([u] @ n) (3.4)
3 (r;grular) €] (s?rltgular)

S
/

where s is the Dirac delta function acting on S.

Remark 5 The structure of the strain tensor can be expressed as the sum of a term
including only regular distributions and a term which includes a singular distribution
(the term containing the Dirac delta)®.

Remark 6 Notice that the restriction of function [0] to the discontinuity interface
S (i.e., [u]s) defines the “jump” in the rate of displacement field, 0, across S, and
hence the symbol used to denote it.

4Discontinuity surface in 3-D and discontinuity line in 2-D.

5The issue of the smoothness of the fields involved in the strong discontinuity kinematis is
tackled in chapter 4. For the moment, a smooth function can be understood as a function whose
first derivatives are not singular distributions.

6 A regular distribution is a distribution that can be generated by a (Lebesgue) locally integrable
function (see [Reddy, 1998]), whereas a singular distribution cannot. Roughly speaking, regular
distributions correspond to “normal” functions, while singular distributions correspond to “special”
functions like the Dirac delta.
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Figure 3.2: Discontinuous kinematics: a) strong discontinuity, b) weak discontinuity, c)
regularized strong discontinuity.
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3.2.2 Weak discontinuity kinematics

The definition of the weak discontinuity kinematics [Oliver et al., 1997] is made only
for the two-dimensional case. Extension to three dimensions is straightforward.

Let {&,n} be a curvilinear coordinate system such that S coincides with the
coordinate line 7 (see Fig. 3.2-b), i.e.,

S ={x(¢n) | € =0}

Then, let {&,&,) be the orthonormal basis associated with the above coordinate
system and let r¢(£,n) and r,(&,n) be the corresponding scale factors, such that
ds¢g = red€ and ds, = rpdn, where ds¢ and ds,, are, respectively, the differential arc
length along the coordinate lines £ and 1. Consider now the lines ST and S~ which
coincide with the coordinate lines & = ¢ and &€ = £, respectively, and define the
limits of the discontinuity band Q" := {x(&,n) | £ € [¢7,£"] }, whose representative
width h(n), from now on called bandwidth, is defined as h(n) := r¢(0,1)(£" — &£7).

Consider, then, the following description of the rate of displacement field in €:

u(x,t) = u(x,t) + Hon(&,t) [](n, t) (3.5)

where Hqn(€,t) denotes the ramp function, defined by

0 x € Q\Q"(£<E)
Hon = 1 x € QN\Q" (£ >¢7) (3.6)
= xe (e <g<gh)

It is easy to see that Hqn exhibits a unit jump, i.e., the difference of its values
at ST and S~ for the same coordinate line¢ is equal to one ([Hqr] = Hon(E1,t) —
Hon(€7,t) = 1 Vn). Hence, the corresponding gradient is

1 OHgn . OHen . 1

1 N
VHQh = 7’_6 85 e§+r—n 87] en:,umh—éeg
he(&m) = re(§m) (€7 =€)
he(0,m) = 1¢(0,m) (€7 —&7) = h(n)

where jiqn is a collocation function placed on Q" (ugn = 1 if x €Q" and pgn = 0 if
x ¢Q"). From (3.2), (3.5), and (3.7), we obtain

(3.7)

. s st s Lo s
é(x,t) =V°u =V’u + Hon V [[u]l+u9hh—£([[u]] ® €¢) (3.8)
£ (continuous) ~ ~~ d

[é] (discontinuous)
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Remark 7 The strain tensor corresponding to the weak discontinuity kinematics is
expressed as the sum of a continuous term, &, plus a discontinuous one, [€]. No
singular term is present.

3.2.3 Regularized strong discontinuity kinematics

Now, we define the regularized version of the strong discontinuity kinematics as the
limit case of the weak discontinuity kinematics when h(n) tends to zero (see Fig.
3.2-¢). Thus, the expression of the displacement rate is the following:

u(x,t) = u(x,t) + Hs [u](x, t) (3.9)

On the basis of (3.8), the corresponding strains rate is assumed to be

h(n)

-~
[é] (unbounded when h(n)—0)

& (x.t) = Vi + H VL] + 1s—— ([4] ® n)* (3.10)

€ (bounded)
where pg is a collocation function placed on § (ug =1 if x €S and pg = 0 if x ¢S)

Remark 8 When the bandwidth, h(n), tends to zero, (Nsﬁ) — b6s. Thus, the

kinematics defined by (3.9) and (3.10) becomes equivalent to that defined by (3.3)
and (3.4).

Remark 9 Notice that h(n)=he(0,n) and that n =& at S. This means that (3.5)
and (3.8) tend to be equivalent to (3.9) and (3.10), respectively, as the discontinuity
band collapses into surface S.

Remark 10 From remarks (8) and (9), one can conclude that the kinematics de-
scribed by (3.9) and (3.10) are representative of both the weak discontinuity kinemat-
ics and the strong discontinuity kinematics for h(n) relatively small in comparison
with the dimensions of the solid.

Remark 11 The rate of strain field (3.10) is not kinematically compatible with the
rate of displacement field (3.9) in the sense that €& # V®u, since
VH=b6sn #ug[1/h(n)ln. Compatibility is only attained when h(n) — 0.
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3.2.4 A variable bandwidth model

In [Oliver et al., 1997], the fact that discontinuous bifurcation was a necessary but
not sufficient condition for the inception of a strong discontinuity was pointed out.
Then specific conditions for the appearance of strong discontinuities were derived
(the so-called Strong Discontinuity Conditions’). In order to reach the necessary
conditions for the appearance of strong discontinuities, a transition from weak to
strong discontinuities was devised. Thus, the formation of a strong discontinuity at
a material point x can be modelled as a weak discontinuity at a certain time of the
deformation process. At the bifurcation time, ¢, the stress and strain fields bifurcate
according to the kinematics presented in (3.10), with [a] # 0, and with h, = h(n)
of finite width if the strong discontinuity conditions are not met. In such a case,
for the subsequent states, the bandwidth decreases ruled by a certain bandwidth
evolution law (which is regarded as a material property) until ~A(n) = k — 0 at time
t= tSD8.
In light of this, time integration of (3.10) for ¢ > tgp yields

t . tsp 1 ] t 1 )
€ (X, t)|i>tep, = /0 F:dt+,u3/0 E([[u]]@n)sdtjt,usf E([[u]]@n)sdt
t

SD

~
€

_ 1 )
= £ + psy (Alu] ®n) (3.11)
(bounded for h=k—0) -~ 4

(unbounded for h=k—0)
where Afu] := [u](x,t) — [u](x,tsp) is the incremental jump.

Remark 12 The material character of S (which implies i = 0) has been taken into
account in the above derivation.

Remark 13 In (3.11) and in all the derivations related with the strong discontinuity
analysis, the general case in which the strong discontinuity regime is preceded by a
weak discontinuity regime s considered.

3.3 Strong discontinuity analysis

A crucial issue that arises when the strong discontinuity approach is adopted is
that of the compatibility of the strong discontinuity kinematics with continuum

"These conditions will be discussed later on in this thesis.
8In its computational implementation k is as small as allowed by the machine precision.
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constitutive modelling. The strong discontinuity analysis [Oliver, 2000] aims at
identifying the conditions that make that compatibility possible. The point of
departure of the analysis is the inner traction continuity stated in (3.1). From this,
the mathematical conditions that make a continuum constitutive model consistent
with the inclusion of discontinuities in the displacement field are derived.

Let us state the inner traction continuity and the inner traction rate continuity®:

Ta\s (x,1)n(x)
Tlx.1) = &s(x.)n(x) = g sx.)nx) [ 75 TER 12
where 7 denotes the traction vector, os is the stress tensor of the material point
P € S, and og\s is the stress tensor of a material point in 2\S belonging to the
neighborhood of P.

Hence, the following consequences can be inferred:

Since the strain tensor is bounded in Q\S (e = &), the stresses og\s are also
bounded. Therefore, 7(x,t) = og\s'n is bounded. We also have that 7 (x,t) =
osn. Let us now express 7 (x,t) in the basis formed by the principal directions of
Ogs.

71 = o1ny  (bounded)
T = oany  (bounded) (3.13)
T3 = o3ns  (bounded)

where 01, 09, 03 are the eigenvalues of os. Since ny, ny ng are bounded by
definition (||n|| = 1), then oy, 09, 03 are also bounded!®; and so is the stress tensor
os. Analogous arguments can be used to prove the boundedness of 6.

Remark 14 The boundedness of the stress tensor o s, despite the unboundedness of
€s, 1S a key result of the strong discontinuity analysis.

3.3.1 A representative continuum damage model

Before proceeding with the strong discontinuity analysis, we present a summary of
the isotropic continuum damage model laid out in Section 2.2.

9Although the inner traction continuity is treated as an assumption here, it can be derived,
in a variational context, from the moment balance plus the adoption of the strong discontinuity
kinematics, as done in [Simo and Oliver, 1994].

10This argument is not general, since n; for some i € {1,2,3} could be zero . However, even in
this case, the boundedness of s can be proven using alternative reasonings.
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Free Energy  w(e,r) = [1 — d(r)]vy: wo(s):%(e:(}:e) (3.14)

Constitutive Eq. o =0:Y(er)=(1-d)C:e (3.15)
Damage variable d=1—q(r)/r de€]0,1] (3.16)
Evolution law =X ré€lrgo0) 10=0,/VE (3.17)

Damage Criterion f(o,q) =7, —¢ To=Vo:C':0o (3.18)

L/U conditions <0, A>0; A\f=0; A\f=0 (3.19)
——

consistency

Softening Rule Gg="H(r)r; q€][0,r0); qlimo =10 (3.20)

In the remaining of this section the strong discontinuity analysis is applied to
the above constitutive model.

3.3.2 Discrete constitutive equation

Now we can resume the strong discontinuity analysis, applying it to the consti-
tutive model sketched in Subsection 3.3.1. We have that, from the boundedness
of og, the boundedness of 7, = Vo : C™!: o follows immediately. Moreover,
7o = [(1/745)(c : C7': &)] is also bounded. In light of (3.20) and (3.19), ¢ # 0 only
in loading (7 = A > 0). We also have that, from the consistency condition, f = 0.
Then, ¢ = 7,. Hence, ¢ is bounded.

Let us now consider, for a given material point belonging to S, the expression of
the stresses given by (3.15) and use the structure of the strains stated in (3.11):

1
os=(1-d)C:es= gC : E+E(A[[u]]3 ®n)*

Suppose that for that material point ¢t > tgp (which implies & — 0), then
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: _ 1o s
7 = osn :}llliltl)g—zn-(j: s—i—E(A[[u]]g@n)

.1 _ . s
= }LILI(l)h—qusn -C: [hE+(A[[u]]5 X Il) ]

.1 . s
= }LILI(l)h—T’qun -C (AHUHS X Il)

h—>0h7’$ o
. 1 . .
~ lim (h—s) 1sQ-Afils (3.21)

Since Q¢ is positive definite and, therefore, non-singular, Q¢ Afu]s # 0 unless
Au]s = 0, but that would contradict the assumption of t > tsp. Hence ¢sQ¢-Afu]s
is bounded and different from zero. Thus the following must hold:

limhrs #0 if Afa]s # 0 (3.22)

Let us consider the following structure for 7s:

1.
rs = g@ Vt > twp (3.23)
with &li=¢,, = 0, twp being the time of the inception of the weak discontinu-
ity regime and & the discrete internal variable. The rate of the discrete internal
variable, @, is imposed to be bounded and different from zero for ¢ > tgp.
Now (3.23) can be integrated for ¢t > tgp, yielding

t
rs = / fgdt

tsp 1 L
= 7“VVD+/ h—a(r)d’r+/ h—&(T)dT
R twp (T) P tsp (T)

-~

=TSD h=k

t
. 1
/ a(r)dr =rsp + EA& (3.24)

tsp

1
= TSD‘I‘E

where Ady:= a; — augp and rwp = Tsli=ty,- Lhus, we have that, for ¢t > tgp,
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limhrgp = limkrgp
h—0 k—0
tsp k
= i k ——a(n)dr| =0 3.25
klil(l)|: TWD+/tWD h(T)Oé(T) T:| ( )

Then, replacing (3.25) in (3.24) and then in (3.22), it yields

flllil(l)hrg = }lLlil(l) (hrsp + Aa) (3.26)
= Aa
By the definition of &, Aa # 0 Vt > tsp. Therefore, (3.23) is compatible with

condition (3.22) and ensures the consistency of (3.21) for Afu]s # 0.
Substituting (3.26) in (3.21), we obtain

Tz%%Q%WﬂS Yt > tsp (3.27)

which is a constitutive equation of the discrete type relating the traction vector, 7,
with the differential jump, Afd]s.
Replacing (3.23) in the softening rule (3.20), it yields

q:n@yzﬁw%a (3.28)

Since ¢ and & are bounded, ;llir% (H/h) must also be bounded. In order to fulfill

this requirement the following structure for the softening parameter is proposed:

H=h(t)yH Vt>twp (3.29)

where H < 0 is defined to be bounded and will be named discrete or intrinsic
softening parameter.

Remark 15 When h — 0, H =hH is equivalent to the distributional structure of
the softening parameter proposed by [Simo et al., 1993].  The fact that in (3.29)
this structure is stated in a reqularized way allows for its extension to the weak
discontinuity regime.
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Now, by substituting (3.29) in (3.28), the following relationship emerges

Gg=Ha; qc€l0,rg Vt>tsp (3.30)

which is the discrete counterpart of the softening law stated in (3.20). It can be
integrated in time as follows:

t
ds = qsp +/ Ha(r)dr (3.31)
tsp

where qsp = ¢sli=tsp - B
Consider for instance the case of a constant H, then (3.31) reduces to

gs = qsp + HAaQ (3.32)

Equation (3.32) illustrates the dependence of gs on Aa for a linear softening law,
but this can be generalized to laws of nonlinear type.
Let us now define

(3.33)

with w(Aa) € (—o0,1] and Aa € [0,00). The variable w(Aa) can be regarded as
the discrete damage variable (whose continuum counterpart is d). Now the discrete
constitutive equation (3.27) can be rewritten in a more convenient format:

T =(1 - w)Q°-Auls (3.34)

Thus, the analogy between the expressions of the continuum damage constitu-
tive equation (3.15) and the discrete damage constitutive equation (3.34) is clear.
Furthermore, the correspondence between the variables involved in (3.15) and (3.34)
is evident:

Continuum | o € Cld| r |qr)
Discrete T | Au]s | Q¢ |w|Aa| w

(3.35)

Remark 16 The discrete constitutive equation can be regarded as a ‘projection’ of
the continuum constitutive equation on the discontinuity interface.
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Consider now the basis {n,t, p}, where n is the unit normal to the discontinuity
interface S at a given material point and t and p are two vectors lying on the
tangential plane to S at that material point. The matrix expression of the elastic
acoustic tensor is

A+2u 0 0
Q] = 0 w0
0 0 u

Then, the expression of discrete constitutive equation (3.34) in components reads

T, = (1 — w)(A + 2u)Afuly
T = (1 — w)uAfu]s (3.36)
(1 — w)pAfuls

t

7,

3.3.3 Discrete free energy

Within the context of thermodynamically consistent constitutive modelling, the def-
inition of continuum free energy density functions (as the one in (3.14) is a key task.
For isothermal processes and under the assumption of small strains a free energy
density function 1 is formulated in terms of the strains, e, (acting as the free vari-
able) and a set of internal variables, Z. Based on thermodynamical arguments, the
stresses can be obtained from (e, Z):

o =0:9(¢, =) (3.37)

Thus the continuum free energy density can be regarded as a potential for the stress
field o.

Consider the discontinuity interface & and assume that a free energy function
per unit area of that surface exists, which will be called discrete free energy function
and will be denoted by 1) from now on, then, in the context of the regularized strong
discontinuity analysis, it can intuitively be seen as

b= ( free energy ) _ ( free energy ) (umt Volume) ~ limhig (3.38)

unit surface unit volume unit surface h—0
N _A\ J/

-~ -~

¥ h

where ¥ g = 1|s. Thus, considering the regularized strong discontinuity kinematics
presented in (3.11), we can define
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0(E Alul. Z) =limhis(e(E Afu]).2) (3.39)
Hence,
8AM81Z = }Liil(l)hasz/}‘g(e, E):@A[[u]]é‘
os %(n®1)s

where [(Il & 1)s]ijk = %(&kn] + 5]].37%)
Therefore, the discrete free energy is a potential from which the traction vector
field on S is derived, i.e.,

T =0a[u) ¥ (3.41)

Consider now the expression of the free energy density in (3.14), then, from
(3.39),

P = limhe = lim E (es: C - ss)] (3.42)

h—0 h—0Tg

Replacing (3.11) and (3.24) in (3.42) and after some algebra, we obtain

B(Aul ) = (1 — W)io(Afuly)
{ QZJO(A[[U]L) :%AﬂuHS.Qe,A[[u SS (3.43)

Remark 17 The discrete free energy density in (3.43) and the free energy den-
sity of the continuum parent model (3.14) have analogous formats in terms of the
corresponding variables in (3.35).

3.3.4 Strong discontinuity conditions

The issue of the necessary conditions for the appearance of strong discontinuities is
tackled here. The existence of this conditions justifies the necessity of the variable
bandwidth model explained in Section 3.2.4, since bifurcation might not coincide
with the inception of the strong discontinuity regime, as said before.
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Let us consider the stress field os in the discontinuity interface given by (3.15)
in combination with the expression of the strain field presented in (3.11), then we
can write:

Os = i(j . Es
rs
W q P s
= Mo+ 1aa 0 FTRAluls @)
_ q hE s
- }ngtl)hrsp n A@C : [he+(A]u]s ® n)?]
_ Ai&c (Au]s ® n)* (3.44)

where the expressions (3.16) and (3.24) have been used. Hence,

Aa Ad
(Au]s ®n)* = 70‘0—1 o5 = 7%; (3.45)

where egff :=C71: 05 = (1—d)e is the so called effective strain field. Due to the
boundedness of o, sgf T is also bounded.

Equation (3.45) is the so called strong discontinuity equation [Oliver, 2000]. Let
us now write its matrix expression in the orthonormal basis {n,t,p} :

Alu], %A[[u]]t %A[[u]]p Ad Eiif EZ{f E%J;)f
A, 0 0 =— | et &l el (3.46)
sA[], 0 0 a et eld et

Equality (3.46) represents a system of six equations with six unknowns. It can
be proven that three of them furnish the expressions for the components of the
displacement jump and are equivalent to (3.36), whereas the remaining three are
conditions that must be satisfied in the strong discontinuity regime. These are the
so-called strong discontinuity conditions and read

el =gl =eff =0 (3.47)

Remark 18 The strong discontinuity conditions are restrictions on the stress state
for a strong discontinuity to develop.  This means that the bifurcation time not
necessarily coincides with the time of inception of the strong discontinuity regime.
Therefore, a transition from weak to strong discontinuities, as the one proposed in
[Oliver et al., 1997] and [Oliver et al., 1999/, becomes necessary.
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Two-dimensional settings

Remember the definition of the effective strain, €¥’/ = (1 — d)e, then

Eftff = (1 — d)gtt
Eff = (1—d)ey
;c;;];f = (1 —d)eyp

Consider now the orthonormal basis {n, t, p}, where n and t are vectors coplanar
with the discontinuity line S, the former being the normal to S at a given material
point and the latter being tangent to S at that same material point. Vector p is a
vector normal to the plane in which the discontinuity line lies. In the case of plane
strain ,, = 0 and €4, = 0. Hence, the strong discontinuity conditions (3.47) reduce,
for the case of plane strain, to

Eit — 0 (348)
It is easy to see that the same condition holds for plane stress.

Remark 19 For the isotropic continuum damage model described in (3.14) to (5.20),
the strong discontinuity condition (3.48) is the same for plane strain as for plane
stress.

3.3.5 Discrete Damage Criteria

The elastic limit of damage models such as the one that we have been analyzing
throughout this section is determined by damage functions based on the definition
of energy norms [Simo and Ju, 1987]. One of such energy norms is the one used in
(3.18). Here we examine the effects of the strong discontinuity kinematics on those
norms and on the damage criteria through the representative damage model stated
n (3.14) to (3.20).

From (3.44) and (3.45), we obtain

B {( ) (Alu]s ®@n)*: C:(Au]s @n)*

1/2

(A[u]s-[n - C - n]-Afu]s)"?
Qc
- é\/A[[u]]S.QE-A[[u]]s (3.49)

4
Aa
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Now, replacing the discrete constitutive equation (3.27) in (3.49), it yields

Tos =77 = |T|l(qe)-1 = /T - Q)T (3.50)
Thus, a discrete energy norm is naturally induced at the discontinuity interface S.
Remark 20 Observe that the correspondence between the variables involved in the
continuum model and the discrete one stated in (3.35) also holds for the continuum

and the discrete norms.

Let us now define the following norm in S:

Tapl = [[A[]s]lqe = VA[uls-Q%-Alu]s (3.51)

From (3.51), (3.50), and (3.34), the following relationship between the discrete
norm of the displacement jump and the discrete norm of the traction vector is
obtained:

Tr = (1 —w)TA (3.52)

which is analogous to the relationship between the continuum norms of the stress
and the strain, respectively. Thus, the damage function can be rephrased as follows:

flos,q) =70, —q=F(T,q) =77 —¢ (3.53)

Finally, let us furnish the continuum damage multiplier A with the following
structure based on (3.23):

As == —A=171=—a (3.54)

S

1
h
Now we can state the loading/unloading conditions in discrete format:

F<0; A>0; M =0; M =0 (3.55)

——

consistency
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3.3.6 The discrete damage constitutive model

By applying the strong discontinuity analysis to the isotropic continuum damage
model sketched in (3.14) to (3.20) a set of definitions, relationships and equations
that constitute a discrete damage model have been derived. Now a summary of the
ingredients that define this model is presented.

Free energy

WAMlsw) = (1-w)by(Auly) (3.56)
Jo(Aulg) = SA]eQ Afulg

Constitutive equation

T = aA[[u]Sw
7 = (1-w)Q*Afu]s (3.57)
Damage Variable
q(Aa)
=1- .
w AG (3.58)
with w € (—o0, 1]
Evolution law
o(Aa) =a =\ (3.59)
with Aa € [0, 00)
Damage Criterion
F(T.q) : =77 —¢ (3.60)

1 = Tlgy =7 (Q) T
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Loading/unloading conditions

F < 0;A>0; \F =0
M =0 (3.61)
N——

consistency

Softening rule

T <.
Il
|
X

(3.62)

for ¢ € [0,¢sp] and gsp = qli=tg,

Remark 21 The discrete damage model presented here is characterized by the dis-
crete damage variable w and by the discrete secant constitutive modulus Q° =
(1 —w)Q°.  Due to the initial value of w = —oo, the initial secant constitutive
modulus is Q° = 400Q°; therefore the model can be classified as a discrete rigid-
damage model as pointed out by [Oliver, 2000].

3.4 Expended power in SD. Fracture energy

In the previous section, the strong discontinuity analysis was applied to an isotropic
continuum damage model. The main result obtained was a discrete constitutive
model induced in the discontinuity interface. The dissipative process related with
this model is, therefore, concentrated on a surface!!, which entails energy release
per unit area. Thus, the existence of a relationship between the energy released
in the strong discontinuity regime at a discontinuity interface and the concept of
fracture energy seems natural [Oliver, 1996a]. This relationship is established in
this section. One of the most interesting results of this derivation is an expression
which relates the intrinsic softening parameter to the fracture energy.

According to the Theorem of Power Expended [Gurtin, 1981] for quasistatic
problems, in which the kinetic energy can be neglected, the power expended in a
solid Q by the surface and body forces (t* and b, respectively) is equal to the stress
power, i.e.,

"' More generally in a manifold of dimension n — 1, where n is the dimension of the ambient
space.
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/b-ﬁdQ+/t*-ﬁdF:/a:édQ (3.63)
Q T Q

Let us focus on the strong discontinuity regime and use the expression of the
strain field given by (3.4) for the right hand side of (3.63):

/QO' D EdQ) = /QO' : [E+6s ([u] ® n)*] dQ

/ o ed) — / o 0+ / oo - ([a]s @ n)"dS (3.64)
0 s Js

J

Ps
where Ps is the power expended in the development of the displacement jump in S.

Then, the total energy expended in the development of the strong discontinuity is
given by

too
Ws = / Psdt (3.65)
tsp

where t,, stands for the time at which the displacement jump is fully developed
Moreover, from (3.64), we have that

Pg = /0’3 : ([[u]]3®n)sd8

S
= [ T[a]sdS (3.66)

Then, replacing (3.66) in (3.65) yields

too
Ws = / /T~[[ll]]$d8dt
tsp JS
too
_ / T [a]sdtdsS (3.67)
S Jtsp

Gsp

where Ggp is the energy released on S per unit area in the strong discontinuity
regime. If we assume that the energy released during the transition between the
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bifurcation time and the inception of the strong discontinuity regime is small with
respect to Ggp, we can readily identify Ggp with the fracture energy Gy.

Let us now find a more convenient expression of the kernel of (3.66) for the
discrete damage model described in (3.56) to (3.62).

From (3.51) and considering that ¢ > tgp,

Tap) = %(\/A[[U]]S-QE-A[[U]]s)
_ Alu]sQ%[a]s (3.68)
TA[]

Hence,

Alu]s-Q°[u]s = TATA]

Thus, in light of the discrete constitutive equation (3.57), the following equality
holds:

T-[a)s = (3= AlulsQ°)-[als = 3= (Fapam) (3.69)

N J/

N4

By using the relation (3.52) and (3.58), we can prove that, for inelastic loading,

F(T,q) =177 —q=0<~ FAHUH(A[[U]],A@) = TAu] — Aa=0 (3.70)

and that

FA[[U]](A[[U]]SWA&) = ”'-A[[u}] - (371)

From (3.61) we have that for loading F (7 ,q) = F (7 ,q) = 0. Then from (3.70)
and (3.71), equation (3.69) can be rewritten as

T-[u]s = qé (3.72)

By replacing (3.72) in the expression of Ggp in (3.67), we obtain
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too . too q

Gsp = / qadt:/ q—=dt
tsp tsp H
doo 1

= q=dq (3.73)
45D H

where the discrete softening law (3.62) has been used. Now, noticing that g,, = 0
and considering the case of H constant, equation (3.73) yields

qu
Gsp = —== 3.74
sp= 15 .71
For the case of Gsp ~ G, gsp =~ qo = 19. Since ry = au/\/E, then the following
equality can be obtained from (3.74):

2
T (3.75)

"="35q,

Remark 22 FEzpression (3.75) reveals that the intrinsic softening modulus is en-
dowed with the character of a material property.
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CHAPTER 3. THE CONTINUUM STRONG DISCONTINUITY APPROACH




Chapter 4

Finite elements with embedded
discontinuities: elemental
enrichment

The numerical modelling of strong discontinuities in solids requires the use of non-
standard formulations to enable the sharp resolution of jumps in the displacement
field. Here, we study some of them within the context of the finite element method.
However, it is important to mention that the strong discontinuity approach described
in the preceding chapter was developed without any reference to some specific nu-
merical method and can, therefore, be used as the underlying mathematical model
to develop, in principle, numerical models based on any numerical method. In
general, some type of enrichment of the standard finite element approximation is
necessary to include discontinuities within an element domain. Multiple frame-
works have been employed for attaining this goal. In [Simo and Oliver, 1994], the
assumed enhanced strain method [Simo and Rifai, 1990] was used in order to model
strong discontinuities. ~ The wvariational multiscale method [Hughes, 1995] has
also been used in [Garikipati and Hughes, 2000] to include discontinuities within
an element domain. Lately, the partition of unit concept has been exploited
for the inclusion of strong discontinuities, first in the context of Linear Fracture
Mechanics [Belytschko et al., 2001], and then in the context of cohesive models
[Wells and Sluys, 2001]. Applications of multifield variational principles' to embed
discontinuities inside an element can be found in [Oliver et al., 2003] and
[Spencer, 2002].

Although, as mentioned above, the strong discontinuity approach is indepen-
dent of the numerical method used, it has classically been related to the use of

! As a matter of fact, the assumed enhanced strain method itself is based on a multifield varia-
tional principle.

47
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the so-called finite elements with embedded discontinuities®>. One of such elements
was proposed for the first time in [Ortiz et al., 1987] to capture weak discontinu-
ities. The inclusion of strong discontinuities was tackled in [Dvorkin et al., 1990]
for quadrilaterals and in [Klisinski et al., 1991] for linear triangles. A general frame-
work for the development of finite elements with embedded strong discontinuities
regardless of the parent element was sketched in [Simo et al., 1993] and extensively
explained in [Oliver, 1996b].

In [Jirasek, 2000a] a fairly comprehensive study of this type of elements can be
found. There, they were classified into three groups:

e Statically optimal symmetric elements: the traction vector continuity is explic-
itly enforced at element level. Nevertheless, the symmetry of the formulation
entails that the discontinuous kinematics does not guarantee free rigid motions
of the two parts in which the element is split up by the discontinuity.

o Kinematically optimal symmetric elements: the kinematics allows to capture
the free rigid motions of the two parts of an element crossed by a discontinuity
line. However, because of the symmetric character of these elements, the
traction vector continuity is not enforced at element level.

o Kinematically and statically optimal non-symmetric elements: both the kine-
matics that allows for rigid body relative motions and the enforcement of the
traction continuity are introduced at element level. As a consequence, the
resulting formulation is non-symmetric.

Based on this classification and using the multifield variational statement of the
boundary value problem, [Oliver et al., 2003] studied the first and the third families
of elements. The statically optimal symmetric formulation was shown to exhibit
stress locking behavior. Then, the possibility of devising a statically optimal sym-
metric element not suffering from this pathological behavior was explored. This
was motivated by the fact that, even though the kinematically and statically optimal
non-symmetric formulation has shown the best performance, its optimal implemen-
tation entails the use of an algorithm for tracking the discontinuity®. These algo-
rithms can become very cumbersome when the inception and propagation of multi-
ple discontinuities has to be managed. Statically optimal symmetric elements seem
not to need a tracking algorithm and would have, in principle, a self-propagating
behavior, which could be exploited for simulating multiple discontinuities.

2The term finite elements with embedded discontinuities is reserved in the literature for for-
mulations based on the elemental enrichment of the standard finite element approximation. In
this chapter, we follow this convention. However, the term also seems adequate to refer to nodal
(partition of unity based) enrichment (see Appendix B).

3Chapter 5 is devoted to studying such algorithms.
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This chapter presents a study on finite elements with embedded discontinuities.
In Section 4.1 the boundary value problem (BVP) is stated in a very general mul-
tifield format. Then the non-symmetric formulation is studied in Section 4.2. Its
continuous and discrete* versions are stated. Section 4.3 presents a symmetric for-
mulation consistent with the strong discontinuity kinematics (the kinematically op-
timal symmetric element), again in both its continuous and discrete version. Some-
thing similar is done in Section 4.4 for a symmetric element based on the assumed
enhanced strain method (the statically optimal symmetric element). The question
of the possibility of a self-propagating element is posed in Section 4.5. While ex-
ploring whether the statically optimal symmetric element is one of such elements,
the problem of the stress locking effect arises and is illustrated through a represen-
tative numerical test. In Section 4.6. a mixed approach is proposed as a remedy for
this stress locking, whereas in Section 4.7 an assumed re-enhanced strain strategy is
presented with the same goal. The assessment of the performance of these elements
is done in Section 4.8

4.1 The boundary value problem. Multifield for-
mat

Here, we reformulate the boundary value problem presented in chapter 3 as a mul-
tifield problem.

Consider the open domain €2, with elements x (called material points), whose
boundary is I'.  The boundary is composed of the open sets I', and I', such that
NI, =0 and ', UT, = I". Prescribed displacement rates, 1, are imposed on
I',, and prescribed traction rates are imposed on I',. The material line S crosses
Q splitting it up into 2 and Q~ (as shown in Fig. 4.1).

In Chapter 3, the structure of the displacement field for the strong discontinuity
kinematics has been presented:

u(x, t) = i(x, t) + Hs [a](x, t) (4.1)

Consider, now, the following vector-valued function a:0x R, — R™im (ng, is
the number of dimensions of the problem), defined as

a(x, t) == t(x, t) + [u] (x, t)o(x) (4.2)

“In this chapter the term discrete refers, hereafter, to the finite element (discretized) version of
a boundary value problem and not to a discrete (cohesive) constitutive model as in the preceding
chapter.
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Figure 4.1: Solid with a strong discontinuity interface.

where ¢ is some smooth function fulfilling the following conditions:

1 VxeQf\Q,
“*X):{ 0 VxeQ\Q, (43

with €, denoting a compact domain such that 2, C Q@ and § C €, in such way
that €2, is partitioned by S.

Now 4.1 can be rewritten as

u(x,t) = a(x, t) + Mg(x) [u](x,t) (4.4)

where Ms(x) :=Hs — ¢(x).

Remark 23 Function Ms has S, as its support, i.e., Ms(x) =0 Vx €Q\Q,. This
entails that, for a convenient choice of S, the Dirichlet boundary conditions need
to be prescribed only for @ and not for [a] and that 0(x,t) = G(x,t) Vx €Q\Q,.

Let us define S as the space of second order symmetric tensors. Consider, for a
given time ¢ € R, , the following, in principle, independent fields: the displacement
rate field u(e,t):Q2 — R™im_ the stress rate field, o(e,¢):{2 — S, and the strain
rate field, &(e,¢):Q0 — S. Then, the following incremental three field quasistatic
boundary value problem can be stated in strong form:
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u
FIND : < €& satisfying
o
V-6+b=0 in Q\S (internal equilibrium) (a)
eE-Va=0 in (kinematical compatibility) (b)
oc—X(e)=0 in Q (constitutive compatibility) (c) (4.5)
o-v=t on Iy  (external equilibrim) (d)
gorn—6g--n=0 on S (outer traction continuity  (e)
= [[6’]]9\3 -n
Gor-n—6s5-n=0 onS (inner traction continuity)  (f)
=: Hd']]s -n

where b is the body force density rate, t* is the traction rate prescribed on I',, n
is the unit normal to S pointing to Q*, v is the unit outward normal to I', and
3 stands for the time derivative of the constitutive function ¥, which returns the
stresses, Y(€), for some given strains®, .

Remark 24 The function spaces for 0, €, and & are assumed to be defined in such
a way that the Dirichlet type boundary conditions are automatically fulfilled.

Remark 25 The above very general statement of a quasistatic boundary value prob-
lem furnishes a framework that allows to consider other possible statements as par-
ticular cases of 4.5.

Remark 26 The inner traction continuity stated in (4.5-f) is non-standard in Solid
Mechanics problems and is tightly related to the strong discontinuity kinematics.

One of the possible simplifications of the above BVP statement is assuming that
(4.5-c) is imposed explicitly. Then the following two field, 1 — &, problem can be
stated:

SFor instance, X could be the stresses obtained by means of the continuum damage constitutive
model described in section 2.2.
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FIND : { :él satisfying

V-X+b=0 in Q\S (internal equilibrium) (a)
eE-Vu=0 in (kinematical compatibility) (b)
Yov =1t on I,  (external equilibrim) (¢) L6
Yo+ 'n—Yg--n=0 on S (outer traction continuity  (d) (4.6)
= [[2]]9\3 -n
Yor-n—Xs-n=0 onS (inner traction continuity) (e)
= [[2]]3 ‘n

4.2 Non-symmetric formulation

Based on (4.6), a convenient weak form is devised in this section. First of all, let
us work with the displacement field stated in (4.4). In light of that kinematics, let
us define the space of the displacement rate as follows:

Vu = Vﬁ D Vu/ (47)

with

Va = {i € [H/(Q)]"s= 5 ijlp, = 0"} (4.8)

where 0* stands for the essential boundary conditions prescribed on I',, and H!()
is the space of square integrable functions defined in €2 whose first derivatives are
also square integrable®, and

Ve ={nN =Msa ;as = alg € Vy} (4.9)

where

Vo i= [Lo(S)]Paim (4.10)

Lo(S) stands for the space of square integrable functions defined on S.

In one dimension the functions in H*(Q) are continuous.
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Remark 27 FEzpression (4.7) can be understood within the framework of the vari-
ational multiscale method [Hughes, 1995] as the additive decomposition of the dis-
placement field into a coarse scale and a fine scale, the latter resolves the jumps in
the displacement field.

Let us, now, define the space of admissible displacement rate variations, Vy, as

Vo = {A e H@P ; @l =0} (4.11)

4.2.1 Continuum Problem

Assuming the kinematical compatibility (4.6-b) as explicitly imposed, then, with
the above definitions in hand, let us state the following problem:
FIND

ﬁEVﬁ

uey, s
v { u'eVy

SUCH THAT

/ (V) : VIRdQ - Gew(h) =0 VA€V, (a)
ms (4.12)
ag - HZHS -ndS =0 Yas € V, (b)
S
where Gyt (1) := fQ\S b-7dQ + Ir, t*.fdl
By using standard arguments, one can prove that the strong form of (4.12-a) is

V-S(Viu)+b=0 in O\S
Yov =t on T’y

[X]ps - n=0 on S

whereas the strong form of (4.12-b) is

[X]s n=0 on S

Remark 28 The choice of the spaces Vy, and Vg and the particular way of impos-
ing the inner traction continuity in (4.12-b) are determinant for the nonsymmetric
character of this formulation.
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Remark 29 For the expression (4.12-b) to make sense, [Ss] € Ly(S;S) must hold.
This smoothness of [[23]] can be guaranteed on the basis of the results obtained,
by means of the strong discontinuity analysis, in the preceding chapter stating the
bounded character of the stresses, despite the unbounded character of the strains in

S.

4.2.2 Finite element discretization

With regard to the discretized versions of the problems presented in this chapter,
only the two-dimensional case is treated. Thus, consider a two-dimensional domain
Q discretized into a finite element mesh with 7., four-noded elements” and 7,46
nodes and crossed by the interface S. Then, assume that some tracking algorithm
determines the set J of elements crossed by the discontinuity interface at a given
time ¢, i.e.,

J={e| QNS £0} (4.13)

Let us also define

T = {1, ..., netem} (4.14)

The above mentioned tracking algorithm also provides the position of the elemental
discontinuity S, of length [, within an element domain, €2, which defines the domains
QF == QTN Q and O == O~ N Q. and the nodes i+ € Q' and i~ € Q. With
this in hand, the finite element approximation for the displacement rate field, 1,
proposed in [Oliver, 1996b], is adopted:

. p(€) i= e K e .
0" (x, 1) = S2) N (x)dy (1) + M (x) []]. () (4.15)
ﬁh<e> 1‘1/7’1(8)

. h(e)
where 1 is the standard C° elemental approximation of the rate of displacement
field, interpolated by the bilinear element shape functions, Nl(e), Née), Née), (&),
and parametrized by the nodal values of the displacement rate d,(t), for i € {1, ..,4}.

@

The term u resolves the jumps in the rate of displacement field in terms of the

"Only four-noded quadrilaterals are considered as parent elements in this chapter. However, the
application of the ideas presented here to formulations having linear triangles as parent elements
is straightforward.
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elemental displacement rate jump [t]., which is element-wise constant, with ./\/lf;)
defined as follows:

0 Ve & J
M) (x) = HY (x) n p© Ve e 7 (4.16)
(¢© =275 _ Niv)

nJ stands for the number of nodes of element e that belong to Q" and H ée) is the
step function acting on S..

From (4.6-b), (4.15), and (4.16) the discrete strain rate field at element level
reads

. e i= e K e o e 1 o
M9 =52 (VN ©d)* - (Ve @ [al,)" + g (8l on)®  (4.17)

where for numerical purposes, the regularized version of the Dirac delta, s, has
been adopted:

e e ]'
59 ~ MyE (4.18)

with uf;) being a collocation function whose support is a band S* of thickness k
having S, as its middle line. This collocation function is defined as

—~
(Y)

~
—~

x)=1 Vxec&F

1
4.19
WO =0 Vxgs (19

Remark 30 The regularization parameter k does not depend on the dimensions of
the element and can be as small as allowed by the machine precision.

Moreover, the element is furnished with an additional sampling point, named SSP
(singular sampling point) and placed at the centroid of the element, that represents
the material points in S* and whose associated area is

meas(S¥) = kl, (4.20)

A sampling point representing the stress state of the material points in Q\S¥,
named RSP (regular sampling point) and placed at the centroid of the element as
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well, is also added. The discontinuous bifurcation analysis studied in Chapter 2 is
performed in RSP. This entails the normal, n, being element-wise constant.

Now, based on the finite element approximation of the displacement rate field
presented in (4.15), we can define the following function spaces:

Vh=VioVh (4.21)

where

Vh :{a ; ol'(x)=a. Vee J; al'(x)=0 Veg J}
Vi = (i 7 (x) = S N s g, = ) (4.22)
Vi = {0 (%) = Yeeg ME ().}

with a,,n; € R?, and

Vi = A 0" (x) = 50 N @, 5wyl = 0} (4.23)
where 7); € R%

4.2.3 Discrete non-symmetric problem

Now the following discrete problem can be stated:
FIND:

h —9h ﬁhevh
u'ey, & [[ﬁ]]he)gh (4.24)

SUCH THAT:

Sy [ S — Gl =0 v e vy

Eeej/ o [Y]s-ndS =0 Vol e Vi

e

(4.25)

4.2.4 Matrix representation

Using the standard B-format [Hughes, 1987], the matrix representation of the dis-
crete strain rate field (4.17) reads
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- (e e) J(e e 1 e e °
(£} = BOJE© + (“‘(S)E )@ — [V )}) [a]. (4.26)
where
d© =[ar, ar, ar, ar]’ (4.27)

with ()7 denoting the transpose of (e),

B(e) _ |: Bge)’ Bée)7 B:(;), Bfle) :|

(e)
“ &N;" 0 o (4.28)
ay Nz’(e) ax Ni(E)

and

&cgo(e) 0 Ny 0
Vel @ =10 9¢9 | W= 0 n, (4.29)
aysp(e) axsp(e) Ny Ny

We also have that, in matrix form,

{V5n} = B{n} (4.30)

with
(e v -7 _17 -71T
{ny© = [af, a5, n3, @f] (4.31)
Now, we can write the expression of the element level incremental residual forces
corresponding to (4.25):

RO = / B©" {3} 40 — F) (a)
e . ) ) (4.32)
(0= [ W [{£6)0 - (£a)0) s )

e
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where Fg?t is the vector of incremental external forces at element level.
Assume that the constitutive function rate (which in this formulation coincides
with the stress rate field), 3, can be expressed in matrix form as

{21 = D{e}@ (4.33)

with D being the matrix representation of the constitutive tangent operator, as-
sumed to be symmetric.

Now, let us approximate the stresses in €} belonging to the neighborhood of S,
by

1
le

/{Z.kﬁ}(e)ds ~ Qi/ {Sa+ }9d0 (4.34)
e JQe

Se

where Q. := [, dQ and I, = [; dS. Hence, the second term of (4.32-b) can be

rewritten:

/ )" {Sqi}@ds = é_ ] {0 }9d0
e JQe
Se
N / é—e[n](e”{im}%@ (4.35)
Q. fe

where the fact of [n] (€) being element-wise constant has been considered.

Remark 31 In case of element-wise constant {X'Jm}(e), (4.34) is not an approzi-
mation but an identity.

Notice that the first term of (4.32-b) can be expressed as follows:

e T > e 1 e T - e
[ (£a)0as = [T {Sepast (4.36)
5 s

where dS* = kdS (k is the regularization parameter).

Remark 32 Expression (4.36) is convenient for numerical purposes and is compat-
ible with the character of the singular sampling point, SSP, whose associated area
was defined in (4.20).
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Let us define the following matrices:

«(€) e 1 le e)T
G" = (ﬂ‘(s)g - Q_e) ) (4.37)
and
e 1 e e
G@»:uy%hm>_[v¢w} (4.38)

Then, in light of (4.26), (4.33), (4.35), and (4.36), and considering definitions
(4.37) and (4.38), the elemental residual forces (4.32) can be rephrased as

Ky Kg [[d9) [F9 1 _ [ RO (439)
K KO || [ 0 ) |

with

Kﬁ:/ BO" D B dN
Qe

Kﬁ:/ BO" D G©dQ
Qe (4.40)
Kﬁz/ G*“ D B@dQ
Qe

Kﬁ:/ G D GO0
Qe

Remark 33 The fact of G©®" +£ G*? entails that the resulting tangent stiffness
matrix of this formulation is non-symmetrical.

Remark 34 Due to their elemental support, the modes corresponding to the dis-
placement jumps, [[4]]., can be condensed at element level.

Remark 35 [t is easy to prove that fﬂe G*d0 = 0, which ensures the satisfaction
of the patch test (see [Simo and Rifai, 1990]).

In order to express (4.39) in a more compact way, let us define

B =| B, By, BY, B, GO

e (4.41)
B = | B{Y, BY, By, BY, G
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and

— [ (R@)T, #OT ]T

B = [ (FO)T, of }T (4.42)
@ =[ @ ]’

e

Then (4.39), can be stated in B-bar format [Simo and Hughes, 1998] as

/ 89" p BYd a0 -7 - r" (4.43)
Qe

Finally, the global system of equations corresponding to (4.25) is given by

(e)

ext

Nelem

{ / 80" D BOda0 - £ — 0 (4.44)
Qe

e=1

where A is the standard assembly operator [Hughes, 1987].

4.3 Symmetric kinematically consistent formula-
tion

For the symmetric kinematically consistent formulation®, the function space cor-
responding to the displacement rate field is the same as the one defined for the
non-symmetric formulation presented in Section 4.2:

Vu = Vﬁ ©® Vu’ (445)

with

Vo= {1 € H(@Pm  aly, =) (4.46)

where 1" stands for the essential boundary conditions prescribed on I',, and

8Here we use the term consistent (as in [Oliver et al., 2003]) instead of optimal (as in
[Jirasek, 1998]), because the former seems more appropriate in the context of the functional frame-
work that we use throughout this chapter.
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Ve ={n =Msa ;as =alg € V,} (4.47)

with Vo:=[Lo(S)] dim
Nevertheless, this time the function space for the admissible variations of the
displacement rate field is

Vi = V5 © Vu (4.48)
with

Vi = {n e H@= ; gl =0} (4.49)

Remark 36 The spaces Vy, and Vg only differ in the Dirichlet boundary conditions,
which are homogenous for the latter. From this fact, one can foresee the symmetric
character of the resulting formulation.

4.3.1 Continuum Problem

Then the following boundary value problem can be stated:

FIND
. ﬁGVﬁ
aev, s { eV (4.50)
SUCH THAT
/ S(VO) : VI7dQ — Gew(R) =0 YRV, (a)
NS (4.51)

S(Vou) : VI dQ — Gep(f) =0 Vi €V (D)
Q
where Ggi(®) := [, b (0)dQ + [, t* (e)dl.
On the basis of standard arguments, one can prove that the strong form of
(4.51-a) is

V-S(Vou)+b=0 in QO\S (a)
>ov=t* on I'y, () (4.52)

[Xlgs - n=0 on S (c)
With regard to (4.51-b), the following proposition can be stated:
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Figure 4.2: Solid with a strong discontinuity interface and surrounded by the domain
Q.

Proposition 1 Equations (4.12-b) and (4.51-b) are equivalent.
Proof: This proof is based on the one presented in [Simo and Oliver, 1994].
By definition,

where, from Section 4.1,

Ms(x) :=Hs — ¢(x) (4.54)

with p(x) defined in (4.3).
Then, the left hand side of (4.51-b) can be rephrased as

/ ¥ VIR dQ — Gew(n') = / > Vi dQ —/ Msb-ad (4.55)
Q, Qe Qp

where the fact that supp[Ms] = Q, C 2 and the assumption that I'NQ,, is traction
free have been used.
From (4.53) and (4.54), we have that

ViMs ® a+ MsVia
= (bsn®a)’ — (Ve a)’+MsVia (4.56)

vS,r]/
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Replacing (4.56) into the first term of the right hand side of (4.55) yields

/ ¥ V' dQ =

Qp

/ I |:(6$Il 2a)’ — (Ve a)S+M$vSa] dQ) = (4.57)
Qp

/ [2 (bsn®a)® —%: (Ve a) +35 Mgvsa} dQ
Qp

Let us work with the second term of (4.57). From (4.52-a) and considering the
symmetry of 3, we have

AE:(V@@a)dQ:
/Qv'((pz'a)dﬂ_/ﬂ@[(V'i)-ajLZ']:Va]dQ:
/m@[(i.a).uw}drju/g(p[f).a_g;va}dg (4.58)

where 0€), denotes the boundary of €2,, with outward normal v,. It is composed
of the open sets I'} and T', such that 0Q, = TJUT,, I't NI, =0, 'l C QF,
and I') C Q7. Moreover, ), as said in Section 4.1, is partitioned by S into
QF =Q,N0" and Q) = Q,NQ". Thus, considering that, by definition, elry =1
and |- =0, (4.58) can be rewritten as
/ Y (Ve ®a)d) =
Qp
/ [(i}-a)ﬂjw] dF—l—/ go[fma—i]:Va] dQ (4.59)
I‘; Qp

From (4.54) and considering the definition of the Heaviside function, we can
write

/ ¢[B-a—2:Va]dQ:
Qe

/ [B-a—i]:Va} Q- [ Ms [fo.a—zzvcx] dQ (4.60)
Qf Qe
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Let us consider the first term of (4.57):

/ Y (6sn® a)dQ = /(ES ‘1) - ogds) (4.61)

where the symmetry of 3 has been considered.
Now, let us substitute, first, (4.60) into (4.59); second, the resulting expression
and (4.61) into (4.57), and, finally, into (4.55). This yields

/izvsn'dﬁ—/ Msb-ad)=
Qp 0
/(23~n)-adQ—/ (X a)-v,dl
S ry

— /m [b a—Y :Va} dS) (4.62)

Also, we have that

/%2:Va:/%v-(i-a)—/%(v-i)-a
= /Fg(i'a)"’go_/s(im-Oés)'n+/ﬂ$f)-a (4.63)

Finally, substituting (4.63) into the right hand side of (4.62), and considering
(4.51-b), we can write

/ ags - [25 n — X.JQ+ . Il:| =0 Vag € Va (464)
s

Then proposition (1) follows.

Corollary 2 The system of variational equations (4.12) and (4.51) are equivalent.

4.3.2 Finite element discretization

The same finite element approximation for the displacement rate field, 11, presented
in Section 4.2 is adopted here:
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" = £ NOGod (1) + MY (x) [ () (4.65)
ﬁh(e) u/,h(e)

- h(®
where @1 is, again, the standard C° elemental approximation of the rate of dis-

placement field, interpolated by the bilinear element shape functions, Nl(e), N2(e),
N:,Ee), N, f), and parametrized by the nodal values of the displacement rate d;(t), for

i € {1,..,4}. The term o’ e resolves, as in the preceding formulation, the jumps
in the rate of displacement field in terms of the element-wise constant displacement
rate jump [u]., with .ME;) defined in (4.16).

Then, the discrete strain rate field at element level reads

. e i= e K e . e 1 .
M9 =52 (VN © d)° — (Ve @ [a],)° + g’ (0], ©m)®  (4.60)

Thus, from the finite element approximation of the displacement rate field pre-
sented in (4.65), the definition of the following function spaces can be made:

Vh=yliavh (4.67)

where

Vh = {ah; a'(x)=a, Vee J; al(x)=0 Ve¢ j}
Va = {Ah’ 7" (%) = T N() i A, = 0} (4.68)
Vi :{ s omh(x) = eejMf;)(x)ae}

with a,, n; € R?, and

Vi=VaoV (4.69)

with

Vi={n" 7"(x) = 2 Ni(x)@; 5 Ml =0} (4.70)

where 7); € R%
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4.3.3 Discrete symmetric kinematically consistent problem

Now the following discrete problem can be stated:
FIND:

e Vo { ﬁ?{}% (4.71)
SUCH THAT:
21" / N VIR S(eM)dQ — Gem(@") =0 V" € V) .
Eeej/ VSghh 3 d0 = 0 " (4.72)

Qe

where Gz (17"") 2 0 has been assumed.

4.3.4 Matrix representation

The discrete strain field in matrix form is the same as in the non symmetric problem:

- (e e) J(e e 1 e e °
{£}© = B )+<,u‘(s)% )@ — [v! )}) [a]. (4.73)
.G

In this case, the gradient of the displacement rate variations reads

{Vin} =B} + GYa, (4.74)

Hence, the expression of the incremental residual forces at element level correspond-
ing to (4.72) reads

RO — / BEO” (£} d0 — £, (a)
Qe . (4.75)
pe) — / G©" (¥} 4O (b)
where ng)t is the vector of incremental external forces at element level.

Assuming an incrementally linear relation between the strains and the stresses
as the one expressed in (4.33), the residual forces (4.75) can be rewritten as
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Ky Kg |[d9) [F5 ) _ [ RO (4.76)
K¢ K || [ 0 i
with

K = / BO" D B@dQ
Qe

K = / BO" D G©dQ)

Q

Qe (4.77)
K = / G©" D B0

Qe
K9= [ GO DGO

Qe

Remark 37 The resulting tangent stiffness matriz is symmetrical.

Remark 38 As in the non-symmetric formulation, due to their elemental support,
the modes corresponding to the displacement jumps, [[4]]., can be condensed at ele-
ment level.

Remark 39 In this formulation f G®"dQ = 0 does not always hold.  This
dimanishes the reproducing posszbzlztzes of this element: mnot satisfying the patch test
implies that constant stresses cannot always be reproduced, which is the cause of the
lack of static optimality suffered by this element.

Now, let us define

BY - [ B, BY, BY, BY, GO | (1.78)

and

R = [ @@y, " ]"
P = [ @) o] (479)
d” = [ (@) [af "

Then , the B-bar format of (4.76) is
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/ 89" D B9d“%a0 -7 —r" (4.80)
Qe

Finally, the global system of equations corresponding to (4.72) is given by

ext

e { / 89" D BYA 40— F — 0 (4.81)
Qe

4.4 Symmetric assumed enhanced strain approach

This formulation is derived in the context of the assumed enhanced strain method
presented in [Simo and Rifai, 1990]. It is based on a three-field variational prin-
ciple. Let us then assume that, for a given time t € R, , the displacement rate
field (e, t):2 — R™im the admissible variations of the displacement rate field,
7(e,1):Q2 — R™im_ the stress rate field, o(e,t):Q2 — S, and the assumed enhanced
strain rate field, &(e,t):Q2 — S lie on the following function spaces:

Vo= (ne M@ 5 i, =) (182)
Vo= {ne M@ ; |, =0} (4.83)
Vo i={m; 7€l(;S); [[7]]sn=0} (4.84)

where S denotes, as said before, the space of second order symmetric tensors

Vs = {%, é =&+ bs(a® n)S; £€V:: as € Va} (4.85)

with Vz := Ly(€2;S) and Vy:=[Ly(S)]aim.
Finally, the strain rate field, £:Q x R, — R™in is assumed to have the following
structure:

&(x,t) = Va(x, t) + &(x, t) (4.86)

Remark 40 Notice that the singular term, 6s(a @ n)°, of the enhanced strain has
the same structure as the singular term of the strain field corresponding to the strong
discontinuity kinematics presented in Section 3.2.1.

Remark 41 The resulting strain field is not kinematically consistent with the dis-
placement field in the sense that &(x,t) # Voa(x, ).
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4.4.1 Continuum problem

Now the following problem can be stated®:

FIND
aev,
g €V (487)
o<V,
SUCH THAT
/ $(e): VRN — Gy =0 VREV ()
O\S
E:rdQ =0 vreVv, (b) (4.88)
Q
/ (a——z):édﬂ =0 VEeV: (o)
Q

By using standard arguments, we can prove that the strong form of (4.88-a) is

V-S(Ee)+b=0 in O\S
v =t on T, (4.89)

[Elps - n=0 on S

Special care has to be taken with respect to (4.88-b) and (4.88-c) due to the
singular term appearing in the expression of the enhanced strain and the enhanced
strain variation. For the expressions (4.88-b) and (4.88-c) to make sense, the fact
that [7]s-n =[6]s-n = 0 is crucial, because it ensures that both 75 -n and s-n

exist and are bounded. With these concepts in hand we arrive to the strong form
of (4.88-b):

™
I
=)

in Q (4.90)

and the strong form of (4.88-c):

G—=0 in Q (4.91)

9In [Simo and Rifai, 1990], this variational problem was derived from the Hu-Washizu 3-field
variational principle. Here we state it as the weak form of the system of diferential equations 4.6.
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4.4.2 Finite element discretization

Consider a finite element discretization of the domain €2 into four-noded finite el-
ements, then the following discrete version of the function spaces 4.82 to 4.85 is
proposed:

Vh- {nh, nh(X) = 21 nnOde Ni(x) n; ; m\ru = ﬁ*}

V,’; = {n" 7"(x) = 2’ 1t Ni(x)7; 5 |, = 0} Lo
N R MM B
Vo= {7 700 = S G0 )

where x, stands for the characteristic function of €2, i.e.,

(x) = 1 for x € €,
XelX) =\ 0otherwise

and n;,7;, . € R?; 7, €S.
Let us now assume that the following orthogonality condition between V2 and
V! holds':

» vE" e V!
/ € mhd=0 Vrh e Vh (4.93)
e Veecl
Remark 42 Due to the singular term in the enhanced strain rate, we cannot talk
about Ly—orthogonality, as in [Simo and Rifai, 1990], since the integral in the left
hand side of (4.93) does not define the Ly inner product, but a duality pairing.

Then the discrete version of (4.88-b) becomes an identity. Moreover, (4.88-c)
can be worked out as follows:

which yields

0This condition is motivated by the satisfaction of the patch test (see [Simo and Rifai, 1990])
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/ S(e") : €"d0 = 0 (4.95)

It is easy to check that V! fulfills condition (4.93):

Ja %h : ThdQ) = R etem fge(ug)% — é—e) (@ @n)%: 7.dQ =

b 1
yye=netem / (W2~ =) 49 (o ©0) 7o =0 (4.96)
NG Qe €

-~

(le—1e)=0

J/

4.4.3 Discrete Problem

With the above results and definitions in hand, the discrete problem corresponding
to (4.98) reduces to

FIND:
u e V!
SUCH THAT:
e=Ne¢lem — N h — —
ST /Q VIR 8(e )dQY — Gew(@") =0 VR" € VI
B L n -n - (4.98)
N e etem / Y(e): € d2=0 Ve e V!
Qe
4.4.4 Matrix representation
The discrete strain field in its matrix representation reads
(63© = BOGO (0 - L) pmeg
S k Qe e
.G
= BYd9+Glg, (4.99)

where 3, € R2.
On the other hand, the matrix form of the strain variations is
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(€} = B9 +{§}
— BOHY + GO, (4.100)

Thus, the following is the expression of the incremental residual forces at element
level corresponding to (4.98):

RO .= / BOT {5} d0 — ¥, ()
2 _ (4.101)
FO) / GOT {510 40 (b)
Qe

where Féj)t is the vector of incremental external forces at element level.
Assuming, again, an incrementally linear constitutive relation as the one ex-
pressed in (4.33), the system of equations (4.101), can be rewritten as

KG KO ][0 [ RO\ RO 10
K9 KO | B 0 i
with

K\ = / B©" D B@dQ
Qe

K\ = / B@" D G©dQ
Qe

o . . (4.103)
K = GO D BOJO

Qe
K = / GO" D GO0

Qe

Remark 43 The resulting tangent stiffness matriz is symmetrical.

Remark 44 As in the previous formulations, due to their elemental support, the

modes corresponding to the displacement jumps, B,, can be condensed at element
level.

Remark 45 In this formulation er G dQ = 0, which is derived directly from the
orthogonality condition (4.93) and guarantees the satisfaction of the patch test.
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Remark 46 The matriz form of the three formulations presented so far (i.e., (4.39),
(4.76), and (4.102)) coincide when é—e ] = (V]

Now, let us define

]—3@:[35@7 BY, B, BY, G<6>} (4.104)

and

)T, o7 } (4.105)

Then, the B-bar format of (4.102) is

©_R" (4.106)

ext —

/ 89" D BOd“d0 — F
Qe
Finally, the global system of equations corresponding to (4.98), is given by

Nelem

{ / 89" D BYA 40— F — 0 (4.107)
Qe

e=1

4.5 The possibility of a self propagating element

So far in this chapter, the formulations of the best known families of elements with
embedded discontinuities have been derived from convenient weak statements of the
boundary value problem (4.5). In general, the discrete formulations inherit the
character of the corresponding continuum formulations. This gives to each of them
different characteristics regarding its performance in simulating discontinuities in
solids. For instance, the kinematical optimality of the non-symmetric formulation,
presented in Section 4.2, and of the symmetric kinematically consistent formulation,
presented in Section 4.3, has to do with the consistent way in which the strain field
of those formulations is derived from the displacement field. Nevertheless, in the
finite element implementation of these formulations, it is necessary to know, for a
given element e crossed by the discontinuity line, which nodes lie on Q% and which
in Q~ in order to determine the function ¢(®), defined in (4.16). This information
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Figure 4.3: Simple traction test: a) geometry, mesh, boudary conditions, and material
properties; b) Comparison between the U4n element and the S4n element.

is provided, as mentioned above, by a tracking algorithm, which entails several
limitations especially for managing multiple discontinuities. The natural option to
get rid of this tracking algorithm seems to be the symmetric assumed enhanced strain
based element. Then, the inception and propagation of discontinuities would be
determined only by the stress state of the solid through the discontinuous bifurcation
analysis studied in Chapter 2. However, the performance of this element is very
poor in many cases, due to the appearance of stress locking behavior. We illustrate
this through a numerical example.

4.5.1 Stress locking behavior

In order to assess the performance of the symmetric assumed enhanced strain based
element described in Section 4.4, a representative numerical simulation is presented
here.  The non-symmetric element is used as the reference element, due to its
statically and kinematically optimal behavior (see [Jirasek, 2000al).

Based on [Oliver et al., 2003], the following nomenclature is adopted:

e Un for the non-symmetric element

e S/n for the symmetric assumed enhanced strain based element

Let us, then, consider the rectangular plate whose dimensions and material prop-
erties are shown in Fig. 4.3-a. It is discretized into a non-structured finite element
mesh consisting of four noded bilinear elements. The plate is fixed on the left
side and uniformly stretched from the right side. The isotropic continuum damage
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model presented in Section 2.2. equipped with a linear softening law is employed
for modelling its material behavior. It can be shown that the theoretical (exact)
discontinuity path describes a straight vertical line crossing the plate from top to
bottom. The displacement jump is uniform and only its normal component is dif-
ferent from zero (mode I). Since the stress state is also uniform, the position of the
discontinuity line has to be imposed.

The stress vs. displacement curves of both the U4n and S4n element are plotted
in Fig. 4.3-b. That figure shows that the Ujn element is able to reproduce the
theoretical (exact) solution consisting, beyond the peak stress, of a linear softening
branch until the total relaxation of the stress is reached. On the other hand, the
curve corresponding to the S4n element undergoes a spurious hardening after the
theoretical peak stress, causing the stress to reach unphysical levels.

In order to understand this numerical phenomenon, it is important to mention
that, based on theoretical reasons, an incrementally linear behavior is algorithmically
imposed to Q\S after bifurcation. The stress should, then, unload elastically.
However, due to the kinematically inconsistent character of S/n, the stress in Q\S
grows elastically, which causes the stress locking behavior observed in Fig.4.3-b.

The poor performance of element S/n makes it unsuitable for the numerical
modelling of relatively complex problems. Thus, some alternative formulation have
to be devised in such a way that the stress locking behavior of S4n is overcome,
while keeping its self propagating potentiality.

In the following sections remedies to the stress locking suffered by S4n are pre-
sented. In order to motivate them, we first present some comments on the causes
of this phenomenon for a parent four noded bilinear element:

e Assuming that 2\S behaves elastically after bifurcation, the following rela-
tionship between the strain rate in Q\S and the stress rate holds:

éas=E=C': ¢ (4.108)

elastic strain
C is the standard isotropic elastic tensor.

e In the S4n element formulation, the strain rate in Q\S has the following
structure:

(e (e le
s = Voal) — o B n)° (4.109)
linear ;,_/

(enhancement) constant
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e Total relaxation of the stress (¢ = 0) entails the strain rate being zero (€q\s =
0) from (4.108). However, the cancellation of the two terms appearing in the
right hand side of (4.109) only can occur in the particular case in which V()
is constant. Therefore, due to its kinematics, this formulation is unable to
reproduce this stress state.

The stress locking is, at least partially, explained by the above reasoning. It
also suggests two possible remedies:

1) To decrease the polynomial degree of the conforming term.

2) To increase the polynomial degree of the enhancement.

Both possibilities will be explored: the first one by means of the mixed ap-
proach proposed in Section 4.6, and the second by means of an assumed strain
re-enhancement, proposed in Section 4.7.

4.6 Mixed Approach

Assume that, for a given time ¢ € R, the displacement rate field (e, t):2 — R"dim
the admissible variations of the displacement rate field, 77(e,t):Q2 — R"™im_the stress
rate field, 6 (e,1):Q2 — S, and the strain rate field, £(e,%):Q2 — S lie on the following
function spaces:

Vu = {n e H(Q)m ; p|, =0} (a

Vi = {n e [H(Q)™= ; f|., =0} (b

Ve i={& €=E8+6s(a®@n)® ; £ Lr(S); ae (S} (c
(

~— — .

(4.110)
V, = {T; T€L(S) 5 [[llgs n=[rlls n= 0} d)
4.6.1 Continuum problem
Now the following three-field variational principle can be stated:
FIND:
uc Vy
EeV. (4.111)
ocV,
SUCH THAT
/ G :ViNdQ — G ey =0 VeV, (a)
o\S
(e-Via):7dQ2 =0 vreV, (b (4.112)

Q

/(&—2):£d9 —0 VEeV. (o
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The strong form corresponding to (4.112-a) is

V-6+b=0 in Q\S
c-v=t on I,
[6]lgs =0 on S

and the strong forms of (4.112-b) and (4.112-c) are

E=Vu in Q

=23 in )

(4.113)

(4.114)

(4.115)

Thus, equations (4.5-a) to (4.5-e) follow from the variational problem (4.112),

whereas (4.5-e) is automatically imposed by the definition of V.

4.6.2 Finite element discretization

Considering again a discretization of ) into four-noded bilinear finite elements, the

following function spaces are proposed as the discrete version of 4.110:

Vﬁ = {Uh; nh(X) = E;z?no‘ie Ni(x)m; 5 mylr, = ﬁ*}
Vi={n" 7hx) =T Ni(x)n; mlr

S AR PN N R
Vh={1h, 1h(x) 2222?“6’” Xe(X) 7.}

where

1 for x €42,
Xe(X) == :

0 otherwise

and n,;,7;, . € R?; 1., €, €S.

4.6.3 Discrete problem

Now the following discrete problem can be stated:

(4.116)
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FIND:
ueVt  (a)
ghevh (b (4.117)
ahevl (¢

SUCH THAT:

SoeTaen / GO G i) =0 VTEV] (a)

S oo etem / (e" —viah) :ThdQ =0 vrhevt  (b) (4.118)
Se=eten / (6"-5") s € a2 = 0 vehevt (o)
Qe

From equation (4.118-b), it follows that

= (€)1 s) _ S-h] : _
/Qe [(se+u$ (B, ®n) veat| T dQ2 =0 (4.119)
V1.5 ;Veel
where é"|q, = &, + ,ufge)%(ﬁe ®@n)¥ (with € € S and 3, € R?) has been considered.
Hence,

O&, +1.(8. 2n)° — / VSO =0 VeeT (4.120)
Qe
solving (4.120) for &, yields

. 1
F:e:Q—/ ViudQ — (8, ®n)° Veel
e Qe

N J
-~

(4.121)

v

(e)

Sehn' @ . 1 Seh o) : Seh :
where V7u" = o fQ V>u''df) is the mean value of V71" in €2.. Hence,

(e
o, = VS 4 (W - &) (B om)® veeT (4.122)

At element level, we have
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/96(66—2):5%9:

/Q (¢.-%): {Eﬁu?)%(ae ®n)5} 40 —

(Qe&e—/ m) €+ [le(&e-n)—/ i-nds] Co
Qe Se

From (4.118-c), (4.123) must be null V€, € S and Vo, € R?. Thus,

0.6, —/ »dQ =0
Qe

l.(6e-m)— [ -ndS=0
Se

Defining Z—Qe = Qie er Y dQ and E_S = ifse 3dS, we have

which means that (4.118-c) implies

2_(26‘11:2_5‘11 Vee J

this is the traction continuity stated in terms of the mean values of 3.
We can rephrase (4.126) in a more convenient format:

i/ Z'JdS-n—Qie/ YdQ-n=0 VYee J
SE QE

and, hence,

/ (uf;’%—é—ee>2~nd9:0 Vee J
Qe

On the other hand, from (4.125), we have

(4.123)

(4.124)

(4.125)

(4.126)

(4.127)

(4.128)
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/ Go: VI A — G oy = S, : / VIR dQ — G et (4.129)
Qe Qe

o O
Let us define V7" = a Jo V57"dQ). Then,

(e

/ G0 VST AD — G = QS VI — G (4.130)
Qe

Finally, considering (4.118-a), the definition of Z.]_Qe, and (4.130), we can state

e=n . =g _
STt / XV dQ — G e =0 VR"EVE (4.131)

Qe

In summary, the system of equations (4.118) is equivalent to

- —o— (e
S / BTG =0 V'EV; (a)

_ (4.132)
/ (ug)%—é—z)ﬂndQ:O Yee J (b)
Qe
with the elemental strain rate having the structure stated in (4.122)
Y TRy O @l L s
Ee =€ ‘Qe =V°u + Hs E — Q_ (/86 X n) (4133)

Remark 47 By comparing the expression of the strain rate for this approach ,stated
in (4.133), with the strain rate for the assumed enhanced strain based approach,

stated in (4.109), we can observe that the enhancement term, (ug)% - é—‘z) (8.®n)*,

. . e O
is the same for both of them. However, in the present approach the term Voar = is

element-wise constant, which makes the cancellation of the strain rate possible.

P O . .
Remark 48 The term V20" = can be approzimated by the value of V" at the
sampling point RSP, placed at the centroid of the element. Then, the classical link
between mixed elements and reduced integration is recovered in this formulation.

HFor non-distorted elements this is not an approximation but an identity
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4.6.4 Matrix representation

The discrete strain rate field in its matrix form reads

. (e e (e e 1 le e
()9 = Bid (W0 - g ) s,

(. J

::E(e)
= Bl.,d9+Glg, (4.134)

where 3, € R? and BE% 5 is the value of matrix B(®) at the sampling point RSP.
The matrix representation of the strain rate variations is

{E}(e) _ BE%P{,,—?}(G) +GOa, (4.135)

Then, the incremental residual forces at element level corresponding to (4.132)
are

RO [ B, (50 dn-FE (o
o (4.136)
ﬁ%:/(ﬁﬁmwwg (b)
Qe

where Fg?t is the vector of incremental external forces at element level.

Considering the incrementally linear constitutive relation expressed in (4.33), the
incremental residual forces (4.136) can be rewritten as

KO KO fao ) fE9 [ RO s
K9 K9 || 8. 0 £(©)
with
Kl = [ B DB
Kg:i/ Bl D G©dQ
2 (4.138)
Kﬂ:/Q@WDB%ﬂQ
K&zf G©" D G©dQ
Qe
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Remark 49 The tangent stiffness matriz of this formulation is, as expected, also
symmetric.

Let us, now, define

B = [Bﬁggp, G@} (4.139)

and

RY = [ @Oy, 10 )
- . T
Foo= | BT, o7 ] (4.140)

With this in hand, the B-bar format of (4.137) is

/ B D BOA a0 —F — R (4.141)
Qe

Finally, the global system of equations corresponding to (4.132), is given by
Nelem — (E)T — (e) K3 (e) £ (6)
A B DB“Yd dQ-F,, =0 (4.142)
Qe

4.6.5 A note on some implementation aspects

It is well known that the use of reduced integration in four-noded bilinear elements
can lead to the appearance of the so-called hour-glass modes. However, the mixed
formulation presented in this section is implemented in such a way that the mod-
ifications on the basic element S4n are effective only for the band of elements that
captures the discontinuity and only after the time at which this discontinuity appears.
Thus, the elements outside this band behave as the original S4n. Therefore, the
elements affected by the reduced integration are restricted to a single band of one
element width. This reduces substantially the possible presence of instabilities.
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4.7 Assumed strain re-enhancement

To develop this approach, we work on the basis of the formulation of the S/n element
described in Section 4.4. We require the present formulation to fulfill the following
conditions:

e The orthogonality condition (4.93) :

/ § rhdQ=0 VE'eVt vrheph (4.143)
Qe

e To include linear polynomial terms that contribute to alleviate the stress lock-
ing phenomenon.

Having these conditions in mind, the following strain enhancement is proposed:

~h 2 o1 lo 1 1

Elo. =& = (N‘(S)E —q )6 ®n)” + ZyYe + 52Ze (4.144)
= (e ~(e)
ég) €2

where y and z stand for the isoparametric coordinates of the standard four-noded
bilinear element, J is the Jacobian of the isoparametric transformation relating
differential areas in the regular and isoparametric spaces through

dQ = Jdydz (4.145)

while Y, and Z, are two second order element-wise constant tensors whose 2-D ma-
trix (Voigt) representations {Y.} = [V} Y2 Y; }T and {Z.} = | Z1 Zy Zs }T
are two vectors containing six additional degrees of freedom per element.

Let us analyze expression (4.144): ?:;e) contains terms of degree one that are
included in the structure of the total enhancement, &., as a re-enhancement of
Eie), which is the basic enhancement already used in element S/n. Thus, the first
condition required for this formulation is fulfilled. Let us, now, verify if condition
two is satisfied:

(e 1 l,
Qe Qe €

ol e
/Q (/J‘(S)E — Q—)dQ (ﬂe ®n)s L Te = 0 (4146)

le—le=0

J/
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(e 1
/ é;) cTd) = / —(yYe+ 2Ze) : T d) =
Q. . J

+1 41 +1 41
/ / ydydz Yo : T.+ / / zdydz Ze : 1. =0 (4.147)
—1 —1 -1 -1
=0 =0

4.7.1 Matrix representation

Expression (4.144), can be stated in matrix form as

{e}© d©+G@b© (4.148)
where
yng 0 y 00 2 00
GOd=10 w, 0y 00 20
yny, e 0 0 y 0 0 =z
with v = (ug)% — é—e), and

b =[ 87, (YT, {Z}"]"

The matrix representation of the strain rate variations is

{9 =B“Yn} + G (4.149)

where

a® = [af, {5Y.}7, {627 ]"

with 6Y, and 6Z. being the variations of Y. and Z., respectively.
The expression of the incremental residual forces at element level is

R = / B©" {3} 40 —F9 (a)
Qe

() ;:/ GO {31 4O (b)
Qe

(4.150)



4.7. ASSUMED STRAIN RE-ENHANCEMENT 85

where ng)t is the vector of incremental external forces at element level.
Considering the incrementally linear constitutive relation expressed in (4.33), the
expression of the residual forces (4.150) can be rephrased as

KY K | [ a0 19 R

a . = 4.151
[KS} K©) ble) 0 (@) (4.151)
with

K\ = / BO" D B©d0
Qe

K\ = / BO" D G©dN
Qe

(4.152)
K = / G©" D B@dQ
Qe
K= [ GO DG
Qe
Remark 50 Again the resulting tangent stiffness matriz is symmetrical.
We define now
B = [B®),G] (4.153)

and

R =[ (RO, #" ]
- (€) (e oT T

Fm [ Fm , } (4.154)

The B-bar format of (4.151) is, then,

/ 89" D B9d“a0 -7 —r" (4.155)
Qe

The global system of equations is given by

Nelem

{ / 89" D BYA 40— F — 0 (4.156)
Qe

e=1
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Figure 4.4: Simple traction test: comparison of several elements with embedded discon-
tinuities.

4.7.2 A note on some implementation aspects

The re-enhancement proposed in this section does not fullfil the so-called stability
condition[Simo and Rifai, 1990]: V2NV*V'= {0}. Nevertheless, as in the mixed
formulation presented in Section 4.6, the implementation of this element was per-
formed in such a way that the re-enhancement is activated only for the band of
elements that captures the discontinuity and only after the discontinuous bifurcation
time. Again the modified elements are restricted to a band of one element width
and the possibilities for the appearance of instabilities are negligible.

4.8 Performance Assessment

Based, again, on [Oliver et al., 2003], the following nomenclature is adopted:

e Myn for the mixed element presented in Section 4.6.

e Fn for the re-enhanced element presented in Section 4.7.

The test of Section 4.5.1 and Fig. 4.3 is now repeated using the modified elements
M4n and E4n. The results, again in terms of o,, — ¢ curves, are presented in Fig.
4.4 as well as the ones obtained with the original element S4n and the exact result

(U4n).
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The reduction in the stress-locking effect obtained with the new elements is
dramatic (additional numerical results with comparative analyses of the elements
treated here can be found in [Oliver et al., 2003]). However, the performance of
element U/n is still better. Further development of the strategies presented in Sec-
tions 4.6 and 4.7 is perhaps necessary. Nevertheless, the possibility of modifications
in the spirit of M4n seems limited, whereas further enhancement in the spirit of £E4n
can lead to very cumbersome formulations.

One of the main motivations for exploring the possibility of a self-propagating
element is that it would permit to dispense with the tracking algorithm, which con-
stitutes the major drawback of element Ujn. However, the use of this element still
seems highly desirable, due to its excellent performance. Then, the idea of trying
to devise an efficient tracking algorithm that allows to simulate complex problems
(multiple discontinuity paths, for instance) emerges as an especially interesting re-
search line. In order to attain this goal, the next chapter is devoted to studying
these tracking strategies.
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Chapter 5

Tracking strategies

In the previous chapters some of the ingredients needed for the numerical simula-
tion of strong discontinuities in solids have been laid out. Chapter 2 dealt with
the necessary conditions for the appearance of localization bands. The kinemat-
ics of strong discontinuities and the implications of its adoption in the context of
continuum constitutive modelling were studied in Chapter 3. Then, in Chapter 4,
a group of finite element formulations that allow for capturing strong discontinu-
ities within an element domain were analyzed. However, the very important issue
of the inception and propagation of such discontinuities has not been tackled yet.
In an ideal scenario all the information necessary for managing the initiation and
propagation of a discontinuity path should come from the discontinuous bifurcation
analysis. Nevertheless, in numerical simulations and, particularly, in the case of
the non-symmetric formulation studied in Section 4.2, the use of a tracking algo-
rithm [Oliver, 1996b] is also necessary. These algorithms are devised to predict
and capture the geometrical position of a discontinuity path inside a body or, more
specifically, inside every element crossed by that discontinuity.

The strategies to track discontinuity paths in solids are studied in this chapter.
In Section 5.1 a motivation for the necessity of tracking algorithms is made. Section
5.2 describes the general characteristics of a tracking strategy and describes the
groups in which such strategies can be classified. A heat-conduction-like problem is
proposed as a way to compute implicitly all the possible discontinuity lines in a solid
for a given time in Section 5.3. In Section 5.4, the performance of this methodology
is assessed through some representative numerical simulations. Finally, the concept
of an exclusion zone is motivated and explained in Section 5.5.

89
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Figure 5.1: Tracing a discontinuity path in a patch of elements.

5.1 Motivation

Consider a body Q containing a discontinuity line S, which splits  into Q* and
)~ discretized into a finite element mesh consisting of four-noded quadrilaterals.
Consider, also, the open domain (). corresponding to an element e crossed by S,
which partitions €, into QF C Q" and Q_ C Q7. Remember from Section 4.2.2., the
expression, at element level, of the finite element interpolation of the displacement
rate corresponding to the nonsymmetric formulation:

@ (x, 1) = 2=t NO(x)d,(t) + MO () [a]](t) (5.1)

7 (2

Let us focus on the second term of the right hand side of (5.1), which is the term
that captures the displacement jump, and more specifically in

MY = B (x) — o© (5.2)

H ée) is the Heaviside function acting on the elemental discontinuity line (S, = 2. N

S), i.e.,

@\ | 1 VxeQf
HS ( > - { 0 \V/X GQ; (53)
and
0@ =5 Ny (5.4)

where n} stands for the number of nodes of element e lying on ﬁ: and N;+ denotes
the shape function corresponding to node i+ € ﬁ:.
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Figure 5.2: Propagation vector field.

As said in Section 4.2.2., the discontinuous bifurcation analysis corresponding
to an element is performed in a single sampling point placed at the centroid of
that element, which we named RSP. Thus, we know when an element undergoes
localization and the direction of the corresponding localization band, but We do not
know its position within the element. However, in order to determine M) s » we need

to know which nodes lie in Qe . If we consider one single element, the position of
S, can be fixed arbitrarily; however, when the fact that a discontinuity, in general,
passes through several elements is taken into account, we have to be more careful.
The reason is the following: suppose that a node belongs to two elements crossed
by the discontinuity and suppose that for one of those elements that node lies on
Q , then it cannot be in Q_ for the other element and vice versa. In a way, this
means that, somehow, the dlscontlnmty path has to be continuous across elements.
This continuity is understood in the sense that a node has to unambiguously be
either in Q" or in Q. This fact is illustrated in Fig. 5.1, where a patch of elements
is considered. The continuous line indicates the part of a discontinuity that has
already developed. Some possible options to trace the discontinuity for an element
that has bifurcated for the first time are indicated by parallel dotted lines. The
node which is signaled with a dot could lie in QT and Q~ at the same time if some
continuity of the discontinuity path is not enforced. Hence, the necessity of an
algorithm that guarantees the alignment of the elemental discontinuity interfaces
belonging to the same discontinuity path becomes apparent.

5.2 Tracking strong discontinuities

In order to track the evolution through time of a strong discontinuity & in a solid
), we need to have the following information:

1. A failure criterion. It tell us when a material point becomes part of disconti-
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nuity line. A simple example of such criteria is the initiation of the inelastic
regime [Wells and Sluys, 2000]. The singularity of the acoustic tensor, de-
rived in Chapter 2 in the context of the discontinuous bifurcation analysis, is
an example of a more rigorous, from the Continuum Mechanics standpoint,
failure criterion.

2. A direction of propagation. This direction can be determined from empirical
considerations, for instance, the direction orthogonal to the maximum tensile
stress. Again the discontinuous bifurcation analysis can be used to get this
information as done in Section 2.3. for an isotropic continuum damage model.

We assume here that this information is available for every material point of the
solid at any time of the analysis.

Remark 51 Regarding the direction of propagation, this assumption implies the
existence of a vector field with values T(x,t) (see Fig. 5.2), defined for all x €Q
and for all t belonging to the analysis time interval, signaling the direction in which
the propagation of a discontinuity path having its tip at x would occur if the failure
criterion were met at time t for that material point. In two-dimensional cases this
vector field is defined by an angle; for instance, the critical angle obtained by means
of the discontinuous bifurcation analysis in Section 2.3.

Remark 52 In the discrete BVP, the information for tracking a discontinuity is
taken from representative points discretely distributed. For the finite element dis-
cretization presented in Section 4.2.2, this information is available at each sampling
point RSP, placed at the centroid of every element.

In [Oliver et al., 2002c] a classification of the existing type of tracking strategies
was presented. They were divided into local strategies and global strategies. We
describe them in the following two subsections.

5.2.1 Local tracking

In this type of strategies, the alignment of an elemental discontinuity line is only
enforced explicitly with respect to its neighbor elements.

Consider a two-dimensional body €2 discretized into a finite element mesh and
the set of material lines, hereafter called possible discontinuity lines, {S;} whose
tangent vector, for time ¢, at every point x €2 is T(x,t). Any discontinuity path
appearing at a given time ¢ of an incremental loading process has to coincide with
one of these lines. Let us now describe schematically how a local algorithm works.

The determination of a possible discontinuity line S; can be performed through
the following geometrical algorithm (see Fig. 5.3) at element level:
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Figure 5.3: Local tracking.

Input point of the possible
DATA: discontinuity line Ig, .
Propagation direction T(®).
ACTIONS:
1) Trace a line in the direction
of T(®) passing through Ig,. (5.5)
Find the intersected output ’
2) .
point Og,.
Consider the geometrical position
3) of Og, as the input tracking
point Ig, for the neighbour
element e + 1.

Remark 53 This algorithm requires handling a side-connectivity array indicating
those elements that share sides with a given one.

It is clear that, for some element, called root element (r;), crossed by S;, the
discontinuity input point Ig, has to be arbitrarily fixed. In practice, only some of
these possible discontinuity lines 5; are traced. When only a single line S; is con-
sidered, the root element is the first bifurcated element. In this case the algorithm
is very simple and robust. However, as the number of possible discontinuity lines
increases, this algorithm can become extremely cumbersome.
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Root element I,
P

Tracking line

(6 -65)>0

1 (e®-04)<0

Figure 5.4: Global tracking.
5.2.2 Global tracking

Here, all the possible discontinuity lines S; are implicitly traced. Since, by construc-
tion, at every point x of the possible discontinuity lines S;, its tangent has the same
direction as the propagation vector T(x,t), then S; are the members of the family of
curves enveloping the vector field T. Therefore, the construction of the envelopes
implicitly supplies all the possible discontinuity lines at time ¢. Assume that these
envelopes can be described by a scalar field with values 6(x) whose level contours
define all the possible discontinuity lines as (see Fig. 5.4)

S; = {x €9 0(x) = 0s,} (5.6)

where g, is a constant that acts as the “label” of the possible discontinuity line .S;.
In Section 5.3, a methodology for the construction of the scalar field 6 based on
solving a heat-conduction-like BVP is presented. The solution of the corresponding
finite element BVP provides the nodal values of 8" (the finite element approximation
of 9).
With this information in hand, the algorithm for tracing, at element level, pos-
sible discontinuity lines at a given time ¢ of an incremental loading process can be
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schematically described by the two following steps:

1. Identify the possible discontinuity line label corresponding to the root elements.
The position of the possible discontinuity line can be arbitrarily fixed in ev-
ery root element r;. A possible choice is to consider that the discontinuity
path passes through its centroid x, (see Fig. 5.4-a). Consequently, the corre-
sponding temperature level is the average of the nodal values of 6 for this root
element:

1 n
s, = — > W (5.7)
n k=1

where n stands for the number of nodes of the element (i.e.. n = 3, for
linear triangles and n = 4 for linear quadrilaterals). Then, as said before, the
constant g, is the label corresponding to line 5;.

2. Determine the position of the possible discontinuity line inside a given element.
Once the nodal values 0*) and the possible discontinuity line labels g, are
known, the position of S; inside a given element e can be determined through
the following algorithm (see Fig. 5.4-b):

Nodal values of 8 at
element e: %)

DATA: Label of the possible

discontinuity line: fg,.
ACTIONS:

Determine the sides (5.8)
1) involving a change of sign of

(0) — B at their vertices.
For every one of these sides

2) compute the position of
S; through linear interpolation.

Remark 54 Notice that no information from the neighbor elements is required in
the preceding algorithm. This fact can be exploited for implementation purposes.

To determine the root elements at a given time ¢, one has to verify for each
possible root element that it is not crossed by the discontinuity line of another root
element. In order to guarantee this, one needs the concept of active discontinuity
line. 'We say that one of the possible discontinuity lines .S; is active when it crosses
at least one bifurcated element. Then, when an element bifurcates, two possibilities
arise:
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e If the element is crossed by a line S; that is already active, the algorithm in
(5.8) is applied to that element.

e Otherwise, the element is considered a root element and the possible disconti-
nuity line passing through its centroid becomes active.

5.3 Enveloping of the propagation vector field

In this section, we present a procedure to compute the envelopes of the vector field
T defined on a two-dimensional domain €2. We assume that T is a unit vector field,
ie.

T - T=|T|°=1 inQ (5.9)

whose sense is considered to be non-relevant. Our aim is to obtain an scalar field
with values §(x) whose level lines are the envelopes of T. By definition (5.6), each
level line has to fulfill the following condition:

0(x)=0s, in S; (5.10)

where 0g, is a constant. Then, since the set {S;} is the family of envelopes of the
field T, the following equation can be stated:

M _TYI=V0-T =0 in Q (5.11)

where g—; stands for the directional derivative of € in the direction of T.

5.3.1 Heat-conduction-like problem

Solving equation (5.11) with appropriate boundary conditions would provide field
0. However, this formulation has some inconveniences. The first one has to do
with the boundary conditions: one needs to prescribe a value fg,, for each line S;.
Notice that we are not interested in having some specific label for a given S;, but in
having any distinguishable g, for every S;. Then prescribing all the labels would
entail unnecessary complications. Moreover, expressing (5.11) in weak form would
lead to a non-symmetric formulation whose discrete version could be inconvenient
for its implementation in a non-linear finite element code. With these arguments
in mind, we propose here a heat-conduction like problem that allows to solve (5.11).
Considering (5.11), we can write

T2 = (T®T) V) =KV0

K:=T&T (5.12)
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Figure 5.5: Heat-conduction-like boundary value problem.

Let us define
q:=-KVeé (5.13)

With the above definitions in hand, let us state the following boundary value
problem:

FIND : 6

SUCH THAT

V-q =0 in Q  (a)

q=-KVo=-TZ inQ (b (5.14)
qv=w -T)%=0 on 9,Q (c
0=0" on 0,2 (d)

where v is the outward normal to the boundary 0€2, which is composed of 9,2 and
0p2 such that 9,22 U 9pQ = 9Q and 9,0 N 9p2 = 0.

It is easy to see that, with appropriate Dirichlet boundary conditions, if (5.11)
holds for some 6, this @ is a solution of (5.14). Then, a solution of (5.14) can provide
us the envelopes of the vector field T.

Problem (5.14) can be regarded as a steady-state heat conduction BVP in Q
(see Fig. 5.5), for the case of no internal heat sources and null heat flux input
(q-v =0) on the boundary 0,8 (adiabatic boundary). Thus, 6 plays the role of
the temperature field, q is the conduction flux vector and K is a anisotropic thermal
conductivity tensor that varies from point to point and whose matrix representation,
for two dimensional cases, is

(5.15)

K(T(x)]=[T® T| = [ T; TmTy}

T,T, 17
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Remark 55 Notice that K(T) =K(—T)) and, as one would expect, the solution of
problem (5.14) is only affected by the direction of the vector field T and not by its
sense.

Weak form and uniqueness

Let us define the following function spaces

Vo := {9 ; 8T € L2< )7 9|399 = 9*}

5.16
Vsp = {59 L 900 ¢ 1,(Q), 6o, = o} (5.16)
Now we can write the following BVP in weak form:
FIND : 0 €V
SUCH THAT (5.17)

fQ V660-K-Vo dQ2=0 Y60EVsq
By standard calculations, one can prove that this problem is the weak form of (5.14).

Remark 56 Considering the definition of K, the weak equation in (5.17) can be

rephrased as 85;? gg dQ2=0. Then it is easy to see that a function 0 fulfilling
e

the condition §% =0 in Q is a solution of (5.17).

In order to prove uniqueness of the BVP (5.17), K must be an elliptic operator
([Reddy, 1998]), which means that all its eigenvalues must be positive. However,
by definition (see (5.15)), it is a rank-one tensor, having, therefore, for the two-
dimensional case, one null eigenvalue.

Remark 57 The lack of uniqueness of (5.17) can be understood by the fact that the
value of the directional derivative 89 := V0 - n, where n is orthogonal to T, in the
problems (5.14) and (5.17) is not determmed thus, the behavior of the solutions of
those problems in the direction of n is undefined.

With the above arguments on mind, let us propose the following modification of
tensor K:

K, : =T ® T+el (5.18)

where € is a small positive constant having, in the context of the present heat-
conduction-like problem, the meaning of a fictitious isotropic conductivity. For

practical purposes, it has to be small enough to ensure meaningful solutions of
(5.17).
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Remark 58 Definition (5.18) guarantees the positive definiteness of K..

By substituting K, for K in the BVP (5.17), uniqueness is guaranteed.

Finite element formulation

Consider a discretization of €2 into a finite element mesh, with n..,, elements and
Nnode Nodes. The following finite element approximation of the temperature field is
adopted:

0" (x) = Ni=Mnete N9, = N7 (5.19)

with

N := [Ny, ..,N,, 1"

? Nnode

0:=[01,....0, |"

) Y Minode

Then the following finite element spaces can be defined:

Vi = {0 0"(x) = 551 Nifyy Olo,a = 0"} (5.20)
Viy = {60"; 66" (x) = SiZie* Nifi; 6,0 = 0} ‘

The discrete counterpart of the continuum problem (5.17) reads

FIND : 0" V)
SUCH THAT (5.21)
[o V60" K-VO" d=0  v50"eVl

Let us set

0,N, ..., 0N,y

noda]
[0,N1, ..., Oy N, (5.22)

node]

VN = |

Thus, from (5.21), the following system of equations can be obtained by means of a
standard procedure:

/ (VN [K.][VN] 6 dO—0 (5.23)
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Defining
K := / [VN]" [K] [VN] d© (5.24)

the system of equations (5.23) can be rephrased as

K6 =0 (5.25)

Remark 59 The rank of K is n,eqe — 1 before the prescription of the Dirichlet
boundary conditions.  Consequently, prescribing the temperature for one node of
the boundary would be enough to have a unique solution for the above system of
equations. However, in order to preclude solutions of the type 8 =constant in (2,
the temperature has to be prescribed in at least two nodes.

Remark 60 This methodology can be easily implemented in a non-linear finite el-
ement code equipped with a thermal analysis module.

Extension to three dimensions

The extension of the above formulation to three-dimensional settings is straightfor-
ward. Consider the vector fields S and T defined for every point of the domain €2
at a given time ¢, such that S(x,t) and T(x,t) define the tangent plane to a possible
discontinuity surface S; at (x,t). Assume that the family of surfaces {S;} envelop-
ing both vector fields, S and T, at the same time can be described by a scalar
(temperature-like) field with values §(x) such that the surfaces

Sii={x€N; 0(x) =10} (5.26)

for all the meaningful values of fg,, are tangent at each point x €2 to the vectors S
and T. Then, the following conditions must hold:
SVH=Vh-S =2 =0
in Q (5.27)
T-VO=V0-T =2 =0

Remark 61 Let n be the unit vector field, defined at every point of the domain 2
at a given time t, such that n(x,t) determines the direction normal to the tangent
plane to a tracking surface S; at (x,t). Then, S and T must satisfy

S n=T-n=0 in Q (5.28)
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With appropriate boundary conditions, the solution of problem (5.27) is also a
solution of the following heat-conduction-like problem:

FIND : 0
SUCH THAT
V-q =0 in Q  (a)
q=-KVO=-SL_TL  inQ () (5.29)
qv=w-S)%+ v T)FE=0 on 0,2 (c)
0=0" on 02 (d)
where the anisotropic conductivity tensor K is given by
K(S(x), T(x))=S®S+T&®T (5.30)

and the introduction of an artificial isotropic conductivity € leads to
Ke=S®S + T ® T+Hel (5.31)

We can arrive to the finite element discretization of (5.29) in a way analogous to
that used for the two dimensional case. Again, the temperature-like variable, @,
have to be prescribed at, at least, two points to obtain meaningful solutions. Once
the temperature field 6" is determined at every node of the finite element mesh,
an element level algorithm, the straightforward extension of the one presented in
Section 5.2.2 to three-dimensional cases, allows to determine the exact position of
the discontinuity path inside every element.

Remark 62 Although in this thesis no numerical simulation in three-dimensional
settings is tackled and the thermal analogy presented in this section is mainly used
to render possible the simulation of multiple discontinuities, it must be said that
the possibilities of this formulation to overcome some of the problems arising in the
propagation of discontinuities in three dimensions seem enormous

5.4 Representative numerical simulations

The performance of the heat-conduction-like model presented in Section 5.3 is as-
sessed through the set of illustrative simulations shown in Fig. 5.6. A square domain
discretized into the unstructured finite element mesh of quadrilaterals shown in Fig.
5.6-a is considered. Fig. 5.6-b to 5.6-d show different vector fields (left) and the
corresponding contours of iso-temperatures (right) obtained with that model. For
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every case, the two nodal points at which temperatures were prescribed are indi-
cated. It is worth noting that, regardless of the character of the vector field, the
envelopes are precisely captured even if their direction changes abruptly (see Fig.
5.6-d).

The simulations presented in Fig. 5.6 were done for € = 0 and for ¢ = 1075
obtaining almost identical results. For the simulations with € = 0, no ill-conditioning
of the stiffness matrix was observed. This can be explained by the fact that the
use of a non-structured mesh introduces some constraints regarding the continuity
of the possible solutions in the direction orthogonal to the tracking lines S;. In the
case of structured meshes with nodes aligned with the tracking lines, ill-conditioning
of the stiffness matrix may occur, and the use of € # 0 is mandatory. Thus, based
on the fact that small values of € do not perturb significantly the solution, the use
of € # 0 seems always recommendable.

5.5 Exclusion Zone

The simulation of the evolution of multiple discontinuity lines by means of the
nonsymmetric formulation presented in Section 4.2 becomes feasible when a global
tracking algorithm is available. However, some precautions have to be taken. For
instance, some discontinuity lines can activate spuriously.  This happens when
there is a region near a crack tip where the stress state is very similar for all its
material points. Then, due to numerical errors, some elements within this region
can bifurcate spuriously. In order to circumvent this, we propose the creation of an
exclusion zone surrounding a discontinuity line.

We will call consolidated discontinuity line, S; C S;, a material line consisting
of all the bifurcated points belonging to a discontinuity line S;. As said before,
when the domain €2 is discretized into a finite element mesh, the bifurcation anal-
ysis is performed at certain sampling points discretely distributed. Assume that
those sampling points are placed at the centroid of every element. Consider that x,
denotes the sampling point corresponding to a non-bifurcated element e, xgs, stands
for a sampling point belonging to an element crossed by the consolidated disconti-
nuity line §;, and dg, is a positive constant named ezclusion distance of S;, then the
definition of the exclusion zone corresponding to S; is the following:

Hs, := {Xe €0 ; mi% |xe — xg,]| < ds, and Q. N S; = @} (5.32)
Xs; €95

LA concept similar to what we call ezclusion zone here can be found in [Alfaiate et al., 2002].
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Figure 5.6: Numerical tests.
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Fig. 5.7 shows the exclusion zone of a consolidated discontinuity for a given
finite element mesh. The elements belonging to the exclusion zone are depicted in
white, while the elements crossed by the consolidated discontinuity line are colored
in black. The dotted line indicates the part of the discontinuity line that has not

been consolidated yet.

Now, at a given time ¢, an element e will be allowed to bifurcate if at least one

of the following conditions is fulfilled:

1. Element e does not belong to the exclusion zone of any consolidated disconti-

nuity line ;.

2. Element e is crossed by a possible discontinuity line S; that is already active
(i.e. S; crosses at least one bifurcated element).



Chapter 6

Stability and uniqueness issues

The numerical simulation of complex problems involving strain localization requires
the use of robust algorithms that allow for the description of their highly non-linear
behavior. Adequate control techniques and sophisticated continuation methods are
necessary to obtain the global equilibrium path throughout a loading process. Even
in the case of using these tools, the eventual appearance of bifurcation points can lead
to no convergence of the overall incremental iterative scheme (a Newton-Raphson
scheme, for instance).

Furthermore, although the nonsymmetric finite element formulation presented
in Section 4.2. has been successfully used for the simulation of strong disconti-
nuities (see, e.g., [Oliver et al., 2002al), some questions about its robustness have
arised lately. In [Jirasek, 2000b], an element level uniqueness condition was de-
rived. There, it was argued that not satisfying this condition would result in a loss
of robustness of the numerical model used.

In this chapter, the inclusion of an artificial numerical damping as a remedy for
the above mentioned problems is motivated and studied. The approach adopted is
different from the one in [Jirasek, 2000b]. The possible element level instabilities
are regarded as a controllability problem related to the “brittleness” of the element.
Section 6.1 is devoted to studying these instabilities for the nonsymmetric formu-
lation presented in Section 4.2.4. Then, an artificial damping term is added to
the virtual work principle equation as a remedy in Section 6.2. Some of the most
relevant consequences of doing this are analyzed

6.1 Element level instabilities

The study of eventual element level instabilities of a discrete BVP based on the
non-symmetric formulation presented in Section 4.2. is tackled here. From Section
4.2.4, the matrix expression of the incremental residual forces at element level is

105
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K| K do \ _[FY 1 _ [ RO (6.1)
K K |\ [a]® 0 £(©) '

with

K?:/ B@" D B@dQ
Qe

K= [ B@" D G®dn
. (6.2)
K?:/ G*” D B@dQ
Qe
(e) x(e) (e)
Ka—/ G D GO0
Qe

Let us focus on the expression of the element level residual forces corresponding
to the displacement jumps stated in (6.1):

#e) — K(()e;a(e) +K9[M]® =0 (6.3)

Equation (6.3) can be regarded as a control problem in which Kgig(.i(e) is the
control variable and [@1]() is the state variable. In such a context, the singularity of

Kgil will correspond to a critical point. In light of this, let us study the structure
of K. Remember from Section 4.2.4, the definition of G*“ and G, :

«(e) e 1 le e)T

G = (ug) . — ) )" (6.4)
e e 1 € e

G© :N‘(S)E[n]()_ [VQD( )} (6.5)

From (6.2), 6.5, and 6.4, we obtain

,U(e) T l T ,U(e)
KO = [ 5w - )| B m - (Ve fan (69
Qe

k Q. k

Since Dg=0(k) and Dg_\s, = D¢ (the elastic constitutive matrix), expression (6.6)
can be rephrased as
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_ 0,

Figure 6.1: One-dimensional bar subjected to tension.

K{) = / QY] ds + = / )" D, [Ve] d (6.7)
; Qe Jos.

where [Qd} is the matrix representation of the acoustic tensor (which can be iden-
tified with the constitutive tangent operator of the induced discrete, or cohesive,
law).

It is worth noting that matrix [Qd} is not positive definite, which implies that,
for K& to be positive definite, the second term of (6.7) has to be positive definite.
If [V(p(e)] and [n] © are proportional, the positive definiteness of the second term
of (6.7) is guaranteed by the positive definiteness of the elastic matrix D,;. In the
case of [Vgo(e)] and [n](e) being orthogonal in the scalar product induced by D,

the second term of (6.7) is equal to zero and KA = |, s, Q7Y ds.

The importance of the definiteness of K can be explained by the fact that
passing for a critical point can be related to loosing positive definiteness. This is
illustrated in the next subsection by a one-dimensional example and then related
with the brittleness of the element

6.1.1 One dimensional example

Consider the one-dimensional bar of Fig. 6.1 discretized into one linear finite ele-
ment. Then we have that (6.7) reduces to

K = EH +/ %E%d@ = FEH + % (6.8)
Qe

where EH is the value of the discrete tangent modulus acting on point S. We also
have

K= [ —E[oN oNe]do= [ —iE[-} 1]d0 (69)

€
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Figure 6.2: Nodal displacement vs. elemental jump in a one dimensional element.

Then we can write (6.3) as follows

(/;%E[ -1 1] dﬂ) { gl }+ [EHJF%] W© =0  (6.10)

As indicated in Fig. 6.1, d;=0 and dy = . Then, solving (6.10) for [a]© yields

1 1.
[6]© = —% (7]55) (6.11)
EH + T
——

K

An schematic picture of the prescribed displacement vs. the displacement jump
(6 — [u]®) curve for this case is shown in Fig. 6.2. Before bifurcation, § > 0
while [u](® = 0, so that one can consider that K9 is “infinitely positive”, i.e., rigid.
Consider the case of K < 0 after bifurcation, a positive rate of the prescribed
displacement entails a negative rate of the element jump (see Figure 6.2). For K
to change of sign, the existence of a critical point in between is necessary. Thus,
from (6.11) the condition, in this one-dimensional case, to avoid the appearance of
element level critical points is
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1
1< = 6.12
<= (612
Remark 63 The brittleness of the element is related to condition (6.12). For this
one-dimensional case, it depends on the element size and on the intrinsic softening
parameter.

Remark 64 For higher dimensional cases and for other constitutive models, the
positive definiteness of K can be established as a sufficient condition to ensure the
absence of element level critical points for (6.3). The effects of these element level
critical points in the global problem remain to be studied. Thus, the spirit of the
strategqy presented in the next section is to preclude element level critical points in
order to avoid the possibility of numerical instabilities caused by them.

6.2 Artificial damping term

In this section, a strategy to overcome the element level critical points in problems
undergoing strong discontinuities is proposed. It is based on adding a regularizing
damping term to the weak form of the momentum balance equation. Though the
main motivation for this strategy is to solve the stability problems identified in the
preceding section, an important uniqueness result regarding the continuum BVP is
also obtained.

Consider the body © with boundary I' = T', UT, (fulfilling ', N T, = @) and
the discontinuity interface S C{2. Let us adopt the strong discontinuity kinematics

presented in Section 3.21. For any time ¢, the following variational equation must
hold:

/ Vo : 0dQ + Gewe(n) =0 Vn €V, (6.13)
0

where Gey (1) 1= fQ\s b-n dQ—i—ng t*-m dl.(with b being the body force density and
t* the traction prescribed on boundary I'y) and V), is the space of (kinematically)
admissible displacement variations. From Section 4.3, we have that the elements of
Vy have the following structure:

n=n+tMsa

N €Vy and a €V,
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Remark 65 Based on the linearity of both the gradient operator and the integral, it
is easy to prove that the rate form of equation (6.13) is equivalent to the rate form
of the system of variational equations (4.51) and, therefore, to (4.12).

With these concepts in hand, the following modification to (6.13) is proposed:

/ o - (71)-[a]dS + / VS0 odQ 4 Guy(n) =0 ¥npeV,  (6.14)
S Q

where 1 is damping-like parameter acting in § such that when g — 0, equation
(6.14) approximates (6.13).
Now the following proposition can be stated:

Proposition 3 Equation (6.14) has a unique solution if p>0.

Proof: Let us assume that, for a given time ¢, two solutions for (6.14), [a];
and [],, exist. Setting Aa] := [a], — [a]:, then, since at bifurcation time
Ao :=0y,— 01 =0,

/ a- (1) A[]dS =0 Vo eVa (6.15)
S

must hold. Since by definition, A[a] € V,, equation (6.15) must hold for a« =A[u],
i.e.,

/A[[ﬁ]]-(ul)-A[[ﬁ]]dS — 0 (6.16)
S

Provided that i > 0, equation (6.16) implies that AJa] = 0. Which contradicts
the assumption of loss of uniqueness and so proposition 3 follows.

6.2.1 Discrete version of the problem

By standard procedures one can easily arrive to the discrete version of (6.14) at
element level. Due to the fact that the added damping acts exclusively within
the discontinuity interface, only the part of the residual forces corresponding to the
inner traction continuity equation (i.e., the part of the residual forces whose rate is
#(¢) in (6.1)) needs to be modified:

rl:— / i []© dS + / G" od =0 (6.17)

Se Qe
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Consider, now, the discretization of the time interval of interest

N-1

lto, tx] = (U [tnstnsa] (6.18)

n=0

Let us focus on a typical interval [t,,t,+1]; then the following approximation for
[a](® is proposed:

o I - [l
[a]ic), ~ A (6.19)

with At :=t,,1 —t,. Thus, we can write

© _ 1
rie) = / i [[u]]"“At LI / G0, d2=0 (6.20)
Se

which corresponds to a backward Euler integration of (6.17) in time. Hence, con-
sidering (6.1), a modified K is obtained:

dr'® [u -
RO . = n+1 Hn+1 /Ai / G D 40
n+1 Qe
= 1dS + K 21
/ 145 + K (6.21)
Se

Matrix K& is then equal to the original K plus a damping matrix, which

depends on the damping-like parameter  and on At. Thus, the dampmg parameter
i1 can be chosen in such a way that the positive definiteness of K'Y is guaranteed.
Let &, ..(®), (@), and (@) denote the maximum, the minimum, and an arbitrary
eigenvalue of a square matrix (), respectively. Since the following condition holds
(Bromwich bounds):

bun | (R2)"| = € < €| (R2)]

then a sufficient condition for K% to be positive definite is



112 CHAPTER 6. STABILITY AND UNIQUENESS ISSUES

Emin [(KS&)S} + Ait >0 (6.22)

Hence, a critical value for the time increment can be computed:

]

Remark 66 The positive definiteness of K&e& precludes the appearance of the ele-
ment level critical points studied in the preceding section

Atoiy = (6.23)

Remark 67 A significant increase on the robustness of the global incremental -
iterative algorithm is to be expected with the addition of damping, not only because
it precludes element level critical points, but also due to the smoothing effect that it
usually has on tracing the equilibrium path and to the uniqueness' of the incremental
problem stated in proposition 3.

6.2.2 Implementation aspects

The implementation of the proposed strategies requires changes, only at element
level, on K to obtain KSOZ, as indicated in (6.21), and on the residual forces, as
indicated in (6.20).

Furthermore, the result given in (6.23) can be used to compute the time step
size, At, to be used by the overall incremental-iterative scheme as

I

o (1) ]|

At = min
ecT

(6.24)

where Z={1, ..., Nejem } -

Remark 68 Since the analyses carried out in this thesis only consider the qua-
sistatic problem with rate independent behavior, when we talk about time, we mean
pseudo-time. For instance, in the case in which an arc-length control is used (see
Appendiz A), the pseudo-time can be identified with the arc-length.

Here, only uniqueness of the continuum problem was proved and bifurcation of the discrete
problem might occur if the time-step size is greater than some critical value. However, the use of
large enough values of fi will make that possibility very improbable
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In order to optimize the performance of an algorithm based on (6.24), it is
convenient to vary conveniently the value of the variable considered as the pseudo-
time (e.g., the arc-length), increasing it when K'Y is positive definite for every
element, and setting it to the value obtained by (6.24) when K loses positive-
definiteness for at least some element.
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Chapter 7

Numerical Examples

In this chapter, some numerical examples are presented in order to apply the con-
cepts and techniques developed throughout this thesis to the numerical simulation
of problems in which strong discontinuities appear. To check the possibilities of
those concepts and techniques in the modelling of complex two-dimensional exam-
ples undergoing multiple cracking is the main aim here.

All the simulations presented in this chapter were run in the non-linear multipur-
pose finite element program COMET (COupled Mechanical and Thermal analysis)
developed in CIMNE (International Center for Numerical Methods in Engineering).
The pre and post-processing was carried out in GiD also developed in CIMNE.

Before presenting them, some general characteristics of the numerical simulations
reported in this chapter have to be laid out:

e The nonsymmetric formulation of finite elements with embedded discontinu-
ities presented in Section 4.3, which has proven to be the most efficient, is used
for all the simulations.

e A variant of the isotropic continuum damage model presented in Section 2.2
is employed in all the examples. It is characterized for allowing damage only
for tension in the principal stresses. We will call it, from now on, tension-only
damage model. In order to briefly explain it, let us define the positive part of
the stress tensor as follows:

Ndim

ot = Z (o) Pi ® Pi (7.1)

k=1

where (o) are the Macaulay brackets, o; stands for the principal stresses, and
p; for the principal stress directions. Now, we can define the damage function
of this model:

flet,0,49):=Vot:Clio—q (7.2)
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The rest of ingredients of this constitutive model are the same as in the
isotropic damage model from Section 2.2.

e For most of the examples presented here, tracing the equilibrium path is by no
means trivial. Thus, the use of continuation techniques has been unavoidable.
In general, the normal updated strategy has been employed, together with an
algorithm that enlarges and reduces the length of the step according to a
defined-by-the-user ideal number of iterations (see Appendix A).

The remaining of this chapter is organized as follows. One of the classical four
points bending tests with one notch is studied in Section 7.1. First, a comparison
of several meshes to check convergence upon refinement and to assess the perfor-
mance of triangular and quadrilateral meshes is made. Then, the appearance of
several crack lines is allowed for a quadrilateral mesh and the corresponding results
are analyzed and compared with experimental results. Section 7.2 presents the
simulation of a double-notched four points bending test. Two main crack lines are
expected to activate, but other crack lines are allowed to appear. Their evolution
through the loading process is studied and a comparison with experimental results
is presented. In Section 7.3, a rectangular plate with two geometrical imperfections
submitted to tension is modelled. The purpose of those imperfections is to trigger
two (dominant) bands of localization. Then, the evolution of those bands through
the loading process is analyzed. The effect of brittleness and the necessity of good
continuation techniques is remarked, as well as the convergence to the original prob-
lem when the artificial damping tends to zero. The simulation of one of the tests
in [Nooru-Mohamed, 1992] is tackled in Section 7.4. Again, two dominant cracks
appear, but they are not the only ones allowed to activate. Finally, in Section 7.5, a
reinforced specimen is modelled. The reinforcement helps the appearance of several
discontinuities that activate and arrest through the loading process. The effect of
refinement will be also analyzed.

7.1 Four points bending test with one notch

One of the classical four point bending tests reported in
[Arrea and Ingraffea, 1982] is simulated in this section. Some of the features of
the numerical simulation of strain localization by means of the strong discontinuity
approach are studied through this benchmark test. First, a study of the perfor-
mance of various quadrilateral and triangular meshes is made. For this comparison,
only one discontinuity line (the main one) is allowed to appear. Afterwards, the
possibility of the appearance of several discontinuities is considered.



7.1. FOUR POINTS BENDING TEST WITH ONE NOTCH 117

203 mm 397 mm 61 61 397 mm 203 mm
1 AV
IJ 82 mmn

224 mm

fosp Lﬁl’

Figure 7.1: Single notched four points bending test: geometry and boundary conditions.

7.1.1 Comparative analysis of the performance of various
meshes

Here we assess the performance of triangular and quadrilateral meshes and their
convergence upon refinement through the classical four points bending test allowing
the activation of only one discontinuity line (a local tracking strategy was used).
Comparison with experimental data will be delayed until Section 7.1.2 where the
activation of several discontinuities is allowed. The dimensions and boundary con-
ditions applied to the beam can be seen in Fig. 7.1. The tension-only damage
model was used, considering the following material properties: £ = 2.4 -10'° Pa,
o, = 2.8-10° Pa, v =0.18, and G; = 100 N/m. The plane stress case was adopted
and a thickness ¢ = 0.156 m was considered. The quadrilateral and the triangular
meshes employed are shown in Fig. 7.2 and Fig 7.3 respectively. In the same figures,
the nomenclature employed to refer to each mesh is also presented.

Fig. 7.4 shows a comparison between the general response curves obtained with
both triangular and quadrilateral meshes. The triangular meshes have curves that
tend asymptotically to total relaxation of load P. However, for quadrilaterals, neg-
ative values of P are observed, and it is seen that the global response is more brittle
than the one obtained with triangles. Convergence upon refinement is observed
both in triangles and in quadrilaterals. The structural brittleness in the behavior
of the quadrilateral meshes tend to disappear with refinement. It is also observed
that convergence with regard to the late stages of the postcritical behavior is faster
in triangles than in quadrilaterals. However, convergence regarding the prediction
of the peak load and the early stages of the postcritical behavior is attained fast for
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Figure 7.2: Quadrilateral meshes: a) 643 nodes (Q643), b) 1123 nodes (Q1123), c) 3881
(Q3881).

both triangles and quadrilaterals.
The resulting discontinuity paths for all the meshes are shown in Fig. 7.5. They
are similar for all the meshes considered.

7.1.2 Simulation of several discontinuities

Despite the structural brittleness exhibited by quadrilateral meshes, they are used in
the remaining simulations presented in this chapter. This choice can be justified by
several reasons. The first of them is that numerical examples with triangular meshes
can be find elsewhere in the literature (see, for instance, [Oliver et al., 2002a]) and
that, therefore, a deeper knowledge about the performance of quadrilaterals is nec-
essary. Moreover, the above mentioned brittle behavior of quadrilaterals occurs
in advanced stages of the loading process, where, in general, experimental data is
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Figure 7.3: Triangular meshes: a) 441 nodes (T441), b) 1042 nodes (T1042), c) 1544
nodes (T1544).

not available. The fact that quadrilaterals have the advantage of better capturing
the stress state of the solid in the elastic regime, which contributes to get a more
accurate tracking of discontinuity paths, has also been considered.

For this simulation, the quadrilateral mesh in Fig. 7.6 was used. A global
tracking strategy was made use of and the appearance of more than one discontinuity
line was allowed. Some algorithmic damping and an exclusion zone of 5 cm were
applied in order to help convergence of the iterative scheme (Newton-Raphson).
The updated normal plane method was the continuation technique employed.

In Fig. 7.7-a the exclusion zone corresponding to that step is shown. The
possible discontinuity lines for an intermediate step in the loading process can be
observed in Fig. 7.7-b.

Fig. 7.8 indicates the loading stages at which the pictures in Fig. 7.9 were taken.
Fig. 7.9-a and Fig. 7.9-b show the elements in inelastic loading for an early and an
intermediate loading step, respectively. The main crack, emanating from the notch,
reported elsewhere (see, for instance, [Arrea and Ingraffea, 1982]) is observed, but
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Figure 7.4: Single notched four points bending test: comparison of the global response
of several meshes.

other cracks do also appear. However, at later stages these cracks arrest and close
(see Fig. 7.9-c) leaving the main crack as the only one which remains open. The
presence of algorithmic damping was observed to help convergence of the iterative
scheme significantly. This can be explained by the fact that new crack lines are
activated, which entails a process of crack opening and closure, until the main crack
dominates. Moreover, as the number of crack lines allowed to open increases, so
does the risk of element level numerical instabilities. Thus, the manifold beneficial
effect of the artificial damping is likely to have played a crucial role.

A comparison between the numerical simulation curve and the experimental en-
velope of the global response in terms of force P and the Crack Mouth Opening
Displacement (CMOD) of the notch is shown in Fig. 7.10. Again a brittle behav-
ior in the postcritical phase of the late stages of the loading process is observed.
However, a good agreement regarding the peak load and the early stages of the
postcritical part of the response curve is obtained.

7.2 Four points bending test with two notches

In this section, one of the four point bending tests reported by ([Bocca et al., 1990])
is modelled. The mesh employed, the dimensions, the applied loads, and constraints
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<)

Figure 7.5: Single notched four points bending test: crack path at final stages of the
loading process for different meshes: a) Q643 b) Q1123, ¢) Q3881, d) T441, e¢) T1042, f)
T1544.
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Figure 7.8: Single notched four points bending test: global response curve indicating the
loading levels at which pictures of the cracking state are taken.

are shown in Fig. 7.11. Also a schematic diagram of the experiment is presented
in presented in Fig. 7.12.

The tension-only damage model was used. The material properties are the
following: E = 2.7 - 10" Pa, o, = 2.0 - 10° Pa, v =0.18, and Gy = 100 N/m.
The plane stress case was adopted and a thickness t = 0.1 m was considered. A
global tracking strategy was used and an exclusion zone of 5 cm. was applied. The
updated normal plane strategy was employed.

The exclusion zone in an intermediate loading stage is shown in Fig 7.13-a. In
Fig. 7.13-b, the possible discontinuity lines for the same time step can be seen.
In both figures the central symmetry of the solution in this intermediate step can
clearly be seen.

The loading stages at which the pictures in Fig. 7.15 were taken are indicated in
Fig. 7.14. Figure 7.15-a shows the elements in inelastic loading in an early loading
stage. Two main cracks, emanating from the notches, can be observed at this early
loading stage. Other cracks also activate in an intermediate stage (see Fig. 7.15-b)
distributed in a symmetric configuration. However, at certain point of the loading
process, the symmetry is broken, as shown in Fig. 7.15-c, and only one of the main
cracks remains open until the final loading stages, whereas the others arrest. This is
to be expected since the opening of only one crack seems the less dissipative option.

It is important to say that the presence of a certain exclusion zone was crucial
to attain convergence. This can be explained by the fact that there are regions at
which the stress state is very similar for all their material points, which entails that
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Figure 7.9: Single notched four points bending test: zones of inelastic loading for in-
creasing steps of the loading process.
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Figure 7.10: Single notched four points bending test: comparison with experimental
results.

40 mm

Figure 7.11: Double notched four points bending test: mesh and boundary conditions.
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Figure 7.12: Double notched four points beam: schematical diagram of the applied loads
in the experimental test.
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Figure 7.13: Double notched four points bending test: a) exclusion zone (elements in
dark brown); b) Possible discontinuity lines.



7.3. RECTANGULAR PLATE WITH TWO GEOMETRICAL IMPERFECTIONS 127

45000

b)

40000
35000 1
30000 4

25000 4 C)

20000 4

Load F (N)

15000 4

10000 +

5000 4

T T T T T
0.000 0.002 0.004 0.008 0.008 0.010 0012

Loading point displacement (mm)

Figure 7.14: Double notched four points bending test: global response curve indicating
the loading levels at which pictures of the cracking state are taken.

some elements can bifurcate spuriously.

A comparison between the experimental envelope and the numerical simulation
curve of the global response expressed in terms of load F (see Fig 7.12) and the
displacement at its point of application is shown in Fig 7.16.

7.3 Rectangular plate with two geometrical im-
perfections

This test is based on one presented in [Diez et al., 2000]. The dimensions of the
specimen, the boundary conditions and the mesh employed are shown in Fig. 7.17.
The two circular imperfections are intended to trigger the appearance of localization.
The tension-only model was used. This example was run considering two materials:
a brittle one and a more ductile one. For both the plane strain case was considered.
The material properties used for the brittle material are £ = 3-10° Pa, o, = 1-103
Pa, v =0.3, Gy = 0.01 N/m. An exclusion zone of 4 mm was used.

Fig. 7.19-a shows the possible discontinuity lines obtained by the procedure
explained in Chapter 5 for an intermediate step in the loading process. In Fig.
7.19-b the exclusion zone for that same step is also shown.

In Fig. 7.18 the global response curves (stress xx vs. displacement) of the
brittle material with some artificial damping and without it are presented. Both
curves are very similar, which shows convergence of the solution with damping to
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Figure 7.15: Double notched four points bending test: zones in inelastic loading for
increasing stages.
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Figure 7.16: Double notched four points bending test: comparison with experimental
results.

the one without it The updated normal plane method was used as the continuation
technique to follow the equilibrium path and so it was possible to trace the snap
backs observed in the curve. Fig 7.18 also shows the points in the global response
curve at which the pictures of the cracking state in Fig. 7.20 were taken.

In Fig. 7.20 the evolution of the discontinuity lines is shown. Two discontinuity
lines appear at the initial stages. Then, at some point, one of them starts arresting.
At final stages only one of them remains open.

For a new run, the fracture energy was changed to Gy = 0.1 N/m, obtaining a
more ductile material. No exclusion zone was applied, and as a consequence some
artificial damping was needed to help convergence of the iterative scheme.

Fig. 7.21 shows the global response of the specimen, indicating also the points
in the curve corresponding to the pictures of the cracking state presented in Fig.
7.22. No snap backs appear, as can be expected considering the ductility of the
material. The elements in inelastic loading can be seen in Fig. 7.22. Again two
main localization bands appear, but now the appearance of other cracks can be
observed. The ductility or the material favors the appearance of various cracks
(remember, also, that no exclusion zone was applied). However, at final stages one
single crack remains open as seen in Figs. 7.22-g and 7.22-h. It is important to
notice that these last two figures correspond to the points in the descending branch
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Figure 7.17: Plate with two geometrical imperfections: a) geometry, b) mesh and bound-
ary conditions.

of the curve in Fig. 7.21.

7.4 Mixed mode test

One of the double-edge notched concrete specimens tested by
[Nooru-Mohamed, 1992] is simulated in this section. The specimen simulated here
is the one reported in [Nechnech, 2000]. Experimental data will be taken from that
reference. Fig. 7.23 shows the geometry and the applied loads. The steel testing
apparatus bonded to the concrete specimen in the experimental test was simulated
by a region of elastic elements having Young modulus much higher than the one of
concrete and placed along the top and the upper left edges. The mesh employed is
shown in Fig. 7.24.

The horizontal load illustrated in Fig. 7.23 was kept constant during the exper-
imental test with a value P, = 5 kN. To simulate this, the nodes on the upper
left side of the mesh were subjected to monotonically increasing horizontal forces
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Figure 7.18: Plate with two geometrical imperfections (brittle material): general re-

sponse curve indicating the loading levels at which pictures of the cracking state will be
taken.
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Figure 7.19: Plate with two geometrical imperfections: a) discontinuity lines, b) exclu-
sion zone (elements in dark brown).
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Figure 7.20: Plate with two geometrical imperfections (brittle material): elements in
inelastic loading for increasing stages.
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Figure 7.21: Plate with two geometrical imperfections (ductile material): global response
curve indicating the loading levels at which pictures of the cracking state will be taken.

until their sum reached 5 kN. Then, these forces were kept constant during the rest
of the simulation, whereas monotonically increasing displacements were imposed in
the nodes on the top of the mesh.

Again the tension-only model was used to simulate the behavior of concrete,
however the principal stress direction was used as the propagation vector. The
following material properties were considered: E = 3.2-10' Pa, o, = 2.6 - 10° Pa,
v =0.2, and Gy = 110 N/m. The plane stress case was adopted and a thickness ¢ =
0.05 m was considered. Some algorithmic damping was added to help convergence
of the iterative procedure.

Fig. 7.25-a shows the exclusion zone for an intermediate loading stage, while
Fig 7.25-b shows the discontinuity lines obtained by the global tracking algorithm
employed for the same time step.

In Fig. 7.27, a sequence of the deformation and the evolution of cracking is shown
by means of pictures corresponding to the points in the curve of Fig. 7.26. Notice
how the solutions in the early stages are symmetrical, coinciding with the points in
the ascending branch of curve 7.26. Two main cracks, emanating from the notches,
develop, but at a given time, coinciding with the beginning of the descending branch
of the curve in Fig. 7.26, one of them arrests.

A comparison between the simulation and the experimental ([Nechnech, 2000])
curves of the global response in terms of the normal force P,, and the normal dis-
placement 6,, is shown in Fig. 7.28.
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Figure 7.22: Plate with two geometrical imperfections (ductile material): elements in
inelastic loading for increasing stages.
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Figure 7.24: Mixed mode test: mesh.
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Figure 7.25: Mixed mode test: a) exclusion zone (elements in dark brown), b)discontiuity
lines.
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Figure 7.26: Mixed mode test: global response curve indicating the loading levels at
which pictures of the cracking state will be taken.
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Figure 7.27: Mixed mode test: elements in inelastic loading for increasing stages.
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Figure 7.28: Mixed mode test: global response curves of the experimental test and of
the numerical simulation.

7.5 Tension pull reinforced specimen

A tension pull test applied to a reinforced specimen is simulated in this section. This
test was inspired by a similar one presented in ([Rots, 1988]). In the simulation
presented here, the plane strain case is considered, while in the one in Rots the
axisymmetric case was used. The dimensions and loads applied to the specimen
are shown in Fig. 7.29. Two meshes were used and are shown in Fig. 7.30.
The tension-only damage model was used for the concrete matrix, considering the
following material properties: F = 2.5 -10'° Pa, o, = 3 -10° Pa, v =0.18, and
Gy =25 N/m. The reinforcement was modelled as an elastic material having the
following material properties: E = 2.14 - 10! Pa, v =0.3. To model the interface
between concrete and reinforcement, a region of one element width governed by a
J2 perfectly plastic constitutive model was placed, having as material properties
E =2.14-10" Pa, 0, = 3-10° Pa, v =0.3.

Fig. 7.31 shows a comparison between the global response curves of the two
meshes considered. The global response is expressed in terms of the applied force
and the corresponding displacement on node A (see Fig. 7.30-a) for the coarse mesh
and on node B (see Fig. 7.30-b) for the fine mesh. Very sharp snap backs can be
observed. The use of the algorithmic damping is crucial to be able to run these
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Figure 7.29: Tension pull specimen: geometry.

examples, due both to the smoothness that it gives to the tracing of the equilibrium
path and to the fact that it precludes an eventual loss of uniqueness.

The presence of reinforcement favors the appearance of several discontinuity
lines. A picture of the exclusion zone for the coarse mesh at an intermediate
loading stage is shown in Fig 7.32-a, while in Fig. 7.32-b the discontinuity lines at
that stage are shown.

Again considering the coarse mesh, the points on the global response curve cor-
responding to the pictures of the cracking state shown in Fig. 7.34 are illustrated
in Fig. 7.33. The progress of cracking along time (for the coarse mesh) can be
described as follows. First, the interface between concrete and reinforcement un-

eV
SRR

Figure 7.30: Tension pull specimen: a) coarse mesh, b) fine mesh.
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Figure 7.31: Tension pull specimen: comparison between coarse and fine mesh.

Figure 7.32: Tension pull specimen (coarse mesh): a) exclusion zone (elements in dark
brown), b) discontinuity lines.
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Figure 7.33: Tension pull specimen (coarse mesh): global response curve indicating the
loading levels at which pictures of the cracking state will be taken.

dergoes progressive plastic yielding (as shown in Figs. 7.34-a and 7.34-b). Then, the
opening of multiple cracks in the concrete matrix is observed (Fig. 7.34-c). Most
of them are secondary cracking. However, Figs. 7.34-d and 7.34-e show how some
primary cracking becomes apparent. The snap-backs in Fig. 7.33 are reflected in
the distribution of cracking shown in Fig. 7.34-f. There, much of the secondary
cracking arrest and close while the main crack remains open. Finally, due to the ef-
fect of the reinforcement, the secondary cracking opens again as seen in Figs. 7.34-g
and 7.34-h.

The exclusion zone and the possible discontinuity lines for an intermediate stage
of the loading process when the fine mesh is employed are shown in Fig. 7.35. A
different exclusion zone from the one used for the coarse mesh is applied.

The propagation and arrest of crack lines can be seen in Fig 7.37 for the fine
mesh. The points of the equilibrium path to which the pictures in that figure
correspond are illustrated in Fig. 7.36. Though the distribution of the secondary
cracking seems to be ruled by the mesh and by the size of the exclusion zone, the
main cracks are very similar to the ones observed in the coarse mesh.
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Figure 7.34: Tension pull specimen (coarse mesh): elements in inelastic loading for
increasing stages.
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Figure 7.35: Tension pull specimen (fine mesh): a) exclusion zone (elements in dark
brown), b) discontinuity lines.
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Figure 7.36: Tension pull specimen (fine mesh): global response curve indicating the
loading levels at which pictures of the cracking state will be taken.
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Figure 7.37: Tension pull specimen (fine mesh): elements in inelastic loading for increas-
ing stages of the loading process.




Chapter 8

Conclusions and future
developments

Throughout this thesis, different aspects of the modelling of strain localization in
two-dimensional solids in a strong discontinuity setting have been studied. The
main aim was to contribute to the numerical simulation of the postcritical behavior
of structures by a continuum strong discontinuity approach. To attain this, the
theoretical basis of the approach adopted was analyzed, identifying the following as
its most relevant features:

e It is fully consistent with classical continuum constitutive modelling and no
resorting to any kind of alternative continuum (generalized continua) has been
employed.

e In the spirit of remaining within the context of Continuum Mechanics, the clas-
sical discontinuous bifurcation analysis was adopted as the proper framework
to determine the inception and the propagation direction of a discontinuity
interface.

e The mathematical conditions that make it possible to use continuum consti-
tutive models in combination with the strong discontinuity kinematics were
derived in the context of the so-called Strong Discontinuity Analysis. Perhaps,
the most interesting result of this analysis is the fact that the use of continuum
constitutive models plus the strong discontinuity kinematics naturally lead to
projected discrete constitutive models acting in the discontinuity interface.

The numerical counterpart of the mathematical model summarized above, can
be, at least roughly, described by the following characteristics:
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e The numerical implementation has been performed keeping the continuum for-
mat of the strong discontinuity approach. This is mainly reflected in the fact
that no discrete (cohesive) constitutive model has been explicitly implemented.

e The numerical discretization of BVP’s involving strong discontinuities has been
tackled by means of finite elements with embedded discontinuities. A multi-
field approach was adopted to derive different formulations.

e In case of using the nonsymmetric formulation of elements with embedded
discontinuities, some tracking strategy, based on the information obtained from
the discontinuous bifurcation analysis, is necessary. These strategies were
studied in this thesis and two main groups were identified: local and global
(or overall) ones.

e The nonsymmetric formulation may lead to instabilities at element level having
to do with the “brittleness” of that element. This might be a source of
numerical problems.

8.1 Conclusions

Within the context of the analytical and the numerical models summarized above,
the following conclusions can be extracted from this work:

e The modelling of strong discontinuities can consistently be carried out in a
continuum format in an efficient way from the computational point of view.
No discrete traction-separation relationship needs to be implemented explic-
itly.

e Within the context of a multifield BVP, the way in which the variational
problem is stated can naturally lead to different finite element formulations.

e Although the nonsymmetric formulation entails the necessity of a tracking
algorithm, its performance is clearly superior to that of other formulations
of finite elements with embedded discontinuities. Specifically, the statically
consistent formulation, which could (in principle) be the ideal candidate for a
self-propagating element, has a major drawback: it suffers from stress locking.
Even in the case of employing certain techniques to overcome this pathology (as
far as assessed in this thesis), the performance of the nonsymmetric formulation
is overwhelmingly superior.

e If the nonsymmetric element is to be used for the simulation of multiple dis-
continuities, an efficient tracking algorithm becomes necessary. The fact that
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global tracking strategies provide information about all the possible discon-
tinuity lines at every time step makes them specially appealing for handling
several discontinuities. Thus, an efficient algorithm for multi-cracking can
naturally be devised from the overall tracking concept.

e The numerical simulation of strong discontinuities in solids can lead to very
complex problems that require special techniques to stabilize them and to
properly trace the corresponding equilibrium path.

8.2 Main contributions

In this thesis some contributions to the modelling of strong discontinuities in solids
have been made. The most important are the following:

e A systematic review of the theoretical fundamentals of the Strong Discontinu-
ity Approach has been presented.

e A very general framework to derive different formulations of finite elements
with embedded discontinuities based on the multi-field statement of the gov-
erning equations of a BVP with strong discontinuities has been proposed.

e Two variations of the symmetric assumed-enhanced-strain based element have
been proposed to alleviate its stress locking effect. One of them was based on
a mixed approach, whereas the other was based on a re-enhancement of the
basic element.

e An overall tracking strategy based on a heat-conduction-like BVP was devised.
This thermal analogy, besides profiting the structure of standard non-linear
thermo-mechanical finite element codes, provides physical insight that helps
understand some characteristics of this strategy.

e An algorithm to manage several discontinuities based on the overall tracking
strategy mentioned above was developed.

e In order to preclude some possible instabilities, an artificial damping term was
added to the principle of virtual work equation. This added damping also
precludes any eventual loss of uniqueness of the BVP and can help to obtain
a smoother tracing of the equilibrium path.
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8.3 Future work

Based on the work developed in this thesis, the following lines of future research are
proposed:

e The implementation of the heat-conduction-like algorithm for three-dimensional
settings.

e The development of continuation techniques that take into account the possible
numerical instabilities coming from “brittle” elements.

e The study of the influence of this “element brittleness” in the global problem.

e A rigorous study of eventual bifurcation points in the equilibrium path due to
the presence of multiple discontinuity interfaces.

e Further comparative analyses of embedded elements based on linear triangles
and bilinear quadrilaterals as well as on other possible parent elements.

e A detailed comparison, based on theoretical analyses and on numerical results,
between elements with embedded discontinuities (elemental enrichment) and
partition of unity based formulations (nodal enrichment).



Appendix A

Tracing the equilibrium path

When complex problems in nonlinear structural analysis are tackled, tracing the
overall response in terms of load vs. deflection curves can turn out to be an especially
complicated task. In the case of material nonlinearities and, specifically, when
constitutive models with strain softening (which can lead to the appearance of strain
localization) are employed, the need of continuation techniques that allow for a
correct tracing of the equilibrium path becomes apparent. This is even more critical
when phenomena such as the presence of multiple localization bands (which in the
case of the Strong Discontinuity Approach implies multiple discontinuity lines) have
to be modelled.

Here we present a brief review of the best known continuation techniques and
discuss their most relevant features. For a more complete account of this subject
the reader is referred to [Crisfield, 1998].

A.1 Residual forces equation

The equations resulting from a finite element discretization of a boundary value
problem undergoing material nonlinearities can be expressed as a residual forces
equation (see, for instance, [Felippa, 2001]):

r(u,\) =F;(u) —A\q=0 (A.1)

where r(u, A) € R" is the so-called residual forces vector, F;,;(u) € R™ stands for the
internal forces vector and q € R™ denotes the external load vector. In this context,
the nodal displacement vector, u € R", is the state variable, while X is the control
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parameter, which defines the loading level. Consider the following R™*! vector:

{3}

which will be termed, from now on, generalized displacement vector. Then we can
define the equilibrium path as the locus of points w in the generalized displace-
ment space for which r(w) = 0.

Remark 69 The residual forces equation (A.1) constitutes a system of n nonlinear
equations, whose unknowns are, in principle, the displacements u.

Remark 70 Only the case of proportional loading has been considered in (A.1).

A.2 Predictor-corrector algorithms

One way to solve the system of nonlinear equations (A.1) is by means of the so-
called predictor-corrector (or incremental-iterative) algorithms. The first step is to
split the loading process up into increments. At every increment ¢, a prediction
on the value of the displacement vector, u, for a given increment of the loading
level (characterized by an increment of the control parameter, A)\?) is computed as
follows:

w =u; | + Au} (A.2)
with
Au? = (K; 1) 'ANq (A.3)
Matrix K; ', can be computed as

or

K= —
'™ du w

(A.4)

-1

In general, when the value obtained by (A.2) is substituted into the expression
of the residual forces (A.1), we obtain that

r(uf,\) # 0 (A.5)

197\

with A = A\;_; + A)X). Then, we say that the residual forces are unbalanced and a
correction phase to balance them becomes necessary. Every correction (iteration)
k to the displacement vector is computed as

uf =u;_1+ AUf: (A6)
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and is characterized by an iterative displacement, Su* = Au¥ — Auf_l, and by an
iterative control parameter, SNF = A)\f — A)\ffl. The value of the displacement
vector obtained by (A.6) is then replaced in the residual forces expression (A.1) until
some convergence criterion is fulfilled.

There are several ways to perform the correction phase. Perhaps the most simple
is to keep the control parameter \; constant during the whole increment ¢, which
entails that 6)\7{3C = 0. Then the iterative displacement can be computed as

Suf = (Ki) 'rj ™! (A7)
where r¥7! := r(uf~1, \¥71). If, for instance,
or

where K” is the so-called tangent-stiffness matrix, then we arrive to the classical
Newton-Raphson method. Of course, other alternatives can be chosen, such as
using the same stiffness matrix for the whole increment, and then we arrive at a
modified Newton-Raphson strategy.

The above described strategy in which the control parameter \; remains constant
along the increment is known as load control (see Fig. (A.1-a)). It is a very efficient
technique in many cases. However, it can lead to some instabilities or to the case
where it is impossible to find a point in the equilibrium path for a given loading
level . These problems commonly appear in the modelling of structures undergoing
strain softening. Therefore, alternative strategies have to be used.

Remark 71 Special care has to be taken when bifurcation points exist. In such a
case no continuation technique is enough to ensure a correct tracing of the equilib-
rium path.

A.3 Continuation methods

When load control is not enough to trace the equilibrium path of a loading process,
then more sophisticated techniques are necessary. These techniques are known as
continuation methods. We present some of them in this section.

A.3.1 Arc-length method

As mentioned above, load control fails in some cases in which the imposed loading
level is not feasible. Therefore, to make sure that the loading level can be reached



152 APPENDIX A. TRACING THE EQUILIBRIUM PATH

a) b)
A A
A K ‘
v
ki... .................. “/ " Ry
’ /,
7
[/
Y/
u u
0, 9,
}\, /’I S 7\’ //I >
7 1 = 7 1
7 /7
/ 7/
7 /,
u‘ u

Figure A.1: Continuation methods: a) load control, b) arc-length method, ¢) normal
plane, d) updated normal plane.

by the equilibrium path, it seems logical to consider the control parameter A as an
additional unknown, which requires the addition of another equation to the nonlinear
system (A.1). One way to get this additional equation is defining a hyper-sphere
with radius Al in the general displacement space (see Fig. A.1-b) as follows:

(AuP)TAuf + (aANF)? = A2 (A.9)

where « is a scaling parameter. Equation (A.9) can be regarded as a constraint
on the values of the generalized displacements. The combination of this constraint
with the predictor-corrector algorithm presented in the preceding section gives rise
to the so-called arc-length method or spherical control.
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A.3.2 Normal and updated normal plane

A simpler option is to define a hyper-plane orthogonal to the prediction (Au )\Q)

177"

to act as a constraint to the generalized displacement vector (see Fig. (A.1-c)):

(Aud)Tsul + o2 AN6NF = 0 (A.10)

Equation (A.10) leads to the so-called normal plane strategy.
Better performance than with normal plane can be obtained by updating the
normal hyperplane at each iteration (see Fig. (A.1-d)) as follows:

(AuFHTsul + ?ANTLENF = 0 (A.11)
giving rise to the so-called updated normal plane strategy

Remark 72 The direct addition of any of the equations (A.9), (A.10) or (A.11) to
the nonlinear system (A.6) would lead to an augmented tangent stiffness matrixz that
would be neither symmetric nor banded.

Remark 73 In cases in which the dimension of the generalized displacement space
is big enough (i.e., in most of the practical cases), the scaling parameter a can be
set to zero without losing robustness . When this is done for the arc-length method,
we arrive at the so-called “cylindrical control’ ([Crisfield, 1998]).

A.3.3 Implementation Aspects

The most common way of implementing the continuation methods described above
is not based on directly adding the corresponding constraint equation. In order to
keep the logic and the data structure of a standard nonlinear finite element code, in
which load control is implemented, it is common to split every correction into two:

sulf = spuf + 5\F6ul (A.12)
where 6;u¥ is computed as
sruf = (KF)~iph=t (A.13)
and (SHui?c as

5]11].7];g = (Kk)ilq (A14)

)
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Substituting (A.13) and (A.14) into (A.6), then into (A.9), and, finally, solving
for $\F yields

SN = 1 (6AF)? 4 c0NF + ¢4 (A.15)
where
clT = (611uf)T6qu
ca = 2(Auft +5ub) sl

C3 — (All?_l + 6]U§)T(AU§_1 + 5]11?)

With a similar procedure, we can arrive to expressions for 5)\;“ in the normal
plane strategy,

Au?)T§ul
SN = — (Au; : A.16
! (ALI?)T(S]]U.Qg -+ OC2A)\? ( )
and for the updated normal plane strategy,
AP uk
SAF = — (Au; )" dru; (A.17)

(Aufil)T(S]]U.ég + OC2A)\§71

Loading level of the prediction

Since, in the continuation methods presented above, the control parameter A has
been added as a new unknown, it seems logical that its predictive incremental value
A)\? also has to be computed, not prescribed. One way to achieve this is to use an
arc-length type constraint for the prediction:

(Au?)TAu? + (ch)\?)2 = Al? (A.18)
Let us define
vi=(K;_1)'q (A.19)

Then from (A.3) and (A.18), one obtains

Al?

AN =4+, [ ———
‘ (vi)Tv; + a?

(A.20)

The issue of how to choose the most convenient sign in expression (A.20) is by
no means trivial for complex problems. Here, we present a simple criterion that can
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be very efficient. It is based on requiring that the external work release be positive,
i.e.,

AW = q'Au? = AN)q'v; > 0 (A.21)

In order to optimize the performance of any of the continuation techniques re-
viewed here, it seems logical that the length of an increment, Al, should vary au-
tomatically, based on some criterion that reduces it in the parts of the equilibrium
path that are highly non-linear. A heuristic way of estimating the degree of non-
linearity of some part of the equilibrium path is by means of the number of iterations
needed to attain convergence of the iterative procedure. Thus, the following ex-
pression for Al, intended to maintain the number of iterations almost constant for
every increment ¢, can be used:

Iy

Alz = Ali_l Ii_l

where Al; ;1 is the length of the last converged increment, I; ; is the number of
iterations needed for convergence in increment ¢ — 1, and I; is a defined-by-the-user
ideal number of iterations.
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Appendix B

Nodal Enrichment

There are problems in continuum mechanics for which the resolution provided by the
standard finite element method seems not to be satisfactory. In some of these prob-
lems, there are qualitative features of the solution that are known a priori. However,
it happens very often that this information cannot be introduced via standard finite
element shape functions. This is the case of strain localization. If one assumes the
space of bounded deformations BD((2) (see [Temam, 1983]) as the proper function
space for problems in which constitutive models with strain softening are involved,
as proposed in [Simo et al., 1993], then jumps in the displacement field need to be
modelled. Many formulations have been devised in order to enrich the standard
finite element approximation to optimally capture these displacement jumps. They
can be classified into two basic groups: elemental enrichment and nodal enrich-
ment. The former has been extensively described in Chapter 4 under the name of
finite elements with embedded discontinuities'; the latter is briefly reviewed in this
appendix.

B.1 Motivation

Consider the problem of a body €2 crossed by a discontinuity &, which partitions €2
into Q= and Q*. The boundary of € consists of two disjoint subsets I, and T, the
former being the part of the boundary on which tractions are prescribed, and the
latter, the part of the boundary in which displacements are prescribed. In Chapter
4, two ways of stating the strong discontinuity kinematics corresponding to such a

! As mentioned before, although the author does not see any reason to restrict this term to
formulations based on elemental enrichment, this is a common practice in the literature that we
have adopted in this thesis.
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problem are presented:

u(x,t) = u(x,t) + Hs [a](x,t) (B.1)

and
u(x,t) = i(x,t) + Mg(x) [1](x,1) (B.2)

with
a(x, t) == u(x, t) + [u] (x, t)p(x) (B.3)

¢ being a smooth function such that, for a certain subdomain €2, C €2 containing
the discontinuity line S (i.e. 2, D S),

1 vxeQt\Q,
#(x) _{ 0 VxeQ\Q, (B-4)
From (B.1), (B.2), and (B.3), we can derive that
Mis(x) =Hs — p(x) (B.5)

Remark 74 Notice that supp[Ms]=S,.

One of the motivations to use (B.2) instead of (B.1) in Chapter 4 is the fact
that the former avoids having to prescribe Dirichlet type boundary condition for
[a]. However, there are other ways to achieve this. For instance, one could require
that [a] have local support around the discontinuity S, as shown in Fig. B.1.
This can be done by considering an open domain Qg C €2, partitioned by & into
QE;] = Qg N QT and Q[[ij}] = Qg NQ27, such that 8(2@11 NI, =0 and [[il]”g\g[[ﬁ}]: 0.

Based on the above considerations, let us propose the following finite element
discretization of (B.1) into four-noded quadrilaterals for an element crossed by the
discontinuity:

(2
J/
W N /

=~ h(e)
u

W (e 1) = S NP () + s (SE NP aD) (B

7

4
where {N Ke)} are the standard shape functions of the bilinear quadrilateral.
i=1

From (B.6), it is clear that the support of [[11]]"* goes beyond the domain of the
elements crossed by the discontinuity, due to the fact that standard finite element
shape functions are involved in its definition. Thus, this kind of enrichment is
associated to the shape functions whose support are intersected by a discontinuity
line; hence its name: mnodal enrichment. A rigorous way to state this type of
enrichment, based on the partition of unity concept, is presented in the next section.
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Figure B.1: Solid with a strong discontinuity.

B.2 Partition of unity method

The concept of partition of unity was first applied to enrich the standard finite
element approximation in [Melenk and Babuska, 1996], giving rise to the so-called
Partition of Unity Finite Element Method (PUFEM). In [Moes et al., 1999], this
concept was applied to capturing jumps in the displacement field within the context
of Linear Fracture Mechanics and was given the name of Extended Finite Elements
(X-FEM). Later, [Wells and Sluys, 2001] employed this formulation to model strong
discontinuities in cohesive surfaces.

A very general expression for the partition of unity based enrichment of an scalar
field u reads:

u'(x) = ¢y(x) (az +) bjiCj(X)) (B.7)
iek j=1

where IC := {1, ..., Wyeqe }, @; and bj; are nodal degrees of freedom, n®"" stands for the
number of enrichment functions, ¢; are the enrichment functions, and ¢; are some
functions fulfilling the partition of unity property, i.e.,

Nnode

d hx)=1 VxeQ (B.8)

Remark 75 As it is well known, standard finite element shape functions N; fulfill
the partition of unity property stated in (B.8).

Remark 76 The enrichment functions c; can, in principle, vary from node to node.
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Now, let us use expression (B.7) to approximate (B.1), by taking ¢,(x) = N;(x)
and cj(x) =Hs:

@', t) = SO NGO, () + Hs S Ni(x)a, (1) (B.9)

i€k ieN

J/

-~

([a]]™

c';%{

N is the set of nodes whose support is split up into two by the discontinuity S.

Remark 77 FEzpression (B.9) is clearly the extension of (B.6) from an element
domain to the whole solid §2.

Remark 78 The definition of N is consistent with the requirement of Qpa having
local support around S.

B.3 Variational formulation

Here, we state the variational form of the BVP corresponding to a solid €2 crossed
by a discontinuity S in a format convenient for its discretization using (B.9). The
equivalence with the strong form of the BVP will also be shown, emphasizing the
fact that the inner traction continuity equation (characteristic of problems involving
strong discontinuities) can be readily derived from the principle of virtual work if
one adopts the kinematics stated in (B.1).

The principle of virtual work expressed in rates (principle of virtual power) reads:

/ G :VondQY — Ge(n) =0 VYneV, (B.10)
0

where V), is the space of admissible variations of the displacement rate, whose typical
element has the following structure:

n=n+Hs o (B.11)

7, a being two smooth functions fulfilling 7|, = 0 and a|g\g[[u]]: 0, respectively,
and

Geai(®) ;:/Qfo-(.)dﬂ+/ t* . (e)dl (B.12)

In light of (B.11), equation (B.10) can be rewritten as
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[ &R0~ Guali) =0 eV, (o)
Q

(B.13)
/ 6: [V¥(Hs a)] dQ — Ge(Hs @) =0 Va €V, (b)
Q

By using standard arguments, we can show that the strong form of (B.13-a) is

V-6+b=0 in NS (a)
o-v=t on Ty (b) (B.14)
(6g+r —6q-) - n=0 on S (¢)

Let us now work with (B.13-b). We have that

VS(Hs o) = (6sn ® a)® + (Hs Va)® (B.15)

Substituting (B.15) into (B.13-b) yields
/ 6 (bsn ® a)SdQ —|—/ 6 : (Hs Va)SdQ — Gext(Hs @) =0 (B.16)
Q Q

Va € V,.
Since a|Q\Q[[|:1]]: 0 by definition, the left hand side of B.16 can be rewritten as

/n~d’s~ad8—|—/ o":VadQ—/
S Qm Q

where 89[[;]] stands for the boundary of qu}]- We have that

B~adQ—/ t*-adl' (B.17)
fal ToN0%y)

/ & Vadd— V-(&-a)dQ—/ (V&) ad?

+ + +
Qe Qe Qo

= / Vig] - (6’ . a) dl’ — / (V . d’) - adf) (B.18)
2y 2y

V[y] being the outward normal to 89[[*1.1] (see Fig.(B.1)). Substituting (B.18) in B.17
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and considering (B.14-a), we obtain

/ n-&s-ad8+/ Vg - (6 - a)dl’
S o0y

—/ (V-6) adQ— b - ad
iy 2y

-
=0

— / t* - adl
Famaﬂm

= /n-&s-ad8+/ Vg - (0 - a)dl’
S 0y

—/ t* - adl (B.19)
Famaﬂ[[t.l]]

J/

Notice that 89&:.1]] can be partitioned into (0Qp NQY), (I'y N 89@), and §. Thus,
since | oapnet = 0, then

/ V[u]]-(t'f-a)dfz—/ n-&g+-ad8+/ (v-6) -adl' (B.20)
o0y S Lonafy,

Now, replacing (B.20) into (B.19) and considering (B.14-b), one obtains

/ n-&s-adS—/ n-oqg+ - adS
S S

+/ (V-o")-adP—/ t* - adl
Lo NOQfy Lo Ny,

(. J
~\~
0

Finally, we arrive at

/ (n-6s—mn-6g+) - adS =0 (B.21)
s

By standard arguments, the so-called inner traction continuity is obtained from
(B.21):

Il-d'g—n~d'g+:0 (B.22)
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B.4 Finite element discretization

Expression (B.9) can be rewritten in matrix form as

" = NTd + HsNLa (B.23)
with
(N; ) ( dl ) (A )
N = N, - d= d; L A= a,; (B.24)
\ Nnnode ) L (;].nnode ) \ énnode )

N; being, for 2-D,

and

[ 71 )
[ N; forieN
Npy= v,;1 P = { 0 forig¢ N (B.25)
\ 7n”0d€1 J
The strain can be computed as
{¢"} ={V°u"} =La" (B.26)
where the operator L has the following expression for two-dimensional cases:
O.(e) 0
L:= 0 0y(e) (B.27)

Let us define

B:=LN” and Bp:=LNj}, (B.28)
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Then (B.26) can be rewritten as

{¢"} = Bd+HsBya+ds [n]Nya (B.29)
with
n, 0
m=|0 mn, (B.30)
Ny Ny

Analogously, we have

{V°n"} = B &d +HsBy 6a+6s [n] Nj 64 (B.31)
{ven"} {vS(Hs )"}

where 6d and 8a are the admissible variations of d and a, respectively. Assume
that the stresses rate can be expressed as

{6"} =D {&"} (B.32)
D being the matrix version of the constitutive tangent operator?. Let us define
Gy : =HsBy + 6s [n] N, (B.33)

Substituting (B.32), (B.31), and (B.33) into (B.13) yields:

/ §d”BTD {&"} dQ — Gene(NT6d) =0 (a)
Q

(B.34)
/ 6ATGED (£")d) — G (HsNJ 28 A2 =0 (1)

node node

véd € R™™™ and V64 € R” By considering (B.29) and (B.33), the system of
variational equations (B.34) leads to the following system of algebraic equations:

Kdd Kda d _ Fext
)L 53

2Remember that, from the Strong Discontinuity Analysis presented in Chapter 3, matrix Ds =
O(h) with h — 0.

with
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K = / B” D BdQ

Q
K :/ BT D G df

Q (B.36)
K,q= / G% D BdQ

Q

Ko :/ GT D GpdQ
Q

Remark 79 For the integrals (B.36) to make sense, it is important that the Strong
Discontinuity Analysis presented in Chapter 3 is taken into account for D).

Remark 80 The resulting system of equations is symmetric.

Remark 81 The enrichment degrees of freedom cannot be condensed at element
level as in the elemental approach presented in Chapter 4.

Remark 82 From a computational point of view the determination of the set of
elements that have to be enriched, N, can significantly increase the implementation
effort needed for this approach.

Remark 83 The resulting finite element interpolation is conforming. As a conse-
quence, the approzimation of a discontinuity interface will be continuous across the
boundaries of the elements.

B.5 Some final comments

At this point a comparison between nodal and elemental enrichment seems un-
avoidable. It is clear that the conforming character of the former gives it some
reproducing advantage over the latter. However, the nodal enrichment formulation
has two major drawbacks: the implementation effort and the mandatory increase
in the number of degrees of freedom that it entails. Moreover, although the con-
forming character of this approximation gives it a better reproducing performance
from the kinematical point of view, it is not clear what happens with respect to the
imposition of the inner traction continuity. Consider, for instance, that in the case
of linear triangles, when the nonsymmetric formulation for elements with embedded
discontinuities is used, the inner traction continuity condition can be imposed in
strong form. Clearly, this is not possible for nodal enrichment, which implies that
some kind of refinement is necessary in order to get a better performance from the
statical point of view.
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Regrettably, no comparison based on numerical experiments between the elemen-
tal and the nodal enrichment is available. For the time being, the author cannot
see any conclusive reason to prefer one approach over the other.
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