Lehrstuhl fir Bauinformatik
Fakultat fiir Bauingenieur- und Vermessungswesen
Technische Universitat Munchen

Modeling Localization and Failure with
High-Order Finite Elements

Holger Heidkamp

Vollstandiger Abdruck der von der Fakultat fiir Bauingenieur- und Vermessungswesen der
Technischen Universitat Miinchen zur Erlangung des akademischen Grades eines

Doktor-Ingenieurs

genehmigten Dissertation.

Vorsitzender: Univ.-Prof. Dr.-Ing. Kai-Uwe Bletzinger
Priifer der Dissertation:

1. Univ.-Prof. Dr.rer.nat. Ernst Rank

2. Univ.-Prof. Dr.-Ing. Karl Schweizerhof,

Universitat Fridericiana zu Karlsruhe

Die Dissertation wurde am 11.01.2007 bei der Technischen Universitat Miinchen eingereicht
und durch die Fakultat fiir Bauingenieur- und Vermessungswesen am 11.04.2007 angenommen.






Fir Susi.






Abstract

This thesis presents a consistent modeling approach to the phenomenon of deformation lo-
calization and material failure, based on high-order finite elements. With particular focus on
large scale analyses, it adopts a macroscopic perception of the failure process. Viewing the
typically small failure zones from the level of practical interest, continuous fields with a steep
gradient appear discontinuous; this constitutes the notion of strong discontinuities, i.e., jumps
in the displacement field. Accounting for the possible occurrence of strong discontinuities, the
pathological mesh sensitivity exhibited by classical continuum softening approaches is over-
come. Discontinuities are incorporated into the finite element formulation in an embedded
manner, avoiding the need of additional global degrees of freedom and thus, giving rise to
an efficient discretization and numerical treatment of the problem. As opposed to previous
concepts, the presented approach is consistently deduced regarding its possible application
in the context of high-order finite elements. Put forth by a novel reassessment of the strong
discontinuity kinematics, the extended p-adaptive formulation is established. Three dimen-
sional numerical investigations show, that — in contrast to commonly adopted low-order finite
element approximations — the proposed p-adaptive high-order approach facilitates a mini-
mization of potential locking effects while at the same time the algorithmic implementation
efficiently preserves a high degree of locality.

Zusammenfassung

Die vorliegende Arbeit préasentiert einen konsistenten Modellierungsansatz zu den Problemkrei-
sen Verformungslokalisierung und Materialversagen, der auf finiten Elementen hoher Ordnung
basiert. Mit besonderem Augenmerk auf Groflberechnungen nimmt sie eine makroskopische
Sichtweise auf das Problem ein. Von der Ebene der Ingenieuranwendung aus betrachtet, er-
scheinen stetige Felder in den typischerweise kleinen Versagenszonen unstetig. Dieser Zusam-
menhang motiviert die Einfithrung starker Diskontinuitaten, d.h. eines sprungstetigen Ver-
schiebungsfeldes. Diese Mafinahme tiberwindet die pathologische Netzabhéngigkeit des klassis-
chen kontinuumsmechanischen Ansatzes zur Simulation von Materialentfestigung. Die finite
Element Formulierung bindet die Verschiebungsdiskontinuitaten im Rahmen eines eingebet-
teten Ansatzes ein, wodurch zusétzliche Freiheitsgrade auf globaler Ebene vermieden werden;
eine effiziente Diskretisierung und numerische Behandlung des Problems wird ermoglicht. Ab-
weichend von bislang etablierten Verfahren, ist der préasentierte Ansatz konsistent hinsichtlich
der Anwendung im Kontext finiter Elemente hoher Ordnung abgeleitet. Ausgehend von einer
neuartigen Interpretation der Kinematik sprungstetiger Verschiebungsfelder entwickelt sich
die erweiterte p-adaptive Formulierung. Dreidimensionale numerische Untersuchungen zeigen,
dass der vorgeschlagene p-adaptive Ansatz hoher Ordnung — im Gegensatz zu iiblicherweise
angewendeten Ansétzen im Rahmen finiter Elemente niedriger Ordnung — eine Minimierung
potenzieller Locking-Effekte erreicht, ohne dass die algorithmische Umsetzung ihren weitest-
gehend lokalen Charakter verliert.
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Chapter 1

Introduction

If you have an apple and I have an apple and we exchange
these apples then you and I will still each have one apple.
But if you have an idea and I have an idea and we exchange
these ideas, then each of us will have two ideas.

— George Bernard Shaw.

The present introductory chapter is split into three main parts. The first Section 1.1 aims at
motivating the problematic nature of modeling localization and failure processes, by means of
discussion of a simple model problem. This is then followed by a short review about efforts
made in the field of modeling of deformation localization in Section 1.2. Both sections together
provide the basis for the objective and the scope of this work, which are outlined in the final
Section 1.3 of this chapter.

1.1 Motivation

In order to approach the basic distinctive features associated with the simulation of material
softening behavior, subsequently a basic virtual experiment is presented. The experiment also
motivates the fundamental notion of strong discontinuities.

As a simple but representative model problem, we consider a bar loaded in uniaxial tension.
We assume, that the material behaves linear elastic up to a certain threshold f; (capacity),
which is reached at strain £y3. Once loaded beyond this threshold, the material is assumed to
follow a linear softening law in stress-strain space, such that its capacity vanishes completely
at strain € > ¢, (Figure 1.1). The bar be of length L and cross-sectional area A. One bar end
be clamped, while the opposite end be loaded by a prescribed displacement w.

As a starting point, we assume the bar to be perfectly uniform both regarding material prop-
erties and geometry. Then, during loading, every section along the bar will reach its capacity
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Figure 1.1: Model problem: perfectly uniform bar subjected to uniaxial tension.

at the same instant — namely when the prescribed displacement loading has reached the value
of u = Leg, corresponding to the force F; = A- f,. Consequently, if loaded further, all sections
along the bar will undergo simultaneous softening until zero capacity is reached at a loading
state of u = Le, (Figure 1.1).

Obviously, the setting of a perfectly uniform bar is not very realistic — in practice there are
variations in capacity and/or geometry. In our thought experiment, we account for this by
introducing an imperfection zone of extension % located at mid-bar. The imperfection be
such, that the capacity of the adjacencies is slightly higher. Accordingly, at a loading state of
u = Leg, only sections in the imperfection zone will have reached their capacity, the remaining
sections are still in a linear elastic state. As a consequence, during further loading, only
sections within the imperfection zone will experience softening and thus follow the softening
branch in the stress-strain relation. The remaining sections will unload elastically to satisfy
equilibrium. Hence, at the instance when the bar’s load carrying capacity has decreased to
zero, the corresponding elongation of the bar amounts to u = %eu. Notably, this elongation
depends via n on the size of the softening zone, so we obtain different softening responses for
different values of n. Remarkably, in the limit n — oo, i.e., for an infinitesimal softening zone,

the “softening” path degenerates to the elastic unloading path (Figure 1.2).

o
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Figure 1.2: Model problem: bar with imperfection zone subjected to uniaxial tension.
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To summarize, several pathological features of the classical strain-softening continuum me-
chanical approach to this problem can be stated (JIRASEK [54]):

(i) In the limit, the softening zone is infinitesimal.

(ii) As motivated above, in the limit case, the simulated softening response approaches the
elastic unloading path, thus featuring a snap-back in the obtained load-displacement
response. This behavior is always obtained, irrespective of structural size and material
ductility.

(iii) Degeneration of “softening” path to the elastic unloading path implies zero dissipated
energy during the failure process.

g
A
QLE() ft
—>
L L
B 2 i 2 o £
e 1)
A€ | 0 u
2Lz -8, (v — L)
r g
B > A
\ F, = Af,
2Le - H, (v — &)
X u
-
L€0

Figure 1.3: Model problem: strain and displacement distribution for the strain-softening continuum
solution.

From the mathematical point of view, these features are related to the loss of ellipticity of the
governing differential equation, effecting the boundary value problem to become ill-posed —
with the consequence that is does not have a unique solution, anymore. From the numerical
point of view, ill-posedness is evidenced by a pathological mesh sensitivity of the results. If
we, for example, consider the previous example to be discretized uniformly by N linear finite
elements, then the softening response induced by the imperfection at mid-bar is represented
by one finite element of length % Completely analogous to the foregoing discussion, the slope
of the softening branch depends strongly on the number of elements and degenerates to the
elastic unloading path as the number of elements tends to infinity, i.e., n — oco. In conclusion,
the deficiency of the classical strain-softening continuum mechanical approach is manifested
by an inherent loss of objectivity.

However, the example not only illustrates the insufficiency of the classical approach, it also
motivates an alternative notion of the problem. To see this, let us consider the situation of
the bar being loaded by a displacement of, say 2Ley. Then, in the limit case for n — oo,
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Figure 1.4: Model problem: mnotion of strong discontinuity associated with objective traction-
separation softening law, replacing the problematic stress-strain relation.

the strain distribution along the bar is characterized by 2Legg - (x — £) and the correspond-

2
ing displacement distribution reads 2Leg - H (.CE — %) — thus exhibiting a discontinuity at
mid-bar of magnitude 2Ley (Figure 1.3). This observation suggests that material induced
localizing behavior — provided that a proper association to a softening law is achieved — can

be represented by strong discontinuities, i.e., jumps in the displacement field.

For the considered case of mode I failure, there is experimental evidence that the dissipated
energy during the failure process (fracture energy), often denoted by Gy, is an objective
material parameter. As a consequence, the softening behavior can be described in an objective
manner by a traction-separation law rather than a stress-strain relation. Thus, introducing
the notion of a strong discontinuity into our model and linking it to the traction-separation
law type description of material softening, renders an objective approach to characterize the
structure’s softening behavior (Figure 1.4).

1.2 Modeling deformation localization — a review

Prevention of failure of structures and structural components has always been a major concern
in engineering. Among the many possible causes for structural failure, material induced failure
is not only a very significant one, its computational treatment also represents one of the
most interesting and challenging fields in engineering science. In the following, some key
achievements during evolution of research on this topic shall be reflected, which — due to the
diversity of literature — can only be done in a highlighting manner. A comprehensive review
can, e.g., be found in DE BORST [28], MOSLER [75] or JIRASEK [52].

Closer investigation of fracture of materials reveals, that failure is often preceeded by the
formation of a process zone in which damage and other inelastic effects accumulate, and in
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which high strain gradients prevail. This phenomenon is commonly termed strain localization
or deformation localization. Such processes can be associated with a wide range of materials
(see, e.g., NADAI [83]) — some examples are shear banding in soils, shearing of rock faults,
necking of metals, crazes in polymers and the accumulation and coalescence of microcracks in
concrete and rocks under low confining pressures. It is evident, that these phenomena are no
longer covered by the scope of classical continuum mechanics, as it is, for example, defined in
TRUESDELL & NoOLL [124].

The probably first scientific contribution to localization phenomena is HADAMARD’s [47] char-
acterization of conditions for the occurence of stationary waves in continua and dates back to
1903. Later, theoretical considerations regarding strain localization and material instability
phenomena were published by HILL [48], THOMAS [123], MANDEL [68], RUDNICKI & RICE
[104] and RICE & RuDNICKI [101].

In the mid-1980’s, attempts to numerically simulate localization phenomena on the basis of
standard continuum mechanics that employed a local stress-strain softening relation, were
carried out. They failed in the sense that the solution proved to be determined to a strong
degree by the discretization of the problem, see, e.g., DE BORST [26]. The deficiency of
the classical continuum approach to capture zones of localized straining correctly, can be
attributed to the fact that the employed softening stress-strain relations are substantially the
result of a mapping of force-displacement relations, obtained from testing devices, on basis of
the original load-carrying area and original length. This process does not account for changes
in the microstructure and, as a consequence, the mathematical model ceases to be a meaningful
representation of physical reality.

Early approaches to resolve this lack of objectivity of the classical continuum mechanical ap-
proach are based on the experimentally validated notion of the fracture energy as an objective
material parameter. To this end, PIETRUSZCZAK & MROZ [94] as well as OLIVER [86] enhance
the classical plasticity formulation by introducing the softening modulus as a fracture energy
dependent model parameter, which implies a direct dependency of the softening modulus on
the finite element geometry. HILLERBORG, MODEER & PETERSSON [49] propose a fracture
energy preserving approach for brittle materials, where the geometry enters the formulation
implicitly by establishing the softening response as a function of the crack opening.

Alternative attempts aim at the direct extension of the classical continuum mechanical model.
Several approaches can be distinguished, but they all have in common the introduction of
an internal length scale that is associated to the extension of the localized zone. Nonlocal
models (PIJAUDIER-CABOT & BAZANT [95]; BAZANT & P1JAUDIER-CABOT [9]) are charac-
terized by the fact, that the principle of locality — postulating that a material point’s response
only depends on the loading state at this point — is abandoned. Gradient enhanced theo-
ries (DE BORST & MUHLHAUS [29]; MUHLHAUS & AIFANTIS [81]) can be derived from a
TAYLOR-expansion of the nonlocal models. The COSSERAT-continuum approach (COSSERAT
& COSSERAT [21]; DE BORST [27]; STEINMANN & WiLLAM [120]; EHLERS & VOLK [40]),
finally, is based on the introduction of additional rotational degrees of freedom to describe
the kinematics of the considered material point. VOLK [125], for example, successfully used
the COSSERAT-theory as a regularizing means in the context of simulation of porous media.
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All three approaches understand localization as a steady process — resulting in a continuous
deformation gradient field with a distinct local maximum at the localization zone. The numer-
ical resolution of such a gradient field, therefore, requires a corresponding fine discretization
— which increases the numerical effort considerably.

A completely different notion is constituted by a macroscopic view of the deformation lo-
calization problem. With this perception, localization of deformation can be interpreted as
CP-discontinuity of the displacement field, with the corresponding gradient being DIRAC dis-
tributed. This idea goes back to JOHNSON [61], who established discontinuous displacement
fields as admissible solutions to the differential equations of a perfectly-plastic pin-jointed
bar. In this context, the paper of MATTHIES et al. [69] represents another important work.
The adoption of C%-discontinuous displacement fields within the framework of the finite ele-
ment method was first accomplished by JOHNSON & ScOTT [62] to model the response of a
perfectly-plastic pin-jointed bar. Various proposals to incorporate discontinuous approaches
directly into the finite element formulation in terms of embedded discontinuities can be ob-
served in the following decade. Aiming at an improved resolution of shear bands, ORTIZ et
al. [92] suggested an enrichment of the strain field for quadrilateral elements, such that one
weak discontinuity ! line per element can be captured. BELYTSCHKO et al. [10] advanced the
idea and presented an element formulation that allowed for two weak discontinuity lines in
one element, the formulation thus being capable of representing the whole localization band
within one finite element. Direct incorporation of a strong discontinuity into a two-dimensional
finite element formulation was subsequently accomplished by DVORKIN, CUITINO & GIOIA
[39] as well as KLISINSKI et al. [65]. So far, all embedded discontinuity formulations alluded
to were derived purely from physical considerations — due to their simplicity no variational
principle was needed. Significant progress was finally achieved by the formulation of the strong
discontinuity approach in the fundamental work of SIMO et al. [116]. Therein, the authors an-
alyze local material models in the softening regime under the assumption of C°-discontinuous
displacement fields. A vital issue is the interpretation of the softening moduli as singular dis-
tributions, which allows for treatment of the displacement discontinuity within the framework
of classical perfect plasticity. Based on the concept of enhanced assumed strains established
by SiMO & Riral [117] and S1MO & ARMERO [112], SIMO & OLIVER [115] and OLIVER [87]
then provided a sound variational basis for the method and also proposed a corresponding
two-dimensional finite element formulation based on constant strain elements. A key feature
of this method, is constituted by the fact that the additional degrees of freedom associated
with the discontinuous displacement modes are eliminated on element level by static conden-
sation — therefore, the system of global degrees of freedom remains unchanged. ARMERO
& GARIKIPATI [4] subsequently modified the formulation in the sense that the stress-strain
relation describing the inelastic softening response of the material is replaced by a traction-
displacement relation.

Succeedingly, numerous concepts for application of the strong discontinuity approach to the de-
scription of material softening in the scope of damage models (e.g.,GARIKIPATI [43], ARMERO

LA weak discontinuity is characterized by the fact that certain components of the strain field exhibit a
jump across the discontinuity. As a consequence, the corresponding displacement field is still rendered C°-
continuous. In case of a strong discontinuity, on the contrary, the discontinuity directly refers to components
of the displacement field itself, the resulting displacement field is no longer C°-continuous.
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[2]), elasto-plastic models (e.g., BORJA & REGUEIRO [17], REGUEIRO & BORJA [100]) or
coupled models (e.g., MOSLER & MESCHKE [79]) were developed. All these concepts have in
common that the discontinuous constitutive model was obtained by a suitable “projection” of
the continuum model onto the localization surface, which transforms the stress-strain based
continuum law into a traction-displacement based constitutive relation. An alternative way
was advocated by ARMERO [3], who established the energy density function as composed of
a continuous portion and a dissipative, singular distributed portion — the latter being asso-
ciated with the displacement discontinuity. Based on the principle of maximum dissipation,
ARMERO then derived the constitutive evolution equations directly in terms of the displace-
ment discontinuity. The same concept was later adopted by MOSLER [76].

As alluded to above, the original implementation of the strong discontinuity approach in a two-
dimensional setting was established for constant strain elements — allowing one discontinuous
mode per element and, thus, facilitating a straightforward elimination of the additional degrees
of freedom associated with the discontinuous displacement modes on element level by static
condensation. This concept was later modified by introducing a GAuUSs-point local notion
of the displacement discontinuity, furnishing a numerical implementation that is in complete
formal analogy to the algorithmic framework of classical C°-continuous continuum models.
The particular advantage of this setting is the elimination of the need for a static condensation
procedure on element level (MOSLER & MESCHKE [77], BORJA [16]). Based on this approach,
MOSLER & MESCHKE [77] then extended the two-dimensional scheme to a general three-
dimensional finite element implementation. A three-dimensional discontinuity formulation for
the simulation of brittle fracture, using tetrahedral elements with linear shape functions, was
also presented by WELLS & Sruys [130].

More Recent publications within the strong discontinuity modeling framework are devoted
to finite element implementations that aim at the reduction of locking effects; for instance,
in the field of simulation of cracking of brittle materials, where JIRASEK & ZIMMERMANN
[60] employed a nonlocal damage model to estimate the crack topology and combine it with
a C°-discontinuous displacement field. As an alternative concept MOSLER & MESCHKE [80]
advocated the adoption of a rotating discontinuity approach.

A further class of strategies, devoted to alleviating spurious locking and mesh bias effects,
is based on the enforcement of a geometrically continuous discontinuity path. These strate-
gies, commonly termed tracking strategies, are beyond the scope of the strong discontinuity
approach itself and they essentially rely on nonlocal information. Successful combinations of
tracking strategy and strong discontinuity approach are presented, e.g., by OLIVER et. al.
[91] and FEIST [41] in the context of low-order finite element approximations.

The overall rather expensive character of discontinuity tracking strategies, has triggered recent
research efforts towards formulations that aim at a realistic identification of the discontinuity
path, based on predominantly local information, i.e., information available at element and
material point level, respectively, see, e.g., OLIVER et al. [90], SANCHO et al. [107, 106, 108].

A further trend in development of solution techniques to simulate localization was consti-
tuted by the idea to treat the newly introduced discontinuity variables as additional global
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unknowns (BoLzoN & CORIGLIANO [14]). New developments in this direction are closely
related to the partition-of-unity concept (BABUSKA & MELENK [70, 5]). This approach, of-
ten termed extended finite element method, introduces separate degrees of freedom associated
with the displacement discontinuities on basis of a partition-of-unity (MoESs, DOLBOW & BE-
LYTSCHKO [73]). As opposed to the approach of embedded discontinuities, this method relies
on a nodal enrichment and the additional degrees of freedom pertain to the global system
of degrees of freedom, i.e., they can not be eliminated on a local level. Though this method
offers the perspective of a very general and completely discretization independent modeling
of failure zones, see, e.g., JIRASEK & BELYTSCHKO [56] and WELLS [128, 129], its numerical
implementation — especially with respect to a three-dimensional setting — proves complex
and does not seem to be fully resolved, yet.

1.3 Objective and scope of the work

To the author’s best knowledge, modeling approaches in the field of deformation localization
and material failure are presently almost exclusively developed and applied in the context of
a low-order, mostly constant strain, finite element framework.

Based on the observation that spurious locking effects and mesh bias, are to a strong degree
influenced by the insufficient kinematic approach of low-order finite elements, the leading
thought of this thesis develops as follows: For linear and nonlinear elliptic boundary value
problems, high-order finite elements are proven to provide very efficient discretizations [121,
33, 84]. Moreover, due to their superior kinematics, high-order polynomial approximations
have been found to be robust against locking [96, 35, 98]. Therefore, as express concerns of
this work,

e it is not only desirable from an academic point of view to extend the scope of application
of high-order finite elements to the field of deformation localization and material failure;

e moreover, the assumption is justified that the rich kinematic potentials of high-order
polynomial extensions significantly alleviate stress locking and mesh bias issues — thus,
also in this problem domain a high-order finite element approach is expected to con-
tribute to an effective formulation that does not rely on elaborate strategies of highly
nonlocal character.

Subsequent to this introductory chapter, Chapters 2-6 form the core of this work. They are
structured according to:

Continuum mechanics & Discretization

e Chapter 2 summarizes the fundamental laws of continuum mechanics, on which devel-
opments presented in this work are based. Focusing on a small deformation context
the basic relations of kinematics, stress and equilibrium are outlined. The coherence
between strains and stresses, described by constitutive laws, is treated in view of the
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energy dissipation associated with material failure. For development of the variational
formulation, a general three field functional is employed. The so obtained variational
formulation constitutes the foundation for the numerical procedure and facilitates the
consistent formulation of embedded strong discontinuities in the framework of enhanced
assumed Strains.

e Chapter 3 initially introduces the finite element method as a general discretization proce-
dure. Accounting for the incorporation of strong discontinuities, the generalized frame-
work set by the variational formulation is maintained. As the aspired extensions are
developed consistently in respect of possible applicability within a high-order finite ele-
ment framework, the characteristics of the finite element p-version are a natural matter
in the following. Accordingly, high-order hierarchical Ansatz spaces, mapping concepts,
as well as numerical integration are described as specifications of the p-version approach.

Strong discontinuities

e Chapter 4 extends the classical continuum mechanical formulation regarding the possible
occurence of strong discontinuities, i.e jumps in the displacement field. As an essential
attribute to this approach, the postulate of traction continuity evolves; it is exploited
for a direct coupling between strong discontinuity kinematics and a discrete interface
law. Following the previously established framework of enhanced assumed strains, it
develops a finite element formulation that furnishes both a consistent representation of
the strong discontinuity kinematics and the traction continuity requirement. Starting
from there, Chapter 4 develops the central notion of a p-adaptive consistent extension of
the approach to a high-order finite element framework. Two essential ingredients form
the basis for this progression:

a) Dispensing with the restriction of one discontinuity plane per finite element features
the transition to a pure continuum formulation and facilitates the elimination of
degrees of freedom, associated with the displacement discontinuities, already on
material point level.

b) A novel reassessment of the strong discontinuity kinematics then puts forth the ex-
tended p-adaptive formulation. As opposed to previous formulations, the approach
is consistent with the adoption of high-order polynomial approximations.

e Chapter 5 specializes the previously developed embedded strong discontinuity formula-
tion in respect of a modeling approach for brittle predominant mode-I material failure.
From the discussion of rotating and fized discontinuity approaches, it deduces the idea of
a hybrid approach which accounts for the observed multi-phase character of the failure
zone formation process.

Numerical examples

e Chapter 6 finally, sheds light on the question regarding the approach’s consistency in
a high-order finite element context, by means of four spatially discretized numerical
examples. It illustrates both necessity and effectiveness of the advocated p-adaptive
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extension. Following a continuing study, which elaborates the distinct contribution of the
proposed hybrid discontinuity approach to the simulation of a locking free propagation
of the failure zone, the chapter concludes with a benchmark simulation. This simulation
not only supports the validity of the model, it also illustrates the superior resolution of
the failure process compared to corresponding low-order finite element approximations.

The work concludes with a survey over the essential outcomes in Chapter 7. From the very
beginning it was obvious that due to the complex nature of the problem field, there will be
questions left unanswered. So, Chapter 7 also tries to throw light on possible future directions
of research in this field.
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Chapter 2

Classical continuum mechanics

I could never make out what those damned dots meant.
— Winston Churchill.

As a foundation for the subsequent treatment of discretization concepts (Chapter 3), the
present chapter starts with summarizing the continuum mechanical basics. A continuum
body is understood as an assembly of material particles, each particle being characterized by
distinct material properties. During motion, this assembly of particles remains a portion of
the EUCLIDEAN space R? at any time #. Subsequent considerations are essentially based on
explanations of BONET & WooD [15], WRIGGERS [133, 132] and TRUESDELL & NOLL [124].

2.1 Kinematics

2.1.1 Motion

The three-dimensional EUCLIDEAN space R? is spanned by an orthonormal basis E defined
in the reference point O of the system. Let 2y C R3 refer to the reference configuration of a
continuuum body at time ¢ = 0 with boundary 02, and closure {2y := 2y U 0f2y. A particle
of 2y at its initial position at time ¢ = 0 be labeled by the coordinates X € (2, defined with
respect to the cartesian basis E. At time ¢t € (0,7] C IR, the current configuration of the
body be referenced by 2 C R?, boundary 02, and closure (2 := 2US2. Assume further, that
the position of a particle at time ¢ € (0,7 be described by the current coordinates & € (2,
which in general may refer to an alternative cartesian basis e. Then, the motion of the body
can be described by a mapping between initial and current particle positions as

¢ : 2 x[0,T] +— 2 with (2,2 cR?

z = o(X.1) (2.1)
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Figure 2.1: Motion of a material particle

For a fixed value of ¢, equation (2.1) represents the mapping between reference (undeformed)
and current (deformed) configuration of body (2 — if view is focused on a distinct particle,
i.e., X is kept fixed, equation (2.1) describes the motion of this particle as a function of time.

When describing the motion of a body mathematically, two different views can be adopted —
which should be carefully distinguished:

e The EULERIAN approach employs a spatial description. The observer is connected to
a distinct spatial position and monitors changes at this position, which may also be
due to ‘passing by’ of different material particles. Thus, the observer does not possess
information that is associated to a distinct particle, like, e.g., the change of particle’s
physical properties over time.

e The LAGRANGIAN approach adopts a material based description. The observer is con-
nected to a distinct material particle and monitors changes of its physical properties and
spatial position over time.

The EULER approach is commonly applied in the field of computational fluid mechanics,
while for strucural mechanics problems generally the LAGRANGIAN view is preferred since
it facilitates incorporation of material specific response in a natural way. Throughout the
remainder of this work the LAGRANGIAN view is adopted.
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2.1.2 Deformation gradient

Consider a body whose deformation over time is described by the motion equation (2.1). The
displacement vector u associated with a particle then defines the difference between initial
and current position.

u=z—-X (2.2)

As an important measure to relate quantities associated with the reference configuration (be-
fore deformation) to corresponding quantities in the current configuration (during deforma-
tion), the deformation gradient tensor F' is introduced.

_09(X.0) _O(X tuX.0) | du(X.0)

F=—3x 0X 0X

(2.3)

In (2.3)3, 1 denotes the second-order unit tensor. For the spatial derivatives with respect to
reference and current configuration we stipulate

O(e)
oxr

V(o) = 2&)

=% and V(e):=

(2.4)

The deformation gradient F' represents the instantaneous “direction of motion” of a material
particle and thus maps tangent vectors in the reference configuration to tangent vectors in
the current configuration — for example, it associates to the elemental vectors dX,; € (2,
i = 1...2, the elemental vectors da; € 2 (Figure 2.1).

do = FdX (2.5)

The postulation of uniqueness of the mapping (2.1) is complemented by exclusion of self-
penetration of the body. These two requirements give rise to the condition

J:=detF >0, (2.6)
where the JACOBIAN determinant J has been introduced.

Based on the deformation gradient, convenient transformations of area and volume between
reference and current configurations can be defined as

da =nda=JF TdA (NANSON’s formula) (2.7)
and

dv=JdV (2.8)
respectively. In equation (2.7), i denotes the normal vector to the considered infinitesimal sur-

face section da in the current configuration. Quantities dv and dV' in equation (2.8) represent
the respective infinitesimal volumes in current and reference configuration.
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2.1.3 Strain

For a suitable definition of strain, the notion of objectivity or frame invariance plays a funda-
mental role; a body which is subjected to a pure rigid body motion should not experience any
consequential straining. The GREEN-LAGRANGE strain tensor — as a quantity that meets
this requirement — shall be introduced in the following.

The scalar product of two elemental vectors X; and X is both influenced by the vectors’
respective lengths and the enclosed angle between them. Consequently, the change of scalar
product during transformation to the current configuration @, and @, furnishes a quantity,
that reflects both stretching of the vectors and change of the enclosed angle — and thus
represents a suitable basis for the definition of strain.

1 1
§(d$10d$2—dX10dX2) = §(FdX1.FdX2—dX10dX2)

= % (AX; 0 FTFdX, — dX; e dX) (2.9)

=:dX e EdX,
In equations (2.9), we have employed the mapping of elemental vectors according to (2.5).
The definition of the GREEN-LAGRANGE strain, finally, is derived from (2.9) as
1
E=_(F'F-1 2.10
LErE ) 2.10)
or equivalently, in view of (2.3)3 and (2.4),
1
E=; (Vou+ Viu+ ViuVou) . (2.11)

It should be noted that GREEN-LAGRANGE strain tensor E, due to its construction, is sym-
metric — hence, for &, X, u € R? we have six independent components.

In the context of infinitesimal theory, which is followed in this work, no distinction is required
between reference configuration {2y and current configuration {2, such that V(e) ~ V(e). In
particular, the displacement gradient Vu is considered to be small, furnishing V'u Vu < 1.
Hence, the quadratic term in (2.11) is considered to be negligible and one arrives at the
well-known symmetric linearized, or engineering, strain tensor definition according to

e = % (Vu+ Vi) = V9" . (2.12)

Remark. It is important to note, that in a finite deformation context, the linearized strain
definition according to (2.12) is not frame invariant. Consider, for example a body subject to
an in-plane rigid body rotation about ninety degrees, such that

up=—X-Y, u,=X-Y and u,=0. (2.13)
Then, the linearized strain tensor according to (2.12) would yield non-zero entries
Exz = Eyy = —1 (2.14)

— and thus, violate the frame invariance (objectivity) postulate and introduce spurious strain-
ing to the body. O
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2.2 Stress and equilibrium

2.2.1 Stress state

The “concept of force describes the action of the outside world on a body in motion and the
interaction between the different parts of the body” [124]. Considering, at a given time ¢, an
arbitrary part P C (2 of the body with boundary 0P, the notion of stress is developed as
follows. Assuming the resultant contact force on 9P being given by f,, then there exists a
corresponding vector field ¢(x,t) defined for each point @ C P on the boundary, such that

f.(P) = /t(w,t) da . (2.15)

oP

Therein, t(x, t) represents the so-called CAUCHY stress or traction vector; it can be interpreted
as density of the contact force. Since P is arbitrary this notion can be extended to all interior
points of {2, such that t(x,n,t) is the stress vector at @ acting across the oriented surface
element with normal n. ! The so obtained stress vector is also referred to as true stress — it
relates the current force df, at a point @ to an area da related to the current configuration:

df,

t(x,n,t) = g
a

(2.16)

The CAUCHY theorem postulates a linear relation between stress vector t(x, n,t) and normal
unit vector n of a considered surface according to

t(x,n,t) =o(x,t)n . (2.17)

The second-order tensor o represents the CAUCHY stress tensor, which is merely a function
of position and time — thus independent of n. Figure 2.2 illustrates the sign convention
for the definition of stress tensors, commonly adopted in solid mechanics. In the absence of
micropolar stresses, which is presumed throughout this work, the local balance of angular of
momentum dictates symmetry of the CAUCHY stress tensor, i.e.,

ol =0 or o;=o0j. (2.18)

A continuum classified by these properties, is frequently called BOLTZMANN continuum, cf.,
for example, D’ADETTA [25].

Depending on the kinematic description adopted, there exist different corresponding stress def-
initions. The concept to establish the appropriate stress description is derived from the central
notion of work conjugacy. Representatively, the Second P1OLA-KIRCHHOFF stress tensor S
shall subsequently be introduced. The internal virtual work (see Section 2.3.2) characterizes

f 2 € 02 and n coincides with the exterior unit normal to 962, then the stress vector t(x,t) reduces to a
function of position and is frequently named surface traction on the boundary 9f2.
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Figure 2.2: Sign convention for stress tensor components

the degree of straining of a body. It is defined in the current (deformed) configuration by
means of linearized strain and CAUCHY stress tensor according to

Wint = /s(du) co(u) dv, (2.19)

2

where du represents a field of admissible virtual displacements. > Using the previously defined
GREEN-LAGRANGE strain tensor E (2.11), the above internal virtual work expression can
equivalently be recast as

Wi = / E(su) : S(u) dV (2.20)

furnishing the energy conjugate Second PIOLA-KIRCHHOFF stress tensor S as

S:=JF'oFT. (2.21)

2.2.2 Equilibrium

The local equilibrium condition for a general deformable body in the EUCLIDEAN space R? is
derived on basis of the balance of mass and momentum. For the quasi-static case, neglecting
inertia effects, the differential equations of the three-dimensional model problem are obtained

2The : symbol adopted in (2.19) denotes the double contraction operation, here applied to two second-order
tensors, thus featuring a scalar result. In indical notation, we have Wiy = €;;04;.
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from the postulate of equilibrium at the differential element as:

000 L 004y n 00,

b, =0
ox dy 0z *
0oy, 0oy,  Ooy,
b, =0
oz * oy * 0z oy (2.22)
do,, Oo,, 0o,
b, =0
ox + dy * 0z i
or, more compact
dive +b=0. (2.23)

For a state of equilibrium, condition (2.23) must be fulfilled for every part of the body. The

vector b = [bx by bz}T represents the body force per unit volume and is supposed to be a
prescribed quantity for the boundary value problem.

2.3 Variational formulation

So far, the model problem has been characterized by the fundamental mechanical equations;
the kinematic relations of Section 2.1 and the equilibrium condition of Section 2.2.2, which
is derived on basis of a local balance of mass and momentum. Discussion of the extant
constitutive relations, linking strains and stresses, will be postponed to Section 2.4. The
present section is devoted to establishing a formulation of the boundary value problem that
can conveniently be adopted as a basis for the subsequent finite element approach. Generally,
the finite element formulation is established in terms of a weak form of the differential equations
under consideration.

To this end, starting from the method of weighted residuals, Section 2.3.2 establishes the
classical principle of virtual work as the common basis for standard finite element formulations.
With a view to later developments, Section 2.3.4 then adopts an alternative and more general
approach, employing the variational functional according to Hu [50] and WASHIZU [127].
This functional furnishes the consistent variational framework for the incorporation of enriched
strain fields into the finite element formulation — such as the enhanced assumed strain method
(EAS), constituted by SiMO & RIFAI [117] — and also facilitates the consistent formulation of
embedded strong discontinuities (SIMO & OLIVER [115]), which will be the matter of Chapter
4.

For the sake of clarity and conforming with the scope of the work, discussion is restricted to the
infinitesimal case; in particular, no distinction is required between initial configuration {2y and
current configuration 2. It should be noted however, that the method of enhanced assumed
strains can equally valid be posed for the case of finite deformations (S1MO & ARMERO [112];
WALL et al. [126]).
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2.3.1 Definition of the boundary value problem

Let 2 C R? be the reference configuration of a continuum body with a smooth boundary
012, closure 2 := 2 U 012, and particles X labeled by their position vectors « € 2 relative
to the standard basis in R3. The deformation of the body from its reference configuration is
described by the displacement field u. Deformation is assumed to be prescribed as u* := wulg,
on the DIRICHLET boundary 9,2 C 0f2. Among the many possible types of loading that
can act on a continuum body, this work limits regard to body forces b and surface tractions
t* .= o|g,n. These surface tractions be prescribed on the NEUMANN boundary 0,2 C 052,

such that 0,2 U 0,f2 = 0f2 and 0,2N 0,82 = .
T

0,12 o n

T2
,J_ "
T3

Figure 2.3: Definition of the boundary value problem

~ 02 = 0,20 0,12
Ou{?

2.3.2 The weak form of equilibrium

The departure point is the differential equilibrium condition (2.23). Accounting for the previ-
ously defined boundary conditions, the displacement field u is sought that satisfies

divo +b=0. (2.24)

Let now du € V define a test function vector which can equivalently be interpreted as virtual
displacement. V = {du(x) € [H'(2)]"4= : u = 0 on 9,2} defines a SOBOLEV space [6, 31],
which is based on functions with square-integrable, generalized derivatives. ngy, corresponds
to the number of physical degrees of freedom, which for the considered BOLTZMANN continuum
is equivalent to the dimensionality of the problem, i.e., ngy, = i for £ € R? with i = 1,2, 3.
Then, multiplying — according to the method of weighted residuals — the differential equation
(2.24) by the test function vector du and integrating over the computational domain 2 yields

/(diva +b)edudv=0 YéueV,; (2.25)
Q
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now rendering equilibrium in an integral sense. Integrating by parts * and using the GAUSS
theorem, finally puts forth the so-called weak form of equilibrium

/Vsym5u o dv= /b o du dv + / t* e ou da . (2.26)
0 0582

Note, that the symmetry (2.18) of the CAUCHY stress tensor implies the equivalence Vou : o =
V¥§u : . The attribute weak refers to the fact that equation (2.26) poses less strict re-
quirements regarding the regularity of the displacement field than its strong form counterpart
(2.24). Equation (2.26) frequently is referred to as principle of virtual work, where the work
due to internal forces is defined by

Wint(u, du) := /Vsyméu codv = /s codu (2.27)
o 2

and the work due to external forces is given as

Wext (du) = /b o du dv + / t" e du da . (2.28)

Q 0,92
The resulting strain energy is specified as

1
§Wmt(u,u) s (229)

with the corresponding energy norm

|UHE(Q) = \/ 1nt 'U/,’U/) . (230)

Equation (2.26) determines the exact solution u = u,, with finite strain energy that satisfies
the geometrical boundary conditions.

U(u) =

Remark. With every statement of the principle of virtual work it is also possible to associate a
quadratic functional I7(w), such that the exact solution w., to the weak form is the minimizing
function of this functional. For conservative systems, this quadratic functional can directly be
associated with the potential energy.

= %Wmt(u U) — Wexi (1) (2.31)

O

2.3.3 Generalized variational formulation

Extending the pure displacement formulation of the previous section, it is also possible to
introduce strain € and stress o as additional primary variables. As a consequence, the corre-
sponding functional (2.31) then renders three independent fields I := II(u,e, o). Such a —

3The product rule gives rise to the divergence property div (cdu) = du o dive + Viu : o.
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most general — approach is constituted by the HU-WASHIZU three-field variational functional.
It is stated as (e.g., ANDELFINGER [1], SIMO & HUGHES [113])

II(u,e,0) = li(u,e,0) + o (u,e,0) (2.32)

where

M (u, e, ) / W(z,e)— o (c— V™) dV (2.33)

represents the internal potential 4, with W (x, €) denoting the stored material energy function.
The external potential is specified as

I (u,e,0) = —/boudV— /t*oudA (2.34)

N 0o (2

In anticipation of later developments, we also define in the standard fashion (cf. Section 2.3.2)
spaces of admissible displacement variations

V = {0u(x) € [H ()] : fu = 0 on 9,02} (2.35)
and spaces of admissible strain and stress variations
E ={de(x) € [La(2)]™=} and S = {do(x) € [La(2)]"*}, (2.36)

naim again denoting the dimensionality of the problem and ng,, referring to the number of
strain and stress components, respectively.

Based on the notion of the principle of minimum potential energy, it is convenient to expand
the potential IT(u,e, o) around the unknown state (Wes,€es, Ter) by means of a truncated
TAYLOR series.

IH(u,e,0) = (U + K 0U,Ecp + K 08, 0¢p + K 00)

2.37
~ I (Uey, €ezy O i) + DIl (u, e, 0) - (du, de,00) (2.37)

The directional derivative (GATEAUX derivative) DII(e) - (o) represents the first variation
011 of the functional (2.32) around a point (Uey, €cy, Te) in the direction (0u,de, dor) and is
defined as
0II = DIl (u,e,0) - (du, e, do)
d

I:%

(2.38)
II(u + kou, € + Koe, o + Kio)

k—0

A necessary requirement in order to let candidate (s, €czy Oer) indeed be a minimizer of the
potential I1(u, e, o), is the stationarity of equation (2.37) [112]. This implies, that the first
variation of the functional vanishes. Accordingly, we write

SIT — (8H(u+/<a(5u) N OII (e + kde) N 8]7(0'%—%(50’))

20 (2.39)

rk—0

Ok Ok Ok

4Taking a different point of view on this formulation, the stress field o can be interpreted as a Lagrange
multiplier — applied to enforce the kinematic constraint € = V*¥™w [113].
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which — accounting for the independence of the three variable fields — finally yields

/Vsyméuzad\/— /bo5udV+/t*o5udA =0

0 0 0o 2

N J/

W:xt
[ e 6te) o) av =0 11 (2.40)

do : (V¥y —g) dV =0

b\b

Notably, equation (2.40); reflects the well-known weak form of the equilibrium equations
(principle of virtual work) (2.26), giving rise to the strong form of equilibrium

dive +b=0 (2.41)
and the static NEUMANN boundary conditions
t"=olg,n on 0,02. (2.42)

Additionally, equations (2.40), and (2.40)3 enforce the constitutive relation

A

6e)=0o (2.43)
and the kinematic equation
V¥iy =g . (2.44)

To summarize, except for the DIRCHLET boundary conditions v = w* on 0,52, all other
governing equations are replaced by the variational equality (2.40) in a weak sense, see also
JIRASEK [52].

Remark. Though the derivation of (2.40) is initially motivated by the notion of minimization
of the potential energy — which silently assumes the existence of such a potential — the
application of the variational equality (2.40) is not restricted to the class of problems where
such a potential indeed exists. Instead it is possible to start directly with (2.40) — all governing
equations are contained therein, as was shown above. To emphasize this aspect, in (2.40), the
partial derivative of the material stored energy function d¢W (e) has been replaced by the
stress &(g) computed from the assumed strain € using the respective constitutive equation.
For non-conservative systems — i.e., systems that do not preserve the energy introduced to
them — of course, the interpretation of minimization of a potential is lost and no longer
justified. O

2.3.4 Modified three-field variational problem

The fundamental idea of the enhanced assumed strain method is the decomposition of the
strain field into a displacement compatible and an enhanced portion. Introducing this split
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both for the strains and the corresponding admissible variations, namely

e=V"u+¢€

92.45
b = VM5 + 0¢ (2.45)

with &,0& € € and € being the space of enhanced strain fields, equation (2.40), is rewritten
as

/55: (6(e) — o) dV + /Vsyméu :(6(e)—0o) dV =0
7 o

Using this relation and inserting (2.45) into (2.40), the modified three-field variational problem
is finally obtained as (SIMO & RirFAl [117]; KLINKEL & WAGNER [64])

/ VS s GV 4 &) dV — Wi () = 0
2
0€ : (&(Vsymu+§)—0') dV =0 SIT (246)

do:e€dV =0

R D

2.3.5 Linearization of the modified variational problem

In general, the system of equations (2.46) can be nonlinear. In the context of such a nonlinear
framework, an efficient iterative solution strategy with quadratic convergence properties is
the NEWTON-RAPHSON algorithm. The algorithm is based on a consistent linearization of
the underlying variational problem and can be outlined as follows. Having arrived at a state
(ug, €k, o) — silently assuming equations (2.46) are not satisfied — a corrected state

(Uk+1,€k+1, 0’k+1) = (uk7€k7ak) + (717575')

can be obtained by a linear extension of (2.46) around the state k. Again, applying a truncated
TAYLOR series expansion, we write

O (Wi, €1, Opg1) = 01 (uy, €, o)) +pf5n(uk,€~k;,0'k) - (4,€,6)

=611

(2.47)
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and require 01T (Wgi1,Exi1, Okt1) - 0; 61T denotes the directional derivative of the first varia-
tion of the functional (2.32). Standard arguments in the calculus of variations yield

d

(517: SIT(u + K, € + KE, O + KEG)

—0
- / (Vsyméu Db : V™ + V6y : 06 e) qv

2

(2.48)

+ [ (08:06 V408 006 E) AV

+ [ do:Ed /66 odV

b\ b\

2.3.6 Eliminating the stress field from the formulation

So far, three independent variable fields u, € and o show up in the variational problem (2.46)
and its linearized form (2.47). The stress field’s occurence — and hence, its later discretization
— can be avoided by formally introducing an Ls-orthogonality between stress field and the
enhanced strain field variations (SIMO & RIFAI [117]). Imposing

/55 Lo dV =0 (2.49)
2

and introducing the definition of the fourth-order continuum constitutive tangent tensor
(Ct = 8’56'(6) = 8756'(Vsymu + €~) (250)

the variational problem (2.46) and its linearized form (2.47) with respect to the remaining two
independent variables and their corresponding variations reduce to

/ Vw1 6 dV — We (6u) = 0
“ (2.51)

/55:6’de0

2.

and

/ VY : C; 1 V™ dV + / V5 : C; : € dV+

+/Vsym5u o dV — Wext(éu) =0 (252>
0
/55:@:Vsymi:,dVJr/éé":(Ct:édVJr/éé":&dV:O
e e e
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respectively. In light of this outcome, equation (2.51)s can be interpreted as the weak form of
an internal equilibrium condition — complementing the classical weak equilibrium requirement
(2.51); between internal and external forces.

Remark. Note, that the components of the admissible enhanced strain field € and its variation
0€ are required only to lie in Lo(£2) [117, 112, 12] — therefore, the respective fields need not be
continuous on the domain (2. In view of a later finite element discretization, see Section 3.1.2,
this facitilates the Ls-orthogonality between stress field and enhanced strain field variation
(2.49) to be established on subdomains (2. C (2, represented by finite elements; which finally
features a convenient construction of corresponding interpolation functions. To indicate this
aspect, the subscript (o). has been added to the integration domains in equations (2.51) and
(2.52), respectively. O

2.4 Continuum constitutive modeling

The basic lines of continuum kinematics and equilibrium in local and variational form set out
so far, have essentially been developed irrespective of material specific constitutive properties.
In mathematical terms, this disregard becomes manifest in the insuffient number of equations
to uniquely determine the solution to the boundary value problem defined in Section 2.3.1. To
complete the formulation, the present section takes on the discussion of constitutive relations
which mark the residual link between deformation of a continuum material and consequential
induced stress state — finally furnishing a well-posed boundary value problem.

Owing to the tremendous variety of materials and loading regimes of interest, the diversity of
constitutive modeling approaches is almost just as comprehensive. An extensive overview with
particular focus on inelastic material response and failure is, e.g., given in BAZANT & CEDOLIN
[7], STEIN [119], JIRASEK [51] or JIRASEK & BAZANT [55]. An excellent outline of classical
infinite and finite elastoplasticity can, e.g., be found in MIEHE [72]. Due to its generality,
the flow theory of plasticity is also covered by many standard books on (computational)
continuum mechanics, such as ZIENKIEWICZ [135], CRISFIELD [23, 24] WRIGGERS [132] or
SiMO & HUGHES [114].

Still, especially in consideration of the large amount of available constitutive modeling ap-
proaches with very different complexity, from the analyst’s point of view the key point of
using constitutive equations must be characterized as finding the simplest model that offers
the accuracy required in the present situation.

In view of the later adopted modeling approach to capture traction-separation response at
the discontinuity surface (cf. Section 4.3 and Chapter 5), this section concentrates on the
description of basic ingredients of (hyper-)elasticity and the flow theory of plasticity. Also,
consistent with the framework developed so far, a strong focus on the geometrical linear theory
is maintained.
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2.4.1 Hyperelasticity

Common to all elastic continuum models is the fundamental notion of a stored material energy
potential W (e) as a function of the deformation state, characterized by the strain tensor e.
This notion implies that:

(i) There is a unique relation between deformation state and corresponding internal stress
state.

(ii) A consecutively loaded and unloaded body exactly returns to its initial position, i.e.,
no permanent deformation is induced. As a consequence, the deformation state is com-
pletely elastic with € = ..

Having described the material characteristics by a suitable energy function, the stress state is
formally established by

_OW(e)

5 = 0eW(e) (2.53)

[0

and the change of stress with respect to strain is consequently described via
6 =0¢g.0(e.)€.=CEé,, (2.54)
with

C .- do(e.)  0°W(ee)
T e, Oe.0e.

= 875867361/1/(56) (255)
denoting the fourth-order constitutive tangent tensor.

The simplest example of a hyperelastic constitutive framework is indeed the famous HOOKE’s
law of isotropic linear elasticity, dealing with only two material parameters. Specifying the
stored energy potential as

|
Wi(e.) = 2uly + §A112 : (2.56)

where A and u denote the LAME material constants and I := tr(e.) and I, := %tr(ee ® Ee),
respectively, are invariants of the strain tensor, the stress state is obtained via (2.53) as

o =2ue. + Mr(ee) 1. (2.57)
From definition (2.55), the constitutive tangent is then deduced as (CRISFIELD [24])

W (e.)

C=——-——=2uT+21®1. 2.58
0€, O, plt ® ( )

In equations (2.57) and (2.58) 1 and I denote the second-order and fourth-order unit tensor,
respectively. As a consequence of the specific choice of the energy potential (2.56), which
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depends on the strains in a quadratic manner, the resulting constitutive tangent (2.58) is
constant, therefore furnishing a linear relationship between strains and corresponding stresses.
In the infinitesimal case, where the strains are also linearly dependent on the displacements, the
resultant load-displacement relation renders linear, too. By increasing the number of elastic
material constants it is possible to account for anisotropic effects ranging from transversal
isotropy and orthotropy to general anisotropy with at most 21 independent elastic moduli °.
The LAME constant A can equivalently be expressed by

3Kk —2u

A
3 )

(2.60)

with k = E/(3(1 — 2v)) being the bulk modulus, p = E/(2(1 4+ v)) the shear modulus, F
YOUNG’s modulus and v POISSON’s ratio. Using this equivalence, the constitutive tangent
(2.58) is recast as

1
C=2u- 3101 +rlel. (2.61)

In the general case — depending on the specific choice of the stored energy potential W
— the constitutive tangent tensor is non-constant but depends on the strains. Well-known
hyperelastic formulations, frequently used in the field of simulation of rubber-like materials,
are, e.g., due to MOONEY [74], RIVLIN [102] or OGDEN [85].

Remark. It should be noted, that in the geometrical nonlinear case it is vital to define
the stored energy potential in terms of a suitable frame invariant strain measure, e.g., the
previously introduced GREEN-LAGRANGE strain tensor E. Otherwise, the formulation is
susceptible to the introduction of spurious straining in consequence of rigid body rotations
(cf. Section 2.1.3). Naturally, when using such a frame invariant strain measure, the stress
is then described in terms of the appropriate work conjugate stress measure, e.g., the Second
P10LA-KIRCHHOFF stress tensor S. a

®The fourth-order constitutive tensor due (2.55) features 3* = 81 entries. Since the symmetry property of
the stress tensor (2.18) renders three out of nine equations obsolete, each equation having nine coefficients,
that is a total reduction of 3 -9 = 27 constants. In the remaining six equations each three coefficients are
not independent as a result of the symmetry of the strain tensor (cf. Section 2.1.3), which eliminates another
3-6 = 18 constants. Thus, because of symmetry in stress and strain tensors the number of independent elastic
constants is reduced to 81 — 27 — 18 = 36.
Further, accounting for the fact that the constitutive tensor is derived from an energy potential, it emerges
that the result should be the same irrespective of the order of differentiation, i.e.,

o (oW o (oW

This symmetry reduces the total amount of constants by another 15, which yields a final total of 21 independent
constants.
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2.4.2 Flow theory of plasticity

A central notion of the flow theory of plasticity is the introduction of a space of admissible
stresses:

Eo :={(0.q) ESXR" | ¢(c,q) <O} VX € (2.62)

Inner points of this space, i.e., o € Eg \0Eg are characterized by elastic response, while on the
boundary JEg plastic states are permitted, as well. The function ¢ : S x R" +— R describes
the restricted space subject to the stress state o and the stress-like variable g and is commonly
known as yield function. Variable g accounts for a possible evolution of the admissible stress
space in dependence of an energy conjugate strain-like variable a, an effect which is known
as hardening in case of expansion and softening in the contractive case, respectively. For
brevity, in the remainder of the section we will use the term hardening as a generic term
unless explicitly stated otherwise. As opposed to kinematic hardening behavior, which is
characterized by a translation of the space of admissible stresses in stress space, this work is
concerned with the case of isotropic hardening, exhibiting a uniform isotropic evolution of the
space of admissible stresses. In case g does not evolve during plastic flow, as a consequence
the elastic domain remains fixed — this behavior is commonly termed perfect plasticity. The
space of admissible stresses is subject to the following constraints:

e Convexity: Eg must be a convex space. More descriptive, this condition requires that all
points on the linear path between two admissible stress states also render admissible, i.e.,
belong to Eg. This implies that for an elastic state (") which changes during monotonic
loading to the elastic state o?), the intermediate states are completely characterized by
elastic response, too. A principle two-dimensional graphical representation of such a
convex elastic domain is given in Figure 2.4.

e C'-continuity: The continuity of the first derivative of the yield function must not
be guaranteed in a strict sense. With particular view to multi-surface plasticity, it is
sufficient to require that the yield function is C*'-continuous for almost all (= all but a
finite number of ) points. Mathematically,

OEg LIPSCHITZ-continuous and

2.63
OEg € C'(S x R™,R) for almost all & € OE¢ . (2:63)

In contrast to the hyperelastic case, the flow theory of plasticity accounts for the possibil-
ity that the energy furnished during deformation is not maintained completely in form of
reversible, stored material strain energy — a portion of the deformation energy is then ir-
reversibly dissipated, e.g., in form of thermal energy. A direct consequence of the process’
irreversibility is the development of permanent (= plastic) deformation, i.e., a loaded and se-
quentially unloaded continuum body does not recover its initial position. Such characteristics
can indeed be observed for a wide range of materials; mechanical energy dissipation frequently
is manifested by changes in the material microstructure, finally giving rise to the phenomenon
of plastic deformation. Foregoing considerations motivate a second fundamental assumption
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— the split of the strain tensor into an elastic and a plastic contribution. For the infinitesimal
theory, which is followed in this work, this can be done in an additive manner:

E=€Ec+¢€p (2.64)

Due to the allowance of energy dissipation, the stored energy potential W is henceforth a
function of the elastic portion of the strains rather than the total strains. Further, the possible
evolution of the admissible stress space in dependence of the stress-like variable q is accounted
for by introducing the conjugate strain-like variable a. Hence, we obtain W := W(e,, o).
Following the hyperelastic framework (2.53), the stress state is then derived as

~ OW(ee, )

A (2.65)

and definition of the stress-like hardening variable q yields

_OW(ee, )

o (2.66)

q =

Restricting attention to the isothermal case, i.e., no thermal energy is explicitly supplied to
the material, the internal stress power

P=0:é (2.67)

is additively composed of a contribution stemming from the stored energy potential and a
term associated with internal energy dissipation. Accordingly, we can write the dissipation
inequality as

D=P-W >0, (2.68)

where W denotes the change of stored energy during the elastoplastic process. Equation
(2.68) often is referred to as CLAUSIUS-PLANCK form of the second fundamental theorem of
thermodynamics [72]. In view of definitions (2.65) and (2.66) together with (2.67) and (2.64)
the dissipation inequality, specialized for the considered flow theory of plasticity, is finally
recast as

D=0c:é—(0:€.—qeq)
=0:6,+qec > 0. (2.69)

2.4.2.1 The principle of maximum dissipation

So far, the stress tensor o and the stress-like hardening variable ¢ have been derived from the
stored energy potential according to equations (2.65) and (2.66). To complete the formulation,
it remains to establish the evolution equations for the conjugate plastic strain tensor &, and the
internal strain-like variable ac. This can be achieved by employing the principle of maximum
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OEo (¢ = 0)

Figure 2.4: Convex elastic domain Eg and geometrical interpretation of the principle of maximum
plastic dissipation for perfect plasticity.

plastic dissipation. The principle states that for a given inelastic strain rate €,, from all
admissible stress states o the current state o is the one that maximizes the internal dissipation
D. A geometrical interpretation of this principle for the perfectly plastic case is depicted in
Figure 2.4.

Adopting this principle (e.g., [114, 72]) — i.e., postulating the dissipation according to (2.69)
to be maximized within the space of admissible stresses Eg — a constrained maximization
problem is obtained. This is then transferred to an equivalent unconstrained minimization
problem by means of the LAGRANGE-functional (see, e.g., LUENBERGER [67])

L(o,q,\)=-D+ Ao (t,q), (2.70)

where the LAGRANGE factor A in the present context usually goes by the name plastic mul-
tiplier. The solution of this problem is determined by the stationarity requirement of (2.70),
leading to

(9% Lo = €, =AN0go (flow rule) (2.71)
8£q L0 = a= ADq¢ (hardening rule) (2.72)

accomplished by the so-called KARUSH-KUHN-TUCKER conditions
A=0, ¢(t,q) <0, \p(t,q)=0. (2.73)

The so obtained flow rule (2.71) and hardening rule (2.72) are termed associative since they
are obtained by the respective partial derivatives of the same potential function, namely the
yield function ¢. The concept can be generalized by introducing the additional potentials g
and h for flow rule and hardening rule, respectively. The generalized, non-associative versions
of the evolution equations then read:

Ep=A0gyg and &= \dgh (2.74)



30 2. Classical continuum mechanics

When adopting the non-associative evolution equations, of course, the notion of maximum
dissipation is lost.

According to the KARUSH-KUHN-TUCKER condition (2.73)s, plastic flow characterized by
A > 0 can only occur for ¢ = 0. Further, stress states with ¢ > 0 are not permitted due (2.62),
so the rate of the yield function’s change is also zero during plastic flow. This consideration
leads to the consistency condition

Ap=0. (2.75)

Equation (2.75) alternatively is termed persistency condition [114], since it requires the stress
state to ‘persist’ on JEg during plastic flow.

2.4.2.2 The constitutive tangent stiffness

Assuming that the current values of all variables as well as the rate of the total strain are
given, the so far developed basic equations allow the computation of the remaining variables’
rates. If plastic loading takes place, i.e., A > 0, the rate of the plastic multiplier A can be
obtained from the consistency condition (2.75). To this end, applying the chain rule, it is
recast as

. 09 [9J0)

gzﬁ—a—o_.a'—i-@—qoqzo. (2.76)

Further, & is expressed using (2.64) and (2.74); as
c=C:(—-Xdgy) (2.77)
and ¢ is expanded by means of (2.74), as

0q oh
= —&=-\H_— 2.
9™ (2.78)

q oq

In (2.78) the definition H := —dq/0a was introduced while in (2.77) the fourth-order constitu-
tive tangent according to (2.55) was employed. Substituting (2.77) and (2.78) into consistency
condition (2.76), yields a linear equation for the plastic multiplier A:

0op:C: €

A= 0606 :C:0gg+0qpe Hedgh

(2.79)

Substitution of this result back into (2.77) puts forth the rate form of the elastoplastic stress-
strain law as

. C:069g®0g0¢:C .
= — 2 d o 2.
7 (C 006:C:05g+0qpeHe aqh> € (2.80)

The term in parantheses represents the fourth-order elastoplastic constitutive tangent tensor,
commonly denoted as Cep.
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1. Linear elastic isotropic constitutive relationship:
o=C(e—¢p)
2. Admissible stress space:
Eog :={(o,q9) e SxR" | ¢p(0,q) <0} VX e
3. Non-associated flow rule and hardening rule:
sp:)\g—g_ , d:)\g—z and (j:—)\H%
4. KARUSH-KUHN-TUCKER conditions:

A=0, ¢(tqg) <0, Xp(t,q)=0

5. Consistency condition:

Ap(o,q) =0

Table 2.1: Rate independent flow theory of plasticity with non-associated flow and hardening rules

It should be noted that the elastoplastic constitutive tangent C.j, in general is not symmetric
anymore. Merely for the particular case of an associative flow rule, for which the equivalence
009 = 0g¢ holds, symmetry of the constitutive tangent tensor is maintained.

Table 2.1 summarizes the essential ingredients of the flow theory of plasticity for the more
general case of non-associated flow and hardening rules, respectively.
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Chapter 3

The finite element method

The Law of Conservation of Enerqgy tells us
we can’t get something for nothing,

but we refuse to believe it.

— Isaac Asimov

The finite element method (FEM) represents a general numerical procedure for obtaining an
approximate solution to the mathematical formulation of a model problem, given by a partial
differential equation. Applying this method, the underlying formulation is not solved analyt-
ically but the solution is approximated by a finite number of operations. This is essentially
achieved by discretization of the unknown variable fields along with the introduction of trial
functions, i.e., reducing the problem size to a finite number of unknowns (degrees of freedom).
Naturally, the quality of the approximation is directly influenced by the number of degrees of
freedom.

3.1 Discretization

The basis for the subsequently discussed discretization procedure is the generalized variational
formulation (2.51), set out in Section 2.3. The corresponding procedure for the pure displace-
ment formulation, as constituted by the weak form of equilibrium (2.26), is then simply derived
by neglecting the enhanced terms. As alluded to above, the scope of this work is limited to
infinitesimal theory, i.e., small strains and small deformations are assumed. Accordingly, in
what follows, reference and current configuration of the continuum body are not distinguished
and all coordinate specifications consistently refer to the reference configuration.

To begin with, in the context of a finite element approximation it is convenient to render the
fundamental ingredients of the underlying variational formulation (2.51) in matrix notation.
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3.1.1 Transition to matrix notation

To this end, we express the displacement vector u and its variation du as
u = [u,, uy,, w)” and su = [du,, du,, du,)" . (3.1)

Exploiting the symmetry properties of the compatible strain tensor e¢ = V¥ u, we have six

independent scalar variables that can be written in VOIGT notation ! as

€C = [5% gya €z ’ny, ’yyzv ’Yzz]T ; (32)
where v,;; = €;; + €;i,© # j. Accordingly, for the enhanced strains, we have
€= [éxa éya 527 ’S/xgp ’S/ym ’S/a:z]T . (33)

The compatible strains (3.2) depend on the displacements via the differential operator matrix

L:

0
oy 00
i)
0 o 0
o o 2
e = Lu with L = 07 (3.4)
o 0
Y 09X
0o 2 9
0z oy
9 4 9
L 0z X |

The stresses o are related to the strains (3.2) via a rate form constitutive (cf. equations (2.54)
and (2.80)) of the form

o= [ de? dya du 7ny7 7Lyz; 7‘—z:r ]T =Ce. (35)

For linear elasticity, the matrix C is identified as the counterpart to the constitutive tensor C
(2.61) and renders 2

[ 3k+4p 3k—2u 3k—2u 0 0 0
3k =2 3k+4p 3k—2u 0 0 0
c o 1 3k =2 3k—=2p 3k+4p 0 0 0 | (3.6)
3 0 0 0 Ry 0
0 0 0 30
i 0 0 0 0 3pu

!See BELYTSCHKO et al. [11] and references therein for a definition of VOIGT notation and further reading.
2Due to the definition of engineering shear strains as Vij = €ij + €4i,% # J, the respective components in
(3.6) are multiplied by 3.
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with the bulk modulus s and the shear modulus p being defined according to Section 2.4.1.

3.1.2 Finite element representation

Let the continuum body 2y € R3 be represented by means of a union of finite elements
2., so that 2y = [J.<, £2.. Let furthermore a set of basis functions N;,i = 1,..., Nedor and
Gi,i =1,...,nz be defined on each element (2,. Then, the trial functions for the approximate
solution (e); to the exact solution (e),, of the variational formulation (2.51) can be stated as

Tel Medof Tel
w, = Zl Zl Xe &iN;(X) =: Zl X NimXnedot (3.7)

for the displacement field and

Nel  Ng Nel

Ep = Z Z Xe 11iGi(X) =: Z Xe Gt me (3.8)
e=1

e=1 =1

for the enhanced strain field approximation. By V" C V and " ¢ &€ we denote the finite
element spaces of displacements and enhanced strains, so that u, € V" and &, € £". The
characteristic function x. : {2, — R is defined as

1 iff Xen,
Xe = { (39)

0 otherwise.
and serves as a filter to prevent spurious contributions from other elements but the active one.

There is an infinite number of functions du and 0€, that are admissible and must satisfy
equations (2.51). Since it is generally not possible to “test” against an infinite number of
variations, an analogous approximation as for the variable fields is also introduced for the
corresponding variations, which constitutes the so-called BUBNOV-GALERKIN method. In a
more general setting however, the corresponding test function space may be different from
the trial function space, furnishing a PETROV-GALERKIN scheme (SIMO & OLIVER [115];
OLIVER [88]). In view of later developments we employ such a concept for the enhanced
strain variations and define a corresponding weighting space of admissible test functions &2,
such that & # EM; we set

ou= i "Eif Xe 0d;N;(X) =: i e IN"dimXTedof 5

en:; inzgl i:ll (3.10)
0€ = Z Z Xe 5,uz-(§i(X) =: Z Yo Gt Xz 51y

e=1 i=1 e=1

where du € V" and 6€ € £F'. The particular form of the element basis functions N is treated in
Section 3.2 and the characteristics of G and G are closely connected with the incorporation of
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strong discontinuities into the formulation, see Section 4.4. Restricting conditions that apply
to the choices of spaces for € and € are discussed in Section 4.4, as well.

Adopting the interpolations (3.7), (3.8) and (3.10), along with the definition

B:= LN, (3.11)
the variational equations (2.51) and its linearized form (2.52) are finally recast as
Nel i
'9‘1 sd” /BT&dV—/NdeV— /NTt*dA —0
£ e oe (3.12)
Nel
A o’ /GT&dV =0
.ﬂe
and
el I
Al sd” /BTCB dv d + /BTCG AV i+
ﬂe QE
+/BT& dV — /NTb dV — /NTt* dA| =0 (3.13)
2 e 082
Nel
‘91 su” /GTCB dva+/GTCdep+/GT& V| =0
e e Qe

where A::l denotes the standard assembly operator. Considering that the variations dd and
dp are arbritary, from (3.13) we conclude

bbKe ng<e d B f;ext_fént
oK, =K. \af | -h [’ (3.14)
~——

=K.

Nel

e=1

where we have employed the definitions

bR .= / BYCB 4V beK, = / B'CG dV
e e (3.15)
sbK = / GTCB dV 8K, = / GTCG av
Qe 02
and
£ = / N”b dV + / NTt* dA £ = / B'6 dV
042 2 (3.16)

QE
h, == / GTé dv .
Qe
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With a view to later developments, we consider as a particular case a locally enforced enhanced
strain field interpolation — i.e., we drop the requirement of inter element continuity of the
additional variables p. Then, it is possible to eliminate the enhanced variables by static
condensation on element level, so that the condensed stiffness matrix K, resembles the classical
displacement degrees of freedom, only. From (3.14), straightforward calculus yields:

(bbKe _ bgKe(ggKe)—l gbKe) d _ feext _ f;nt + bgKe(ggK€>—1 h,

J/

g

R. (3.17)
o= (2K, (he + gbKed)

Finally, after assembly, the discretized system of equations emerges:
Kd=F (3.18)

Where prior to discretization the exact solution u., was sought, now the coefficients di, 1=
1,...,nget are the unknowns that must fulfill the above system of equations and satisfy the
geometrical boundary conditions. K denotes the global (or system) stiffness matrix whereas F
renders the effective total force vector (out-of-balance force). It should be noted that in general,
due to the adopted PETROV-GALERKIN scheme with G # G, we have 2K, # (»K,)” — with
the consequence that the condensed stiffness matrix K is no longer symmetric. Further, the
system of equations (3.18) can be nonlinear, i.e., K is not constant but in some way dependent
on the unknowns d — therefore, in general an iterative solution procedure is required.

Remark. Derivation of (3.17) is based on the assumption of regularity — and hence, invert-
ibility — of #8K,. Consequential implications are discussed in Section 4.4.2. O

Remark. In the case of a pure displacement approach as obtained from the weak form of
equilibrium (2.26), the corresponding finite element formulation can simply be derived from
the above by neglecting the terms related to the enhanced strains. Thus, from (3.14) we
readily obtain

DK, d = £ — fint (3.19)

by setting [t = 0. O

3.1.2.1 Coordinate transformation for integration over the finite element domain

Element stiffness matrix and load vector initially are functions of X. An efficient and conve-
nient computational scheme is established by defining the element shape functions, discussed
in the following section, in a unified manner — namely, on basis of a standard element with
local coordinates € and domain 2% = [(—1,1) x (=1,1) x (—1,1)]. This, on the other hand,
requires a bijective mapping function between global (physical) and local coordinates X und
&. Let it be defined by the function Q¢ and the unique inverse relation (Q¢)~1.

X=Q() wd ¢ =(Q)'(X) (3.20)
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Using this transformation rule, mapping of the shape functions — which are defined locally
in terms of & — to the global setting can be expressed as:

N(X) = N ((@)1(X)) = (e<x>) (3.21)

For the strain-displacement matrix B, the shape function’s derivatives with respect to the
physical coordinates are required. Accounting for the chain rule, we obtain

N, oc an oc ]| ON ON;
X 0X 0X 0X 73 73
ON; | _ | 9& op O ONi | _ 31 | ONi | (3.22)
oY oY oY oY an an
ON; oc o ON; ON;
NEYAR L0z 0z 0z 1 | oC | | J¢ |

where the JACOBI-matrix J, respectively its inverse, encapsulates the geometry dependent
information, thus facilitating the finite element Ansatz spaces being set up in a unified manner,
independent of the geometry. Setting

[ 9X 9Y 07
o6 06 o€
g | 90X Y 9Z | othave  dXdYdZ = detd - d¢dndC (3.23)
dn dn On
oX oY 0z
| ¢ ¢ I |

Within a high-order finite element framework both the Ansatz spaces and the mapping concept
are different from those of the standard h-version. These aspects are considered in detail in
Section 3.2 and 3.3, respectively.

3.1.2.2 Computation of the element matrices

Thus, the integration problem has been transformed to the domain 2% of the standard element.
For computation of the element matrices, the following relations are obtained:

1. element stiffness matrix

1 1 1

K, = ///BTCB detJ d¢dndC (3.24)

-1 -1-1

(If required, analogous computation for K., K, and 9K..)
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2. element load vector

1 1 1
foxt — ///NTb det J dé dnd¢ (3.25)

-1 -1-1

6 1 1

+ Z// NTt* |8,X x 8,X| drds, (3.26)

=17 7

where according to Section 3.3 holds:

r=¢§ s=n for 1=1,6

r=¢§ s=( for i=2,4 (3.27)
r=mn s=¢( for 1=3,5

(Analogous computation for £ and possibly h,.)

3.2 High-order hierarchical ansatz spaces

In order to improve the quality of the finite element approximation, the key characteristic
of the finite element p-version is the employment of high-order polynomial degrees for the
Ansatz functions on a rather coarse spatial finite element discretization of the problem domain.
Composition of the Ansatz function space is based on a hierarchical concept, which features
several beneficial qualities. The hierarchical concept is characterized by the fundamental idea,
that all Ansatz functions of lower order are contained in the space of Ansatz functions of
higher order. Or, vice-versa: A higher-order Ansatz function space is obtained by simply
adding the corresponding higher-order functions to the lower order Ansatz function space. To
begin with, the one-dimensional hierarchical basis established by SZABO and BABUSKA [121]
is introduced in Section 3.2.1 and differences to the standard basis are pointed out.

3.2.1 The one-dimensional hierarchical basis

On a two-noded one-dimensional standard element {2 = [—1, 1], the first two Ansatz functions
Ni(§) and Ny(&) defined by equations (3.31) and (3.32) represent the typical linear nodal
Ansatz functions, as they are also known from the h-version of the finite element method.
They each take the value 1 at one node and vanish at the other. N;(§) and Ny(&) are,
accordingly, part of both the standard and the hierarchical basis (cf. Figure 3.1, left and
right).
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Figure 3.1: One-dimensional standard basis and hierarchical basis for p =1,2,3

The higher-order functions of the standard basis (Figure 3.1, left) are defined by LAGRANGE
polynomials

p+1 f—f
N = ] Ay _gj- : (3.28)
j=1,5#i >* >

The description of these polynomials is based on collocation points x; in the interval [—1, 1],
normally arranged equidistant — such that a polynomial N} takes the value 1 at node z; and
0 at all remaining nodes x; with j # i:

NY(&5) = 04 (3.29)

A further distinct feature of the standard basis is rendered by the fact that the sum of all
LAGRANGE polynomials for a given polynomial degree p equals 1 for any point £ € [—1,1],
the LAGRANGIAN polynomial basis thus features the partition of unity property

p+1

Z NP (&) =1. (3.30)

The hierachical concept adopts a completely different approach. On extending the Ansatz to
p > 1, the existing Ansatz space of the linear functions N;(§) und Ny(€) is simply enhanced
by each one Ansatz function with the corresponding polynomial degree N;(§), i = 3,4,... ,
according to (3.33):

Ni(§) = %(1 —¢) (3.31)
No(€) = 5(1+) (3.32)

One important point is that the higher-order Ansatz functions vanish on the boundary of the
interval:

Ni(=1)=N;i(1) =0, i=34,...; (3.34)

thus establishing the naming internal modes or bubble modes. It should be noted, that the
polynomials ¢;(€) are defined (see below) without adopting the notion of additional nodes as
supporting or collocation points, thus the higher-order Ansatz functions are not associated
with a physical location on the element.
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The polynomials ¢;(€) are obtained by integration of the well-known LEGENDRE polynomials.

, ¢
00 =[5 [ L@ ds = S (1 = Loa©), G=23 (39)

LEGENDRE polynomials {L,(z)} -, are solutions to the LEGENDRE differential equation
(1—-22)y)Y +nn+1)y=0 ze(-1,1), n=01,2,... (3.36)
and can be determined, either, using the RODRIGUEZ formula [134]

1 d

:an;dxn(“’2—1>"a e (-1,1), n=0,12,... (3.37)

Ln(z)

or, by recursive multiplication from BONNET’s formula [121]:

L,(x) = ! [(2n — DzL,1(x) — (n— 1)Ly o(x)], ze€(—1,1), n=2,3,4,... (3.38)

n

Exemplarily, the first nine LEGENDRE polynomials read:

Lo(z) =1,
Li(x) ==z,
Ly(z) =3/22% —1/2,
Li(z) =5/22° - 3/2x,

=35/82* — 15/42° 4 3/8, (3.39)

An important property of LEGENDRE polynomials is their orthogonality in the integration
interval (—1,1), so that:

1 2 )
/Ln(x)Lm(x) do={ anp1 T nEM (3.40)
0 else

-1

This distinct property is the reason, why for the polynomials ¢;(§) (3.35) — and thus the
Ansatz functions N;(€) (3.33) — the integrated form (3.35) of the LEGENDRE polynomials
is adopted. Consider the computation of the element stiffness matrix according to equation
(3.24) for our one-dimensional standard element (2 = [—1,1]. Assume C constant and note,
that the strain-displacement matrix B is essentially the derivative of the Ansatz functions N.
Then, it is evident that off-diagonal terms in the element stiffness matrix that correspond to
higher-order modes are identically zero due to the orthogonality property (3.40). In general,
a non-constant C or the Jacobian (3.23) may effect non-zero values also for these off-diagonal
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terms — nevertheless, the consideration motivates a superior conditioning of the element
stiffness matrix, thus, also of the system stiffness matrix, when compared to the standard
Ansatz space.

Every function, that can be represented by the standard basis, can equally be described by
the hierarchical basis. The latter is superior to the standard basis in several respects:

e As already alluded to, it improves the conditioning of the stiffness matrix, facilitating a
faster and more stable iterative solution of the system of equations.

o [f degrees of freedom are organized properly, the resulting stiffness matrix inherits the
hierarchical structure of the Ansatz space, featuring a straightforward elimination of
internal modes by static condensation and thus, improvement of the efficiency of the
solution process.

3.2.2 Hierarchical Ansatz space for quadrilaterals

Composition of the two-dimensional Ansatz space for quadrilaterals follows the basis intro-
duced by SzaBO and BABUSKA [121]. The corresponding standard element 23 = [(—1,1) x
(—1,1)] is depicted in Figure 3.2.

Ey

N1 El N2

24 =[1(=1,1) x (=1,1)]

Figure 3.2: Definition of nodes and edges in the quadrilateral standard element

The two-dimensional Ansatz space is simply formed by the tensor product of the one-dimensional
hierarchical basis. By construction, three types of Ansatz functions can be identified.

1. Nodal modes:
The nodal modes

NYGEn =-1+&O)A+mnmn), i=1,....4 (3.41)

AN,
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correspond to the standard bilinear Ansatz functions, as they are known from the
isoparametric quadrilateral element. As in the one-dimensional case (§;,7;) denote the
local coordinates of the i-th node. Figure 3.3, exemplarily illustrates the Ansatz function
for node 1.

2. Edge modes:
Edge modes are those constituents of the tensor product space that are formed by the
product of each one internal and one corresponding orthogonal nodal Ansatz function
of the one-dimensional basis. Thus, an edge mode takes the value of the corresponding
internal mode along one edge and vanishes at all remaining edges. The respective modes
for edge E; read

1

N (€m) = 5 (L=méi(9) - (3.42)

For ¢ = 2 along edge 1, the corresponding mode is plotted in 3.4.

3. Internal modes (bubble modes):
Internal modes, finally, are formed by multiplication of two orthogonal internal Ansatz
functions of the one-dimensional basis, see equation (3.43).

N (€ m) = ¢i€)d(n) (3.43)
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As a consequence, internal modes are purely local to the element and vanish at the edges.
Exemplarily, Figure 3.5 depicts the internal mode for ¢ = j = 2.

0.375

Figure 3.5: Internal mode (i = j = 2): NY$(&,n) = ¢2(&)da(n)

The indices 4, j of the Ansatz functions correspond to the polynomial degress pe and p,, of the
standard element’s 2 local directions &, 7.

3.2.3 Hierarchical Ansatz space for hexahedral elements

The extension to a three-dimensional Ansatz space for hexahedrals follows completely anal-
ogous lines as for the quadrilateral case. Again, the starting point is the one-dimensional
hierarchical basis, introduced by SZABO and BABUSKA [121]. The three-dimensional Ansatz
space is then formed by the tensor product of three mutually orthogonal one-dimensional
bases, accounting for the three distinct directions &, n and (. The hexahedral standard ele-
ment 24 =[(—1,1) x (=1,1) x (—1,1)] is depicted in Figure 3.6.

For this three-dimensional extended case, four types of Ansatz functions can be identified.

1. Nodal modes:
The eight nodal modes (3.44), defined by the product of each three mutually orthogonal
nodal Ansatz functions of the one-dimensional basis, reflect the trilinear Ansatz functions
of the standard isoparametric hexahedral element. (&;,7;,(;) denote the local coordinates
of node 1.

I+&HA+mn)(1+G), i=1,...,8 (3.44)

0| =

Nyia(&m Q) =

2. Edge modes:
They are associated with each one of the twelve element edges and vanish at all remaining
edges. The Ansatz functions of edge E; (cf. Figure 3.6), e.g., are defined by equation
(3.45).

(1=n)(1 = )ei(S) (3.45)

AN,

NP (6. Q) =
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2 =[(=1,1) x (=1,1) x (=1,1)]

Figure 3.6: Definition of nodes edges and faces for the hexahedral standard element

3. Face modes:
The six face modes are the product of two internal one-dimensional Ansatz functions
and one nodal one-dimensional Ansatz function — each mutually orthogonal. Thus,
each face mode takes values different from zero on precisely one associated face, while it
vanishes at the other faces. The Ansatz functions for face Fy, e.g., read

(1= C)¢i(€)d;(n) - (3.46)

1
Nf},l(&?”?() = 5

4. Internal modes (bubble modes):
Analogous to the one- and two-dimensional case, internal modes are purely local to the
element and vanish at its boundary.

N(Em Q) = 0il€)di(mer(C) (3.47)

The indices 7, j, k of the Ansatz functions denote the polynomial degrees pe, p,, and p; with
respect to the local directions &, 1, ¢ of the standard element 5.

Having finally defined the complete set of Ansatz functions for the three-dimensional hexaedral
element, matrix N introduced in (3.10); can now be further particularized as

N=[NY N° N' NP°], (3.48)

superscript NV, E, F' and B denoting the nodal, edge, face and internal (bubble) modes, re-
spectively.
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3.2.4 Various specifications of Ansatz spaces

The Ansatz space S of a finite element computation is spanned by a set of Ansatz functions of
above discussed type. For the two- and three-dimensional case however, different specifications
regarding the completeness of the Ansatz space are possible.

e In the one-dimensional case, the degree p of the Ansatz space Spe(f2y) corresponds
directly to the polynomial degree of the Ansatz function in direction &.

e In two dimensions, description of the Ansatz spaces depends on the local directions &
und 1 and the respective chosen polynomial degress pe and p,. SZABO und BABUSKA
[121] distinguish two types of Ansatz spaces, the trunk space Si"(£2%) and the tensor
product space Sps™"(£23). The latter is also termed full space, since it comprehends the
complete set of functions emerging from the tensor product of the two one-dimensional
hierarchical bases Sps(£2y) and She (£2y). Formally, the tensor product space Sps™" (£24)
consists of all polynomials on the standard element 23 = [(—1,1) x (—1,1)] that are

spanned by the set of monomials
74 with ¢ =0,1,...,p¢, 7=0,1,...,p,.

The trunk space St (£23), on the other hand, is spanned by the reduced set of mono-
mials

£y with ¢ =0,...,p, 7=0,....p,, i+75=0,....,max{pe,p,} .

complemented by

En  for  pe=pc=1
§en for  pe>2
En for pp>2

The difference between the two Ansatz spaces can nicely be visualized by means of PAs-
CAL’s triangle. For comparison, the Ansatz spaces So.°(£2%) and S32(424) are contrasted
in Figure 3.7.

e For the three-dimensional case, in addition to trunk space Sge*""*(2%) and tensor pro-
duct space Spe"""¢ (%), a third variant can be identified — the anisotropic tensor prod-
uct space SPP4(1). The definition of these three specifications again goes back to
SzABO and BABUSKA and is described in detail in [121]. Polynomial degress pe, p, and
pe for the trunk space Sie™" (1) and tensor product space Spe”""* (£2%) can be chosen
individually for the respective local directions &, n and (. Differences between these two
Ansatz spaces are manifested in the representation of face modes and internal modes.
As in the two-dimensional case, the tensor product space is formed by the complete set

of monomials, whereas the trunk space is spanned by a reduced set. Exemplarily, we
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S (%)

S5 (023)

56 5577 54772 \\\\537]3//,/ 527]4 5775 776
Figure 3.7: Ansatz spaces trunk space Sp2°(2%) and tensor product space Sy (%)

consider the modes for face Fi, given by (3.46). For the trunk space, the set of monomials
is then constrained according to

gt with i=2,...,pe—2, j=0,....py—2, k=0,1
and i+ j=0,...,max{pe,p,} -

Similarly, for the internal modes (3.47) we have

¢k with i=2,...,pc—4, j=0,....p,—4, k=0,...,p;—4
and i+j+k=0,...,max{pe, py,pc} -

The anisotropic tensor product space SPP(f2%), finally is characterized by two polyno-
mial degrees p and ¢, where the polynomial degrees of all higher-order Ansatz functions
associated with the local directions £ and 7 are assumed to be equal, i.e., p: = p, = p.
These Ansatz functions correspond to edges E; and i = 1,...,4,9,...,12, faces F; and
Fg, as well as to all internal modes (cf. Figure 3.6). Ansatz functions for faces F; and Fg
conform with those of the trunk space Sge"" (24 ) for pe = p, = p. The degree of Ansatz
functions for the remaining direction ( is specified by g. ¢ affects the Ansatz functions
for edges E; for 1 = 5,...,8, faces F; for « = 2,...5, and all internal modes. In contrast
to faces F; and Fg, the Ansatz functions for faces F; with ¢« = 2,....5 conform with
those of the tensor product space Spe™""*(£2%). Thus, for a constant polynomial degree
p=q=Dpe =D, = pc, the trunk space Se""" (L) renders the lowest, the anisotropic
tensor product space SPP4(21) an intermediate number and the tensor product space

SpePPE (%) the highest number of Ansatz functions.

High-order finite elements are not only flexible regarding the choice of polynomial degree
for the local directions — they also allow for a differentiated choice with respect to
the primary variables u,, u, and u.. A comprehensive description of this flexibility is
given in DUSTER [33] and DUSTER et al. [35]. Equation (3.49) exemplarily illustrates
the definition of a so-called polynomial degree template p with the three independent
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primary variables u = [ug, u,, u.]":

Uy Uy Uy

&1 4T
p = n<2 ; 8) (3.49)
¢\3 6 9

Considering the trunk space Sge*""¢(£%), this template defines the Ansatz for the dis-
placement field u, € SL**(2%), u, € S”°(2%) and u, € SZ¥°(2%). For tensor product
space Sp&P"T () and anisotropic tensor product space SPPA(21), the proceeding is

analogous.

A polynomial degree template can be assigned individually to each finite element. Conti-
nuity of the Ansatz at element faces and element edges is then assured by each adopting
the higher polynomial degree at the interfacing element parts.

Based on the foregoing considerations, a hexahedral element formulation features some
advantageous characteristics when compared to corresponding tetrahedral and pentra-
hedral formulations. Apart from the intuitive numerical integration using a GAUSSIAN
quadrature scheme, hexahedral finite element discretizations lead to a higher accuracy
of the solution. The most significant benefit, however, is gained for the analysis of
thin-walled structures. In this case, the previously discussed flexibility of the Ansatz
space proves particularly powerful. Accounting for the mechanical behavior of thin-
walled structures, it is possible to choose the polynomial degree in thickness direction
different from the in-plane direction — leading to very efficient discretizations. Com-
prehensive studies on this topic and practical applications are given, for example, in
[99, 82, 122, 33, 35].

Irrespective of the Ansatz space’s dimensionality, degrees of freedom related to internal modes
are purely local to the corresponding finite element, i.e., there is no dependence on degrees of
freedom attributed to neighboring finite elements. Exploiting this property, it is possible to
eliminate element internal degrees of freedom already on element level by adopting a static
condensation procedure. Depending on the specific problem and the adopted Ansatz space,
the consequential reduction of the number of global unknowns can be significant. The static
elimination procedure proves particular efficient, if an appropriate ordering of the elemental
degrees of freedom is considered [33].

3.3 Mapping concept for high-order elements

For the h-version of the finite element method, discretization error is controlled by local or
global mesh refinement. At the same time, the geometric boundary of the structure is captured
more and more accurately — in the limit case, for the element size h approaching zero, the
approximate boundary representation converges to the exact geometry. The p-version of the
finite element method, on the contrary, achieves convergence to the exact solution by locally or



3.3. Mapping concept for high-order elements 49

globally increasing the polynomial degree of the Ansatz functions. In doing so, the element size
is kept constant. Hence, to facilitate control over the geometrical error of the discretization,
an element size independent representation technique of the structural boundary is required.
The blending function method, originally proposed by GORDON and HALL [45, 46] in 1973,
is a tool that matches these requirements. It allows for the exact description of an arbitrary
geometry of the finite element boundary. Subsequently, the fundamentals of the method are
outlined for the two-dimensional (Section 3.3.1) and three-dimensional case (Section 3.3.2). In
Section 3.3.3, different concepts regarding the geometric representation of the boundary are
shortly discussed and their repective assets and drawbacks contrasted.

3.3.1 Two-dimensional blending

To motivate subsequent developments, consider the mapping Q¢(§) = [QZ(E),QZ(E)]T of a
quadrilateral standard element 2% = [(—1,1) x (=1, 1)] with local coordinates & = [£,7]T to
a general quadrilateral with global coordinates X = [X, YT, as illustrated in Figure 3.8. The
geometry of the general quadrilateral in R? be defined by its nodal coordinates X; = [X;, Y;]T
with ¢ = 1,...,4 and its edges E; = [Ey,, F;,]" with i = 1,...,4. We postulate, that edges

Ny Es N3
. . °
n
E4 T_, A E,
§
@ > L J
Nl El N 2

Figure 3.8: Mapping of a quadrilateral element

E;(r) with i = 1,...,4 can be described as parametric curves depending on parameters ¢ and
n, with {£,n} € [—1,1] — so that E;(r) = [Ei.(r), Ey(r)]*, where

(3.50)



50 3. The finite element method

Then, equation (3.51) describes a general transformation from standard element to geometrical
element.

4 4
X = Q&n) = Y NSE X+ eilé n) (3.51)
=1 i=1

The first term represents the standard bilinear mapping of an isoparametric quadrilateral,
where the Ansatz functions fo{' (&, ) are defined via equation (3.41). The second term ac-
counts for a possibly curved geometry of the edges, it is frequently referred to as edge blending
term. To seize the construction principle of the blending term, consider the example of local
edge Es(n) being mapped onto a curve whose geometry in the range of the element edge be
defined by Ey(n) = [Fa.(n), Fay(n)]" (Figure 3.8).

e, n) = [E2(n) - (1_7an+1;—77&” 1%5 (3.52)

Considering equation (3.52), the term in square brackets corresponds to the difference between
the curved edge Eo(n) = [Fa.(n), E2,(n)]" and the imaginary straight edge between nodes X,
und X3, as it would be obtained by standard bilinear mapping. Multiplication by [(1 + &) /2]
applies a linear blending to this difference term. This blending assures that the difference is
completely accounted for along edge Es, where (§ = 1) and thus [(1+¢)/2] = 1 — while along
the opposite edge Ey, where (§ = —1) prevails, [(1+¢&)/2] and thus the influence of the curved
edge F, vanishes.

Upon substitution of the edge terms e;(§, n) — specified in detail in Appendix B.1 — into
equation (3.51), one finally obtains (3.53). 3

x = Q&) (3:53)
LB + (14 OBaln) + (14 mES(E) + (1~ OBa(n)

— [ N3 ) Xy + N1R(E n) Xo + NY3 (€ 1) Xs + NYH(E 1) Xy |

3.3.2 Three-dimensional blending

Description of the method for a three-dimensional setting is developed following analogous lines
as for the two-dimensional case. The essential enhancement is given by terms representing the
geometry of the element faces. Subsequently, the application of the blending function method
to three-dimensional hexahedral elements is briefly outlined. A comprehensive discussion of

3The minus sign, which applies to the linear terms of the mapping function (3.53) emerges as a result of
the substitution.
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this topic is given in [63], [13], [18] and [35]. Figure 3.9 illustrates the situation of a standard
hexahedral element 2! = [(—1,1) x (=1,1) x (=1,1)] with local coordinates & = [¢,7,¢]T
being transformed to a general hexahedral element with global cordinates X = [X,Y, Z]T via
the mapping Q°(§) = [Q5(£), Q5 (£), Q°(€)]". The element geometry in R? is uniquely defined
by the nodal coordinates X; = [X;,Y;, Z;|T miti = 1,...,8, the edges E; = [Eyy, By, Ei|7, i =

1,...,12 and the faces F; = [F},, Fy,, F;.]", i = 1,...,6. As for the two-dimensional case we
Q°(&:n: Q)
Figure 3.9: Mapping of a hexahedral element
require that edges E;(r) with ¢ = 1,...,12 can be described as parametric curves depending

on parameters &, n and ¢ with {&,7,(} € [=1,1] — so that E;(r) = [Ei(r), Ey,(r), E.(r)]7,
where

r = ¢ for 1=1,3,9,11
r o= n for i=2,4,10,12 (3.54)
r = ( for i =15,6,7,8.

Similarly, faces F; with ¢ = 1,...,6 are supposed to be represented by parametric surfaces

dependent on each two parameters (£,7), (§,() and (1, (), repectively, with {¢,n,(} € [—1,1]
— so that F;(r,s) = [F(r,s), Fyy(r,s), Fi.(r,s)]", where

) = (&) for 1=1,6
) = (£0) for 1=24 (3.55)
= for 1=3,5.
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Then, equation (3.56) defines a general transformation from standard element to geometrical
element.

12

8 6
X = QUEn¢) = Y N EnOXi+> f(6n, 0= elé n () (3.56)
=1 =1

i=1

The first term represents the standard trilinear mapping of an isoparametric hexahedral el-
ement, where the functions Ni] i1(§,m,¢) resemble the previously introduced nodal Ansatz
functions (3.44). The second term accounts for a possibly curved geometry of the element
faces, it is frequently referred to as face blending term. Composition of this term is covered in
detail in Appendix B.2.2. Here, it is exemplarily discussed for the element face Fg (cf. Figure
3.9). The square bracketed term in equation (3.57) corresponds to the difference between the
actual curved surface geometry Fg(&,n) = [F:(£,7), Fs,(£, 1), Fs.(&,n)]" and an imaginary
bilinear surface (as it would be obtained by standard trilinear mapping), spanned by the ele-
ment nodes X5, Xg, X7 and Xg. Multiplication by the term [(1 4 ¢)/2] manifests — as in the
two-dimensional case — a linear blending, and thus a vanishing contribution, of this difference
towards the opposite face Fj.

e 0.0 = [Fulen - (x4 EEOE (357
1+90+n,  (1=901+n) 1+¢
e %Xﬂ (T)

The final term in equation (3.56) refers to the edge blending, which is exemplarily illustrated
for edge E, as follows. The derivation is in complete analogy to the two-dimensional case, i.e.,
the bracketed term in (3.58) again denotes the difference between curved geometry E;(§) =
[E12(E), Ery (&), E1.(9)]" and the imaginary straight edge as direct connection between nodes
X; and Xjy. The only difference to the two-dimensional case is that the factors [(1 —7)/2] and
[(1—¢)/2] assure the vanishing contribution of the difference term towards all opposite edges
— i.e., all edges with equivalent local edge parameter, namely E3(&), Eqg(£) and Eq().

el n, ¢) = [El(g)_(12;€X1+#X2):|(1;77>(1;C). (3.58)

Every edge is part of two faces. Hence, the corresponding edge difference terms are considered
twice during face blending. This reveals, why the edge blending terms in equation (3.56) must
be subtracted.

Substituting the edge terms e;(£, n¢) and face terms f;(£, n() contained in equation (3.56)
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by the corresponding terms specified in Appendix B.2, one finally obtains

x — QN0 (3.50)
[(1 COFE )+ (1) Fa(e, O+ (146 Faln, ) +

DN | —

M FAE O+ (1= ) Fsn, O) + (14O Fole, n>]

1|00 DB+ 1= 00+ OB + (1= 0) L+ WEa(e) +
F(L=Q (U= Baln) + (1 - ) (1= mBa(Q) + (1 +€) (1 - m) Fel() +
(14 (1) Br(Q) + (1= €) (L ) BslQ) + (14 ) (1 = ) Eo(€) +

140 (L4 6Bl + <1+<><1+n>Eu<f>+<1+<><1—§>Em<n>}

)
+Ni\1111(§7 T, g)Xl +N111(§ n, C)XQ +Ni\,]i1(§7 U C)XB +
+Ni\lf1(f QX4+N111(€ n, C)X5+N55,1(57 1, ¢) X +
+ N6 1 Q) X 4+ NIt (€, ©) X

3.3.3 Various mapping concepts — assets and drawbacks

Based on their fundamental properties, mapping concepts can generally be classified into three
groups:

e isoparametric approach
The same functions that define the Ansatz space for the solution uy, approximating
the exact solution u, are also adopted for mapping of the geometry. This approach is
the standard procedure for low order linear or quadratic elements in the context of the
h-version of the finite element method.

e subparametric approach
Mapping functions for the geometry are comprised in the function space for the approx-
imate solution to u. The Ansatz space adopted to obtain the approximate solution uy,
is more general.

e superparametric approach
Mapping functions for the geometry are more general than those, that are employed to
obtain the approximate solution uy,. This can be the case if, e.g., for the description of
the geometry higher-order polynomials are used than for the description of the primary
variables uy,.

The subsequent section tempts an outline of the approaches’ distinct characteristics and a short
discussion of their respective impact on the finite element analysis. To this end, it follows the



54 3. The finite element method

principal argumentation of SZABO & BABUSKA [121] and [18, 33, 84]. The arguments set
out below are valid in a strict sense for a pure displacement based finite element formulation.
Mixed finite element formulations might exhibit a somewhat lower sensitivity, due to possibly
improved locking behavior as for the enhanced assumed strain method [117] — the basic
rationale, however, also applies to this class of formulations.

To elaborate the fundamental differences, the representation of rigid body modes plays a vital
role. A rigid body movement or rotation does not induce any straining to an eleastic body,
the body remains strain free. The general rigid body motion, i.e., translations in z-, y-, and
z-direction and the three rotations about the body’s origin, is represented by the displacement
field (3.60) with C;, i = 1,...,6 being constant.

1 0 0 0 z —y
U =C1 [0 | +Co |1 | +C5 |0 | +Cy | —2 | +C5 0] +Cs x (3.60)
0 0 1 Y —T 0

The representation of these modes by the finite element solution u; can be guaranteed if, and
only if: the geometry mapping function space is a subspace of — or, falls together with —
the finite element solution’s Ansatz space. In other words, the finite element Ansatz must be
capable of reproducing the rigid body modes, which for the rotational terms implicitly involves
representation of the geometry.

Nmodes
|

u, = Wb with u, = Z N;(&) a; (3.61)

i=1

For isoparametric and subparametric mapping approaches, condition (3.61) is always satisfied;
for the superparametric case the complexity of the geometry description excels the one of the
finite element Ansatz. In this case, rigid body translations are still captured by the nodal
modes — exact representation of rigid body rotations, however, fails due to insufficient richness
of the finite element Ansatz. As a consequence, the solution exhibits spurious strains. For
smooth geometries, the corresponding error can in general be significantly reduced by adapting
the finite element Ansatz to a higher polynomial degree, see SZABO & BABUSKA [121] and
DUSTER [33]. For complex geometries, however, this error might have a crucial impact on the
quality of the solution, as was shown in detail by BROKER in [18].

Some commonly adopted mapping strategies are subsequently outlined:

e The isoparametric standard concept is predominantly applied in the context of the finite
element h-version. It emerges as a special case of the general blending function method.
For isoparametric mapping, both the finite element discretization and the geometry
mapping are described by

X = | N} (&) a;, (3.62)
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where, depending on the spatial dimension ngy, of the problem: x = [z,y]T € R?
€ = [&,&)" and a; = [aiy, a;y|”, respectively x = [z,y,2]T € R3 € = [&,&,&5]7
and a; = [aiz, @iy, a;.]7. NP(€) denote the LAGRANGE-polynomials, with a; being the
collocation points which are commonly arranged in an equidistant manner. As discussed
above, due to the isoparametric character of the mapping, errors due to insufficient
representation of the rigid body modes cannot occur. A disadvantage of this concept
lies in a potential lack of accuracy regarding the geometrical description, which can
possibly affect the quality of the obtained results.

Mapping strategies suitable for the p-version of the finite element method are conveniently
based on the previously introduced blending function method, compare equations (3.51) and
(3.56). Three different strategies regarding the geometric representation of element edges E;
and faces F; shall be considered:

e In case geometry is available in a parametrized form using curves E;(r) and surfaces
F;(r, s), re-parametrization with respect to the element local parameters & facilitates the
computation of JACOBIAN matrices that are based on the exact geometry. To this end,
the strategies set out in Sections 3.3.1 and 3.3.2 are adopted. The advantage of accurately
capturing the geometry by an analytical description is opposed to the possibility of
merging in a superparametric approach — which would feature the drawbacks, just
discussed.

e A different strategy was introduced by KIRALYFALVI & SzABO [63] in 1997, the quasi-
regional mapping. The fundamental idea is to employ a polynomial approximation of
the geometry instead of a parametric exact description.

B(r) ~ E'P0) = 3 M@)Em)

(3.63)

p+1 g+1

Fi(r,s) ~ F"P(rs) = 3 % N{(r)N{(s)Fi(ra, 1)

k=1 l=1

The terms E;(r) and F;(r,s), occuring in equation (3.63), are specified by equations
(3.50) and accordingly (3.54) and (3.55). The interpolation of the geometry is supplied
by means of LAGRANGE-polynomials, evaluated at distinct collocation points r; and s;
according to CHEN & BABUSKA [20]. The distribution of these collocation points, also
termed BABUSKA-CHEN points, are not equidistant — their positioning scheme aims at
a minimization of oscillations due to the polynomial approximation. Details are given
in [20].

With a view of applying this method of boundary representation to quadrilateral and
hexahedral finite elements KIRALYFALVI and SZABO point out two distinct characteris-
tics of their approach:

1. “The only information required are coordinates of the curves and surfaces in the
collocation points.”
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2. “If the curves or surfaces are analytic then their piecewise polynomial approxima-
tion converges to the analytic expressions as the number of collocation points is
increased.”

Due to the fact that LAGRANGE-polynomials take the value 1 at each one node and
vanish at all remaining nodes (3.29), computation of the collocation points E;(ry) and
F;(ry, s;) is done in a straightforward explicit manner — no solution of a correspond-
ing system of equations is required. It should be noted that the space spanned by
LAGRANGE-polynomials of a certain order is more comprehensive than the correspond-
ing trunk space of LEGENDRE-polynomials. Therefore, transition to a superparametric
state cannot generally be excluded for this approach; unless the — costly — tensor
product space of at least the same order as the polynomial geometry approximation is
chosen for the finite element approximation.

A third variant, therefore, adopts the same Ansatz for the geometry approximation as
for the finite element solution. In this case, the approximation reads:

M'Moden

Ei(r) =~ EP@r) = > Ni(r)a;
=1
(3.64)
MModen
Fi(r,s) ~ F™(rs) = > Ny(rs)b;
=1

Therein, functions V;(r) and N;(r, s) denote the hierarchical Ansatz functions according
to Section 3.2; a; and b; refer to the corresponding coefficients. Due to the character of
the Ansatz functions, computation of the respective coefficents requires the solution of a
system of equations. As a result of the equality of approximation spaces for geometry and
finite element solution, the approach is classified as isoparametric. Further discussion
of this concept is provided by DEMKOWICZ [30, 31] in the context of hp-adaptive finite
element methods.

As we have seen, it is possible to directly apply the blending function method to the parametrized
exact description of the respective faces F;(r, s) and edges E;(r). Different from that, both the

quasi-regional mapping and the isoparametric geometry approximation introduce an interme-

diate geometry configuration — obtained by interpolation and approximation, respectively, of

the true geometry — which then in turn serves as a basis for the blending function method.

This notion is, inspired by NUBEL [84], graphically illustrated in Figure 3.10.

3.4 Numerical integration

The finite element method, irrespective of its different derivations and specifications, com-
monly adopts an integral approach of the underlying system of differential equations. The
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Blending Function Method
(equations (3.51) and (3.56))

F;nterp (T’, S) F?pprox<r’ S)

E;nterp (7’) E?mex (7’)
Fi(r,s) Interpolation Isoparametric approximation
E;(r) of the exact geometry of the exact geometry

F;(r,s) Fi(r,s)

E;(r) E;(r)

Exact geometry

Figure 3.10: Mapping strategies in the framework of the blending function method; E;(r) and F;(r, s)
are specified by (3.50) and accordingly (3.54) and (3.55)

discretized forms (3.12) and (3.13) of the variational principle (2.51) and (2.52) naturally re-
flect this notion. Since for an arbitrarily posed boundary value problem the evaluation of
the corresponding integrals in closed form is generally not possible, numerical quadrature is a
central issue of the solution process.

Subsequently, the essential characteristics of the GAUSS quadrature — which is probably the
most widely-used quadrature scheme in finite element computations and also is the basis for
the numerical analyses carried out in Chapter 6 — are briefly outlined.

3.4.1 GAUSs quadrature

Using the GAUSS quadrature scheme, the initial integration problem

+1 +1 +1

[ ][ renoicana (3.65)

—1-1-1
is transferred to an approximate summation problem according to
l n

i=1 j=1 k=1
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Thus, the volume integral is reduced to a triple — corresponding to the three directions —
one-dimensional integration, which, of course, manifests an approximation in the general case.

n

/f(x) dr =~ Z w; f(z;)  with z; € [—1,1] (3.67)

i=1

In equation (3.67), w; reflect the GAUSS-weights and z; represent the collocation points or
GAUss-points. In contrast to the NEWTON-COTES scheme, which employs equidistant collo-
cation points, the GAUSS quadrature scheme is derived on a more general basis, allowing the
position of the collocation points to vary — thus, furnishing a higher degree of accuracy. For
GAvussian quadrature, the following proposition holds: There ewists precisely one quadrature
formula (3.67) with n collocation points that yields the maximum degree of accuracy (2n —1),
i.e., integrates a polynomial of degree (2n — 1) exactly. It can be proved (see, e.g., [109]),
that collocation points z; correspond to the roots of the n-th LEGENDRE polynomial (3.37)
or (3.38) and the corresponding weights are defined by

1
n 2
wi:/H(x_‘%) de >0, (i=1,2,...,n). (3.68)

T; — .flfj
-1 G

Collocation points z; # 0 are located pairwise symmetric to the origin. From (3.68), it can
easily be seen that the associated weights are pairwise identical, too. Generally, it can be
stated that the high precision of the GAUSS integration is payed for by the discomfort, that
the location of collocation points and the magnitude of the respective weights depends on the
order of n. A robust numerical procedure for determination of collocation point coordinates
and corresponding weights is provided in [109].
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Chapter 4

Embedded strong discontinuities

Might as well jump!
— Van Halen.

4.1 Strong discontinuity kinematics

The so far described classical continuum model (Chapter 2) is based on the fundamental as-
sumption of the body’s response remaining continuous during loading. It was, however, already
alluded to in Section 1.2, that failure of materials is frequently preceeded by the formation
of a process zone in which damage and other inelastic effects accumulate, and in which high
strain gradients prevail — furnishing the notion of deformation localization. Clearly, when at-
tempting to extend the model to these kinds of phenomena, the scope of classical continuum
mechanics (TRUESDELL & NOLL [124]) is left. Assessing the typically small localization zones
from a distance, continuous fields with a steep gradient appear discontinuous. For practical
engineering problems this means that many continuous problems arise discontinuous when
viewed from the level of practical interest. ! Adopting this view, the remainder of this sec-
tion is devoted to extending the classical continuum model regarding the possible incident of
strong discontinuities, i.e., jumps in the displacement field. Thereby, the notation follows the
fundamental concept of a re-parametrization of the strong discontinuity kinematics which was
constituted in SIMO et al. [116] and subsequently elaborated by SiMO & OLIVER [115] and
OLIVER [88]. Later, this notion was succeeded by several authors, amongst others REGUEIRO
& BoORJA [100, 17], BORJA [16], MOSLER & MESCHKE [77]| and FEIST [41].

!Notably, also fields that appear continuous may in fact be discontinuous when observed at a lower scale
(microlevel).
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4.1.1 Standard approach

To begin with, consider the classical boundary value problem set out in Section 2.3.1. Supple-
mentary, body {2 is assumed to be separated into two portions 27 and 2~ by a discontinuity
surface 052 of arbitrary shape (Figure 4.1). This decomposition is formally described by
2 = 0" U UOIL. Further, the orientation of the discontinuity surface is assumed to be

defined by its normal N.
SRERNL

Q-l—

0

X2
- X1
X, %7,7, 0s12

Figure 4.1: Body with discontinuity surface 02

In such a setting, the strong discontinuity approach is based on the assumption of a jump in the
displacement field across the discontinuity surface. Mathematically, this jump can conveniently
be expressed using the Heaviside function Hy(X ), operating on a smooth continuous function.
Accordingly, the displacement field can be written as

w(X,t) = %(X, )+ [u](X, ) H(X), VYXen (4.1)
e
regular jump term

with the Heaviside function Hy(X) being defined as

+
H(X) =t TEE (4.2)
0 VX e .

It is emphasized, that both @(X,t) and [u](X,t) are smooth continuous functions on (2
(128, 105, 41]. Introducing the definition [(e)(X)]s := (¢)(X)" — (¢)(X)~, VX € 0,02, the

magnitude of the displacement jump at the discontinuity surface is determined from (4.1) as

[ul, =[u](X.,t), VX ca.0n. (4.3)

The displacement rate field is then obtained by differentiating (4.1) once with respect to time.
Assuming that the Heaviside function is stationary, which implies that the discontinuity does
not translate, we obtain:

W(X, 1) = (X, )+ [a] (X, t) H(X), VXef. (4.4)
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€s

¢

= | v + ([u] © N)™™ 6.

N

0 a0 o

Figure 4.2: Strong discontinuity kinematics: Decomposition of displacement field into continuous
and discontinuous portions and strain field into corresponding regular and singular con-
tributions.

To complete the strong discontinuity kinematics, it remains to establish the corresponding
strain tensor. Employing the mathematical concept of generalized functions (distributions)
furnishes the derivative of the discontinuous Heaviside function as VHy = Nd,, and thus
avoids the need to explicitly consider body {2 as two separate entities 2% and 2~ linked by
traction forces at the discontinuity surface dsf2. Hence, the linearized (small) strain tensor is
derived as

e(X,t) = V¥

= V] H(X) + (@ N) S, (45
15 (r;g,ular) Es (S;I:gular)

With 0 we denote the DIRAC-delta distribution at the discontinuity surface 0s(2, defined by
ds := 0 (X — X) with X € 0,£2. Considering the stationarity of the Heaviside function, the
strain rate is established from (4.5) by differentiating once with respect to time:

§(X,t) = Vi + V™[] Hy(X) + ([a]s ® N)™™ 4

(4.6)

g (regular) €5 (singular)

4.1.2 Reformulated kinematics

From a computational point of view, as will be seen later, it proves favorable to slightly modify
the kinematics established above. To this end, a domain (2, C (2 is introduced, such that
the discontinuity surface renders a subset of 2,, i.e., 002 C (2, [115, 88], for illustration see
Figure 4.3. The two portions of {2, that are separated by the discontinuity surface are denoted
by 27 and 27, such that 27 C 27, 2F C 2% and 27 U 27 = 0,

Introducing the definition
u(X,t) == a(X,t) + [u] (X, 1) o(X) (4.7)



62 4. Embedded strong discontinuities

0s{?2
0027
8(2; N
2 oF\ 2t
= = _ @
X, 27\ 27 o; |2
X3 ng — Q(; U Q;_

Figure 4.3: Body with discontinuity surface 052 and subdomain (2,

equation (4.1) can — without loss of generality — be cast in a competely equivalent format
(Figure 4.4):

a(X, 1)+ (X, 1) 43)
~——— N —

regular jump term

I
Sl

Il
g

In (4.8), the ‘regularizing’ function My(X) is defined as
My(X) := Hy(X) — o(X) . (4.9)

The substantial notion that motivates the forms (4.8) and (4.7) and constitutes the definition
of the function My(X') (4.9), is the introduction of an — to begin with, completely arbitrary —
interpolation function ¢(X). The essential characteristic of this function is the ‘transmission’
of the displacement jump effect at the discontinuity surface, [u]s, to the boundaries of domain
(2,. Therefore, as a necessary condition to assure the equivalence between the re-parametrized
form (4.8) and the original one (4.1) we require [115, 88, 16, 77, 128, 41]:

0 VX €2\ 2,
o(X) =41 VX € 07\ 0 (4.10)
CP-continuous in result interval [0,1] VX € (2,

It will be seen later that above condition is indeed necessary, but not sufficient in order to
assure consistency of the approach with respect to the order of polynomial approximation for
the regular displacement field @ (cf. Section 4.5.2).

Differentiating (4.8) with respect to time yields the corresponding rate form of the displace-
ment field as

— (X, 1)+ [a)(X. 1) (H(X) - p(X)) . (4.11)

To appreciate the advantage of this reformulated version of the strong discontinuity kinematics,
we consider the jump term of equation (4.8). According to requirement (4.10) it follows
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that My(X) =0 VX € 2\ {2, which in turn implies u(X,t) = w(X,t) VX € 2\ (2.
Hence, by conveniently choosing {2, this property can be exploited, such that the DIRICHLET
boundary conditions need to be prescribed solely for a = @ + [u]¢ rather than for @ and
[u]. The important point is that, using the reformulated version, the regular displacement
field @ already incorporates the jump effect and can, as will be seen later, be associated with
the compatible displacement field spanned by the standard finite element basis functions, cf.

Section 4.5.2.

00 0,02 02}

vl + ([u) & NY*™ 5,

N

o a2 o o

Figure 4.4: Reformulated strong discontinuity kinematics: Decomposition of displacement field into
continuous and discontinuous portions and strain field into regular and singular contri-
butions.

Following identical lines as before, the linearized strain tensor for the reformulated kinematics
is established as (4.4)

e(X, 1) == V¥ — ([uls ® V)™ + V¥ [u] M+ ([u]s ® N)™™ 6,

— g
€ regular €4 singular

(4.12)

where again ds denotes the DIRAC-delta distribution at the discontinuity surface 0sf2.

It is always possible to establish a re-parametrization of w by means of @ and [u] such
that Ju] = const. in the direction IN normal to the discontinuity. For the remaining in-
plane directions the contribution of V¥™[u] is considered to be negligible compared to the
contribution of ([u]s ® V)™ in (4.12). Hence, we assume V[u] ~ 0, cf. references [16,
128, 75, 41]. Following SIMO & OLIVER [115], our aim is to introduce the strong discontinuity
kinematics within the framework of enhanced assumed strains (EAS). According to the EAS
concept, the enhanced strains are modeled in an incompatible fashion — meaning that with
view on a later finite element discretization no inter element continuity of the enhanced strains
is required, cf. Section 2.3.6. Therefore, also from a variational point of view, it is admissible
to neglect the term V[u] in equation (4.12). Hence, from (4.12) we define:

e = V™ — ([ul, © V)" + ([u], & N)™ o,

9 (4.13)
::ESO

Again, assuming that the Heaviside function, and thus Mj, is stationary and again neglecting
the term V[, the strain rate can be found from (4.12) by differentiating once with respect
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to time:
¢ = v - ([a], © Vo)™ + ([, © N)™ 6,

=:€‘p

(4.14)

Remark. In view of a possibly non-uniform evolution of the jump amplitude along the discon-
tinuity surface, the assumption of [4](X) ~ 0 may initially seem improper. It is admissible,
however, since the evolution of the discontinuity in the present formulation does not rely on
a continuous representation of the inner surface. As a consequence of the finite element dis-
cretization process, the crucial kinematics (4.13) will be sampled in a discrete set of points
(finite elements or rather, as discussed later, integration points). In this context, the situation
of a non-uniform evolution of the jump amplitude along the discontinuity surface would then
be approximated by piecewise constant contributions of the respective sampling points. o

Remark. For the time being, any function satisfying conditions (4.10) is considered to be
a suitable choice for the transmission function ¢(X). However, as already mentioned, closer
inspection reveals that certain restrictions apply to guarantee a consistent formulation of the
approach. This will be discussed in detail in Section 4.5.2. O

4.2 The weak and local form of the equilibrium equa-
tions

The description of the kinematics of a body crossed by a discontinuity surface established
in the previous section, maintained the idea of a strain field that is defined everywhere in
the body — inclusive of the discontinuity surface. Therefore, the discussion of equilibrium
conditions for such a setting, can be done following classical lines and conveniently be based on
the classical weak form of equilibrium. In dependence on SiMO & OLIVER [115] and OLIVER
[88] this notion shall be adopted in the following in order to establish the adequate form of
the local (strong) conditions of equilibrium.

To this end, following up Section 2.3, we start from the weak form of the equilibrium equations
as stated by the principle of virtual work (2.26):

/Vsyméu:a'dV:/boéudV+ /t*oéudA, (4.15)
N

n 0o 2

for all admissible test functions du € V. In view of the previously established strong discon-
tinuity kinematics (4.8), a similar split as for the displacement field is introduced for the test
functions, yielding

du = du+ BMs(X) . (4.16)

The local form of the equilibrium equations in a strong discontinuity setting can then be
derived in two steps. In a first step, the test functions are chosen to be regular functions on
(2. This is simply achieved by setting du = dw. This choice is then adopted for the weak
form of the equilibrium equation (4.15). Integrating by parts ? and using the GAUSS theorem

2The product rule gives rise to the divergence property div (oéu) = du e dive + Viu : o.
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furnishes the left hand side of equation (4.15) as

/Vsyméu:adV:—/&u,odivadV—i— /5uo [o”LNJr—a’N_} dA + / SueoN dA .
N (9} 0582 0o 2
(4.17)

Note, that application of the GAUSS theorem to the internal surface 0,2 gives rise to the
intermediate term in the right hand side of equation (4.17). Inserting this result into the weak
form of equilibrium (4.15), by a standard argument the local equilibrium equations

dive+b=0 in  2\0:12 (4.18)
oN=t" on 0,1 (4.19)
and
ctN-0c N=0 on 02 (4.20)
~——— —

[t

are obtained. In (4.20), again the notation [(e)(X)]s := (¢)(X)" — ()(X)~, VX € 0,12
was adopted. In a second step, now choosing the test functions to be discontinuous, i.e.,
du = BM(X), the additional local condition

t.—oc"TN=0 on 0,02 (4.21)

can be derived following similar lines as above. Details are given in [115]. In (4.21), ¢ explicitly
refers to the tractions prevailing at the discontinuity surface.

Condition (4.20) imposes the equality of the right-hand and left-hand limit of the tractions
in the bulk material adjacent the discontinuity surface, while (4.21) requires the tractions at
the discontinuity surface 0,f2 to balance the right-hand traction limit. In conclusion, for a
continuum body with a discontinuity surface, we have the classical local equilibrium conditions
supplemented with two additional conditions, stating traction continuity over the discontinuity
surface O0sf2.

Proposition 4.2.1 (Traction continuity). After onset of localization, the stress o remains reg-
ularly distributed over the domain (2. In particular, traction continuity over the discontinuity
surface 0sf2 is maintained.

4.3 Constitutive modeling in a strong discontinuity con-
text

The previously derived kinematics associated with the presence of strong displacement discon-
tinuities are composed of two different displacement fields, [u] and @, compare equation (4.13).
In the present section, the constitutive equations associated with these fields are discussed.
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According to the definition of the kinematics of Section 4.1, the strains in the bulk material,
denoted by 2%, are regularly distributed — thus facilitating the application of standard stress-
strain based continuum models. For the sake of clarity, in what follows linear elastic HOOKE’s
law is adopted for points belonging to 2%. That is, the stresses o in 2% are computed
by means of the elastic fourth-order constitutive tensor C := 0gd W, (X, €) according to
o = C : €. It should be noted, however, that any classical continuum model, such as plasticity
or a damage theory can be applied equally well.

4.3.1 Traction-separation laws

On the discontinuity surface 9,2 — in contrast to 2* — the material response is ruled by
the discontinuous displacement jump [u]s = [u](X,t) VX € 0,f2 and can be represented by
a traction-separation law. Using the traction continuity condition (4.21) at the interface, a
traction-separation law of the type

t" =t ([u]s) with t:=0N, t,:=tlsn (4.22)
renders an admissible choice.

Basically, there are two concepts that can be applied for development of a constitutive law of
type (4.22). The first method involves a projection of a classical stress-strain relationship onto
the discontinuity surface 05(2, e.g., SIMO et al. [116]. Alternatively, a traction-separation law
can be derived from an assumed singular distributed stored energy functional WW. This notion
is adopted, e.g., by ARMERO [3], OLIVER [88] or MOSLER [76].

Following the latter concept, we postulate an additive split of the stored energy into a regularly
distributed part W,e, corresponding to points in 2% and a singular part Wi, associated with
points in 0sf2 according to

W = Wieg + Wi b . (4.23)

The fundamental assumption, the concept is based upon, is the direct association of the
displacement discontinuity [u]s with the inelastic deformation stemming from the singular
portion of the stored energy functional; Wi, = Wi, (¢ ([u]s)) in terms of the displacement-like
variable & € R™ depending on the displacement discontinuity. Then, it is possible to define
the space of admissible stresses (or rather tractions) in analogy to standard plasticity in a
general fashion as

Ey :={(t",q) eR* xR" | ¢ (tT,q) <0} VX €. (4.24)

Hence, the space of admissible stresses is confined by the yield (or failure) function ¢ (¢t*, q),
which is constituted of the traction vector ¢7 and a vector of stress-like hardening/softening
parameters g that is conjugated to a. If we adopt the special choice ¢ (¢, q) = ||tT — q|| and
q =ty — then, ¢ = 0 renders the traction continuity condition stated in Proposition 4.2.1.
That is, the traction continuity condition (4.21) can be recast in a format that is identical
to the yield condition known from standard plasticity theory. In what follows — as &g is
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included in the stress-like variable ¢ — we omit the + sign indicating the right-hand limit of
the traction vector without risk of confusion, i.e., t := t*.

The direct association of the displacement discontinuity [u]s with the singular portion of the
stored energy functional Wi, at the discontinuity surface, actually restricts the dissipative
mechanism to the discontinuity surface 0,f2. This, in turn, implies the concentration of in-
elastic deformation to the localization zone in case of softening response taking place. Such a
behavior is indeed motivated by experimental observations and reflects the key characteristics
of localization phenomena; in accordance with the fundamental work of SIMO et al. [116], we
devise:

Proposition 4.3.1 (Deformation concentration). After onset of localization, inelastic defor-
mation related to softening response, is concentrated to the localization zone represented by
the discontinuity surface 0,2 — which is, for this reason, also termed localization surface.

Since the space of admissible stresses (4.24) is formally equivalent to that of standard plasticity
theory, the evolution equations defining the interface law can be derived following similar lines
as for the stress-strain based continuous case, cf. Section 2.4.2. Accordingly, by introducing
two potentials ¢ (¢, q) and h (¢, q), the rates of [u]s and a are defined in a general manner as

[4]s :=A¢g and & :=Adqh . (4.25)

The precise definition of the space of admissible stresses (4.24) — which is analogous to the
notion of yield surface in classical elastoplasticity — clearly depends on the particular choice
of the norm ||e]|. With a view to later developments we choose g = ||t;|| and specify

¢ R¥xR, =R

(t,q) = It —q, (4.26)

which reflects the case of isotropic hardening / softening.

Remark. For the specific choice g = ¢ and h = ¢, the associative case is obtained. Then, the
evolution equations (4.25) can alternatively be derived as a result from the principle of max-
imum dissipation, cf. Section 2.4.2. Employing the energy functional (4.23), the dissipation
inequality is then stated as [3, 76]

D=te[u].+qec>0. (4.27)

In analogy to the continuum case of Section 2.4.2, the principle of maximum dissipation is
adoped by postulating the dissipation according to (4.27) to be maximized within the space
of admissible stresses [E;. Then, a constrained maximization problem is obtained, which can
again be transferred to an equivalent unconstrained minimization problem by means of the
LAGRANGE-functional (see, e.g., LUENBERGER [67]):

L(t,g,\)=-D+ \p(t,q) (4.28)
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The KARUSH-KUHN-TUCKER conditions then determine the solution of the problem. In the
present context, they read

[@]s = \0¢p, & =2Adqd (4.29)
and

A=0, ¢(t.q) <0, Xo(t,q) =0, (4.30)
where equations (4.29) represent the associative form of the evolution equations (4.25). O

4.3.2 Correlation with strong discontinuity kinematics

Having established the traction-separation law including its evolution equations (4.25) and
(4.29), respectively, a direct coherence with the strong discontinuity kinematics defined by
equation (4.14) can readily be established. Accounting for the plastic dissipation at the dis-
continuity surface 0sf2 and in view of (4.14), the resulting strain field is defined by

é = Vi — ([a], ® V)™ + ([ @ N)™™ 6, — Aoy - (4.31)
regzlar singﬂar

Also, complying with the assumption V[u] & 0 that has been made in the derivation of
(4.14), the jump discontinuity can equivalently be expressed as

[&]. = ém | (4.32)

where m denotes the direction of the displacement jump and C represents its magnitude.

4.3.2.1 The regular portion of the enhanced strain field

Drawing attention to the regular portion of the strain field (4.31), the direct relation to the
evolution equations (4.25) or (4.29) is derived as follows. Considering (4.25); we obtain

sym
([a]s ® V)™ = A (th ® Vs&) : (4.33)

and can, with view of (4.14), conclude that
éo =2 (0499 Vo) o (4.34)

The above result is now employed to describe the response of a material point in Qj that is
subject to HOOKE’s law. Using (4.34) and adopting the strong discontinuity kinematics (4.14)
renders

I
a O A

o €
(VI - )

: (vsymﬁ )\ ((97tg ® V90> Sym) (4.35)
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Remarkably, constitutive relation (4.35) is formally identical to classical flow theory of plas-
ticity — with term (939 ® V)™ taking the role of the ‘direction of flow’, cf. equation
(2.74);.

4.3.2.2 Physical relevance of the LAGRANGE multiplier A

Complying with Proposition 4.3.1, we assume that the dissipative mechanism is restricted
completely to the discontinuity surface 0f2;. This assumption implies a singular distribution
of the plastic multiplier, i.e., A = A ds. Further, due to the direct association of the displace-
ment discontinuity [u]s with the dissipative mechanism at the discontinuity surface 0f%, the
resulting plastic strains must correspond to the singular portion ([@]s ® IN)™™ 6 of the strain

field (4.31):
([a]s ® N)™™ 6 = X0.ag s (4.36)
Multiplication with 0 ¢ : C [88] and using (4.32), then furnishes A as

_ Do :C: ([u]s @ N)™™ c0g¢:C:(me N)™™

A e
0dog¢:C:00gg ¢ 0o¢p:C:0¢gg

(4.37)

For a frequently employed class of potential functions, such as the later adopted RANKINE
type (cf. Chapter 5), the partial derivative g ¢ is determined as (m ® N), such that from
(4.37) it is evident that

A=¢. (4.38)

Hence, the Lagrange multiplier A has a clear physical meaning, it represents the current change
in the amplitude of the displacement discontinuity.

4.3.3 Strong discontinuity condition

The condition for the initial formation of a strong discontinuity, i.e., a jump in the displacement
field, is termed strong discontinuity condition ®. It allows to identify the orientation vector N
of the discontinuity surface (2. It should be noted, that formation of a strong discontinuity
often is preceeded by a weak discontinuity, representing a jump in the displacement gradient
field. For models only accounting for strong discontinuities, which are the focus of this work,
this distiction is, however, dispensable. Yet, for the later adopted RANKINE criterion (Chapter
5), conditions for weak and strong discontinuity, respectively, appear to be equivalent [75]. The
following representation is essentially based on the work of SIMO et al. [116] and OLIVER [88].

3Sometimes, it is also referred to as localization condition, e.g. REGUEIRO & BORJA [100].
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Derivation of the strong discontinuity condition relies on the notion of a regular distribution
of the stress field, e.g. [100]. Considering equation (4.31), the stress vector for an elastoplastic
continuum material is defined by

t=C: [V u—é,+ ([a]s @ N)*™ 6, —Adgg| e N . (4.39)

Again assuming the dissipative mechanism to be restricted to the discontinuity surface 9s{(2,
we can substitute A by the previously derived definition (4.37) and rewrite (4.39) as

C: a,o-g ® a,a'(ﬁ :C
870'(25 . C : (97o-g

erf
C

([als © N)™™ 6, , (4.40)

t=NeC:[V™™uU—¢€,]+Ne|C-

with ngff as the elastoplastic continuum tangent for perfect plasticity. If the stress vector is
to remain regularly distributed, the singular contributions in (4.40) must vanish. This implies

Q(N)e[u], =0, (4.41)
where the acoustic tensor @ is defined as

Q(N):=NeCrMe N, (4.42)
e.g. SIMO et al. [116], OLIVER [88] and REGUEIRO & BoORrJA [100].

In order to admit non-trivial solutions [@]s # 0 of equation (4.42), the acoustic tensor must
become singular, i.e.,

det(Q(N)) = 0. (4.43)

The normal vector IN identifying the direction of the discontinuity can now be computed from
condition (4.43). In some cases analytical solutions can be derived, see, e.g., OLIVER [88];
generally however, it is required to revert to numerical solution procedures.

4.3.4 Condition of uniqueness

Having identified the formal analogy between the constitutive response of a material point in
Qj (4.35) and the classical flow theory of plasticity, cf. Section 2.4.2, it is possible to transfer
some insights from the latter to the present setting.

The elastoplastic tangent constitutive tensor Ce, (2.80) is adapted by simply replacing 0.g¢
with (049 ® V)™ from (4.35). Focusing on associative evolution equations, i.e., h = ¢ and
g = ¢, the tangent constitutive tensor in a strong discontinuity context arises as

C: (040 @ V)™ ®dgd: C

C,=C- .
v aa'gb :C: (athﬁ 0y V(p)sym + aqu o Hoe 87q¢

(4.44)
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In order to render a unique behavior, the denominator of (4.44) is required to be positive
(JIRASEK [53]):

Og¢:C: (8}t¢ R@Ve)¥ +0gpe Hedgp >0 (4.45)

In view of equation (4.35), the above condition corresponds to a snap-back in the o — V¥
relation (MOSLER [75]).

Remark. As will emerge in the discretized setting, see Section 4.5.2, via V¢ condition (4.45)
actually poses a restriction on the maximum extension of the discretized localization zone {2,
and/or the order of polynomial approximation within the discretized localization zone (2,. O

4.4 A mixed finite element formulation

From the strong discontinuity kinematics in Section 4.1 the strain field accounting for strong
discontinuities is in a general fashion written as — cf. equation (4.13) —

e=VIG+E, (4.46)

composed of a regular strain field V*¥™ & stemming from the compatible part of the displace-
ment field and an enhanced term €, containing a singular contribution, as well:

&= — (O V)™ + (p NJ™™ 4, (4.47)

The displacement jump at the discontinuity surface is denoted by p rather than [u]s to em-
phasize its element local character — as will be seen, in the present context the discontinuity
does not necessarily need to be continuous across element boundaries. Interpreting the en-
hanced term as a consequence of an incompatible deformation mode, the strain field (4.46)
can readily be associated with the concept of enhanced assumed strains, which was discussed
in the previous Section 2.3.

There it was shown, that starting from a general Hu-WASHIZU three-field variational basis the
introduction of a split of the strain field into a compatible and an enhanced portion (cf. equa-
tion (2.45)) along with the enforcement of an Ls-orthogonality condition between enhanced
strain field and stress field (cf. equation (2.49)) removes the stress field from the variational
formulation. Thus, the modified variational problem appears as constituted of the displace-
ment field and the enhanced strain field and their variations, only (cf. equations (2.51) and
(2.52)). Upon discretization (cf. Section 3.1) and the introduction of corresponding interpo-
lations for the variable fields — in the general case furnishing a PETROV-GALERKIN scheme
—, the local enhanced strain field variables are eliminated on element level (cf. equations
(3.17)). For convenience, we shall rewrite the linearized system of equations around a state of
equilibrium:
("PK. — "K,(#K,) ' ®K.)d = f. and

[

-~

X (4.48)
L= —(=K,) 'K, d



72 4. Embedded strong discontinuities

where £, is a generic symbol denoting a change of the elemental force vector, without differ-
entiation between external and internal forces.

So far, the question of constructing appropriate enhanced strain field interpolations has not
been addressed. As can be imagined, the choice is not completely arbitrary. In fact, certain
restrictions apply (SIMO & ARMERO [112]). Namely,

(i) wariational consistency
(ii) patch-test conformity (constant nominal stress field)
(iii) stability

of the formulation have to be assured. In the present context, with view of Proposition 4.2.1,
a fourth condition is of practical relevance:

(iv) traction continuity over the discontinuity surface 0s(2

Subsequently, these issues are discussed more detailed.

4.4.1 Strong discontinuity kinematics and traction continuity

We have already identified the enhanced part € of the general strain field (4.47). To justify
the association with the enhanced assumed strain concept and assure variational consistency
of the approach, the fundamental Lo-orthogonality between the enhanced strain variation and
stress field (cf. Section 2.3.6) is to be addressed.

To this end, consider the enhanced strain test function space 0€ according to (3.10)s and let
o denote the assumed variable stress field. Then, the Ls-orthogonality condition (2.49) for
the discretized setting is enforced on element level according to

/ﬁaadvéo. (4.49)

2

Furthermore, in order to satisfy the patch-test, the assumed stress field is required to contain
at least piecewise constant functions. Thus, equation (4.49) implies

/ﬁém/éo. (4.50)
Qe

Now addressing the question of choosing admissible functions for €, it can be shown, that a
standard BUBNOV-GALERKIN approach for the enhanced strain test functions of the form

0 =—(0p@ V)™ + (0pu @ N)™ i (4.51)
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proves to be insufficient — equation (4.51) is obtained by simply adopting the same approach
as for the enhanced strain trial space (4.47). For such a scheme, it is evident that condition
(4.50) is only satisfied in special situations. To remedy this deficiency, we slightly modify the
above equation (4.51) and propose in accordance with SiMO & OLIVER [115] and OLIVER
(87, 88|

55 = —% (e N™™ + (S o N)™™5, ; (4.52)
vector op be arbitrary to define the test function space for the enhanced strain field. This
choice still reflects the split in a regular and a singular contribution; it is, however, independent
of the transmission function ¢(X). Using the property (A.2) of the DirRAC-delta distribution,
see Appendix A, it can readily be verified that for this particular form of ¢€, condition (4.50) is
satisfied. It should be noted, that by introducing (4.52) — instead of (4.51) — for the enhanced
strain variation Ansatz, we obviously depart from the notion of a BUBNOV-(GALERKIN scheme
and instead migrate to a more general PETROV-GALERKIN approach.

If we now adopt (4.52) and insert it into the internal equilibrium condition (2.51)y of the
underlying variational problem,we have

/a— 58 dV =0 (4.53)
e
1 1
o W/&:(au@@zv) dV:—e/&:((Su,@Nés) qv | (4.54)
O * 02

which can equivalently  be written as
1 1
%/5,“(&N) dV:E/éuo(&N&) av . (4.55)
o) * 0

With dp being arbitrary and again accounting for the properties of the DIRAC-delta distribu-
tion (A.2), it follows from (4.55), that

1 1
— [ 6N dV =— | 6N
6/0' d Ag/a 0, dV

2 £
1
:A_g / &N dA
Os82¢

1

» o

Os82e

Identifying ¢4 as the traction vector on the discontinuity surface d5(2, identity (4.56) renders,
in an integral sense, the condition of traction continuity (4.21) at the discontinuity surface.
This means, the variational basis (2.51) can be interpreted as the classical condition of weak

“4consider the identity A : (a @ b) = a e (Ab)
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equilibrium for the bulk material enhanced by the additional requirement of traction continuity
across the discontinuity surface in an integral sense

/Vsyméu 16 dV — W (0u) =0
Q

AE
—ﬁ/&uo&NdV—i— / dpet, dA=0
2 0582

(4.57)

Hence, from a mechanical point of view, the approach possesses the advantageous quality of
reproducing both the kinematics (4.47) induced by the strong discontinuity and the statical
requirement of traction continuity (4.21) — giving rise to its classification as a statically and
kinematically optimal nonsymmetric (SKON) method, JIRASEK [52]. The attribute “non-
symmetric” identifies the price for these distinguished features: the loss of symmetry of the
condensed stiffness matrix K, (cf. Section 3.1.2).

We summarize as follows:

Proposition 4.4.1 (Weak traction continuity). Using the particular choice (4.52) for the
enhanced gradient variation Ansatz J€, the internal equilibrium condition (2.51), of the un-
derlying variational equations inherently — and variationally consistent — constitutes traction
continuity along the discontinuity surface (2 in a weak (integral) sense, see equation (4.56).

4.4.2 Stability considerations

Of further interest is the discussion of stability of the formulation. In the context of the
adopted general PETROV-GALERKIN discretization, the stability condition is equivalent to
the condition of unique solvability of the linearized system of equations (3.14), provided that
appropriate boundary conditions are applied, i.e., the system is not kinematically unstable.
This notion shall be explored in the following.

Rendering the linearized system of equations (3.14) uniquely solvable, poses the requirement
of regularity on the stiffness matrix K., respectively its condensed form K. (4.48). Using
equations (3.14) and (3.15), the enhanced stiffness matrix is recast here as

(4.58)

T T
Ke:{B CB B CG} ,

G’CB G’CG
where integral signs have been omitted for the sake of clarity.

Assuming the material matrix C to be regular, the conventional element stiffness matrix ""K,
according to equation (3.15); is considered to be regular, as well. A closer investigation of
the enhanced stiffness matrix (4.58) by comparison of the respective terms in the first and
second row reveals: In order to render the equations represented by the entries in K, linear
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independent, i.e., to maintain the regularity of K., matrix B — representing the gradient of
the displacement trial function space Vsym){h — and matrix GT — representing the function
space of the enhanced strain test functions £ — must be linear independent.

Furthermore, as already noted in Section 3.1.2, the derivation of the condensed system of
equations (4.48) is based on the assumption of regularity of matrix #¢K,.. Recalling from
equation (3.15), that

8K, = / GTCG av
Qe

and noting that C is regular, we conclude, that the regularity condition is met, if the columns
of G and G are each linearly independent.

The foregoing considerations can be summarized in accordance with SIMO & OLIVER [115]
and SIMO & RIFAT [117]:

Proposition 4.4.2 (Stability). With P"K, being regular, the system of equations (3.14),
respectively its condensed form (4.48), is uniquely solvable if, and only if,

(i) 88K, is regular; satisfied, if the columns of G and G, respectively, are linearly indepen-
dent.

(ii) ggl N V¥V = &: equivalently, the enhanced strain test function space must be lin-
early independent of the compatible strain field stemming from the displacement trial

functions °.

In the present setting, the adopted choice for the enhanced strain test functions reads (cf.
(4.52))

~ Ae Sym Sym
5€:—V—Z(5M®N)y + (0p @ N)™ 6 . (4.59)
For this choice, it can readily be verified that the spaces of enhanced strain test functions ggl
and compatible strain field trial functions V™ V" are linearly independent — and therefore,
requirement (ii) of Proposition 4.4.2 is satisfied. Requirement (i) is rather a technical issue,
which is met likewise by the adopted approaches for € and €.

4.4.3 Transition to an equivalent continuum formulation

In the following, the close affinity of the precedent approach to a pure continuum formulation
shall be illustrated. To begin with, the discretized form of the variational basis (3.12) — in
view of the advocated enhanced strain trial and test functions (4.47) and (4.52), respectively
— shall be devised.

®Note, that this restriction applies to the function space gg‘ of the enhanced strain test functions and not
to the function space £" of the corresponding trial functions!
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4.4.3.1 Discretized weak form

Using matrix notation (cf. Section 3.1.2), and with view of decomposition (4.46), the strain
rate at a point X € 2F in a finite element is recalled as

¢(X) = B(X)d+G(X), (4.60)

where now, from the strain field definition (4.47), matrix G of an element can be cast as

0
9
0 &

G=-LVyp=— (4.61)

()
SN
e o o o

Further, considering the enhanced strain test function Ansatz (3.10), from equation (4.52), we
express matrix G as composed of a regular and a singular contribution:

~ A¢
G=--2>g+gd,, (4.62)
Ve
where
N, 0 0]
0 Ny O
10 0 N
g = N, N, 0] (4.63)
0 N3 N,
[Ns 0 Ny

Introducing the above definitions into the variational basis (3.12), the discretized weak form
of equilibrium reads

Nel
A /BT&dV—/NdeV—/NTt*dAzo
082

e=1
2 2 (4.64)
Nel Ae
‘91 v gT&dv+/tSdA:o.
2 0502

Naturally, the above system of equations represents the discretized counterpart to equations
(4.57).
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4.4.3.2 Linearized weak form

In the same manner, i.e., by employing the definitions of G (4.61) and G (4.62), the linearized
system of equations (3.14) is rewritten as

bbKe bgKe d fsxt o fént
|:gTbKe grgKe _I_hKe:| {u} = { _he } ) (465)

where matrices "PK, and PK, already have been defined in (3.15). Matrices &°K, and &¢K,
are determined by the reqular portion of G, so that we have

Nel

e=1

PP = / BYCB 4V beK, = / BTCG av
Y Y (4.66)
grb K, = ——s/gTCB dv &K, = ——s/gTCG av .
Ve Ve
Qe 2

Matrix MK, is assembled from contributions stemming from the singular portion of G. Con-
sidering that

/gTCB(SS dva+/gTCG<sS dV L= /ch (B&+Gﬁl> dA
N————

2e e 0582

=¢ (4.60)
= /gT&dA: /%s dA (4.67)
Os2e Os 82

and assuming the rate form constitutive of the tractions at the discontinuity being given by
ts ;= H 1, we arrive at the definition

b, = /HdA. (4.68)
0512,

Matrix H can readily be interpreted as tangential constitutive assembled from the softening
moduli of the respective directions. The remaining quantities are accordingly rendered as

foxt . — /NTb dV + / N t* dA

¢ 092

fi* .= [ B¢ dV (4.69)
2

h, ::/GTﬁ'dV:—é/gTﬁ'dV—k / f. dA |
e 2 0582

cf. definitions (3.16).
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Remark. Notably, the element related cross-sectional area A¢ of the discontinuity surface is
not necessarily required to be computed explicitly. Assuming the tractions along the elemental
discontinuity surface to be constant, the second integral term in (4.64), can be recast as

/ ty dA = At, | (4.70)

Os82e

so that AS can be eliminated from the discretized weak form (4.64) and the corresponding
linearized equations (4.65). O

4.4.3.3 Equivalent continuum formulation

In analogy to Section 3.1.2 the system of equations (4.65) can equivalently be expressed in a
statically condensed format. In view of equations (3.17), we obtain

K. = "K, - ™K, [#*K, + 'K, #’K, and

. 471
o= — K, +'K,] (he+g*bKed) . (4.7)

The affinity to a pure continuum formulation can be illustrated when expanding the above
expression for the condensed stiffness matrix:

K, = / BTCB a4V
Qe

-1 (4.72)
Ae Ae
—/BTCGdV —?‘Z/gTCGdVJr / HdA —?Z/gTCBdV
2 e Os2e e

Assuming, for the moment, a constant strain state over the element domain, the integrals can
be eliminated from the formulation, yielding

K. = VB"[C - CG [-Ag"CG + AH] ' (-4g"C)| B

— yeBT [C ~ C(-G) [g'C

—~

~G)+H]"' ch} B. (4.73)

/

(@R«

matrix C representing the equivalent continuum tangent. This notion can be further explored,
if the direction of the displacement jump is assumed to be fixed, so that the enhanced variable
vector p reduces to a scalar magnification of m according to

p=_m. (4.74)

Then, g and G are substituted by gm and Gm, respectively, finally rendering the equivalent
continuum tangent as
- C(-G e
& CCGm)(em)
(gm)" C(-Gm)+ H

(4.75)

9
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see also WELLS [128]. Identifying gm as the gradient of the yield function and (—Gm) as the
gradient of the plastic potential, equation (4.75) identically reflects the, generally unsymmetric,
continuum tangent of an elasto-plastic material with non-associative flow rule and hardening
modulus H; compare to C,,, as defined by equation (2.80).

This finding suggests the possibility of a treatment of strong discontinuities within a pure
continuum formulation, as it was already motivated in Section 4.3. Although the formal
equivalence as derived above is exact only for the case of constant strain elements — due to
the elimination of the integrals in (4.73) — the continuum notion can be adopted in order to
develop a generalization of the concept. As will be elaborated in Section 4.5.1, this finally
facilitates a convenient algorithmic formulation for arbitrary finite elements. Furthermore, as a
consequence of the continuum concept, the enhanced degrees of freedom [t can be eliminated
on integration point level — featuring the particular advantage that a static condensation
procedure on element level renders dispensable.

Remark. It should be noted that the non-symmetric character of the affine continuum tangent
(4.75) is a direct consequence of the adopted PETROV-GALERKIN approach. The continuum
notion once more reveals the essential properties of the adopted SKON approach (cf. Section
4.4.1): statical and kinematical optimality, due to different choices regarding enhanced strain
trial and test function spaces (cf. equations (4.47) and (4.52), or alternatively, the respective
matrix forms (4.61) and (4.62)) — gained at the cost of symmetry. O

4.5 Adaptation to a high-order finite element approach

With particular focus to a possible application within a high-order finite element framework,
the present section is dedicated to extending the so far developed concept. To this end,
Section 4.5.1 takes the discussion of Section 4.4.3 on and initially casts the strong discontinuity
formulation in a pure continuum format which dispenses with the restriction of one localization
plane per finite element. Subsequently, Section 4.5.2 presents a consequent reassessment of
the strong discontinuity kinematics, proving essential for the extension to high-order finite
element approximations.

4.5.1 Generalization of the concept

Based on the notion that each integration point of a finite element represents a volume of finite
size, the present section abandons the restriction of one localization plane per finite element
— instead, the possibility of separate and independent localization planes is postulated for
each integration point under consideration. An equivalent setting is adopted by MOSLER &
MESCHKE |78, 80] and MOSLER [75].

Subsequently, the basic lines of the formulation regarding GAUSS point associated disconti-
nuities in dependence on MOSLER & MESCHKE [78, 80] are developed. That followed, an
alternative notion to the problem is presented in Section 4.5.1.2.
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4.5.1.1 Formulation for GAUSS point associated discontinuities

To begin with, we consider a material point in £2* whose response is determined by deformation
localization in the adjacent discontinuity surface dsf2. with normal IN. The behavior in the
bulk material be subject to HOOKE’s law. Then, according to equation (4.35), the evolution
of stress in the bulk material is described by

& =C: (vomi— (099 Vo) Sym) , (4.76)

where the term A0 4g reflects the enhanced displacements rates f, i.e., the jump [u]s at the
discontinuity surface, cf. equation (4.25);. Furthermore, satisfaction of the previously derived
weak traction continuity condition (4.57)y requires ©

1 . 1 .
W/UN dV = A_g / ts dA . (477)
.Qe 6§Qe

In the present setting, the statement of weak traction continuity (4.77) must hold for every con-
sidered GAUSS point 7 with associated localization surface 9,2 [78]. Figure 4.5 schematically
depicts the situation of a quadrilateral element with two (GAUSS points exhibiting localized
response.

389(3)
[ 4 L J
N®
40 3
N®
o
1 2
([ 4 859(2) L J

Figure 4.5: Schematic sketch of a quadrilateral element with two localization surfaces associated to
GAUSS points 2 and 3, respectively.

Considering a particular GAUSS point and adopting equation (4.76), the left hand side of the

5To improve readability, the superscript e, denoting the stress field computed from the assumed strain by
evaluation of the respective constitutive law, is omitted here and in the remainder of the work. Since the
asssumed variable stress field has been removed from the formulation by means of the Lo-orthogonality (see
Section 2.3.6) there is no further risk of confusion.
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weak traction continuity condition (4.77) can be reformulated as *
" [enav
— [ o
Ve
2
1

[@ : (Vsymf& ) (8’tg ® Vgo) o )] N dv

7,
o
-[c: <V5ymﬁ—)\% 87tg®/V<p wv| )|~ (4.78)
2.
&

such that the rate form constitutive law now can equivalently be cast as
. _____\Sym
5=C: (Vi (0490 V) ), (4.79)
where

Vo(X) = vi / Vo(£) dV . (4.80)

Considering Proposition 4.4.1, we conclude: Adopting the so modified constitutive law (4.79)
together with equation (4.80) at integration point level, facilitates satisfaction of the weak
traction continuity condition (4.77) and hence, fulfills the variational equation (4.57),.

A particular asset of this approach is the elimination of the enhanced degrees of freedom
[t on integration point level, which consequently renders dispensable an otherwise required
static condensation procedure on element level. This also means that the overall structure of
the finite element algorithm remains unchanged by the incorporation of strong discontinuities
in the proposed manner — which features a distinct computational advantage. Adversely
assessed, on the other hand, can be the fact that evaluation of the constitutive response via
V¢ now incorporates element information — hence, a clear distinction between element and
material information is lost.

4.5.1.2 An alternative notion to the problem

Definition of the transmission function gradient V¢ according to equation (4.80) closely re-
sembles the concept of nonlocal models (P1JAUDIER-CABOT & BAZANT [95, 9]). The fun-
damental idea of nonlocal models is manifested by replacing a certain local variable by its
nonlocal counterpart and so allowing for the influence of the neighborhood on the consid-
ered material particle. In general, the nonlocal counterpart (@) of some local quantity (e) is
specified by

(3)(X) = / o(X.€) (0)(€) dV . (481)

9]

"Note, that for the considered integration point the quantities ¢;, m, N and V*¥™@ are independent of X!
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where a(X, &) represents the nonlocal weight function, which frequently is taken as a function
of the distance between source point position & and considered material point (effect point)
position X, see e.g., JIRASEK [51]. Characteristical, this distance is related to an internal
length scale | that is considered as a material parameter; further, the weight function is
constructed such that it attains its positive maximum at X and fades, often monotonically,
with increasing distance |§ — X|. In addition, to facilitate the correct reproduction of a
constant local field, the nonlocal weight function must suffice condition

/MX@MV:INXEQ. (4.82)

9]

When adopting such a nonlocal model to materials that exhibit strain softening (see, e.g.,
references [8], [103] and [57]), the internal length scale [ directly influences the extension of
the localization zone. The nonlocal formulation thus is employed as a localization limiter by
preventing the localized zone from contracting with further refinement of the discretization and
is therefore qualified as a regularization technique. Noteworthy, apart from the localization
limiter capability, nonlocal formulations also provide for a smoothing effect [41], which of
course directly correlates with the type of employed weight function.

To transfer this notion to our present setting we specify a nonlocal weight function as

a(X,€) = XV VX e, (4.83)

where x. is defined according to (3.9); obviously, this definition suffices condition (4.82). Then,
with this weight function at hand, due to equation (4.81), the modified transmission function
gradient V¢ according to equation (4.80) can readily be identified as the nonlocal average to

V.

Adopting this view, nonlocal averaging motivates an alternative perception of the traction
continuity condition (4.77). To this end, the domain of a finite element is notionally split into
finite portions 20 associated with the respective GAUSS points, such that 2, = [J/= 20,
where ng, denotes the number of elemental GAUSS points (Figure 4.6a). For each of these
subdomains the possible formation of a discontinuity plane 6,02 is accounted for. Then,
considering this partitioning for the formulation of the Lo-orthogonality condition (4.49) and
the approach for the enhanced strain test functions (4.52), the traction continuity condition
(4.77) can finally be recast as

1 , 1 .
= N\ (9) -
0] /a'N dv = 0 / ts dA | (4.84)
P00 R0

with V@ and A representing volume respectively discontinuity surface area associated to
GAUSS point i. Equation (4.84) must be fulfilled for each affected GAUSS point.

Figure 4.6b schematically depicts the situation of a planar quadrilateral element, where two
GAUSS points are subject to discontinuous response.
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Figure 4.6: (a) Schematic sketch of a quadrilateral element partitioned into GAUSS point associated
subdomains 2(). (b) Formation of two localization surfaces associated to GAUSS points
2 and 3, respectively.

Assuming a sufficiently high order of integration, rates of stress and traction can be consid-
ered as approximately constant over the correspondingly small domains 2 and §,02%. In
consequence, equation (4.84) reduces to

eNY =i ; (4.85)

constituting a completely independent and GAUSS point local treatment of the former integral
type traction continuity condition.

For the evaluation of the stress rate & in equation (4.85) now the notion of nonlocal averaging of
the transmission function gradient V¢ is adopted. Accordingly the stress rates are determined
subject to (4.79) using the nonlocal average (4.80). As an important aspect of the nonlocal
averaging procedure a smoothing of the transmission function gradient V¢ is introduced.
On the one hand, this smoothing effect indeed proves beneficial from a numerical point of
view; tests show that it considerably contributes to the robustness of the approach. On the
other hand, nonlocal averaging reflects the physical property that the kinematics of multiple
localization surfaces within one finite element are in fact not mutually independent.

The notion of nonlocal averaging also substantiates that via the transmission function under
the terms of (4.80) an element size related internal length scale is implicitly introduced into
the formulation.

4.5.2 Reassessment of the strong discontinuity kinematics

With special attention to a high-order finite element framework, this section resumes the
discussion and motivation of a suitable choice for the transmission function ¢(X), respectively
its gradient Vp(X), put forth by the strong discontinuity kinematics of Section 4.1. There,
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it was already indicated, that the choice of p(X) is not completely arbitrary — subsequently,
the decisive characteristics are elaborated and discussed thoroughly.

4.5.2.1 Equivalence of standard and reformulated discontinuity kinematics

Again, let us assume the situation of a body 2 with a localization surface 0s§2. Then, in view
of the previously described rate form constitutive framework, we restate the modified version
of the strong discontinuity kinematics (4.14) and write the enhanced strain rates within the
domain {2 as

¢ = VG — ([a]s ® Vo)™ + ([a]s © N)™ 6, . (4.86)

We recall that the modified version of strong discontinuity kinematics was initially motivated
by a more convenient treatment of the DIRICHLET constraints (Section 4.1.2), furnished by
the displacement field decomposition (4.11):

—p(X)), VXe (4.87)

)
Mk (4.9)

.

a(X,t) = a(X,t) + [4](X, 1) (H(X

The departure point for its development, however, was the standard form of strong disconti-
nuity kinematics, derived from a physically justified decomposition of the displacement field
into regular and jump terms according to (4.4):

WX, 1) = 6(X )+ [u] (X 1) H(X), VX e (4.88)
regular jump term

To elaborate on the equivalence between the two formulations (4.88) and (4.87), it is important
to realize that in a general three-dimensional setting, the decompositions are relevant only to
those components of the displacement field that represent the direction of the displacement
jump m(X,t), which in a general setting can be a function of space and time. Thus, as
necessary conditions to assure the equivalence between the physical formulation (4.1) and the
algorithmically motivated formulation (4.8), we require the above equations (4.88) and (4.87),
respectively, to yield the same rates for the displacement component falling together with the
direction of the displacement jump m. At a given instant ¢, considering identity (4.7), we
formally enforce ®

!

((@(X) = [@)(X) (X)) e m(X) Jm(X) £ (&(X) e m(X) )m(X), (4.89)
from which immediately follows, that

. (ﬁ(X) - ﬁ(X)) o m(X) o
AT T (X em(X) '

8The vector u,, resulting from the projection of u on the unit vector m is computed according to
Uy, = 1“;,1""" % =(uem)m
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In the present case we have, consistent with definition (4.32), m = const. with respect to
space; therefore equation (4.90) can be rendered in the alternative form

o(X) == (a(x> - i‘;,(X)) om | (4.91)

where advantage was taken of the fact that m e m = 1.

4.5.2.2 Discretized setting

In the following, for further development of the approach within the framework of a finite
element context, we consider — as in Section 3.1.2 — the body (2 being represented by means
of a union of finite elements (2., so that 2 = UZj{” {2.. Then, the standard finite element
assembly procedure outlined in Section 3.1.2, manifests the continuum body’s response as
independently determined and subsequently assembled contributions of the individual finite
elements. Consequently, and conforming with this approach, we now associate the previously
derived strong discontinuity kinematics with the domain of one finite element (2., more pre-
cisely we set 2, = (2.. The advantage of this specific choice is twofold. First, as already
alluded to in Section 4.1.2, since u,(X,t) = up(X,t), VX € 0f2., the DIRICHLET conditions
on 0f2, can conveniently be incorporated. Second, adopting this view, from equation (4.87) we
readily identify 4 as the compatible displacement field spanned by the element basis functions.
At a given instant ¢t we have:

nnN nE
K3 N oK
up(X) = ZNz‘N<X) d; + ZNZE(‘X) d; +
i=1 i=1
ng e np .5
+Y NF(X)d; +> NE(X)d; , (4.92)
i=1 i=1

where superscripts N, E, F' and B denote the nodal, edge, face and internal (bubble) modes,
respectively.

Finally, to complete a formulation for ¢(X), respectively its discretized form ¢,(X), that
satisfies both conditions (4.10) and (4.90), it remains to address the nature of the function
(X)) contained in (4.90). To this end, we consider a continuum body 2 subjected to a
displacement rate @(X). Let @(X) effect an active localization surface 052 within the body,
i.e., an increase of the jump amplitude (. Then, in virtue of the fundamental displacement
field decomposition (4.87), %(X) describes the change of the displacement field in the domains
27 and §2 adjacent to the discontinuity surface 9,62 (cf. Figure 4.2). Furthermore, consistent
with Proposition 4.3.1, deformation is concentrated into the localization zone, resulting in an
increase of the discontinuity, i.e., the displacement jump. This, in turn, reduces the amount of
traction that can be transferred across the localization surface — a result of the progressing
softening response. The important point is, that the adjacent domains Q;f and (2, must
then unload to satisfy the traction continuity condition stated in Proposition 4.2.1. Notably,
this unloading behavior is of passive character since it is completely induced by the softening
response of the localization surface 0;f2. As a consequence, higher-order displacement rates
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@ em in the adjacent regions Q; and {2 will not be stimulated. This situation is comparable
to a prestrained continuum body that is subject to a change (release) of the prestraining
traction on its boundary.

From the foregoing argumentation we conclude:

Hypothesis 4.5.1. The order of interpolation for & e m should be linear at most, a higher-
order interpolation would tend to enforce unphysical unloading patterns in the regions (2:; and

2, adjacent to the softening localization surface.

Figure 4.7: Decomposition of higher-order displacement rates with jump discontinuity

Additionally, equations (4.10) — which assure a proper representation of the DIRICHLET
conditions at the element boundary 02, — together with equation (4.7) imply that

(X)L {ah(X) — i VX €00} (493

(X)) VX €00,

As before, the displacement jump [4]; at the discontinuity surface is reflected in the element
local enhanced variables fi := (m. An interpolation for %(X) that both accounts for (4.93)
and reflects the low order interpolation requirement of hypothesis 4.5.1 can conveniently be
constructed from the element Ansatz functions as

NE F.B

ZNN yd + > NPRE(x) d) " -
=1
i, (X)
neo+ NE,F,.B EEB
S ONYX) - Y NEPE(X) (di’ ’ om>m. (4.94)
i=1 j—

Observe, that the first subtracted term involves the nodal shape functions only of those nodes
that are associated with 21 — and therefore assures compatibility with the DIRICHLET con-
straint (4.93). The last term, in turn, effectively eliminates the high-order contributions for
e m, and thus satisfies the low-order interpolation requirement stated in Hypothesis 4.5.1.

With this definition at hand the transmission function ¢,(X), as defined by (4.91), is finally
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obtained as

) — iy, X))om

no+ NE,F,B
(ZNN ) o+ Z NPFB (XY df’F’B> om
o+

:3 m|»— J‘\l)—*

NE,F,B

NY(X) 45 S NEFP(X) (" em) | (4.95)

(2 (2
N
N~ N~

Ph,base Ph,int

(<
\

where once more the identity m e m = 1 was exploited.

The so obtained definition of ¢y, is constituted of a term ¢, pase reflecting the transmission
function commonly adopted for low-order finite elements (see, e.g., references [87], [100], [130],
[79] and [41]) and an additional ¢, iy term accounting for the possible effect due to higher-
order modes. It should be noted, that expression (4.95) represents a generalization of the
standard concept — in the absence of higher-order contributions it simply reduces to

TLQ+

-y ) (4.96)

Remark. An alternative motivation for the derivation of function yy, is set out as follows. As
alluded to in Section 4.1, ¢, essentially transmits the effect of the displacement jump to the
boundaries of the numerical localization zone, which in the model is represented by (2,. For
low order finite elements with p = 1 due to the constrained kinematics the element essentially
localizes as a whole, such that the boundaries of the numerical localization zone indeed coincide
with the element boundaries 0f2.. Higher-order modes, on the contrary, are qualified to resolve
the discontinuity in a more localized manner, such that localization is restricted to a portion
of the element domain only. Consequently, the actual numerical localization zone no longer
is congruent with the assumed domain (2, = (2. — an effect which must be reflected in
the transmission function . Viewed in this light, formula (4.95) exploits the higher-order
contributions as an adaptive measure for the extension of the actual numerical localization
zone and thus adjusts to the localization response independent of finite element size and
displacement field’s order of polynomial approximation. If we further consider, that in the
present approach the effect of the discontinuity is captured on continuum level, it appears
natural that the discontinuity’s actual discretization, possibly reproduced by higher-order
polynomial contributions, in some way must enter the continuum formulation.

Following up Hypothesis 4.5.1 and the argument outlined above, the commonly accepted notion
that o, only has to suffice conditions (4.10) — which facilitate a consistent representation of
the DIRICHLET conditions at the element boundary 0f2. — and otherwise is arbitrary, appears
improper in a generalized framework. O

The ‘base’ contribution to the transmission function ¢, (X) depends according to equation
(4.95) on the number of element nodes ngo+ located in 2. In order to distinguish the various
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(a) (b) () (d)

Figure 4.8: Schematic representation of four possible numerical localization modes for a hexahedral
element. Nodes in 27 are marked black, nodes in 2~ are marked white. (a) One node
in 2. (b) Two nodes in 2. (c¢) Three nodes in 27. (d) Four nodes in £2F.

possible configurations, MOSLER [75] introduced the term numerical localization mode. Figure
4.8 qualtitatively illustrates possible configurations for a hexahedral element.

Depending on the actual prevailing numerical localization mode, diverse definitions of the
regularizing function M (4.87) emerge. Figure 4.9 demonstrates two possible configurations
for M for the two-dimensional case by means of a quadrilateral element.

Figure 4.9: Two possible numerical localization modes for a quadrilateral element. Shape of M
exemplified in the absence of higher-order contributions. (a) Discontinuity 0s{2 crossing
two opposite element edges. (b) Discontinuity 0sf2 crossing adjacent element edges.

With a view to the enhanced strain formulation according to (4.86), the derivation is finally
completed by establishing the corresponding gradient to ¢, as

n o+ nE,F,B
1 .
Von(X) =Y VNN(X) +7 Y NERE(X) (df’F’B . m) . (4.97)
=1 1=1
V‘p‘h',base V;;,int

The actual numerical evaluation of (4.95) and (4.97), respectively, is treated in Section 5.2.1.
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Chapter 5

A model for the simulation of brittle
mode-I material failure

The line between failure and success

s so fine that we scarcely know when we pass it.
— Elbert Hubbard.

In Section 4.3, a general framework for coupling embedded strong discontinuities with a plas-
ticity type discrete traction-separation law has already been discussed. The present chapter
finally carries over this concept to a specific formulation suitable for the simulation of brittle
mode-I material failure. The chapter is split into two main parts. The first part describes the
essential characteristics of the adopted model while the second part is devoted to algorithmic
aspects of the implementation.

5.1 Model characteristics

5.1.1 The RANKINE criterion

Following up Section 4.3 we start with the adoption of the general form of admissible stress
space Eg according to (4.26):

oo, q) = [It]] — q(a) (5.1)
Equation (5.1) can be further refined as
oo, q) =tem —q(a)
— (0 N)om —g(a)
=(m®N):o0—qa) (5.2)
-

tm
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— i.e., by selecting an appropriate norm, the first term on the right hand side of (5.2) now
represents the traction component t,, in the direction m at the discontinuity surface, where
the discontinuity surface is described by its normal N. If we further choose ¢ = ||¢s]| and
require ¢(o,q) < 0, the local form (5.2) then effectively poses a restriction on the traction
component t,,, in dependence of the kinematic variable « (cf. [75, 41]).

Subsequent derivations are based on the assumption of associative plasticity, i.e., hardening
law and flow rule are determined by the potentials h = ¢ and g = ¢, compare equations (2.72),
(2.71) and (4.29). For this choice, we observe that

so that in view of (4.37) we confirm the identity (4.38), i.e., A = ¢. Further, from the evolution
equation (4.29), together with (5.2) and (4.38), we obtain

06(o.q) _ , 06(0.0)

a= A\ =

o b= =C (5.4)

With ¢ denoting the amplitude of the displacement discontinuity, which in the context of
brittle material failure corresponds the the actual crack opening, equation (5.2) can be recast
in a physically motivated form:

¢(o,q) =(mxN): 0 —q(() (5.5)

In this form, for the limit case ¢(o,q) = 0, it is obvious that equation (5.5) indeed describes
a discrete interface law.

Recalling m as the direction of the displacement jump, compare (4.32), an interface law
describing the behavior for mode-I separation is readily obtained by setting

m=N . (5.6)

Doing so, the discrete form of the well-known RANKINE yield criterion is recovered as

do.q) = (N©N):a—gl¢) (57)
RG]

where the admissible traction vector normal component ¢, is related to the tensile strength of
the material f;. The tensile strength in turn depends on the amplitude of the displacement
jump (, i.e., the crack opening, across the discontinuity surface 0;{2. Hence, the discrete
RANKINE interface law furnishes a unique relationship between the admissible traction across
the (crack) interface, represented by the discontinuity surface 052 and the separation of the
disjoint parts 2% and 2.

Figure 5.1a depicts the RANKINE yield function in the two-dimensional principal stress space.
Conforming with (5.7), the onset of inelastic deformation localization is characterized as the
instant when the maximum principal stress for the first time attains the tensile strength of
the material. Prior to that moment the material is — in a simplified manner — assumed to
exhibit purely linear elastic response.
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5.1.2 Softening relationship

A typical example for material failure is the formation of a crack in brittle materials. In this
context, the magnitude of the displacement jump represents the crack opening. Typically, the
amount of traction that can be transferred across the crack directly depends on its current
opening state. For mode-I material failure, the tensile strength f; is employed as equivalent
stress or rather equivalent traction. Since it is considered to be a decaying function in terms
of crack opening, it is usually referred to as softening relationship. As already alluded to
in Sections 1.1 and 1.2, for many materials the specific fracture energy G can be regarded
as a material constant. According to CEB-FIB Model Code [32] the specific fracture energy
for plain concrete is defined as the energy required to propagate a tensile crack of unit area.
Adopting the notion of constant fracture energy, softening relationships are based on the
requirement

[e. 9]

/ 4(¢) d¢ = Gy . (5.8)

In this work, two variants of softening relationships obeying (5.8) are employed, a linear and
an exponential one. The exponential relationship, Figure 5.1b, is given as

q(¢) = fruexp (—i) , (5.9)

Cu
whereas the linear relationship reads
fu<1—£> for 0< (<
o=V« (5.10)
0 for (> (, .

In both relations f;, denotes the uniaxial tensile strength and the auxiliary parameter (, is
computed as

Gy
y = — 5.11
Cui= 3= (5.11)
for the exponential law and
G
Cui=2-1 (5.12)
ftu

in the linear softening case, respectively.

5.1.3 Determining the discontinuity normal

The considered constitutive model of RANKINE type is characterized by a linear elastic pre-
peak behavior. Evaluation of the strong discontinuity condition (4.43) for the RANKINE case
turns out to be particular convenient. It can be shown (see, e.g, MOSLER [75]) that in this case
the strong discontinuity condition is identically satisfied for the direction of maximum principal
stress. The vector N = m is therefore obtained as the direction of maximum principal stress,
an explicit evaluation of the strong discontinuity condition (4.43) is dispensable.



92 5. A model for the simulation of brittle mode-I material failure

7 “(]
Ju fu ]
ftu Gf
) o
arctan(H)
¢ (a,49(C)) G =<

(a) (b)

Figure 5.1: Representative constitutive model for mode-I material failure: (a) RANKINE failure sur-
face in the two-dimensional principal stress space, (b) fracture energy objective expo-
nential softening law

5.2 Algorithmic treatment

The principal objective of the constitutive algorithm is the evaluation of the previously es-
tablished constitutive relationship (4.79). Introducing the equivalences 87tg =mand A =(
developed above, the constitutive relation is recast as:

6=C: (V™" —¢,) VX en\an (5.13)

In equation (5.13), the symmetric second-order strain tensor €, is determined by the flow rule

g, =C (maVy,)™" (5.14)
with V¢, being defined subject to (4.80) as
_ 1
Vi, (X) = W/Vgph(ﬁ) av . (5.15)
2

The rate of the displacement jump amplitude ¢ takes over the role of the LAGRANGE mul-
tiplier A in standard flow theory of plasticity. It is determined from the traction continuity
requirement in 0y(2, represented by the condition ¢(o,q) < 0, where the yield function ¢ is
defined according to (5.7). In Section 4.3.2.1, we have already pointed out the formal equiva-
lence of this setting to a formulation resulting from the classical flow theory of plasticity. As a
consequence, standard algorithms of computational plasticity such as described, e.g., in ORTIZ
& MARTIN [93], SIMO & HUGHES [114], ZIENKIEWICZ & TAYLOR [135], CRISFIELD [23, 24]
or JIRASEK [51], can be adopted with minor modifications. Due to the notion of assuring
the admissibility of the stress state subject to some yield condition, this class of algorithms
frequently goes by the name return mapping strategies or simply stress return algorithms. In
this work, an implicit scheme is employed and will be described in detail in Section 5.2.2.
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5.2.1 Computing the transmission function ¢

In view of equation (5.13) we start by establishing the transmission function ¢, (4.95), respec-
tively its gradient Vi, (4.97). Following the composition of equation (4.95), computation of
the transmission function y, is carried out in two steps — related to the respective contribu-
tions of ¥p, base and @, in-

5.2.1.1 Identification of the nodal shape function basis contributions

Focusing for the moment on the nodal shape function contributions to ¢j, computation of
©h,base Can be realized in a straight-forward and convenient manner. To clarify this, we consider
a sampling point — typically a GAUSS integration point — with position vector X, located
inside a finite element with domain (2,. We assume that for this integration point localization
is signaled and the discontinuity surface normal direction IV is established according to Section
5.1.3. Then, the element nodes 7 lying in the direction of N, i.e., XX € 2, can be identified
by a simple scalar product operation. Summing up the contributions of the associated shape
functions NZ-N , finally furnishes ¢, pase. The structure of the resulting algorithm is illustrated
in Algorithm 5.1. The algorithm renders very efficient since no additional effort is required
to evaluate the nodal shape functions N} at the position X of the considered GAUSS point
— the respective contributions are already available from the finite element displacement
approximation.

Algorithm 5.1: Computation of the transmission function ¢
initialize VX € 0sf2. :  ©n.base = 0
for 1 =0 to ny do
proj = (XY — X)e N
if proj > 0 then
‘ Ph,base — Ph,base + NZN
end

end

The procedure for computation of the actually required gradient V¢, pase follows completely
analogous lines, with the only difference that in place of the nodal shape function contributions
N} contributions of the respective gradients VNV are summed up.

The required average V_gph,base according to equation (5.15) is numerically obtained by GAUSS
integration. To this end, the above procedure is repeated separately for all GAUSS points
within the element domain (2., the weighted contributions are summed up and finally divided
by the element volume V°.

Depending on the orientation of the discontinuity surface within the element and the element
geometry, the resulting transmission function gradient V¢, .., may not be aligned with V.
As a consequence spurious strains might develop, such that a normal displacement in direction
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N of the discontinuity also induces significant lateral sliding along the discontinuity surface.
This, in turn holds the potential of spurious stress generation (stress locking). But even if
stress locking is avoided, the undesired sliding behavior can be the source of instabilities and
spoils the robustness of the procedure, also refer to [128]. The effect becomes particular severe
if the discontinuity surface is considered fixed and is not allowed to rotate with time, i.e.,
N = 0. An ad hoc remedy to overcome this pathological behavior, is the elimination of the
spurious lateral contributions from the transmission function gradient V_gohbase by a coercive
alignment of V_gphbase to IN. Numerical tests confirm that this modification crucially improves
on the convergence behavior of the method, see also [128].

5.2.1.2 Higher-order contributions

From an algorithmic point of view it proves convenient to slightly revise the definition of
V5, subject to (4.97). For this purpose, we recall that the essential characteristic of the
higher-order contributions is the adaptive scaling of the transmission function in order to
account for the kinematically improved representation of the discontinuity (cf. Section 4.5.2.2).

Exploiting this interpretation, we introduce a scalar factor ¢(¢) to the previously established
basis contribution Ve, ..., such that

V_SOh - V_(ph,base C(C) ) (516)

where

Vonin ®m

Soh,base em
B

E,F, .
; VNP (X)) (d

c(¢) ==1+h({)¢

n E,F.B
; em)| em

=1+ h(() (5.17)

VQph,base *m

The auxiliary function h(¢) is introduced for numerical reasons in order to guarantee a well
defined behavior for ¢ = 0. It is constructed such, that for values ¢ > 0 it converges fast and
asymptotically against 1/(. Possible definitions are, e.g.,

1

S (5.18)

h(¢) :

or

h(¢) == L (5.19)

\/624—6’

where € < 1 € RT denotes a small numerical constant.

Given the definitions (5.17) and (5.18) respectively (5.19), equation (5.16) represents an al-
gorithmically equivalent form of the original definition (4.97) of the transmission function
gradient Vi, — regarding its effect in the direction m of the displacement jump.
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Figure 5.2: Family of auxiliary functions h(¢) for different choices of parameter € in comparison with
the graph of 1/¢.

Figure 5.2 shows the graphs of a family of auxiliary functions h(¢) for different choices of
parameter € over a range 0 < ( < 1. With a view to the required linearization, the exponential
type function (5.18) is preferable over type (5.19) due to the consistent curvature of the graph.

For the numerical analyses, equation (5.18) is adopted with a choice of parameter € equal to
l.e 10,

5.2.2 Stress evaluation

Within the adopted finite element framework, for time ¢, the incremental iterative overall
solution procedure provides an updated displacement field u,1, the corresponding strains
€,+1 and the state variables (¢, ), which are related to the previous converged equilibrium
state at time t,,. For this new deformation state now the corresponding updated fields o,
and (¢, €y)n41 are sought.

Hence, the intrinsic task of the stress return algorithm can be described as a mapping of the
form

<€_n+1,0'n,€ﬁ,qn) — (E_n+170'n+1,€z+1,qn+1) vX € P \ 389 . (520)

Notably, the mapping is performed for X € 2\ 0,{2. By employing the traction continuity
condition for the interface law in 0sf2 the need to explicitly consider the singular strains
gs € 042 is avoided. Instead, the effect of the discontinuity on the adjacent bulk material
is modeled. As a consequence, the otherwise required approximation of the DIRAC-delta
distribution by numerical regularization [88] becomes completely dispensable.
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In order to establish such a mapping, the integration of the rate form constitutive relationship
(5.13) over the interval ¢, to t,.1 is required. In general, a closed form solution is — due to
the complexity of the constitutive relation — impossible to obtain, hence a numerical solution
procedure must be adopted. Such a scheme can be written generically as

tn+1
Tpi1 = Tp + zdt

tn

~ T+ (bir — tn) (Biim + (1 — B)dnsr) (5.21)

with 0 < 8 < 1.

Depending on the choice of 3 different strategies are recovered. For § = 1 an explicit method
is established (Forward-EULER), where computation of the unknown state x,,.; is based exclu-
sively on information available from the known state z,,. Such a procedure is computationally
convenient, it exhibits however all the well-known drawbacks regarding conditional stability,
i.e., sensitivity to the pseudo time step size At = t,,,.1 — t,. Moreover, when transferred to
the present context, admissibility of the computed stress state at time t,,4, i.e., satisfaction
of ¢(a,11,qnr1) < 0, is not guaranteed [135]. Choosing 5 = 0 on the other hand, renders
a fully implicit scheme (Backward-EULER) which offers the distinct feature of unconditional
stability. In addition, for this approach the admissibility of the computed stress state at time
t,+1 inherently is assured. The price for these benefits lies in the fact that now computation
of the unknown state x, 1 requires information of the unknown state itself, and therefore
indespensably entails an iterative process. Combined approaches with 0 < 3 < 1 are possible,
as well — this issue shall, however, not be further addressed in this work. Instead, owing to
the advantageous characteristics set out above, for the present context the notion of a fully
implicit Backward-EULER scheme is adopted. Due to its superior stability features, the im-
plicit scheme has gained increasing popularity and a huge amount of literature is available
on this topic. A comprehensive algorithmic overview is given, e.g., in CRISFIELD [23, 24],
ZIENKIEWICZ & TAYLOR [135] and the work of SiMO & HUGHES [114] can be regarded as a
definitive book on this topic.

The essential ingredients of the implicit approach shall subsequently be elaborated. To this
end, we start by rewriting the constitutive relationship (5.13) in a corresponding incremental
form. At time ¢, ., the stress state is dermined by

i1 =C: (VU —€7) . (5.22)

Adopting the Backward-EULER integration scheme, the inelastic strain e, is computed
subject to the flow rule (5.14) as

€241 =5+ AC Gy (5.23)

where the symmetric second-order tensor ¥ denotes the accumulated inelastic strains in the
localization surface 0,2 at the previous time step t,, and the, likewise symmetric, second-order
tensor

sym

G:=(maVy,) (5.24)
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has been introduced to simplify notation. Due to the Backward-EULER assumptions, the
increment of inelastic strain in (5.23) is completely determined by the state at time #,,;. !
Analogously, we write the flow rule for the displacement like internal variable a according to
(4.29), as

Opt1 = Qp + AC (a7q¢)n+1 . (525)

With 4,1, and state variables (q, €,),, being given, a trial stress state can simply be established
by assuming a non-localized response, i.e., taking A = 0 in equation (5.23). If the so obtained
stress state suffices condition ¢(a?, ¢,) < 0, it is admissible and the assumption of a non-
localized response was justified. If on the other hand localization is signaled, then A( > 0

holds and from the KARUSH-KUHN-TUCKER conditions (4.30) we have the constraint

¢(0n+17 QTL-‘,-I) =0. (526)

Equations (5.22), (5.23) and (5.25) then form a nonlinear system of equations that can be
solved for the unknowns o1, ¢,+1 and A using any suitable iterative technique.

With the objective of developing such an iterative scheme, in what follows the NEWTON-
RAPHSON procedure is adopted due to its favorable quadratic convergence properties. Thereby,
we follow the basic lines given in [114] and later particularize the formulation with a view to
the present setting. We start by defining from equations (5.22), (5.23) and (5.25) the residuals

R = Vsymﬂn+1 - E;,f — Cil O0p1 — A< Gn+1 (527)
and

R* i= a1 — an — AC (a,q¢>n+1 (5.28)
For subsequent use we also recall the previously established correlation H = —dq/dc, cf.

equation (2.78), which — accounting for the scalar character of ¢ and o — in the present
context reduces to

Hyp = — [ == — H ! =—(= . 5.29
+1 (804 " +1 dq . ( )

Hence, a solution (o, q, AC) ? to the nonlinear system of equations must satisfy the yield
condition (5.26) in consideration of the additional constraints posed by relations (5.27) and
(5.28) according to

R (o, AQ) 0
R (g, A0 $ =10 . (5.30)
¢(o,q) 0

Tt should further be noted, that in the most general case G depends on the stresses o via m, the jump
rate C and also on the displacement gradient rates via the enhancement (5.17), which accounts for the internal
mode contributions.

2To clarify notation, the index (o), is omitted here and in the following. Within the Backward-EULER
approach, it is unambigous that all quantities are related to the instant ¢,;.
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Assuming equations (5.30) are not satified for the current state (o, ¢, AC)x, an improved state

(0.0, AC),,, = (0,0, AQ), + (Ao, Ag, A%(),
(O‘)k+1 = (O‘)k + (1 Aq)k

can be obtained by a linear extension around the state k. To this end, a truncated TAYLOR
series is applied to equations (5.27), (5.28) and (5.26) to finally render the linearized system
of equations

(5.31)

R R AR [0
R~ =R} + QAR =<0 (5.32)
0 L) Lae ), 0
with 3
AR* —(C'+ 065G ACQ) ~-0,G AC — (G +0.G A¢) Ao
AR® = —050,40 AC — (H™' 40,4040 AC) —0,40 Aq :
Ag k a,O'Cﬁ a,q¢ 0 k AQC k
(5.33)

The linear system of equations (5.32) could now be solved for (Ae, Aq, A%C), the current
state k would be updated according to (5.31) and the whole process iteratively repeated until
condition (5.30) is satisfied within a specified tolerance. For the considered family of yield
surfaces (5.2), however, the linearized system of equations (5.32) can be further tapered,
furnishing a more efficient implementation. Employing (5.29) in accordance with the flow rule
(4.29)4, we note that

Ag=—-HAa=-H ? A% (5.34)
q

Substituting this equivalence into (5.33) and accounting for 0,G = 050 ,¢ = 0, furthermore
0,40 ,0 = 0, the system of equations (5.32) is cast in an equivalent reduced form

(C'+95GA0) (G+0.GA)] [Ao) (R (5.35)
Do ~0,0H0.0 |, \A%S,  \-of, " ‘

The just developed procedure can — due to its close connection to the principle of maximum
dissipation, cf. Section 2.4.2.1 — be interpreted as closest point projection strategy. This
notion is particularly justified in case of associated flow and hardening rules for which a
geometrical interpretation of the return mapping procedure is readily available, as illustrated
in Figure 5.3.

A compact strucure chart of the complete return mapping algorithm is provided in Algorithm
5.2.

3In the present tensorial notation, the matrix product in equation (5.33) must be interpreted in a slightly
different manner: components related to Ao are multiplied subject to a double contraction “:”, while for
components related to Ag and A2(¢ a standard single contraction “” applies. For the actual numerical imple-
mentation, of course, the tensorial components are transferred to their respective matrix equivalents.
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OEq (

¢n+1 = 0)

trial
n+1

OEg (¢n =0)

Figure 5.3: Geometrical interpretation of the closest point projection algorithm.

5.2.3 Algorithmic constitutive tangent

In order to maintain the quadratic convergence properties of the global incremental-iterative
NEWTON-RAPHSON solution process, it is essential to assure the consistency of the employed
material tangent operator with the actual algorithmic formulation of the constitutive inte-
gration algorithm. The notion of a consistent tangent stiffness was established by SIMO &
TAYLOR [118], it is frequently also referred to as algorithmic tangent stiffness [51]. In this
work we prefer the term algorithmic over consistent to emphasize the inherent difference to
the (also consistently derived) continuum tangent stiffness, which for the elastoplastic case has
already been defined by (2.80). Due to the popularity of implicit return mapping schemes,
the available literature on the topic of algorithmic tangent stiffness is just as comprehen-
sive. Representatively, the early work of OrRTIZ & MARTIN [93], dealing with the aspect of
symmetry-preservation of the approach, shall be mentioned.

As already alluded to in the previous section, starting from an equilibrium state at time ¢,, with
a corresponding strain state £€,, the global solution process with each iteration k provides an
iteratively updated state &, related to the current time ¢,,4; until convergence is reached,
i.e., equilibrium is fulfilled. The essential role of the constitutive algorithm in this framework
is the mapping of the strain state &, to a corresponding stress state o111 = 0p11(Ent1k)s
resulting from a strain increase from &, to &,.1x — where the mapping function 6,,1(€)
generally depends on the state variables of the previous equilibrium state at time ¢,,. In place
of the continuum tangent (2.80)

_ Jo
Cep(€> = %
the algorithmic tangent is then defined as
00,,.1(¢
Cril(e) = 90nin(€) (5.36)

0€
It is important to note that due to its dependency on the previous equilibrium state, the
mapping function 6,,.; reflects the incremental character of the approach and therefore, in
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general

CiiM(E) # Capl®) (5.37)

alg
unless € = g,,.
To derive an algorithmic tangent formulation for the present setting, we extend the basic

lines set out in [114]. Differentiating the algorithmic constitutive relationship (5.22) and the
algorithmic flow rule (5.23), we obtain

doyi1 =C: (dgngy — defly) (5.38)
dE;i_H = AC 670'Gn+1 : dO’n+1 + (Gn+1 + AC 87<Gn+1) dAC + Ag 6’€_Gn+1 : d§n+l .
(5.39)

Substituting (5.39) into (5.38) yields
da'n+1 - En—i—l : |:(I — AC 37€—Gn+1) : de_n+1 - (Gn+1 + AC 87<Gn+1) dAC:| 5 (540)

where the algorithmic fourth-order tensor =, is defined according to

1

(1]

n+l ‘= (Cil + AC 870'Gn+1)_ (541)

In analogy to the continuum case, the result (5.40) is inserted into the algorithmic form of the
consistency condition (2.76)

a’o'qbn_;_l . dG'n_H + 8,q<bn+1 8,aqn+1 8,<ozn+1 dAC =0 (542)
< 8,0'¢n+1 : dan+1 + 8,q¢n+1 (_H) 8,q¢n+1 dAC =0 (543)

in order to obtain the incremental LAGRANGE multiplier as

o tni1: Enpr: (I —ACOgG i) : dEniy
0.0 bn+1: Eny1: (Gry1 + ACOcGrin) + 0gbps1 H O gnyr

Finally, substituting (5.44) into (5.40) furnishes the expression for the algorithmic tangent
modulus as

dAC =

(5.44)

Jo
C;H—l = =
le 0€& gl
= Eni1 i (Gui1 + ACO¢Grir) ® 0gdnin : Engr + (I — AC a,s‘GnH)
e a,o‘¢n+1 : EnJrl : (Gn+1 + AC 87CGn+1) + 87Q¢n+1 Haﬂ¢n+l ‘
(5.45)

5.2.3.1 Peculiarity for higher-order mode contributions

In the derivation of (5.45), we have tacitly assumed a dependency of G on &, giving rise to

the term 0 gG. This dependency is due to the scaling factor ¢(¢) (5.17) previously introduced
into equation (5.16), which accounts for the influence of higher-order modes. The nominator
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of (5.17) can be identified as the contribution of the internal modes to the normal strain rate
in the direction of the displacement jump m:

NE, F,B
S WNERE(x) (d" e m)] oem=(m®em): " =z (5.46)
i=1

Using this cognition along with definitions (5.24) and (5.16), we rewrite the derivative 0 gG
as

*E F.B\ 9=
ST (é’c(emm )(%mm) _ (5.47)

O€mm 3

In the form of (5.47), the only term which can not be computed ofthand, is the derivative
0z.mC. To emphasize the dependency for the present context, the scaling factor c is denoted
as a function of the internal mode contributions, i.e., ¢ = ¢(2:1B). Hence, in view of (5.17)
it is evident that evaluation of

OEE.FB
O€mm
is required to finally compute the sought derivative (5.47).

The coherence between strain rate contributions from internal modes and total strain rate
can, however, not be described analytically on the level of observation, i.e., material point
level. Hence, it is not possible to compute an exact algorithmic tangent in case internal mode
contributions are present.

Nevertheless, introducing the approzimation

9iEF.B ZEFB
mm

~ Cmin 5.49
O mm Emm (5.49)

i.e., assuming the portion of higher-order strain rate contributions to be constant, it is finally
possible to establish an approximate algorithmic tangent also for this extended case.

Clearly, the approximative character of the derivative (5.47) to a certain extent antagonizes
the quadratic convergence properties of the overall NEWTON-RAPHSON iteration process on
structural level. Therefore, in order to stabilize and accelerate the iterative process, the
standard NEWTON-RAPHSON procedure is enhanced by a secant-related Quasi-NEWTON sta-
bilization technique according to CRISFIELD [23] for the actual implementation. The scheme
is closely related to Quasi-NEWTON techniques such as the popular BFGS-method, named
after BROYDEN [19], FLETCHER [42], GOLDFARB [44] and SHANNO [111]; for an overview see,
e.g., LUENBERGER [67].

5.3 Fixed or rotating discontinuity?

The plasticity formulation for mode-I failure in a strong discontinuity context developed in
preceding sections, relies on the basic assumptions of
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Algorithm 5.2: General closest point projection (Backward-EULER)

compute elastic trial stress o8l = C : (V™41 — €7)
compute yield function ¢(o";ffll, In)
if ¢(ol, ¢.) <0 then

(elastic response)

update:

€£+1 =€}

Apt1 = Op

Opt1 = Oy

n+1 = dn

C:lgl =C

return good

else

(localized response)

initialize:

€10 = En

On+1,0 = Ug—i&?ll

An41,0 = Oy

Gn+1,0 = 4n

A<0 - 0

for k=0 to Maxlter do
compute R; subject to (5.27)

if ||?| <€ and ||R;|| < € then

update:

€ﬁ+1 = Erf—&—l,k

Qpy1 = Qpy1k

On+l = Ontlk

n+1 = Qn+1k

compute (C:fgrl subject to (5.45)

return good

end

compute coefficent matrix subject to (5.35)
solve LSE (5.35) for (Ao, A%()

update:

Ontlk+l = Optlk T Aoy,

AQry1 = Al + A%

€ i1k = Eniip T A G

Opt1 k+1 = Q1 + (3,qq5)n+17k A2, subject to (5.25)
Int1 k41 = Gni1e — H %’ A?¢ subject to (5.34)
compute ¢(Gn i1 k41, Intikr1)

end

return bad
end
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e a general yield function of degree one according to equation (5.2),
e an associated flow rule and

e an associated hardening law.

However, the issue of characterizing the discontinuity itself has not yet been tackled, which
still offers the possibility for various sub-formulations of the model.

5.3.1 Rotating discontinuity

For the algorithmic derivation established so far, it has been tacitely assumed that both the
direction of the discontinuity normal N and the direction of the displacement jump m can
change with time, i.e., N = N (t) and m = m(t). In effect, also the tensor G (5.24) introduced
to the stress evaluation algorithm (Section 5.2.2) has to be considered as time dependent. This
general concept of a rotating discontinuity reflects the characteristics of rotating crack models
commonly adopted in the context of smeared crack models (e.g., OLIVER [86], JIRASEK [58]).

In the framework of strong discontinuities such a general concept is advocated by MOSLER
[75, 76] and MOSLER & MESCHKE [80].

To some extent, the concept of a rotating discontinuity contradicts the assumptions made
for derivation of the strong discontinuity kinematics, cf. Section 4.1, where the shape of the
discontinuity surface is assumed to remain unchanged over time. Based on this notion, algo-
rithmic formulations commonly rely on the assumption of stationarity regarding discontinuity
orientation and displacement jump direction, i.e., N = const. and m = const. (see, e.g.,
OLIVER [88], WELLS & Sruys [130], FEIST [41]).

5.3.2 Fixed discontinuity

In the following, formulation of the model shall be specialized to the case of discontinuity
orientation and displacement jump direction being considered as invariant with respect to
time.

As already alluded to in Section 5.1.3, in case of the adopted RANKINE yield condition with
linear elastic pre-peak range, the discontinuity normal N = m is simply determined as the
direction of maximum principal stress. For the fixed discontinuity concept, this implies that
N is determined solely by the direction of principal stress at the onset of localization —
and remains unchanged in the further process. Hence, from 0 gm, 1 = 0 it follows that
G, .1 = G = const. (5.24), meaning that the direction of plastic flow remains constant. As a
consequence, the algorithmic modulus (5.41) reduces to

(1]
(1]

~C. (5.50)

n+l —
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5.3.2.1 Modified kinematics

Once localization is initiated, the fixed discontinuity approach entails progress of localization
along the fixed direction m of the displacement jump. However, in all but the simplest
cases, in the progress of further loading stress redistribution effects will induce rotation of
principal stress axes. Thus, in the context of the adopted RANKINE criterion for mode-I
failure, without further modification spurious shear stress transfer over the discontinuity may
develop and induce significant shear-locking effects. As a remedy, displacements tangential
to the discontinuity surface may be permitted which in effect prevents spurious shear stress
transfer. With IN as the unit normal vector to the discontinuity surface 02, the tangent unit
vectors T'; with i = 1,...,1 — ng;, must suffice

NeT,=0 fori=1,...,1— ngm

5.51
T,eT; =0 fori#j andi, 7 =1,...,1 — ngm - ( )

The amplitude of the displacement jump in normal direction is denoted as (,, while the respec-
tive amplitudes of the tangential components are defined as (;,. Adopting these specifications,
the displacement jump across the discontinuity (4.32) is then rephrased as

Ndim—1

[u]s =GN + Z G T (5.52)
i=1

As before, the evolution of the normal traction component ¢, = (N ® N) : o is ruled by the
traction separation law (5.7)

On(0,q) = tn — @u(Gn) - (5.53)

Accordingly, for the tangential traction components ¢;; = (T; ® N) : o a corresponding
interface relationship is defined as

Gi(0,q) = tei — 41i(Cay Cri) (5.54)

where in general the stress like hardening variable ¢, ; also may depend on the amplitude of the
displacement jump in normal direction (,. Under the the assumption of dominating mode-I
loading states, equation (5.54) may be simplified by setting

Gt,i(Cny Gii) = 0, (5.55)

which corresponds to a zero shear retention factor (MOSLER & MESCHKE [80]). It is impor-
tant to realize that for the considered mode-I failure the interface law for the normal traction
component is the primary condition which controls evolution of the discontinuity. The sec-
ondary interface laws for the tangential traction components are therefore activated only in
case mode-I induced localization has already occurred.
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In compliance with the decomposition of the displacement jump (5.52), the rate of the en-
hanced strain tensor (5.14) is rewritten as

ndim*1
Ep = Ep, T E : €014
i=1

Ndim—1

=GGut Y GiGui, (5.56)

i=1
where the second order tensors G,, and G, ; are defined due (5.24) as

G, =(N®Vg,)"" (5.57)
G, = (Ti ®V_g0h)sym fori=1,...,1— ngim - (5.58)

5.3.2.2 Analogy to multisurface plasticity algorithms

Utilizing above definitions for the stress evaluation algorithm, the strain residual (5.27) and
the residuals of the strain like internal variable (5.28) are redefined as

Ndim —1
R =V, — ¥ — c': Oni1 — AG, Gy — Z ACri Giint (5.59)
i=1
and
R U1 — O — Al (aq Cbn) +1 :
"= ’ ' I =1,...,qim — 1, 5.60
{Rf‘z} {Oét,i,n—i—l — i — Ay (a,qnigbti)n_'_l ! d ( )

respectively. The extended system of equations is finally complemented by the constraints due
the active interface conditions:

¢n(an+la Qn,n—i-l) =0

5.61
¢t,z’(0'n+1, Qt,i,n+1) =0 v=1,...,ngim — 1 ( )

The fixed discontinuity setting with extension to tangential sliding presented so far, is com-
pletely equivalent to the framework of multisurface plasticity. Consequently, the actual imple-
mentation facilitates adoption of concepts readily established in this context, see, e.g., SIMO
& HUGHES [114]. To this end, the solution of the system of equations determined by (5.59),
(5.60) and (5.61) for the updated stress state o1, softening state represented by ¢, ,+1,
Gtin+1 and jump amplitudes (41 and (41 in normal and tangential directions, respec-
tively, follows the same lines as set forth in Section 5.2.2 — i.e., by consistent linearization
and adopting a NEWTON-RAPHSON iterative procedure. Details of the algorithm are given,
e.g., in SIMO & HUGHES [114] or LACKNER [66].
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5.3.3 Hybrid approach

The primary goal of the present strong discontinuity modeling approach is simulation and trac-
ing of non-intersecting macroscopic discontinuities within a continuum body. In this regard,
the fixed discontinuity concept would be the natural approach.

Decisive for the success of the fixed discontinuity approach, however, is the correct identi-
fication of the macroscopic discontinuity’s orientation at the onset of localization. A flawed
determination of the discontinuity’s orientation entails a high risk of introducing spurious stress
locking in the progress of further loading and even can completely block further propagation
of the localization zone.

In particular for brittle materials it can be observed that formation of a macroscopic discon-
tinuity (crack), in general is preceded by the development of secondary localization (microc-
racks) which must not necessarily be aligned with the macroscopic discontinuity path. Only
on further loading, these microcracks give rise to propagation of the macroscopic discontinu-
ity; either by alignment (rotation) and aggregation of multiple microcracks or by inducing
propagating stress and strain states, respectively. This cognition clarifies that identification
of the macroscopic discontinuity direction based on local stress and strain states, respectively,
can be misleading. Furthermore, in the context of the finite element method a material point
(e.g., GAUSS point) in fact aggregates the effects within a finite volume, hence, this notion
becomes even more pronounced.

As a remedy, multiple cracking could be allowed for in the algorithmic implementation, see,
e.g., JIRASEK & ZIMMERMANN [58] for application in the context of a smeared model with
rotating cracks. Such an approach increases the algorithmic complexity, and at the same time
also considerably complicates the establishment of a numerically robust procedure.

An alternative conept is provided by strategies that employ additional nonlocal information
in order to correctly identify the macroscopic discontinuity direction. These strategies are
further discussed in Chapter 6.

In this work, a third approach is pursued. Accounting for the characteristic formation process
of a macroscopic discontinuity, a hybrid approach, combining rotating and fixed discontinuity
concepts, is devised. The model comprises two phases:

e [nitiation phase:
After onset of localization has been signaled at a material point, a macroscopic discon-
tinuity starts to form. During this phase, the discontinuity’s orientation adapts to the
locally prevailing stress or rather strain state (rotating discontinuity approach).

e Propagation phase:
After a certain threshold is passed, the discontinuity is considered as macroscopic. From
now on, the orientation of the discontinuity is kept constant (fized discontinuity ap-
proach). During the propagation phase, further loading will solely affect the amplitude
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of the displacement jump across the discontinuity, not the orientation of the discontinuity
itself.

A suitable threshold marking the transition between the two phases could be based on the
magnitude of the displacement jump across the discontinuity. For the actual implementation,
however, a dimensionless related quantity, identifying the decrease of the transmissible normal
traction across the discontinuity, is preferred:

w i dnlen) (5.62)

ftu
with fi, denoting the uniaxial tensile strength of the material and g, reflecting the current
softening state of the normal traction interface law (5.53). The initiation phase is then bounded
by w > wyn, while the propagation phase corresponds to values w < wyy,.

Numerical tests indicate that wyn, € [0.5,0.8] represents a suitable range for the threshold
value wyy,,. For analyses carried out in Chapter 6 a uniform value of wy,, = 0.5 is adopted.

Simulations performed in Chapter 6 are based on the adoption of tangential interface condi-
tions according to (5.55), corresponding to a zero shear retention factor, for the propagation
phase.

The actual implementation of the proposed hybrid approach offers the advantageous feature
of maintaining the single discontinuity concept on algorithmic level, which also significantly
enhances numerical stability. As illustrated further in Chapter 6, it contributes to stress
locking free propagation of the discontinuity under avoidance of elaborate nonlocal strategies.

Related concepts can be found in JIRASEK & ZIMMERMANN [59, 60]. In [59] the authors
advocate a rotating crack approach with transition to scalar damage in order to overcome
stress locking effects in the context of smeared crack modeling. A combination of smeared
crack and strong discontinuity formulation for triangular constant strain elements is presented
in [60].
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Chapter 6

Numerical studies

FEverything will work just as you expect it to.
Unless your expectations are incorrect.
— Hyman Rosen.

The aim of the present chapter is the investigation of the capability of the embedded strong
discontinuity approach developed in foregoing Chapters 4 and 5 — with particular focus on
its application within a high-order finite element framework. To this end, numerical analyses
on various examples of structures exhibiting mode-I failure are carried out and discussed.

All simulations are performed on basis of a three-dimensional finite element discretization
using hexahedral elements. For the purpose of numerical simulation, the embedded strong
discontinuity modeling approach is implemented into the high-order finite element code AdhoC
[34] which is used exclusively for subsequent analyses.

6.1 Uniaxial tensile test

In dependence on the setting adopted in Section 1.1, we start with a simple model problem of
a bar loaded in uniaxial tension.

The model properties and the employed three-dimensional finite element discretization are
depicted in Figure (6.1). The bar has a uniform cross-sectional area of A = 0.5 m x 0.5 m. In
order to enforce a localized response despite the uniform geometry, the bar is supplied with
an ‘artificial’ imperfection zone — a region of extension 0.4 m with a slightly lower tensile
strength. For the numerical analyses this is realized, by assigning an increased tensile strength
by 1.25 % for the material outside the imperfection zone. The bar is clamped at one end. The
other end is subjected to a prescribed axial displacement load w which is applied uniformly
over the cross-sectional area in order to provide for a purely uniaxial response.
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During the analysis, the prescribed axial displacement w is increased monotonically up to a
maximum value of Uy, = 0.349 m, which corresponds approximately to the 8.72-fold value

of the theoretical crack initiation end section displacement of u., = %“l = 0.04 m.

% —0.2m  limp = 0.4m

0.5m rigid rigid | —*
h 1
[ =2.0m
J

Elastic properties:
YOUNG’s modulus E = 500.0 kN/m?
PoOI1SSON’s ratio v= 0.0
Ezponential softening law:
Tensile strength feu = 10.0 kN/m?
Fracture energy Gr= 1.0 kNm/m?

Figure 6.1: Bar with imperfection: System and three-dimensional discretization

The purpose of this example is the elaboration of the basic assets and drawbacks of different
modeling approaches: classical continuum modeling without regularization, standard embed-
ded strong discontinuity and embedded strong discontinuity using the advocated p-adaptivity.
Subsequently, these are discussed in detail.

6.1.1 Classical continuum approach

In order to emphasize the notion set out in Section 1.1, a classical continuum modeling ap-
proach without any regularization is employed for the analysis of the problem outlined above.

To this end, we investigate in a first step three different discretizations, characterized by
different lengths h = 0.5 m, h = 1.0 m and h = 1.5 m for the localizing element, see Figure
6.1. The polynomial degree is kept constant with p = 1. Due to the simplicity of the model
problem, an analytical solution can readily be derived, which allows for a straight-forward
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assessment of the numerically computed response. Figure 6.2 plots axial stress over axial
displacement at the bar end section both for the theoretical and the numerically obtained
responses. It is evident that the numerical solution is not objective with respect to the finite
element size h. In complete accordance with the argumentation pictured in Section 1.1, the
numerical responses evidence an increasingly localized behavior with decreasing h. It should
be noted that due to the low-order polynomial approximation of the regular displacement
field with p = 1, the finite element which incorporates the imperfection zone localizes as a
whole, such that the extension of the numerical localization zone coincides with the element
dimension h. Therefore, for h = 1.0 m, the size of the numerical localization zone is by
coincidence ‘correct’, such that the fracture energy G can be reproduced and consequentially
the theoretical softening response is matched, see Figure 6.2.

Standard continuum approach
12 T T T T T T

=
o

Axial stress o [kN/m?|

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Axial displacement, end section u [m]

Figure 6.2: h-sensitivity of the standard continuum approach

Next, in order to investigate the sensitivity regarding the order of polynomial approximation,
a sequence of analyses is carried out with varying polynomial degree p = 1,2, 3,5 and constant
element size h = 1.0 m. The response curves in Figure 6.3 reveal a strong dependency on
the actual order of polynomial approximation p — such that with higher-order p the obtained
response is more localized. Higher-order polynomial approximation enhances the kinematic ca-
pabilities of the respective finite element; thus, with increasing p the extension of the simulated
softening zone decreases, furnishing a correspondingly decreased simulated fracture energy. In
conclusion, also in case of strain softening, an increasing order of polynomial approximation
p qualitatively corresponds to a decreasing finite element dimension h.

To summarize, simulation of material softening behavior with a non-regularized continuum
approach exhibits the well-known defects already discussed in Section 1.1. In particular it is
both

e not objective with respect to the finite element size h and
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e not objective with respect to the order of polynomial approximation p.
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Figure 6.3: p-sensitivity of the standard continuum approach

6.1.2 Embedded strong discontinuity approach

Having illustrated the deficiencies of the standard continuum approach, the present section is
devoted to investigating the capability of the embedded strong discontinuity approach (ESD)
by means of the same model problem.

6.1.2.1 Standard approach

We start by adopting the standard approach, i.e., employing the transmission function ¢y, as
defined by equation (4.96). A sequence of analyses with fixed polynomial degree p = 1 and
varying element size h = 0.5 m, h = 1.0 m and h = 1.5 m supports the expected invariance
with respect to the size of the localizing finite element, see Figure (6.4). The embedded strong
discontinuity formulation properly captures the kinematics of the displacement jump indepen-
dently of the dimensions of the parent finite element and hence, reproduces the theoretical
fracture energy and softening path.

A sensitivity analysis regarding the order of polynomial approximation p, however, discloses
a strong dependency of the simulated softening response on the chosen polynomial degree p,
cf. Figure (6.5).

Explanation of this behavior is again based on the increased kinematic capability of higher-
order polynomials to approximate the displacement jump across the discontinuity surface.
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Figure 6.4: h-objectivity of the standard ESD approach
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Figure 6.5: p-sensitivity of the standard ESD approach
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As a consequence, the numerical localization zone does not extend over the whole element
domain anymore. This notion is confirmed by Figure 6.6. There, GAUSS integration points
that exhibit localized response are visualized for two representative choices regarding the order
of polynomial approximation, namely p = 1 and p = 5. It is evident that for p = 1 all GAUSS
points of the respective element respond localized in a uniform manner. By contrast, for p = 5,
the localized response is concentrated on a portion of the element domain, represented by two
GAUSss point layers only. The effect of deformation concentration within a portion of the
finite element, however, is not accounted for by the embedded strong discontinuity approach
in its standard form, i.e., with transmission function ¢, being defined according to (4.96).
As a consequence, the regularizing effect of the approach is lost for higher-order polynomial
approximations of the regular displacement field.

Remark. It is exactly this observation on which the advocated p-adaptive extension of the
transmission function ¢, is founded; compare the discussion given in Section 4.5.2.2. O

(b)

Figure 6.6: Extension of the numerical localization zone in dependence on the order of polynomial
approximation p. GAUSS integration points exhibiting localized response for (a) p = 1
and (b) p =5.

Interestingly, for p = 2 the theoretical softening path is reproduced by the numerical sim-
ulation, see Figure 6.5. This is obviously achieved despite the neglection of higher-order
contributions to the transmission function ¢, — which, at first, poses a contradiction to the
foregoing argumentation. Can this apparent inconsistency in rationale be resolved? Closer
inspection motivates an answer that is as simple as it is self-evident: the quadratic modes
are not activated at all for this model problem, which means that the computed responses
for p = 1 and p = 2 are completely identical, compare also Figure 6.3. The reason for this
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behavior lies in the fact that quadratic modes are qualified only to a limited extent to con-
tribute to an improved kinematic representation of the jump discontinuity. In the present case,
where the discontinuity surface is located at mid-span of the localizing element, the quadratic
modes completely fall short of improving the kinematic representation of the discontinuity.
This notion is graphically illustrated in Figure 6.7.

Figure 6.7: Poor qualification of quadratic modes to approximate displacement jump

In view of the above considerations, finite element formulations that rely on a formally inde-
pendent treatment of the regular and the discontinuous parts @ and @ of the displacement
field (4.8), investigated, e.g., in [78] and [75], appear prone to exhibit a problematic behavior.

We conclude that — within the framework of embedded strong discontinuities — formally
independent approaches for the approximation of the regular and the discontinuous parts of
the displacement field are not admissible in general: As shown above, this procedure does not
guarantee objectivity of the results with respect to the order of polynomial approximation
p adopted for the regular displacement field. For the special case of p = 2 in conjunction
with a standard approach for the transmission function ¢y, this effect is less apparent — due
to the poor qualification of quadratic modes to improve the kinematic representation of a
displacement jump.

6.1.2.2 p-adaptive extension

In order to round out the picture, the model problem is finally reanalyzed employing the em-
bedded strong discontinuity formulation in conjunction with the p-adaptive extension, which
was developed previously in Section 4.5.

In the previous section, on the one hand the regularizing effect of the standard ESD-approach
regarding the elemental discretization h could be affirmed, on the other hand however, a
failure of regularization with respect to the order of polynomial approximation p was identified.
Following up these outcomes and with a focus on the elimination of this deficiency, now the
capability of the advocated p-adaptive extension to the embedded strong discontinuity shall
be investigated.

To this end, analyses with different polynomial degrees p = 1,2,3,5,7,9 are executed. The
obtained results show that with increasing order of polynomial approximation p of the reg-
ular displacement field, also the approximation of the kinematics of the displacement jump
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Figure 6.8: Simulation with order of polynomial approximation p = 9 for the regular displacement
field. (a) Numerical localization zone and ‘crack opening’ at the final loading stage
Umax = 0.349 m. (b) ‘Crack opening’ distribution along the bar.
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is improved — giving rise to a ‘contraction’ of the simulated softening zone; compare Fig-
ure 6.6 for p = 1,5 and Figure 6.8 for p = 9. Considering the regular displacement field,
the distribution of the axial component approaches the theoretical discontinuous distribution
with increasing degree of polynomial approximation. Accordingly, the obtained axial strain
distribution represents an increasingly refined approximation of the theoretical singular strain
distribution. Figure 6.9 depicts the respective distributions obtained for the simulation with
p = 9; qualitatively, they should be compared to the distributions that originated from the
initial theoretical reflections, see Figure 1.4.

Embedded strong discontinuity - p-adaptive
400 T T T 160

140

1 120

Axial displacement w [mm]
Axial strain e [%]

_50 1 1 1 _20
0 0.5 1 15 2

Axial abscissa x [m)]

Figure 6.9: Simulation with order of polynomial approximation p = 9 for the regular displacement
field. Axial displacement and axial continuum strain distribution along the bar at final
loading stage umax = 0.349 m.

In contrast to the ESD standard approach, the advocated p-adaptive extension accounts for
this improved kinematic representation of the displacement field. In consequence, it accom-
plishes a reproduction of the theoretical fracture energy and softening path, independent of the
order of polynomial approximation; Figure 6.10 gives a synopsis of the computed numerical
responses for the different choices of p and the theoretical softening path, which are apparently
congruent.

Due to the traction continuity condition, which is inherent to the strong discontinuity ap-
proach, the resulting stress field is expected to be regularly distributed — also and in par-
ticular across the discontinuity surface, represented by the numerical localization zone. This
notion is confirmed by Figure 6.11 rendering a uniformly constant distribution of the axial
stress component along the bar.
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Figure 6.10: Objectivity of the p-adaptive ESD approach
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Figure 6.11: Simulation with order of polynomial approximation p = 9 for the regular displacement
field. Axial stress distribution along the bar at final loading stage umax = 0.349 m.
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6.2 Notched bar

For the preceding model problem, due to the regular geometry, a localized response had to
be enforced by artificially introducing an imperfection zone with slightly reduced material
strength. In order to explore the case of a ‘natural’ discontinuity formation and evolution, the
present section analyzes a second model problem featuring a geometrical imperfection. To this
end, a notched bar which is again subjected to uniaxial tension is considered. Configuration
and adopted material properties can be seen from Figure 6.12.

1.0m rigid o— rigid —

t=05m [

FElastic properties:

YouNG’s modulus E = 500.0 kN/m?
Poisson’s ratio vr= 0.0
Ezxponential softening law:

Tensile strength fiu = 10.0 EN/m?
Fracture energy Gr= 102 k:Nm/m2

Figure 6.12: Symmetrically notched bar: System configuration and material properties. The bound-
ary edges in the notch region are of quadratic shape with ordinates according to
Y=+ (0.5 —h+ %(az - %)2) For the actually investigated configuration, h = 0.3 m
and [ = 1.0 m.

As before, the geometry is discretized by three-dimensional hexahedral finite elements. Two
spatial discretizations are investigated, see Figure 6.13. For the refined mesh with 148 elements
the curved boundary is approximated in a polygonal manner and for the corresponding finite
element geometry a standard trilinear mapping is adopted, cf. Section 3.3.2. Analysis on this
mesh is carried out using a polynomial degree of p = 1 for the approximation of the regular
displacement field. The second mesh consists of 5 elements, only. Here, the element edges
affected by the notch are no longer straight but reparametrized according to their quadratic
shape, cf. Figure 6.12. Mapping of the corresponding elements is then performed using
the blending function method as described in Section 3.3.2. The second mesh is employed
for analyses with higher-order polynomial degrees p = 3,5,7,9 for the approximation of the
regular displacement field.
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(a) (b)

Figure 6.13: Symmetrically notched bar, three-dimensional discretization. (a) h-refined mesh with
148 elements. (b) finite element mesh with 5 elements used for higher-order polynomial
approximation of the regular displacement field.

The objective of the investigation is threefold. As a consequence of the tapered shape of the
bar, stress concentration at the notches occurs upon loading. Therefore, initiation of failure
is expected to take place at the notches, succeeded by a vertical progress of the failure zone
towards the center of the bar. In contrast to the preceding model problem, the present model
problem involves both phases, namely crack initiation and crack propagation. Hence, the
first objective is to investigate the capability of the ESD p-adaptive approach in view of the
extended issue. Further, the curved geometry puts forth non-constant JACOBIAN matrices
(cf. Section 3.1.2.1) for the corresponding finite elements — which directly incorporates into
the strong discontinuity formulation via the adopted approach for the transmission function
on (4.95). Therefore, the second objective is to assess the quality of the ESD p-adaptive
formulation in view of this aspect. Finally, due to the relative simplicity of the model problem,
results obtained by the ESD standard approach for p = 1 on the h-refined mesh (Figure 6.13a)
are expected to be essentially equivalent to results of respective simulations with higher-
order poylnomial approximations of the regular displacement field using the ESD p-adaptive
extension on the coarse mesh, Figure 6.13b.

The analyses are performed under displacement control. Instead of increasing the loading by a
constant increment size, an automatic adaptive stepping scheme according to CRISFIELD [22,
23] is applied as an efficient action to reduce the number of load increments that are required
to sufficiently fine resolve the failure process. To this end, as a simple heuristic measure for
the ‘degree of nonlinearity’, the actual number n!, of required global level NEWTON-RAPHSON
iterations to achieve equilibrium for the current load increment is adopted. The step length for
the subsequent load increment AXY | ! is then obtained by scaling the current one according
to

A= () (6.1)

Ndes

'In the context of the overall incremental iterative solution procedure, the total load vector, given by fe*¢,

to be applied to the dicretized initially unloaded system is scaled by a factor AJ, which is then successively

increased. In order to avoid confusion with the plastic multiplier A introduced in Section 2.4.2, the superscript
()9 has been introduced, here.
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where the input parameter nges represents the number of ‘desired’ iterations. Exponent k is
motivated by SCHWEIZERHOF [110] who successfully introduced x = 0.5 in order to smooth
possible strong oscillations in the computed step length. Following this approach, the same
choice was adopted for the present analyses.

Figure 6.14 shows a synopsis of the numerically computed structural responses for all per-
formed analyses. In case of a uniform cross-sectional stress distribution, the theoretical load
carrying capacity of the considered model problem would amount to A. - fi, = 2.0 kN. How-
ever, as a consequence of stress concentration at the notches, this theoretical value can never
be reached but represents an upper bound. As Figure 6.14 demonstrates, this notion is con-
firmed by all numerical simulations. Due to stress concentration effects at the notches, crack
initiation starts already well before the capacity limit is reached, cf. Figure 6.16a. As a
consequence of the henceforth decreasing traction capacity of the ‘cracked’ regions, further
stress concentration develops at the tips of these regions — finally enforcing a propagation of
the localization zone towards the center of the bar until a through-going crack has formed.
This mechanism of localization initiation and successive propagation is nicely resolved by all
numerical analyses — both for the ESD standard approach with p = 1 on the refined mesh
and for the ESD p-adaptive approach for higher-order polynomial approximations p of the
regular displacement field, for which the higher-order contributions directly incorporate into
the strong discontinuity formulation via the transmission function ¢} (4.95). Exemplarily,
Figure 6.16 depicts the evolution of the localization zone up to the formation of a straight
through-going crack for the analysis with p = 9. Likewise, a plot of stress evolution along the
centerline of the bar, see Figure 6.15, illustrates both a decrease of traction transferred over
the discontinuity (crack) with increasing amplitude of the discontinuity (crack opening) and
an associated homogenization of the stress state along the bar.

Considering the responses according to Figure 6.14 it emerges that the different simulations
essentially yield equivalent results. Remaining differences can be attributed to the degree of
resolution of the initial stress concentration at the notches leading to localization initiation.
In consequence, it appears that the rather coarse approach with p = 3 for the approximation
of the regular displacement field somewhat overpredicts the structural load carrying capacity.
Higer-order approximations with p = 5,7,9 on the other hand show a convergent behavior.
When compared to the results of the analysis, executed on the refined mesh using a low-
order p = 1 approximation for the regular displacement field, the high-order analysis results
represent a higher degree of resolution of the localization initiation process.

Corresponding to the straight evolution of the discontinuity, Figure 6.17 illustrates the normal
vectors IN of the GAUSS point related discontinuity planes for different loading stages.
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Figure 6.14: Notched bar in axial tension. Synopsis of numerical response for A-refined mesh and re-
sponses for different degrees p of polynomial approximation for the regular displacement
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Figure 6.15: Notched bar in axial tension. Axial stress distribution along the centerline, evolution
and homogenization with increasing axial displacement u at the free bar end. Analysis
with order of polynomial approximation p = 9 for the regular displacement field.
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(a) u=0.01344 m (b) u = 0.01604 m

(c) u=0.01671m (d) u=0.01855 m

(e) u=0.02298 m (f) w = 0.0600 m

Figure 6.16: Notched bar in axial tension. Evolution of the discontinuity band with increasing axial
displacement u at the free bar end. Analysis with order of polynomial approximation
p = 9 for the regular displacement field.
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(a) u=0.01604 m (b) u =0.01671 m

(¢) u = 0.0600 m

Figure 6.17: Notched bar in axial tension. Normal vectors of the GAUSS point related discontinuity
planes at different loading stages. Analysis with order of polynomial approximation
p =9 for the regular displacement field.
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6.3 Three point bending test

For the preceding examples, both the instantaneous formation of an end-to-end localization
zone as well as the gradual propagation of the discontinuity until a continuous localization
zone is established, have been analyzed. The prevailing stress state in these tests, however,
was still of predominantly uniaxial character. To carry on the discussion to a more general
situation, in the present section a three point bending test is analyzed.

The three point bending test represents a standard benchmark for the validation of numerical
models for tensile failure, see, e.g., MESCHKE et al. [71]. The principal system setup and
the adopted geometry are illustrated in Figure 6.18. The beam is affixed by pinned supports
arranged at the left and right hand side endings of its bottom side. One support is left free
to move horizontally in order to prevent the development of consequential constraint forces.
The beam is loaded by an imposed vertical displacement applied at midspan at the beam’s
topside.

u, F t=02m

l

0.5m

0.167 m

1.0m j 1.0m 0

FElastic properties:

YOUNG’s modulus E = 30000.0 M Pa
Poisson’s ratio V= 0.2
Ezponential softening law:

Tensile strength ftu = 1.0 M Pa
Fracture energy Gy = 0.1 kNm/ m?

Figure 6.18: Three point bending test: System configuration and adopted material properties.

As a result of the loading conditions, the beam is predominantly subjected to bending, with the
highest tensile stresses developing in axial direction at the bottom side of the midspan cross-
section. This effect is yet amplified by the notch. In consequence, localization is expected to
be naturally induced at the tip of the notch and to subsequently progress in vertical direction
towards the point of load application.

Following up the discussion of Section 5.3, the objective of the investigation is the assessment
and extended motivation of the advocated hybrid discontinuity approach.
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To this end, for analysis of the three point bending test two models are contrasted;

e the fized discontinuity approach (FDA) assuming zero shear retention due equation
(5.55), and

e the hybrid discontinuity approach (HDA), where for the propagation phase likewise zero
shear retention is assumed.

Analyses are based on a three-dimensional hexahedral finite element discretization, see Figure
6.19. Regarding the order of polynomial approximation for the regular displacement field, a
uniform degree of p = 1 is adopted. 2 Simulations are performed under pure displacement
control up to a final vertical displacement of u = 0.5 mm at the point of load application.
Adopted material properties are given in Figure 6.18.

Figure 6.19: Three point bending test, three-dimensional discretization using hexahedral elements.

6.3.1 Simulated structural response

In a first step, the analysis is run employing the fixed discontinuity approach. In order to
prevent spurious shear transfer across the discontinuity, zero shear retention according to
(5.55) is adopted.

Due to observed stability problems, the solution process is terminated at a stage corresponding
to a vertical displacement of u = 0.31 mm at the point of load application. By this time,
the obtained response curve, depicting load over vertical displacement at the point of load
application (Figure 6.20), does not exhibit a distinct maximum. Instead, it shows a monoton-
ically increasing behavior such that neither a structural load carrying capacity nor structural
softening response can be identified.

2The chosen finite element mesh along with the adopted low-order polynomial approximation yields a
rather coarse discretization of the problem at hand; it is, however, emphasized that the primary goal of
the investigation is a qualitative assessment of the respective characteristics of fixed and hybrid discontinuity
approach. Since quantitative aspects are of minor relevance in this context, the chosen discretization is regarded
as sufficiently fine to illustrate the principal differences inherent to the two approaches.



6.3. Three point bending test 127

The analysis is rerun, this time adopting the hybrid discontinuity approach with a threshold
value of wy,, = 0.5 (5.62) and likewise zero shear retention. As opposed to the foregoing
analysis stability problems are not observed and the simulation is continued up to a final
vertical displacement of v = 0.5 mm at the point of load application. Differences are also
manifest in the computed structural response. This time the corresponding response curve
clearly shows the expected pronounced maximum and softening response, cf. Figure 6.20.
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Figure 6.20: Three point bending test, load vs. vertical displacement at the point of load application.
Stress-locking for fixed discontinuity approach (FDA). Locking free response for the
advocated hybrid discontinuity approach (HDA).

6.3.2 Fixed discontinuity approach

Closer investigation of the numerical localization path reveals that localization indeed is trig-
gered at the notch tip and starts propagating vertically towards the load application point.
At a certain point, however, the localization pattern bifurcates in a diffuse manner. Figure
6.21 exemplarily depicts the state at a loading of u = 0.195 mm, where the initially unique
localization path has clearly branched out. The solution procedure obviously has bifurcated
to a secondary, spurious equilibrium path.

Upon thorough inspection, the reason for this behavior emerges as follows.

Figure 6.23 provides a magnification of the localization domain and illustrates the evolution
of the localization path with increasing loading of the beam. Depicted are the GAUSS points,
grouped according to their finite element association. Shaded areas indicate localizing re-
sponse and lines represent normal directions of actual and potential localization planes at
the respective GAUSS points. Potential localization planes are identified by the direction of
maximum principal tensile strain.
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Figure 6.21: Three point bending test, fixed discontinuity approach. Spurious localization pattern
at loading state v = 0.195 mm.

Clearly visible, already during the initial phase, the GAUSS point related discontinuity planes
are not perfectly aligned with the macroscopic discontinutiy direction (Figure 6.23a—c). More-
over, it is noticable that the potential discontinuity planes ahead of the localization tend
towards a horizontal alignment, i.e., the respective normals are oriented (nearly) vertically.
The increasing misalignment of the GAUSS point related discontinuity planes with the macro-
scopic discontinuity direction, finally blocks propagation of the discontinuity and triggers the
evolution of unphysical diffuse localization patterns, see Figure 6.23d-f. These localization
patterns are characterized by inconsistent orientation of the respective GAUSS point disconti-
nuity normals.

It is important to note that this pathological behavior can only to a very limited extent
be alleviated by a refined discretization of the problem, as an illustration of the principal
structural load carrying behavior innervates. Figure 6.22 schematically sketches the flow of
forces through the structure by means of a simplified strut and tie model. The important
aspect is that due to the presence of the notch, the lower tie, representing the tensile zone
induced by bending, cannot proceed horizontally. This, on the other hand, entails the necessity
of a vertical tie positioned right above the notch in order to bybass it.

Figure 6.22: Three point bending test. Principal load carrying scheme illustrated by a simplified
strut (dashed lines) and tie (solid lines) model.

The effect is even amplified if starting from the notch tip a vertically propagating localization
path forms, such that the capacity of horizontal tensile stress stress transfer is continuously
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decreased — which would correspond to an extension of the notch; propagation therefore
additionally boosts the “by-passing effect”.

These considerations clarify, that presence of the notch (or corresponding localization zone)
indeed induces the formation of a predominantly vertically aligned tensile band above the
notch region. At a later loading stage these tensile strains may increase in such a way that
they even are responsible for localization initiation, giving rise to a nearly horizontally aligned
discontinuity ahead of the vertically aligned macroscopic discontinuity. In the context of the
FDA such a situation then would completely block propagation of the macroscopic discon-
tinuity. Figure 6.23f indeed illustrates the situation, where at the front of the localization
zone almost horizontally aligned GAUSS point discontinuity planes have formed. Moreover,
the image of inclined lower ties (Figure 6.22) also illustrates that corresponding tensile strains
and stresses are not necessarily perfectly horizontal at the onset of localization.

In summary, the observations further encourage the perviously motivated notion (cf. Section
5.3.3) that identification of the macroscopic discontinuity direction based on the local strain
states at the onset of localization — as it is the case for the considered fixed discontinuity
approach — is not an appropriate means; instead the procedure is very likely to introduce
locking effects which can easily yield spurious localization patterns.

6.3.3 Hybrid discontinuity approach

Since the so far observed behavior for the fixed discontinuity concept exactly reflects the con-
siderations which led to the development of the hybrid discontinuity concept, it is interesting
to shed some more light on the behavior of the hybrid approach for this example.

In dependence on the discussion given in Section 5.3.3, the advocated hybrid approach dis-
tinguishes between initation phase and propagation phase. During the initiation phase, the
microscopic character of the discontinuity is accounted for by permitting continuous adap-
tation of the discontinuity direction to the possibly rotating direction of maximum principal
strain. This characteristic is maintained until a threshold, marking the onset of the propaga-
tion phase, is passed, cf. equation (5.62). Not until this point, the discontinuity is considered
as macroscopic and its orientation remains fixed.

Closer investigation reveals that the hybrid approach resolves previously observed problems
of locking and spurious localization. As evidenced by Figure 6.24a—c, the approach facilitates
the alignment of GAUSS point related discontinuity planes with the vertical macroscopic dis-
continuity path in the process of further loading. As a consequence, locking effects are avoided
and localization propagates towards the point of load application along the expected vertical
path.

Figure 6.25 illustrates the progress of localization at the final loading state of u = 0.5 mm.
A unique localization pattern along the expected vertical path is observed. As can clearly be
seen, at this state of loading almost all deformation is concentrated into the localization zone,
which indicates a strong degree of energy dissipation as a result of the localization process.



130

6. Numerical studies

NN

TR
AN RN NN
AR NN

%

AN

(a) u = 0.075 mm

SRERZ
.
e
_ .

m:-:-:.
R
W
e
O W
g B N N\

(d) u=0.145 mm (e) u=0.158 mm (f) w=0.195 mm

Figure 6.23: Three point bending test, fixed discontinuity approach. Spurious localization evolves

as a result of constrained adaptation of discontinuity orientation, leading to severe
stress-locking effects. (a)—(f) GAUSS points in the vicinity of the localization domain
illustrating localization patterns at various loading stages. Lines indicate normal direc-
tions of actual and potential localization planes (direction of maximum principal tensile
strain).
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Figure 6.24: Three point bending test, hybrid discontinuity approach. Correct representation of
macroscopic discontinuity orientation by orientation adaptation of microscopic discon-
tinuity planes, facilitating locking free propagation of the macroscopic discontinuity.
(a)-(c) GAuss points in the vicinity of the localization domain illustrating localiza-
tion patterns at various loading stages. Lines indicate normal directions of actual and
potential localization planes (direction of maximum principal tensile strain).

Figure 6.25: Three point bending test, hybrid discontinuity approach. Deformed configuration at
final loading state u = 0.5 mm (displacements scaled by a factor of 250).
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The advocated hybrid approach accounts for the multi-level character of the formation process
of a macroscopic discontinuity and, in conclusion, facilitates a locking-free self propagation of
the localization zone.

6.4 L-shaped panel

The L-shaped panel test has become a standard benchmark for validation of computational
models aiming at the numerical simulation of brittle, predominant mode-I failure. It has been
investigated by numerous researchers, both experimentally and numerically (e.g., LACKNER
[66], MOSLER [75], OLIVER et al. [89] and FEIST [41]).
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YOUNG’s modulus E = 25850.0 M Pa
Poisson’s ratio V= 0.18
Ezponential softening law:
Tensile strength fiu = 2.7 M Pa
Fracture energy Gy = 0.065 - 0.090 kNm/m?

Figure 6.26: L-shaped panel: System configuration and material properties according to WINKLER
[131].

Numerical analyses carried out subsequently are based on the setting adopted by WINKLER
[131] for his test series A, which were executed on a plain concrete test specimen. WINKLER’S
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experimental results have also been incorporated into the data base, set up by the Task Group
2.2 of the EU-Network Integrity Assessment of Large Concrete Dams (IALAD) 3.

The system setup and material properties determined by WINKLER [131] are given in Figure
6.26. The lower horizontal edge of the specimen is clamped. A vertically acting point load F' is
applied under displacement control at a distance of 30 mm to the end of the horizontal leg. The
chosen shape and loading conditions effect the onset of localization at the re-entrant corner.
Upon further loading, the localization zone (crack) starts to propagate into the interior of
the plate. As opposed to preceding examples, which yielded planar localization zones, for the
present case a curved shape is expected. Due to the — with regard to the panel’s boundaries
— non-aligned principal stress state prevailing in the vicinity of the re-entrant corner, the
localization zone initially propagates towards the interior of the plate at an angle. At later
loading stages progress is nearly horizontal. This behavior is also confirmed experimentally, a
detailed description of the observed crack propagation process is given in WINKLER [131].

The objective of the present investigation covers two aspects. First, the capability of the
proposed p-adaptive ESD formulation to reproduce a curved discontinuity shall be assessed.
Of particular interest in this context is the evaluation of mesh bias sensitivity. As, e.g., reported
by LACKNER [66] and WINKLER [131] the numerically obtained crack paths are to a strong
degree attracted by the horizontal mesh lines and fall short of reproducing the theoretical —
and experimentally confirmed — initially curved shape of the localization zone. As for the
second aspect, the available test data also facilitates a quantitative conclusion regarding the
quality of simulated structural load carrying capacity and post-peak response.

For the analyses, again a three-dimensional finite element discretization using hexahedral
elements is adopted. Three different finite element meshes, illustrated in Figure 6.27, are
employed. All simulations are performed under displacement control using a constant incre-
ment size of Au = 0.01 mm. Since the investigation is not aiming at best possibly fitting
the numerical analyses to the experimentally obtained data, from the reported rather wide
scatter for the fracture energy G; = 0.065 — 0.09 kNm/m? simply an intermediate value of
Gy =0.075 kNm/m? is chosen and retained unchanged for all analyses.

6.4.1 Low-order polynomial approximation of the regular displace-
ment field

A first approach of the problem is based on simulations employing the three different finite
element meshes M-434, M-857 and M-1315 (Figure 6.27) along with a constant degree of
p = 1 for the polynomial approximation of the regular displacement field. The obtained
numerical responses are illustrated in Figure 6.28, where the applied load F' is plotted over
the vertical displacement u at the point of load application. It emerges that analyses carried
out on the refined meshes M-857 and M-1315 yield almost identical response, with a somewhat
increased load carrying capacity and a slightly more pronounced ductile post-peak behavior
than analysis M-434. When compared to the experimental spectrum documented by IALAD,

SNW-TALAD Network Integrity Assessment of Large Concrete Dams. http://nw-ialad.uibk.ac.at
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Figure 6.27: L-shaped panel, three-dimensional discretization. Finite element meshes with (a) 434,
(b) 857 and (b) 1315 hexahedral elements.

cf. Figure 6.28, the numerically computed load carrying capacity complies remarkably well in
all three cases.

Investigation of the numerically identified localization zones — which represent the physical
crack paths — reveals that analysis M-434 fails to reproduce the curved shape of the crack
path in the vicinity of the re-entrant corner. The simulated localization zone extends from the
corner towards the opposite edge in a horizontal manner aligned with the finite element mesh,
see Figure 6.29b. The reason for this behavior is twofold. First, the chosen discretization is
not capable of resolving the stress and strain state around the re-entrant corner sufficiently
fine. In effect, localization planes associated with the respective (GAUSS points at the onset
of cracking are almost horizontal. Furthermore, due to the limited kinematic capabilities of
finite elements with low-order polynomial approximation of the regular displacement field,
once a localization plane at an element’s (GAUSS point is activated, orientation of the plane
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tends to dominate the behavior of the whole finite element. Therefore, if the initial direction
of the localization plane is aligned or almost aligned with the element edges, propagation of
the discontinuity is prone to follow the orientation of the finite element mesh. This effect is
frequently referred to as mesh bias, see e.g., JIRASEK [59].
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Figure 6.28: L-shaped panel, load vs. vertical displacement at the point of load application. II-
lustration of the computed numerical response for meshes M-434, M-857 and M-1315
using polynomial degree p = 1 for the approximation of the regular displacement field;
experimental spectrum according to IALAD. Elastic stiffness obtained from reference
solution using 22176 hexahedral elements and p = 1.

With further refinement of the finite element mesh, the strain and stress states leading to
onset of localization are approximated increasingly more accurate, such that the unfavourable
mesh bias effect is partially overcome. This notion is supported by the simulated localization
zones using the refined meshes M-857 and M-1315, see Figures 6.29c and 6.29d. Still, in
evidence there is some remaining alignment of the numerical localization zone to the element
topology in the vicinity of the re-entrant corner. In agreement with the already observed
almost identical response of analyses M-857 and M-1315 (Figure 6.28), also the computed
shapes of the respective localization zones show no qualitative difference, cf. Figures 6.29¢
and 6.29d.

It is noticeable that the simulated initial pre-peak response is considerably stiffer than the
experimentally observed one; a fortiori, if one considers the initial loading stage to be ruled
by predominantly linear elastic material behavior, where localization effects are yet of minor
significance. In order to exclude locking effects due to insufficient resolution of the descretized
system, a convergence study for the linear elastic case is performed; on the one hand by
increasing the order of polynomial approximation p for the regular displacement field and
on the other hand by h-refinement of the employed finite element mesh. As a result, it is
concluded that analysis based on the chosen discretizations M-434, M-857 and M-1315 using



136

6. Numerical studies

(a) experimental scatter

(c) M-857: p=1

(b) M-434: p =1

s

(d) M-1315: p=1

Figure 6.29: L-shaped panel, numerically obtained crack patterns for finite element mesh M-434,
M-857 and M-1315 using order of polynomial approximation p = 1 for the regular

displacement field.
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a polynomial degree of p = 1 indeed approximates the initial elastic stiffness fairly well. For
comparison, the linear elastic response obtained from a reference mesh with 22176 hexahedral
elements, arranged in three layers over the thickness of the panel, using p = 1 is plotted in
Figure 6.28.

From this investigation, it is also confirmed that stress evolution in thickness direction of
the panel is of minor relevance, so that the plane stress assumption made by other analysts,
see e.g., [131], [89] and [41], poses an admissible simplification. In conclusion, differences
regarding the initial slope between analysis and experimental results cannot be explained by
numerical errors due to locking effects or insufficient refinement of the discretization; using the
given material properties, it is believed that the initial stiffness of the structure is reproduced
correctly by the chosen discretizations. Hence, for the following investigations, no attempt is
made to adapt the numerical solution to the experimentally obtained initial stiffness.

6.4.2 Discontinuity tracking

As set out in Chapter 4, the strain induced by the occurrence of displacement jumps is in-
corporated as incompatible elemental enrichment within the framework of enhanced assumed
strain methods. The embedded strong discontinuity approach therefore correctly captures the
effect of a discontinuity intersecting a finite element on the displacement field. Due to the
incompatible character of the enrichment, however, an inter elemental geometric continuity of
the discontinuity surface is external to the assumptions of the embedded strong discontinuity
approach.

In the context of fixed discontinuity approaches using low-order finite elements, the element
local character of the enrichment may trigger kinematic incompatibility of neighboring finite
elements, which may lead to severe locking, see, e.g., JIRASEK [52], WELLS [128].

As a remedy to avoid these situations and at the same time alleviate mesh bias effects men-
tioned above, strategies aiming at the reestablishment of a geometrically continuous disconti-
nuity path have been devised and applied in the context of low-order finite element approx-
imations. These strategies commonly go by the name tracking strategies. Concepts can be
distinguished into local and global tracking strategies, respectively (OLIVER et al. [91]), and
hybrid methods (FEIST [41]).

It is emphasized that these strategies are extraneous to the embedded strong discontinuity
approach and rely on nonlocal information, i.e., information in addition to the one supplied
by the considered material point and finite element, respectively.

Subsequently, a short highlight of the different strategies’ essential characteristics shall be
given.

Provided that information about the direction of propagation is given for all finite elements,
the local tracking strategy traces the discontinuity starting from a root element, where local-
ization was triggered, by exploiting knowledge about the element connectivity. This method
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is reported to be robust for two-dimensional cases exhibiting a single discontinuity line, in
case of three-dimensional settings, however, huge topological difficulties are encountered [91]
and this strategy is not practically applicable.

The global tracking strategy, on the other hand, relies on the establishment of a global po-
tential field from the likewise globally held information about the direction of propagation.
The potential field is constructed such that level sets then represent all admissible discon-
tinuity surfaces [91]. This strategy is consistently applicable both in two-dimensional and
three-dimensional settings, it is, however, not free of stability problems [41]. Moreover, com-
putational effort is increased considerably, since for every time increment identification of the
corresponding potential field requires the solution of a set of partial differential equations
which is in formal analogy to a stationary heat conduction boundary value problem [91].

The hybrid approach proposed by FEIST [41] and applied in a two-dimensional setting, finally,
maintains the idea of the global tracking strategy, but circumvents the need for solution of
a large system of equations by also incorporating information about the element connectiv-
ity. The algorithm is, however, to a fairly strong degree dependent on the topology of the
adopted type of finite element and likewise not easily extended to three-dimensional situa-
tions. Additional expense is entailed by the fact that required information about the direction
of propagation is established by a nonlocal averaging procedure. This procedure is based on
the cognition that the strain and stress states computed locally at a material point only repre-
sent a crude approximation to the actual ones, e.g., JIRASEK & ZIMMERMANN [60], therefore
calculation of the direction of propagation based on local information only, can lead to locally
erroneous results (FEIST [41]).

The bottom line of the diverse tracking strategies can be described as the identification of
those material points and corresponding directions for which localization is considered feasible
in order to ensure a continuous localization path. In essence, tracking procedures are means to
restrict the occurrence of localization to those elements or material points which are indicated
by the algorithm. Implicitly, this also may lead to exclusion zones in which localization, e.g.,
due to secondary cracking, is artificially prevented.

The overall rather expensive character of discontinuity tracking strategies, has triggered recent
research efforts towards formulations that aim at circumventing the need for those strategies,
see, e.g., OLIVER et al. [90], SANCHO et al. [107, 106, 108]. Also from a theoretical point of
view, it is not obvious that localization path continuity must be enforced in order to provide
for a meaningful discontinuity propagation and avoid locking.

In fact, as for the proposed p-adaptive ESD approach we devise the expectancy that enforce-
ment of a continuous localization path is dispensable for the following reasons:

e Raising the order of polynomial approximation for the regular displacement field provides
for an increased quality of resolution of strain and stress states. Therefore, localization
initiation is expected to be captured with increased precision both regarding the onset
of localization and its direction of propagation. This holds in particular, when compared
to approaches based on constant strain finite element discretizations.
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e Due to the increased kinematic capability, higher-order finite elements are much less
prone to locking behavior. As discussed in preceding examples, the proposed p-adaptive
ESD formulation facilitates a concentration of the localization zone to a portion of the
element. Shape of the discontinuity path is therefore less sensitive to mesh topology. In
consequence, mesh bias issues are anticipated to have an inferior impact.

e The advocated concept of a combined rotating — fixed discontinuity approach (cf. Sec-
tions 5.3 and 6.3) allows for initial secondary cracking without prevention of macroscopic
crack propagation.

6.4.3 Higher-order polynomial approximation of the regular dis-
placement field

In order to shed further light on the expectations motivated in the preceding section, the
numerical study of the L-shaped panel is continued by increasing the order of polynomial
approximation p for the regular displacement field.
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Figure 6.30: L-shaped panel, load vs. vertical displacement at the point of load application. Illustra-
tion of the computed numerical response for mesh M-434 using polynomial degree p = 1,
p =3 and p = 5 for the approximation of the regular displacement field; experimental
spectrum according to IALAD.

Starting with finite element mesh M-434, the respective response curves obtained for polyno-
mial degree p = 3 and p = 5 show a very similar post-peak behavior, see Figure 6.30. When
compared to the response obtained by adopting p = 1 on the same mesh, post-peak behav-
ior proves to be slightly more ductile for the higher-order polynomial approximations. The
simulated load-carrying capacity is marginally increased (Figure 6.30).
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As for the refined meshes M-857 and M-1315 the situation is similar. Increasing the order
of polynomial approximation yields a more pronounced ductile post-peak behavior and at
the same time the predicted load carrying capacity is slightly reduced when compared to
the respective analyses with polynomial degree p = 1 (Figure 6.31). The slight reduction
in load carrying capacity for the higher-order p analyses can be attributed to the improved
numerical resolution of the localization initiation process. Notably, computed responses for
all higher-order p analyses show a convergent behavior, manifested by good correspondence
of the obtained response curves, cf. Figure 6.31. The computed load carrying capacity of
~ 7.4 kN fits the experimentally observed range very well (Figure 6.31).

Assessing the simulated localization patterns, it is observed that the expected curved shape
of the localization path in the vicinity of the re-entrant corner is resolved considerably better
with higher-order polynomial approximations p of the regular displacement field. Adopting a
polynomial degree of p = 3 on the initial mesh M-434 features already a significantly improved
representation of the localization path (Figure 6.33c) — even when compared to patterns
obtained by low-order polynomial approximations p = 1 on the refined meshes (Figures 6.34b
and 6.35a). This observation also holds for the simulated structural response: Even a moderate
increase of the order of polynomial approximation from p = 1 to p = 3 leads to an almost
congruent prognosis of structural load carrying capacity and very similar post-peak responses
for all three investigated finite element meshes, cf. Figure 6.32.

The already constituted convergent behavior of the response curves is also reflected in the
obtained localization patterns for the analyses on refined meshes M-857 and M-1315. As
Figures 6.34c, 6.34d and 6.35b illustrate, the respective shapes of localization zones are nearly
identical — moreover, they represent a fairly good approximation to the experimental scatter
according to IALAD (Figure 6.34a). The slightly increased ductility in response, inherent to
the analyses with higher-order polynomial approximation p, can be attributed to the improved
resolution of the localization path and is likewise supported by experimental data.

Figure 6.36 exemplarily depicts the deformed configurations at the final loading state u =
1 mm, obtained from meshes M-857 and M-1315 using an order of polynomial approximation
of p =5 and p = 3, respectively. It is evident that almost all deformation concentrates into
the localization zone. The portions of the panel (almost) separated by the localization zone
essentially undergo rigid body motion — indicating that the stored energy is dissipated almost
completely by the localization process.

In conclusion, the performed analyses support the assumptions set forth above. Raising the
order of polynomial approximation for the regular displacement field significantly enhances
the quality of the predicted shape of the localization zone, fairly insensitive to mesh topology.
No locking effects are observed and the solution shows a convergent behavior both regarding
structural response and predicted localization pattern. The important point is, that this is
achieved while maintaining a high degree of locality of the algorithmic formulation — in fact,
the only nonlocal ingredient is the smoothed transmission function V¢, according to (5.15),
which still is of element local character. The proposed p-adaptive ESD formulation dispenses
with algorithmically and computationally elaborate, highly nonlocal tracking strategies, in-
stead a self propagating discontinuity can be established.
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Figure 6.31: L-shaped panel, load vs. vertical displacement at the point of load application. Il-
lustration of the computed numerical response for refined meshes M-857 and M-1315
with increasing order of polynomial approximation for the regular displacement field;
experimental spectrum according to TALAD.
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Figure 6.32: L-shaped panel, load vs. vertical displacement at the point of load application. Il-
lustration of the computed numerical response for meshes M-434, M-857 and M-1315
using polynomial degree p = 3 for the approximation of the regular displacement field;
experimental spectrum according to TALAD.
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Figure 6.33: L-shaped panel, numerically obtained crack patterns for finite element mesh M-434 and
varying order of polynomial approximation p = 1, p = 3 and p = 5 for the regular
displacement field.
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(c) M-857: p=3 (d) M-857: p=5

Figure 6.34: L-shaped panel, numerically obtained crack patterns for finite element mesh M-857 and
varying order of polynomial approximation p = 1, p = 3 and p = 5 for the regular
displacement field.
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(a) M-1315 p = 1 (b) M-1315: p = 3

Figure 6.35: L-shaped panel, numerically obtained crack patterns for finite element mesh M-1315 and
varying order of polynomial approximation p = 1, p = 3 for the regular displacement

field.

(a) (b)

Figure 6.36: L-shaped panel, deformed configuration at final loading state v = 1 mm for (a) mesh M-
857 with a polynomial degree of p = 5 for the approximation of the regular displacement
field and (b) M-1315 with a polynomial degree of p = 3 for the approximation of the
regular displacement field (displacements scaled by a factor of 100).
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In order to give an idea of the number of degrees of freedom and corresponding computational
cost, Figure 6.37 compares the observed CPU times for various refinement degrees and order
of polynomial approximation. It should be noted, however, that the number of corresponding
linear equation system solution sequences considerably scatters as a result of the iterative
solution procedure (cf. also the discussion in Section 5.2.3.1). Therefore, assessment of these
numbers should be made with care.

M-434 DOF CPU-time [s] time/DOF [s]

p=1 2770 862 0.31
p=3 5842 6428 1.10
p=>5 11026 34781 3.15

M-857 DOF CPU-time [s] time/DOF [s]

p= 5362 2475 0.46
p= 12082 16448 1.36
p= 11186 35021 3.13

M-1314 DOF CPU-time [s] time/DOF [s]

p=1 8134 4242 0.52
p=3 19910 37761 1.90

Figure 6.37: CPU-times for various refinement degrees and order of polynomial approximation p
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Chapter 7

Conclusive remarks

Daring ideas are like chessmen moved forward,
they may be beaten but they may start a winning game.
— Johann Wolfgang von Goethe.

Today, the finite element method along with its various specifications is an indispensable tool in
many engineering disciplines. As computer power increases and numerical models get further
refined, its field of application is extended more and more towards complex scenarios — with
the goal of highly realistic simulations of the underlying physical or chemical processes. In
the field of structural analysis, which was focused in this work, safety and profitability issues
determine the increasing importance of numerical assessment of structural failure or failure
of structural components. To this end, the extension of modeling approaches is required with
respect to loading regimes far beyond the spectrum of serviceability loads.

The present work concentrated on material induced failure phenomena. Closer investigation
of these processes reveals, that failure is often preceeded by the formation of a process zone
in which damage and other inelastic effects accumulate, and in which high strain gradients
prevail. As illustrated in Chapter 1, it is this phenomenon of strain localization or deforma-
tion localization which substantiates the insufficiency of the classical continuum mechanical
approach to this class of problems. Modeling approaches to overcome this deficiency are
presently almost exclusively developed in a low-order, mostly constant-strain, finite element
framework. Investigations for linear and nonlinear elliptic boundary value problems, however,
have shown that high-order finite elements yield very efficient discretizations when compared
to low-order h-version finite element approximations [37, 38, 36, 97, 84]. So, it was two essential
aspects that constituted the motive force for this work:

e The argument, that it is not only desirable from an academic point of view to extend the
scope of high-order finite elements to the field of deformation localization and material
failure and
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e the notion, that a high-order finite element approximation, due to its robust and rich
kinematics, is qualified to contribute to an effective locking-free modeling approach also
for the considered problem field of deformation localization and material failure.

Consistent advancement of both thoughts finally led to the development of the proposed p-
adaptive embedded strong discontinuity formulation (Chapter 4).

e With particular focus on large scale analyses, a macroscopic view of the failure process
was adopted; leading to enhancement of the classical continuum model by the possible
incindence of strong discontinuities, i.e., jumps in the displacement field. This procedure
also reflects the multi-scale character of the failure process.

e The effect of these discontinuities was incorporated into the three-dimensional finite
element formulation in terms of an element enrichment; this mathematical incorpora-
tion offers the particular advantage of a widely discontinuity independent finite element
topology; it dispenses, e.g., with elaborate mesh adaption strategies [66]. The variational
framework for this formulation is posed by the generalized Hu-WASHIZU functional and
closely follows the concept of enhanced assumed strains.

e As opposed to previous works, a consistent formulation regarding the adoption of a high-
order finite element basis was established as a generalization of the standard approach.
It could be shown that the commonly accepted strategy for incorporation of strong
discontinuities is no longer sufficient in a generalized context. The extended p-adaptive
formulation was then deduced based on a novel reassessment of the strong discontinuity
kinematics.

e The formulation is cast on continuum level, which features an efficient elimination of the
additional degrees of freedom, associated with strong discontinuities, already within the
scope of the constitutive algorithm.

The p-adaptive embedded strong discontinuity approach was then specialized for the case of
brittle predominant mode-I material failure in Chapter 5. Accounting for the multi-phase
character of the failure zone formation process, the idea of a hybrid discontinuity approach
was developed. Numerical examples presented in Chapter 6, demonstrate the advocated ap-
proach’s consistency in a high-order finite element framework. In interaction with the hybrid
discontinuity concept, an approach was established that allows for a virtually locking-free soft-
ening response. Notably, the algorithmic formulation maintains a high degree of locality and
does not rely on elaborate strategies of highly nonlocal character. A benchmark simulation of
a plain concrete test, not only supports validity of the model, it also confirms that mesh bias
issues are significantly alleviated by increasing the polynomial order of displacement approxi-
mation. Finally, as the example illustrates, high-order p-extensions yield a superior resolution
of the failure process compared to corresponding low-order finite element approaches.

Future directions

Inspired by the work on this topic and based on the findings of this thesis, several aspects of
desirable future research evolve:
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¢ Extension of the material model

The present model for brittle predominant mode-I material failure could be adapted
to a more realistic representation of plain concrete characteristics. This could as a first
step, e.g., involve the incorporation of damage effects on the elastic stiffness which would
extend the range of application from montonic to cyclic loading conditions. As a second
aspect, of course, combination with nonlinear response under compressive stress states
would have to be considered. Furthermore, range of application could be extended in a
straight-forward manner to a different context by accounting for situations of predomi-
nant mode-II or combined mode material failure; as it is, e.g., the case in shear banding
in metals or soils.

e Algorithmic variation

Instead of casting the p-adaptive embedded strong discontinuity approach in a pure
continuum format, the enhanced degrees of freedom of the (GAUSS point associated
discontinuities could be treated on element level in analogy to the enhanced assumed
strain approach. Though this would entail the necessity of statical condensation of
the enhanced degrees of freedom on element level, such a procedure could be beneficial
for the performance of the solution process since then a consistent linearization of the
problem is feasible.

e Extension to a finite deformation setting
Due to the fact that in many cases structural failure is accompanied by large defor-
mations, it appears reasonable to extend the approach to the geometrically nonlinear
case.

e Enrichment based on the partition-of-unity concept

A completely different strategy is provided by the partition-of-unity concept [70, 5]. It
is attractive since it offers the possibility to incorporate arbitrary functions into the fi-
nite element Ansatz space, i.e., discontinuous functions representing displacement jumps
render an admissible option. In a two-dimensional setting, such a procedure has success-
fully been adopted for constant-strain elements [128]; generalization to three dimensions,
however, proves complex. Moreover, the approach does not seem to be easily extended to
a high-order finite element framework. Nevertheless, the appealing option of completely
mesh independent simulation of deformation localization and failure justifies further
research efforts in this direction.
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Appendix A

The DIirRAC-delta distribution

The DIRAC-delta function is sometimes referred to as unit impulse function. It was introduced
by the British theoretical physicist PAUL DIRAC. The DIrRAC-delta does not represent a
function in a strict mathematical sense, in fact it is classified as a distribution.

In a one-dimensional setting the DIrRAC-delta can informally be thought of a function §(z)

that is infinite at = 0 and adopts the value zero everywhere else, such that the total integral
over the interval (—oo, 4+00) amounts to the value one (Figure A.1).

A | '

0.0 O

i il
0.0

Figure A.1: Schematic representation of the DIRAC-delta distribution.

More formally, the DIRAC-delta is introduced by the property

/ f(z)dz dx := f(0) (A.1)
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for any continuous function f(z).

Extending this property to three dimensions yields

/f XXdV_/f (A2)

where X, € 0,12.
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Appendix B

The blending function method

B.1 Mapping for quadrilateral elements

Edge terms for the quadrilateral element depicted in Figure 3.8:

(=)
(=)
(")
(=)

B.2 Mapping for hexahedral elements
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Edge and face terms for the hexahedral element depicted in Figure 3.9:

B.2.1 Edge terms according to [63]
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B.2.2 Face terms according to [63]
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