INTERNATIONAL CENTRE FOR NUMERICAL METHODS IN ENGINEERING

Innovative mathematical and
numerical models for studying
the deformation of shells during
Industrial forming processes
with the Finite Element Method

Vicente Mataix
Eugenio Ofiate
Riccardo Rossi

Monograph CIMNE N°-190, October 2020




Innovative mathematical and
numerical models for studying the
deformation of shells during
Industrial forming processes with
the Finite Element Method

Vicente Mataix
Eugenio Onate
Riccardo Rossi

Monograph CIMNE N°-190, October 2020

International Center for Numerical Methods in Engineering
Gran Capitan s/n, 08034 Barcelona, Spain



INTERNATIONAL CENTER FOR NUMERICAL METHODS IN ENGINEERING
Edificio C1, Campus Norte UPC

Gran Capitan s/n

08034 Barcelona, Spain

www.cimne.com

First edition: October 2020

INNOVATIVE MATHEMATICAL AND NUMERICAL MODELS FOR STUDYING THE DEFORMATION OF
SHELLS DURING INDUSTRIAL FORMING PROCESSES WITH THE FINITE ELEMENT METHOD
Monograph CIMNE M190

© The authors



66 Ce qui est simple est toujours faux. Ce qui ne I'est pas est inutilisable

Paul Valéry (1871 1945 AD, French poet, essayist, and philosopher)
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66 Essentially, all models are wrong, but some are useful

Aphorism, attributed to George E. P. Box (1919 2013 AD, British statistician)
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Abstract

This document contains the result resulting from the work in the doctoral thesis Innovative mathematical
and numerical models for studying the deformation of shells during industrial forming processes with the
Finite Element Method. The objective of this thesis is to contribute to the development of finite element
methods for the analysis of the stamping processes, an area of problems with a very clear industrial
application. Indeed these kinds of problems involve multiple disciplines and require the understanding
of different mechanical problems, being the most relevant disciplines the continuous mechanics, the
plasticity, contact problems, among others, depending of the problematic of study.

To achieve the proposed goals, attention is focused in the first section of this thesis in the solid-shell
elements, which are an attractive kind of element for the simulation of forming processes. This is due to the
fact that any kind of generic 3D constitutive law can be employed without any kind of additional hypothesis,
besides the thermomechanic problem is formulated without additional assumptions. Additionally this type
of element allows the three-dimensional description of the deformable body, thus contact on both sides of
the element can be treated easily.

This work will present in first place the development of a triangular prism element as a solid-shell,
for the analysis of thin/thick shell, undergoing large deformations. The element is formulated in Total
Lagrangian (TL) formulation, and employs the neighbour (adjacent) elements to perform a local patch
to enrich the displacement field. In the original formulation a modified right CauchyGreen deformation
tensor (C) is obtained; in the present work, a modified deformation gradient (F) is obtained, which allows
to generalise the methodology and thanks to this we are able to employ the push-forward and pullback
concepts. The push-forward and pullback technique provide a mathematically consistent method for
define the time derivatives of the tensors; and for example it can be employed to work with elasto-plasticity.

The element is based in three modifications: (a) a classical assumed strain approach for transverse
shear strains (b) an assumed strain approach for the in-plane components using information from
neighbour elements and (c) an averaging of the volumetric strain over the element. The objective is to
use this type of element for the simulation of shells avoiding transverse shear locking, improving the
membrane behaviour of the in-plane triangle and to handle quasi-incompressible materials or materials
with isochoric plastic flow. The element considers just one Gauss point in the plane and a chosen number
of integration points along the axis, thanks to this it is possible to consider problems with a significant
non-linearity related to plasticity.

This work will continue presenting the contact formulation developed, which consists in state-of-art
of the numerical contact mechanics formulation for implicit simulations. Consisting in an exact mortar
integration of the contact interface, this allows to obtain the most consistent integration possible between
the integration domains, as well as the most exact solution possible. The implementation also considers
several optimisation algorithms, like the penalty constraint optimisation, but particularly remarkable
the consideration of a Augmented Lagrangian Method (ALM) with dual Lagrange multipliers, a new
contribution of this work. The latter allows to static condensate the system of equations, allowing to remove
the Lagrange Multiplier (LM) of the resolution and therefore permitting the consideration of iterative
solvers. Additionally, the formulation has been properly linearised, ensuring the quadratic convergence of
the problem. In order to solve the system of equations, a semi-smooth Newton method is considered,
consisting in an active set strategy, extensible also in the case of frictional problems. The formulation works
both for frictionless and frictional problems, the later essential for the simulation of forming processes.
This frictional formulation is framed in the traditional friction models, like the Coulomb friction, but the
development presented can be extended to any type of frictional model. This contact formulation is fully
compatible with the solid-shell introduced on this work.
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The missing ingredient necessary in order to successfully perform the industrial processes would
be the constitutive models. This will be materialised in the plasticity formulation considered in this work.
In these models, we will be able to consider large strain deformation plasticity models, with arbitrary
combination of yield surfaces and plastic potentials, the so-called non-associative models. In order to
compute the corresponding tangent tensor for these general laws, numerical implementations based on
perturbation methods.

The final theoretical work of this thesis will consist in the developments of adaptive remeshing
techniques. In here, different approaches will be presented. Starting with the metric based techniques,
including the level-set and Hessian approaches. These techniques are of general purpose, and can
be considered both in application of structural or Computational Fluid Dynamics (CFD) problems. In
addition to this approach, the Super convergent Patch Recovery (SPR) error estimation method is
presented. This approach is more conventional than the former ones. In both cases, in the Hessian and
the SPR error estimation, have been extended in order to apply it to contact mechanics problems, main
contribution of this work in this field.

With all the former developments, we will be ready for the introduction of practical cases focused in
the context stamping processes. The most important point to highlight on this is that these examples will
be compared with the reference solutions available in the literature as a validation of the developments
presented until this point.

The present document is organised as follows. The first chapter introduces the thesis, stating the
objectives and reviews the state-of-the-art on the most transcendental subjects. The second chapter
does a shallow introduction of the continuous mechanics and Finite Element Method (FEM) concepts,
required for following chapters. The third chapter derives the formulation of the solid-shell previously
mentioned and the free-rotation shell, which is the theoretical inspiration of the solid-shell presented,
including several academic examples that are commonly employed in the literature as a benchmark of
shell elements. The fourth chapter will present the contact mechanics formulation developed, consisting
in an implicit mortar ALM formulation, the chapter also includes several examples commonly found in the
literature, which are usually considered for validation. The next chapter presents the plasticity formulation
used, including some technical details in the implementation side, some examples of validation will be
also introduced at the end of this chapter. The final theoretical chapter shows the adaptive remeshing
algorithms developed in the context of this work, and presents several examples, including not only solid
mechanics cases, but also CFD. The next chapter encapsules some validation and application cases for
stamping processes. The final chapter comprises the conclusions, as well as the future works coming
after the presented developments.

Keywords: metal-forming, stamping, shells, solid-shells, contact, plasticity,adaptive remeshing
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Resumen

La tesis doctoral Modelos matematicos y numéricos innovadores para el estudio de la deformacion de
laminas durante los procesos de conformado industrial por el Método de los Elementos Finitos. pretende
contribuir al desarrollo de métodos de elementos finitos para el andlisis de procesos de estampado, un
area problemética con una clara aplicacion industrial. De hecho, este tipo de problemas multidisciplinares
requieren el conocimiento de mdltiples disciplinas, como la mecéanica de medios continuos, la plasticidad,
la termodinamica y los problemas de contacto, entre otros.

Para alcanzar los objetivos propuestos, la primera parte de esta tesis abarca los elementos de sélido-
lamina. Este tipo de elemento resulta atractivo para la simulacién de procesos de conformado, dado que
cualquier tipo de ley constitutiva tridimensional puede ser formulada sin necesidad de considerar ninguna
conjetura adicional. Ademas, este tipo de elementos permite realizar una descripcién tridimensional del
cuerpo deformable, por tanto, el contacto de ambas caras puede ser tratado facilmente.

Este trabajo presenta en primer lugar el desarrollo de un elemento de sélido-lamina prismatico
triangular, para el analisis de laminas gruesas y delgadas con capacidad para grandes deformaciones.
Este elemento figura en formulacién Lagrangiana total, y emplea los elementos vecinos para poder
computar un campo de desplazamientos cuadraticos. En la formulacién original, se obtenia un tensor de

Cauchy derecho modificado (C); sin embargo, en este trabajo, la formulacién se extiende obteniendo un
gradiente de deformacién modificado (F), que permite emplear los conceptos de push-forward y pull-back.
Dichos conceptos proveen de un método mateméticamente consistente para la definicién de derivadas
temporales de tensores y, por tanto, puede ser usado, por ejemplo, para trabajar con elasto-plasticidad.

El elemento se basa en tres modificaciones: (a) una aproximacion clasica de deformaciones transver-
sales de corte mixtas impuestas; (b) una aproximacién de deformaciones impuestas para las componentes
en el plano tangente de la lamina; y (c) una aproximacién de deformaciones impuestas mejoradas en la
direccion normal a través del espesor, mediante la consideracién de un grado de libertad adicional. Los
objetivos son poder utilizar el elemento para la simulacién de ld&minas sin bloquear por cortante, mejorar el
comportamiento membranal del elemento en el plano tangente, eliminar el bloqueo por efecto Poisson y
poder tratar materiales elasto-plasticos con un flujo plastico incompresible, asi como materiales elasticos
cuasi-incompresibles o materiales con flujo plastico isocérico. El elemento considera un Unico punto de
Gauss en el plano, mientras que permite considerar un nimero cualquiera de puntos de integracion en
su eje, con el objetivo de poder considerar problemas con una significativa no linealidad en cuanto a
plasticidad.

Este trabajo contintia con el desarrollo de la formulacién de contacto empleada, una metodologia que
se encuentra en la bibliografia sobre la mecéanica de contacto computacional para simulaciones implicitas.
Dicha formulacién consiste en una integracién exacta de la interfaz de contacto mediante métodos de
mortero, lo que permite obtener la integracion mas consistente posible entre los dominios de integracién,
asi como la solucion mas exacta posible. La implementacion también considera varios algoritmos de
optimizacion, como la optimizacién mediante penalizacion. La contribucion méas notable de este trabajo es
la consideracién de multiplicadores de Lagrange aumentados duales como método de optimizacion. Estos
permiten condensar estaticamente el sistema de ecuaciones, lo que permite eliminar los multiplicadores
de Lagrange de la resolucion y, por lo tanto, permite la consideracién de solvers iterativos. Ademas, la
formulacién ha sido adecuadamente linealizada, asegurando la convergencia cuadratica del problema.
Para resolver el sistema de ecuaciones, se considera un método de Newton semi-smooth, que consiste
en una estrategia de set activo, extensible también en el caso de problemas friccionales. La formulacién
es funcional tanto para problemas sin friccibn como para problemas friccionales, lo que es esencial para
la simulacion de procesos de estampado. Esta formulacién friccional se enmarca en los modelos de
friccion tradicionales, como la friccion de Coulomb, pero el desarrollo presentado puede extenderse
a cualquier tipo de modelo de friccién. Esta formulaciéon de contacto es totalmente compatible con el
elemento sélido-lamina introducido en este trabajo.

El componente necesario restante para la simulacion de procesos industriales son los modelos
constitutivos. En este trabajo, esto se ve materializado en la formulacion de plasticidad considerada.
Estos modelos constitutivos se consideraran modelos de plasticidad para grandes deformaciones, con
una combinacioén arbitraria de superficies de fluencia y potenciales plasticos: los llamados modelos no
asociados. Para calcular el tensor tangente correspondiente a estas leyes generales, se han considerado
implementaciones numéricas basadas en métodos de perturbacion.
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Otra contribucion fundamental de este trabajo es el desarrollo de técnicas para el remallado adaptativo,
de las que se presentaran distintos enfoques. Por un lado, las técnicas basadas en métricas, incluyendo
los enfoques level-set y Hessiano. Estas técnicas son de proposito general y pueden considerarse tanto
en la aplicacion de problemas estructurales como en problemas de mecénica de fluidos. Por otro lado, se
presenta el método de estimacién de errores SPR, mas convencional que los anteriores. En este ambito,
la contribucién de este trabajo consiste en la estimacién de error mediante las técnicas de Hessianoy
SPR para la aplicacién a problemas de contacto numeérico. Con los desarrollos previamente introducidos,
estaremos en disposicion de introducir los casos de aplicacién centrados en el contexto de procesos de
estampado. Es relevante destacar que estos ejemplos son comparados con las soluciones de referencia
disponibles en la bibliografia como forma de validar los desarrollos presentados hasta este punto.

El presente documento esta organizado de la siguiente manera. El primer capitulo establece los
objetivos y revisa la bibliografia acerca de los temas clave de este trabajo. El segundo capitulo hace una
introduccién de la mecanica de medios continuos y los conceptos relativos al Método de los Elementos
Finitos (MEF), necesarios en los desarrollos que se presentaran en los capitulos siguientes. El tercer
capitulo aborda la formulacién del elemento sélido-lamina, asi como del elemento de lamina sin grados
de libertad de rotacién que inspira el sélido-lamina desarrollado. Esta parte muestra varios ejemplos
académicos que son comunmente empleados en la bibliografia como problemas de referencia de laminas.
El cuarto capitulo presenta la formulacién desarrollada para la resolucién de problemas de contacto
numeérico, consistente en una formulacién implicita de integracion exacta mediante métodos mortero
y multiplicadores de Lagrange aumentados duales. Este capitulo incluye, asimismo, varios ejemplos
comunmente encontrados en la bibliografia, que generalmente son considerados para su validacion. El
quinto capitulo presenta la formulacion de plasticidad empleada, incluyendo algunos detalles técnicos
desde el punto de vista de la implementacion, asi como varios ejemplos de validacién. El sexto capitulo
muestra los algoritmos de remallado adaptativo desarrollados en el contexto de este trabajo, y presenta
varios ejemplos, que incluyen no solo casos estructurales, sino también de mecanica de fluidos. El
séptimo capitulo encapsula algunos casos de validacién y aplicacién para procesos de estampado. El
capitulo final comprende las conclusiones, asi como los trabajos que podrian continuar el presente
estudio.

Palabras clave: Conformado metalico, estampado, laminas, sélido-ldmina, contacto, plasticidad,
mallado adaptativo
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

Figure 1.1: Examples of numerical simulation of forming. Source[OnIShe]

Stamping is a kind of manufacturing technology[BookAT12b; BookHu+13], where a sheet blank that has a simple
shape is plastically formed between tools or dies, to obtain product components with certain shape, size, and
performance (see Figure 1.1). Sheet metal, mould and stamping equipment are three major factors for stamping.
Indeed, sheet metal forming processes usually produce little scraps and generate the final part geometry in a very
short time, usually in one stroke or a few strokes of a press. As a result, sheet forming offers potential savings in
energy and material, especially in medium and large production quantities, where tool costs can be easily amortised.
We can differentiate mainly two different technologies according to the working temperature, the hot stamping and the
cold stamping; the first one is suitable to process a kind of sheet which has high resistance to deformation and low
plasticity, while the second one is employed for metal sheet stamping processes at room temperature.

The concept of formability[BookBan10] can be introduced, which is the capability of sheet metal to undergo plastic
deformation to a given shape without defects, and thus is one of the most relevant fields of study for the stamping
processes. The defects have to be considered separately for the fundamental sheet metal forming procedures of
deep drawing and stretching. The difference between these types of stamping procedures is based on the mechanics
of the forming process. Figure 1.2 illustrates that formability is a complex characteristic.

The increase along the time of the costs of material, energy and manpower require that sheet metal forming
processes and tooling be projected and developed avoiding as much as possible the trial and error methodology, with
the shortest possible lead times. Owing to this reason, the concept of virtual manufacturing has been developed in
order to increase the industrial performances[BookBan10], being the most efficient way to reduce manufacturing times
and improving the final quality of the products. The finite element method is currently the most widely used numerical
procedure for simulating sheet metal forming processes. The structure of an expert system for the analysis of sheet
metal formability is illustrated by Figure 1.3. For the expert system[OnIShe] two broad divisions of methodologies can
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Figure 1.2: Parameters influencing sheet metal formability. Inspired in[BookBan10]
be applied:

¢ Inverse One-step: In this approach all the deformation is assumed to happen in one increment or step and is
the inverse of the process which the simulation is meant to represent. The mesh initially is considered with the
shape and material characteristics of the finished geometry, and is deformed to the flat pattern blank. Then the
strain computed in this inverse forming operation is then inverted to predict the deformation potential of the flat
blank being deformed into the final part shape.

¢ Incremental analysis: This method starts with the mesh of the flat blank and simulate the deformation of the
blank inside of tools modelled to represent a proposed manufacturing process. This incremental forming is
computed "forward" from initial shape to finals, and is calculated over a number of time increments for start to
finish.

As the Incremental analysis includes the model of the tooling and allows for the definition of boundary conditions
which more fully replicate the manufacturing proposal, incremental methods are more commonly used for process
validation; in the other hand, Inverse One-step with its lack of tooling and therefore poor representation of process is
limited to geometry based feasibility checks.

The increasing acceptance of these numerical approaches[BookBHS07] within both research and industrial
environments is due to improved awareness, enhanced maturity of computational models and associated algorithms
and, more importantly, dramatic increases in computational power/cost ratios, due to this the cost of the simulations
has dropped drastically in the last years.

We can highlight the fact that during the last years a lot of significant advances have been archived in the
development of finite element tools for the simulation of forming processes. Now the use of commercial codes is widely
used for the design and optimisation of these processes, particularly in highly competitive sectors of manufacturing
industry. The widespread acceptance of such methods stems in their capabilities to predict deformed shapes,
manufacturing defects, forces involved in the process, residual stresses and inelastic strains. Such predictions, which
can be usually obtained through relatively inexpensive numerical simulations, are of considerable assistance to the
designer of forming operations, allowing to optimise the process parameters and manufactured product properties as
well as significantly reducing conception-to-production times. Despite such advances, there are still many complex
problems to solve, some of these problems are related directly with the complexity of the manufacturing process; but
from a mechanical point of view forming problems are complex due to fact they join all the origins of non-linearity in
the mechanical problems, which are[BookWri08]:
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Figure 1.3: Structure of an expert system for the analysis of sheet metal formability. Inspired in [BookBan10]

e Geometrical nonlinearity: Large displacements and rotations have to be considered.

o Finite deformations: Not only the displacements are large, but also the strains.

e Physical nonlinearity: The non linear behaviour of the material, like in the case plasticity, essential to work in
forming simulations.

e Stability problems: Geometrical and material instability. Geometrical instability includes bifurcations like
buckling, or any snap-through behaviour. The material instability could be because of a instability in the
equilibrium equations.

¢ Nonlinear boundary conditions: Contact between two bodies or deformation dependent of the loading,
phenomena very frequent in the stamping processes.

e Coupled problems: Like thermomechanical problems, which are very frequent in forming processes or FSl,
which appears for example in the hydroforming manufacturing processes.

For the practical[BookAT12b] and efficient use of these technologies, the knowledge of the principal variables of

the sheet metal forming processes and their interactions is required. These variables include:

1. The flow behaviour and formability of the formed sheet material under processing conditions

2. Die geometry, materials and coatings

3. Friction and lubrication

4. The mechanics of deformation, i.e. strains, stresses and forces

Vicente Mataix Ferrandiz
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5. Characteristics of the sheet metal forming presses and tooling
6. Geometry, tolerances, surface finish and mechanical properties of the formed parts

7. The effects of the process on the environment

1.1 Evolution of the stamping technology

1.1.1 History of the stamping and forming technology

Stamping[BookHu+13] is a kind of metal processing method that has already existed in ancient times. The ancient
struck preformed metal blocks with hammers. Lately, 4000 years ago, in ancient China[ArtKC06] metal plastic
work can be traced back, mainly forging as a processing method. Today, sheet metal forming can be considered a
fully automatic mass production industry. It applications extend from household commodities like pans or cans, to
automotive and aeronautical industry, among other applications. We can consider the rise of the modern stamping
era 200 years ago, during the Industrial Revolution in United Kingdom (UK). During these years, the development of
modern iron technology contributed to the development of stamping procedures and machinery.

The car industry was probably the main responsible of the development of the stamping technology when the price
became a problem in the process of car popularisation. Thus using stamping to produce automotive parts became
popular because of its contribution to lower the production cost; nowadays about 60-65% of the car parts are made by
stamping.

We can enumerate the five stages that the stamping technology has experienced in developed countries[BookHu+13]
during the 20" century as follows:

1. Before the Second World War (WWII), the stamping line was composed of manually loaded double-action
drawing press and several single-action drawing presses. Being manually feed carried as result:

e Low production efficiency.
e Poor security conditions.

e Poor product quality.

2. During the 1960s, still the same technology was considered, but each press was equipped with a robot hand in
order to reduce manual labour.

3. Inthe 1970s, the automatic stamping line was established and could be controlled only by one or two operators.
This increased productivity, as well as lowered costs and improved quality.

4. Later, in the 1980s, owing to the emergence of multistation presses, a double-action drawing press and a
multi-station press were used for composing a stamping line.

5. Since the 1990s, the double-action drawing press was replaced as the leading equipment of stamping lines.
To replace it, Numerical Controlled (NC) hydraulic cushion was installed into the first station of the large
multi-station press, which made this press form a flexible production unit independently.

Moving forward to the present, the automotive industry is the pillar industry of the national economy in many indus-
trially developed countries or newly industrialising countries. For this reason the development of numerical methods
and design technologies has been crucial; where Computer-Aided Design (CAD)/Computer Aided Engineering
(CAE)/Computer Aided Manufacturing (CAM) integration technology is playing an increasingly important role in
product design, mould design and manufacturing process.
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1.1.2 Historical review of FEA of formability and forming technology

FEM[BookBHS07; BookBan10] has been developed and used for sheet forming simulations since the 1960s and
early 1970s, when the continuum mechanics foundations for problems involving large displacements and large strains
became well established. The establishment of 3D Non-Linear (NL) shell theory made it possible to analyse the
forming process of some complex parts such as car bodies cover, and the algorithm for contact and friction problems
took geometric nonlinearity into consideration.

It was at the beginning of the 1970s when the first theoretically correct FE-formulation of the large deformation
problem was presented by Hibbit et al.[ArtHMR70] in a TL frame. Five years later, in 1975, McMeeking[ArtMR75],
Rice and Bathe[ArtBRW?75] presented correct UL formulations of the problem. At that time the simulations were
based in plane strain or axisymmetric formulations, and at that time sometimes the models lack full consistency
from a theoretical point of view. Later the 3D formulation of the sheet forming problem was presented by Wang and
Budiansky in 1978[ArtWB78]. The following decade saw a high activity in the field.

The development took place along several different paths. Methods based on 2D as well as 3D formulations were
developed. Depending on the choice of description of motion, type of constitutive relations, and solution procedures,
the methods were described as the solid approach, the static-implicit approach, the static-explicit approach, the
rigid-plastic approach and the flow approach (which have the disadvantage that any phenomenon related with elasticity
cannot be simulated, as the springback).

During this period of time (the 1980s) the flow and rigid-plastic approaches were more popular than the static-
implicit one, mainly because they were more stable. The practical application of sheet forming simulations was too
unstable procedures and excessive computing times, even for very small problems.

In 1989 Honecker[ArtHen89] and Mattiasson presented results from a study, in which the dynamic-explicit
approach was evaluated in application to sheet metal stamping, the results from this study were very promising. Since
sheet forming processes usually have much longer durations than what the dynamic, explicit method normally is
intended for, the prerequisites for the problem have to be modified in some way, in order to fully utilise the benefits of
the method, but with additional backwards like virtual inertial forces.

At early 1990s there was significant increase of the practical utilisation of sheet forming simulations within the
industry, and from the middle of this decade most companies within the automotive industry were performing sheet
stamping simulations on a regular basis. Dynamic-explicit codes were dominating the software market, codes like
LS-DYNA and ABAQUS/Explicit appeared in the market. From the side of the static-implicit the code AutoForm
emerged from a research project at Eidgendssische Technische Hochschule (ETH) in Zurich at that time, which
used some innovative algorithms to enhance stability and computational efficiency. Besides this code is very extended
today, the software market is still dominated by various dynamic-explicit codes like LS-DYNA, ABAQUS/Explicit,
PAM-STAMP 2G and STAMPACK.

To promote the research of sheet metal forming simulation and investigate the reliability of numerical analysis
algorithms, international research organisations have designed a series of standard questions, such as Ohio State
University (OSU), Verein Deutscher Ingenieure (VDI) and NUMISHEET. These questions aim to assess the
performance of the existing software to predict splitting, wrinkling, buckling, and springback.

1.2 Most common issues in forming processes

The following are the most common issues that every engineer who want to work with forming simulations should deal
with to perform a realistic and correct simulation of the problem. In addition to the following one the splitting problem
can be mentioned, which as the name indicates this defect appears when the material breaks, producing splits in
it.

1.2.1 Springback

Springback[BookBanQ7] is a particularly critical aspect of sheet metal forming (See Figure 1.4). Even relatively
small amounts of springback in structures that are formed to a significant depth may cause the blank to distort to
the point that tolerances cannot be held. Such geometrical differences caused by springback mainly occur for three
reasons:
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N Figure 1.4: Springback )

e Due to interferences in the residual stress state of the formed parts

o After removal of the external forces

e Due to the Bauschinger[ArtBau86] effect. In a typical sheet metal forming process, a considerable amount of
material undergoes non-proportional loading. It is well known that the mechanical response of metals depends
not only on the current state but also on the previous deformation history. One of the phenomena related to the
change of mechanical properties during a non-proportional loading is the Bauschinger effect{BookBan10]. New
materials such as high-strength steel, aluminium and magnesium are particularly prone to springback.

To compensate for the springback effects the tool must be reworked, which causes further costs and requires
more time. To avoid these additional efforts during die design, the simulation of springback becomes more and more

important in the forming simulation.
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Compressive stresses are formed in the plane of the sheet results in wrinkling[ArtFO11; ArtCFMO03; ArtCWQ0;
ArtXSZ15], this kind of instability could occur during the forming process, producing an undesired shape and defects
in the final product. The tendency of wrinkling increases with:

Unsupported length of sheet metal

Decreasing thickness

Not uniformity in thickness

Lubricants trapped can also contribute to wrinkling

At the end this problematic is an instability that occurs due to the same reasons that buckling occurs for one-
dimensional elements like beams, extended for two-dimensional elements. The Figure 3.32 shows us some example

of wrinkling for simple problem of drape simulation.
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1.3 Objectives

The main objective of this work is to advance in the development of FEM for the stamping processes, and do it in
such a way that the resulting product of this work will be a robust tool with the capability of solve problems demanded
by the industry, or in other words, a product with an able to compete in the market with the existing commercial
solutions. To reach this aim the following goals are set:

e The implementation of a fully functional prismatic solid-shell element based in the formulation of Flores[ArtFlo13c;
ArtFlo13a; ArtFlo13b], with the convenient modification of the formulation to be able of computing the push-
forward and pull-back. This goal has been reached satisfactory during the current course of doctorate.

e With the aim of a robust methodology to compute forming processes, the computations shown in this work
will focus in implicit methods, in contrast to the extended explicit approaches. The drawbacks of the implicit
method[BookBan07] were the computation speed, the high memory requirements and the frequent convergence
problems with complex processes; but fortunately the power of implicit methods is increasing more rapidly
than that of explicit methods. Implicit{BookBel+14] methods for the treatment of nonlinear constraints, such as
contact and friction, have been improved tremendously. Sparse iterative solvers have also become much more
effective.

e The implementation of a fully functional contact method. In the literature[BookWri06; BookLau10; PhDYas11;
PhDPop12; BookBel+14; ArtOAMO08] it exists an extent discussion of which method could be the more adequate
for simulate these kinds of problems. In order to perform the most consistent simulation, the method chosen will
be the mortar method, which will be based in Popp[PhDPop12] work.

e The implementation of the required constitutive laws in order to obtain a good approach of the behaviours that
will experiment the forming problems.

e Strategies of self-refinement[PhDHat03; ArtXSZ15; BookZZT13] will be considered. The objective is to be able
of computing any kind problem, starting from a coarse mesh; and refine whenever is necessary to obtain a
feasible solution of the problem.

e At the end of the development cycle, different routines coming from the know-how[BookBan10; BookVal10;
BookKoc08; BookHu+13; BookAT12a; BookTP07] of the industry will be implemented with the aim of obtain a
fully functional commercial software.

For more details related with the objectives the chapters 8.Final conclusions and 9.Future works contain these
points developed in greater depth.
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CHAPTER 2. FINITE ELEMENT FORMULATION

Chapter 2

Finite Element formulation

€& The limitations of the human mind are
such that it cannot grasp the behaviour of
its complex surroundings and creations in
one operation. Thus the process of
subdividing all systems into their
individual components or elements,
whose behaviour is readily understood,
and then rebuilding the original system
from such components to study its
behaviour is a natural way in which the
engineer, the scientist, or even the
economist proceeds.

2

Olgierd C. (Olek)
Zienkiewicz[BookZZT13]

(1921 - 2009 AD, British academic of
Polish descent.FEM pioneer)

2.1 Introduction

This chapter introduces the concepts underlying the nonlinear continuum mechanics for FEA. This is necessary in
order to understand the formulation exposed in following chapters, both for solid elements and for the understanding
of the contact mechanics theory.

In the first section, the FEM theory is introduced (2.2.Finite Element Method), in the second section the solid
mechanics theory is presented (2.3.Solid mechanics), the third and last section presents the application of the FEM in
the resolution of solid mechanics problems (2.4.Finite Element formulation for CSD).

2.2 Finite Element Method

2.2.1 Introduction

Physicists, engineers and mathematicians have been considering the Ordinary Differential Equation (ODE), and
its generalisation in multiple variables the Partial Differential Equation (PDE), as a key tool in their fields since
the calculus was created. Particularly physicists, and by extension engineers too, have been using the PDE as a
tool to describe a wide variety of physical phenomena such sound, heat, diffusion, electrostatics, electrodynamics,
fluid dynamics, elasticity, among others. The description provided by this mathematical tool introduces a continuous
problem with a set of Boundary Conditions (BC), solvable only in a very limited range of cases and with a series of
hypotheses taken in order to simplify the problem. So that we extend the number of problems we are able to solve we
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can discretise the problem, and solve approximately considering a numerical approximation instead of an analytical
solution. With the advent of modern computers discrete problems can generally be solved readily even if the number
of elements is very large.

This discretisation process has been an object of discussion, as well as has brought fruitful developments and
successive works. Each one of the methodologies arose has its advantages and its disadvantages, so when choosing
one it may become a compromise solution or even a solution that takes into consideration several ones at the same
time. Mathematicians have developed general techniques applicable to different types of problems[BookZZT13],
the most significative ones are the FD[ArtRic11], weighted residual procedures[BookFin13], the use of variational
methods[ArtPom69], among others.

On the other hand, engineers with their more practical point of view took this decomposition principle and create
an analogy between the discrete entities and finite portions of the continuum domain[BookZZT13], leading to the
development of the first FE methods by Turner[ArtTur56] in 1956 when working for Boeing group. In any case, the
first one considers the term FEM to refer to the method was Clough[ArtClo60] in 1960. Since then the developments
of the FEM have been staggering', and has been seen as a general method able to deal with any kind of continuum
mechanics problem, this means a general method to solve problems defined via PDE. This includes the development
of different codes for the FEM, at the beginning these code developed at Berkeley was nameless[BookBel+14],
engineers developed new applications by modifying and extending these early codes. The next generations became
more sophisticated, name included, and grow and even became a commercial product. After that, many programmes
appear, many commercial, many with educational purpose and even Free and Open Source Software (FOSS)
projects arise.

Other kinds of methods that it is relevant to mention, which follows a similar strategy on dividing the domain in
discrete entities, is the Finite Volume Method (FVM)[BookLL92]. This method allows to solve conservative problem
by applying the divergence theorem in the discrete volumes, then the volume integrals in a PDE that contain a
divergence term are converted to surface integrals. These terms are then evaluated as fluxes at the surfaces of each
finite volume. Due to the latter limitation, only conservative problems can be solved?, the FEM are a method more
suitable to solve multi-physics and more general problems. This is the reason why this methodology is the chosen
one, to deal with the physics of the different types of problems presented in this work.

2.2.2 Concept of FE

Here the concept of FE early introduced is detailed. Once the continuous problem is formulated in a PDE form, we
can proceed[BookZZT13] recasting the problem in an alternate form, denominated weak form from which we can
approximate the solution. A weak form to a set of PDE is obtained using the following steps[BookZZT13]:

1. Multiply each equation by an appropriate arbitrary function, denominated test function, defined in the domain of
interest (2'). The expression obtained is a function of functions called a functional.

2. Integrate this product over the space domain of the problem. This can be achieved following different methodolo-
gies, the most common use, and the one considered in this work, is the weighted residuals Galerkin[ArtGal15]
method, usually referenced as Galerkin method only. This approach consists in considering the same shape
functions for the test functions than for the unkowns. The method of weighted residuals[BookFin13] is previous
to the FEM, and its consideration as the integration method leads to the Generalized Finite Element Method
(GFEM).

3. Use integration by parts to reduce the order of derivatives to a minimum. Or use more advance techniques as
the Green’s theorem.

4. Introduce BC if possible. This depends on the nature of the BC, which may lead to a modification of the
equations which define the problem, or just simple BC directly imposed over the system.

"For years journals as Journal of Applied Mechanics rejected papers on the FEM because it was considered no scientifically relevant[Book-
Bel+14].
2|t is possible to deal with not conservative problems with its respective additional treatment, see for example the work of Castro[ArtCGPO06).
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The former procedure can be summarised conceptually as follows. We can take the Figure 2.1 as reference
problems, a stationary heat equation with a non-uniform set of BC. Then we can reduce the FE problem to solve in
the following three steps:

1. We want to solve the Laplacian equation for the heat problem on a certain domain with a certain BC from Figure
2.1a. Both the geometry and the BC considered on this setup are not trivial, meaning is not easy to obtain an
analytical solution. Then the weak problem is formulated. The Left-Hand Side (LHS) and Right-Hand Side
(RHS) is obtained from this weak form. We will solve the resulting system as any standard linear solver.

2. The domain is divided in discrete elements, like triangles as seen on Figure 2.1b. The previous weak form is
integrated in the discrete mesh, obtaining the respective system of equations.

3. After integrating on this discrete domain we are able to solve the PDE with our BC, obtaining as result the
temperatures seen on Figure 2.1c.

—-VEu(x,y) = 20|

0

slin
TIPS RSP iU AV ST CRS N ST |
Q 1 2 3 4 5

(a) Laplacian (V?) problem with a set of (b) Triangular mesh considered to discre-  (c) Temperature distribution obtained
Dirichlet BC tise the domain

Figure 2.1: Minimal example of FEA for a Laplacian problem. Resolution using MathematicaOnlWol]

In order to obtain the system of equations for the FEA problem, we need to derive the respective LHS and RHS.
In order to do so, we need to use the derivative, which is a linear operation, and then can be applied systematically,
and therefore it is a potentially automated task. This can be done in fact in an automatic manner using the Automatic
Differentiation (AD) procedure, which is detailed on the corresponding appendix C.Automatic differentiation.

The FEM can be used in order to solve a large range of problems, including complex NL problems. Without an
understanding of the fundamentals, a finite element program is a black box that provides simulations[BookBel+14].
However nonlinear FEA requires the understanding of the underlying theory, as well as an adequate level of experience.
On this kind of simulation, many choices and pitfalls are taken into account, without it the analyst could provide
an incorrect diagnosis. On NL problems bifurcation or localisation may occur, and many times convergence of the
numerical analysis is not always obtained in nonlinear problems[BookWri08].

Because of this we directly address the literature where this nonlinear FEM is studied on detail. The work
of Zienkiewicz[BookZTF14], Belytschko[BookBel+14], de Borst[BookBor+12] and Wriggers[BookWri08] are good
references. In summary, any NL FEA has the following steps[BookBel+14]:

Vicente Mataix Ferrandiz Page 35 of 374



2.3 Solid mechanics CHAPTER 2. FINITE ELEMENT FORMULATION

. Development of a model: Which represents the phenomenon from a physical point of view.

Formulation of the governing equations: Translate the previous model into a set of PDE and its respective
BC which allows to treat the problem mathematically.

Discretisation of the equations: This includes the selection of the most adequate method to solve it and the
corresponding framework.

Solution of the equations: This means not only the algebraic resolution of the system of equations, but also
the definition of the discrete mesh and the proper solution strategy.

Interpretation of the results: Including its proper representation and post-process and reach the pertinent
conclusions.

We need to differentiate between the origins of the NL in order to properly address its problematic. We can list the
causes of the nonlinearities in a FEA as the following six ones[BookWri08]:

2.3

2.3.1

Geometrical nonlinearity: When large displacements and rotations have to be considered, because the
effects on the change on the geometry cannot be obviated.

Finite deformations: Here not only the displacements are large but also the strains. Both of this NL are
discussed on the chapter dedicated to the element developed on this work, see 3.Rotation-free shells and
solid-shell elements.

Physical nonlinearity: Many materials depict nonlinear behaviour, like plasticity or damage. This is studied on
this work on the respective chapter 5.Plasticity.

Stability problems: We can differentiate between the geometrical and material instabilities. This instability is
complex, and usually require specific strategies in order to be taken into account like the arc-length.

Nonlinear boundary conditions: Like for example the contact between two bodies. This subject is treated on
deep in this work, for more information see 4.Contact mechanics.

Coupled problems: When more than one type of problem is combined. Problems like FSI, thermomechanical,
chemical reactions, etc.

Solid mechanics

Linear form

If we consider an infinitesimal strain-displacement the equations of Navier-Cauchy[BookZZT13] are expressed in
tensor notation as Equation (2.1).

Equation of motion (linear momentum): Which is an expression of Newton’s second law.

(2.1a)

St
(2.1b)

V.o+b=pi

rain-displacement equations: For infinitesimal strain (|| Vu|| < 1 and |ju|| < 1) Ex~ e~ ¢.

e=1[Vu+(Vu)]

Constitutive equations: For elastic materials, Hooke’s law represents the material behaviour and relates the
unknown stresses and strains. In this equation C represents the fourth-order constitutive tensor.

(2.1c)

o = o(e) for elastic materials 0 =C : e

2.3.2 Non-linear form

Now we consider a NL geometry and kinematics[OnlIFin; BookBHS07; BookNPOQ09] the development for problems
where the solid deals with deformations in which both rotations and strains are arbitrarily large.
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Figure 2.2: Deformation of a continuum body

2.3.2.1 Deformation gradient

Considering a generic continuum body 2 (Figure 2.2) which occupies a region of the three-dimensional Euclidean
space R° in its reference configuration, with boundaries 9Q or I'. Let Q be subjected to a motion ¢ so that for each
time t, the deformation (2.2a) maps each material particle X of 2 into the position x it occupies at time t. The set
(2.2b) is called the current or deformed configuration. The two-point tensor F defined in (2.2a) by (3.26) is termed
the deformation gradient, where {E,},_1 23 and {e;}..1 23 are fixed orthonormal bases in the reference and deformed
configuration, respectively, typically chosen to be coincident with the standard basis in 3. The Jacobian (J) of
mapping (2.2a) can be represented as (3.15a).

(2.2a) o1 Q— R

(2.2b) x = o(X, 1)

(2.2c) F(X,t) = DO(X, t) = %e; ®E
X,

(2.2d) J = det(F)

2.3.2.2 Strain tensors

Imposing the standard condition on the deformation gradient det(F) > 0 ensuring that (2.2a) is a one-to-one mapping,
the polar decomposition theorem admits the unique representation of the deformation gradient (3.26) in the form
(2.3a), see Figure 2.3, where:

e U and V: Are positive definite symmetric tensors. These tensors are known as the right and left stretch tensors
respectively, and measure local stretching near X. Since U and V are symmetric, it follows from the spectral
theorem that they admit the spectral decomposition as can be seen in (2.3b).

e R: Is an orthogonal tensor, called rotation tensor and measures the local rigid rotation of points close to X .

In (2.3c) the right and left Cauchy-Green (C and b) tensors are introduced. For the definition of the strain tensors
in (2.3d) we can find the definition of a set of strain measures in function of the parameter m. The GreenLagrange
strain tensor, E(™, is a family particular member of this (with m = 2). Other commonly employed members of this
family are the Biot (m = 1), Hencky (m = 0) and Almansi (m = —2) strain tensors. It should be emphasised that, in
order to preserve the invariance of the stress work per unit mass, a particular choice of strain measure necessitates
usage of the associated dual stress measure within the constitutive relations. When linearised about the reference
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Figure 2.3: Polar decomposition of F

state, all strain measures give the standard small strain tensor.

(2.3a) F=R-U=V-R
3 3
(2.3b) U= Z ANli® 1, V= Z)\,‘e/ ® e;j, l; = Re;
i=1 i=1
(2.3¢c) C=F .-F=U?b=F -F =V?
1 ym _
(2.3d) g _ ) m (U7 =) m#0
In(U) m=0

Equivalently, in terms it spectral decomposition can be reformulated as (2.3e).

E‘m) = Zis=1 FAN @1

2.3 T (\m_—
o - (5,0

We add to the former that all these strain tensors (E(™) for any strain measure can be transformed between them
in considering the push-forward (¢..) and pull-back (¢*) operations. This operation just requires, in addition to the
given strain tensor in a given strain measure, the deformation gradient (F). For example, using the push-forward we
can transform the Green-Lagrange strain tensor into the Almansi strain tensor. With the pull-back operation, we can
proceed in the opposite direction, from Almansi to Green-Lagrange. For more information about the procedure, we
address to a dedicated Appendix section A.1.Pull-Back, Push-Forward fundamental concepts where the operation is
detailed.

2.4 Finite Element formulation for CSD

2.4.1 Weak formulation in solids

Here we introduce a summarise of the Galerkin method[OnlGal] for the deduction of the weak formulation, using as
main reference the work of Zienkiewicz[BookZZT13]. The deduction can be followed in (2.4).
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First we divide the domain 2 in subdomains 2, (elements), as well as the boundary I, (2.4a). In the following we
will represent the discrete form of the former continuous expressions as”.

242 Q~0=3,
. Fr~f = Y>ele=> o w(Neumann) + > I (Dirichlet)

For the displacement (u) we consider an approximation employing the shape functions (Np) corresponding to the
elements considered in our formulation, (2.4b).

(2.4b) U, f) == No(€)up(t) = N(€)u(t)

b

With the shape forms we can define the derivatives, needed to define the strain matrix (B), (2.4c). This matrix is
necessary in order to formulate the strain-displacement equation ¢ = Bu.

_ ONa _ 0% ONq , and in matrix form ON = J8Na

(240) "¢ T od oy, o€~ ox

Finally, the weak form of the equilibrium’s equation can be expressed as (2.4d). In this case we include the
dynamic effects in order to be a proper CSD. For that we will consider the respective velocity i and acceleration (.
The damping coefficient will be simplified with the parameter c, a better alternative will be shown at 2.4.5.Damping

matrix. In here the body forces (b) as well as the external forces (t) are taken into consideration.

(2.4d) SWe(u) = ou” U NTdeQu+/ NTcNdQu+/ BTadQ—/ NdeQ—/NTidr}
Qe Qe Qe Qe r

That can be expressed in a semi-discrete form from (2.4e). In here we can express the stress divergence or
stress force term (P), the mass matrix (M), the damping matrix (C) and the resulting external forces (f). P includes the
resulting internal forces of the system.

(2.4e) M + Cu + P(c) = f

Where the former components can be expressed as (2.4f). In case of considering a linear problem, the stress
divergence (P) can be obtained directly with the stiffness matrix (K) and its displacements (u).

M= Y, o, N7pNdQ
C =3, Jo, NTcNAQ
(2.4f) P=3 /o B od
For linear elasticity P () = K(®u

t=3, (Jo,NBAQ+ f; NTEdr)

2.4.2 TL and UL formulation

Extending the previous section, here we introduce the two possible formulation for the mechanic problem, the UL and
TL formulation[BookBel+14]. In the TL form the only variable which depends on the deformation is the nominal stress
(P, see Table 2.1), that is, it is the only variable which varies with time. In the UL form the domain of the element (or
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body), the spatial derivatives dN;/0x; and the Cauchy stress (o) depends on the deformation, and hence on time,
which complicates the derivation of the tangent stiffness.

£ = [, BoPdSy
(253.) Kmat = fQo Bg/ [CSE] BQJdQO
KY* = Ifﬂo B{,[S]BosdQ

" = [ BodQ
(2.5b) Kpat = [ BJ [C°7] BydQ
K =1 [, B] [#]B,dQ

The UL forms (2.5b) are generally easier to use than the TL forms (2.5a), since B is more easily constructed than
By and many material laws are developed in terms of rates of Cauchy stress (o). The material stiffness in TL form
can be combined with the geometric stiffness in UL form or vice versa. In order to compute the material stiffness
matrix (K™, in addition to compute B for the TL and By for the UL, we need to compute the consistent constitutive
tensor (C), CSE for TL and C°7 for UL. The geometric stiffness matrix (K9°°) depends on Second Piola-Kirchhoff
(PK2) (S) on the TL frame, but in the UL it depends on the Cauchy stress (o). The element SPRISM (3.4.Prismatic
solid-shell) has been developed in TL formulation, but there is an intention to implement in UL as well.

The following, Table 2.1, will help to understand the different types stress measures and the possible transformation
applying the corresponding considering the push-forward (¢..) and pull-back (¢*) operations.

Cauchy stress o | Nominal stress P | Second PK stress S | Corotational Cauchy stress &
o= J'F-P J'F-S.F' JR-6-R"

P=JF 1.0 S-F JUu'.6-RT

S=JF'.oF T P.-F ' JU=T.6.U""

6=R".0-R J'U-P-R JU-S-uU

T=Jo F-P F-S-F’ JR-6-RT

Table 2.1: Transformations of stresses. Source[BookBel+14]
2.4.3 Solution of the non-linear-equilibrium equations system

When we solve non-linear problems[BookOIll14] we need to consider efficient methods designed for this purpose.
This means the resolution of AfiA! = — 7+AL. Aul*A! which can be carried basically by two kinds of methods, a
linearisation based in the standard/modified Newton-Raphson (NR) technique or a Quasi-Newton approximation
technique of the Jacobian matrix (7). Both methods can be improved with the use of the convergence accelerators
algorithms. In the following we are going to present the NR method, the concept of line search, and the arc-length

method.

2.4.3.1 Newton-Raphson method

This is the fastest convergence method to solve non-linear equations systems using the linearisation technique. This
technique assumes that the solution is convergent in the surroundings of it, being the convergence ratio in this case
quadratic. Its solution comes from the inversion of the Jacobian operator (7) from Equation (2.6). In our system of
equations J acts as the LHS.

(2.6) [Au]A = — [$t+At]_1 ) [Af]lg+At

i+1
The advantages of the method can be listed as the followings:

e It always needs the tangent operator, which is not always easy to obtain, store and invert (for example in the
case of antisymmetric operators)
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e The convergence velocity depends significantly on the initial guess solution

e The method can get stuck in a local minima, which could be difficult to leave afterwards

This will be the default strategy followed in our developments and problems. In the contact chapter, it will be shown
the strategies followed in order to adapt the NR strategy to the proper resolution of the contact problem.

2.4.3.2 Line-search

Zienkiewicz[BookZTF14] classifies this method in the category of convergence accelerators. The approach[BookZTF14]
is based in the concept of the descent direction. This descent direction can be obtained applying different procedures,

such the gradient descent, NR or quasi-Newton method. Independently of the approach, the method will proceed as

the following Algorithm 1.

Algorithm 1 Line-search

1: procedure Line-search

2 Set iteration counter j = 0, and make an initial guess X, for the minimum

3 while (rhs;ta > tolerancegps and ratio > tolerancer) and i < iterationmax do
4 Compute descent (or search) direction dx
5
6
7

Choose 7 (step size) to minimize the projection of the residual on the search direction: G(nx) = f(Xx +nxdX)
Update X1 = X + 1 dX
Update i = i + 1 and the RHS

This method is discarded, as cannot be used, at least without additional considerations, for CCM. We will then
focus on the other two methods. In general, it is complex to consider convergence accelerators on contact problems,
as the BC of the problem is continuously changing and this is troublesome for this kind of strategy.

2.4.3.3 Arc-length

Aull
|
Ay
ArAYL
K i+1
A~ k(n-ﬂ) converged solution
Ai
— spherical arc at
substep n
N
— Aup —
| I
1 |

un(converged solution at substep n) s

Figure 2.4: Graphic representation of the arc-length method

Unstable behaviours[BookOlIl14] occur for various problems in structural mechanics, for which it is difficult to find
a solution. To avoid this, a system of equilibrium equations with restrictions of type Af(u, u, i, \) are usually used,
where the magnitude of external force AMf®! is an unknown conditioned by an additional equation c(u, \). The basic
concepts of the method are presented in (2.7) (see Figure 2.4).
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Considering the following relations stating from the equilibrium equations (2.7a).

OATN _ o (AR _
e (&)~ (%), -

It allows to rewrite the equilibrium equations as (2.7b).

(2.7b) 0 = Af(uj, \)) + J; - Sujyq — &0 54

0 = c(u, A)is
The displacement increment can be written as (2.7c), where u™ is the total displacement with the last or maximal
value of the external force and 60 is the solution of the system of equations without correction and § A, is the change
of the application factor of the load.

(2.70) 5U,‘+1 = (50,41 + UZ?X(S/\,'H

Ji- 00,1 = — [Ml'.'l +Cu + f;:m(l:l, u) — /\,'fe’“]
(27d) j umax = fext
Aist = i+ 0Ajs1

With the basis developed previously (2.7) it is possible to implement different versions of the method. The version
implemented in Kratos is based in different implementations from the literature[ArtFM93; ArtTL98; ArtCri83].

2.4.4 Time integration schemes

Taking the semi-discrete form of the dynamic principle, Equation (2.8), we obtain the equation governing the solid
dynamics (CSD). We will express in this manner, instead of the proper residual form, Mii+C+LHS*"® Au = RHS*#°
for being more illustrative showing the resulting structure when applying a certain time integration scheme.

(2.8) Mii + Cu + Ku +f=0

We can now choose between the implicit and explicit approach, following[BookOll14] we can define them as the
following. If the response at current time depends completely from the solution in the current step then we are working
in a explicit solution, but in the other hand if the solution depends on velocity and the acceleration at current time, then
we have an implicit solution. Considering the set of equations (2.9), which depend on the « parameter, then we can
say:

o Explicit: It states equilibrium at time ¢, with « = 0 (Forward Euler). The displacement in next step is obtained
depending on the velocity and displacement of the previous step. This methodology if simple in terms of structure
requires less memory storage, does not require expensive tangent operators, the algorithms obtained are
reliable and it requires a very small time increment what it can be numerically expensive and unapproachable.

e Implicit: It formulates the equilibrium at time t + At with o = 1 (Backward Euler). The displacement in the
next step is obtained depending on the current time velocity and on the displacement of the previous step. For
this approach the time increments can be much larger preserving stability, allows more precise solutions, but
requires the computation of the tangent operators (LHS) and large storage demand.

Upar = Up + Aty
(2.9) { t+At t+ traAt

Upar = (1 — a)U + allpay
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As we have said previously, the aim of this work will focus in an implicit solution; thus we need to discretise (2.8)
with some temporal scheme, the ones that we present corresponds with the most extended in structural dynamics,
the Newmark-3 (2.4.4.1.Newmark time scheme) scheme, the Bossak scheme (2.4.4.2.Bossak algorithm) and the
a-generalised (2.4.4.3.a-generalised). For additional literature related with structural dynamics, and in particular
CSD, we recommend to consult the bibliography[BookCP12; BookOll14; BookRR12], where alternative schemes are
explained, and the stability and convergence of each one is deduced.

2.4.41 Newmark time scheme

Below with one step method employing Newmark schema we obtain (2.10).

(sM + ¢C + ciK)u™! + 1 = 0
(2.10) u™ = u"+ AtU" + (5 — B) ARG + BALRG™
u™ = 0"+ (1 — ) A" + yAG™

1

Where the coefficients of the scheme are ¢y =1, ¢ = ﬁ and ¢c3 = TN

2.4.4.2 Bossak algorithm

The Kratos framework uses the Bossak[ArtWBZ80] algorithm by default for the time integration. This method is based
in the Newmark method, introducing additional parameters to dissipate spurious oscillations in the high frequencies.
The parameters introduced modify the form of the equilibrium equation including an averaging process between the
current and the old-time station so to preserve the consistency requirements. The only variation respect Newmark is
in the equilibrium equation (2.11).

(2.11) MG™' 28 U™ + Ku™' +1=0

1—op)®
2

Where %1 < ap < 0, considering the Newmark parameters defined as v = ‘5 —agand g = { .fag=0we
obtain the Newmark scheme unconditionally stable. The Bossak method present some implementation advantages
for non-linear problems, owing to that the mass matrix is constant on Lagrangian meshes.

2.4.4.3 «-generalised

The a-generalised (Chung[ArtCH93)) is the generalisation of the time integration schemes, being the Newmark and
Bossak particular versions of him. In this case the method involves a modification of the equilibrium equation, with the
ar the damping and elastic forces are taken into a linear combination and with «, the inertial forces are modified.
With o, = af = 0 the method obtained corresponds with Newmark. The expression of the method is presented in
(2.12).

The equations from (2.10) corresponding to u™' and ™' remain exactly the same, except that the value the
Newmark constants which are v = 1 + am — oy and 8 > } + 3(ar — o) for an unconditionally stable solution.

(2.12a) Mi™ —om o Ca™ T Ku™ ' 4§20

Where each component of the displacement and its derivatives is calculated as:

umt-am = (1 _ af)ﬁnn + Oéfﬁn
(2.12b) utmor = (1 — o)™ + a0

un+1fa, — (1 o O[m)un+1 + amun
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2.4.4.4 BDF

The BDF is a family of implicit methods for numerical integration of ODE, originally proposed by Curtiss|[ArtCH52].
This family of methods is commonly used in stiff> ODE. Despite the method can be applied to any type of ODE, if
applied directly to the Newton’s second laws we can obtain the following (2.13) for the BDF1 (backward Euler method)
and BDF2 schemes.

The general formula of the BDF, for a variable depending on time, can be written as:

dy

— =f(t, y), o) =

o (t,y), y(b)=xo
(2.13a) s

Z akYnik = Atﬁf(tms:}/ms)

k=0

In here s corresponds with the desired order of the scheme, and At with the time increment. The a, and 5 parameters
are obtained via Lagrange interpolation polynomials in order to achieve O(h)°. The BDF1 and BDF2 coefficients
correspond with:

BDF1: ypt — Yo = Atf (tri1, Y1)

4 1 2
BDF2: Yni2 — §Yn+1 + §}’n = §Atf (tn+2, }’n+2)

(2.13b)

Applying this to Newton’s second laws, we obtain and to our system of equations (LHS and RHS). The definition of u™"
depends on the BC of the problem, and can be deduced from (2.13b) or by means of a second-order approximation

. . 2 ,,
like u™" = u" + Ata" + £La".

n+1

dy : el —i
(2.13c) % = Z bdfy
i=0
andl 1 et 1 an G+l = 3 gm! _ 2 g0, 1 g1
(2'13d) BDF1: {l'jnn _ A1tun+1 A1tun BDF2: {l-jnn 2?tunﬂ AZ‘tun i 2‘IA[un—1
=Eu —Eu u =mu —Eu +mu
1 1 9 3
(2.13¢) BpF1: 4 THS =K+ 22M+ 28 pppy.  JLHS =Ko 5zM+ 55C
RHS =f — Ml — Cu RHS =f — Mu — Cu
In addition, in case an adaptive time step (At) is considered we need to update the BDF coefficients. If considering
p= AAI::1 , then:
BDF1: baf, = Ait, baf, = —Ait
(2.13f) 1
BDF2: tooert = ——7——, bdfp = Z‘coeff(pz +2p), bdfy = *tcoeff(Pz +2p+1), bdfz = tooert

At + Atp

2.4.5 Damping matrix

The damping matrix presented in (2.4e) depends on the damping coefficient (c) of the given element e, which is
not always available. Usually a critical-damping ratio respect the critical is considered (£). With this critical-damping
ratio we can estimate the damping matrix. In order to do so we will consider the classical Lord Rayleigh{BookRay77]
damping. In this formulation, the damping matrix (C) is assumed to be proportional to the mass (M) and stiffness (K)
matrices as in Equation (2.14a).

(2.14a) C=71M+ K

3ODE unstable unless a small time increment is taken into account.
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Rayleigh damping

i Damping ratio

---  Stiffness damping D = &
S Mass damping D = ;-

2w
. . 5
— Rayleigh damping D = 2 + 51
\\ ,I
\ ,I’
s ’
r>‘\
’ )
s’ bt S
Y T D e e Ty S IV Frecuenc

Figure 2.5: Graphic representation of Rayleigh damping matrix

In here 7 is the mass-proportional damping coefficient and ¢ are the stiffness-proportional damping coefficient. Taking
into consideration that the properties of the modal equations and the orthogonality conditions, we can express (2.14a)
as (2.14b).

(2.14b) &n =

In this expression we have the relationship between the n critical-damping ratio and the n natural frequency. Consider-
ing two different natural frequencies, we can define a system of equations such as:

& 1 Lo n
2.14 ==
(2.14c) [ g 2| &y 5
If damping for both frequencies is set to be equal, then the conditions associated with the proportionality factors can
be simplified as:

—&

2
(2.14d) §=¢=¢ therefore ¢ = 3 and 7 =wwd
wi + Wwj
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CHAPTER 3. ROTATION-FREE SHELLS AND SOLID-SHELL ELEMENTS

Chapter 3

Rotation-free shells and solid-shell
elements

©4& Things should be described as
simply as possible, but no simpler.

Albert Einstein
(1879 - 1955 AD, German-born
theoretical physicist)

3.1 Introduction

In first place we will introduce a simple historical outline in the shell theory. This will be extended in the state-of-the-art
section (3.2.State of the Art in shell formulation), the current state of the standard shell theory. The theories relative to
rotation-free formulation will be introduced in its respective sections.

In the following sections, we will introduce the element solid-shell developed to tackle the main aim of this work,
the prismatic solid-shell element. This element has some resemblance with a previous work, the Enhanced Basic
Shell Triangle (EBST) element, a rotation-free shell, which considers the neighbour elements with the objective of
enrich quadratically the in-plane behaviour.

For that reason we will introduce in first place the rotation-free elements (3.3.Rotation-free shells), and later on we
will present the prismatic solid-shell element (3.4.Prismatic solid-shell). The examples of performance of the prismatic
solid-shell element can be found in the section concluding this chapter to this one, 3.5.Numerical examples.

3.1.1 Historical outline

The base of the shell theories can be found in the plate theory. This theory takes a similar approach to the beam
theory applied in thin geometries. The classic thin plate theory establishes that the normal remains straight and
orthogonal to the middle plane after deformation[BookOfa13]. This theory is based in the postulates presented in
the original work of Kirchoff in 1850[ArtKir50], despite some people associate this theory to some previous works
by Marie Sophie Germain[BookBD80; BookBD12] in 1811. We have some analytical solutions for this theory for
rectangular plates, as the one presented by Navier in 1820. In here Naviernavier1820memoire introduced a simple
method for finding the displacement and stress when a plate is simply supported. The idea was to express the
applied load in terms of Fourier components, find the solution for a sinusoidal load (a single Fourier component),
and then superimpose the Fourier components to get the solution for an arbitrary load. Another analytical solution
was proposed by Lévy[ArtLev99] in 1899, where the main difference with the Navier solution consists in start with an
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assumed form of the displacement and try to fit the parameters so that the governing equation and the boundary
conditions are satisfied.

An evolution to this theory, which can be applied to thick plates, is the thick plate theory proposed by Reiss-
ner[ArtRei45] and Mindlin[ArtMin51]. This theory assumes that normals remain straight, though not necessarily
orthogonal to the middle plane after deformation. These two theories are complementary, and it is relevant to know
when to choose between them depending on the relative thickness of the element (usually we consider as thin

thickness 1
elements when verage side < 15)-

The shell theory will be therefore an extension of the previous postulates, but applied to non-planar sur-
faces[BookOna13]. The non-coplanarity introduces membrane behaviour (axial force) in addition to the plate
flexural resistance (bending and shear forces). The governing equations of a curved shell (equilibrium and kinematic
equations, etc.) are more complex[BookKra67; ArtNio85; ArtNoo90a; BookTW59; ArtNoo90b] than in the case of
plates, mainly due to the curvature of the middle surface. This theory is introduced in first place by Love[ArtLov88] in
1888, applied only for thin shells. This short introduction to the history of shell theory will be expanded in the shell
state-of-the-art section at 3.2.State of the Art in shell formulation, where some of these standard shell models will be
presented.

3.2 State of the Art in shell formulation

3.2.1 Element requisites and stabilisation techniques

As it is presented in the book of Wriggers[BookWri08], but also in the work of Belytschko[BookBel+14], the target
properties of any new element, extensible to shell elements are the following':

a) Locking free behaviour for incompressible materials
b) Good bending performance
¢) No locking in thin elements

e) Good coarse mesh accuracy,

)
)
)
d) No sensitivity against mesh distortions
)
f) Simple implementation of nonlinear constitutive equations
)

g) Efficiency (particularly relevant in explicit simulations)

In order to achieve this objective there are different techniques[BookWri08], here we present a short summarises
of the most relevant:

1. Reduced integration and stabilisation: Consist in the consideration of reduced number of integration points,
with the corresponding reduction in the computational cost and memory, especially in explicit algorithms. This
methodology was developed in order to avoid locking in case of incompressibility. The principle from which
derives this technique is the fact that reduced integration is associated with rank deficiency of the tangent
matrices, which is cured with the consideration of stabilisation techniques. Because of this these elements need
the choice of artificial stabilisation parameters. Its main advantages are:

Locking free for incompressibility

Good coarse mesh accuracy

Not sensitive against mesh distortions

Can be used for arbitrary constitutive equations

2. Hybrid or mixed variational principles: These elements include additional Degree Of Freedom (DOF)
in order to stabilise the formulation. The main disadvantage is the requirement of adapting the constitutive
relationships.

As we will see the element developed in this work, 3.4.Prismatic solid-shell, enjoy these advantages.
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3. Enhanced strain elements based on the Hu-Washizu principle: Within the enhanced strain formulations,
nonconforming strain measures are introduced within the Hu-Washizu principle[ArtWas82]. The main elements
developed concerning this principle are the ones present in the work of Simo[ArtSF89; ArtSFR89; ArtSFR90;
ArtSRF90; ArtSK92; ArtSRF92; ArtSim93]. These elements fulfil all points of the previously mentioned
requirement, therefore they are well suited for all applications. Additionally these methods have been proven to
be efficient in order to overcome the hour glassing effect. This method includes techniques such as EAS and
Assumed Normal Strain (ANS).

4. Mixed variational principles for problems with rotational DOF: In here the momentum and moment of
momentum are weakly enforced. This leads to the symmetry of the stress tensor and therefore the rotational
DOF can be introduced as independent field variables.

5. Composite or macro elements: Here elements are constructed from subelements, which use simplified or
special shape functions.

6. Higher order displacement elements: This technique consists in the consideration of higher order geometries
as quadratic or cubic, or even hierarchical shape functions using polynomials or Non-Uniform Rational B-
spline (NURB). In fact, this last option allows a more efficient formulation, being competitive with the other
approaches.

In Wriggers[BookWri08], some other techniques are mentioned, such as nodal based elements or Cosserat point
elements.

3.2.2 Shell formulations

We can differentiate three different approaches[BookOna13] for the definition of a shell theory:

1. Classical shell theories: These formulations can be found summarised in several sources[BookNov59; Art-
Nio85; BookWem82; BookGou12; BookCal89]. We can mention particularly the Discrete-Kirchhoff assumptions,
as an extensively used methodology[ArtWOK68; ArtWem69; ArtDha69; ArtDha70; ArtDMM86; ArtMG86].

2. 3D elements of small thickness: This one it is not practical as it requires the consideration of very small
elements in order to avoid the ill-conditioning coming from a slender aspect ratio of the shell geometry.

3. Shell elements by degeneration of solid elements: These formulations, aka Degenerated Shell (DS),
comes from the concept of enforcing the shell theory assumptions into the general 3D elasticity[ArtAlZ70]. This
denomination can be misleading and it is often used in order to differentiate the formulation from curved shell
elements derived from standard shell theory. This kind of elements have enjoyed a lot of popularity, and several
authors have significant contributions in this formulation[BookBD90; ArtPar79; ArtKan79; ArtHL81; ArtFV82].
These kinds of elements, as a generalisation of the ReissnerMindlin shell theory suffer of membrane locking and
therefore require of some kind of stabilisation as the ones presented in 3.2.1.Element requisites and stabilisation
techniques, particularly reduced integration or assumed strain fields. The main difference between the DS and
the standard formulation is that in the case of the DS the Principle of Virtual Work (PVW) is written in terms
of stresses and strains, as in solid elements, and the integrals are computed in the volume.

e Continuum-Based Resultant (CBR) shell theory: This theory introduces simplifications in DS elements,
so that the PVW can be expressed in terms of resultant stresses and generalised strains, therefore the
integrals can be computed over the shell surface only. It exists a variation of this formulation called CBR-S,
whereas an assumption we eliminate the z-dependence in the surface Jacobian (J).

Buechter and Ramm[ArtBR92] have compared between degenerated shell elements and those based on standard
Reissner-Mindlin/Naghdi type shell theory. In this work, they highlight the standard shell for practical purposes as
their formulation is generally simpler.

In addition, it is relevant to highlight the so-called . As mentioned in the stabilisation techniques in 3.2.1.Element
requisites and stabilisation techniques, this methodology consists in the consideration of the same basis functions for
representing the geometry in CAD, like the NURB[BookHug+14; BookFHK02; BookPT97; BookRog00]. Thanks to
this, the FE analysis works on a geometrically exact model and no meshing is necessary[BookHBCO09; ArtBen+10;
ArtHCBO05].
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3.3 Rotation-free shells

3.3.1 Introduction

The next section introduces the rotation-free plates and shells developed in the last years by Eugenio Onate et
al.[ArtOF05; ArtFOO05; ArtFOO01; ArtOZ00; ArtFO11]; that despite the modifications and improvements realised in
all this time, the principle is the same, a plate/shell that just consider displacement as degree of freedom in the
nodes.

The traditional Kirchoff theory is enough to describe the most common cases of plates and shells, but in the cases
where a thick shells approach is interesting to be considered, some difficulties appear associated to the C'? continuity,
and then just cases which need C° continuity have been used; in this sense the rotation free theories have been
presented as a very interesting alternative.

3.3.2 Basic Shell Triangle
3.3.2.1 Basics

Let us consider a patch of four three node triangles from Figure 3.1a, where the main triangle corresponds with the
one with the nodes marked with circles, and the external ones the marked with squares. To develop the formulation
we assume a constant curvature field, then the deflection is interpolated linearly in a standard finite element manner
as (3.1a), and then calling the curvatures as (3.1b).

rtn

3

5

6

(a) Patch of three nodes triangular elements including the  (b) Patch of elements in the isoparametric space
central triangle (M) and three adjacent triangles (1, 2 and 3)

Figure 3.1: Patch of elements for Basic Shell Triangle (BST) and EBST

3
(8.1a) W= ZL?VWQ
i=1
Where L? are the linear shape functions and w? the nodal deflection of each node.
Roxx
(3.1b) K=< Ky ?=R
Kxy

Where « is the curvature vector and % is the constant curvature field defined in (3.1¢).
T

.1 Pw  Pw 0w
(3.1c) n:T// {_82’_82’_238 dA
M Au X y xay
Where Ay is the area of the central triangle.
2The function f is said to be of (differentiability) class C* if the derivatives f, f, ..., f(k) exist and are continuous (the continuity is implied by

differentiability for all the derivatives except for f(k)).
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3.3.2.2 Shell kinematics

Considering a shell of the initial thickness hy and with an undeformable middle surface in Qq ()°) with a boundary I'.
The positions X and x of a point in the undeformed and the deformed configurations can be written as a function of
the coordinates of the middle surface ¢ and the normal t3 at the point as (3.2a), where £ and 7 are the curvilinear
principal coordinates and ( is the distance from the point to the middle surface in the undeformed configuration.

(3.2a) {X(E,n, Q) = @%&,m) + M3

x(§1 7, C) = (P(£7 77) + C)\tG

Defining \ as the parameter that relates the thickness at the present and initial configuration (3.2b).

h
(3.2b) A= g
A convective system is computed at each point as (3.3).

() =5i=123

ol() = SHEGEE 2 4 (M) 0= 1,2
3(¢) = 3(%(557%%”3) =\

(o]

(3.3)

Q «

The curvatures of the middle surface are obtained by (3.4a).

1
(34a) /‘f;aﬂ = 5 (SO/O( . t3/ﬂ + (P/B . tgla) = —t3 . ‘plaﬁ OC,B = 1,2
The deformation gradient tensor (F) is (3.4Db).

(3.4b) F=[X1,X2,X3] = [ w1+ C(/\tg)q QYo + C()\t;;)/g A3 ]

The product F'F = U? = C (where U is the right stretch tensor, and C the right Cauchy-Green deformation tensor) can
be written as (3.4c).

a11 +2k11CA a2 +2k12¢A 0 ai +2x11CA a2+ 2x12¢A 0
(3.4¢) U= | ag+2k12(A @ +2kpCA 0 | — ifk)=0— | a;z+2x12(A @z +2x22(A O
0 0 A2 0 0 A2

It is also useful to compute the eigendecomposition of U as (3.4d), where A\, and r,, are the eigenvalues and
eigenvectors of U.

3
(3.4d) U=D Aafa®F
a=1

3.3.2.3 Constitutive models

For the constitutive model, we recommend to consult directly the literature[ArtOF05; ArtFOO05; ArtFOO01; ArtOZ00;
ArtFO11]. It is possible to consider more than one constitutive model, and the ones presented in the references are
focused in cases where the objective is to calculate large strains of metal forming processes.

3.3.3 Enhanced Basic Shell Triangle

The following model corresponds with the enhanced version of the BST, called EBST, being the main features of this
element:

e The geometry of the patch formed by the central element and the three adjacent elements is quadratically
interpolated from the position of the six nodes in the patch.
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e Interpolated from the position of the six nodes in the patch. The membrane strains are assumed to vary linearly
within the central triangle and are expressed in terms of the (continuous) values of the deformation gradient at
the mid-side points of the triangle.

e The assumed constant curvature field within the central triangle is obtained using now twice the values of the
(continuous) deformation gradient at the mid-side points.

3.3.3.1 Total Lagrangian formulation

As mentioned above a quadratic approximation of the geometry of the four elements patch is chosen using the position
of the six nodes in the patch. It is useful to define the patch in the isoparametric space using the nodal positions given
in the Table 3.1 and Figure 3.1b. The quadratic interpolation is defined as (3.5a).

6
(3.52) ©=>_ N
i=1
Ni=C+én No=3(C—1)
(3.5b) No=¢+m( No=3((—1) with¢=1-¢—17
Ns=n+¢{ Ne=2(n—1)

The Cartesian derivatives are defined as (3.5c).

N1 1[N/§] {‘P?'h @7 'h][Nig]
350 ’ =J ’ = § n ’
(3.50) { Niz } Niy Wt ) b Niqy
1 2 3 4 5 6
E 01 0 1 A 1
7 0 0 1 1 1 -

Table 3.1: Isoparametric coordinates of the six nodes in the patch of Figure 3.1b

3.3.3.1.1 Computation of the membrane strains

We define the Green-Lagrange strains as (3.6a), and the virtual membrane strains as (3.6b). Differently from the
original BST element the membrane strains within the EBST element are now a function of the displacements of the
six patch nodes.

3 1. 905:1 : 905:1 —1
(3.6a) =Y SN ¢l plp— 1
i=1 254 - iy
3 @iy -0
(3.6b) Sem=»_N; ©ly - 5l = Bnoa”

i=1 3@l pla+ply - 0ply

3.3.3.1.2 Computation of the bending strains

We employ the same curvature field assumed in the BST.

3 L,’»‘,’QO{

M t3 -l
(3.7a) K = 22 0o LY /

ts - ¢lp
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The gradient is computed as (3.7b).

‘ ' ‘ . ‘ 1
ol ] { Nyy Npy Ny Nigy } P2

3.7b TN, N, N, N
(3.7b) [ @l Nio Nop Nzp, Niso ¥3
Pis3

Finally, the variation for curvature is (3.7c).

3 L’-Vq 0 3 : ) )
_ s M N!,1 (t3 . (SUI‘) N!+3Y1 (t3 '(5U’+3)
RN O T {Z | Nt ) || N )

(3.7¢)
Mply + Lhp11)

(LM
- Z (/—ﬁ Pro + Llop22) | (t3 - 6u;) = Bpoa®
(melz + L%Pm)

3.3.3.1.3 Tangent stiffness matrix

The tangent stiffness matrix is divided into material and geometric components. Being the material tangent matrix
the one showed in (3.8a), and the geometric tangent matrix the one from (3.8b).

Material stiffness matrix:

(3.8a) KM = / / B'D.,BdA where B = B, + By,
A

Geometric stiffness matrix:

(3.8b) KC=KE + K¢
Where:
A& NE N TN .
(3.8c)  Ju'KSAu = ?Z > {5u,[ NN [ NE N;kz } { /\/F; } Au,-} with Nj = o
k=1 i=1 j=1 />

Numerical experiments[ArtFO05; ArtFO11] have shown that the bending part of the geometric stiffness is not so
important and can be disregarded in the iterative process.

3.4 Prismatic solid-shell

3.4.1 Introduction

Solid-shells have been during the last fifteen years[ArtDB84; ArtHS98; ArtHSDO0O0; ArtHau+01; ArtSou+05; ArtKGWO06a;
ArtPar+06] an important improvement in the shells simulations, providing reliable simulations and avoiding the prob-
lematic that is associated to the kinematics hypothesis and plane stress constitutive laws related to the use of the
shell element (or any kind of bidimensional elements as plates and membranes). The main advantages when using
solid-shell elements are:

a) General 3D constitutive relations

b) Large transverse shear can be considered, and considering additional elements along the thickness improve
this behaviour

c) There does not need to consider transitions between solid and shell elements (all the elements are solids)

d) Contact forces can be introduced directly in the geometry and in a realistic way without any additional technique,
which is especially important for the consideration of friction
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e) The element is rotation-free, avoiding the storage and computation of these variables

f) In the case where we have non-parallel boundaries this can be modelled correctly

For the consideration of strongly non-linear problems, problems where the contact-friction, large deformations
and complex constitutive laws are considered, the use of low interpolation order elements is preferred. Most of the
existing solid-shells are linear hexahedron[ArtDB84; ArtHS98; ArtHSDO0O; ArtHau+01; ArtSou+05; ArtKGWO06a;
ArtPar+06; ArtSVR11; ArtAC09; ArtSAV11; ArtSR11; ArtSen+16] (usually trilinear 8-node brick), which have two main
disadvantages; the first one is the hourglass effect, which is called this way due to the characteristics shapes adopted
in the proper modes and a stabilisation is required to reduce these problems; the second problematic is the meshing
of the plane, due to the fact that meshing quadrilateral is less performant than triangles. For this reasons the triangular
prisms (wedges) could be considered an interesting alternative, especially for the second problem mentioned, but this
kind of geometry is not exempt of problematic, owing to the low order of interpolation of the geometry, when a linear
triangular prism is considered. This last problem can be solved with the consideration of the neighbours elements?, in
consequence the element becomes quadratic in the plane solving this last problem.

In addition to this, it is well known that low interpolation order elements in the standard displacement formulation
(in contract to the mixed formulation) in the consideration of slender structures and incompressible materials suffer
severe locking effects. The transverse shear locking provokes problems in the bending behaviour, especially when
more slender is the element. The membrane locking appears especially in the initially curved shells when bending is
preponderant without middle surface stretching. A curvature thickness locking can appear in problems with initially
curved geometry due to artificial transverse strains and stresses under pure bending. Finally, the volumetric locking
can appear when the material present an incompressible, nearly incompressible behaviour or elastic-plastic materials
with isochoric plastic flow (typical in metals).

The element has been implemented into Kratos[OnlIKra], the in-home FEM-Multiphysics open-source code,
implemented in C++ with parallelisation capabilities. The pre/post-process of all the presented examples haven been
processed with GiD[OnIMel+16], the CIMNE software for pre and post processing.

3.4.2 Basic kinematics of the standard element

We can find the standard isoparametric interpolations for the linear 6-node triangular prism (or wedge) in (3.9), where
X', x" and u’ correspond with the original coordinates (or undeformed configuration), the current coordinates (or
deformed configuration) and the displacements in the node / respectively.

6
(3.92) X©) =) NEX

6 6
(3.9b) X(©) =D NEx' =>" (X' +u)

The shape function N/(£) from (3.10) are defined in function of the local coordinates (¢, 7, (), where the tho first
define the position in the plane of the triangular base and the third one corresponds with the coordinate along the
prism axis.

N'=zL', N2 =¢L', N8 =gl

(3.10a) N4 = ZL2, N5 = £L2, NS = nLZ

In this definition the third triangular coordinate and the axis interpolation is defined as:

(3.10b) z=1-¢—n, L'=11-¢, 2=}1+0

3Like in the EBST elements, see 3.3.Rotation-free shells.
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We can define following the standard formulation the Jacobian matrix at each integration point as (3.15a), in
consequence we can compute the Cartesian derivatives of the shape functions. At each element centre, a local
Cartesian triad can be defined as in (3.11b), that allows to compute the Cartesian derivatives with respect to this local
system following the orthotropic directions.

OX _
(3.11a) J=a—£—>N)’(=J "N
(3.11b) R=[t, t, ts]— N, =R"N

As it will be shown in the following section, the left Cauchy tensor C is modified into the C using the assumed
strain techniques that in one case include an additional internal degree of freedom «, leading to the improved tensor
C. The balance equation to solve in the strong form for a TL* formulation in large strain hypothesis is (3.12).

(3.12) {91 (u,a) = [, 38(C) : 6,CdVo + Gext = 0
' ¢

% (u,@) = [, 3S(C) : 6,CdVo + gext = 0
Where S is the second Piola-Kirchoff stress tensor (PK2).

3.4.3 Modifications of the standard element

The prism presented in the previous lines corresponds with the standard, and it needs to be modified for the sake
of large strain elastic-plastic analysis of shells. For this purpose different modifications are introduced in the metric
tensor C. The discretisation to be introduced in the prism solid-shell can be defined in first place with the discretisation
of the triangular middle surface and in second place with the discretisation along the thickness. We will assume that
the upper and lower face are almost parallel and thus the normal direction can be defined in function of ¢. In (3.13)
the right Cauchy-Green tensor is decomposed according to the different behaviours that define classically the shell
elements, this means we decompose in-plane (membrane and bending behaviour), transverse shear and normal
components. The calculation of each one of the different components will be detailed in the next sections.

Cii Cfy Ci
(3.13a) C=| CI Ci C

Gt G Ca
Where the index m, s and n mean membrane, shear and normal behaviour, respectively. In consequence this tensor
can be decomposed in three components as detailed in (3.13b).

Ci=Cit' @t' + Cut? @ 2 + Cpo(t' @ 12 + 12 ® t) (tangent plane)
(3.13b) C=Ci+C+C3 > {Co=Cist' 9B + B @ t") + Co3(t? @ 2 + 2 @ ?) (transverse shear)
C, = C33t® ® 12 (thickness strain)

3.4.3.1 In plane behaviour

The improvement in the in-plane behaviour is the same considered for the EBST element, a rotation-free shell element,
where a four-element patch is considered (Figure 3.2), and the neighbour nodes allow us to work with a quadratic
element in the in-plane behaviour; for more information about this element, we address the reader to[ArtOF05;
ArtFOO05]. The same computations from the EBST element can be considered in the upper and lower face as we can
see in the quadratic shape functions from (3.14) and it derivatives in Table 3.2.

4The formulation can be extended to UL following the standard notation, for more information you can look among others[BookBel+14;
BookBor+12].
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(a) 2D (o) 3D
Figure 3.2: Patch performed in the element considering the neighbour elements

N' = (z + &), N7=§(z—1),
(3.14) NP = (E+nz), NB=%
N =(n+20), N°=F(n—1)

We define a local system of coordinates from (3.11b) taking as reference the components f; and f; in the tangent
plane and f; in the normal. In each mid-side point of the element, we compute the in-plane Jacobian as shown in
(8.15a).

(3.15a) J{xg.h Xn.h}

Xg . t2 X77 . t2
And in combination of the shape function derivatives we can compute the Cartesian derivatives in (3.15b).

(3.15b) [ x; ] =J; [ /l:/% ]
n

With the Cartesian derivatives, we can calculate the in-plane deformation gradient components f& and f&, and
with it Cg-( which are averaged over each integration point along the thickness with (3.16a). As with the rotation-free
shells, when a neighbour is missing the values from the central node of the face are used for the averaging.

(3.16a) Ci(§)=L'Cj +L2C;

The variations are computed as (3.16b).

16 101 1c2 E
2 211 2 <11 2 Y11 E11
(3.16Db) 5| 3Coo | =0 | 3Ch |L'+6| 3C3 |LP=6]| Emx
Ci2 1 2 2E;2

1 2 3 7 8 9

N§’ —A+n 1-n z-¢ %—z [ o1
N, —1+§ z—-n 1-¢§ 5-2 0 n—73
Table 3.2: Derivatives of the shape functions from (3.14)

At each face a modified tangent matrix B’ relating the incremental tensor components with the incremental
displacements du can be written as shown in (3.17), where just the nodes from the face and its opposite neighbour is
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considered.
1R TN o PR N
o JRCAE IR A EEO I UL
317) 12 k=1 Ci K=t u=t | (#CNGUO 1 g NEOy
. _

We can obtain the equivalent nodal force vector from the integral (3.18), with f; S;L'Jd¢ = S,;

1 S r _ _ *:9111 r _ “:3121 r _
(3.18) rlou= / Soo [ L'B}, L%B2 |Jd¢ = S, | BL,| S5 | B2 ;du
—1 Qi o2
312 812 312

In (3.19) the calculation of geometric stiffness for the membrane behaviour is presented, where we sum the
contribution of the ng integration points along the direction (.

o 3Ci S
(SUTKmGAU:/ 37 %ng 822 AudV
v e Ci2 Siz
(3.19a)
ng 2 3 4 K
Volg St S N,
ey fwim v g g [N ])
G=1 =1 K=1 J= 2

ng

ZVGLf[ S Si }
3 So1 Sa

VLN
M]A”

2 3 4
uKmeAu =35 {6u’[ NN TS

(319b) f? K=13J=14 G=1 h f
k[ S, & N;

S {wim (& &) [ M] e}
=1 UK=1 J=1 21 22 2

3.4.3.2 Transverse shear behaviour

To avoid the transverse shear locking we introduce an interpolation in natural coordinates of mixed tensorial compo-
nents, a very common practice in the literature. We consider a linear variation of the transverse shear strain tangent
to the side. Here we compute a mixed component of the right Cauchy-Green tensor as (3.20), where the components
relatives to the transverse shear C,3 and C¢3 are written with respect to a mixed coordinate system that includes the
in-plane natural coordinates (&, n) and the spatial local coordinate in the transverse direction (y3). The components
are written in terms of the transverse shear strain tangent to the side computed in each mid-side point, as seen in
Figure 3.3. Besides, the numerical integration is performed along the axis, which means P(%, %).

c e 1 Vel NEHS

(3.20) [ & } - [ e 1 ¢ } ~C | =P | -1
n3 c3 .

£3 n '3

The deformation gradient components are f; (natural coordinate derivative) and f3 (local Cartesian coordinate
derivative), these are expressed in (3.21a), where ng are third column of the inverse of the transverse of the Jacobian.

- fl.f

Cio | _ j=1| Ces | _ -1 _;2 ,3fz

(3.21a) { Con ] =4 g, | = Pa PP
€ '3
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(a) 2D (b) 3D
Figure 3.3: Nodes considered in the computation of the transverse shear strains

The modified transverse shear Cartesian components can be obtained from (3.21b), interpolating these values the
components from the right Cauchy-Green tensor can be obtained (3.21c¢).

Vet ! x% — x2 Vaf 1° x8 — x5 6
(3.21b) = x| R = X x| f= ) N = V)T
I=1

f2 x2 —x! 2 x® —x*
Cis [ Cr ' Cia )2 2E+3 _[ Cis }
3.210) e o= & o] g | e [ 220 0= ] 82 0

The tangent matrix B is also obtained by interpolating from both faces (3.22a). In a similar way to the in-plane
behaviour, the internal forces can be obtained from (3.22b). Finally, the geometric stiffness matrix can be obtained
from (3.22c).

1 St ]+ 1] - of]
(3.22a) Bs(¢) = B{L' + B3L* where B, = (J)  P.B[and Bsou® = | —df> -5 — 2 . of
o 13+ 13- o3

_ - ; ‘:912 A
T_ Si2 | 15 _a7 | Bs AT _ Sa3
(3.22b) r. _/V { 5 [Bs] 5 AV = Quyq 8 |, . where Q,,; = » { 5 ]LZ Jd¢
23
B T = - -/ = =
6uTKsGAu=A{{ g }6u} Qeonsidering [ @, @, ]=[ & @ ]d5' =
S
(3.220) (0 + @) (vVao; - Aty +v2f) - o))

@ ] A (Blou) = % (-0 —2@) (~of2 - A%+ AF - 6F)
(20) + @) (of - A+ A - oF)

3.4.3.3 Transverse normal behaviour

As introduced previously, to avoid locking (volumetric locking) in quasi-incompressible problems due to the Poisson
effect the EAS formulation is considered. With this formulation we obtain a modified C3 component.
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3.4.3.3.1 EAS formulation

In the standard EAS method the convective strain components are interpolated, in our case as we just want to
improve C3; and some modifications as presented below are considered. At the element centre (§ =7 = % and ¢ = 0)
the Cartesian deformation gradient, and in consequence the right Cauchy tensor, can be enhanced as shown in
(3.23). So, in this EAS the changes will affect just to the Cs3 component, and the Ci3 and C»3 are computed as
presented in the previous section.

6
(3.23) 1§ =) NEX - 13 =156 — Cog =5 - 5 = C536™¢
=1

With this enhancement the deformation matrix, internal forces and geometric stiffness can be calculated as shown
in (3.24).

6
(3243) 5E33 = %5633 = 5fg - f —g ezac + C33<(50[ = (Z Né%u’) -fgezo‘c + C33C(5Ck = ezaCBgéue + 033(:(56%
=1

1 1
(3.24b) rl= / B3 Ss3dV = / €?**BS S33Jd( = BS Sa3 with Ss3 = / e?%¢ Sg3JdC
% —1

6 6 1
(3.24c) Su"KgnAu = 0f5 - Af§Ss3 = Z(au’)T Z NIC N S35 1 Au’
I=1 J=1 1

3.4.3.3.2 Balance equation

In the following lines, we will introduce the balance equation which allows us to obtain the implicit solution of
the problem. Because we will focus in the implicit solution of the problem we will address the reader to[ArtFlo13c;
ArtFlo13a; ArtFlo13b] where the explicit solution of the problem is presented too.

The balance equation related with o DOF from (3.12) can be expressed as (3.25a), where we can obtain the
residue and approximate the solution with a Newton-Rapson technique the residual can be nullified (3.25b).

1

1
(3253.) 50[/ SssC;gsCJdC =0—=>1r,= / SssC;gsCJdC
—1 —1
1 6833 Cg3 8833 Cg3 M = ngDgB + 2833 Bg
(3.25b) / { Au + Aa} CJAC +ry = Owith { , 00 = j
1 ou Ja % = Cs3 (D33C(33< + 2833C)

The previous expression can be condensed in the following expression(3.25c), where after integrate the operators H
and k, are obtained.

(3.25¢) HixigAU + ko Aav + 1o = 0 then Aa =

1
LY
Kk, koY

Where:

(3.25d) {Hme — [, (CaaDoB + 2SaBs) CJAC

Ko = f; Cas (CsaDsz +2S33) ¢2Jd(¢
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If the expression is introduced in the balance equation associated with the displacement in (3.12) we can obtain
(3.25e), which can be linearised in the expression (3.25f).

(3.25e) su’” / B'SdV — du” Ge = du'r(u, o)
Vv

1 T T
Au + §Aa aiA u+ %Aa S|JdC+r(u)=0
_1 Oa du Oa

(3.25f)

1

/ [BT (DBAU + D C33¢Act) + SGAU + 2S33B] (Aa] JdC +r(u) = 0
1

/ (B'DBSG) Au + (B'D] Cs3 +2S33B]) (Aa] JdC +r(u) = 0

1

w1
(KrAu +HTAc) +r(u) =0 — KrAu — H” (; + kHAu) +ru) =0
(63 (64
Finally, all this can be expressed (3.25g) as a modification of the elemental tangent stiffness matrix and the internal
forces.

1 r, Kr=Kr —H”H
T T '« _ Ko
(3.259) (KT—H kaH) Au—H PR +ru)=0— {f:r—HT;a

3.4.3.3.3 Pull-Back and Push-Forward (Extension of the formulation)

The formulation presented until now is broadly the formulation already presented in the works of Fernando
Flores[ArtFlo13c; ArtFlo13a; ArtFlo13b], the main step forward of this work is the extension of the formulation. As we
have seen, the formulation presented allows us to obtain a modified left Cauchy tensor C. With this tensor we are
able to obtain strains in a traditional way, g.e with Green-Lagrange, but we are unable to work with the Pull-Back and
Push-Forward operations, these are, furthermore, the underlying operations in the constitutive operations in Kratos.
The fundamental concepts for this are presented in the Appendix section A.1.Pull-Back, Push-Forward fundamental
concepts.

In order to perform these operations, we need the deformation gradient F, or in our case F owing to we are
working with a modified right Cauchy tensor C. Obtain one from another is not a trivial operation, and we must
consider additional assumptions to obtain our modified deformation gradient. In a standard formulation to obtain the
deformation gradient F we compute (3.26) from the material displacement gradient tensor Vxu, C can be obtained
easily from here.

(3.26) F=Vxu+l—>C=F'F

We will present now (3.27a) the polar decomposition of F, which will be the key idea considered to obtain F. In
this decomposition R represents the proper orthogonal tensor and U is the right stretch tensor. The right stretch
tensor can be computed from the square root of the right Cauchy tensor3.27b. The only remaining component
needed to compute the F will be the modified proper orthogonal tensor where we will take the assumption that the
modified rotation tensor (R) equals the rotation tensor (R), meaning R = R. The computation of this F is summarised
in (3.27c).

ml
CcC

(3.27a) F = RU thus
(3.27b) U=+VCthus0=V€

E _ C FF—)U——\FC—>R=F-U1
3.27¢ RU

Page 62 of 374 Vicente Mataix Ferrandiz



CHAPTER 3. ROTATION-FREE SHELLS AND SOLID-SHELL ELEMENTS 3.5 Numerical examples

3.5 Numerical examples

First of all, we consider as reference the results obtained with previous implementations of the element by Flo-
res[ArtFlo13b; ArtFlo13a], as well as the results from [ArtSLL04; ArtKGWO06b]. In the following, when "Ref."” is
displayed will refer to this; meanwhile when "Cal."® is displayed the simulation will have been performed with the
in-home implementation in Kratos.

3.5.1 Patch test

Coordinates [mm]

i . 1: (0.04, 0.02)
2:(0.18, 0.03)

Y 2 3:(0.16, 0.08)
4:(0.08, 0.08)

X
Figure 3.4: Patch test geometry

The first step in the implementation of an element into a FEM code is the verification of the kinematics, for this
reason the patch test is understood as a necessary condition for the convergence of the element. In the case of
solid elements it is expected that when nodal displacements corresponding to a constant strain gradient (membrane
patch test) are imposed, constant efforts are obtained in all the elements; so in owing to the SPRISM is in fact a solid
element this is the behaviour we should expect. In the case of a solid-shell element clearly, this must satisfy at least
the membrane patch test and, although it may not be necessary, it is highly desirable that the element satisfies the
bending patch test as this will lead to a more robust and reliable element.

Figure 3.4 shows a patch of elements that has been widely used to access quadrilateral shell elements and
hexahedral solid shell elements, like where are working with prisms (wedges), we should split in two these elements.
The size of the largest sides is a = 0.24mm and the size of the shortest side is b = 0.12mm, while the thickness
considered is t = 0.001mm. The lower surface has been located at coordinate z = —t/2. The mechanical properties
of the material are: Youngs modulus E = 108 MPa and Poisson ratio v = 0.25. Because the problem considered
is linear just 2 integration points across the thickness are used located in the usual Gauss quadrature positions

(¢ = £1/V3).

3.5.1.1 Membrane patch test

sesze0n ¥
3333300 4
° ot

(a) Displacement X (b) Displacement Y
Figure 3.5: Solution for the displacement

The prescribed nodal displacements (on the boundary nodes) are defined by the linear functions (3.28), and
u, = 0 only on the nodes in the lower face to allow contraction due to Poisson effect. Due to the pure membrane
strains developed in this test, the internal DOF « obtained is zero and constant in all the elements.

_ YY) .10-3
(3.28) UX—(X+)2() 10_3
uy=(y+3%)-10

50r nothing more added.
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(a) oxx (b) oyy

() Oxy
Figure 3.6: Solution for the stress

Using the present element SPRISM the correct results are obtained for both the displacements of the interior
nodes according to (3.28) (Figure 3.5)and the element stresses (oxx = 0y, = 1333.3MPa and o = 400Mpa, Figure
3.6).

3.5.1.2 Bending patch test

(a) Displacement X (b) Displacement Y
Figure 3.7: Solution for the displacement

In this case the displacement field associated with a constant bending stress state is given by (3.29), that is
prescribed on the exterior nodes of both shell faces.

uc=(x+%)-2-1073
(3.29) u=(y+%)-3-1073
u, = (x®+xy+y?)-1-1078

We obtain a value for the internal DOF o constant in all elements and equal to: o = 0.3333 - 1078, The bending
stresses at the integration points are o, = 0, = +0.3849 Mpa® and oxyEt =0.1155 Mpa’ (Figure 3.8), while the
displacements at the interior nodes correspond exactly with the expression (3.29) (Figure 3.7). So in consequence
the element satisfies this test too.

61f we interpolate the values to the external faces we get oxx = oy, = +0.6666 Mpa
7Interpolated to the most external faces oy, & = 0.2000Mpa.
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(a) oxx (b) oyy

() Oxy
Figure 3.8: Solution for the stress

3.5.2 Cantilever

Figure 3.9: Cantilever with point load

A cantilever plate strip of length L = 10 mm width b = 1 mm and thickness t1 = 0.1 mm is subjected to a
transverse load F = 40 N (Figure 3.9). For the selected Youngs modulus E = 106 MPa the behaviour is one with
large displacements but small strains. Using different values of Poisson ratio (v = 0.0, v = 0.3, v = 0.49, v = 0.499
and v = 0.4999 (quasi-incompresible)) it can be assessed if the proposed assumed strain techniques allow to avoid
respectively the transverse shear locking, the Poisson effect locking and the volumetric locking. At the same
time, different geometries, with different numbers of divisions in length have been considered, see Figure 3.10, one
in the width and one across the thickness with two integration points. The final deformed configurations (vertical
displacement is 70% of the length) is achieved considering small load steps.

A A .
(a) 8 divisions in length (b) 16 divisions in length (c) 24 divisions in length (d) 32 divisions in length
Figure 3.10: Cantilever geometries

The Figure 3.11b shows the maximum vertical displacement versus the load factor (from 0 to 1) for 5 different
values of the Poisson ratio, for the geometry of the 32 divisions in length. The case v = 0 allows to compare with the
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1.0 T T T T T T 8

— Refr=0.0 R B e R P
— Solu=0.0 T — ———
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4 & Solw=0.499 E i
5 06l.|° © Solv=0.4999 <o i
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S o4 9 o—e Refy= 0.4999
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02l m—a Cal.r0.499
) *— Cal.r0.4999
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(b) Evolution of displacement with load factor (c) Comparision of results respect v and the number of longitudinal
divisions

Figure 3.11: Solution

reference value (u, = 7.08mm) and to see if the approach used to cure transverse shear locking is adequate. The
result obtained u, = 7.06mm indicates that effectively the element is free of transverse shear locking. The second
value of Poisson ratio (v = 0.30) is used to assess if the EAS technique avoids the appearance of locking due to
Poissons effect. In this case the computed displacement is u, = 7.03mm that although it is not exactly the same
value obtained for v = 0 shows that the proposed method avoids the Poissons effect locking allowing a proper
gradation of the transverse normal strain. Finally, the last three values of Poisson ratio (0.49,0.499 and 0.4999) allow
to observe if the performance of the element deteriorates significantly in the quasi-incompressible range. It can be
seen that although differences grow with Poisson ratio, this is below 4% for the higher value considered.

Besides, Figure 3.11c plots the tip displacement as a function of the mesh density (number of divisions along
the length) for four different Poissons ratio. In the reference results obtained by Fernando G. Flores it can be seen
that convergence deteriorates for Poissons ratio larger than 0.499; as it happens in our in-home implementation, but
slightly less significant in this case.

3.5.3 Cantilever subjected to end bending moment

Figure 3.12 shows a cantilever subjected to end moment M. The problem has been considered in from the
reference[ArtSLLO4]. The cantilever forms a circular arc with its radius R given by the classical flexural formula
R = El = M . Using the formula, the analytical normalised deflections can be derived to be (3.30) where My = El = L.
The maximum end moment M., is taken to be My at which the beam will be bent into a circle.

(3.30)
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E=1.2x10°

v=0, L=12

b=1, h=01

Mo, = EI/L = 25/3

M mex = 2M, = 50m1/3

M=Mo

Figure 3.12: Cantilever subjected to end xbending moment

Figure 3.13a plots the end moment against the vertical and horizontal tip deflections for different configurations of
the geometry (8, 16 and 32 subdivisions) and Figure 3.13b portrays the deformed cantilever at M = M,y

10ys T T T ]
m—a Ref. Disp. Z

m—a Ref. Disp. X
. e @ Disp. Z(8) -
® @ Disp. X(8)
- ; A A Disp. Z(16)
A A Disp. X(16)

0.8}

* x Disp. Z(24)
* * Disp. X(24)
0.6 ¢ ¢ Disp. Z(32)
LR ¢ ¢ Disp. X(32) o4

Moment factor

LE ]

IDISPLACEMENT

0.2

*

0.0
0

‘ ‘ i ‘ i ‘ i :
2 4 6 8 10 12 14 16 t
Displacement [m] ARy

(a) Initial geometry (b) Deformed geometry
Figure 3.13: Solution for a cantilever subjected to an end bending moment

3.5.4 Frequencies test

(o))
o
T

w
o
T

IS
o
T

Displacement [mm]
w
o

=—a Ref. Disp.
e e Consistent Disp.
|4 ¢ Lumped Disp.

N
o
T

10

0.04 0.06 0.08 0.10 0.12
Number of elements

Figure 3.14: Frequencies behaviour test

0 L
0.00 0.02

This example (extracted from[ArtFlo13a; ArtOUS04]) considers the dynamic behaviour of a cantilever beam with
length, width and thickness L = 1; b = 0.1 and t = 0.01 respectively. The mechanical properties are Youngs modulus
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E = 100GPa, Poissons ratio 1 = 0 and mass density p = 1000kg/m® . The point load applied at the free side (Figure
3.9) has a value of 100N with a Heaviside step time function. As the problem is elastic with i = 0 there is no Poissons
effect across the thickness nor volumetric locking. The behaviour is purely bending and it is useful to evaluate the
shear locking and assess the proposed cure. The discretisation includes eight uniform divisions along the length, one
in the width and one element through the thickness. The solution shown in Figure 3.14 a very close behaviour to the
reference[ArtFlo13a], both for lumped and consistent mass matrix.

3.5.5 Cook membrane

This example (see Figure 3.15) involves a large amount of shear energy and is commonly used to assess in-plane
bending performance.

o

g ——————————
Figure 3.15: Cook’s membrane geometry

Plane strain condition will be considered here with two different material behaviour: (a) a quasi-incompressible
elastic material with G = 80.1938GPa and K = 40.1 - 10*GPa corresponding with a Poisson ratio ;. = 0.4999 and
(b) an elasticplastic material with elastic properties G = 80.1938GPa and K = 164.21 GPa implying a Poisson ratio
1= 0.29 and J» plasticity with isotropic hardening as a function of the effective plastic strain e defined by (3.31) and
the values of the Table 3.3.

5
T

m—a Ref. Displ. Flores
- - Ref. Displ. Q1PO H

Ref. Souza
Ref. Flores nu=0.499

Displacement [mm]
w
Displacement [mm]
»

IS

Ref. nu=0.4999 - - Ref. Displ. Q1E4
Sol. nu=0.49 3L +~— Displ. Sol.
4r Sol. nu=0.499
m—a Sol. nu=0.4999 oL
3+
1+
2 ; ; ; ; ; ; 0 ; ; ; ; ; ;
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Number of elements Number of elements

(a) Displacement versus number of elements for the elastic case  (b) Displacement versus number of elements for the elastic-plastic case
Figure 3.16: Cook’s membrane convergence solution

(3.31a) o, = Linear hardening + Exponential hardening
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Linear hardening = o, + e -0 - h
(3.31b) , . —n-€°
Exponential hardening = (o9 — 0) - (1 — €77¢)
Yiled stress o, 0.45GPa | Kinematic hardening modulus h  0.12924GPa
Reference hardening modulus g  0.45GPa | Infinity hardening modulus o, 0.715GPa
Hardeningexponent n 16.93 | Pure isotropic hardening 6 1

Table 3.3: Isotropic-kinematic hardening law constans

The applied load is 100kN for the elastic case and 5kN for the elasticplastic material. The plane strain condition
implies coefficient C33 = 1 at all points (« = 0), thus the version without ANS for the in-plane components locks
due to the almost incompressibility constraint in the same way that a constant strain triangle does. Because of that
this example is intended to assess how the improvement in the membrane field collaborates to cure the volumetric
locking.

U SHLACEMEN
0.0089328
' 0.0061623

(a) Vertical displacement for the elastic case (32 elements v = 0.4999) (b) Vertical displacement for the elastic-plastic case(16 elements)
Figure 3.17: Cook’s membrane deformed shape solution

Figures 3.16a and 3.16b show a convergence analysis as the mesh is refined, where the vertical displacement of
the point C has been plotted versus the number of divisions per side. In Figures 3.17a and 3.17b the deformed shape
for the elastic and elastic-plastic cases is shown. The results have been compared with the reference [ArtFlo13b], and
other results presented in the same article, where the results that we have obtained present a very good convergence
in comparison.

3.5.6 Scoordelis cylindrical roof test

In this example we proceed with a linear analysis of a cylindrical shell under self-weight, which is free along the one
side as can be seen in the Figure 3.18 and it has been simplified in one quarter of the original size with additional
consideration of the symmetry conditions of the problem. We have considered five different geometric configurations,
with a different number of elements across the side, until the convergence of the solution have been archived. As we
have mentioned previously, the problem is linear, therefore it is possible to solve the problem considering just two
Gauss points across the thickness.

The problem is membrane dominant, that is why could be interesting to observe the relevance of the ANS for
in-plane components in non-isochoric problems. The results obtained are shown in the Figure 3.19, where in Figure
3.19b the results are compared with our reference[ArtFlo13a], having a very close convergence to the reference
solution. Besides the Figure 3.19a shows the deformed shape obtained for the maximum number of elements.
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Figure 3.18: Geometry of the scoordelis cylindrical roof
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Figure 3.19: Solution for the scoordelis cylindrical roof

3.5.7 Sphere test

(a) Free

£
(]
g
5

/F( Free

Figure 3.20: Geometry of a semi-spherical shell with a hole, both original and deformed geometry

Some interesting kind of problem to check the suitability of the element is the problems where an initially double
curved geometry. This problem (Figure 3.20) is analysed and solved recurrently in the context of large elastic
displacements. The Figure 3.20 presents the geometry considered in the resolution of the problem, where once
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again the symmetry has been considered to simplify the resolution of the problem. This kind of problem is mainly
an inextensional bending problem where Poisson effect has an important role in the behaviour of the structure, in
contrast with the membrane effect that is less significant in this problem, on the other hand, the membrane locking
and the curvature-thickness looking could appear.
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(a) Deformed shape of the semi-spherical shell

6 . 6
— Ref. point A — Ref. point A B
— Ref. point B — Ref. point B 4
5F R d n 5F A : : -l
A A Point A (32) u A A Point A (32) .
A A PointB (32) . A A PointB (32) -
'E || = Pointa(e) 'E 4| |® = Pointa(24)
€ *'m m Point B (16) O € *[|m = PointB (24) -
= ||e ® PointA(8) ~ = =
G _||e ® PointB(8) @
g3 . - g3 = . "
9] L ] =
(%) ] O L]
o © L n
&2t @2t =
[a) [a) B
-
1 . : - 1
L 3 .
. .
]
° L[]
ol ; ; ; ; 0 ; ; ; ;
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Load factor Load factor
(b) Displacement versus load for R/t = 250 (c) Displacement versus load for R/t = 1000

Figure 3.21: Geometry of a semi-spherical shell with a hole solution

Several meshes have been considered, with 8, 16, 24 and 32 elements by side respectively, with a middle radius of
R = 10mm and thickness of t = 0.04mm (R/t = 250). The coarser is the element, the more it could suffer the looking
effect due to the initial curvature, considering this when solutions more differ more than the 5% from the target values.
We are considering the following mechanical properties, E = 6.825 - 10*GPa and v = 0.3. See Figure 3.21.

3.5.8 Pull-out of an open-ended cylindrical shell

Figure 3.22 shows an open-ended cylinder being pulled by a pair of radial forces P. The problem has been considered
in the Reference [ArtSLL04], among others. Owing to symmetry, just one-eighth of the shell is modelled.

The Figure 3.23a presents the convergence of the solution considering a different number of elements, having a
converged solution very close to the reference one[ArtSLL0O4]. The final deformation of the one-eight is shown in
Figure 3.23b, showing that the problem involves very large displacements.
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P=40000

E =10.5 MPa
v =0.3125
R=4.953m
L=10.35m
h=0.094 m
Pmax = 40000 N

P=40000

P
Figure 3.22: The open-end cylindrical shell subjected to radial pulling forces.
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Figure 3.23: Solution of the open-ended cylindrical shell

3.5.9 Pinched semi-cylindrical
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Figure 3.24: The semi-cylindrical shell subjected to an end pinching force

Figure 3.24 shows the semi-cylindrical shell[ArtSLL0O4] subjected to an end pinching force at the middle of the
free-hanging circumferential periphery. The other circumferential periphery is fully clamped. Along its longitudinal
edges, the vertical deflection and the rotation about the Y -axis are restrained.

The solution obtained is shown in Figure 3.25, where the Figure 3.25a presents the load-deflection curve, the
behaviour in our obtained solution is slightly different from the one presented in the reference[ArtSLLO04], this can be
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due to the fact that we are taking the displacement in the point where the load is applied, meanwhile the reference
solutions corresponds to a shell and the solution corresponds with the displacement in the middle surface; a possible
thus to improve our solution way to tackle this problematic is adding an additional layer and plot the solution in the
point belonging to the middle surface. Figure 3.25b presents the deformed shape obtained for the maximum value of
the load.
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500 A

L L L ¥,
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(a) Loaddeflection curves (b) The deformed shape
Figure 3.25: Solution of the semi-cylindrical shell

3.5.10 Slit test

The Figure 3.26a shows the original geometry of an annular plate and it presents a large displacement (Figure
3.26b) due to a load applied in one face while the other face is constrained. This problem is a common benchmark
considered to study the behaviour of shells under large rotations, in our case, as we are considering a solid-shell we
do not have rotations in our element and it could be considered as large displacement problems.

R=6 R,=10 & TtA /éi\

E=21x10° v=0
thick.=0.03 P__=0.8

(a) Initial geometry (b) Deformed geometry
Figure 3.26: Slit annular plate

The solution looks like the solution expected Figure 3.27b. A comparison of the results for the coarse mesh
(Figure 3.27a) allows to observe the influence of the ANS for membrane part that for the maximum load factor indicate
a difference in displacements larger than 4%. The results for the fine mesh are in excellent agreement with those
provided in[ArtFlo13b].
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Figure 3.27: Slit annular plate solution

3.5.11 Cylindrical panel test

This example[ArtSLL04; ArtFlo13b] considers a rectangular cylindrical panel simple supported along the straight
sides and free along the curved sides, that is subjected to a vertical point load in its centre (see Figure 3.28). The
middle surface geometry is defined by the length of the panel L = 508 mm, the radius of the cylinder R = 2540mm and
the half angle 6 = 0.1rad. The behaviour of the panel presents a limit point, followed by a strong loss of strength and
a final stiffening once the curvature is inverted. Two different thicknesses for the same mid-surface geometry have
been considered t = 12.7mm and t = 6.35mm that for the thin case leads to a snap back of the loaded point. This
example has been widely used to assess the performance of shell elements and non-linear path-following techniques,
like the arc-length.

X XXX

o)

(>
%%

K5
S5
5055
S8
5555
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< R = 2540, L = 254
N 6 = 0.1 radian
N 2 h=12.7 or 6.35
Y Poax = 3000
' E = 3202.75 Pa

X V= 03
Figure 3.28: Geometry of the hinged cylindrical panel

For this problem two meshes have been considered with 8 and 16 elements per side. In this case 2 elements in
the thickness direction have been used that allows to introduce the hinge in the middle surface and then to compare
with solutions obtained with shell elements. The vertical displacement of the loaded point C.

Figures 3.29a and 3.29b show the evolution of the load-deflection compared with the reference[ArtSLL04], besides
the Figures 3.29c and 3.29d present the deformed shape of the problem.
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Figure 3.29: Solution of the cylindrical panel

3.5.12 Conical shell test

This example is selected to demonstrate the ability of the developed finite element to deal with strongly non-linear
situations. The geometrical data are taken from[ArtKGWO06b]. Here, elasticplastic material behaviour is assumed.
All necessary material and geometrical data are depicted in Figure 3.30. The non-linear behaviour is computed
using an arc-length algorithm with displacement control. The constitutive law considered is a J» hyperelastic-plastic
model.

Geometry: Material:
r=1m s 4 E =206.9 Pa
R=2m T v =0.29
L=1m . o, = 0.45 Pa
t=0.1m ! L g 0, =0.715Pa
Load:p  * R £ h=0.12924 Pa
n=16.93

Figure 3.30: Geometry of the cone shell

The results are depicted in Figure 3.31a, where w denotes the vertical displacement of the upper edge. The
load deflection diagram demonstrates that our result is close in the order of magnitude to the reference, thus some
improvements are needed in the modelisation, in special the relative to the relative to the arc-length strategy. The
Figures 3.31b and 3.31c present the deformation and plastic strain in the last stages of the simulation.
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Figure 3.31: Cone-shell test

3.5.13 Wrinkling test

The problem consists[ArtTSWO05; ArtFlo13a] of a square membrane (see Figure 3.32) with a side a = 229mm made
of a thin film of Mylar with a thickness t = 0.0762mm. The Mylar mechanical properties are E = 3790MPa and

1 = 0.38. The top and bottom edges are clamped and the lateral edges are free. The top edge is subjected to a
uniform horizontal displacement A = 1mm along the edge.

N 77777777

SIS

———— g ————>

Figure 3.32: Square thin film under in-plane shear

Two uniforms structured meshes with 26 — 26 and 51 — 51 nodes, with 1250 and 5000 elements respectively
have been considered. Figure 3.33 plots two out-of-plane displacement profiles along the centre of the square in
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both Cartesian directions, as well as the deformation obtained. The solution that we obtain are very close to those
obtained in the reference [ArtFlo13a].

(a) Deformation with 25 elements per side (b) Deformation with 50 elements per side
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Figure 3.33: Solution of the wrinkling simulation

3.5.14 FSI-Vein test

An additional test that has been performed to check the robustness of the element, which consists in a simple FSI
simulation of an elastic vein. This element has clear advantages from the common approaches performed nowadays,
which consist normally in the consideration of multiple layers of solid elements (usually hexahedron), despite the vein
is under "shell stresses”. This owing to the need of having a proper and correct definition of the irregular geometry
and thickness that a real vein can show, besides a correct definition of the interface for a proper FSI simulation, which
cannot be correctly modelled with a conventional shell element. So this element has advantages of the solid element,
and like the element is clearly created to compute "shell stresses” there does not need to consider additional layers of
solid to enrich the behaviour of the solid.

This problem was originally proposed in [ArtNob01] and later reproduced in [PhDVMOQ9]. Its aim is to simulate
the FSI arising in the modelling of blood flow in the human cardiovascular system. As described in [PhDVMOO09], the
problem consists of a thin elastic vessel, which in this case has been modelled with the current element considering
an hyperelastic constitutive law, conveying the blood flow, which is modelled as an incompressible fluid using the
Navier-Stokes equations.
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Regarding the geometry, it consists in a straight cylinder of radius ry = 0.005m which length and thickness
are L = 0.05m and t = 0.001m. The blood physical parameters are p; = 1000kg/m® and dynamic viscosity
ur = 0.003kg/ms, yielding a kinematic viscosity vs = 3e — 06m?/s. Regarding the solid parameters, the density is
ps = 1200kg/m® while the Poisson ratio and Young modulus are vs = 0.3 and E = 3e05Pa. Regarding the boundary
conditions, both sides of the vein are clamped (radial displacements allowed) and an overpressure of p = 1333.2Pa
(see (3.32)) is imposed at the inlet boundary for 3ms.

1333.25sin (27t) if t <0.25ms
(3.32) P 1333.2 if 0.00025 < t < 0.275ms
' 1333.2 (1 — sin (27(t — 0.275)))  if 0.275ms < t < 0.3ms
0.0 otherwise
--- 1=0.25 Valdés (2007) —— 1=0.5 Present work --- 1=0.25 Valdés (2007) —— 1=0.5 Present work
—— 1=0.25 Present work --- 1=0.75 Valdés (2007) —— 1=0.25 Present work --- 1=0.75 Valdés (2007)
--- 1=0.5 Valdés (2007) —— 1=0.75 Present work --- [=0.5Valdés (2007) —— 1=0.75 Present work
0.015
1500
0.010 -
1000 |
—_ &
§ S
= 0.005 ZE 500 |
0.000 0
0.000 0.602 O.dO4 0.606 0.608 0.010 0.000 0.602 0.604 0,606 0.608 0.010
t [s] t[s]
(a) Radial displacement (b) Pressure

Figure 3.34: Solution of the FSI-Vein test

Figures 3.34a and 3.34b collects a comparison between the results in [PhDVMOO09] and the obtained ones for
three control points placed at 0.25/, 0.5/ and 0.75/, being / the tube length. Regarding the radial displacements
(Figure 3.34a), it can be seen that the obtained results are similar to the reference ones. The major differences appear
after the peak value when the vein section is recovering its shape. Besides, this vein retraction is much clear in the
presented solution and can be clearly noted by the negative radial displacements. This behaviour is more similar to
real hemodynamics and has been also observed in similar problems in the literature [PhDCal06].

On the other hand, the pressure evolution is also assessed in Figure 3.34b. As can be noted, the pressure trend
matches the radial displacement evolution but some oscillations appear in the solution. Regarding the nature of these
oscillations, it can be asserted that they are not numeric, since one oscillation is developed in several time steps, and
this is done due to the fact that any non-reflecting boundary has been considered.

Page 78 of 374 Vicente Mataix Ferrandiz



BIBLIOGRAPHY

BIBLIOGRAPHY

Bibliography

Books

[BookBD12]
[BookBD80]
[BookBD90]
[BookBel+14]
[BookBor+12]

[BookCal89]
[BookFHK02]

[BookGou12]
[BookHBC09]

[BookHug+14]
[BookKra67]
[BookNov59]
[BookOna13]
[BookPT97]

[BookRog00]
[BookTW59]

[BookWem82]

[BookWri08]

Vicente Mataix Ferrandiz

Sophie Germain: An essay in the history of the theory of elasticity. Louis L Bucciarelli and
Nancy Dworsky. Springer Science & Business Media. 2012.

Sophie Germain: An Essay in the History of the Theory of Elasticity. Louis L.. Bucciarelli and
Nancy Dworsky. D. Reidel Publishing Company. 1980.

Modélisation des structures par éléments finis: Solides élastiques. Jean-Louis Batoz and
Gouri Dhatt. Presses Université Laval. 1990.

Nonlinear Finite Elements for Continua and Structures. Ted Belytschko, Wing Kam Liu,
Brian Moran, and Khalil Elkhodary. Wiley. 2nd ed. 2014.

Nonlinear Finite Element Analysis of Solids and Structures, 2nd edition. René de Borst,
Mike A. Crisfield, Joris J. C. Remmers, and Clemens V. Verhoosel. Wiley. 2nd Edition. 2012.

Theory of shell structures. Chris R Calladine. Cambridge university press. 1989.

Handbook of computer aided geometric design. Gerald Farin, Josef Hoschek, and M-S Kim.
Elsevier. 2002.

Analysis of shells and plates. Phillip L Gould. Springer Science & Business Media. 2012.

Isogeometric Analysis: Toward Integration of CAD and FEA. T.J.R. Hughes, Yuri Bazilevs, and
J. Austin Cottrell. Wiley. 1sted. 2009.

Computer graphics: principles and practice. John F Hughes, Andries Van Dam, James D Foley,
Morgan McGuire, Steven K Feiner, and David F Sklar. Pearson Education. 2014.

Thin elastic shells: an introduction to the theoretical foundations and the analysis of their static and
dynamic behavior. Harry Kraus. John Wiley & Sons. 1967.

The theory of thin shells. Valentin Valentinovich Novozhilov. P. Noordhoff. 1959.

Structural Analysis with the Finite Element Method Linear Statics: Volume 2. Beams, Plates and
Shells. Eugenio Onate. Springer Netherlands. Jointly published with CIMNE, Barcelona,
Spain2013. 2013.

The NURBS book: monograph in visual communication, 1997. LA Piegl and W Tiller. Springer, New
York. 1997.

An introduction to NURBS: with historical perspective. David F Rogers. Elsevier. 2000.

Theory of plates and shells. Stephen P Timoshenko and Sergius Woinowsky-Krieger. McGraw-hill.
1959.

Mechanics of solids with applications to thin bodies. Gerald Wempner. Springer Science &
Business Media. 1982.

Nonlinear finite element methods. Peter Wriggers. Springer. 1sted. 2008.

Page 79 of 374



ARTICLES

BIBLIOGRAPHY

Articles

[ArtAC09]

[ArtAIZ70]

[ArtBen+10]

[ArtBR92]

[ArtDB84]

[ArtDha69]

[ArtDha70]

[ArtDMM86]

[ArtFlo13a]

[ArtFlo13b]

[ArtFlo13c]

[ArtFO01]

[ArtFO05]

[ArtFO11]

[ArtFV82]

[ArtHau+01]

“An improved assumed strain solid—shell element formulation with physical stabilization for
geometric non-linear applications and elastic—plastic stability analysis”. Farid Abed-Meraim and
Alain Combescure. In: International Journal for Numerical Methods in Engineering. No. 13, Vol. 80,
2009, pp. 1640-1686. Wiley Online Library.

“Analysis of thick and thin shell structures by curved finite elements”. Sohrabuddin Ahmad,
Bruce M. Irons, and O. C. Zienkiewicz. In: International Journal for Numerical Methods in
Engineering. No. 3, Vol. 2, 1970, pp. 419-451.D0I: 10.1002/nme.1620020310.

“Isogeometric shell analysis: The Reissner—Mindlin shell”. D.J. Benson, Y. Bazilevs, M.C. Hsu, and
T.J.R. Hughes. In: Computer Methods in Applied Mechanics and Engineering. No. 5-8, Vol. 199,
2010, pp.276—289.D0I1: 10.1016/3j.cma.2009.05.011.

“Comparison of Shell Theory and Degeneration”. N Blchter and E Ramm. In: . 1992, pp. 15-30.
Springer. DOI: 10.1007/978-3-7091-2604-2_2.

“A continuum mechanics based four-node shell element for general non-linear analysis”.
Eduardo N. Dvorkin and Klaus-Jurgen Bathe. In: Engineering computations. No. 1, Vol. 1, 1984,
pp. 77-88. MCB UP Ltd. DOI: 10.1108/eb023562.

“Numerical analysis of thin shells by curved triangular elements based on discrete Kirchhoff
hypothesis”. G Dhatt. In: Proc. ASCE, Symp. on Applications of FEM in Civil Engineering,
Vanderbilt Univ., Nashville, Tenn., 1969. 1969, pp. 13—14.

“An efficient triangular shell element”. GS Dhatt. In: AIAA Journal. No. 11, Vol. 8, 1970,
pp- 2100-2102. DOI: 10.2514/3.6068.

“A new triangular discrete Kirchhoff plate/shell element”. G. Dhatt, L. Marcotte, and Y. Matte. In:
International Journal for Numerical Methods in Engineering. No. 3, Vol. 23, 1986, pp. 453-470.
DOI:10.1002/nme.1620230310.

“A “Prism” solid element for large strain shell analysis”. Fernando G. Flores. In: Computer Methods
in Applied Mechanics and Engineering. Vol. 253, 2013, pp. 274—286. Elsevier. DOI:
10.1016/3.cma.2012.10.001.

“Development of a non-linear triangular prism solid-shell element using ANS and EAS techniques”.
Fernando G. Flores. In: Computer Methods in Applied Mechanics and Engineering. Vol. 266, 2013,
pp. 81—97. Elsevier. DOI1: 10.1016/j.cma.2013.07.014.

“Un Elemento Prisma Triangular De Soélido-lamina Para El Analisis Con Grandes Deformaciones”.
Fernando G. Flores. In: Mecanica Computacional. Vol. Xxxii, 2013, pp. 63—-87.

“A basic thin shell triangle with only translational DOFs for large strain plasticity”.
Fernando G. Flores and Eugenio Onate. In: International Journal for Numerical Methods in
Engineering. No. 1, Vol. 51, 2001, pp. 57-83. John Wiley & Sons, Ltd. DOI: 10.1002/nme . 147.

“Improvements in the membrane behaviour of the three node rotation-free {BST} shell triangle
using an assumed strain approach”. Fernando G. Flores and Eugenio Onate. In: Computer
Methods in Applied Mechanics and Engineering. No. 6-8, Vol. 194, 2005, pp. 907-932. DOI:
10.1016/73.cma.2003.08.012.

“Wrinkling and folding analysis of elastic membranes using an enhanced rotation-free thin shell
triangular element”. Fernando G. Flores and Eugenio Onate. In: Finite Elements in Analysis and
Design. No. 9, Vol. 47, 2011, pp. 982—990. Elsevier. DOI: 10.1016/3j.£finel.2011.03.014.

“Some results on the behaviour of Degenerated Shell (D.S.) elements”. G. Fezans and G. Verchery.
In: Nuclear Engineering and Design. No. 1, Vol. 70, 1982, pp. 27-35. DOI:
10.1016/0029-5493(82) 90264-3.

“Solid-shell’elements with linear and quadratic shape functions at large deformations with nearly
incompressible materials”. R. Hauptmann, S. Doll, M. Harnau, and K. Schweizerhof. In: Computers
& Structures. No. 18, Vol. 79, 2001, pp. 1671-1685. Elsevier.

Page 80 of 374

Vicente Mataix Ferrandiz


https://doi.org/10.1002/nme.1620020310
https://doi.org/10.1016/j.cma.2009.05.011
https://doi.org/10.1007/978-3-7091-2604-2_2
https://doi.org/10.1108/eb023562
https://doi.org/10.2514/3.6068
https://doi.org/10.1002/nme.1620230310
https://doi.org/10.1016/j.cma.2012.10.001
https://doi.org/10.1016/j.cma.2013.07.014
https://doi.org/10.1002/nme.147
https://doi.org/10.1016/j.cma.2003.08.012
https://doi.org/10.1016/j.finel.2011.03.014
https://doi.org/10.1016/0029-5493(82)90264-3

BIBLIOGRAPHY

ARTICLES

[ArtHCBO5]

[ArtHL81]

[ArtHS98]

[ArtHSDOO]

[ArtKan79]

[ArtKGWO06a]

[ArtKGWOBb]

[ArtKir50]

[ArtLev99]

[ArtLov88]

[ArtMG86]

[ArtMin51]

[ArtNio85]

[ArtNob01]

[ArtNoo90a]

[ArtNoo90b]

[ArtOF05]

[ArtOUS04]

“Isogeometric analysis: CAD, finite elements, NURBS, exact geometry and mesh refinement”.
T.J.R. Hughes, J.A. Cottrell, and Y. Bazilevs. In: Computer Methods in Applied Mechanics and
Engineering. No. 39, Vol. 194, 2005, pp. 4135-4195. D0I: 10.1016/j.cma.2004.10.008.

“Nonlinear finite element analysis of shells: Part I. three-dimensional shells”. Thomas J.R. Hughes
and Wing Kam Liu. In: Computer Methods in Applied Mechanics and Engineering. No. 3, Vol. 26,
1981, pp. 331-362. DOI: 10.1016/0045-7825(81) 90121-3.

“A systematic development of ‘solid-shell’element formulations for linear and non-linear analyses
employing only displacement degrees of freedom”. R. Hauptmann and K. Schweizerhof. In:
International Journal for Numerical Methods in Engineering. No. 1, Vol. 42, 1998, pp. 49-69. Wiley
Online Library.

“Extension of the’solid-shell’ concept for application to large elastic and large elastoplastic
deformations”. R. Hauptmann, K. Schweizerhof, and S. Doll. In: International Journal for Numerical
Methods in Engineering. No. 9, Vol. 49, 2000, pp. 1121-1141.

“A simple and efficient finite element for general shell analysis”. Worsak Kanok-nukulchai. In:
International Journal for Numerical Methods in Engineering. No. 2, Vol. 14, 1979, pp. 179-200.
DOI:10.1002/nme.1620140204.

“A robust non-linear solid shell element based on a mixed variational formulation”. Sven Klinkel,
Friedrich Gruttmann, and Werner Wagner. In: Computer Methods in Applied Mechanics and
Engineering. No. 1, Vol. 195, 2006, pp. 179-201. Elsevier. DOI:
10.1016/73.cma.2005.01.013.

“A robust non-linear solid shell element based on a mixed variational formulation”. Sven Klinkel,
Friedrich Gruttmann, and Werner Wagner. In: Computer Methods in Applied Mechanics and
Engineering. No. 1-3, Vol. 195, 2006, pp. 179-201. Elsevier. DOI:
10.1016/3j.cma.2005.01.013.

“Uber das Gleichgewicht und die Bewegung einer elastischen Scheibe.” Gustav Kirchhoff. In:
Journal fiir die reine und angewandte Mathematik. No. 40, Vol. 1850, 1850, pp. 51-88. De Gruyter.

“Sur I'équilibre élastique d’'une plaque rectangulaire”. Maurice Levy. In: Comptes Rendus Acad. Sci.
Paris. Vol. 129, 1899, pp. 535-539.

“XVI. The small free vibrations and deformation of a thin elastic shell”.
Augustus Edward Hough Love. In: Philosophical Transactions of the Royal Society of London.(A.).
No. 179, 1888, pp. 491-546. The Royal Society London.

“A triangular thin-shell finite element based on discrete Kirchhoff theory”. S.S. Murthy and
R.H. Gallagher. In: Computer Methods in Applied Mechanics and Engineering. No. 2, Vol. 54, 1986,
pp. 197-222. D0O1: 10.1016/0045-7825(86) 90126-x.

“Influence of rotatory inertia and shear flexural motions of isotropic elastic plates”.
Raymond D Mindlin. In: . 1951, DOI: 10.1007/978-1-4613-8865-4_209.

“Shell theory, vol. xiv”. Frithiof | Niordson. In: . 1985, Amsterdam, New York, NY, North-Holland:
Elsevier Science Pub Co.

“Numerical approximation of fluid-structure interaction problems with application to
haemodynamics”. Fabio Nobile. In: . 2001, Epfl.

“Bibliography of monographs and surveys on shells”. Ahmed K Noor. In: Applied Mechanics
Reviews;(United States). No. 9, Vol. 43, 1990, boI: 10.1115/1.3119170.

“Bibliography of Monographs and Surveys on Shells”. Ahmed K. Noor. In: Applied Mechanics
Reviews. No. 9, Vol. 43, 1990, pp. 223—234.D0I: 10.1115/1.3119170.

“Advances in the formulation of the rotation-free basic shell triangle”. Eugenio Onate and
Fernando G. Flores. In: Computer Methods in Applied Mechanics and Engineering. No. 21-24, Vol.
194, 2005, pp. 2406—2443. DOI: 10.1016/j.cma.2004.07.0309.

“Selective mass scaling for thin walled structures modeled with tri-linear solid elements”.
L. Olovsson, M. Unosson, and K. Simonsson. In: Computational Mechanics. No. 2, Vol. 34, 2004,
pp. 134—136. DOI: 10.1007/s00466-004-0560-6.

Vicente Mataix Ferrandiz Page 81 of 374


https://doi.org/10.1016/j.cma.2004.10.008
https://doi.org/10.1016/0045-7825(81)90121-3
https://doi.org/10.1002/nme.1620140204
https://doi.org/10.1016/j.cma.2005.01.013
https://doi.org/10.1016/j.cma.2005.01.013
https://doi.org/10.1016/0045-7825(86)90126-x
https://doi.org/10.1007/978-1-4613-8865-4_29
https://doi.org/10.1115/1.3119170
https://doi.org/10.1115/1.3119170
https://doi.org/10.1016/j.cma.2004.07.039
https://doi.org/10.1007/s00466-004-0560-6

ARTICLES

BIBLIOGRAPHY

[ArtOZ00]

[ArtPar+06]

[ArtPar79]

[ArtRei45]

[ArtSAV11]

[ArtSen+16]

[ArtSF89]

[ArtSFR89]

[ArtSFR90]

[ArtSim93]

[ArtSK92]

[ArtSLLO4]

[ArtSou+05]

[ArtSR11]

[ArtSRF90]

“Rotation-free triangular plate and shell elements”. Eugenio Onate and Francisco Zarate. In:
International Journal for Numerical Methods in Engineering. No. 1-3, Vol. 47, 2000, pp. 557-603.
DOI: 10.1002/ (sici)1097-0207(20000110/30)47:1/3<557::aid-
nme784>3.0.co;2-9.

“Sheet metal forming simulation using {EAS} solid-shell finite elements”. M.P.L. Parente,

R.A. Fontes Valente, R.M. Natal Jorge, R.P.R. Cardoso, and Ricardo J. Alves de Sousa. In: Finite
Elements in Analysis and Design. No. 13, Vol. 42, 2006, pp. 1137—-1149. bo!l:
10.1016/3.finel.2006.04.005.

“A critical survey of the 9-node degenerated shell element with special emphasis on thin shell
application and reduced integration”. H. Parisch. In: Computer Methods in Applied Mechanics and
Engineering. No. 3, Vol. 20, 1979, pp. 323-350. DOI: 10.1016/0045-7825(79) 90007-0.

“The effect of transverse shear deformation on the bending of elastic plates”. Eric Reissner. In: J.
appl. Mech.. 1945, A69-a77.

“On the use of EAS solid-shell formulations in the numerical simulation of incremental forming
processes”. JIV Sena, RJ Alves de Sousa, and RAF Valente. In: Engineering Computations. No. 3,
Vol. 28, 2011, pp. 287—-313. Emerald Group Publishing Limited. DOI:
10.1108/02644401111118150.

“Single point incremental forming simulation with adaptive remeshing technique using solid-shell
elements”. José IV Sena, Cedric Lequesne, Laurent Duchene, Anne-Marie Habraken,

Robertt AF Valente, and Ricardo J Alves de Sousa. In: Engineering Computations. No. 5, Vol. 33,
2016, pp. 1388—1421. Emerald Group Publishing Limited. bOI: 10.1108/ec-06-2015-0172.

“On a stress resultant geometrically exact shell model. Part I: Formulation and optimal
parametrization”. J.C. Simo and D.D. Fox. In: Computer Methods in Applied Mechanics and
Engineering. No. 3, Vol. 72, 1989, pp. 267-304. DOI: 10.1016/0045-7825(89) 90002-9.

“On a stress resultant geometrically exact shell model. Part II: The linear theory; Computational
aspects”. J.C. Simo, D.D. Fox, and M.S. Rifai. In: Computer Methods in Applied Mechanics and
Engineering. No. 1, Vol. 73, 1989, pp. 53-92. D01: 10.1016/0045-7825(89) 90098-4.

“On a stress resultant geometrically exact shell model. Part Ill: Computational aspects of the
nonlinear theory”. J.C. Simo, D.D. Fox, and M.S. Rifai. In: Computer Methods in Applied Mechanics
and Engineering. No. 1, Vol. 79, 1990, pp. 21-70.D0I: 10.1016/0045-7825(90) 90094-3.

“On a stress resultant geometrically exact shell model. Part VII: Shell intersections with 56-DOF
finite element formulations”. J.C. Simo. In: Computer Methods in Applied Mechanics and
Engineering. No. 3, Vol. 108, 1993, pp. 319-339.D0I: 10.1016/0045-7825(93) 90008-1.

“On a stress resultant geometrically exact shell model. Part V. Nonlinear plasticity: formulation and
integration algorithms”. J.C. Simo and J.G. Kennedy. In: Computer Methods in Applied Mechanics
and Engineering. No. 2, Vol. 96, 1992, pp. 133-171.D01: 10.1016/0045-7825(92) 90129-8.

“Popular benchmark problems for geometric nonlinear analysis of shells”. K.Y. Sze, X.H. Liu, and
S.H. Lo. In: Finite Elements in Analysis and Design. No. 11, Vol. 40, 2004, pp. 1551-1569. DO!I:
10.1016/3.£inel.2003.11.001.

“A new one-point quadrature enhanced assumed strain (EAS) solid-shell element with multiple
integration points along thickness: Part I—geometrically linear applications”.

Ricardo J. Alves de Sousa, Rui P. R. Cardoso, Robertt A. Fontes Valente, Jeong-Whan Yoon,
José J. Gracio, and Renato M. Natal Jorge. In: International journal for numerical methods in
engineering. No. 7, Vol. 62, 2005, pp. 952-977. Wiley Online Library.

“A reduced integration solid-shell finite element based on the EAS and the ANS concept—Large
deformation problems”. Marco Schwarze and Stefanie Reese. In: International Journal for
Numerical Methods in Engineering. No. 3, Vol. 85, 2011, pp. 289-329. Wiley Online Library. DOI:
10.1002/nme.2966.

“On a stress resultant geometrically exact shell model. Part IV: Variable thickness shells with
through-the-thickness stretching”. J.C. Simo, M.S. Rifai, and D.D. Fox. In: Computer Methods in
Applied Mechanics and Engineering. No. 1, Vol. 81, 1990, pp. 91-126. DOI:
10.1016/0045-7825(90) 90143~-a

Page 82 of 374

Vicente Mataix Ferrandiz


https://doi.org/10.1002/(sici)1097-0207(20000110/30)47:1/3<557::aid-nme784>3.0.co;2-9
https://doi.org/10.1002/(sici)1097-0207(20000110/30)47:1/3<557::aid-nme784>3.0.co;2-9
https://doi.org/10.1016/j.finel.2006.04.005
https://doi.org/10.1016/0045-7825(79)90007-0
https://doi.org/10.1108/02644401111118150
https://doi.org/10.1108/ec-06-2015-0172
https://doi.org/10.1016/0045-7825(89)90002-9
https://doi.org/10.1016/0045-7825(89)90098-4
https://doi.org/10.1016/0045-7825(90)90094-3
https://doi.org/10.1016/0045-7825(93)90008-l
https://doi.org/10.1016/0045-7825(92)90129-8
https://doi.org/10.1016/j.finel.2003.11.001
https://doi.org/10.1002/nme.2966
https://doi.org/10.1016/0045-7825(90)90143-a

BIBLIOGRAPHY PH.D.’S THESIS

[ArtSRF92] “On a stress resultant geometrically exact shell model. Part VI: Conserving algorithms for
non-linear dynamics”. J.C. Simo, M. S. Rifai, and D. D. Fox. In: International Journal for Numerical
Methods in Engineering. No. 1, Vol. 34, 1992, pp. 117-164. DOI: 10.1002/nme . 1620340108.

[ArtSVR11] “Sheet metal forming and springback simulation by means of a new reduced integration solid-shell
finite element technology”. Marco Schwarze, Ivaylo N Vladimirov, and Stefanie Reese. In:
Computer Methods in Applied Mechanics and Engineering. No. 5, Vol. 200, 2011, pp. 454—-476.
Elsevier. DOI: 10.1016/3j.cma.2010.07.020.

[ArtTSWO05] “Effective Modeling and Nonlinear Shell Analysis of Thin Membranes Exhibiting Structural
Wrinkling”. Tessler Alexander, Sleight David W., and Wang John T. In: Journal of Spacecraft and
Rockets. No. 2, Vol. 42, 2005, pp. 287-298. American Institute of Aeronautics and Astronautics.
DOI: 10.2514/1.3915.

[ArtWas82] “Variational methods in elasticity and plasticity Pergamon Press”. K Washizu. In: . 1982, Oxford,
England.
[ArtWem69] “Finite elements, finite rotations and small strains of flexible shells”. Gerald Wempner. In:

International Journal of Solids and Structures. No. 2, Vol. 5, 1969, pp. 117-153. Elsevier. Dol:
10.1016/0020-7683(69)90025-0.

[ArtWOK®E8] “Finite-element analysis of thin shells”. Gerald A Wempner, John T Oden, and Dennis A Kross. In:
Journal of the Engineering Mechanics Division. No. 6, Vol. 94, 1968, pp. 1273—1294. Asce.

Ph.D.s thesis

[PhDCal06] “Simulacién del flujo sanguneo y su interaccion con la pared arterial mediante modelos de
elementos finitos”. Francisco José Calvo Plaza. 2006.

[PhDVMOO09] “Nonlinear Finite Element Analysis of Orthotropic and Prestressed Membrane Structures”.
J. G. Valdés, J. Miquel, and Eugenio Onate. Elsevier Science Publishers B. V. 2009.

Online resources

[OnlKra] Kratos Homepage. URL: http://www.cimne.com/kratos/.

[OnIMel+16] GiD Homepage. URL: http://www.gidhome.com/; $20https:
//www.gidhome.com/support/brand-resources/citing-gid/.

Vicente Mataix Ferrandiz Page 83 of 374


https://doi.org/10.1002/nme.1620340108
https://doi.org/10.1016/j.cma.2010.07.020
https://doi.org/10.2514/1.3915
https://doi.org/10.1016/0020-7683(69)90025-0
http://www.cimne.com/kratos/
http://www.gidhome.com/;%20https://www.gidhome.com/support/brand-resources/citing-gid/
http://www.gidhome.com/;%20https://www.gidhome.com/support/brand-resources/citing-gid/

ONLINE RESOURCES BIBLIOGRAPHY

Page 84 of 374 Vicente Mataix Ferrandiz



CHAPTER 4. CONTACT MECHANICS

Chapter 4

Contact mechanics

@& Alan Turing is reported as saying
that PDEs are made by God, the
boundary conditions by the Devil!
The situation has changed, Devil has
changed places... We can say that
the main challenges are in the
interfaces, with Devil not far away
from them...

2

Jacques-Louis Lions
(1928 - 2001 AD, French
mathematician)

4.1 Introduction

When speaking about CCM we need to know that the phenomenon covers an extended range of problems, and
depending of the problem we want to solve we will need to consider a different numerical technique[BookWri06]. The
most general one, and the one we are interest on is the resolution employing FEM, which can be applied in a large
range of problem, from small to large deformations and from linear to NL material behaviour. The second methods
are the Discrete Element Method (DEM) which study the interaction between a large number of particles coming
into contact. Finally, multibody systems, which describe rigid bodies interacting between them, creating a mechanism,
and where contact may influence the behaviour of the system.

Despite the large number of topics covered by CCM, as we already mention, we will focus on the application of
FEM for the resolution of contact problems. This is consistent with the developments of the previous chapters are
classified on this type of method.

4.1.1 Historical outline

History of the contact mechanics is probably as long as the history of civilization. Practically any physical interaction
between object involves contact and friction, making then the invention of the wheel probably the first human invention
involving this problematic. What we know for sure[BookPop10] is that the ancient Egyptians already employed oil
reducing the friction between the wheels and the floor in order to facilitate the transportation of the pyramid blocks
(Figure 4.1).

We then can jump to the modern contributions of Leonardo Da Vinci in the Codex-Madrid I, who experimented
with the friction phenomenon. He studied the influence of the contact area on the friction, testing objects of the
same mass but different contact area, coming to the conclusion that the frictional force is proportional to the weight
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Flgure 4.1: Representation of moving bIocks during aC|nt Egypt Source[BookPop10]

and independent of the contact area. This was a crucial influence to Charles Augustin Coulomb, French engineer,
to which we must thank many of the expressions used in computational mechanics[ArtPP15], like the extended
expression F, = pN, denominated Coulomb friction law. It is in 1785[ArtCou85], when in The theory of simple
machines differentiated for first time between kinetic and static friction.

The first mathematical contributions we have records off are attributed to Euler[ArtEul50a; ArtEul50b]', who
studied the friction problem assuming that the roughness of the contact surfaces can be represented with a series of
triangles. This leads him to the conclusion that the static friction coefficient is larger than the dynamic one, which
means we need to apply a larger force in order to starting to move an object than once that the object is moving. In the
same way that we own the use of the Greek letter 7 to represent the circumference ratio, among other Greek letters
used as mathematical symbols, we own to Euler the use of ;. in order to represent the friction coefficient.

During a long time, the contact conditions were modelled in a very experimental manner, as the lack of analytical
results did not allow consider an alternative approach. It was Hertz with his? On the contact of elastic solids[ArtHer82]
who presented the first analytical solution for a contact problem. In 1882, Hertz solved the contact problem of two
elastic bodies with curved surfaces (Figure 4.2). This problem is so relevant that still today,this classical solution
provides a foundation for modern problems in contact mechanics, and it is extensively used as the main benchmark
for contact mechanics today[ArtSpe], as we will see in following sections.

Ueber die Berithrung fester elastischer Korper.

(Von Herrn Heinrich Heriz.))

In der Theorie der Elasticitit werden als Ursachen der Deforma-
tionen theils Kuiifte, welche auf das Innere der Korper wirken, theils anf
die Oberfliiche wirkende Druckkriifte angenommen. Fiir beide Arten von
Kriften kann der Fall eintreten, dass dieselben in einzelnen unendlich kleinen
Theilen der Korper unendlich gross werden, so zwar, dass die Integrale
der Krifte iiber diese Theile genommen einen endlichen Werth behalten.
Beschreiben wir alsdann um den Unstetigkeitspunkt eine gesehlossene Fliche,
deren Dimensionen sehr klein gegen die Dimensionen des ganzen Korpers

Figure 4.2: Original Hertz paper in 1882. Source[ArtHer82]
The developments that happened just after that were motivated for its application to railways, reduction gears and

to rolling contact bearing industry when Industrial Revolution was at full steam at the beginning of the XX century.
The analytical solutions that appeared during this time only allowed to solve a very limited rank of problems, limited to

"Being widely considered the most prolific mathematician of all time, there was almost no field that he did not study. As Pierre-Simon Laplace
said: "Read Euler, read Euler, he is the master of us all".
2In German in the original version: Uber die beriihrung fester elastische Kérper und iiber die Harte
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only certain simple geometries, linear material mainly, and not much more. This contrasted with the industrial needs,
where the solution of complex geometries, not trivial BC and NL materials. Not only that, industrial needs implied
even more complex behaviours, with friction, wear, adhesion, large deformations and large sliding[BookYas13].

In 1933 Signorini[ArtSig33] formulated the general problem of the equilibrium of a linear elastic body in frictionless
contact with a rigid foundation, what is also denominated unilateral contact problem. Later more mathematical
developments came, like the contributions of Fichera[ArtFic63] on the uniqueness of variational inequalities. Later
contributions like the book of Kikuchi and Oden[BookKO88] who extended the prove of Fichera to the Signorini
problem.

In any case, until the existence of modern computation, for industrial applications contact was modelled as a local
problem using the stress and strain field obtained directly from the analysis of a complete structure[BookWri06]. Once
the computational power raised in the second half of XX century the whole NL constraint of the contact problem
could be considered. At the beginning only some semi-analytical problems could be solved, but after the appearance
of modern FEM with NASA STRucture ANalysis (NASTRAN) more and more developments have emerged. In a
first stage, only Signorini’s problem was solved, limiting the resolution of unilateral contact, in furthers steps friction
was included, later large deformations and finally bilateral multibody contact.

We can also mention some additional problematic that emerged in order to treat the frictional problem. While the
frictionless problem can be easily formulated as minimisation problem with inequality constraint following standard
approaches (barrier, PM, LMM, ALM, ...), see the respective deductions from the annexe D.Constrained optimisation
problems. There is not such associated minimisation principle for the fricional contact problem, as Kikuchi and
Oden[BookKO88] proved. This is due to the dependence of the frictional status with the normal contact pressure,
which at the same time induces additional second order dependencies (such geometrical configuration). Since then
the frictional problem has been proved as a complex problem with many challenges.

In order to tackle these problematic, several approaches to work on these problematic. Some developments came
from the replacement of a variational inequality with a variational equality with a modified contact term, which allowed
to consider the classical optimisation techniques. More techniques have been proposed, Wriggers[BookWri06] list
a wide list of alternatives emerged, like simplex method, parametric quadratic programming, the flexibility method,
Nitsche method, direct elimination, cross constraint, among others.

Additionally to classic contact mechanics developments on the Tribology theory was made. We can mention
as examples the contributions related with the adhesive contact by Johnson et al.[ArtdKR71] and Derjaguin et
al.[BookMau13]. These contributions were in conflict between them, leading to the two most representative models
of adhesive elastic contact, the Johnson, Kendall and Roberts (JKR) and Derjaguin, Muller and Toporov (DMT)
respectively, these two methods are studied and compared in Barthel[ArtBar08]. More recent developments by Talon
and Curnier[ArtTC03] couple the adhesive model with frictional contact.

Furthermore, on the Tribology domain is important to mention the contributions from Bowden and Tabor[ArtBT39;
BookBBTO01] in the mid-twentieth century. They were the first to emphasise the importance of surface roughness for
bodies in contact, due to the microstructure of the surfaces in contact, the true contact area between friction partners
is found to be less than the apparent contact area. Additionally we can mention the work of Kragelsky[ArtKra68], who
was one of the first on doing developments related to the wear phenomenon.

4.1.2 Contact problem

Has we already said, we can find contact and friction in almost all kinds of movements, both in nature and in
human-origin ones. We can find this problem[BookWri06] in many engineering applications, p.e. on civil engineering
the foundation problem requires to take into account the contact®, but traditionally, restricting the solution to small
deformations, several simplifications were taken into account. Other problems related to this field of engineering, more
industrial-related, can be the study of bearing and connections on metallic structures. The applications in mechanical
engineering may even be applicable in more problematic, like gears and bearings, metal forming, cutting processes,
rolling contact of car tyres, crashing among other problems. Extending this field to the domain of the biology, we can
find in biomechanics problematic such as human joints, teeth implants, stents, etc.

31t is extensively known the solution of Boussinesq[BookBou85], which considers several simplifications in order to represent the elastic
support.
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The physics of the contact interaction is particularly rich and complicated[PhDYas11], due to the multiscale and
multiphysical nature of the phenomenon. This kind of mechanical problems are classically formulated as a boundary
value problems, where the contact constraints are formulated as sets of inequalities, and the problem becomes even
more complex when the frictional effect is assumed. A whole discussion about the constraints and optimisation can
be found in the Appendix D.Constrained optimisation problems. In fact, a proper treatment of the contact constraint
requires the consideration of the micromechanical approach, not only for the proper consideration of the frictional
behaviour, but also in the normal contact[BookWri06].

These boundary conditions are solution dependent, which naturally leads to difficulties in the formulation of the
frictional contact problem, for example considering the Coulomb’s friction law yields to a non-smooth[BookAnd01]
energy functional. Additionally the contacting bodies may penetrate each other or be separated, where with the FE
discretisation leads to mathematical and numerical difficulties. Another challenge is the boundary discretisation and
methods to surpass this problematic. These points are discussed on the state-of-the-art section (4.2.State of the Art
in computational contact mechanics) and the formulation section (4.3.Formulation).

Finally, the algorithm considered for the detection phase can suppose a significant bottleneck in terms of efficiency.
This is discussed and presented in deeper detail in the corresponding section 4.4.Contact detection. Search
techniques.

First we should define the basic contact problem, Figure 4.3 illustrates a common contact problem. Every contact
problem is defined between two entities (not necessarily different, e.g self-contact) here noted as Q' for i = 1,2. The
contact problem occurs on the interface, where we want to link the displacements of the first domain (x') with its
projection over second domain (X?) in a local reference frame (n, 71 and 72). The contact problem will consist in avoid
the penetration in the normal direction between domains, and respect the tangent movement restriction imposed by
the frictional component of the contact.

Figure 4.3: Basic definition of the contact problem

It is important to distinguish that we can divide two types of contacts, the bilateral and unilateral, where the first
one supposes the contact between two or more deformable bodies, in contrast to the unilateral contact, where the
contact occurs between a rigid solid and a deformable solid. A priori for the problems of metal forming the second one
is enough to formulate the problem, but in order to consider more advanced problems in this field a priori is preferable
to consider the bilateral case for being more general.

On Figure 4.4 the different states of the contact problem are presented. In here we can differentiate each one of
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Frictionless contact Separation

b)

aj

Stick state Slip state

d)

n

Local reference frame

Figure 4.4: Contact states. Based on[PhDYas11]

them, with its corresponding idealised simplification. The illustration shows two different bodies®, with its corresponding
denominations as master and slave. In the interface between the two bodies there is a local reference frame, defined
by the normal and tangent directions on this interface. The states listed on this image can be listed as:

¢ a) Frictionless contact: This contact allows the movement in the tangent direction of the local reference frame,
but does not allow the movement toward the opposite body. The idealisation will lead to a perfect rail, no friction,
between the two bodies. This is what is usually denominated as Karush-Kuhn-Tucker (KKT) condition.

e b) Separation: This state is the absence of contact, meaning that the two bodies are not in contact any more
and therefore there is not interaction between them any more.

e c) Stick state: In the case of the frictional contact, before the threshold value is surpassed, whatever model of
friction is considered, the two bodies will be fully tied,acting as one body. The idealisation will be this case will
correspond with a sewing in the interface.

o d) Slip state: Once this threshold is surpassed, the bodies can move freely in the tangent direction. Will be
the same as the case a), but in this case the rail which idealises the interface will not be ideal, and therefore
hindering the movement due to the present friction.

4.2 State of the Art in computational contact mechanics

4.2.1 Introduction

In this section we compare the existing methods, we can consider in order to solve the contact problem. Due
to the huge industrial and engineering interest in this type of problem, many developments exist, and therefore
we will focus on the most relevant ones on the sake of brevity. First, we will introduce the discretisation methods
available, following with the optimisation procedures necessaries to fulfil the contact inequality constraint. Finally, a
brief introduction to existing techniques available to model the frictional behaviours will be presented. We address
to some additional monographs, which will provide a deeper outline of the State of the Art in CCM. We found
particularly relevant to highlight the book of Wriggers[BookWri06], Laursen[BookLau10], Schweizerhof[BookSK13]
and Yastrebov[BookYas13].

4.2.2 Discretisation

In order to solve the contact problem, several approaches can be considered from the point of view of the discretisation.
When we mention discretisation, we refer the procedure followed for the integration of the interface. The following
ones are the main methods that can be considered from this perspective.

“4As previously stated, the contact may occur between more bodies, but here for the sake of simplicity, and in order to present the problem we
will consider only two bodies.
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4.2.21 NTN
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Figure 4.5: NTN. Inspired[PhDYas11]

The discretisation of the contact interface is between a node of the slave domain to a node of the master domain
(Figure 4.5), reason why the method is denominated this way. This method, originally proposed by Francavilla and
Zienkiewicz[ArtFZ75] in 1975 is the oldest and the simplest of all the discretisation methods available. We can list the
pros and cons of the method as follows:

e Pros:

o Passes the Taylor test[ArtTP] when the mesh is conforming

o Simple conceptually and to implement. As it is node to node, which means that relate directly DOF, it is
possible to consider all kinds of constraint enforcement methodologies.

e Cons:

o Small slip and small deformations. The method loses precision when the nodes move across the interface
and the nodes are not coincident any more.

o Related with previous method, the mesh must be conforming between interfaces. This constraint introduces
a restriction in mesh generation.

4.2.2.2 NTS

Figure 4.6: NTS. Inspired[PhDYas11]

The discretisation of the contact interface is between a node of the slave domain to the surface of the master
domain (Figure 4.6). Despite of being quite close in time to the NTN, in 1977 Hughes et al.[ArtHTK77] proposed the
NTS, which already allowed to solve problems in large deformations. We can summarise the pros and cons of the
method in:

e Pros:

o Simple and robust. The implementation is probably the most extended in FEA software.
o Large deformations and large slip can be considered
o Mesh independent. The meshes are not required to be conforming in the interface like in the NTN
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e Cons:

o Fails Taylor test[ArtTP] for nonconforming meshes, except if considering the double pass LMM, solving
the problem twice, swapping master and slave. This problem is solved with the modification suggested by
Zavarise[ArtZL09].

o It has several difficulties to calculate the gap in order to compute the contact. In the work of Yastre-
bov[PhDYas11] several alternatives to solve this issue are proposed.

Figure 4.7: CDM. Inspired[PhDYas11]

The discretisation of the contact interface is based on a full triangulation of the zone between contacting surfaces
based on surface nodes (Figure 4.7). This method is in fact a full symmetric NTS discretisation proposed originally
by Oliver[ArtOli+09a; ArtOli+09b] and Hartmann[ArtHar+09]. We can list the main advantages and disadvantages
as:

4.2.2.3 CDM

e Pros:

o Passes Taylor test[ArtTP]
o Large deformations and large slip can be considered like in the NTS
o In-house developed in CIMNE[ArtOli+09a; ArtHar+09]

e Cons:

o Mesh dependent, in part related by next point
o Triangulation problems may happen for 3D cases[ArtHar+10]

4.2.2.4 STS (Mortar methods)

Figure 4.8: STS. Inspired[PhDYas11]

In the STS discretisation of the contact interface is between a surface of the slave domain to a node of the
master domain (Figure 4.8), it is also denominated Mortar method as a metaphor to the strong union between
bricks in a wall. As a note of curiosity, the method was originally developed on the field of Domain Decomposition
Method (DDM)[BookWoh01; BookTos05], but originally proposed for CCM by Simo[ArtSWT85]. The method can be
summarised as:

e Pros:

o Passes Taylor test[ArtTP], even with different types of mesh combinations, i.e. tetrahedra with hexahedra
meshes as shown in the section for numerical examples 4.5.Numerical examples
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o Correct integration of contact forces. The method is consistent as both meshes are fully integrated.

o Large deformations and large slip can be considered[ArtPL04]. The Mortar based formulation leads to a
consistent formulation of the frictional contact problem for large sliding and large deformations.

o Additionally the Mortar formulation has been shown as being general enough. As a method coming from
DDM it can be considered in order to couple different types of problems in a Multiphysics way. The method
can be considered on mapping techniques (see our appendix E.Mortar mapper) or to strongly couple
problems with mesh tying techniques[PhDPop12]. The work of Seitz[ArtSWP18] shows a fully integrated
Multiphysics with thermo-elasto-plastic frictional contact, or the FSI implementation in Popp[PhDPop12]
thesis. The consideration of DLMM (4.2.3.4.DLMM) extends the application range of the formulation.

e Cons:

o Complex implementation in 3D. We experienced great advances since Puso and Laursen[ArtPL04] and
later thanks to Brunssen[PhDBru08], Popp[PhDPop12] and Gitterle[PhDGit12]. The complexity comes from
the 3D intersection between two flat geometries, Figure 4.9, which requires some additional considerations,
especially when the Gateaux derivatives (see from appendixes 4.6.Derivatives for contact mechanics
linearization).

Figure 4.9: 3D segmentation between two triangles

4.2.2.5 Other alternative methods

The following section introduces some additional integration approaches existing in the state of art of the CCM. Many
of these approaches cannot be directly applied in a standard FEM formulation, but we consider them as interesting to
mention.

4.2.2.5.1 Isogeometric

In the recent years, the isogeometric analysis has been on the rise. The key concept underlying on this method is
the meshless integration. The integration is done directly on the NURB, avoiding them the necessity of the mesh
step during the preprocess. This method originally developed by Hughes[BookHBCO09] has grown significantly on
last years due to the continuous workflow integration between FEA and CAD. Additionally NURB provide an exact
representation of the surfaces and high order of integration during the FE computations.

The method has been considered particularly in order to represent surfaces, which suits to thin objects such as the
ones present during the forming simulations. Additionally to the corresponding shell formulation[ArtBen+11] contact
formulations are needed. We can mention respect this, the works from Lorenzis[ArtLWZ12a; ArtLWZ12b].
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4.2.2.5.2 Smooth surface approximation

In order to overcome the problematic from the discontinuity in the standard FEM interface, we may define a smooth
approach of the boundary[BookBHSQ7]. In order to do so, we can consider different types of discretisations, such as
Hermite, splines, Bézier surfaces or NURB.

Sometimes this last approach can also be denominated Segment-To-Analytical-Surface (STAS)[BookSK13],
and can be found between the previous method (4.2.2.5.1.Isogeometric) and the standard FEM. There are different
ways to approach analytically the surface. We can define this surface at the beginning of the simulation and then move
it, which implies that the surface is rigid and then limits the contact to unilateral cases[ArtWI93]. This is not necessarily
a limit, if we think that in the case of forming processes the tools considered are de facto rigid. The second approach
can consist in consider standard FEM, with two deformable bodies and update the analytical surface continuously,
this is for example done with Nagata[ArtNag05] patches by Neto[ArtNet+14; ArtNOM17].

4.2.2.6 Conclusion

After all the methods presented, and due to our consideration of standard FEM, we will consider as discretisation
method the STS or Mortar approach (4.2.2.4.STS (Mortar methods)). This method will provide us the best standard
FEM integration possible, despite its technical problems related to implementation details.

4.2.3 Optimisation method

The assumption of a known a priori contact surface allows to replace the variational inequality by a variational equality
with an additional contact term. The form of this contact term depends upon the choice of the optimisation method.
Owing to the fact that we have decided to implement a Mortar approach discretisation based in Popp[PhDPop12], our
initial thought could be to consider as optimisation method the DLMM. In the following section, we will show the most
common approaches that could be taken into consideration in order to solve the CCM problem, justifying this way our
final choice.

The main optimisation methods are studied in detail in the corresponding appendix, we directly address to
D.Constrained optimisation problems for further detail about these methods. In the mentioned appendix not only the
different methods are introduced, but also compared in detail between them, and its suitability for solving different
types of constrained problems.

4.2.3.1 Penalty Method (PM)

This is probably the most extended optimisation method considered on CCM, particularly in explicit approaches. The
contact conditions are fulfilled exactly only in case of the infinite penalty parameter (), which results in ill-conditioning.
For more details check D.2.Penalty method.

e Pros:

o Very simple and robust. The simplicity of the method can be seen in the corresponding section in the
optimisation appendix D.2.Penalty method, and its robustness in the last numerical example shown
(D.7.3.0Over-constrained optimisation problem).

o Pure displacement based formulation, no change in the system size.
e Cons:

o The solution is inexact, which happens only in case of an infinite value of £, making the system unsolvable
due to the deterioration on the condition number.

o Choice of penalty parameter. If the value is chosen to small the penetration is large, if large as we have
stated will ill-condition the system.
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4.2.3.2 LMM

Contact conditions are exactly satisfied by the introduction of an extra DOF called LM, and usually represented by the
Greek letter \. This and more is analysed in detail at D.3.Lagrange Multiplier method.

e Pros:
o Exact solution is obtained when solving the system of equations. This is the main advantage of the LMM,
and the reason of its extensive use in optimisation problems.
o User independent. It does not depend, as in the case of the PM of a user-driven decision to choose a
parameter.
e Cons:

o Additional DOFs. The LHS of the system grows in n°™at additional DOF for the case of frictionless
contact, and in 3 x n°™a in the case of frictionless with full A\ components or for frictional problems. Here
neontact is the number of nodes in contact.

o Moderate convergence rate in the NR. Additionally the condition of the system is affected due to the zero
diagonal terms introduced by the Lagrange multipliers.

4.2.3.3 ALM

It is a LMM regularised by a PM. It yields a smooth energy functional and fully unconstrained problem, resulting
in exact fulfilment of contact constrains with finite value of the penalty parameter (¢). For more details check
D.4.Augmented Lagrange Multiplier method. The method is successfully considered with a Mortar approach by
Cavalieri and Cardona[ArtCFC12; ArtCC12; ArtCC13a; ArtCC15; ArtCC13b].

The method is often considered as a synonym of the Uzawa iteration (see D.4.2.2.Uzawa iteration). Indeed the
Uzawa iteration is always applied to the ALM, but this is just one of the possible approaches possible to be considered
in order to solve the system. In the following when we mention the ALM we will refer to the standard approach
without Uzawa iteration. This is due to the reason that the convergence order of the Lagrange multiplier becomes
linear.

e Pros:

o Exact solution as in the case of the LMM. The result is not influenced by the penalty terms (¢).

o No additional DOFs with Uzawa iteration algorithms. Otherwise the system of equations is increased in
the same way it is done in the standard LMM.

o Smooth functional is obtained. See Figure D.4 from the appendix, compared with the Figure D.3.

o Less sensitive to penalty choice compared with the PM. The penalty (¢) only contributes in smooth £, but
does not affect the solution. Once the system has converged, the contribution of = becomes zero.

e Cons:

o Inthe case of an Uzawa iteration algorithm coming comes at the price of increased computational costs
due to an additional nonlinear iteration loop (augmentation), typically only showing a linear convergence
rate.

4.2.3.4 DLMM

This concept of dual Lagrange multiplier was introduced first by Wohimuth[ArtWoh02]. The method is an extension of
the LMM, but the Lagrange multiplier (\) are interpolated considering a different set of shape functions. These shape
functions are locally supported and continuous dual basis functions.

e Pros:

o Exact solution as in the LMM case
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o System can be condensed, reducing the DOF respect the original, the system then becomes pure
displacement.

o With regard to linear solvers, DLMM allows for an out-of-the-box application of state-of-the-art iterative
solution and preconditioning techniques, such as the Generalized Minimal RESidual (GMRES) iterative
solver. It can be used with Algebraic MultiGrid (AMG) methods if the proper modifications are taken into
account, like recent works of Wiesner[ArtWie+18].

e Cons: As the disadvantages of the LMM disappear, there is none. We can mention the fact that is slightly more
difficult to implement in comparison to the standard LMM.

4.2.3.5 Other alternative methods

The following are some other additional approaches possible to solve the optimisation problem related with contact.
Here we will add the ones we have considered as most promising after the already presented, more methods are
mentioned in the optimisation appendix (D.1.Introduction).

4.2.3.5.1 Perturbed Lagrangian

This special formulation can be used to combine both PM and LMM in a mixed formulation, therefore, similar
to the already mentioned ALM. The method was considered originally by Oden[ArtOde81] in 1981. In this method
the contribution of the Lagrange multiplier is regularised with the inclusion of a complementary term. This method
is discarded due to its limitations in order to consider the slip case in frictional simulations, where this is usually
done with the inclusion of an incremental constitutive equation for the frictional behaviour considered[BookWri06].
In addition to that we can mention as an advantage that the method does not deteriorate the conditioning of the
system.

4.2.3.5.2 Nitsche

Nitsche[ArtNit71] methods are based on a different concept respect the LMM. In here the stress vector on the
interface is computed from the stress field inside the solid body. The formulation usually includes a penalty term
to avoid ill-conditioning, but in the same way as the ALM the constraint is enforced exactly and this term does not
have effect in the final solution. The resulting formulation does not introduce additional DOF, but as it formulates the
stresses from the displacement field, this method becomes complex to formulate on NL cases.

An extended overview of recent advances of the method applied in CCM can be found in the work of Chouly[ArtCho+17].
Here additional references can be found.

4.2.3.5.3 Other minor mentions

We can mention additionally, some of them came directly from techniques applied on the DDM[BookWoh01]
field. i.e. the Finite Element Tearing and Interconnect (FETI) methods[ArtDFS98] or monotone methods[ArtKor94;
PhDKra01].

Another recent relevant contribution is the work of Hiermeier[ArtHWP18], who introduces a gradient based Mortar
formulation, still based on LMM and ALM, which provides a symmetric system of equations to respect the active-set
contributions. A symmetric LHS has advantages as it allows to consider certain types of iterative solvers such as the
Conjugate Gradient (CG).

4.2.4 Conclusion

After all the methods here introduced, we conclude that we will combine two methodologies. In the Popp’s work[PhD-
Pop12] and derived ones, the DLMM is considered in combination of a Non-Linear Complementary Function
(NCP). The resulting system is close to a ALM solution. We will take the dual shape functions considered on the
DLMM in combination with the ALM approach used by Cavalieri and Cardona[ArtCFC12]. This means that we will
work with ALM displacement only approach due to the consideration of DLMM, but without using the Uzawa iteration
algorithm.
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Additionally we will consider the Adapted Augmented Lagrangian Method (AALM) by Busseta|PhDBus;
ArtBMP] in order to enhance the method. Check D.4.3.1.Adapted Augmented Lagrangian Method for further
detail.

4.2.5 Frictional models

The frictional problem is quite complex by itself, but in this work we will
focus on simple models that will allow to introduce the phenomenon

in our simulations, not taking into account the dynamic effects of the Rn
friction[ArtPPS03]. Basically, the frictional behaviours are addressed in

this work are limited to simple frictional laws as Coulomb and Tresca. The

basic definitions of these frictional laws are such as the follow[BookWP99],
Equation (4.1). In here we can see as the Tresca law depends only in

a constant threshold parameter g, meanwhile in the case of Coulomb it
depends on the normal reaction and the friction coefficient ().

Tresoq
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In addition to these frictional models, there exist more advanced fric- I
tional models, like the ones in Figure 4.10. These laws express that the |
friction no longer depends on the normal force when the latter surpasses 1 R
a certain threshold. It is a kind of saturation of the friction threshold, which I T___
is often considered in metal forming. The Coulomb cone can become
a truncated cone like in the Coulomb-Orowan and Shaw or a cylinder Figure 4.10: Friction cone for variants of
(Tresca). It is also possible to regularise the Coulomb law[BookWP99], the Coulomb law. Inspired [ArtRao16]
this smoothes the law reducing part of the numerical problematics of the original piecewise function. i.e. square root
regularisation, hyperbolic tangent or a piecewise polynomial.

Besides of the pure frictional behaviour, the frictional models can incorporate additional effects, such as the wear,
adhesion or variational evolutions in the friction coefficients[ArtRao16]. For more detailed frictional behaviours, we will
address literature at the end of the section.

It is commonly admitted in the literature an analogy between plasticity and friction. In here the question of
applicability of plasticity principles to frictional contact problems remains open. Indeed, the formulations of several
frictional laws and its respective numerical procedures have been derived, many times taking into account on this
analogy. The work of Antoni[ArtAnt17] analyses this phenomenon in detail.

Finally, we want to address some relevant works in the field of frictional behaviour in order to extend the short
summary presented here. The book of Popov[BookPop10] is a very complete work about the friction in contact. We
can also mention to more forming oriented manuscripts as Boisse[BookBALO3].

4.3 Formulation

4.3.1 Introduction

The following section presents the formulation employed in the derivation of the frictional Mortar contact con-
dition formulation with Augmented Dual Lagrange Multiplier (ADLM), based mainly in the work of Alexander
Popp[PhDPop12; ArtPop+10], but also on Cavalieri and Cardona[ArtCC12; ArtCC13b] and the work of Yastre-
bov[PhDYas11; BookYas13]. In addition to the mentioned work, this author has incorporated its own consideration,
which will be highlighted.

The contact mechanics problems are based on the Initial Boundary Value Problem (IBVP) of non-linear solid
mechanics and the unilateral contact constraints. After recapitulating some basic notation and the strong formulation,
a weak formulation of the contact mechanics problems with two subdomains will be introduced. In contrast to the
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mesh tying case, see A.3.Mesh tying, unilateral contact leads to a constrained minimisation problem with inequality
constraints, or more generally to so-called variational inequalities. It should be mentioned that both frictionless and
frictional contact can either be formulated as variational inequalities with a constrained solution or as saddle point
problems based on Lagrange multipliers, where the focus will be on the latter approach here.

The motivation for dual Lagrange multipliers[BookWoh01; ArtWoh02] lies in the fact that an extension of the master
side basis functions to the slave side of the interface has a global support for standard Lagrange multipliers.

4.3.2 Definition of the problem

The basic fundamentals of a contact problem, featuring potentially large deformations and large sliding[ArtYLO08;
PhDPop12; BookWri06] will be formulated in the following lines (Figure 4.11). Reference configurations of two
containing bodies are denoted by open sets Q' and Q?, and the deformations ¢' and ¢? of these two bodies are
to be found. We call I, where the Dirichlet boundary conditions are prescribed, ', where the Neumann boundary
conditions are prescribed, and I, where the contact constrains will be defined and enforced. The spatial counterparts
are denoted as v, v, ,and .

r,

r,

X! M (slave)

2 (master)

Figure 4.11: Definition of the contact problem

4.3.3 Frictionless contact

Before introduce the formulation employed for the frictional contact, the formulation for the frictionless will be introduced.
Many terms are reused and common in both formulation, so the theoretical introduction for the frictional case will
require a smaller effort.

4.3.3.1 Strong formulation

On each subdomain ), the IBVP of finite deformation elastodynamics needs to be satisfied, viz (4.2). In here we are
adding the BC terms to the linear form from the FE chapter, 2.3.1.Linear form, and splitting in two different domains
(i = 1, 2) the problem. This includes the Dirichlet BC in (4.2b), the Neumann BC from (4.2c) and the initial BC defined
in (4.2d) and (4.2e).
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(4.2a) V.o +b =pi'inQ x[0,T]
(4.2b) u=uonl] x[0,T]

(4.2c) o -n=tonl x[0,T]
(4.2d) u' (X',0) = up (X) in O
(4.26) o’ (X',0) = g (X') in O

The contact constraints in normal direction are typically
given in form of Hertz-Signorini-Moreau (HSM) conditions Pn
as given in (4.3), and Figure 4.12. In optimisation theory these
conditions are denominated usually as KKT®.

In the course of deriving a weak formulation, the balance
of linear momentum at the unilateral contact problem for the
interface I is typically exploited and a Lagrange multiplier
vector field )\, is introduced, thus setting the basis for a mixed
variational approach. Unilateral contact constraints are typi-
cally formulated (and later also numerically evaluated) in the
current configuration.

Gn

(43) gnZOaanOspngn=00nr£:X[OsT]

Figure 4.12: KKT conditions of hon-penetration.
4.3.3.2 Weak formulation

We will distinguish two different cases for the weak formulation, the first one considering the LM as a scalar variable.
The second one considering the LM decomposed in its Cartesian components, which means that the contact pressure
can be represented as n - A.

4.3.3.2.1 Scalar Lagrange multiplier

In this case the LM corresponds directly with the contact pressure, which is the complementary form of the normal
gap (9,)- We present this form first, as it is simpler than the components form, where we will simply present the parts
of the formulation changing respect the scalar form.

4.3.3.21.1 LMM

The general theory for the LMM is presented and detailed in D.3.Lagrange Multiplier method. In the relative to the
resolution of the contact problem, to start the derivation of a weak formulation of (4.2), appropriate solution spaces U4’
and weighting spaces V' need to be defined as (4.4).

i_ I 1 i_ i i
(4.4) {U ={u eH@Q]u =0 onl,},

Vi={ou' € H'(Q)|ou’ =00n T’}

Additionally the Lagrange multiplier vector A, = A, - n = —t!, which enforce the unilateral contact constraint(4.3),
represents the negative slave side contact traction t', is chosen from a corresponding solution space denoted as
M.

In terms of its classification in functional analysis, this space represents the dual space of the trace space £ of
V', In the given context, this means that M = H'/2(I',) and £' = H'/3(T';), where M and £' denote single scalar
components of the corresponding vector-valued spaces M and W.

5 Moreau[ArtMor73] formulated this on 1974 expressed as sub-gradients. The expression from Karush[ArtKar39] is previous, from 1939.
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Based on these considerations, a saddle point type weak formulation is derived next. This can be done by
extending the standard weak formulation of non-linear solid mechanics as defined to two subdomains and combining
it with the Lagrange multiplier coupling terms introduced in generic form. Find u’ € &' and A, € M such that we
obtain (4.5a), then once derived (4.6).

(4.5a) Leo(U, Ap) = / An - gndréo
r

1
c

Where g, is the continuous normal gap, that can be defined as (4.5b).

(4.5b) gn=n""(u'—u?)

(4.6a) SLMU, Ap) = 6Ly + 0L pq

(4.6b) 6Ly = —6Lkin(U', 6U') — 6 Lint exe(U’, U — 6 Leo(N, 6U') = 0 VoU' € V
(4.6C) 6Lpq = — OLAWU, ON) > 0 VON € M

Herein, the kinetic contribution Ly, , the internal and external contributions 0L, x: @and the unilateral contact
contribution 6 L, to the overall virtual work on the two subdomains, as well as the weak form of the unilateral contact
constraint 6L, have been abbreviated as (4.7).

2

(4.7a) — 6 Lkin(u) = Z { / Pl 5u’dQ’}
Qi

i=1

2 i L
oo’ . oW : . o
(4.7b) — 0Lint.ext(u) = /( 20U + o —b-(Su’) dQ’—/ t - su'dr!
int,ext ; o 8)(/ 6)(, i
(4.7¢c) — 6Leo(u, \p) = /r 1 An - 8gndly,
(4.7d) — LU, \y) = ; S\ - gndll,

The coupling terms on I also allow for a direct interpretation in terms of variational formulations and the principle
of virtual work. Whereas the contribution in (4.7c) represents the virtual work of the unknown interface tractions
A =t} = t, the contribution in (4.7d) ensures a weak, variationally consistent enforcement of the unilateral contact
constraint (4.3). Nevertheless, the concrete choice of the discrete Lagrange multiplier space M, in the context of
mortar finite element discretisations is decisive for the stability of the method and for optimal a priori error bounds.
Finally, it is pointed out that the weak formulation (4.6b) and (4.6c) possesses all characteristics of saddle point
problems and Lagrange multiplier methods.

In contrast to the mesh tying case, where this mapping only came into play in the discrete setting, v} and ~2
cannot even be guaranteed to be identical in the continuum framework for unilateral contact, because they not only
comprise the actual contact surfaces but the potential contact surfaces.

As compared with the mesh tying case, it is noticeable that the weak formulation contains inequality (4.6c)
conditions for unilateral contact. These require a particular numerical treatment based on active set strategies.

4.3.3.2.1.2 Penalty

This optimisation method is better detailed in the corresponding section of the appendix, see D.2.Penalty method.
The main advantages of this method is that does not require to add additional DOF to the system of equations,
reducing the system of equations to be solved and that it does not introduce ifl-conditioning problems to the system
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of equations resolution due to the introduction of saddle point in the formulation. The main disadvantage is that it
never achieves the exact solution as this would require the consideration of an infinite penalty, which will induce
ill-conditioning in the system. Therefore the main problem of this method is the chosen of the proper penalty value,
enough to solve approximately the problem without the cited problematic.

The main difference from the formulation presented in (4.7), is the lack of (4.7d), as our formulation will no deal
with LM. Additionally (4.7c) will be rewritten as in (4.8b), which comes from (4.8a). In here the ¢, is a positive penalty
parameter corresponding to the normal contact.

]
(4.82) — Lo(u) = 5/ €n- 5g,27drlo
ri
(4.8Db) -wgﬂm=/emﬂ%wg
r

4.3.3.2.1.3 ALM

One of the main disadvantages of the standard Lagrange multiplier is the saddle point problem that appears in
the formulation. For solving that, an Augmented Lagrangian method to solve contact problems with friction was
proposed by Alart and Curnier[ArtAC91] based on a reformulation of the contact and friction laws into a system of
equations without inequalities. More details about ALM can be found in the optimisation appendix D.4.Augmented
Lagrange Multiplier method. The resulting Lagrangian (L) can be seen as a combination of the standard LM
Lagrangian (4.3.3.2.1.1.LMM) and the penalty Lagrangian (4.3.3.2.1.2.Penalty).

Focusing in the functional relative to the contact (Lco(U, Ap) = Lyco + L), We can rewrite (4.5a) as (4.9).

€ 1 ;
(4.9) Leo(u, Ap) = /F KX\n - gn+ 59:21 - ?€<kAn + Egn>2dr2:o

1
c

Where ¢ is a positive penalty parameter, k is a positive scale factor, and () is the Macauley bracket operator, that
is (4.10).

(4.10) <m{xx20

0x<0

This functional is C' differentiable saddle-point, as shown in Figure D.4, from D.4.3.Applicability on contact
problems. The solution is obtained as the set of values that render this functional stationary.

The solution does not depend on the value of parameters ¢ and k. Nevertheless, the convergence rate does
depend on their value. In numerical computations, default values of ¢ and k are selected in terms of a mean value of
the Young modulus (E) of the bodies in contact and of a mean value of mesh size, as (4.11). Numerical examples
show that this choice gives a better condition number of the iteration matrix than other choices. This is proven later at
4.3.3.3.Augmented Lagrange multiplier parameters calibration, where a numerical experiment is provided, to illustrate
on the influence of these parameters on the convergence properties.

E,
(4.11) e =k~ 10220

hmean

The functional (4.9) can be separated in two different parts, as can be seen in (4.12).

kAn - cgRdrl, if k) < 0 (Contact
(4.12) Eco(u,/\n)=/{ n-Gn+59,dle,  if KAy + g, < 0 (Contact zone)

— kN2 if kK\p + gy > 0 (Gap zone) e
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Finally, we can derive (4.12) to obtain the variational form from (4.13), where to simplify we define the augmented
normal pressure \, = kA, + £gp.

\p - ki if \p < t
(4.13) 5Los(U, M) =/ )\nkz 09n + kKgndAn | {\n < 0 (Contact zone) dr::o
r | =T An0An if A\, > 0 (Gap zone)

The functional from (4.13) makes that the system obtained varies in function if the nodes are present in the contact
or the gap zone, so the system is not a priori known and in the following to present the numerical discretisation will
focus in the solution obtained in the gap zone. Once this is derived the solution in the gap zone can be obtained in a
straightforward way.

4.3.3.2.2 Vector Lagrange multiplier

Here the vectorised, or by components, of frictionless contact formulation is presented. The main reason in
order to define it by this form is that the resulting system of equations can be statically condensed, therefore
removing the corresponding LM DOF from the system of equations, and by this solving a system of equations
purely based on displacement DOF. This is done taking in consideration properties from the dual Lagrange multiplier
which will be presented later on 4.3.3.4.1.Dual Lagrange multipliers. Of course the solution for the penalty method,
4.3.3.2.1.2.Penalty, remains identical, as there is not any LM taking roles on the formulation.

The main modification which takes place on this formulation is the replacement of the contact pressure LM,
or \,, by the consideration of a LM defined in the Cartesian components, represented as A, where the normal
components (\,) are different or equal to zero, and the tangential ones () are always zero. This can be summarised
in (4.14).

{)\n=n-)\
(4.14)
A-=A—n-(n-\)=0

4.3.3.2.2.1 LMM

From the formulation stated at 4.3.3.2.1.1.LMM, we modify the terms from (4.7) related to the LM, resulting (4.15).
(4.7¢) will be reformulated as (4.15a) and (4.7d) into (4.15b).

(4.15a) 6Leo(u,A) = [ X- (6u' —ou?)dr},
r

Where (i? are the displacement from the master side projected on the slave side.

(4.15b) SLA(U, \) = / S(M-XN)-gn—A—n-A) (X —n-sN)drl,
r

c

4.3.3.2.2.2 ALM

Taking as base the solution presented on 4.3.3.2.1.3.ALM, and the modifications introduced in the previous
section, we will need to define the augmented LM by components, as defined in (4.16).

(4.16) X = kX +eng,
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With this consideration, for the contact contributions of the potential, (4.12) will be reformulated as (4.17a) and
(4.13) into (4.17b) respectively. Additionally,(4.7c), which defines the LM contribution will be rewritten as (4.17c). On
these equations we will consider A, = k (n - A) + £g, to simplify the expressions.

M- (Ul —ud) + £g3dr, if X, <
(4.472) Lol A) = / _,,Lg\t; u?) + 5g2dri, !f 5\,, < 0 (Contact zone) dr.
r 5e if A, > 0 (Gap zone)

(4.17Db) 0Leo(U, A) = /

{5\” - (6u" — 6u?) + kgndA -n if A, < 0 (Contact zone)
re

—";MA if \, > 0 (Gap zone) ©

2
(4.17¢) 5£,\(u,)\)=/ k(n-ax)-gn—k?(x—n-x)(ax—n-ax)dr;o
|'1

c

4.3.3.3 Augmented Lagrange multiplier parameters calibration

The expression from Equation (4.11) is taken directly from literature[ArtCC12]. In here we present a simple patch
test[ArtTP] example, in order to show the influence of k and ¢ in the condition number (k) of the LHS. We will see as
the ¢ affects always negatively to «, this is proven in the optimisation appendix at D.7.2.2.3.Augmented Lagrange
multiplier method, meanwhile k can improve or worsen depending on the range value considered.

E Solid1 | v Solid1 | E Solid2 | v Solid 2
100Pa 0.3 100Pa 0.3
Table 4.1: Parameters considered for ALM parameters calibration

The properties of the materials considered are listed on Table 4.1, these properties are quite simple numbers,
this will allows later to compute easily the ALM parameters. Taking (4.11) and with the corresponding h~ 10, our
reference values will correspond with € = k = 100. In addition to the load considered in the top face of the punch block
is equal to 1Pa.

(4.18a) K(A) = ———— (4.18b) K(A)

(a) Mesh of the patch test (b) Displacement solution for the

Figure 4.13: Condition number study for the ALM
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The condition number (k) of a function measures how much the output value of the function can change for a
small change in the input argument. A problem with a low condition number is said to be well-conditioned, while
a problem with a high condition number is said to be ill-conditioned. In order to compute the corresponding x we
should evaluate the Singular Value Decomposition (SVD), in order to compute the maximal and minimal singular
values required in (4.18a). This expression can be simplified if A is normal (A*A = AA*), in that case we can simply
compute « considering the maximal and minimal eqigenvalues as shown in (4.18b)°. This last approach simplifies
considerably the numerical effort required, as we dispose of optimal methods for the extreme eigenvalues, like the
power iteration for the greatest eigenvalue and the inverse power iteration for the smallest one respectively.

In Figure 4.13 we can see the proposed mesh for the 3D Taylor patch test (Figure 4.13a), as well as the
displacement solution of the problem (Figure 4.13b).

Condition number ALM

™
Penalty parameter (¢}

- 286%10°

H

840000

Scale factor

Figure 4.14: Condition number study graphic representation

Finally, the Figure 4.14 represents graphically the results from Table 4.2. We represent in the left the surface plot
without any additional consideration, on the other hand, on the contour plot the k axis considers a logarithmic scale.
The latter is due to the fact that the ¢ value is always increasing ~ and therefore we do not require to consider a more
detailed scale for this variable, but in the case of k it provides us relevant information taking into account that we
modify the values in powers of 10 (Table 4.2). In this continuous representation, we can appreciate several things.
First of all, as previously stated, is that the ¢ increases always the condition number, and the kK may improve or not
the x depending of the value. Second of all we can see, particularly in the right figure like the value estimated from
Equation (4.11), 100 — 100, provides the best conditioning in overall.

4.3.3.4 Discretisation and numerical integration

4.3.3.4.1 Dual Lagrange multipliers

4.3.3.4.1.1 Definition

The discretisations of the displacements correspond with the standard ones in the finite element formulation, for
more information check the literature[BookZZT13]. In addition, an adequate discretisation of the Lagrange multiplier
vector )\ is needed, and will be based on a discrete Lagrange multiplier space M, being an approximation of M.
Thus, we can define the discrete Lagrange multiplier as (4.19), with the shape functions ®; and the discrete nodal

6We are considering SVD as it is the proper definition of the condition number, but in fact this is a very expensive operation and can be applied
only in small systems. Another alternative if A is symmetric, then it is possible to compute the ratio between the max and min eigenvalues of A. In
the case that A is not symmetric it is possible to compute the max and min eigenvalues of VAT A.
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k € K k € K k € K

1 1.00E-12 | 1.13E+05 10 1000 1.74E+04 | 1000 10 1.92E+04
1 1.00E-02 | 1.13E+05 10 10000 2.69E+05 | 1000 100 1.81E+04
1 1 1.13E+05 | 100 | 1.00E-12 | 1.74E+04 | 1000 1000 3.14E+04
1 10 1.18E+05 | 100 | 1.00E-02 | 1.74E+04 | 1000 10000 6.43E+04
1 100 1.63E+05 | 100 1 1.74E+04 | 10000 | 1.00E-12 | 6.64E+05
1 1000 6.15E+05 | 100 10 1.74E+04 | 10000 | 1.00E-02 | 6.63E+05
1 10000 2.69E+07 | 100 100 1.74E+04 | 10000 1 6.63E+05
10 | 1.00E-12 | 1.74E+04 | 100 1000 1.74E+04 | 10000 10 6.63E+05
10 | 1.00E-02 | 1.74E+04 | 100 10000 9.38E+04 | 10000 100 3.53E+05
10 1 1.74E+04 | 1000 | 1.00E-12 | 6.60E+04 | 10000 1000 3.26E+06
10 10 1.74E+04 | 1000 | 1.00E-02 | 6.60E+04 | 10000 10000 7.38E+05
10 100 1.74E+04 | 1000 1 5.75E+05

Lagrange multipliers Ap.

(4.19)

Table 4.2: Results of numerical experiment for ALM parameters

m1
An= @ (") N
i=1

Details on how to define dual Lagrange multiplier shape functions ®; using the so-called biorthogonality relationship
with the standard displacement shape functions Ny have first been presented in Wohimuth[ArtWoh02]. A common
notation of the biorthogonality condition is (4.20), where I"Cosh represents the discrete contact interface.

(4.20) /r ;NI = ,-k/1 Nidre,  jk=1,..,m'

co,h co,h

Herein, dj is the Kronecker delta, and the most common choice m' = n' is assumed. For practical reasons, the
biorthogonality condition is typically applied locally on each slave element, represented with the index e, yielding
(4.21), where m!, represents the number of Lagrange multiplier nodes of the considered slave element.

(4.21) /¢,N;de=5,k/N;de,j,k= 1., m}

e e

Combining the biorthogonality condition in (4.21) and the partition of unity property of the dual shape functions, it
follows that (4.22).

(4.22) /cb,-de= /N]de,j: 1, ..., m
e e

It is important to point out that the element-wise biorthogonality condition in (4.21) must be satisfied in the physical
space, and not simply in the finite element parameter space. Consequently, a matrix system of size m}, x m! must be
solved on each slave element. The first step for doing this is to introduce unknown linear coefficients aj such that
(4.23).

(4.23) (€, 1) = aNj (€,1) A = [aj] € R™X
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It can easily be verified that, as a second step, insertion of (4.23) into (4.21) yields the unknown coefficient matrix
A; as (4.24), where J(&, n) is the slave Jacobian determinant.

A, =DM’

(4.24) Do = [d] € R™*™, d = dje / N (€, n)J(€, n)de
e

M, = [m] € R™*™, my = /Nf (& MNg(E mJ(E, n)de

4.3.3.4.1.2 Graphical representation

The dual shape functions presented on the Equation (4.25) for the linear line is presented on the Figure 4.15. In
the case of the linear triangles the dual shape functions from (4.26) is represented on Figure 4.16. Finally, the bilinear
quadrilateral shape functions from (4.27) is shown in Figure 4.17. These graphic representations can be compared
with the standard shape functions, these are presented at the end of this chapter, which defines the shape functions
derivatives, see 4.6.Derivatives for contact mechanics linearization.

o 1 _[500-9)
2 o] [1028 ] |
=]
0
—y \
¢1 1 — f — 7’] i — Dy
(4.26) (o2} = & -1 —-05 0 0.5 1
3 n %
Figure 4.15: Dual shape functions for the 2D linear line
@, %1((1 =& —n))
&, 7 (1+8)( —n)
(4.27) o | = S+amy
P4 (=81 +n)

4.3.3.4.1.3 Derivatives
To define A¢ it is necessary to define the derivatives from (4.24), which can be obtained with (4.99), which can be
found in the corresponding section of the derivatives section of this chapter, see 4.6.1.3.Dual shape functions.

4.3.3.4.2 Mortar operators

4.3.3.4.2.1 Definition

Considering the discrete Lagrange multiplier(4.19) in (4.6b) we obtain (4.28), where Y is the interface mapping.
This mapping, or projection, between domains is shown in the derivatives section, 4.6.Derivatives for contact
mechanics linearization, in the 2D case in the Figure 4.95 and in the 3D case in the Figure 4.100.

(4.28) —0Lop = Z Z AL ( /

j=1 k=1 Fen

d>,-der'> ZZ,\ (/ ®; (NZ o xn) drw> 6d?
j=1 =1
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(c) @3
Figure 4.16: Dual shape functions for the 3D linear triangle

Numerical integration of the mortar coupling terms is exclusively performed on the slave side I'¢;, of the interface.
In (4.28), nodal blocks of the two mortar integral matrices commonly denoted as D, and M, can be identified. This
leads to the following definitions (4.29).

Ngp

D[j, k] = Dilndim =/ ;NGO lngim = 1, ..m’ Kk =1,..0" = WoorgiNgJy
. .
(4.29) ’ o

Ngp

M), 1] = Milngim = /r ®; (NZ o xn) dMolndim » j = 1,..m' , k=1,..n" = Z W giNayJy
c,h g=1

With these matrices we can express the functional (4.28) in the following way (4.30) for the standard Lagrange
multiplier. This definition can be translated into the ALM formulation, but here we present the reasoning for the
standard Lagrange multiplier only, so the we can deduce the algebraic calculation of the discrete nodal weighted gap.
In here, x,, corresponds with the normal component of the coordinates of all the nodes, meanwhile x,s and X,

Page 106 of 374 Vicente Mataix Ferrandiz



CHAPTER 4. CONTACT MECHANICS 4.3 Formulation

11

(c) ®3 (d) P4
Figure 4.17: Dual shape functions for the 3D bilinear quadrilateral

correspond with the slave and master domain nodes respectively.

0 0
(4.30)  —0Loon =X DTNy — OXI M Xy =6 [ Xoy Xomt Xns | —I\I;T = 0%, —lvy An = 06X foo(An)
D D
N————
BL,

Herein, the discrete mortar unilateral contact operator B, and the resulting discrete vector of unilateral contact
forces fco(A\n) = BooAn acting on the slave and the master side of the interface are introduced.

To finalise the discretisation of the considered unilateral contact problem, a closer look needs to be taken at the
weak constraint contribution 6L, in (4.6c). Due to the saddle point characteristics and resulting symmetry of the
mixed variational formulation in (4.6b) and (4.6c), all discrete components of 6L », have already been introduced and
the final formulation is given as (4.31), with g,(x) = B;X - n representing the discrete unilateral contact constraint at
the coupling interface.

(4.31) —0Lxn = 0N DXps — SN MXu0q = 0N Brx - n = 60 gn(x)

Where, this discrete form of g, can be renamed as nodal weighted gap for each node (g,).
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4.3.3.4.2.2 Derivatives

To obtain a fully quadratic convergence in the computation of the contact problem we should compute the
derivatives of the Mortar operators, in consequence the derivatives of the Mortar operators are defined in its
corresponding section at the end of this chapter, see 4.6.Derivatives for contact mechanics linearization.

4.3.3.4.3 Algebraic form of the problem

We will consider two cases for the matrix representation of the problem. The first one, corresponding to the scalar
LM, presented in the corresponding section 4.3.3.2.1.Scalar Lagrange multiplier. This one cannot be condensed, and
therefore requires the direct resolution of the problem with all the DOF.

The second case corresponds with the vector representation of the LM, from the formulation presented in
4.3.3.2.2.Vector Lagrange multiplier. This resulting system can be condensed due to the properties of the D,
which is diagonal due to the consideration of the dual Lagrange multipliers, presented in 4.3.3.4.1.Dual Lagrange
multipliers.

4.3.3.4.3.1 Scalar LMM

The following is the matrix form of the scalar form of the contact pressure, see 4.3.3.2.1.1.LMM. Once computed
the mortar operators, the resulting system for unilateral contact corresponds with (4.32a). In this representation’, and
in the following ones, the subindex N represents all the DOF but the ones related with the contact problem, M will
represent the master DOF and finally S will identify the slave DOF. At the same time, the slave DOF can be divided
between the active (A) and inactive (Z) DOF. In here the residual for the LM, r, , and r,_, corresponds in an algebraic
way with (4.32b). We call it algebraic way to the expression of the residual in considering the mortar operators (M, D).
The corresponding LHS is defined by the derivatives of the mortar operators from 4.3.3.4.2.2 Derivatives.

Kvv  Kvm Kys,  Kuys: 0 . 0 . Auy A
Kvv  Kum Kus, Kus; —(n- MA)T —(n- MI)T Au '
(4.32a) Ksanv Ksim Ksusu Ksus; (0 DAA)T (n- DAI)T Aus, | | rs,
' Ks,n KaszM Készs n l(é}SzSz (n-Dza)  (n-Dzz) Aus, |~ rs;
r r r

0 e e e 0 0 ii\\A P
.0 0 0 0 0 | | z iz

(4.32b) Par = =0 (X1 = )

r}\I = AI'I

4.3.3.4.3.2 Components LMM

Here, the algebraic system upcoming from components representation of the LMM in the frictionless contact
formulation is presented in (4.33a). The Lagrangian has been previously shown in 4.3.3.2.2.1.LMM. The main
difference is the full consideration of the mortar operators M and D.

K./\/N KNM KNSA K./\/SI 0 0 AU/\/’ 'n

Kvnw Ky Kus, Kus, —ML —MJ AUy s

(4.33a) Ksv Ksam Ksusy Ksus: D,;\A D;z Aus, | __| rs,
’ KSI./\/ K@SIM K{;S'T_SA l(BSISI BDIA DIZ AUSZ rs,

0 arlm alrx;i 03;; arﬁj 0 A4 P4

0 0 0 0 0 I AAz Mz

In the same way that in the previous definition for the scalar LM, but considering the penalisation of the tangent
components, we define the LM residuals ry , and r, in the Equation (4.33b). In here, and in the following, we define

"We will consider a very close notation with the one presented in Popp[PhDPop12].
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: : [ _ _A—n(n-A)
T as the tangent direction of the )\, defining 7 = PGSR

rh,=n-(—n-(Dxy — Mxz)) —7-A
r,\I=)\

(4.33b) {

This system, as stated before can be statically condensed, this will be presented later (4.3.3.4.4.Static condensation
of the system in considering of the DLMM) as it can be considered both for LMM and ALM formulations. This
methodology can be considered too in the frictional formulation, which always requires to decompose the LM in
components.

4.3.3.4.3.3 Penalty

The formulation presented in 4.3.3.2.1.2.Penalty is the simplest of the introduced, as can be seen in (4.35a). It is
relevant to highlight that the inactive slave contact nodes do not add any contribution to the RHS and the LHS. We
want to remark that we do not assume Ks, Ks, m and Ks; o to be zero, as these terms have contributions from
others mechanical problems.

K Ky m ( ) K/E/S )
on-mT on-m" Au
T N
Ky KMM—€<|1'M + um XM) Kms —¢ dus , XM AU
d(n-D’, d(n-D’, Aug
Ks.n Ks M +5(3U7MA)X5A Ksasate <“ D]+ gus:) xSA) Ausj
4.34
( ) KSIN KSIM KSISI
v

ra —en - Mxy
r5A+en-DAx5A
rs,

4.3.3.4.3.4 Scalar ALM

Here the algebraic version of 4.3.3.2.1.3.ALM si presented in (4.35a), with the corresponding residual for the LM
defined in (4.35Db).

[ Kvv Kvm Kysi  Kys; 0 . 0 . 11 auy ry
Kvyv  Kvm Kus, Kums; —(kn-My)  —(kn-Mz) Au '
K K K K (kn-Da4)"  (kn-Duz)"
(4 35a) SA./\/ SaM SASa SAST AA - AL - AUSA _ rS_A
' Kson KasIM Készs n gszsz (kn-Dz4)"  (kn-Dzz) Aus, | rs,
r r r
0 auA/C: 8u>\5:: aulé 0 2 ﬁi‘\fl Fa4
0 0 0 0 0 L z iz
(4.35b) M., = —kn - (Dx; — Mxz)
. 2
r)\I = k?/\n

4.3.3.4.3.5 Components ALM

The final contribution that will be shown for the frictionless contact is the one relative to the ALM implementation for

Vicente Mataix Ferrandiz Page 109 of 374



4.3 Formulation CHAPTER 4. CONTACT MECHANICS

the vectorial LM from 4.3.3.2.2.2.ALM. The LHS can be seen in Equation (4.36a), and the LM RHS in (4.36b).

Kvyv  Kyvm  Kys,  Kuys: 0 0 Auy Y%
Kvnv Kuvm Kus, Kus, —k ';"5\ —K ';"% Au '
436 KSA/\/' KSAM KSASA KSASI kDJ_,Ll.A kDJ_;}I AUSA rs,
(4.362) Kson Ksom Kszsy Kszs;, kD, kDzg Aug, | = | rs
0 Br)\A Br)\A 6FAA arAA 0 AN * ‘
U aLls_A GUSI oA a , A r)\_A
0 0 0 0 0 £ ] L A Pz
Fy, = kn-(—n-(Dx; — Mxz)) — 7. X
(4.36b) M (=n- (B, 2 =T
I‘)\I = ?A

4.3.3.4.4 Static condensation of the system in considering of the DLMM

As mentioned before, it is possible to statically condensate the system of equations, solving a system in pure
displacements, instead of a system with displacements and LM. We already stated that this is possible to the diagonal
property of the D when considering a DLMM formulation. The following presents the construction considered for
this system of equations that can be applied in any LHS where the LM considered is decomposed in Cartesian
components, both frictionless and frictional formulation. We describe the global LHS as shown in Equation (4.37),
where the matrix is decomposed in 36 x 36.

Kvyv Ky Kns, Knsz 0 0 Auyy
Kvyv o Kuam Kms.a Knmsz Kmeaa Kmems Au
Ks.nv  Ksum Ks. 5.4 Ks.sz Ks,zma Ks,camz Aus,
Ks:nv  Kszm Ks:s. Ks;s: Kszcama Kszcmz Augs;
0 Kerviam Keamiasa Kenmas: Kenmacma 0 AXy
wa) 0 0 0 0 0 Kenty oty AAs
v
m
__ | tsa
- Ny
I')\A
[PV

The last system presented can be simplified if we consider that Ks,za, = 0, Ks, zam, = 0and Axz = 0.
Additionally the K. 1, 211, 1S diagonal, so its resolution is trivial, or can be applied by simply imposing Az = 0. With
this we statically condensate (4.37) into (4.38). The resulting system is in pure displacement, instead of mixed.

Ky Ky m Knsa Knsz Auy
KNN+PK5A/\[ KMM+PKSAM KMSA+PK5A5A KMSI"'PKSAST_ AUM
KSIN KSZM KSI'S.A KSI'SI AuSA
(4.38) CKs v Kemam +CKs o Keausy +CKsusy  Keaus: + CKs s, Aus;
) v
ra +Prs,
- Fema + chA
I'SI

In this last equation, operators P and C can be computed as follows in (4.39).

_ T
(4.39a) = (K5 e Kmacrn)

P
_ T
(4.39b) C= (KglgMAK.CMAEMA)
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Finally, we can extract and deduce the expression necessary in order to compute the active LM in a standalone
manner as (4.40). This will be evaluated after computing the displacement DOF, from which it depends. It is important
to note that Ks , 2 a1, is @ diagonal matrix, as is the result of the global assemble of the mortar operators D. Equation
(4.40a) can be reformulated as Equation (4.40b).

(4408) KSAN'rN+KSAM'AuM+KSASA 'AUSA"'KS.ASI'AUSI"'KSAﬁMA -A)\A=I‘$A

(440b) AAA:KEJ\LMA (I'SA _KSAN'rN_KSAM'AuM_KS_ASI'AuSI _KSASA 'AUSA)

4.3.3.5 Work-flow. Solution algorithm

The following section introduces the algorithm to be considered in order to solve the frictionless contact problem.
It is relevant to highlight the fact that this algorithm is related with the semi-smooth strategy of the next section,
4.3.3.6.Active set strategy (Semi-smooth Newton Raphson), and the previous one, 4.3.3.4.3.Algebraic form of the
problem. The algorithm is presented in Algorithm 2, here we will explain the differences between each one of the
approaches presented (standard LM, penalty, etc.), the approaches are similar but with slight differences that are
relevant to highlight.

The most significant difference across formulations is the threshold to be considered in the active set computation.
For LM the threshold for each node to be checked is Ai+! | and for the ALM is kA1, — £,8,. Apne1 May correspond
with the LM for scalar LM or for the normal components (A, = n- A) in case of vector LM. In case of penalty formulation
the threshold would be —e,g,. Additionally, it is important to separate the residual corresponding to the displacement

solution and the LM solution, in case that the problem considers LM.

Algorithm 2 Algorithm for the frictionless contact problem

1: procedure ALGORITHM FOR THE FRICTIONLESS CONTACT PROBLEM

2 t=0andi=0

3 Initialise the solution for u® = 0

4: In case of solving LM solution, Initialise the LM solution A’ = 0 or \2 = 0
5. Initialise the active set A% and Z? such that A UZ9 = Sand A NZ¥ = ()
6 while t < g do

7 t=t+Atandi=i+1

8 Initialise the increment of solution for Au} = 0

9: In case of solving LM solution, Initialise the LM increment of solution AX{ =0or AN, =0

10: Search for potential contact pairs, and if required update the pairs and the active set, respecting step 5
11: We define the problem as not converged conv = false

12: while conv = false do

13: Find the solution corresponding to the system presented in 4.3.3.4.3.Algebraic form of the problem
14: Update the solution, so u,; = ul, + Au/_,

15: In case of LM solution Aj,; = Aj, + AN, or X =X+ AN

16: Update the active set as in (4.41). The threshold for each one of the cases is represented in (4.42).

Iit = {j € S|thresholdit} > 0}

- n+1
(4-41) Al = {j € S|threshold}}} < 0}
(4.42) threshold y = An Or N - X\, thresholdpenaiyy = €3n, thresholdaiy = kX + €gn or kn - X + €g,
17: Compute the corresponding residual to check (4.43).
(4.43) [rull < tolerancey, ||r\|| < tolerancey
18: The solution is converged if A = Al |, T = 7! | and the residuals from (4.43) are converged.

The former algorithm, particularly the check of convergence can be appreciated in Figure 4.18, where the current
contact convergence check present in Kratos is shown. In here the different types of residuals are check, as well as
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the active set check.

CONVERGENCE CHECK STEP: 1 TIME: E.d@AAs-82 DELTA TIME: §,addds-az2

A o e +
|ITER| DP RATIO| EXP. RAT| ABS| EXP, ABS| LM RATIO| EXP. RAT| ABS| EXP. ABS| COMNVERGENCE | AGTIVE SET CONY|
A o oo o e +
| 1| 1.409E+@d | 1.0dAE-@4| &, B30E+12| 1.0@AE-@9| 1.9A4E+@d | 1.9dAE-A4| 9.167E-d1] 1.0@AE-4A9| Hot achieved| Mot achieved |
| 2| B.242E-@2| 1.0ddE-Q@4| F.GAGE+11| 1,.0QAE-A9| 3.873E-22| 1.QddE-@4| 3.GREE-22| 1,.d@AE-d9| Hat achieved| Not achieved |
| 3| 3.030E-A4| 1.0ddE-Q4| 2.619E+A9 | 1.0QHE-A9| 3.7QHE+E7 | 1.Q4AE-@4| 3.399E+d7| 1.d@4E-d9| Hot achieved| Hot achieved |
| 4| 1,6726-@7| 1.04dE-@4| 1,143E+86| 1,8@AE-@9| 2.1375+86 | 1.80AE-@4| 1,969E+d6| 1.08AAE-A9| Mot achieved| Achigved |
| E| 2.,736E-12| 1.@ddE-@4| 1,871E+@1| 1.@@AE-@9| B.A1HE+A1| 1.@dAE-A4| H.AB3E+@A1| 1.0@AE-A9| Mot achieved| Achieved |
| 6| 7.992E-18| 1.9dE-@4| 5.465E-@5| 1.0@AE-d9| H.964E-d5| 1.9dAE-@4| H.217E-A5| 1.d@AE-A9| Achieved| Achigved |
o -

Figure 4.18: Example of convergence check in the frictionless contact

4.3.3.6 Active set strategy (Semi-smooth Newton Raphson)

As previously stated, the fully discretised unilateral contact problem introduces one significant complexity in the
problem resolution. This issue is the contact specific inequality constraints, which introduces two different sets of
discrete active and inactive constraints, which are unknown a priori. This previous dilemma does not appear for the
mesh tying case, see A.3.Mesh tying, where the subsets are known a priori. From a mathematical point of view, this
introduces an additional source of non-linearity apart from the already existing geometric and material non-linearity.
This issue can be solved with the consideration of an appropriate strategy, a common approach is the Primal-Dual
Active Set Strategies (PDASS), which is already presented in detail in the optimisation appendix (D.Constrained
optimisation problems).

The principle behind any active set strategy for uni-
lateral contact is to iterate looking for the correct subset
of master-slave nodes in contact until there is not vari-
ation in the respective subsets in the given time step. In
the other hand, the contact non-linearity cannot be sim-
ply solved in application of the PDASS. This is because
finding the correct active set A cannot be resolved by a
standard NR type approach.

Can be affirmed that in each one of the non-
converged subsets we can apply an standard NR type
algorithm, in the same manner it is applied to the other
types of non-linearity. These non-converged subsets
are obtained from rearranging the KKT conditions. In
Popp[PhDPop12] the discrete KKT conditions are refor-
mulated within a so-called NCP, this NCP is equivalent
to the Lagrangian (£) contribution for the LM in the ALM, Figure 4.19: Nodal NCP function, or Lagrangian (L) contri-
therefore in case of consider an ALM formulation it is de bution for the LM in the ALM
facto considered in the Lagrangian (L) definition. Equa-
tion (4.44) shows the expression which defines the frictionless NCP. This corresponds with the augmented normal
contact pressure A, presented before (4.13), and the criteria will consist on activate/inactivate the corresponding node
if the augmented contact pressure ), is in compression or traction correspondingly. The graphical representation can
be seen in Figure 4.19, where the equivalence with the KKT conditions is indicated in red colour, and this is drifted
accordingly to the penalty ¢ contribution.

(4.44) Cxn = kAn — max(0, kAn + €0n)

Hence, the PDASS considered accommodates derivative information on the subsets, allowing the resolution in
considering NR algorithm also for the contact non-linearity. With the previous consideration, the contact problem can
be solved together with the other non-linearity, therefore we can consider one single iterative scheme. For the penalty
formulation, just in considering the algorithm presented in 4.3.3.5.Work-flow. Solution algorithm the PDASS is taken
into account with a standard NR strategy.
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4.3.4 Frictional contact

In the same manner to the frictionless case before introduce the weak formulation we need to formulate the problem,
we require the definition of the strong formulation. The ALM formulation presented is a combination of the following
references [ArtCC15; PhDGit12; PhDDoc; ArtDPS; ArtYLM].

4.3.4.1 Strong formulation

The part relative to the solutions spaces is exactly the same than the one presented for the frictionless case (4.4) as
well as the balance of the linear momentum (4.2). Particularly the developments and definitions presented for the
frictionless contact for the LM by components, see 4.3.3.2.2.Vector Lagrange multiplier, will be applied here. The
KKT (4.3.3.1) condition is still into play for the frictional problem.

4.3.4.1.1 Tangential contact condition - Coulomb’s law

Friction is a complex physical phenomenon. The science that studies the friction, the tribology (see Tribology),
has concluded the many origins of the physics of the frictional phenomenons. This combines the interactions of elastic
and plastic deformations at the contact interface, interaction with wear particles, microfractures, excitation of electrons,
etcetera. There exist different friction models as we have already introduced in the state-of-the-art of this chapter, see
4.2.5.Frictional models.

In continuum mechanics, the most common description is the phenomenological, or macroscopic, law of Coulomb
(Figure 4.21), which with Tresca® are the most extended and yet simple models of friction. In our models we can
identity all these models with .7. In general we will take into consideration the Coulomb’s law, as it is the most
extended and commonly used.

Kpn| ke

Figure 4.20: Coulomb’s schematic depiction of frictional contact conditions in tangential direction

The Coulomb’s law can be defined as (4.45).

(4.452) Peo = [|t5ll — mllpnll <0
(4.45b) Vore(X' 1) + B, = 0
(4.45c¢) B =0

(4.45d) b3 =0

Being 1 the friction coefficient, and [ the velocity-traction ratio. Equation (4.45a) requires the magnitude of the
tangential stress vector to not exceed the product of the coefficient of friction and the normal contact pressure. When
the tangential stress is less than the Coulomb limit (¢, < 0), the continuity equation (4.45d) forces the (5 to be zero

8Which is simpler because does not depend on contact normal pressure, it is just a threshold value.
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and, accordingly, the tangential relative velocity to be zero, this is called stick state. When the tangential stress is at
the Coulomb limit (¢¢, = 0)), 5 may be greater than zero in (4.45d) and therefore the tangential stress is forced to
oppose the relative tangential velocity in (4.45b), this is called the slip state.

The Figure 4.21 presents the graphical representation of Coulombs frictional conditions for 3D contact problems.
The sub-Figure 4.21a introduces relation between the norm of the tangential velocity and the components of the
tangential stress vector. In here the admissible points are situated either in the blue circle (8 =0, || tZ, |< || pa || 1)
which corresponds with the stick state; or on the surface of the semi-infinite cylinder (8 > 0, || tZ, [|< u || pn || 1)
marked with red colour, associated with the slip state. On the other hand, the sub-Figure 4.21b shows relation
between the contact pressure and the components of the contact tangential stress vector. We can see in blue the
interior of the Coulombs cone ( || t7, ||< i || pa || |), which represents the stick state. Contrarily the surface of the
coneinred (|| t%, ||= u || pn || |) exemplify the slip state.

s | >

[1Pall
HIIP ff 9

(a) Relation between the norm of the tangential velocity (b) Relation between the contact pressure and the compo-
and the components of the tangential stress vector nents of the contact tangential stress vector

Figure 4.21: Graphical representation of Coulombs frictional conditions for 3D contact problem. Inspired [PhDYas11]

Additionally, the Table 4.3 shows the analogy mentioned in 4.2.5.Frictional models between the friction and the
plasticity phenomenons. The relationship here corresponds with the one presented by Yastrebov[PhDYas11], a more
detailed analysis can be found in Antoni[ArtAnt17].

Friction Plasticity
Stick state Elastic deformation
Slip state Plastic flow
Coulombs’s cone OC(p,) Yield surface

Maximal frictional stress || t7, ||= u|ps|  Yield strength
Table 4.3: Analogies between friction and plasticity

Finally, the definition of the tangent direction is needed. We use the complementary direction to the normal,
so calling the normal as n we can define the tangent as (4.46a). With this we can define for example, the tangent
Lagrange multiplier as (4.46b).

(4.46a) T=l-n®n
(4.46b) Ar=A—n)\,

4.3.4.2 Weak formulation
4.3.4.2.1 LMM
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The weak formulation of these equations can be obtained again by multiplying (4.2) with the test function w' € V'
and integrating in each domain i as (4.47).

(4.47) £'(u') = /Q [V-o'+b]-wdQ' + / [t —o'-n'] -widr, + / [t, — o' -n']-wdr,, =0
i r r

i i
o co

From (4.47) the part corresponding to the frictional contact would the shown in (4.48).

(4.48) Leo(u, ) = / [t,— o' -n']dr,
r

1
If we consider the test function w' as virtual displacements du, and with the application of the Gauss divergence

theorem it is possible to determine the equivalent expression for the virtual work (4.49).

P e . osu
Pfyyd i _ i
(4.49) 5£(u,5u)_/9ia B

dQ’ — [ b'-ou'dQ’ — / - ou'dr! — / tl, - ou'drl, = ovéu' € V'
Q P r

i i
o co

Equation (4.49) can be regrouped on contributions as in (4.7), obtaining (4.52).

2

(4.50a) — 6Lkin(u) = > [ / Pl - 5u’dQ’]
-
2 9sul . ) S
(4.50b) — 0Lint ext(U) = Z [/ <a” : ox b- 5u’> daqQ’ — / t. 5u'ddr;]
[ ! i r
(4.50c) — 0Leo(u, A) = /r 1 tl, - otldrl,

Where t., represents the traction on the interface, the balance between the contact interface implies (4.51)

(4.51) tl,dy' = —3,dv?

As in the frictionless case, we will take the slave surface as reference, this allows to rewrite the virtual work integral
for the contact as (4.52a).

(4.52a) 0Lco(U, A) = — /1 t::o ’ 5gdr::o

r co

Where g represents the general gap (4.52b) (instead of just normal gap).
(4.52b) g=(u"—yx u?)

The Lagrange multipliers are introduced as additional unknowns on the slave contact surface and are identified as the
negative contact traction as (4.52c).

(4.52¢) A=t
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4.3.4.2.2 Contact constraints

The Equation (4.52a) is reformulated. Using the Lagrange multiplier in (4.52c) we can decompose into normal
and tangential components \, and A, (4.53).

(4.53a) An € RS 2 g(0An — An) > OVSA, € RS
(453b) AT S B(/L}\n) “Vrrel (6>‘T - )\T) < OVCSAT € B(,U)\n)

Where B(uAp) is a (n1)-dimensional sphere with centre 0 and radius . - A\, and A is a trial force in the tangential
plane. It is the so-called principle of maximal dissipation representing Coulomb’s law of friction. Then (4.52a) can be
rewritten and the weak form of both normal and tangential contact conditions is obtained as (4.54).

(4.54a) AeMN: | glin— A)d\ >0,
Mo

(4.54b) / Vo rel(6Ar — Ar)dA < OVSA € M(N)
YA

Where M(]) is the admissible solution space for the Lagrange multiplier and the test space for the trial forces d A.
It is a convex subset M(A) C M which accommodates the restrictions of A and d\ in (4.53). The subspace can be
rewritten as (4.55).

(4.55) M) = {6X € M (6A, 1) < (pn, [0, |l),m € L' with n, < 0}

Here (-, -) is the duality pairing of the spaces M and V' on +/, given by (4.56).

(4.56) (5A,m) = / SAnd~y
87

1
4.3.4.2.3 Penalty

Before define the ALM frictional formulation, we introduce the penalty formulation for the frictional problem. The
ALM formulation will result from the combination of this with the previous LMM. The Lagrangian (L) for the problem is
defined on (4.57a), separating the normal (4.57b) and tangent contributions (4.57c). In these expressions, t}, = €,gn
defines the normal contact traction and t7, = £V, ¢ corresponds to the tangent contact traction.

(4.57a) Leo(u) = /r 1 I+ Ldl',
—<g2, 17, < 0, (Contact zone
(4.57b) hign = { 290t =0 )
0,t], >0, (Gap zone)
— 5TV el Vs , | < —pt?, stick
o o el | j"” K oor , 17, < 0, (Contact zone)
(4.57¢) (Vo) = § | — 2402 [t > —put,, slip

0 , 12, > 0, (Gap zone)

With the Lagrangian (L) we can define the derivative in (4.58).

1, 0gn + 17, - OV, rel if ||tZ, |l < —ptl, (Contact stick zone)
(4.58) dLco(u) = /1 7, - 0gn — ptl, ”“::z;” Ve i [t,]| > —utl, (Contact slip zone) dr’,,
" o if tJ, > 0 (Gap zone)
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4.3.4.2.4 ALM

In the very same way, we have defined an Augmented Lagrangian for the frictionless method we can define
the same for the frictional case. The ALM method to solve contact problems with friction was proposed by Alart
and Curnier[ArtAC91], additionally to these references we have considered the work of Cardona[ArtCC15] and
Yastrebov[PhDYas11]. The solution obtained for the ALM results in a combination of the former LMM (4.3.4.2.1.LMM)
and penalty (4.3.4.2.3.Penalty) solution.

Focusing in the functional relative to the contact (Lso(U, A) = Lygo + L), We can rewrite (4.48) as (4.59).

(4.59) Loo(u, A) = /r I+ 1dl',

1
c

Being /, and /. (4.60) the corresponding parts of the Augmented Lagrangian formulation for the normal and
tangent contributions respectively.

AnGn — 262, Ao < 0, (Contact
(4.60a) /n(gn,>\)={ ndn — 395 » An < 0, (Contact zone)

~£ )2, X, >0, (Gap zone)
With A, = kA, + £ngn being the augmented Lagrange multiplier for the normal direction.

/T (V‘r,re/s A‘r) =

_T'T _EJT VT ,5\.,_ <_xstlk 3
(4.60Db) A 1V o2 Vrrel - Vr.rel pis Al = =pAn SUCR %, < 0, (Contact zone)
— o (KA, - Ap + 28l A ]+ 1232) L [|AL]] > —pky, slip
—fAT “Ar , An > 0, (Gap zone)

With A, = kX, + €+Vr rel eing the augmented Lagrange multiplier for the tangent direction.

Where ¢, and ¢, are a positive penalty parameter, both for normal and tangent direction, k is a positive scale
factor. Using the () is the Macauley bracket operator, from (4.10), we can express everything as (4.61).

(4.61a) hgn An) = (KX~ (3,?)

n

1 < - -
(4.61b) e (Vr e Ar) = — (KEAz - A — [ A = (A= ]| = pell = Aall)?)

T

This functional is C' differentiable saddle-point, as shown in Figure 4.22. The solution is obtained as the set of
values that render this functional stationary. The locus which corresponds to the solution in the normal direction is
presented in the optimisation appendix, D.4.3.Applicability on contact problems, in the Figure D.4.

As in the frictionless case, the solution does not depend on the value of parameters  and k. Nevertheless,
the convergence rate does depend on their value. Finally, we can derive (4.59) to obtain the variational form from
(4.62).

0Lco(U, A) =
An - 6gn + KgndAn + A7 - OV el + Vr el - O A, if [A;]| < —pA, (Contact stick zone)
(4.62) - T K KA 7 +pdn 2T o ) . i
Y A0 0G0+ kGndAn — a0V e — ———2=LoX-if [Ar]| > —pAs (Contact slip zone) dlco
r - - I
_g)‘”‘”‘” - £>‘T‘S)‘T if A\p > 0 (Gap zone)

The functional from (4.62) makes that the system obtained varies in function if the nodes are present in the contact
(slip or stick) or the gap zone, the system is not a priori known like in the frictionless case but with an additional
configuration.
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vT,l’el
Figure 4.22: Augmented Lagrangian function for the frictional contact problem. Corresponding to (4.61b)

4.3.4.3 Discretisation and numerical integration

Many of the things defined for the frictionless case, like the definition of the dual Lagrange multipliers or the definition
of the mortar operators remain exactly the same. In this case we will focus in the kinematic definitions for the frictional
case using the mortar operators, basically the definition of the discrete contact condition in the tangential direction
and the slip in the discrete using the mortar operators.

4.3.4.3.1 Discrete contact condition in tangential direction

Following the same procedure for the normal direction we can obtain the part equivalent for the tangential direction.
The most relevant thing to take into account before any definition is the concept of the relative velocity in the tangential
direction v, ./, where we will use for our definition the discrete form of the material velocity field X/, which uses the
same shape functions for interpolation as the x’. We can then define (4.63).

/ Vrovel (6>\7' - )‘T) d’)/
ot

1
c

(463) Nslaves Nmaster
~ D 0A =) T [/ O;N dyx! — Y / ®; (NZ-€) dvx,zl > OVOA € M(N)
j=1 72 = U

We can express this equation using the mortar operators, see 4.3.3.4.2, what will give us the following expression
(4.64). Where V_; is the weighted relative velocity.

Nsiaves
T ~
= (5)\7' - >\'r) Vo >0

Nsjaves Nmaster
(4.64) / Vever (A = A dy = Y (OA, — A 7 lD,)'(} =y M
Y I=1 j=1

1 .
c /=1

4.3.4.3.2 Slip definition

An important aspect of a proper formulation of frictional laws in the finite sliding context is framed indiffer-
ence[PhDGit12; ArtYLM] of the rate measures involved. This affects the tangential relative velocity of the contacting
bodies (v r¢/) in the considered case of frictional contact. This assures that this quantity is unaffected by any rigid
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body motion which the two contacting bodies might experience at the instant of the question. Mathematically, this can
be tested with formulating the tangential relative velocity v, . in an alternative reference frame. Then in the current
(mortar projected) instance, we must ensure frame indifference.

Working in the time continuous case first, one may readily show that the tangential component of the mortar
projected tangential velocity is not frame indifferent (4.65a). Frame indifference is assessed by viewing the motion
from another reference frame, denotes in the following by superscripts c(t), which can be related to the original spatial
frame via (4.65b). Where c(t) is the relative rigid body translation between the original spatial frame and observer c(t),
while a relative rotation is produced by the proper orthogonal tensor , (4.65c). The frame indifferent relative tangential
velocity should satisfy. However, by considering the effect of the transformation (4.65b) on (4.65a), it is readily seen
that (4.65d).

Nmaster
(4.65a) VOO = DR — Y MR
(4.65b) X" = ¢(t) + QB!
(4.65¢) v = Q(t)V,
Nmaster
(4.65d) V7o = Q)R — lD/x - Z Mx?| -7

Because the term [D,-x} — 7 master M,xﬂ # 0 in general ¥7°™Y* does not satisfy the equation (4.65c¢), and thus

some modifications are required to this relative velocity measure to assure material frame indifference. It is possible
to restore the objectivity with the inclusion of the rate of a mortar projected distance between the two bodies, denoted
as g. Then in consequence (4.66) is obtained.

Nmaster
(4.66) Ur =7 lD/X; - D Mm% -g
=1

We obtain an expression which retains the interpretation of the tangential relative velocity in the case where
perfect sliding occurs (i.e. when g = 0), but which contains the modification necessary to make the velocity measure
objectives under all conditions of contact. This is readily seen by using direct calculation to exactly reexpress (4.66)
as (4.67b), considering (4.67a).

Nmaster Nmaster Nmaster
(4.67a) g-= [Dx — Z M2 | = [Dj)'(} = M|+ [Djx} = M
=1 I=1
Nmaster
(4.67D) U, =7 [D,x} — Z M, x2
I=1

The time derivatives of the mortar operators can be defined using any desired scheme, for example using the
backward Euler(4.68) scheme as time discretisation.

d() _ ()B—()f
4. Dl NP N S
(4.682) di At

dD D[*4'—D! dM M — M

(4.680) dt At dt At
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With this we can define tangential relative velocity V.. as (4.69a), that multiplies by At gives us the nodal slip
increment G, (4.69b).

D{+AI _ DT Nmaster Mt+At . Mt
4.69a V=7 | L—x - Y L%
(4.69%) ! N N
Nmaster
(4.69) 6 -7, [(D}*A’ D)X - (M)
I=1

4.3.4.3.3 Algebraic form of the problem

The resulting systems of equations presented in this section will consider always a vectorial LM in the cases for
the LMM and ALM, as opposed to the solutions shown in 4.3.3.4.3.Algebraic form of the problem. Because of this
reason, we will be able to consider always the static condensation presented in 4.3.3.4.4.Static condensation of the
system in considering of the DLMM for the LM approaches. It is also relevant to spotlight that in the following sections
the symbols representing the slip and stick states in addition to the states already presented in 4.3.3.4.3.1.Scalar
LMM. These states are represented respectively as s/ and st subindexes.

4.3.4.3.3.1 LMM

Equation (4.70a) presents the system of equations relative to the standard LMM for the frictional problem. We can
see that, we have an additional block to block presented for the frictionless solution in 4.3.3.4.3.2.Components LMM.
This is due to the fact that now the active DOF relative to the LM can be split into two different groups. The group
relative to the slip state (s/) and the stick state (st). The residual of the contact solution is therefore also split into
these two subgroups, as see in Equation (4.70b).

Kvv  Kvm Kys,  Kuys: 0 0 0 F Au S
T T T
Kvy Ky KMSA Kums, _MAs/ _MAsl _MI AUN rN
T T T
KSAN KSAM KSASA KSASI D.AAS/ DA.Asl D.AI AUM rM
KSIN KSIM KSISA KSISI D%AS/ D%Asl D%I Usa Sa
(4703_) 0 BrAAsl 6r>\AS/ 8r>\Asl arAAS/ ar)\AS/ 0 AUSI = — rSI
BBUM ZUS.AS/ BOUSI gAAs/ g)‘-Ast AA./45/ rAAS/
0 rAAsI rA'AsI rAAst rAAst rA'Asl 0 AAAsp r)\.AS,
AU 8usA Busz 8>‘As/ 8>‘As/ AN
0 0 0. 0 0 0 T I e

Equation (4.70b) shows the different residuals associated to the LM, and presented in Equation (4.70a). The
respective derived terms in the LHS, as in the frictionless case, require the mortar operators derivatives defined in
4.3.3.4.2.2.Derivatives.

Aa, =N (=n-(Dx; — Mxz)) — (7 - X = .F)
(4.70D) Fo,, =N (=N (DX, — Mx)) + @,

Iy, =
(4.70c) F = —pAnT

The .7 is the generic representation of the frictional threshold, we have already mentioned this in the section
dedicated to the Coulomb’s frictional law (4.3.4.1.1.Tangential contact condition - Coulomb’s law). We will consider this
frictional law, as our theoretical developments have departed from this hypothesis. In any case, the formulation can
be adapted to consider a different frictional criterion changing .% from (4.70b), as well as in the corresponding active
set computation (see 4.3.4.4.Work-flow. Solution algorithm). The corresponding expression for .7 for the Coulomb’s
frictional law is presented in (4.70c), and it will be considered in the following for the standard LM. Additionally, G,
corresponds with the expression from Equation (4.69b).
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4.3.4.3.3.2 Penalty

For the frictional solution, as we must split solution between the slip and the stick state and we lack of LM in our
system, we separate the contact DOF between slip and stick in order to separate the contact contributions added
to the displacement DOF. Because of this, the system in Equation (4.71a) does not look as an square LHS, 6 x 3

instead of 6 x 6, but it is actually a square system of equations.

(4.71a)
BLYYY Ky m Kyvs
sIT SIT
Ks! Ks! —en(n- MST 4+ 6(n-M )Xsl + 9Fm K . — En@(n-M ) sl OF pm
MN MM Ou g M Ou g MS dus , M T Bus , AUN
- DS’ . psT sl
Ks! Ks! +e d(" DA ) xs 4 0Fs Ks! +e,(n-DST &+ d(n DX ) xs! + 0Fs AuM
SAN SaM N""dur; Sa T dupm SaSa n A dus, "Sa Ous 4 Aug’
StT StT SfA
Kst Kst —{en-MST &+ é)(n-M )xst _ g, s Kst . — ¢ o(n-M )xst _ £, 00s Au/\/l
MN - BMM n dupg M tounm MS T S Tgus, M T Slaus, Aug,
a(n-DS‘T) _ a(n»DS‘T) . Aug
st st A ) sl [ol1 I st . pstT A ) sl Ot z
Y KSam *+ en—gun X5 ¥ Etouny KSusaten | M-DR + =50 X5, ) +etaug,
L Ksznv Kszm Ks;s;

v
rf\’,1 —epn - MS’xf\’/[ + I m
rf,;’A +éepn - Di"x:}’ + Fs
s — enn - Mt — &40,
rng +eon - DX + £,
Fs,

The frictional threshold (.#) for the penalty formulation, considering the Coulomb'’s frictional law, corresponds with
F = —uepgnt. It consists in take the penalty approach for the normal contact pressure (£,g,), and multiply by the
friction coefficient (1) in the tangent direction (7). In this case, as we lack the LM solution in order to determine the
tangent direction 7 we must consider the direction of the slip increment (i), defined as T = Hl‘j—:H

4.3.4.3.3.3 ALM

As we have already pointed in 4.3.4.2.4.ALM we have to consider two different penalties, one in the normal
direction (¢,) and the other one for the tangent direction (c). This increases a little bit the complexity of the expressions
in comparison with the LMM one. In (4.72a) the resulting system of equations is shown.

Kvnv  Kvm Kys, Kus; 0 0 0o 1 ) ] )
Kvyv Kum Kusy, Kus: —kMle —kMLst —kM% Aups Iy
Ksn Ksm Ksus Ksusy KDl KDLy, KDy Aup Fm
K'SIN KSIM KSISA KSISI kD%A | kD%Ast kD%I AuSA rSA
(4.72a) 0 arAAs/ al’Av“s/ 6rAAs, 8r)‘v“‘ts/ Mg 0 AUSI = rs;
— 8usAs/ Ousz OMay sy AAASI x4 |
S
0 BrAA . Br)\Ast BUAS, aru . arus/ 0 A)\A N
st Agt
Ou 6LI5A 6USI 8)\_451 6A'Asl AN
N 8r>\I L z L rkz J
. 0 0 0 0 0 0 yealil

As in the LMM case, we separate the LM residual in three parts, for inactive, active slip and active stick DOF. The
resulting residuals in (4.72b). In the case of the ALM, the .7 for the Coulomb’s frictional law is computed considering
the augmented LM (\,) instead of the standard one ()\,), this can be expressed as . = —u\,T.

(4.72b)

P, =kn-(=n-(Dx; — Mxp)) — £ (7. X - Z)
M, = kn-(—n- (Dxy — Mxy)) + kG,

K? K?
M=o A+ -7-A
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4.3.4.4 Work-flow. Solution algorithm

The main changes relative to the solution loop presented in 4.3.3.5.Work-flow. Solution algorithm for the frictionless
solution is the need to compute a more complex active set, which includes the slip and stick state, as well as the
computation of the corresponding residuals for these states. The last stated, means that the residual corresponding
to the LM is divided into three different components, the relative to the normal direction, the relative to the tangent
direction associated to the slip state, and finally the one obtained from the stick state. It is relevant to separate the
residuals from the slip/stick states, as the magnitude orders from these components change greatly and it may be
difficult to achieve a convergence if mixing them. We remark the need to do this search at each time step in order to
adapt to the evolution of the geometry.

Algorithm 3 Algorithm for the frictional contact problem

1: procedure ALGORITHM FOR THE FRICTIONAL CONTACT PROBLEM

2: t=0andi=

3 Initialise the solutlon foru®=0

4: In case of solving LM solution, Initialise the LM solution X =0

5. Initialise the active set A% and Z? such that A UZ9 = Sand A NZ¥ = ()

6: Initialise the slip/stick set A2, and A%, such that AS” UAY, = AO and A% nAY =0
7 while f < t;ny do
8 t=t+Atandi=i+1

o: Initialise the increment of solution for Au} = 0 '

10: In case of solving LM solution, Initialise the LM increment of solution AX] =0

11: Search for potential contact pairs, and if required update the pairs and the active set, respecting step 5

12: We define the problem as not converged conv = false

13: while conv = false do

14: Find the solution correspondlng to the system presented in 4.3.4.3.3.Algebraic form of the problem

15: Update the solution, so u/, ; = u’, + Au’, , and in case of LM solution X/, = AL + AX] |

16: Update the active set as in (4. 73) The threshold for each one of the cases is represented in (4.74).
4.73) I}t = {j € S|threshold]}} > 0}

At = {j € S|threshold! < 0}

(4.74) threshold y = An or 0 - X\, thresholdpenaiyy = €3n, thresholdaiy = kX + €gn or kn - X + €g,

17: Update the slip/stick set as in (4.75). To evaluate this we require the frictional threshold .7, considering
Coulomb’s law, for the cases represented in (4.76). We also require the tangent contact stress (t7,) (4.77).

At e Aty > Fi
4.75 sin+1 n+1
( ) gr17+1 = {.I € A|t < Jn+1}

(4.76) Fim = 71, DV yPenalty = [1€nTh, Fam = p(kn - X +¢e,0n)
(4-77) t‘[Mco = HT ’ A”! t7.‘-’ena/tyco = HETGTH! t;LMco = ”kT A+ 57&7”
18: Compute the corresponding residual to check (4.78).
(4.78) Iru|| < tolerance,, ||r»,|| < tolerancey,,, HrAsT/H < tolerance,s, |[rx|| < toleranceys
19: Solution converged if AZ! = AL, A%l = AL T = 7] | and residuals (4.78) are converged.

As well as we did in the frictionless case, we present on Figure 4.23 the output in Kratos representing the NL
convergence check of a time step. We can appreciate the four different residuals which are check, in addition to the
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two different active set checked.
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Figure 4.23: Example of convergence check in the frictional contact

28 1. BRGE-

1.
b,
z,
E.
H.
7.
7

E

4.3.4.5 Active set strategy (Semi-smooth Newton Raphson)

The reformulation of frictional contact conditions is simi-
lar to the frictionless case. As well as in the former case,
the LM contribution of the Lagrangian (L) in the ALM
(4.60) replaces the NCP presented in Popp[PhDPop12]
and Gitterle[PhDGit12]. This NCP takes the form of a
two component vector equation and is written as (4.79),
the visual representation can be seen in Figure 4.24.
This representation shows a distinctive behaviour for the
slip/stick states in the similar manner to the one pre-
sented in the Figure 4.22 for the frictional Lagrangian
(£) contribution. As in the frictionless case, for the fric- L S
tional problem the PDASS is taken into consideration in g e 4

considering the workflow presented in 4.3.4.4.Work-flow. k @0 DA/EIT

Solution algorithm.

Figure 4.24: NCP for the frictional contact problem.

(4.79) Cr(\r, Tr) = max(udn, | A7 DA — pmax(0, Ap) A~

4.4 Contact detection. Search techniques

4.4.1 Introduction

Detection phase it is quite different depending on if we are considering an implicit or an explicit approach[PhDYas11]:

e Explicit approach: Here, as the time step is usually very small, we need to detect the solids that actually have
penetrated each other, and apply the corresponding forces in order to repulse them. There are different ways to
apply these repulsive forces, but the point is that we focus on real penetration, not estimations.

o Implicit approach: As the solution of the system depends on the values that have not been completed yet,
we need to estimate potential pairings. With this potential pairing, we include the corresponding DOF, with
the corresponding additional Lagrange multiplier, and assemble the LHS and RHS related to these potential
pairings.

As the target of this work is the consideration of an implicit approach, we need to take care of the problematic of
the former. The detection phase is crucial, as the additional DOF and assembling is not only numerically expensive,
but the condition of the system is significantly affected by them.

Additionally, for a problem with n slave elements and m master elements, the cost of a naive brute force searching
algorithms (searching all master elements for valid intersections with each slave element) is O(nm), which is
unacceptable for a problem with a large amount of contact surface elements. The ultimate goal of a contact searching
algorithm is to find all proximate slave-master element pairs. In conclusion, this phase may be as important as the
formulation considered as it influences the whole resolution of the problem.

These methodologies have been particularly developed in recent years, thanks not only for FE requirements,
but also computer graphics(physically based modelling, animation)[ArtZK12; ArtRKC02], robotics (motion planning,
collision avoidance)[ArtTK14], industrial applications (virtual prototyping, assembly tests)[ArtFig10; ArtFF03] and
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a. w b. c.

" [ A

=

Figure 4.25: Conventional penetration estimations. Symmetric: a segment intersection; b volume intersection.
Asymmetric: ¢,d segment in volume; e,f node in volume; g,h node under surface. Source[PhDYas11]

videogames[BookEri04; ArtCai+14], where the Collision Detection (CD) plays an important role in their respective
fields.

The penetration is another aspect to take into account when detecting potential contact pairs. There is a whole
science in the contact penetration or gap estimation. From the more conventional methods, Figure 4.25, through more
advanced or recent methods such as the estimation of penetration by ray-tracing[ArtPR15a]. In this work we present
an approach consistent with the Mortar formulation considered for the contact computation.

In what follows, a contact searching algorithm with Bounding Volume Hierarchies (BVH) can be applied
(4.4.3.Tree structures), furthermore, there are different kinds of bounding volumes that can be used to improve this
search, see 4.4.2.Bounding volumes. Finally, the penetration estimation is an important step too, and the proposed
approach will be presented at 4.4.4.Penetration definition.

4.4.2 Bounding volumes

There are many kinds of DOP that can be used to define the bounding volumes, Figure 4.26a illustrates some of them.
We address to the literature, particularly to the work of Dinas[ArtDB15], which summarises each methodology and
makes a comparison between them. There are several different ways to define a bounding volume for a geographical
region.

The simplest DOP probably will be to consider the nodes inside a radius, a radius search or BS. Another very
simple solution, define a cuboid whose surfaces are parallel to the x — y, y — z and x — z surfaces, is called AABB,
but these two methods have the drawback of the lack if tightness, and many slave and master surfaces are likely to be
tested for proximity even though they are not so close (Figure 4.26b). Another approach is the OBB, which is much
tighter and therefore giving a better fit, but with an additional computational cost and memory consumption. Finally, it
can be considered the k-DOP (convex hull) to define the bounding volumes, which are always tighter than AABB and
may be tighter or looser than OBB depending of the geometries of the objects. However the k-DOP are much simpler,
cheaper and more efficient for the detection of k-DOP overlapping, which is quite relevant for our applications since
deformation of contact bodies requires frequent updating of these volumes[ArtYLO08].

In any case the Figure 4.26a as the decision to be taken results in a compromise solution between numerical cost,
complexity and precision. For this reason the OBB has been chosen among all the options, as a intermediate solution
that will satisfy the requirements. Originally a BS approach was chosen, but it was insufficient, as in order to detect all
the contact pairs, a large enough radius factor must be taken into account (see Figure 4.27a), returning many false
potential pairs, which impoverished the convergence of the problem. Additionally, this approach is very dependent on
the radius r chosen, as can be seen in Figure 4.27b.

4.4.2.1 OBB implementation

Fortunately, we have plenty of documentation on how to implement this type of object thanks to its wide use in
video game graphics engines. Our implementation is based on the one considered in the documentation of the
GeometricTools|[BookEbe99] library and the tutorials found for game development[OnICho].
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Better bound, better culling >
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(a) Types of Discretised Orientation Polytopes (DOP)

(C]

(b) Proximity tests for DOP
Figure 4.26: Types of bounding volumes. a) The radius search (Bounding Spheres (BS)). b) Axis-Aligned Bound-
ing Box (AABB). c) OBB. d) Discrete Orientation Polytopes (k-DOP) (convex hull). Inspired on [ArtYL08]

In order to define the collision algorithms, we can consider between two OBB we need to define the geometry
which defines it properly. Considering we are in 3. An OBB is defined[BookEbe99] by a centre C, a set of right-
handed orthogonal axes Ay, A; and A,, and a set of real positive extends ag, a; and a.. With this we can define the
OBB as solid box following Equation (4.80a). Additionally Equation (4.80b) represents the eight vertices of the box,
where |oj| = 1 for all /.

2
(4.80a) C+) XA :|x| <|al foralli
i=0
2
(4.80b) C+ Z oiaiA;
i=0

Our interest would be to build the OBB from a provided geometry in order to automate its construction. We have
two options in 3D for surface geometries. The first approach takes the AABB, the lowest and highest point, and builds
and axes and defines an orthonormal base. The second approach will be based on the normal which defines that
surface geometry. Taking this normal, we can define a base, rotate the points to this base and get the point at the
maximum distance from the geometry centre. Combining the tangent base in order to define a vector in the direction
to the furthest point, then the third axis is taken as the cross product of the normal and this vector. This last method
defines a less arbitrary bounding box than the first one. The difference can be seen in Figure 4.29, where we build
the OBB for 4 triangles, 2 in the top and 2 over the first ones. The first one, Figure 4.29a, may look more regular, but
just takes an arbitrary direction as all the nodes are in the same plane. The one from Figure 4.29b defines a larger
OBB, and it is oriented to the furthest point from the centre, which is less arbitrary.

4.4.2.1.1 Collision detection
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" 4 slavenodes e  master nodes master surface @ detection zone

(a) Poor search results obtained with the BS approach (b) Influence of radius in BS. Source[PhDYas11]

Figure 4.27: BS approach

Figure 4.28: OBB. Source[ArtRom11]

The simplest collision detection consists in two steps, a first stage where we check that the points of one OBB are
inside the other, the second stage consists in check if there is an intersection between the faces of the OBB. For
the first step, we need to define the inside operations for a OBB. In order to do, the simplest procedure consists in
rotating the points so these points became oriented with the Cartesian axis, Equation (4.81) and (4.82), and therefore
consider the standard AABB inside algorithm.

For 2D we consider the following signs:

[0 19,10,
For each point i of the destination OBB:

(4.81b) X230 = GOt 4 signiP AGeS! ades! + sign’l At gt
We check if is inside the origin OBB:

(4.81¢) X320 — Co8|| <= a3™ and ||x38° — Co9|| <= af™

For 3D we consider the following signs:

sign? = [-10 10 10 —-10 —-10 1.0 1.0 —-1.0

(4.82a) signf’,D= -10 —-10 10 10 —-10 —-1.0 1.0 1.0

sign?? = [-1.0 -1.0 —-1.0 —1.0 1.0 1.0 1.0 1.0]
For each point i of the destination OBB:
(4.82b) X730 = ot 1 signiP AGES ad® + sign’P AT af*! + sign3l Aget ages!
We check if is inside the origin OBB:

(4.82¢) X220 — Co9| <= a8 and [[x30 — CO™|| <= &% and [|x3P — CI0|| <= a2

Zi

Page 126 of 374 Vicente Mataix Ferrandiz



CHAPTER 4. CONTACT MECHANICS 4.4 Contact detection. Search techniques

(a) AABB aligned OBB (b) Normal plane aligned
Figure 4.29: OBB from surfaces build comparison

For the intersection of the faces, the very same algorithms considered for the intersections of lines in 2D and
quadrilaterals in 3D can be considered here. In total, the number of checks necessaries in order to check the
intersection is 24 in 2D and 52 in 3D. Of course, not all checks are required. In case of one positive check we already
know that there is at least one intersection.

4.4.2.1.2 Collision detection with SAT

(a) lllustration of the separating axis theorem (I) (b) lllustration of the separating axis theorem (lI)
Figure 4.30: Separating axis theorem

This algorithm is more refined than the previous one.
In this case instead of direct check each one of the
nodes and faces, we apply a very simple geometrical
concept. SAT[ArtRom11] is based on the separating axis
theorem, Figure 4.30, which states that it is sufficient |:| |:| |:| |:|
to find one axis that separates A and B to be sure that |:| |:|
they are disjoint and so do not overlap. Therefore, if we
are able to draw a line to separate two polygons, then
they do not collide (Figure 4.31). This concept can be , I ]
used not only between OBB but also between general Z
polygons or even a polygon and a circle. The definition ; D::'
of the SAT consists on two steps, during the first step we I I
define each one of the potential planes to be checked,
the definition of each plane is found in Equation (4.83), Figure 4.31: SAT concept. Source[OnICho]
and secondly we check if there is a separation plane between the two OBB with the one presented on (4.84).

The normal vectors to be considered in 2D correspond with the right-handed orthogonal axes Ay and A; from

Vicente Mataix Ferrandiz Page 127 of 374



4.4 Contact detection. Search techniques CHAPTER 4. CONTACT MECHANICS

both OBB, and the following cross-products:

Agest’ A?eSt, Agﬂg! A:’”Q
(4.83a) n{ Adest x AJ, Adest x A0
A?est X Ag”Q’ Aglest x A¢13f’g

The normal vectors to be considered in 3D correspond with the right-handed orthogonal axes Ag, A1 and A, from
both OBB, and the following cross-products:

Agest, A?est, Agest, Ag”g, A:zr/g, Ag”g
dest orig dest orig dest orig
AGT X Ag T, AT X AL AR X AT
dest orig dest orig dest orig
Afest x AZ"™, Agest x AT, Adest x AT
Agest X Ag"g, Agest X Afﬂg’ Agest X Agﬂg

(4.83b) n

In 2D the algorithm for checking if there is a separation plane, being n the normal which defines the plane:
H(Cdest _ corig) . n” >
(4.842) | (AG*=ag=") - | + || (A a$e") - |+
|(Ag85™%) - | + [|(AT7a™) - n|
In 3D the algorithm for checking if there is a separation plane:
”(Cdest _ Corig) . n” >
(4.84b) (A% a5°") - n| + [|(A{*'a*") - n|| + [|(Ag*aZ*") - n|+
(A5 25) - n + [|(AT"&"™) - nl| + [|(A3™aZ") - |

The resulting number of checks therefore to be evaluated in this case would be of 8 for the 2D case and 15 in
3D.

4.4.3 Tree structures

S |O S 1O
Uniform grid 0 O( \ = m Octree
[1 K/ U Quadtree
L/
S 1O S\ O .
Binary
KD Tree o]0 S pace
P artitioning
Tree

Figure 4.32: Space subdivision approaches

The tree structures are computer data structures that emulate a tree structure with a set of binary nodes[Book-
FSS12], see Figure 4.33a. A node that is upper in the hierarchy respect to other nodes which is connected with him is
called parent node, and node below is denominated child node. The node in the top of the tree is called root node,
while the nodes in the bottom are called leaf nodes.
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A data structure which stores the data points with respect to their position in space is needed to perform a search
for neighbours. In two-dimensional spaces, the standard data structure is a quadtree, and the octree is analogue in
three-dimensional space.

The kd-tree data structure is based on a recursive subdivision of space into disjoint hyperrectangular regions
called cells (see Figure 4.33b). Each node of the tree is associated with a region called box, and is associated with a
set of data points that lie within this box. The root node of the tree is associated with a bounding box that contains all
the data points.

In addition to the data points themselves, a kd-tree is specified by two additional parameters, the bucket size
(threshold of the number of data points associated with a node) and a splitting rule (which determine how a
hyperplane is selected). For more details look up the literature[ArtYL08; BookPhDO06; OnlIRitr].

C
) A (40, 45)
A
i I I — C (70, 10)
B (15, 70)
B L b D (69, 50)
E[— Y
F E (66, 85) F (85, 90)
(a) Binary tree (b) A kd-tree of bucket size one and the corresponding spacial decomposition

Figure 4.33: Tree structures

The binary structure tree that will be considered in this work will be therefore the kd-tree. This tree is already
available in the Kratos code.

4.4.4 Penetration definition

As we have already mentioned, the main difference in explicit and implicit simulation detection is that in the former
case we predict possible contact phenomena, and we define potential contact pairs before penetration happens. This
means that slave nodes approaching master surfaces have to be detected at a certain distance, which is usually
denoted as Maximal Detection Distance (MDD). The MDD is a significative parameter of the detection procedure.
This MDD should be considered as small as possible in order to avoid the creation of non-necessary contact pairs. In
order to do that we should define an automatic procedure which defines this value in function of certain parameters,
such as the element size (h). Once this is defined we need to estimate the penetration, so we can compare it with the
MDD.

For that, we highlight that contact penetration estimation has its own advantages and disadvantages, and usually
these techniques are uncoupled of the contact formulation considered. In order to compute a consistent penetration,
or gap (gn), with the weighted gap (g,) computed during the contact contributions on 4.3.3.4.2.Mortar operators we
will consider this very same Mortar formulation as the base concept.

This is done using the Mortar mapper developed in this work. The concept is to map the coordinates of one
domain to the other, and once these coordinates have been mapped into a destination domain we can compute
the consistent gap node-by-node applying the g, formula, g, = —nh - (X; — xsX2). The obtained gap is equal to the
weighted gap divided by the total Mortar integration area which involves the node. This value has length units and
therefore can be compared with some reference length. This very same concept can be applied in order to compute a
consistent slip in case it is of interest (mostly for post-process motives).

We can illustrate this former concept with an example. The Figure 4.34 shows a full example, consistent in a
circular surface and a plane surface, Figure 4.34a. As one of the sides is plane, it is easy to estimate the gap as the
y coordinate of the circular side. The nodal area corresponds with the integrated region in each node, which is the
whole section until the circular section does not intersect with the plane any more, see Figure 4.34b. With this we can
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(a) Mesh of the example (b) Nodal area
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(c) Consistent gap (d) Weighted gap
Figure 4.34: Consistent gap example. Circular surface vs plane

see as if dividing g, (Figure 4.34d) by the normal area, the consistent normal gap (g,) is obtained (Figure 4.34c). This
one coincides with the predicted values (the height to the circular region).

A more complex case its illustrated in the Figure 4.35, where the double curvature considered to test the Mortar
mapper in E.Mortar mapper is considered to compute a consistent gap. The first figure shows the mesh, Figure 4.353a,
and the second one in Figure 4.35b. In this last image, we can see like the gap varies according to the curvature and
following the "parallel lines" that define this double curvature geometry. Some peaks appear in the nodes that belong
to coarse mesh regions.

The details of the implementation of this mapper can be found in the respective appendix, E.Mortar mapper. The
definition of the consistent gap is detailed in the algorithm 8.

4.4,5 Self-contact detection

4.4.5.1 Introduction

There are mechanical problems for which the determination of the contact pairs is not trivial, and especially complex
are the problems where we do not enforce any master-slave® (or mortar and non-mortar) relationship. For two or
more independent bodies a priori we can assign these relationships, but this is not the case for self-contact problems,
where there is only one body which contact with itself as the name indicates. This class of contact problems needs a
particular contact detection procedure.

9We will consider the master-slave criteria considered in the formulation, as done by Popp[PhDPop12], where the slave conditions correspond
with the one where the integration is performed.
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NORMAL_GAP

(a) Mesh of the example (b) Consistent gap
Figure 4.35: Consistent gap example. Double curvature surfaces

There is not much in the literature detailing the treatment of the self-contact problem, and the more detailed
are probably the contributions of Yastrebov[PhDYas11; ArtYCF11; BookYas13], which are designed for the NTS
integration. There are indeed a lot of publications[ArtSN17; ArtDem+12; ArtCam15] detailing this kind of problematic
for fabric or very slender elements, as rods, where the self-contact is a common issue. A self-contact is more
probable for thin or oblong solids, for which one or two dimensions are much smaller than others than for solids with
all dimensions of the same order. In any case, the work presented here is more focused for solids than the slender
geometries mentioned before.

4.4.5.2 Algorithm considered

The detection time is higher than for the contact of the same order with known a priori master-slave discretisation,
because the preliminary stage requires several steps hardly parallelisable. This detection times vary in function of
several parameters, like the normal discrimination, the initially assigned pairs, and in general all the steps involved in
the presented algorithm.

A relevant, but also a big limitation when automatically assign Bt PO N
contact pairs is that in principle a node cannot be master and . 35 ST ""~~._.
slave at the same time, and that situation should be avoided. We ..'\\{, ---------------- b ..
will deactivate a condition when assigning a master/slave relation ™~ mmmmzmmmmmanaiit

to the nodes and that condition holds master and slave nodes

L "“2 ....... 1 ......... _3 ''''' ~ &‘,‘;‘. ey
at the same time. This for example can be seen in the tubular  %_~"  =° Q™ i
example from 4.4.5.3.2.Tubular detection, where the conditions %, ™ " x n Ny H
that share master and slave nodes will be deactivated. This . S, . n, 1 :
is a big drawback, but in large meshes with small sizes, these . 4

conditions appear isolated and does not represent a significative e
amount respect the total.

-
-
...............

Figure 4.36: Self-contact normals descrimination

Before starting our algorithm for automatically pair conditions that may contact between them, we perform an initial
search, where we potentially pair all conditions against all conditions. As this can be very expensive, numerically
speaking, not only to perform, but also to filter later with our approach, we should pre-filter as many pairs as it is
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possible for us. The method which provides the best results, and the simplest, is probably to check the similarity
between the normals of the conditions. If the normals are close, not necessarily equal, therefore we can consider that
these are pointing in the same direction and therefore will not deal with contact. This can be appreciated in Figure
4.36, where normals 1 and 3 are quite similar, so we can easily discriminate the pair 1 — 3. On the other hand, the
difference between 1 and 2 is more subjective and it will depend on the threshold we consider to discriminate the pair
1-2.

Our proposal takes as a main hypothesis that the master/slave conditions are neighbours between them. This
assumption is based on the fact that when we define manually certain conditions as the master or slave usually
we define a region for each domain. Therefore, our goal is to replicate or mimic the behaviour that a human would
consider when assigning the domains. Therefore, we will create a list of potential slave conditions and we will fill
this list following a neighbourhood criterion. The idea is to create a list'® of conditions, that we will fill based on the
proximity respect to the condition previously added to the list, except if we have already assigned that condition as a
master, in that case we will jump to the next candidate.

Algorithm 4 Self-contact detection algorithm

1: procedure SELF-CONTACT DETECTION ALGORITHM

2 We perform an initial search with all conditions againts all conditions
3 for all node € ContactMeshyoges dO

4 Reset SLAVE flag

5: Reset MASTER flag

6 for all condition € ContactMeshcongitions 0

7 Reset SLAVE flag

8: Reset MASTER flag

9: Reset ACTIVE flag

10: We create a set ordered_conditions that will contain all conditions in order of proximity between them
11: We add as first condition to this set one choosen arbitrarily

12: We create a map containing the boundaries of all conditions
13: for all condition € ContactMeshcongitions 40

14: for all boundary € conditionboundaries do

15: Insert the connectivity of the boundary and the geometry where it belongs
16: for all condition € ordered_conditions do

17: for all boundary € conditionboundaries do

18: if A neighbour is found then

19: Add that neighbour to ordered_conditions

20: else

21: Add arbitrary condition not added previously to ordered_conditions
22: for all condition € ordered_conditions do

23: for all pair € conditionpotential — pairs do

24: if Condition are neighbours then

25: Skip to the next pair

26: else

27: if Check the nodes of the pair are not SLAVE then

28: Assign MASTER flag to condition and nodes in the pair condition
29: Clear pair condition database

30: if At least one pair is MASTER then

31: Assign SLAVE flag to condition and nodes

32: for all condition € ContactMeshcongitions 40O

33: if condition shares MASTER/SLAVE nodes then

34 Unset ACTIVE flag to condition

35: else

36: Set ACTIVE flag to condition

"0We have considered std: : unordered_set in particular.
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The previous list will be filled at first by an arbitrary condition, and starting from this first condition the rest of the
list will be filled. In order to determine the neighbours of each condition, we will create a map'’ containing all the
boundaries nodes and the original conditions where it belongs. Later, with this list of boundaries we will fill the set of
conditions progressively, adding a neighbour condition to the last one added. If no neighbour is found we will add
other arbitrary conditions, not added previously.

Once we have filled the set of conditions, we proceed with the potential master/slave assignment. We iterate over
this set of ordering conditions, if the condition has been previously marked as masters we skip it, if for we check their
potential pairs. If the conditions are neighbours, we skip to the next potential pair. In the opposite case, we must
check that no node of the potential pair is already assigned as slaves, if this is the case we can assume this pair is a
master surface, and we will clear its potential pairs, simplifying our assigning process. If the condition has any master
condition assigned, we can assume is a slave condition. Finally, we will check if the conditions share master/slave
nodes, if that is the case we deactivate the condition, if not we can consider is an active one.

All the previously stated procedure is summarised in the Algorithm 4, which additionally includes some additional
implementation details, in any case we present it in the most pseudo-code way possible.

4.4.5.3 Examples
4.4.5.3.1 Planes detection

The first example we will show is a very simple case where there is no node shared between the domains,
and therefore we can easily manually assign the master/slave roles. If the procedure works properly will return the
expected result, which means that one plane will be fully master, and the other one will be fully slaves. This simple
case is part of the ContactStructuralMechanicsApplication test suite and it is located in the following
file.

(b) Master flag (c) Slave flag

(a) Mesh of the example
Figure 4.37: Self-contact detection simplest case, two parallel planes

The result can be seen in Figure 4.37, where we can appreciate like the lower plane is fully master (Figure 4.37b),
and the upper plane fully slave (Figure 4.37c).

4.4.5.3.2 Tubular detection

The case consists of a very simplified ring, formed on quadrilaterals. The complexity comes from the fact that
there are shared nodes between the potential domains, which means that as we confront a pure self-contact problem.
In this case we assign as initial potential pairs everything with everything, our procedure will filter this lately. This case
can be found as a test in here.

The first example is the case considering only one element of thickness. See Figure 4.38, were due to the initial
assignment of everything with everything, the number of master conditions (Figure 4.38b) is larger than the number
of the slave ones (Figure 4.38c). This is due to the fact that as we follow the procedure, we set as master all the
potential pairs, before jump to the next potential slave condition. Additionally can be seen like those two conditions
will be inactive, as they share master and slave nodes simultaneously.

The second example is a little bit more complex, in here we consider two elements of thickness. This increases
the complexity, as the neighbourhood is not as simple as in the first case. The results obtained, Figure 4.39, look like
an extension of the former case. In that case, nothing else to add to the comments previously stated.

"We do this at the programming level considering std: : unordered_map in this case.
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(a) Mesh of the example (b) Master flag (c) Slave flag
Figure 4.38: Self-contact detection for simple tubular case
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(a) Mesh of the example (b) Master flag (c) Slave flag
Figure 4.39: Self-contact detection for tubular case

4.4.5.3.3 Contact example (S-shape profile)

The problem consists in a S-shape profile which is enforced to self-contact, where we impose a negative vertical
displacement on the top face. The geometry and the mesh of the problem can be seen in Figure 4.40. It is relatively
easy, but a bit tedious, to manually assign the master/slave pairs, at least for the initial deformations. Because of this,
we can consider it as a good example to test the procedure. In any case the automatic assignment is not trivial as the
number of triangular faces is large and the neighbourhood must be properly detected. The example can be found in
the Kratos Examples repository, in here.

The results can be seen in Figure 4.41. Where on Figure 4.41a the resulting displacement can be seen, with the
corresponding expected contact in the corners. Additionally the Figure 4.41b shows the master nodes, which are the
vast majority and the Figure 4.41c the slave nodes, where the featured nodes correspond to the corners in contact.
In order to better understand the result obtained it is relevant to remember the fact the domain considered as the
one where to perform the integration is the slave side, therefore the default domain corresponds with the master one.
Because of that, the most predominant domain the master side.
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(a) Mesh seen in front (b) Mesh seen in perspective
Figure 4.40: S-shape profile mesh (tetrahedra)

(a) Displacement (b) Master flag (c) Slave flag
Figure 4.41: S-shape profile resulting self-contact simulation

4.5 Numerical examples

The following section presents several examples commonly used in order to check the proper functioning of the CCM
implementations. The tests presented will go from less complex to more complex, starting from the most basic patch
tests to the most common and complex contact benchmarks. The examples are solved considering ALM.

4.5.1 Basic patch test

y axis

R ‘ y axis
BC 1 BC u
2.0&____1_;*: 2.0.8_____1-‘
1.5 2 J:‘ 1.5: | 2 /"f
I 1 IR
0571 | 1 I 058 1+
0 ‘ A ) 0I : y .
/\x axis /0< A0 X axis
7 7.
(a) Straight interface (b) Slope interface

Figure 4.42: Geometries of the simplest patch test
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Here the most basic of all possible patch test is checked. These consist it to block sharing a clear interface between
the domains. The result expected is a continuous gradient in the displacement in the normal direction of the interface
for the frictionless contact, a much more extensive casuistry for frictional case which will be explained in detail
below. Here we present two different cases, the first one from Figure 4.42a where the interface between two 1 x 1
squares is straight. The second case, from Figure 4.42b, where the interface is a slope between two non-regular
quadrilaterals.

Body E v P
Die | 2.069 x 10""Pa | 0.29 | 1000
Block | 2.069 x 10""Pa | 0.29 | 1000

Table 4.4: Parameters considered for simple patch test

4.5.1.1 Frictionless

For both problems a vertical displacement of 0.1 meters
will be imposed in the top face of the upper quadrilateral.
The properties of the materials correspond with the ones
shown in Table 4.6. With this given BC, the solution ob-
tained for the first problem, Figure 4.43a, is the expected
one, a continuous gradient of the displacement in the
vertical direction. On the other hand, the result of the
second one, Figure 4.43b, also corresponds with the
expected behaviour, a continuous solution in the vertical
direction.

One additional remark to the first case is the fact that
we are considering the same Poisson’s ratio (v) for both
bodies, the deformation of the interface is symmetric in
the interface, giving the impression that the displacement
is also tied in the tangential direction. But for example
if one of the v is taken as zero, this body will deform just A,

vertically and the other one will experiment Poisson’s o nges wr s
ffect
e .

(a) Straight interface (b) Slope interface
Figure 4.43: Solution for the frictionless simplest patch test
4.5.1.2 Frictional

o 025 05 075

DISPLACEMENT BLIF DISPLACEMENT SLIP
o 0.0283 0.056E -1 o 1 o 0.0442 0.0884 -1 05 i
E—— ] | | E—— ] [ |
(a) Displacement solution slip (b) Slip solution slip (c) Displacement solution (d) Slip solution stick
stick

Figure 4.44: Geometry and solution for the frictional simplest patch test
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Here for the sake of simplicity only the problem with straight interface, from Figure 4.42a, will be studied. In the
study we need to differentiate between two possible states in the frictional case, the slip and the stick state. In here, in
contrast with the frictionless case, we set a vertical load in the top face of the upper element, additionally a tangent
load in order to trigger the tangent behaviour. This problem thanks to its simplicity allows us to check the correctness
of the slip/stick state detection, where just adjusting the friction coefficient p. it is possible to change between one state
and the other. The first case corresponds with the slip states, where in Figures 4.44a and 4.44b we can appreciate
like a relative drift appears on the interface. On the other hand, on the Figures 4.44c and 4.44d, the solution for
the stick state is shown, and can be seen as the two blocks move in solidarity. Notice that Figures 4.44b and 4.44d
represent the SLIP flag, the value can be only 0 and 1, being 1 slip state, and 0 stick state.

4.5.2 Taylor patch test

The Taylor[ArtTP] patch test is slightly more complex problem than the former patch test. In this case the interface is
not coincident between th two domains, additionally a distributed load is considered in the upper face of the domains.
The load considered is p = 10Pa, and the properties of the materials correspond with the ones shown in the Table 4.5.
We will present the solution for the 2D and 3D problem.

Body E v p
Die | 3x10%Pa | 0.4 | 1000
Block | 3 x 10°Pa | 0.4 | 1000

Table 4.5: Parameters considered for Taylor[ArtTP] patch test
4521 2D

The Figure 4.45a illustrate the setup of the Taylor test in 2D. The solution obtained in the other hand corresponds
with a continuous gradient of vertical displacement as shown in Figure 4.45b and a continuous vertical stress Figure
4.45¢.

-100
-100
-100
-100
-140
--100
--100
-100
-100
-100

(a) Setup (b) Displacement solution (c) Stress solution
Figure 4.45: Solution for the Taylor patch test in 2D

4522 3D

ok
(b) Displacement solution (c) Stress solution
Figure 4.46: Solution for the Taylor patch test in 3D
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For the 3D case, see Figure 4.46a, the same conclusions than in the 2D case can be applied here. Continuous
gradient of displacement (Figure 4.46b) and continuous stress field (Figure 4.46¢) in the vertical direction.

4.5.3 Friction base test

The following test, extracted from the work of Dong[ArtDon99], is a test which allows to study the effects in the contact
frictional behaviour with respect to different values of the friction coefficient ;.. The properties of the bodies are the
ones shown in the Table 4.6, where 1 has been considered with three different values, 0.25, 0.5 and 1. The geometry
and mesh considered are the ones from Figure 4.47 and the load g = 20000KN/m. The solution is compared with the
one in reference[ArtDon99] in Figure 4.48b, with a very good agreement. The solution from Figure 4.48a shows the
detachment that appears in the interface for p = 0.25.

Body E v 1
Die | 21x10"Pa | 0.29 | 1,0.5,0.25
Block | 21 x10""Pa | 0.29 | 1,0.5,0.25

Table 4.6: Parameters considered for simple patch test

0125 I

-----

0.078 I I

(a) Geometry | (b) Mesh
Figure 4.47: Friction problem from Dong[ArtDon99]

5 Pure friction test solution
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(a) Displacement solution for p = 0.25 (b) Solution compared with reference

Figure 4.48: Solution for pure friction problem

4.5.4 Hertz problem

We have already highlighted the relevance of this test in the former sections. This is the most commonly used and
extended benchmark for contact mechanics, originally published by Hertz[ArtHer82] in 1882. This benchmark has the
advantage that the original solution is analytical and therefore we can compare with a solution that we have known a
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priori for different combinations of material and geometries. Using as main reference the solution of Zhu[ArtZhu12]
for the analytical solutions of the different Hertz problems. We will study basically two cases, the rigid plane-sphere
contact and sphere-sphere'? contact problem, both for 2D and 3D problems. It will be assumed we work under the
hypothesis that we work in the domain of infinitesimal deformations.

4541 2D
4.5.41.1 Plane-sphere

The plane-sphere configuration from Figure 4.49 corresponds with the problem to solve, which requires in 2D
to be solved considering axisymmetric formulation. We specialise the resolution of the problem for a radius equal
to 6.1237 meters, and pressure of P =5 x 10°Pa. The properties considered for the two solids are represented on
Table 4.7, where the plane can be considered de facto rigid. We have considered different mesh sizes, and we have
compared the results between then and the respective error.

Body E v
Sphere | 1 x 108Pa | 0.29
Block | 1 x10%5Pa | 0.29

Table 4.7: Parameters considered for 2D sphere-plane Hertz benchmark

E.v,
-
£ £ £
(a) Setup (b) Mesh

Figure 4.49: Setup for the 2D sphere-plane Hertz benchmark

The analytical solution is presented in Equation (4.85), taken from the reference[ArtZhu12]. The Equation (4.85c)
gives the analytical solution for the contact pressure in all the domain b, then the Equation (4.85d) provides the
vertical displacement of the contact interface.

1
(485a) Eeff = 17272, r =4/ X2 +y2

% 1—v;
E4 E>

J[3PTR3(1 — 12 R? b? N
(4.85b) b= {2 =3P dh= Lt = | (Eeff\/Rd(?)
e
r2
(4.85¢) p=poy/1- 15

2 23
(4.85d) y = —Sporb? (1 r)

-

As previously stated, the solution obtained corresponds with the solution for different mesh sizes. Figure 4.50a
presents the different solutions for the vertical displacement for different mesh sizes, and Figure 4.50b the same but

2|n 3D, in 2D a contact cylinder-cylinder will be considered
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for the contact pressure. It is notorious that the displacement solution converges even for very coarse meshes and
the pressure solution it is more difficult to be converged, particularly in the contact frontier. In fact, it can be noticed
that the finer mesh does not provide necessarily the better solution, and more intermediate meshes present better
results.
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(a) Displacement solution (b) Stress oy solution

Figure 4.50: Solution compared for different mesh sizes for the 2D Hertz plane-sphere contact

This last statement can be seen in an easier manner in the solutions presented on Figure 4.51, where the error for
the displacement (Figure 4.51a) and the pressure (Figure 4.51b) are compared for different mesh sizes respect the
analytical solutions.
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(a) Error in displacement solution (b) Error in stress oy solution

Figure 4.51: Error compared for different mesh sizes for the 2D Hertz plane-sphere contact

4.5.4.1.2 Cylinder-cylinder

The configuration for this problem is shown in Figure 4.52. This consists in two infinite cylinders, not to be confused
with spheres, that become into contact. We will consider the parameters from Table 4.8. Additionally the following
values have been taken into account as BC and geometrical values: g = 0.05851Pa, p = 0.625Pa and R = 8m.

4.5.4.1.2.1 Frictionless case
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Body E v 1
Upper cylinder | 200Pa | 0.3 | 0.2
Lower cylinder | 200Pa | 0.3 | 0.2

Table 4.8: Parameters considered for 2D cylinder-cylinder Hertz benchmark

!
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(a) Setup (b) Mesh
Figure 4.52: Setup for the two cylinders Hertz benchmark

First we present the solution for the frictionless part. Considering p = 0, the normal contact pressure corresponds
with (4.86b). This is what is represented in Figure 4.53. The comparison with the analytical solution will be presented
all together with the frictional solution.
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(a) Displacement solution (b) Stress oyy solution
Figure 4.53: Solution for the two cylinders frictionless Hertz benchmark
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4.5.4.1.2.2 Frictional case

The solution considered has been taken from Wang[ArtWZ13] and Gitterle[PhDGit12], and the resulting is
compared with normal (4.86b) and tangential pressure (4.87b) of reference. Figure 4.54 presents and compares the
solution with the reference, showing a very good agreement with it.

(4.87a) c=b/1-L
1p
4Rp 2 2 2 2 i
pr=p=B(Vb2 — x2 —/c2 — x?) if|x| <c
4.87 P
(4.870) b= PR —x) ifc < x| <b

Contact traction for frictional Hertz cylinder

— ] | —]
1 0 ' Analy. normal
Analy. tangent

o Coarse normal
o Coarse tangent
° Medium normal

Medium tangent
a Fine normal

A Fine tangent

Stress (Pa)
wm

0 02 04 06
X (m)

Figure 4.54: Solution for the two cylinders frictional Hertz benchmark

4542 3D

4.5.4.2.1 Plane-sphere

The description and solution for this problem corre-
spond with the previously introduced at 4.5.4.1.1.Plane-
sphere, as this was solved considering an axisymmetry.
We will consider a sphere of 12.2474 meters of diameter
with a load of p = 5 x 10°Pa and the material properties
from Table 4.9. We consider two different mesh sizes,
Figure 4.55 shows the finer mesh. The calculation is
done in just one static step. This problem can be found
in the following link.

We compare the resolution of both meshes with the
reference solution. Figure 4.56 exposes the displace-
ment and VM stress solution. For the displacement we
got a very good agreement with the analytical solution
in both cases, but particularly good in the case of the
refined mesh, Figure 4.57a, in the case of the contact
pressure we got a better approach within the finer case,
Figure 4.58a.

Figure 4.55: Mesh consideréd for 3D Hertz plane-sphere
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Vertical displacement [m]

Error displacement from analytical solution
o

Body E v
Sphere | 1 x10%Pa | 0.29
Plane | 21 x10"Pa | 0.29

Table 4.9: Parameters considered for 3D Hertz plane-sphere problem

DISPLACEVENT

(a) Displacement solution

(b) VM stress solution

Figure 4.56: Solution for the 3D Hertz plane-sphere contact

1072

L1072

1072

1072

=01

-0.12

—0.14

-0.16

—0.18

107

—Analytical
o Sim. Coarse
—e— Sim. Refined

Pressure [N/m2]

02 04 08

x[m]

08 1

= Analytical
Sim. Coarse
—=— Sim. Refined

(a) Displacement solution
Figure 4.57: Solution compared for different mesh sizes for the 3D Hertz plane-sphere contact
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4.5.4.2.2 Sphere-sphere

This problem, which comes from here consists in two contacting

spheres as seen in the reference solution from Figure 4.59. We con- T

sider two hemispheres of 12.2474 meters of diameter, and considering

an applied load of g = 1.0e3Pa. We can transform that given pressure g X 7

to the corresponding force of the reference solution with F = q#. The -« —R
characteristic parameters of the spheres are the ones present in Table D 'z;j )

4.10. The calculation is performed in just one static step.

Circular contact area,
resulting in a semi-elliptic

As well as the cooperation with the reference solution, we will compare pressue ey A
the radius of the contact area and the maximum contact pressure, corre-
sponding with the analytical solution from (4.88). The obtained solution
is compared with the reference one in (4.89), in here the maximal error / S—
is around a 1%. The displacement and VM stress field from Figure 4.60 x

shows the obtained solution.

Figure 4.59: Reference solution

3F for two spheres Hertz contact.

(4.88a) Pmax = Y Source[ArtZhu12]
3F {1*%2 + ﬁ}

(4.88b) a=* E1 : =

(%)

12.2474?
(4.89a) F=1.0e3-7-—— =150000/4 - 7 = 117808.787N
(4.89Db) a=0.6301mvs 0.627m — [0.5% erron
(4.89c) Prmax = 1.41641 x 10°Pavs 1.435467 x 10°Pa — 1.3% error
Body E v

Upper body | 1 x 108Pa | 0.29
Lower body | 1 x 108Pa | 0.29

Table 4.10: Parameters considered for 3D Hertz sphere-sphere problem

Loas

[mz
008400

(a) Displacement solution (b) VM stress solution
Figure 4.60: Solution for two hemispheres Hertz contact

AFLACEMENT Magrihads
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4.5.5 Teeth model

The problem consists in a simplified model of a tooth with different types of layers, as the following: the first model with
enamel-composite (Figure 4.61a) and the second one formed of enamel-dentine-composite (Figure 4.61b). The idea
underlying this study is to compare the solutions between the two models and determine the benefits of the additional
layer of dentine as a reinforcement of the composed structure. The properties of each one of the layers of the model
appear on Table 4.11. It can be found here.

27

l:':.‘
200000

(a) Enamel-composite
Figure 4.61: Teeth layers model

FROFERTES D

(b) Enamel-dentine-composite

Body

E

14

Punch

2.069 x 10"Pa | 0.29

Enamel (color 3)

8 x 10"0P7 0.3

Dentine (color 4)

2x 10"9Pa 0.3

Composite (color 2)

1.03x 10P7 | 0.3

Table 4.11: Parameters considered for teeth model

T
y

(c) Enamel-dentine-composite displacement
Figure 4.62: Solution for teeth layers model

PROPERTIES ID

(d) Enamel-dentine-composite VM stress

Figure 4.62 the solutions compared of both alternatives allows us to see the advantages of the additional layer of

dentine to the model.

Vicente Mataix Ferrandiz

Page 145 of 374


https://github.com/KratosMultiphysics/Examples/tree/master/contact_structural_mechanics/use_cases/tooth_model/README.md

4.5 Numerical examples

CHAPTER 4. CONTACT MECHANICS

4.5.6 Energy conservation

The following is an example to show the energy conservation in a frictionless contact simulation. In order to do so we
will present the geometry shown in Figure 4.63. In this pictures what we see is a ring on 2m outer diameter and an
inner diameter of 1.8m. Inside the ring we have a cylinder of 0.4m. The problem is a fully 3D simulation with 0.1m
thickness in the Z axis. In this problem the cylinder is only subjected to its own weight. The inner cylinder is softer

than the outer ring, which we can consider rigid from a practical point of view, see Table 4.12.

With the given information, we can predict the exact movement of the body the total energy and the velocity in any
given time. For that we formulate the total energy as the total between the kinematic and the potential energy from
Equation (4.90a). In here h is the height of the cylinder in a given time, m the total mass of the cylinder , g the gravity
and v its velocity. If we define as only DOF the angle between the cylinder and the centre, being 6 = 0 then h=0.7m
and v = 0m/s as initial values. The total mass is as easy to calculate as m = 0.22 x 7 x 0.1 x 1000 = 47kg. The total
energy is then, taking into account the initial BC previously mentioned then (4.90b). With this we can easily estimate
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(a) Mesh seen from the front

.(b) Mesh seen on perspective
Figure 4.63: Energy conservation test. Cylinder inside ring. The example can be found in here

Body E v p
Ring 2.069 x 10""Pa | 0.29 | 7850
Cylinder 2 x 108Pa 0.29 | 1000

Table 4.12: Parameters considered for energy conservation test

the maximum velocity as Equation (4.90c).

(4.90a)
(4.90b)

(4.90c)

Then taking as DOF_9 we must express then the velocity in terms of @, considering the radius of the given trajectory
as R = 0.7 then v = RA. hcan be represented with h = R(1 — sin(#)). With this we can define the equation which
defines analytically our movement as (4.91a). Replacing the operations properly, we obtain the following expression

1
Etot = Exin + Epot = hmg + ~mv?

Eior = 0.7 x 47 x 9.81 = 86.2632J

2E,
Vimax = \/ n;‘” =3.7m/s
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(4.91b). Solving the corresponding ODE the expression for 6 results on Equation (4.91c).

(4.91a) Et = R(1 — sin(d))mg + %m(Ré)z
(4.91b) 6 = %g sin()

(4.91c) 9=;<7r—4am<l<—c1\/§+t<— 2/5’)) 2))

Where am is Jacobi elliptical function amplitude[OnlJac]. The constant ¢; can be obtained replacing the BC
previously stated, giving us as result ¢; = —0.990539. On Figure 4.64 we can see the comparison on the solution
obtained with the analytical reference. The error on the solution obtained is less than a 1%.

wolutian of COG Enenmy evoluten

i

— EkInemnatlc
- Epolential
Etotal

—_

+ Sol.Ekinematle
= Sol.Epotential
+ Sol.Etotal

T R | DRSSy DRSS SRERY | SRS SUCETNE (ISR N S
= Soly 1

(a) Displacement evolution (b) Energy evolution
Figure 4.64: Evolution of displacement and energy compared with analytical solution

(d)t=297s (e) t =3.96s
Figure 4.65: Solution of the problem at certains times. The time is specified in each subfigure
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The Figure 4.65 shows the energy conservation in our simulation, and we can see as at the predicted time the
cylinder returns into its original position, then the loop starts over. The obtained maximum velocity coincides with the
predicted in (4.91¢). Something that is relevant to remark is the fact as expected in a frictionless case, and therefore
there is no rotation movement, the contact point between the cylinder and the ring is always the same. Besides, the
energy is preserved despite the numerical dissipation due to Bossak scheme (see 2.4.4.2.Bossak algorithm).

4.5.7 Double arc benchmark

In this test case, we will consider the crushing of a hyperelastic bi-material half-ring on a hyperelastic base. This test
makes it possible to take into account large displacements, large deformations and large landslides coupled to contact
/ non-contact transitions. The reference solutions have been taken from G. Drouet[PhDDro15] and K.Poulios and
Y.Renard[ArtPR15a]. The problem geometry as well as the boundary conditions are sketched below on Figure 4.66,
both 2D and 3D. It can be found at the Examples repository.

T77777 7777777777777 7777777 77777777777 77777777777 X'
< 250 mm - ‘
(a) Geometry 2D (b) Geometry 3D

Figure 4.66: Double arc benchmark

(a) Hexahedra structured (b) Tetrahedra unstructured
Figure 4.67: Double arc meshes

Body E v
First arc 3x 108Pa | 0.32
Second arc 1x10°Pa | 0.32
Support material | 1 x 10""Pa | 0.3

Table 4.13: Parameters considered for double arc benchmark
We consider a hyperelastic half-ring composed of two materials (external 190mm and inner 170mm diameters)

and a hyperelastic base of length 250mm and height 50mm, see Figure. A vertical displacement of —90mm is
imposed at each end of the half-ring and the base of the base is recessed. Two variables of interest are considered
mainly: the displacement of the middle of the half-ring as a function of the loading pitch (60 steps of loading from the
contact is used, ie about 1.16mm per loading step) and the contact pressure. On the other hand, an hyperelastic
Neo-Hookean constitutive law is considered in both materials. The structure characteristic parameters are defined in
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Table 4.13. The time step is 0.0005seconds, while the total simulation time is 0.2seconds. With an increment of the
imposed displacement equal to 0.4t. For the frictional case, the friction coefficient considered is i = 0.5.

4.5.7.1 Frictionless

The problem stated above has been solved using an unstructured mesh of tetrahedra and a structured mesh of
hexahedron. The resulting deformation for the former case can be seen in the Figure 4.68.

DISPLAGEMERT
a0t ez

(a) Solution 1 (b) Solution 2

(c) Solution 3 (d) Solution 4
Figure 4.68: Displacement solution for frictionless in double arc benchmark

.qo—2 [Frictionless case
1

6 —o— Reference 2
x Hexa. fine mesh &

- - - Hexa. coarse mesh '

1---Unstr. tetra mesh y

Vertical displacement center (m)

Imposed displacement (m) 4 02

Figure 4.69: Compared solution for frictionless in double arc benchmark
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We compare with the reference solution, Figure 4.69, where we have for the hexahedrical meshes a deviation
from the reference solution for the last steps, where we have a larger deformation and finally a stabilisation of the
deformation. For the unstructured meshes of the tetrahedron, the results present more differences, respect the
reference solution, higher deformation in general except for the last stages of the problem. In any case the results
obtained are in very good agreement with the reference solution.

4.5.7.2 Frictional

(c) Solution 3 (d) Solution 4
Figure 4.70: Displacement solution for frictional in double arc benchmark

10-2 Frictional case

—o— Reference R

1H x Hexa. fine mesh ]

- - - Hexa. coarse mesh
- - - Unstr. tetra mesh

—-0.5|

Vertical displacement center (m)

0 2 4 6
Imposed displacement (m), 4 02

Figure 4.71: Compared solution for frictional in double arc benchmark

The solution for the frictional case can be seen in the following images, Figure 4.70, and the compared solution
with the literature references (Figure 4.71), where the differences respect the reference are aligned with the ones
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already appreciated on the frictionless case. Besides, the effects of the friction can be noted in the way the arc
deforms in comparison of the frictionless case.

4.5.8 Arc pressing block

The problem consists in an arc and a block, in here the arc is pressed against the block. These two deformable solids
are considered as hyperelastic (Neo-Hookean), and the solid is formulated in UL framework. We consider three
cases, depending of the relationship of stiffness between the arc and the block, the first one with a rigid block, the
second one with a deformable block and the final one for deformable block with the arc being rigid. These properties
are specified on Table 4.14. The BC consists on a displacement imposed is uy, = t, with t = [0.0, 1.0] for the two first
cases, t = [0.0,1.775] for the rigid arc. The example can be found here.

Body Constitutive Law (CL) E v
Arc (Rigid block) Neo-Hookean 68.96 x 108Pa | 0.32
Block (Rigid block) Neo-Hookean 68.96 x 10”Pa | 0.32
Arc (Deformable block) Neo-Hookean 68.96 x 108Pa | 0.32
Block (Deformable block) Neo-Hookean 68.96 x 10°Pa | 0.32
Arc (Deformable block-Rigid arc) Neo-Hookean 68.96 x 10°Pa | 0.32
Block (Deformable block-Rigid arc) Neo-Hookean 68.96 x 10°Pa | 0.32

Table 4.14: Parameters considered for arc pressing blocks

o 2,85 45

(a) Mesh 2D

(b) Mesh 3D

Figure 4.72: Arc pressing block

Figure 4.73 summarises the solution obtained for each one of the material properties previously presented. It
can be seen the effects of the relative stiffness in each one of the cases. Particularly in the case where the block is
defined and the arc is rigid (Figure 4.73b), and the case where the block is rigid (Figure 4.73c) and all the deformation
lies in the arc.

FIEA PR

(a) Deformable block (b) Rigid arc (c) Rigid block
Figure 4.73: Solution for different stiffness between the arc and the block
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4.5.9 Hyperelastic tubes

The problem[ArtPR15a] consists in two cylin-
ders, Figure 4.74, with hyperelastic be-
haviour, as shown in the Table 4.15. We
impose a vertical displacement u, = —0.01¢ =
in the upper cylinder, during a time interval of AN
t =[0.0, 4], in 100 steps. The two cylinders

deal with finite deformations and are defined

in a UL framework.

!
AN !
ARUA,

The two cylinders become into contact
and deal with self-contact in the inner ring of
the upper cylinder. For further details about
this example, the following link expands and
presents the necessary files.

Figure 4.74: Mesh for hyperelastic tubes

Body CL E v
Upper cylinder | Neo-Hookean | 10000Pa | 0.3
Lower cylinder | Neo-Hookean | 100000Pa | 0.3

Table 4.15: Parameters considered for hyperelastic tubes

S S

(c)t=3s (d) t=4s
Figure 4.75: Displacement solution for hyperelastic tubes
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The Figure 4.75 presents the solution across different time steps, t = [0, 4]s. Additionally, Figure 4.76 shows a
split of the final configuration, t = 4s, so the deformation at the end of the simulation can be appreciated at Figure
4.76a and the VM stress at Figure 4.76b. In this configuration the phenomenon of self-contact arises.

(a) Displacement (b) VM stress
Figure 4.76: Slice solution for hyperelastic tubes

4.5.10 Contacting cylinders

The following case consists in two deformable hemicylinders (Figure 4.77) which experiment large deformations with
Neo-Hookean hyperelastic behaviour (Table 4.16). We applied two different movements in the base of the upper
cylinder, first a horizontal movement (4.5.10.1.Horizontal movement) and later a vertical movement (4.5.10.2.Vertical
movement). The relative position of the hemicylinders changes slightly between the two configurations. The problem
is studied again in the test cases from the adaptive refinement chapter, see 6.10.5.Contacting cylinders with adaptive
remeshing. These problems can be found here.

(a) Mesh 2D . (b) Mesh 3D
Figure 4.77: Contacting cylinders mesh

Body CL E v
Upper cylinder | Neo-Hookean | 2.1 x 10""Pa | 0.29
Lower cylinder | Neo-Hookean | 2.1 x 10""Pa | 0.29

Table 4.16: Parameters considered for contacting cylinders
4.5.10.1 Horizontal movement

A horizontal displacement is imposed uy, = 0.2t, for a time interval of t = [0, 2.5]s in 1000 steps. Figure 4.78 shows the
displacement solution in different time steps, resulting in the reaction at the bottom of the lower hemicylinder from
Figure 4.79. The problem has been solved both considering frictionless (Figures 4.78a, 4.78b, 4.78c) and frictional
(n = 1) (Figures 4.78d, 4.78e, 4.78f)cases. The difference of behaviour between the two cases is notorious.
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(a) Frictionless t = 0.5s (b) Frictionless t = 1.0s (c) Frictionless t = 1.5s

(d) Frictional t = 0.5s (e) Frictional t = 1.0s (f) Frictional t = 1.5s
Figure 4.78: Solution for contacting cylinders with horizontal movement
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Figure 4.79: Frictionless reaction solution in the lower cylinder for the horizontal movement

4.5.10.2 Vertical movement

(a) t=0.5s (b)yt=1s
Figure 4.80: Solution for contacting cylinders with vertical movement
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For the vertical displacement is imposed u, = 0.1f, for a time interval of ¢ = [0, 1]s in 200 steps. At Figure 4.80 the
deformation experimented is presented, as well as the reaction (Figure 4.81) in the base of the still hemicylinder.

Vertical cylinders

107
I I I I
1 .
=3
c O0f .
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T I I | I

Step

Figure 4.81: Reaction solution in the lower cylinder for the vertical movement

4.5.11 Press fit

<450
Block Channel
% 0%
A E = 1000 MPa E = 21000 MPa
\ Y v=047 v=10.30
398 4—-- 400 B Tl T R e o TR o Bl & L & s o o e
u u
| e
[ A =—
Aias =100 1=0,10
LAY, s ririitd Vil liliiitiiiiditiiiiddd s

f 7
- 800 .;! 200 L 900

(a) Geometry

(b) Me;h 2D N " (c) Mesh 3D
Figure 4.82: Press fit problem

The problem consists of the numerical simulation of a press-fit process of a block in a channel according
to[ArtFWO06; ArtDSB15]. The geometric and material parameters are shown in the Figures 4.82, where the symmetry
of the problem is used and only half of the domain is simulated. It is considered Neo-Hookean compressible
hyperelastic material for both components with the values from Table 4.17. With this problem, it is possible to evaluate
the behaviour of the contact element in a friction contact problem with large deformation and sliding.
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Body E v M
Die | 68.96 x 108Pa | 0.32 | 0.1
Block | 68.96 x 10’Pa | 0.32 | 0.1

Table 4.17: Parameters considered for press fit

1042D Press fit (non-hom. BC)

4 m/— I T
—— Reference
- - - Our solution

Horizontal reaction (MPa)
N

] ] ‘ ,
0 50 100 150
Time steps

Figure 4.83: Solution for 2D press fit compared with reference

The process is modelled by applying a non-homogeneous boundary condition u = 1000mm in the left face of the
block. The height of the block is greater than the channel, imposing to the problem an initial penetration Ainitial = 1mm
and consequently an initial contact stress. The first time step uses u = 0mm and the program generate the normal
stress necessary to the non-penetration condition, separating the bodies in contact. After this step, we employed a
non-homogeneous boundary condition u = 1000mm. It is considered plane strain state and UL formulation.

Additionally a 3D setup is also evaluated, extruding 250mm, but this one cannot be compared with any reference.
This can be found in together with the other case studies shown. Comparing the results with the reference, we got
slightly higher values than in the reference as seen in Figure 4.83. In the other hand, the evolution in the solution is
presented on the Figures 4.84.

(a) Solution t = 0.28s (b) Solution t = 0.56s (c) Solution t = 0.84s

(d) Solution t =1.12s (e) Solution t = 1.4s
Figure 4.84: Press fit 2D solution

For the 3D case, where we do not have a reference solution to compare, therefore we can see the deformation
evolution in the first five figures from Figure 4.85. The reaction in the base support most western points is shown in
the last image of the set, the Figure 4.85f.
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e

(a) Solution t = 0.28s (b) Solution t = 0.56s (c) Solution t = 0.84s

A 043D Press fit (base reaction)
4 I

Horizontal reaction (N)
n

0 05 1 1.5
Time

(d) Solution t = 1.12s (e) Solution t = 1.4s (f) Horizontal reaction in the base for 3D case

Figure 4.85: Press fit 3D solution

4.5.12 Ironing punch

The following are two examples extensively considered in the literature[ArtFWO06; ArtHar+09; ArtPR15b], which
are the ironing tests. These tests consist in moving die along a solid block, undergoing large deformation in the
process.

1. This case cannot be found in literature, and it is a little bit more challenging as the curvature of the contacting
die is higher than in the previous case, we will call this case as circular ironing (4.5.12.1.Circular ironing).

2. We will show the results obtained with the standard ironing test, called shallow ironing, which is the one
commonly referred on the literature (4.5.12.2.Shallow ironing). In this second case, we will consider both a
frictionless and a frictional case.

4.5.12.1 Circular ironing

In this case we will run the simulation just considering the frictionless case as our interest is to compare the behaviour
between the two different geometries. The geometry of the problem is fully defined in the Figure 4.86a, and the
hexahedral structured mesh considered in Figures 4.86b and 4.86¢. The properties of the materials are identical for
the shallow ironing problem, with a Neo-Hookean material behaviour (5.4.2. Neo-Hookean material). We impose a
vertical displacement as u, = —t during the time interval t = [0, 1]s and u, =t — 1 at { = [1, 10]s keeping the previous
vertical displacement. The example is found in the repository.

Body E v
Die | 68.96 x 108Pa | 0.32
Block | 68.96 x 10”Pa | 0.32

Table 4.18: Parameters considered for circular ironing
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slaby

ws\ah

(a) Geometry of the problem

(c) Perspective of the Mesh

Figure 4.86: Circular ironing test

(a) t=2.5s (b) t=5s

DSFLYERENT

DR

(c)t=7.5s (d)t=10s
Figure 4.87: Circular ironing test solution

Figures 4.87 present the deformation evolution for this case in the interval going from t = [0, 10]s. The Figure 4.88
shows the different solution obtained with respect the shallow ironing example.
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Circular ironing vs Shallow ironing
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Figure 4.88: Comparison between the frictionless solutions of the shallow and the circular ironing

4.5.12.2 Shallow ironing

(a) Mesh seen from the front (b) Mesh seen on perspective
Figure 4.89: Shallow ironing test

On this case an indenter or die with a circular arc shaped bottom edge is pressed against a rectangular block
and is forced to slide along the block length, see Figure 4.89 where the geometry and mesh considered can be
appreciated. The contacting bodies exhibit a Neo-Hookean material behaviour (5.4.2. Neo-Hookean material), with the
parameters from Table 4.19. The problem solved on this case is fully 3D with a deep of 1m, but in many references
can be found as a 2D case with plane strain hypothesis. The example can be found in here.

Body CL E v I
Die | Neo-Hookean | 68.96 x 108Pa | 0.32 | 0.3
Block | Neo-Hookean | 68.96 x 10’Pa | 0.32 | 0.3

Table 4.19: Parameters considered for shallow ironing
Although the performed simulation is quasi-static, the load steps are defined as a function of time for the sake

of presentation of the results. From t = [0, 1]s, the indenter is moved vertically towards the block until the vertical
displacement reaches 1m. From t = [1,12]s, the die is displaced horizontally by a total distance of 11m. This
loading differs sometimes in the literature, because of that the results obtained must the translated to the equivalent
displacement evolution process.

The Figures 4.90 compare the solution to the shallow ironing test between the friction and the frictional solution at
different times. We can appreciate that the frictional case indeed opposes the movement of the die. Figures 4.91
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compares the solution obtained with the reference[ArtPR15b]. In general the agreement is good with [ArtPR15b], and
then the solution can be considered as valid.

(a) Frictionless t = 2.5s (b) Frictionless t = 5s

[y

(c) Frictional t = 2.5s (d) Frictional t = 5s
Figure 4.90: Shallow ironing test solution, comparing frictional and frictionless cases

.1g¢ Frictionless case force 108  Frictional case force
I I | I | I I | T |
—— F ref. —o— Fy ref. S
3 H —e— Fx ref. 3 | —e— Fx ref. |
Z 2 Z ol .
D o)
o o
o (]
w1 oy,
0 - eemo0ed d ol
| | | |
0 05 1 1.5 2 0 0.5 1 1.5 2
Time () Time (s)
(a) Frictionless solution (b) Frictional solution

Figure 4.91: Reaction solution for shallow ironing test
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4.6 Derivatives for contact mechanics linearization

On this section we can find in extension the definition of the directional derivatives, also called Gateaux deriva-
tives[BookBel+14], associated with the mortar operators (4.92) and the slip and gap (4.93). These derivatives will
be noted with A. With the components shown on (4.92), in addition to the derivatives of the normal and tangent
(4.93), it is possible to define consistently the proper consistent linearisation of the tangent operator for the contact
problem. The derivatives of the normal and tangent must be taken into account in order to define the derivatives of
the gap and the slip. Similar developments can be found on other works, as Popp[PhDPop12; ArtPGWO09; ArtPop+10],
Yang[ArtYLM], Hammer[PhDHam13] and Cavalieri[ArtCFC12; ArtCC15; ArtCC13b] work.

First the definitions concerning the 2D problem will be presented (4.6.1.Derivatives for 2D contact), later the
concerning to the 3D problem (4.6.2.Derivatives for 3D contact). The presenting work will focus particularly on the
linear shape functions, as long as or work focuses on linear geometries.

Ngp Ngp Ngp

(4.92a) AD[, K] = Y WeldgNydy + > Wodgi ANy Iy + >~ WeogNy AJj
g=1 g=1 g=1
Ngp Ngp Ngp

(4.92b) AME, =) " woldgNGdy + > Wedg ANGJy + Y WogNo A
g=1 g=1 g=1

Expressing the computation of the weighted gap in an algebraic way, based on the mortar operators definition.

(4.93a) gi = n; - (Dpxy — MpX2);

Being i the node index and n the current time step, then

(4.93b) Agi = An; - (Dpx1 — MpX2); + n; - (ADpx1 — AMpX2 + Dy AXy — My AXo),
In the same way, expressing the slip on an algebraic way, the derivative of the slip would be:
(4.93c) Urj=7i ((Dp = Dp_1) Xy — (Mp — Mp_4) X2);

Being i the node index and n, n — 1 the current and previous time steps, then

Abyi=AT1i-((Dyp — Dp_1) x4 — (M; — Mj,_1) X2),
(4.93d) + T ((ADp — Dp_1) Xy — (AM, — M;_1) X2);
+7T;-((Dp — Dp_1) AXy — (M, — Mn,1)AX2),

After the definition of the following directional derivatives (A), it is necessary it is algebraic representation of
them on an equivalent matrix-vector format. This process is quite standard for FE formulations, and in our case it is
done in an automatic way using the AD, for more details we address to the corresponding Appendix C.Automatic
differentiation. The code for the tests for the quadratic convergence shown on the following sections are accessible
in the public repository of Kratos, implemented on Kratos C++ unittest format. The following link guides toward
it.

4.6.1 Derivatives for 2D contact

In this section the derivatives concerning 2D linear lines, necessaries in order to properly compute the contact are
presented, see (4.92) and (4.93). The derivatives are tested using a set of pairs following the Figure 4.92 structure,
the Table 4.20 contains the coordinates of the nodes of the actual configurations tested. The perturbations applied on
each pair are defined on Table 4.21, which lists the nodes perturbed and its amplitude.
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Figure 4.92: Line validation geometries

Pair P] P} Pz Pz

7 | [-1.0 00 00 1.0 00 00 [12 0.0 0.0] [-0.8 0.0 0.0]
2 [ [-10 0.0 00 1.0 00 0.0 [1.2 1.0E° 00] |[-0.8 1.0E° 0.0
3 | ]-1.0 0.0 00[[[-10 50E° 0.0] [[-1.0 1.0E° 0.0] | [-1.0 7.0E* 00

Table 4.20: 2D lines pairs geometrical configuration

Case | Node perturbed | Perturbation amplitude
1 1 —5.0e -2
2 1 —5.0e—-2
3 1 —1.0e —1

Table 4.21: 2D lines pertubartion amplitudes

4.6.1.1 Jacobians

4.6.1.1.1 Theory

As the integration of the mortar formulation is performed only in the slave (mortar) domain, then the derivative of
the Jacobian is defined only on the slave domain. Taking into consideration the definition of the Jacobian as (4.94a), it
is possible to define the directional derivative of the slave Jacobian determinant at each Gauss point in a 2D linear
line as (4.94b). In order to simplify and due to its extended use, we will call det(J) as J.

(4.94a) D Nice (€)X
k=1
EZ 1 Nie (5 )
1
(4.94b) AJ (&) = 50 Nee (€ xal] ZNKE (£3) Dxx

4.6.1.1.2 Convergence study

Finally, in the Figure 4.93, the convergence plot of the Jacobian derivatives for the 3 different geometrical pairs
from Table 4.20 is shown. In this figure, and the followings, L, represents the Euclidean norm of the error, difference
between the estimated value and the exact one. The plot is created considering in the x-axis the amplitude of the
perturbation, and in the y the logarithm of L, of the error; therefore the slope indicates the convergence rate of the
error in function of the perturbation.
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Jacobian derivatives

—e— Pairi
10~ | —=— Pair2 E
- —e— Pair3 .
5 | j
L]
ChLA-
1073 | 1

101 10708
Perturbation amplitude

Figure 4.93: Convergence plot for the Jacobian derivatives for the 2D linear line

4.6.1.2 Shape functions
4.6.1.2.1 Theory

The shape functions of both domains depend on the integration segments between the two domains on contact. In
order to compute the shape functions of a 2D line, we do as (4.95a), Figure 4.94, where ¢ corresponds with the local
coordinate of the line. With this, its derivatives depend only on the derivative of the local coordinate ¢ (4.95b). Despite
the fact that lines in Figure 4.94 are not in contact, due to its relative position, will be affected by the perturbations,
allowing to measure the derivative convergence.

Nl T2 =¢
(4.95a) {Nz]_[i(1+§)}
AN. —IAE
EES
1 -
0.8
0.6
-
0.4
0.2
No
— N
0 7
=1 —0.5 0 0.5 1
£

Figure 4.94: Shape functions for the 2D linear line

For this reason we need to compute on first place the derivatives of the local coordinates, which depends on the
derivatives of the integration segments. We will separate in two small sections those derivations. The derivation of
these terms is based on the work of Laursen and Yang[ArtYLM] and Popp[PhDPop12].
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4.6.1.2.2 Integration segments

Figure 4.95: Integration segment for a linear line

The derivation of the integration points require the derivation of the integration segments. As previously presented
this corresponds with the current and effective section of the line on contact, see Figure 4.95. As can be seen on this
picture we have two possible scenarios, one where the projected slave node (£}) corresponds with the original slave
node and the second case corresponds with the counterpart scenario for the master side (£2). The same logic is
applied for the end integration segment coordinates ({}7 and gﬁ). If the integrated node corresponds with the original
geometry the derivative therefore will be 0.

The derivative A for this first scenario is presented on (4.96), where the sub-index a for the coordinates (x}) and
normal (n,) represent the first node on the slave side. On this case (4.96b) the shape functions and shape function
gradients are computed on £2.

(4.96a) Ag; =0

1
(7 N2oxt) s — (ST N2y )

c c
m 'm

(4.96D) ST(NAXE) - axd | mh— [ Y (NPAYR) — Ay) |
I=1

AL =—

3>

n

-

c c
ny, Nm

+ (NPXP) = xg | Ang— | Y (NEYP) = vi | Ang
I= /=1

-

On the second case (4.97), as the slave side, which is our reference domain, does not correspond with its
projection the n considered then is the one interpolated for the projected point. This means that the interpolation
of the nodal normal will be computed. On this case (4.97a) the shape functions and shape function gradients are
computed on &].

num
(4.97a) AL = denom
_ e e ng ng
denom = — Ni ¢ Xk N |+ 1D ONEevie | 1D Ny
k=1 k=1 k=1 k=1
(4.97b) e e g ]
ST (M) — 22 Neere| + | D (Niwi) = Yo | | D Neemi
k=1 k=1 k=1 k=1
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g g g g
num = (NiAX)) — AXE Ninl| — (NkDyg) = AYZ] D Neng
4.97 k=1 k=1 k=1 k=1
(4.970) G b 5 G
D0 (No) =3 | (Do NG — | (Neyk) —yE| | D Nedng
k=1 k=1 k=1 k=1
(4.97d) A2 =0

4.6.1.2.3 Local coordinates (Gauss points)

With the values obtained in the previous expression, it is possible to evaluate the A of the Gauss Point (GP)
coordinates, and therefore calculate the values for the shape function derivatives. We evaluate those derivatives both
on the slave side (;, (4.98a)) and the master side (<3, (4.98b)).

For the slave side, we just need to apply the definition for the GP and derive it. As it consists on a simple sum, the
derivative is straightforward.

1 1
(4.982) A& =5 (1-6) DG+ 5 (1+6) Ag

For the master side, as it depends on a projection, the linearisation requires to take that projection into consideration,
resulting the following expression. All the shape functions and shape function gradients are computed on 55.

A 2 = - C 1 C
s (3 N2 o) m— (S0, N2 32 ) s
(4.98b) (3 (Nzag) — axd) nf — (S5, (N2yE) — Ayd) my
+ (S0 (NBXR) — 3 ) Ay — (303, (NBYE) — 3 ) A

4.6.1.2.4 Convergence study

Finally, in the Figure 4.96, the convergence plot of the shape function derivatives for the 3 different geometrical
pairs from Table 4.20 is shown.

Shape function derivatives

I I —e— Pair1Slave

—=— Pair1Master
—— Pair2Slave
—+— Pair2Master
- - Pair3Slave
5 1|-=- Pair3Master

10-3 1.99

102

T 1T

L5 Error

10—1.2 1 0—1 1 O—D.B 1 0—0.6
Perturbation amplitude

Figure 4.96: Convergence plot for the shape function derivatives for the 2D linear line
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4.6.1.3 Dual shape functions
4.6.1.3.1 Theory

On standard FEM shape functions defined on the reference configuration, by definition these are not dependant of
the deformation of the domain. This is not the case for dual shape functions, this is due to its intrinsic dependence on
the J of the slave side, see (4.99a). This means that our dual shape functions are deformation-dependant. In addition
we shall consider its dependence with the standard shape function derivatives. All this together give us the following
expression (4.99b). The A, definition is presented in the corresponding section, 4.3.3.4.1.Dual Lagrange multipliers,
on the Equation (4.24).

(4.99a) o= AN Ae(N, J)
N(N)
(4.99b) A® = AL AN + AAN!

So in addition to the terms from the 4.6.1.2.Shape functions we need to evaluate the corresponding terms
associated to A, (4.100).

AAg = ADM;" — D, AMM;
Ngp

AD, = Aldy] € R™*™, Adj = o > WgNkAJ]

(4.100) g=1
L Mgp Mgp
AM, = A[my] € R™¥™e Amye =Y wy > woNGNYAJ]
g=1 g=1

4.6.1.3.2 Convergence study

Finally, in the Figure 4.97, the convergence plot of the dual shape function derivatives for the 3 different geometrical
pairs from Table 4.20 is shown.

Dual shape function derivatives

-1

10 | —e— Pair1 ]

"| —m— Pair2 ]

| —e— Pair3 i

2 1072} E
L - b
< i ]
1072 E

101 1070
Perturbation amplitude

Figure 4.97: Convergence plot for the dual shape function derivatives for the 2D linear line
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4.6.1.4 Normal and tangent vectors
4.6.1.4.1 Theory

The linearisation of the tangent vectors is associated, as its definition depends on, on the linearisation of the normal
vector. On these lines only the definition of the normal derivative, it is included as the definition of the tangent derivative
is defined as the cross product between the normal derivative and the out of plane vector (A7 = v, x An).

n2

Figure 4.98: Normal average for a 2D line. Proposed by Taylor and Papadopoulos[ArtPT92]

The definition of the normal vector (n) for a 2D line is defined on (4.101a), where x;, y; correspond with the
coordinates of the i node of the line (1,2). The unit normal corresponding to (4.101a) can be obtained with
(4.101b).

Then the average normal[ArtPT92] (n) is defined as (4.101c), this definition is general and can be extended to 3D.
Figure 4.98 represents the normal average for a 2D line. It is relevant to mention that the average normal (4.101c)
is already computed over unitary normals, in contrast with the average area normal proposed by Popp[PhDPop12],
this is done due to practical reasons, as this approach was significantly more robust (better convergence) in several
numeric studies, particularly when coarse meshes were considered.

(4.101a) Naros = [ﬂ - Kj
(4.101b) = e
(| Nareall

In order to obtain the average normal we sum the normals of the neighbours entities (n) to the node, then we make
unitary dividing by its norm.

neigh

nj c
E n
(4.101¢) f= =l —
n/ne/g

HZC=1 ne

So, once defined the normal (4.102) and its average value (4.103) we can define its directional derivative.

- Anarea Hnarea” - nareaA ||nareaH

(4.102a) An 2
[Nareall

For the 2D line the resulting expression for the n,.., derivative will be (4.102b), which corresponds with taken the
corresponding unitary vector depending of the derivative evaluated.

(4.102b) ANgen = A [f] A [Q]

Vicente Mataix Ferrandiz Page 167 of 374



4.6 Derivatives for contact mechanics linearization CHAPTER 4. CONTACT MECHANICS

For the directional derivative of the average normal, the resulting expression is decomposed in its different
components.

nlje/‘gh
DS
c=1

‘ neigh

neigh

A ZZ’Q n°

neigh neigh

n n
i c i c
— 2.1 N A ' c=1 N

(4.103a) AR = .

S, ne

The first components are easy to obtain, as the derivative of a sum is the sum of its derivatives.

n/nelgh nfeigh
(4.103b) AY n°=)"An°
c=1 c=1

The second components require to calculate the derivative of a norm, proceeding the standard manner the expression
obtained is (4.103c).

nreigh neigh neigh nheigh

j nj c nj c i
n°A> n
cl| _ Zc=1 c=1 - c
A E n°|| = e =NA n

ch=1 ne

(4.103c)

c=1

Additionally in order to evaluate the value of the normal derivative on a specific GP, calculated on the corresponding
local coordinates 5;. The procedure to obtain is straightforward as only requires to apply the chain rule on the shape
function interpolation of the normal evaluated on the GP (4.104).

n nS

(4.104) Ang = Z Nie (€5) A&ing + Z N (&) Ang
k=1 k=1

4.6.1.4.2 Convergence study

Finally, in the Figure 4.99, the convergence plot of the normal derivatives for the 3 different geometrical pairs from
Table 4.20 is shown.

Normal derivatives

—o— Pairi
—a— Pair2
10-1 H—* Pair3

Lo Error

1015

10796 10704 10702
Perturbation amplitude

Figure 4.99: Convergence plot for the normal derivatives for the 2D linear line
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4.6.2 Derivatives for 3D contact

In this section the derivatives concerning 3D linear triangles and bilinear quadrilaterals, as part of (4.92) and (4.93)
are presented. The main difference between this approach and the one provided for 2D cases is the segmentation of
the surfaces, where the actual integration is done. The derivatives are tested using a set of pairs following the Figure
4.100a structure and the Table 4.22 for the case of the triangle. Again, the perturbations applied on each pair are
defined on Table 4.23.

(a) Triangle validation geometries (b) Quadrilateral validation geometries

Pair P P] P] Pz P2 P2

1 [0.0 0.0 0.0] 1.0 00 00] [ 0.0 10 0.0]] J0.0 1.0 1.0E°] | [0.0 00 10ES[[[1.0 00 1.0E°°
2 []-014 01 10E° |11 02 00[[[0o1 1.0 00] | [-01 13 10E°[[01 02 10E3 |[1.2 02 20E3
3 [[-04 04 1.0E®[[[11 02 0.0][[od1 10 0.0] [[-01 13 1.0E°[]|[o1 02 1.0E3 [[12 02 20E°
4 [0.0 0.0 0.0] 1.0 00 00/ [ [0.0 10 00]] J0.0 1.0 1.0E°] | [0.0 00 10E°[[[1.0 00 1.0E°°
5 |[-01 01 1.0E°[[[11 02 00]|[o1 10 00][[-01 13 1.0E°[|[01 02 1.0E3[[12 02 20E°
6 [0.0 0.0 0.0] 1.0 00 00/ [[0.0 10 0.0][[-01 10 10E°[ ][00 00 10E°[[[1.0 00 1.0E°°

Table 4.22: 3D triangles pairs geometrical configuration

Case | Node perturbed (I) | Perturbation amplitude (I) | Node perturbed (ll) | Perturbation amplitude (ll)
1 4 -5.0e-1 - -
2 4 -5.0e-3 - -
3 4 1.0e-1 5 1.0e-1
4 4 1.0e-1 5 5.0e-2
5 1 5.0e-2 - -
6 4 -5.0e-2 - -

Table 4.23: 3D triangles pertubartion amplitudes

The derivative tests for quadrilateral pairs are defined following Figure 4.100b and Table 4.24. The Table 4.25
defines the perturbations.

Pair P Pl Pl P] P: P; P P

1 2 1 2 3 4
i [J0.0 02 1.0E°[[[1.0 02 1.0E°[ |11 11 0.0[[02 1.0 00] [[-01 1.0 1.0E3[[1.0 11 1.0E3[[[1.0 01 20E3[[]0.0 0.1 2.0E73
2 0.0 0.0 0.0] [1.0 0.0 0.0] 1.0 1.0 0.0] [ [0.0 1.0 0.0] [ [-0.1 1.0 1.0E- 1.0 1.0 1.0E 3 [[1.0 0.0 1.0E°[[00 00 1.0E7°
3 |00 03 20E°|[1.0 02 1.0E° | [12 11 0.0] [[02 1.1 0.0] [[-01 1.0 20E° [[12 11 20E° [ [1.0 01 3.0E° |01 01 B.0E3

Table 4.24: 3D quadrilaterals pairs geometrical configuration

Case | Node perturbed | Perturbation amplitude
1 5 -5.0e-3
2 5 -5.0e-3
3 5 -5.0e-3

Table 4.25: 3D quadrilaterals pertubartion amplitudes
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4.6.2.1 Jacobians
4.6.2.1.1 Theory

4.6.2.1.1.1 Integration segments derivatives

Before introduce the theory that defines the directional derivatives of the J, we need to introduce the derivatives of
the segments obtained during the integration. The resulting operation is presented on the Figure 4.100, and detailed
on Figure 4.101. For more details about the method followed in order to evaluate the mortar integration, we address
the corresponding section A.2.Mortar segmentation, where we debate the two different integration methods studied,
and reason why we decided to consider a segment base approach.

The Figure 4.100 just represents the intersection and clipping technique, where the intersected points generate
the triangles considered during the integration. The later, Figure 4.101, shows in deeper detail how this clipping
technique works. The relevant part on this method is the consideration of the clipping coordinates, the resulting point
coordinates (X.jp) depend on the coordinates of the points from the slave segment (], X}) and master segment (%2,
%2). This means that in order to compute properly the derivatives it is necessary to identify the corresponding nodes
on the master and slave geometries when computing the clipping algorithm[BookSE02; BookHug+14].

P

Project over plane Projected mastor¢.

Projected sfave ¢.

=]l
P2

1
X,

Figure 4.101: Detail on intersection on mortar segmentation

We need to differentiate two different scenarios when obtaining the intersections:

e The point of the integration triangle is part of the original master/slave geometry. This case is less complex to
compute, as it takes directly the components of the master/slave side derivatives without direct dependence on
the counterpart domain.
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e The point which integrates the integration triangle belongs to an intersection (most general case). All points
show on Figure 4.101 belong to this category.

For the first case, we need to differentiate if the node is a slave node (4.105a) or a master one (4.105b). Then its
derivatives are computed respectively according to (4.106), (4.106a) for the slave and (4.106b) for the master.

(4.105a) Xclip = x' — [(X1 - x;lane) ’ np/ane] Npiane

(4-1 05b) Xclip = X2 - [(xz - x;lane) : nplane] Npiane

(4.106a) Axgp = A (x! = [(x' - X;)Iane) * Nptane| Npiane )

= AX' — [(AX" = AX}ne) “ Nprane + (X — Xiyane) * ANprane] Npane — [(X' = X}ane) * Mpitane] ANpiane
(4.106b) Aoip = A (X2 N [(XZ - x;lane) ) np/ane] nplane)

= AX? — [(AX® = AX} o) * Nprane + (X = X11ane) + ANpiane] Nptane — [(X2 = XDiane) * Mptane] ANpiane

For the intersection case, we need to define the clip algorithm in order to obtain the corresponding coordinates.
We will consider the Foley[BookHug+14] clipping algorithm can be defined as follows (4.107), an alternative approach
can be to project X}, X}, X7 and %3 into the auxiliary plane defined by ne prior to compute the clipping coordinates.
The corresponding derivative, originally deduced by Puso and Laursen[ArtPL04], can be found in (4.108), where we
need to decompose into its different components due to long expression deduced.

. X —%%) x
(4.107) Xoip = X} — (% ]) -
1

ol _ g2 o2 &2
AXgp = ARy — A <()A(} )A(l) X ()A(g X12) Npiane ()A(; )Aq)>
(4.108a) (X1 — &1) x (%8 — %2) - Npjane
N num N N Anum - denom — num - Adenom N
= A% - denom ( 2~ Ax]) B denom? (x; B x])

The second term is quite complex, that's why we have decomposed into different components. The expression for the
numerator corresponds with (4.108d), and (4.108e) for the denominator.

(4.108b) num = (% — %5) x (%5 — )?1) Nplane
(4.108c) denom = (%3 — X{) x (X5 — &%) - Npjane

Then the respective derivatives are defined as:

(4.108d) Anum = A (%] — %5) x (%5 — %F) - Npjane)

(K]~ ) % (38— 0) - A + (A%} — AF) x (18— £) + (K] — %) x (85 — A%)) - Ny
(4.108¢) Adenom = A (X} — &}) x (%5 — %3) - Npjane)

= (R — %]) x (K8 — %5)) - ANppne + ((ARY — AR]) x (X5 — &5) + (%3 — %{) x (ARE — A%F)) - Npjane

4.6.2.1.1.2 Jacobian derivatives

Once obtained the integration cell vertex derivatives we can define the corresponding derivative of J. As the
integration occurs on the cell vertex the proper Jacobian to consider is the J on the integration cell, Jg,, see (4.109a).
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Considering the three vertices of the integration triangle as xc,,p,

3
C,,p and x

derivative of Jg, can be calculated using (4.109b).

(4.109a) Jolip = H( clip — cllp) x ( "gl:p c//p) H
A'JC/Ip =A H ( clip — cllp) X ( clip — chp) H
X — X X [ X — X
( clip cllp) ( clip cl/P) [( Axcl/p Axcllp) (xg”p
(4.109b) H( clip — Cllp) X (xcl/p clip) H

( clip —

X

jc

4.6.2.1.2 Convergence study
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H . [(xgﬁp - x::/fp) (Axcl/p Axc/rp)]

Figure 4.102: Convergence plot for the Jacobian derivatives for the 3D linear triangle

The convergence plot of the Jacobian derivatives for the 6 different geometrical pairs of the 3D linear triangles
from Table 4.22 can be found in the Figure 4.102.
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Figure 4.103: Convergence plot for the Jacobian derivatives for the 3D bilinear quadrilateral
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The convergence plot of the Jacobian derivatives for the 3 different geometrical pairs of the 3D bilinear quadrilater-
als from Table 4.24 can be found in the Figure 4.103.

4.6.2.2 Shape functions
4.6.2.2.1 Theory

The same reasoning applied on the 2D case 4.6.1.2.Shape functions is applied here. This means we need to
define first the shape functions and its derivatives. Those shape functions depend on its local coordinates (¢, 1), then
the derivatives depend on the derivatives of the local coordinates. Those derivatives will be obtained in a independent
subsection. First, we define the shape functions of the 3D linear triangle (4.110a), and its derivatives (4.110b). On
the Figure 4.104 we represent on 3D the shape functions according to £ and 7.

N; 1-8—n
(4.110a) Ny | = 3
L Ns n
[ AN, —A¢ —Ap
(4.110b) AN, | =| A 0
| AN, 0 Apg

(c) Ns
Figure 4.104: Shape functions for the 3D linear triangle
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Second, we define the shape functions of the 3D bilinear quadrilateral and its derivatives at (4.111). The graphic
representation of the shape functions are shown in the Figure 4.105.

N, £ (1 =)
N || T oa — )
(4.111a) Ns | = T +o0 )
N, }((1 —5)(1 o)
[ AN, -3 =
(4.111b) AN || 5 =
ane || & o
AN, _Ag An
L 2 2
0.8
0.6
0.4
0.2
0.8
0.6
0.4

(c) Na (d) Ny
Figure 4.105: Shape functions for the 3D bilinear quadrilateral

4.6.2.2.2 Local coordinates (Gauss points)

Here we will define the derivatives of the corresponding GP local coordinates of the integration triangles, Figure
4.101. Important to highlight the fact that the complexity of this task came from the fact that the inner GP from the
integration triangles must be projected into the master and slave domains. This, in the most general case requires the
resolution of a NL problem with a NR iterative process.
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To obtain the local coordinates ¢ and 1 we will consider the expression proposed by Popp[ArtPGWO09], but
simplified as our geometries are linear and consequently reduces the complexity of the system of equations. In order
to obtain the coordinates of the GP we use (4.112a), where we can see as the coordinates of the GP in the integration
triangle (represented with V) has an equivalent on the master/slave geometries. With this expression we can define
this as a residual (4.112b) of a linear system of equations, which converges in one NL iteration. The complete system
of equations (4.112c) require to compute the corresponding Jacobian (J) (4.112d).

(4.112a)

(4.112b)

(4.112¢)

1 Alel 8 Ay
Xg = Zkz=1 Nixy = > iy NiXeiip
2 n 2y2 _ 3 N/ .
Xg =>4 NPX7 = iy NiXeip

LHS, [ §
n

Where LHS; corresponds with the Jacobian:

(4.112d)

LHS,; = J = [

RHS-] =X
RHS; = x

} =RHS,; ,i=1,2

] J=1,2

Z”ﬁ N xi
k=1 Vi e Xk

N i
stﬂ Nk,nxk

With this we can define the equivalent expressions for the derivatives of the local coordinates (£ and 7)), we
redefine the RHS (4.113a), and using the same LHS (J) (4.112d), we can solve (4.113b) the new system of equations
in order to obtain our target derivatives.

(4.113a)

(4.113b)

4.6.2.2.3 Convergence study

Ly Error
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Figure 4.106: Convergence plot for the shape function derivatives for the 3D linear triangle
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The convergence plot of the shape function derivatives for the 6 different geometrical pairs of the 3D linear
triangles from Table 4.22 can be found in the Figure 4.106.

Shape function derivatives

' —e— Pair1Slave
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1012
10-18 | —T 1 T t"

10—2.2 1 0—2 1 0—1.8 10—1.6
Perturbation amplitude

Figure 4.107: Convergence plot for the shape function derivatives for the 3D bilinear quadrilateral

The convergence plot of the shape function derivatives for the 3 different geometrical pairs of the 3D bilinear
quadrilaterals from Table 4.24 can be found in the Figure 4.107.

4.6.2.3 Dual shape functions
4.6.2.3.1 Theory

The procedure to follow is identical to the one presented for the 2D case in 4.6.1.3.Dual shape functions. No
additional modification is needed, except, of course, the corresponding computation on the integration triangles, which
means of the Jg;, (4.6.2.1.Jacobians) and the use of the shape functions and derivatives already presented on the
previous section 4.6.2.2.Shape functions. Then we proceed with the convergence study.

4.6.2.3.2 Convergence study

The convergence plot of the dual shape function derivatives for the 6 different geometrical pairs of the 3D linear
triangles from Table 4.22 can be found in the Figure 4.108.

Dual shape function derivatives
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Figure 4.108: Convergence plot for the dual shape function derivatives for the 3D linear triangle
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The convergence plot of the dual shape function derivatives for the 3 different geometrical pairs of the 3D bilinear
quadrilaterals from Table 4.24 can be found in the Figure 4.109.

Dual shape function derivatives

B 1| —=— Pairl

—o— Pair2

1072 H | —— Pair3
E i 2.04 |
S 1073 3 E
1074 i ‘ -

10722 1072 107" 1078
Perturbation amplitude

Figure 4.109: Convergence plot for the dual shape function derivatives for the 3D bilinear quadrilateral

4.6.2.4 Normal and tangent vectors

4.6.2.4.1 Theory

Figure 4.110: Normal average for a 3D geometry

As previously introduced, the tangent vector is taken as the complementary direction to the normal (4.114a), then
in order to define its derivative we just need to compute the normal derivative, then the computation of the tangent
derivative will be automatically taken into account with the AD procedure. The definition of the normal for 3D surface
geometries corresponds with (4.114b), where can be defined as the cross product between the rows of the Jacobian
matrix. Then we compute the unit normal the same way we do for the 2d case (4.101b).

The average normal behaves exactly the same to the definition presented for the 2D case (4.101c¢), the main
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difference in the practical case came with the fact that the number of neighbours in 3D is not bounded, see Figure
4.110, in contrast with the 2D case where there are only two potential neighbours.

(4.114a) T=l—-nxn
(4.114b) Narea = X ¢ X Xy

Then in order to evaluate A for the normal on 3D surfaces we can apply the chain rule to the previous definition
on (4.114b) and (4.101b). The resulting derivative (4.115) results as an addition.

_ ANgres ||narea|| — NgreaA Hnarea” _ A (X,E X x.n) HX,E X x,nH - (X,E X X,n) A ||X,§ X X,n”

(4.115a) An S
||"area||2 [X.e % Xl
Where the first derivative is:
ng ng ng ng
(4.1 1 5b) A (X,g X X’n) = Z Nk{AXk X Z Nk,nxk + Z Nk,gxk X Z Nk,nAxk
k=1 k=1 k=1 k=1

And the second term:

(xe x X,n) A (xe X Xy)

(4.115¢) All(xe xx,)| = HQEXXQH

=NnA (X¢ X X))

Finally, in order to obtain the derivative of the average normal we proceed following the same equation presented
for the 2D case (4.103). The normal derivative for the GP also behaves the same way as in 2D (4.104).

4.6.2.4.2 Convergence study

The convergence plot of the normal vector derivatives for the 6 different geometrical pairs of the 3D linear
triangles from Table 4.22 can be found in the Figure 4.111. We can appreciate that the convergence is greater than
cubic.
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Figure 4.111: Convergence plot for the normal vector derivatives for the 3D linear triangle

The convergence plot of the normal vector derivatives for the 3 different geometrical pairs of the 3D bilinear
quadrilaterals from Table 4.24 can be found in the Figure 4.112.
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Figure 4.112: Convergence plot for the normal vector derivatives for the 3D bilinear quadrilateral
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CHAPTER 5. PLASTICITY

Chapter 5

Plasticity

€6 As the water shapes itself to the
vessel that contains it, so a wise man
adapts himself to circumstances.

2

Confucius
(551 - 479 BC, Chinese philosopher)

5.1 Introduction

The mathematical modelling of plasticity in solids and structures are essential for a good modulation of the forming
processes[BookBan10]. As well as other industrial processes and applications, like the design of steel and concrete
civil structures, or the understanding of the response of the soil or rocks in geotechnical problems[BookBHSO07].
We can shortly introduce[BookNPOOQ9] that in contrast with the elastic constitutive laws, the elasticplastic laws are
path-dependent and dissipative[BookZTF14], this means that large part of the work expended in plastically deforming
the material is irreversibly converted to other forms of energy, generally heat[BookHil98]. The stress depends on the
entire history of the deformation[BookHS98], and cannot be written as a single-valued function of the strain; rather it
can only be specified as a relation between rates of stress and strain[BookBel+14].

5.1.1 Historical outline

Plasticity is one of the most developed theories for describing material NL behaviour. The history of the studies in
this scientific discipline, which involves mathematics, physics and engineering applications is rich. For a complete
overview of the history of plasticity, we address directly to the overview presented on the book of Hill[BookHil98] and
Zyczkowski[BookZyc81], much more complete than the one presented here.

Having said that, the first developments came from the Coulomb[ArtCou76] contributions in 1776, when he
presented a work stating the dependence of the sliding resistance on a plane between two bodies, being a function of
the adhesion and the frictional properties’. This work, together with the later developments published by Poncelet
and Rankine, was useful for the calculation of retaining walls.

We can identify as the firsts[BookWei] properly speaking works on plasticity the contributions of Tresca[BookTre65]
in 1864 on the extrusion of metals, this was the later denominated Tresca yield criterion, which states that the metal
yields when the maximal shear stress surpasses a threshold. During that time, the also-French mathematician St.
Venant[ArtSai70] introduced basic constitutive relations for perfectly plastic materials, where it related the direction on
the strain increase and the principal stresses. These developments were later extended to 3D by Lévy.

"We discuss in the contact chapter 4.Contact mechanics, the similarities between the frictional contact theory and the plasticity models.
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In 1886 Bauschinger[ArtBau86] introduced the effect that now carries its name, which it consists in the fact
that by deforming a metal in one direction until its elasticity limit has been exceeded, and then deforming it in the
opposite direction, its proportionality limit in the latter direction is lower due to the material imperfections. It was before
the First World War (WWI), in 1913, when Von Mises[ArtMis13] introduced the known as J, theory. Later in 1924
Prandti[ArtPra24] extended the St. Venant work for elastic-plastic behaviour, which Reuss extended later to 3D. It
was not until 1928 when Von Mises[ArtMis28] extended his previous theory considering the yield function as a plastic
potential in the incremental stressstrain relations of the flow theory. That very same year Prandil tried to formulate
general relations for hardening behaviour.

In the period between wars, and especially during the WWII,
many relevant developments were done on this field. The war stim-
ulated research through problems such as the calculation of the
stresses in autofrettaged gun barrels and of the forces resisting a
shot penetrating armour plate[BookHil98].

Additionally to this, it is particularly known and interesting to
highlight the problems originated during the production of the Liberty
ships[ArtZha16]. These were cargo ships built in the United States
(U.S.) during WWII in order to provide goods and carry troops. The
initial design was modified by the U.S. Maritime Commission to
conform to make it quicker and cheaper to build, this new design
consisted on replace part of the riveting operations with welding. 1 &. LB ! NTCTADY
This was due because riveting represented the 30% of the workforce ~ Figure 5.1: Liberty ships suddenly broke in half
costs. Unfortunately, no further studies were carried to understand While moored at the dock
to how welding would affect the structure[ArtGer12]. The rapid and
massive construction requirements originated several issues that many notes and trigger the alarm about a study
the reasons that induce these problems. Almost 1500 instances of significant brittle fractures were recorded (Figure
5.1). Usually this problem is studied as a fracture phenomenon, but studies from Altstetter et al.[ArtAA95] proposed
an alternative approach that enhanced localised plasticity might nucleate either ductile fracture or quasi-cleavage.
In any case, these problems lead deeper studies on the NL behaviour of the materials and benefited therefore the
understanding of the plasticity.

So in 1949 Prager[ArtPra49] proposed a framework for the plastic constitutive relations for hardening materials
with smooth yield functions. Two years later Drucker his material stability postulate. Together, they presented in
1952[ArtDP52] its criterion, which tries to represent the plastic deformation of soils. This is a pressure-dependent
model that determines whether a material has exceeded the elastic limit. On 1953 Koiter[ArtKoi53] generalised the
plastic stress-strain relations for non-smooth yield functions.

The following developments, due to the rise of the computational power were more focus on the research on the
numerical analysis, especially after the 1970s, so it will be detailed in the next section 5.2.State of the Art in numerical
plasticity.

5.2 State of the Art in numerical plasticity

5.2.1 Historical outline

We want to convey that the developments that will be shown in this work are within the classical theory, and we will
not be innovative in this matter. The work done in this field was needed in order to be able to address the forming
process problem. So the first works that can be considered as reference, the foundations for the numerical plasticity
including infinitesimal theory, can be found in the book from the 1950s of Hill[BookHil98] and later in the article of
Koiter[ArtKoi60].

Having said that, we can attribute[BookWei] to Duvaut and Lions[ArtDL76] the first study of the Boundary Value
Problem (BVP) of elasto-plasticity, who defined the problem as variational inequality®. Later Johnson[ArtJoh76] split

2See the Appendix D.Constrained optimisation problems for further detail. On this Appendix the inequality is treated in order to introduce the
mathematical concept necessaries to understand the CCM, but the theory can be applied on plasticity too.
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this variational inequality in two steps, one to solve the steady state problem after removing the velocity and a second
step to solve the velocity of the problem.

In 1985 J.C. Simo and R.L. Taylor[ArtST85], derived the consistent elasto-plastic tangent tensors. C®P. This result
can be seen in the corresponding section at 5.5.3.Numerical implementation tangent constitutive tensor.

Later, incremental finite strain elasto-plasticity for stable states of equilibrium and the coercivity of internal
energy is presented by using multiplicative decomposition of strain, Frechet-derivatives and the chain rule, yielding
corresponding consistent tangent operators with the same formal structure as for linearised strains, published by
J.C. Simo in 1988[ArtSim88a; ArtSim88b]. The theory related to this point is shown at 5.3.Finite strain elasto-plastic
models. Additionally, in the range of large deformations, the original proposition for the multiplicative decomposition of
the deformation gradient considered on this work can be attributed to Lee and Liu[ArtLL67].

In the last 20 years significant advances have been done, particularly on the development of finite deformation theo-
ries in order to solve practical and industrial problems which involve large strains. In order to applied the corresponding
NR strategy, we need the proper linearisation of the problem. In general these problems require to work with discrete
equations, where only a few cases as the J. flow theory can provide a closed-form solution. So general algorithms for
the return-mapping algorithms are needed. Denominating these procedures as Closest Point Projection Method
(CPPM), complete monographs about this subject can be found in the work of Lubliner[BookLub08] and Simo and
Hughes[BookHS98].

The main works we want to address for a deeper understanding for the reader, which analize from a extended point
of view and with a general purpose, are the books of Neto[BookNPOO09], Lubliner[BookLub08], Simo[BookSim93] and
Simo and Hughes[BookHS98].

5.2.2 Constitutive models

The following is a brief summary of the most commonly employed yield criteria (5.2.2.1.Yield criteria) and yield surface
hardening (5.2.2.2.Yield surface hardening).

5.2.2.1 Yield criteria

The discontinuity or yield criterion is a scalar function of tensor arguments that defines the elastic domain. It is
regularly presented in the form ®(o,q), where o is the Cauchy stress tensor, but can be represented with any stress
tensor, and q are the (stress-like) internal variables, grouped as "back-stress”. The surface limits the stress state, in
such a way that is not admissible any state outside the defined surface.

The following[BookNPOO09; BookOIl14] summarises some of the most common yield criteria used in engineering
practice. We briefly summarise them, but for deeper understanding we recommend to attend to the literature.

e Tresca yield criterion: Originally presented in 1864[BookTre65]. It assumes that plastic yielding begins when
the maximum shear stress reaches a critical value.

e Barret de Saint Venant yield criterion: Barret de Saint Venant, published in 1871[ArtSai70] a constitutive
equation for inelastic of an elastically rigid, perfectly plastifying solid material in plane stress state with the
hypothesis of isotropic deformations, stating that the main axes of strain coincide with the main axes of stress.

e Von-Mises yield criterion: According to it the plastic yielding begins when the J, stress deviator reaches a
critical value. Where J, cam is defined as (5.1).

1
(5.1) o = 5 1 (0oer)”

This is probably the most extended yield criterion, especially for metals.

e Mohr-Coulomb yield criterion: It is based on the assumption that the phenomenon of macroscopic plastic
yielding is the result of frictional sliding between material particles.

e Drucker-Prager yield criterion: |t states that plastic yielding begins when the J, invariant of the deviatoric
stress and the hydrostatic stress, p, reach a critical combination.
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It is relevant to introduce here the concept of yield surface (¢) and plastic potential (I') so we can define what
is an associated plastic flow rule and a non-associated plastic flow rule. When both potentials coincide, we
have an associated plastic flow rule, and a non-associated plastic flow rule otherwise. It can be interpreted as
saying that the plastic strain increment vector is normal to the yield surface ($), this is denominated the normality
rule[BookOll14].

All the yield criteria presented here, except for Barret de Saint Venant, are available in Kratos at the module
StructuralMechanicsApplication. This includes all the non-associated plastic flow rule combinations.
See B.2.Kratos Multiphysics for further details of the Kratos structure and 5.5.Implementation details for the imple-
mentation details of the constitutive models. For more detailed description on the yield criteria, we address directly to
the literature[BookOll14; BookNPOO09].

5.2.2.2 Yield surface hardening

Essentially[BookNPOOQ9], hardening is characterised by a dependence of yield stress level upon the history of plastic
straining to which the body has been subjected. The following are the main hardening behaviours (Figure 5.2
summarises the two last types of hardening behaviours):

e Perfect plasticity: A material model is said to be perfectly plastic if no hardening is allowed, that is, the yield
stress level does not depend in any way on the degree of plastification. In this case, the yield surface remains
fixed regardless of any deformation process the material may experience.

¢ Isotropic hardening: A plasticity model is said to be isotropic hardening if the evolution of the yield surface is
such that, at any state of hardening, it corresponds to a uniform (isotropic) expansion/contraction of the initial
yield surface, without translation. The movements of the yield surface can be:

o Positive: When the surface experiences an expansion of the initial yield surface. This is also denominated
an isotropic hardening elasto-plastic process.

o Null: When the plastic loading surface does not experience any evolution. Also referred as isotropic
perfectly elasto-plastic process.

o Negative: When there is a contraction in the initial yield surface. This corresponds with an isotropic
softening elasto-plastic process.

o Kinematic hardening: Appears when the yield surfaces preserve their shape and size but translate in the
stress space as a rigid body. It is frequently observed in experiments that, after being loaded (and hardened)
in one direction, many materials show a decreased resistance to plastic yielding in the opposite direction.
This phenomenon is known as the Bauschinger effect and can be modelled with the introduction of kinematic

hardening.
V. v N am":..’.ximf
3 cvelic test
v, v T o — e
phane hardened surface
S-plane v ¥,
wiaviad D LR o
) cpelie fest
.
H
<, Initial surfece v, /
nitiel aurface
hardened surfacs —/ //

Figure 5.2: Types of hardening. Left: Isotropic hardening. Right: Kinematic hardening

5.3 Finite strain elasto-plastic models

In many industrial applications, such as the metal forming processes, we cannot take into account the infinitesimal
deformation hypothesis for the plasticity theory, without a significant loss in accuracy or even completely wrong
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results[BookNPOO09]. So, in order to tackle this kind of problem we need to formulate the problem in finite deformations.
The following introduces the basic theoretical fundaments and applied concepts in order to formulate the finite
deformation elasto-plastic model.

5.3.1 Fundaments

The following introduces the base theoretical fundaments required to formulate the finite strain elasto-plastic prob-
lem. The Equation (5.2) introduces the base formulation required for a finite strain elasto-plasticity[BookBHS07;
BookNPOQ09] models.

Fe' mg
T
Fo g
F =F.F - Fe
P
[ I
ng F Ang 7
! p
[ mg > ng -
T T !
| A‘ }

\
Figure 5.3: Multiplicative decomposition of the deformation gradient F
1. Multiplicative decomposition of the deformation gradient F, being F¢ and F” the elastic and plastic strains (Figure
5.3) originally proposed in [ArtLL67].

(5.2a) F=F°.FP

2. The free-energy potential U(C®,a) and elastic strain-stress relation for the stresses (S) in the intermediate
configuration. In here C¢ correspond with the elastic right Cauchy-Green tensor and the (strain-like) internal
variables («) of the current constitutive model. With the free-energy potential it is possible to derive the
hyperelastic law considered.

S -—22¥
(5.2b) {S ace

S :=F°~'7F°~ T = FPSFF7

3. Yield surface (T, q) for the stress-like hardening variables q= —OW /Oa and the Mandel stress T= F¢T7Fe~T =
C*®S. The yield function will define the onset of the plastic yielding.

4. Plastic evolution equations, or dissipation potential, from which the flow rule and hardening law (evolution laws)
for internal variables are derived. In order to define that we require of a plastic potential (I'). Being L the plastic
velocity gradient and the general flow functions, M,, the plastic flow function and M, the general hardening flow
function.

(5.20) {LP =7 (Fn‘e)T 2L R® = 4M,(T, q) (This expression is also known as the normality rule)

& = YMy(T, q)
For LP= FPFP~" and the plastic multiplier (+), with M, = 5% and M, = 5C for the associative case.

5. Loading/unloading conditions, for the elasto-plastic model the KKT complementary conditions and the consis-
tence condition during plastic loading.

£ >0,0<0 40=0
(5.2d) {70 =57

~v® = 0 (Consistency condition)
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From these KKT conditions we can deduce[BookOlI14]:

$ < 0 = 4 = 0 Elastic behaviour or unloading,
: ¥>0
(5.2¢) ¢=0= { 4 = 0 Neutral plastic load
® > 0 = Incompatible state

Additionally in the case of numerical implementation it is necessary to implement return-mapping algorithm
to obtain the current state of the material. In our case we take into consideration the implicit Backward Euler
algorithm, well known in the literature[ArtMT94]. More details concerning the return-mapping algorithm in the
following section,5.3.3.Finite strain return mapping operations.

5.3.2 Plastic loading surface
5.3.2.1 Introduction

In order to evaluate the plastic multiplier (), we will adopt the formulation from Oller[BookQOll14; PhDOII88]. This will
be evaluated considering the plastic loading function in addition to the yield surface ($). In order to understand the
difference between these two functions, we need to define the influence in the constitutive behaviour by each one of
the functions[BookOlI14]. The limit between the elastic and the plastic areas is set through the yield surface ($) and
from such limit this surface can move in the stress space, follow the evolution of the plastic process and transform
itself into the so-called plastic loading surface. This function representing the plastic loading surface is simply the
discontinuity or yield limit function updated for each of the (stress-like) internal variables value (q) at every moment of
the pseudo-time () of the elasto-plastic process. The phenomenon governing the yield surface change of position in
the stress space is known as plastic hardening, where some models have been introduced in the state-of-the-art
section, 5.2.2.2.Yield surface hardening, and now we detail the formulation for isotropic (5.3.2.2.Isotropic hardening)
and kinematic hardening (5.3.2.3.Kinematic hardening).

5.3.2.2 Isotropic hardening

We define the isotropic hardening considering a plastic hardening function (IC), which we generally define with the
(stress-like) internal variables (q). In classic plasticity, it is defined depending on the internal variable of plastic
hardening, Equation (5.3).

(5.3) K (np) = f(np)

Defining the hardening function (K) as an internal variable of the plastic process, we can obtain a more general
formulation, as seen in (5.4). In here the tensor function (h, (o, q)) and the scalar function (h, (o, q)) depends on the
updated tensor state and the internal variables.

) i ) or (o; kP)
P _ — .
(5.4) kP =4H.(o,q) =7 |hk(o,q) : I —

K =4Hk(o,q) = hx (o, q)iP

5.3.2.3 Kinematic hardening

As previously stated, the kinematic hardening consists in a translational motion of the plastic loading surface. The
motion depends on the kinematic plastic hardening internal variable (1), which defines the stress space origin, or
back stress. The continuous change of position of this coordinate origin during the elasto-plastic process induces a
translational movement of the yield surface ($), which can be combined with an isotropic movement. We can express
this in a general form as in the Equation (5.5).

(5.5) ®(o,q)=fc—n)—K=0
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In here the plastic hardening can be defined according to Prager and Melan as 17 = 3&P, with 3 = \/aj—ﬁ Ck
depends on the type of plastic potential considered, being cx = %hk for VM and Equation (5.6) in general.

o
i

f(ok — i)

oj€

0 p
Ers€rs

5.3.2.4 Stress-strain relation

This can be obtained by the plastic yield general criterion and Pragers consistency condition, see Equation
(5.7).

P(o,q)=flc—n)—-K=0
(5.7a) .9 . 90 90

b = __—:6+—:1—-K=0
—870..0'4'817

oo oo
Jdo on

From this latter expression, and replacing 7 = 8&° = o&" then we can derive Equation (5.7b).

oo . 0% . .
%:C:Eeﬁ-Ck%:ETP*h]C(hH:EP)=0
do = do 0o “on oo

(5.7b)
eheh. ] 2o
do

From the latter expression, the plastic consistency factor (). The plastic multiplier defines a factor which evaluates
the distance between an inadmissible tensor state outside the domain and the plastic loading surface. With this we
define + as in Equation (5.7¢).

&Cé
7 = ing 4 >
(5.7¢c) ¥ 70@-g+hh .ar+(8¢.6.8r)belngfy_o
Kon 9o T 9| T N T 0
A

In here we have isolated A. If we consider a zero kinematic hardening (cx = 0) then A can be defined as:

oo _ or
(57d) A= —%U = hIChm . 870'

5.3.2.5 Stability condition

It is relevant to introduce here the concept of local stability condition, or Druckers stability condition. This concept is
only meaningful for the stability behaviour of a point in a solid, therefore in order to ensure the stability of the whole
solid we require to check the stability in each point if using this criterion. Besides, if the stability is loss in some points
this does not necessarily mean that the global stability has been lost. For example, in softening materials, in which
the local stability condition may not be satisfied in some points, but globally may not be the case. The stability of the
whole solid can be proved by a weaker condition known as global stability condition.

5.3.2.5.1 Local stability

The Druckers second postulates requires (5.8), and due to the fact that - is always positive and defined in (5.7¢c),

therefore can be ensured if the convexity of I, plastic potential, is required. One simple way to ensure v > 0 and the

convexity of I" is to impose an associated plastic flow rule (5L o 22).

(5.8) é:C:ép=é:C:(q’/ar>20
oo
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5.3.2.5.2 Gilobal stability

For softening materials the previous postulate is sufficient, but not necessarily, stability condition. In order to
formulate a global stability condition we will consider a weak form, as we do in order to formulate FEM. Defining I1
as the total energy in the system in the final configuration, [1* the total energy in the initial configuration and du the
virtual displacement from the initial configuration to the final one. With this we define Equation (5.9), which defines
the equilibrium while applying the virtual displacement. In here, the variation of the total potential energy developed is
null.

1
(59) |_|=|_|*+5|_|+f52|_|+é AN=N-MN*~ §N +162r|+
2! 2!

As I = 0, the total increase of the virtual work is equal to the second variation of the functional and it is, therefore,
the concave or convex stability condition of the functional. With this if Al > 0 the original configuration is stable for
any du, and Al < 0 is unstable. With this calling (24 the initial configuration and €, the plastic configuration, and as
Al % o 00 @ 6ed2 we can define the global stability condition as (5.10).

0o : 6edQ) + % oo : 6ed2

1 ~ [ANg, + Alg,| >0
2 Ja, 2p

(5.10) AN 1/ So : 5edQ =
2 Jo

5.3.2.6 Condition of unicity of solution

Considering two different virtual displacements, du; and du,, the potential energy difference is equivalent to the
potential energy for a virtual displacement equivalent to the difference of those virtual displacements (A(éu) =
dux — duy), with the corresponding increment on the strain (A(de)) and stress (A(do7)). The corresponding increment
in potential energy is Equation (5.11).

=0 There is no unicity of the solution
#Z0 There is unicity of the solution

(5.11) A (620) =/A(§a):A(5s)dQ{
Q

If A (62I'I) = 0 during the virtual displacement change A(du), it means that the stress in both final configurations
are the same o = doz; in consequence, A(do) = doy — doo = 0. Therefore, there are two admissible and
independent of each other kinematic states du; # duy, but the stress increment is identical for both configurations
doq = o, which implies that there is not a single solution, but there exists a bifurcation. Considering the previously
stated kinematic states, if A (62I'I) # 0, the unicity of the solution is guaranteed.

5.3.3 Finite strain return mapping operations

In addition to the formerly presented, we need to consider some additional concepts. Besides the multiplicative
decomposition between the elastic (F¢) and plastic (FP) deformation gradient from (5.2a), we must decompose these
deformation gradient in its stretch (U¢, V€, UP, VP) and rotation tensors (R®, RP) as seen in (5.12).

Fe - ReUe - VeRe
(5'12) FP = RPUP = VPRP

With this decomposition we are able to define the general elastic predictor/return-mapping algorithm. The crucial
difference between the discretisation of the large strain problem and the infinitesimal one lies in the numerical
approximation of the plastic flow equation, see (5.2c). In order to be consistent with the presented multiplicative
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decomposition, we will consider an exponential map backward discretisation[BookNPOO09]. Considering an implicit
scheme algorithm, the resulting update formula for the plastic deformation gradient (F?) results in (5.13).

or
(5.13a) Fren = exp [Rih 7

e P
n+1] Fn

n+1

In view of the isotropy of the tensor exponential function can be simplified as:

or
(5.13b) FP., =R’ exp [87‘

e P
:| Rn+1 Fn
n+1

The incompressibility of the plastic flow for pressure insensitive flow potentials is carried over exactly to the incremental
rule (5.13b).

As we have adopted, a standard Backward Euler difference scheme to discretise the plastic flow equation, the
updating formula for the plastic deformation gradient will be refactored to (5.14). This formula in general is not
volume-preserving, therefore this solution will result in an accuracy loss in the resolution of elasto-plastic constitutive
equations of plastically incompressible models.

ar
(5.14) Fo. = (I ~ R o

1
R5+1) F?

n+1

With this, in order to update the elastic deformation gradient (F¢) we need to combine the definition of the plastic
deformation gradient (FP) with the multiplicative elasto-plastic split, we obtain the following equivalent kinematic update
expression in terms of the elastic deformation gradient (5.15).

or
(5.15a) F¢., = FAF°R®], exp [&

e
:| Rn+1
n+1

The definition of the incremental deformation gradient is the following:
(5.15b) Fa = Fp (Fp) ™

With this last expression we can compute the trial elastic deformation gradient, if we save the deformation gradient
from the previously converged time step. This will help us to compte a consistent update of the elastic deformation
gradient.

(5.15¢) Fiiar = FaFn

In order to be consistent with the expression from (5.14), therefore we calculate the update of the elastic deformation

gradient as:
o or R2+1 )
n+1

(5.15d) Frvt = Fiia <| + Rn+187

5.4 Large deformation elastic models

5.4.1 Introduction

In order to consider elastic-plastic models with large deformations, we need to consider elastic models in large
deformations that will act as the predictors of our plastic behaviour, derived from the free-energy potential from (5.2b).
The most commonly used models for that purpose are the hyperelastic ones. We will present the two hyperelastic
models considered on this work, the Neo-Hookean and Kirchhoff material. Before introduce these models, we
will present the common theory that defines the hyperelastic materials. Hyperelastic materials[BookBel+14] are
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characterised by the existence of a stored (or strain) energy function that is a potential for the stress (S) (5.16a). In
here W corresponds with the stored energy potential, on the other hand, w is a potential expressed in terms of the
Green-Lagrange strain.

ow(C) Iw(E)
oc ~ OE
We can obtain in a similar manner the consistent tangent moduli C5F as (5.16b).
CSE _ 48%(0) _ 0?w(E)

0CoC OEOE

(5.16a) S=2

(5.16D)

5.4.2 Neo-Hookean material

This model is an extension of the isotropic linear Hookes law to finite strain. The material can be used to model
materials such as plastics and rubber-like substances. The corresponding potential is shown in the Equation (5.17a).
With this and considering (5.16a) we can obtain the corresponding stresses (5.17b). In a similar manner, we can
obtain with (5.16b) the consistent C can be obtained with (5.17c). In here Ao = ("7‘5) and 1o = 5+ are the

; 1+v)(1—2v (1+v)
Lamé constants.

1 1
(5.17a) Y (C) = 5/\0(|n J)? — poind + Euo(trace C -3
(5.17b) S=X\INJC " +po(1-CT)
' T =XoInJl+ (B — 1)
C:E=xc'c’ c.'c;'+c'c!
(5.17¢) it AL L Gy Uy + Gy Gy

Cl;'—kl =>\5ij5kl + W (5,‘/(5/'/ + 6i15kj)

5.4.3 Kirchhoff material

The so-called Saint Venant-Kirchhoff material or just Kirchhoff material is probably the simplest NL elastic model. It is
basically an extension of the Hookes law. In cases where we have a problem in small strains and large rotations, this
material provides a proper NL behaviour. In this case the potential w can be expressed as (5.18a). With this we can
obtain the corresponding CF (5.18b) and the S (5.18c).

1 1
(5183) w = /S,/dE,/ = / C,'jk/Ek/dE,'j = EC,‘IK/E,‘]EK/ = EE -C:E
(5.18b) CE=XN@l+2u
(5.18¢c) S = Arace(E)l + 2uE=C : E

5.5 Implementation details

5.5.1 Introduction

The following section will include a series of numerical details related with the implementation of the constitutive
models presented in this chapter. In a first subsection, 5.5.2.Class structure in Kratos, we will detail the modular
structure followed in order to implement this numerical models inside Kratos. In this section only the isotropic
hardening constitutive laws are detailed, but the very same principle has been considered for the kinematic hardening
constitutive laws. For further detail about Kratos structure, we directly address to the corresponding appendix,
B.2.Kratos Multiphysics.

The last subsection will introduce the numerical methods considered in order to obtain the tangent operators of
the respective constitutive models, 5.5.3.Numerical implementation tangent constitutive tensor.
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5.5 Implementation details

5.5.2 Class structure in Kratos

ConstitutiveLaw

Parameters

+virtual void CalculateMaterialRasponsePK 1 (Parametarsd rvaluas)
+virtual void CalculateMaterialResponsePK2 | Parametersé rvalues)
+virtual void CalculateMaterialRes
+virtual void CalculateMaterialRasponseCauchy(P; & rvaluas)
+uirtual void InitializaMataria ResponseP K1{Paramaters & ralues)
+wirlual void InilializelMataria ResponsePK2(Parameaters & ralues)
+irlual void InilializeMalerialResponsekirchholl{Paramelersé falues)
+virlual void InitializeMaterialResponseCauchy{Parameters & rivalues)
+virtual void FinalizeMaterial ResponsePK1{Parameters& rvalues)
+uirlual void FinalizeMalerialResponsePK2{Parameslarsd fvalues)
+virlual void FinalizeMalerialResponseKirchhoff{ Paramelers& rvalues)
+virtual void FinalizeMateriaResponseCauchylParamstersé rvalues)
+virtual int Check *multiple args*)

ponsekirchhoff{ Parametersé rvalues)

+Flags mOptions

1 +double mDetarminantF

ealor® mpStrainvector

+oonst Veclor” mpShapeFunclionsValues
+oonst Matrix* mpDeformationGradientf
+Matrix* mpConstitutiveMatrix

+const Processinfo* mpCurrentProcessinfo
+oonst Properties* mphaterialProperties
+oonst GeometryType” mpElementGeometry

v

Elastic laws

{ elass TConstLawintegratarTyp
P

s

HyperElasticls otropicKirchhoff3ll

HyperElasticlsotropicN eoHookean:i[i
1

class TElasticBehaviourLaw

7
!

GenericFiniteStrainlsotropicFPlasticity

#double mPlasticDissipation
#daubla mThreshald
#actor mPlasticStrain

+doubla mPlasticDissipation
| +double mThrashold
| +Malrix mPlasticDefomalionGradient

#doubled GetThrashold()

fdoubled GelPlasicDissipation()

Meclordk GelPlasticStrain)

fivoid SetThreshold{const double Threshold)

trvoid SetPlasticDissipation(const double PlasticDissipation)
tvoid SetPlasticBirainiconst array_1d&% PlasticSirain)

+void C ialResponseP K 1{Parameters & rvalues)
+void C i ponseRK2{Parameters & rvalues)
+void CalculateMaterialResponsekirchhoff{Parameters& rvalues)
+void CalculateMaterialResponseCauchy({Parameters& ralues)
tvoid InitializeMaterialResponsePE 1 (Parameters& rivalues)
+vioid InitializeMaterialResponse PK2(Parametersa rivalues)
+void InitinlizeMaterialResponsakirchhoffi Paramatersd rvalues)
+woid InitializeMatarialResponsaCauchy(Paramaters& rvaluas)
+void FinalizeMaterialRespensePK1{Parametersd rvalues)
+woid FinalizeMatarialResponsaPK2({Parameters& rvalues)
+woid FinalizaMatariaiResponsakirchhoff{Paramaters& rialues)
+woid FinalizeMaterialResponsaCauchy(Paramatersé falues)

+inl Check" mulliple args®)

GenericCanstitutiveLawlintegratorPlasticity

fdoubled GetThreshold()
fidoubled GetPlasticDissipationt)
#Matrixd GetPlasticDeformationGradient()
#void SeiThreshold[const double Threshold )
#void SetPlasticDissipation{const double PlasticDissipation}

| #void SetPlasticDeformationGradient{const Matrixé rPlasticDeformationG radient)
+void CalculateMaterialResponsePK 1{Parameters& ralues)
+veid CalculateMaterialResponsePK2{Parameters& rvalues)
+void CalculatelMaterialRespensekirchhoff{Parameters& rvalues)
+void CalculateMaterialResponseCauchy{Parametersé rifalues)
+void InitializeMatarialResponsaP K1{Paramaters& rivalues)
+void InitializeMatarialResponsaPK2{Paramatersd rifaluas)

| +void InitializaMatariz Responsakirchhoff{Parameatersé rvalues)
+void InitializeMatarialResponsaCauchy(Parametersd rvalues)
+void FinalizaMatarialResponsaP K1{Paramatersd falues}

| +void FinglizeMatarialResponsaPK2{Paramaters& WValues)

| +void FinalizeMalerialResponsekirchhol{Parameters& rvalues)

| +void FinalizeMalerialResponseCauchy{Paramelers& rvalues)
+int Check{*multiple args*)

YieldSurface Typs |

+static void IntegrateStressVector{*multiple args™)

+static double CalculatePlasticParameters{* multipla args®)
+static void CalculateFFlusvactor"multiple angs*)

+static void CalculateGFluxector*multiple args®)

+static void CalculatelndicatorsFactors] *multiple args™)

+static void CalculatePlasticDissipation( *multiple args™)

+static void CaloulateEquivalantStrassThrashold{"multipla args*)
+stalic void CaloulateEquivalentPlasticSiraing 'multiple args™)

+slatio void CaloulateHardeningParameter*multiple args*)
+static void CalculatePlasticDenominatormultiple args*)
+slalic inl Check{Properiesé Propeties)

+slatic void GetlnitislUniaxialThreshold{Paramelersé fvalues, double& rThrashold)

| TPlasticPolentialType |

N

GenericF

YieldSurface

+static void CalculateEquivalentStress)* multizle args”)

+static void GetinitialUniaxialThreshold{* multiple args*)

+static void CalculatePlasticPotential Derivativel *multiple args™)
+static void CalculateYieldSurfaceDerivative]*multiple args*)
+static int Check{Properdies& Properties)

+static double CalculatePlasticParameters{*multiple args*)
| +static void Calculate PlasticDissipation(*multiple args~)

+static void IntegrateStressVector*multiple args*)

+static void CalculateEquivalentStressThreshold{*multiple args*)

+static void CalculateEquivalentPlasticStrain] " multiple args*)

+static void GetlnitialUniaxialThreshold{Parameters& rvalues, double& rThreshold)
+static void CalculateHardeningParametar{multiple args*)

+atatic void CalculatePlasticDenominator{*multiple args*)

+static int Check{Proparies& Proparties)

i SizeType TvoigiSize |

PlasticPotential

+static woid CalculatePlasticPotential Derivativel *multiple args®)
+static int Check{Properties& Properties)

Figure 5.4: Elastic-plastic CL class structure
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The class structure of the CL implemented in Kratos can be summarised as shown in Figure 5.4. This provides a
modular interface similar to a Matrioshka, where the classes are recursively inside the others. In this class structure,
we can appreciate like the templates are an essential part in the design. The main components of the CL are:

e PlasticPotential: Corresponds with I'. It depends on the Voigt size (TVoigtSize). This class defines
the plastic potential derivative.

e YieldSurface: Corresponds with ®. This depends onthe PlasticPotential. ltis the class responsible
of the equivalent stress and its derivative.

e GenericConstitutivelLawIntegratorPlasticity: With a derived class for Finite Strain (FS). De-
pends on the YieldSurface. This is the class responsible of computing and integrate the stress vector.

e GenericSmallStrainIsotropicPlasticity: DependsonGenericConstitutivelLawIntegratorPlastic:
This is the CL which actually computes the response, for Small Strain (SS).

e GenericFiniteStrainIsotropicPlasticity: The same as the previous case, but for FS. Additionally
to the GenericFiniteStrainConstitutivelawIntegratorPlasticity also depends on the FS
elastic CL from 5.4.Large deformation elastic models.

e ConstitutiveLaw: Finally, everything it also derives from the base CL, which defines the base API for
constitutive models.

e Parameters: The CL operates with the Parameters class which is extensively used as input class.

In conclusion, this is a generic interface for constructing elastic-plastic constitutive laws, which allows an extensive
combination. The drawback to this is a significative increase at the compilation time for each combination.

5.5.3 Numerical implementation tangent constitutive tensor

It is not always possible to obtain the consistent tangent constitutive tensor in an analytical expression, or if possible
this one is not trivial. The class structure shown in the previous section 5.5.2.Class structure in Kratos allows to
obtain a large number of elastic-plastic non-associated CL combinations, and the corresponding C which obtainment
is not as simple as in the associated cases. In order to obtain the consistent C we proceed with a numerical procedure
based in the stress vector perturbation method[ArtMar+08; ArtMOB11]. This procedure is based in the concept
from Equation (5.19) from Barbu[PhDBar16] and Cornejo[PhDCor], where the components of C are associated to
the increases in the stresses and the strain[ArtMOB11]. An alternative method to the previously stated would be
considering the AD, as the method is applied with a Forward Euler scheme is denominated sometimes as Forward
Automatic Differentiation (FAD)[ArtCOH14; ArtRH15].

Joji
t ij
(5.19) C=Cj= =g

Here ¢}, corresponds with the elastic components of the strain tensor.

Particularly for the elasto-plastic tangent operator (C®P) is given by the expression of (5.20). This expression is not
easy to compute in general, due to this, it is interesting to have a numerical alternative that provides us a general
method for computing the tangent tensor.

[c°: 5] © [5g : €]

hehy @ 80 + (92 . cp: 40

(5.20) C®=C—
¢k " do ' 80’)
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5.5.3.1 Forward FD

This is the approach followed by Martinez[ArtMar+08; ArtMOB11]. The approach takes only the first-order term of the
Taylor expansion of (5.19). This leads to the forward FD from Equation (5.21a). Applying this FD to (5.19) we obtain
the expression of Equation (5.21b). We can appreciate that this method implies to probate and calculate the stress 6
times in case of a 3D Voigt notation strain tensor is considered, therefore this is an expensive procedure, but can be
acceptable in case of an implicit approach as ours.

The Forward difference can be defined as follows:

ou Uit — Uj
5.21 i R . m—
(5:21a) <8x), Ax
Applying to our problem:
e Aee 89
Ao 0.ka+ M _ gCH
5.21b C=ClL, ~ U A J
( ) w ACH ACH

Unfortunately, this approach is a mere first order O(h), Figure 5.5, so in order to ensure the quadratic convergence
of the NR we recommend to consider the approach of the following section (5.5.3.2.Centered FD).

5.5.3.2 Centered FD

Applying a Taylor expansion to the criteria previously shown, and considering central difference approach (5.22a),
we can obtain a second order approach O(h)2[ArtPRHO00]. The rate of convergence can be proved to be quadratic in
this case, see Figure 5.5. In this case the drawback is that the number of perturbations required is double than the
previous scheme, so the computational cost increase must be collated with the convergence boost obtained; therefore
this will depend of the type of problem solved and the number of DOF of the system.

The definition of a central difference is the following:

ou Uiyt — Uj—1
5.22 — | =
(5.22a) <8x>, 2Ax
We can apply this to the former (5.19) and then obtain:
el +AeS, el —Aef
AU" O.__kl Kkl __ O‘--k, ki
.22 =ClL ~ /P fj
(5.220) € = Ciia Aet, 2Ac8

This method is considered by default for constitutive relations in the software MFront developed by Helfer[ArtHPF15].
This software is specialised in the modelling of generic constitutive behaviours, showing up the generality and power
of the method.

5.5.3.3 Numerical details

In Kratos, as any standard FE code, the constitutive equations of the material provide for a certain deformational
state (e or F), the associated the stress tensor and its internal variables («). From the resulting tensile-deformation
state, a small disturbance is applied to € or F, and the stresses associated with this new deformation are computed.
These stresses, together with the perturbation applied, will be used to calculate C by means of the equations shown.
This procedure will be repeated for each component of the corresponding strain tensor (&) or the deformation gradient

(F).

From the mathematical point of view, the ideal perturbation should be Ac — 0 to obtain the exact C. Of course
from a numerical point of view this is not possible, and we must compute finite value such that the approximation is
numerically close to the analytical value but free of numerical issues. For this, we will consider the Martinez[ArtMOB11]
criteria, shown in Equation (5.23).

if6j¥0—>A8j=8j~10_5

(5.23) ite; =0 — Acj=min{|el} - 105 Vk=1,n = #0
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Consistent constitutive tensor perturbation method

| ' 1| —e— Forward difference

104 £ / 4 |—=— Central difference
3 E =
§ 10 g :
e 102 .
- - ]
10 ¢
10°F

| |
10°8 T4
Perturbation amplitude

Figure 5.5: Consistent constitutive tensor perturbation method convergence. The code which tests the convergence
rate can be found here

Applying this, we ensure that the increase will be always close to the initial configuration. The only drawback of
the process described is that it can provide values of the perturbation near zero. i.e., when one of the components of
the € is close to zero. In this situation, the Equations (5.21b) or (5.22b) may lead to an indeterminacy. In order to
avoid this situation, we need to ensure that the value of the perturbation is large enough, for that we can impose the
condition[ArtMOB11] from Equation (5.24).

(5.24) Ag; > max {ex} 107" Vk=1,n

5.6 Numerical examples

5.6.1 Introduction

The following section introduces three minimal examples to show the results obtained with the implementation
presented. First a minimal cube, one hexahedron element, is tested considering the proposed class structure
approach and compared with the exact consistent Von Mises yield criterion. The second example is a tensile test,
comparing the solution obtained with different types of elements. The third example is the application of the CL to a
contact problem.

5.6.2 Cube minimal example

The problem here presented consists in a very simple mesh, consisting in only one
hexahedron element, Figure 6.17. The size of the cube is 1 x 1 x 1. In this example
we will compare the solution obtained with an analytical consistent elastic-plastic
law with an associative Von Mises yield criterion (J>) with the CL derived of our
class structure previously presented.

So, this example will compare the solution obtained for an elastic-perfectly
plastic CL with the following parameters Table 5.1. In addition to the former, for
our implementation, a large value for the fracture energy must be considered in
order to properly model the perfect plasticity (i.e. 106).

The nodes from the base (1, 2, 3, 4 in Figure 6.17) will be considered fixed, the
rest of the nodes (5, 6, 7, 8 in Figure 6.17) will be moved according to the following

pattern (5.25), where w is the frequency of the movement and will be considered B E
to be w = 5Hz. Figure 5.6: Simple cube geome-

try. Only one 8-node hexahedron

Page 202 of 374 Vicente Mataix Ferrandiz


https://github.com/KratosMultiphysics/Kratos/blob/master/applications/StructuralMechanicsApplication/tests/cpp_tests/test_tangent_tensor_numerical_derivation_utility.cpp

CHAPTER 5. PLASTICITY 5.6 Numerical examples

E v e
2-10""Pa | 0.3 | 9Pa

Table 5.1: Parameters considered for the cube minimal example

(5.25a) u = Ax; + Bx,
Where:
(5.25b) X1 = sin(wf)X, X2 = sin(2wt)X
10~10 —2.10710 0 0 7-10710 0
(5.25¢) A=|5.107"" 7.107" 10~ ,B=125-10"1 1.7.1071 10~
—2.10~ M 0 -3.10710 0 1010 -3.1071°

Von Mises stress evolution

——  Ref. sol.
—x»— Qurs small def.
—t— Ours finite def.

Von Mises stress

‘ | ‘ |
0 02 04 06 08 1
Time

Figure 5.7: Von Mises stresses compared with the reference solution. The test can be found here
Finally, Figure 5.7 shows the solution comparison. We can see that the obtained solution is coincident with the

reference solution. We can also appreciate that as expected in a elastic-perfectly plastic case the -, acts as the
asymptotic value of the equivalent stress, Von Mises in this case.

5.6.3 Tensile test

(b) Mesh of hexahedra

(c) Mesh of tetrahedra

(a) Perspective of the geometry (d) Mesh of wedges
Figure 5.8: Mesh comparisons. It can be found here
The problem consists on a tensile test. Three different meshes have been created, see Figure 5.8, in order to
validate the computation of the internal energy dissipation, which depends on the element length as previously shown.
The test in general also shows the proper work of the implemented CL.
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The geometry can be appreciated in Figure 5.8a. The meshes of hexahedra and wedges are structured (Figures
5.8b and 5.8d), on the other hand, the mesh of tetrahedra is unstructured (Figure 5.8c). We are in tensile bar with
the following sizes 0.2 x 0.5 x 5.39 and the material properties shown in Table 5.2. Additionally in all cases, an
associative Von Mises model is considered, with an exponential softening as hardening curve.

E v Ye Gy Max. stress position | Maximum stress | Friction angle | Dilatancy angle
2-10""Pa | 029 | 2-10%Pa | 4-10° 0.1 210-108Pa 32 32

Table 5.2: Parameters considered for the tensile test

Pl ASTIG_NIGSIPATION
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(a) Mesh of hexahedra
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a a0 108 o4 (13 ama [ ot ame nge

(b) Mesh of tetrahedra

Py

o
PLASTIC CISSIPATION
s aoar

(c) Mesh of wedges
Figure 5.9: Resulting plastic dissipation

The left side is blocked and the right side of the tensile bar is moved with a pacing of u, = 0.003t, being t the time
variable which goes from 0.847 to 20. The resulting plastic dissipation at the end of the simulation (Figure 5.10) for
each mesh corresponds with Figure 5.9.

024

150 L

e ;

Figure 5.10: Resulting displacement for the mesh of hexahedra

From the Figure 5.9 we can appreciate the effect of the mesh element in the results obtained. The mesh of
hexahedra from Figure 5.9a shows us a homogeneous distribution of the values. From the mesh of tetrahedra, we
obtain a distribution with higher peaks and narrower than the previous case. Finally, in the case of the wedges,
where the mesh is structured but non-symmetric, we can appreciate a very significative influence of the mesh. The
distribution obtained depends on the mesh orientation.

With this we can conclude that the mesh has a significative role on the results obtained from the point of view
of the CL considered. Because of this we must pay attention to the values considered and the mesh and element
type considered.

5.6.4 Application in CCM. Gears example
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The following is an example of a con-
tact problem considering a plasticity
law. The problem consists in two gears,
one is fixed, the other has a rotational
movement imposed. The rotational
movement imposed in the smaller gear
corresponds with Equation (5.26). The
movement is such as the two gears
come into contact.

(5.26)
Uy = Xg — Rcos (atan (y") — wt)

u, = yo — Rsin (atan (i) — wt)

The contact area is a small region
compared with the rest of the geometry
of the problem as seen in Figure 5.11.
Because of this, the contacting gear
does not experiences any significative
movement or increase of stresses in a
overall view, see Figure 5.13. Is on the |
details of Figure 5.12 where we can ) PP s

: ; Figure 5.11: Gears example mesh
appreciate that the larger gear is the
one which experiences highest stresses. Because of this, it is the larger gear which exceeds ~, and then yields, as
seen in Fugure 5.12c.

This example can be found in Kratos examples repository. Additionally to the current setup linear elastic case is
also present.

E v Ye Gy
2.10""Pa | 0.29 | 52510%Pa | 1-108Pa

Table 5.3: Parameters considered for gear example

The parameters are the ones considered in Table 5.3. As an elastic-perfectly plastic in an associative VM yield
criterion (Jo) the only plasticity parameters we need to define are . and Gy. In order to compute the contact in
considering this NL behaviour, the only precaution needed is to adjust the initial contact pair detection to avoid initial
overpressures due to contact pairs in tension that are not supposed to come into contact.

(a) Displacement solution b) VM stress c) Plastic dissipation
Figure 5.12: Detail solution for the dlsplacement, VM stress and plastlc d|SS|pat|on
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DISPLACEMENT Magntuzc

b2e108

(a) Displacement solution (b) VM stress
Figure 5.13: Overall solution for the displacement and the VM stress
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Chapter 6

Adaptative remeshing

@& The measure of intelligence is

the ability to change.
2

Albert Einstein
(1879 - 1955 AD, German-born
theoretical physicist)

6.1 Introduction

Adaptive remeshing of FEM solutions refers to improving the quality of the solutions by enriching the approximation in
some manner so as to achieve the best solution for a given computational effort. The concept of adapting the mesh to
improve the quality of the solution is summarised in Figure 6.1 and the conceptual steps on the Algorithm 5.

0 05 1 15 2 0 0.5 1 15 2

DISPLACEMENT DISPLACEMENT
] 0.005 a.01 0 0.005 0.01
I E— | I E— ]

(a) Contact patch test before remeshing (b) Contact patch test after remesh
Figure 6.1: Adaptive mesh techniques applied on a contact patch test
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Thus the objective of adaptive remeshing is to obtain a mesh which is optimal, in the sense that the computational
costs involved are minimal under the constraint that the error in the FE solution is below a certain limit and, if possible,
distributed over the entire mesh. In order to do that we need to estimate the magnitude of the error of the FE solutions.
This is not trivial, as we do not know a priori the solution of the problem. Which means we need to develop techniques
which can estimate the error of the finite element solution from the known data[BookWri08], this means, on the
geometry, material data and our current approximate solution.

Algorithm 5 Adaptive refinement process

1: procedure ADAPTIVE REFINEMENT PROCESS

2 Select an initial mesh, which approximates accurately the geometry
3 while error > tolerance do

4 Solve the discrete problem

5: Compute error estimators or error indicators

6

7

8

if error > tolerance then
A new mesh has to be constructed
The already computed deformations and internal variables have to be projected onto the new mesh

This chapter introduces the adaptive remeshing techniques developed in order to improve the quality of the
solution. First the state-of-the-art of the respective techniques will be introduced on 6.2.State of the Art in mesh
refinement, later the different approaches followed to define the mesh metrics, each one with its respective section:
Hessian metric (6.3.Hessian based remeshing technique), level set metric (6.4.Level set based remeshing technique),
next the SPR method is presented (6.5.SPR based remeshing technique), later a short section dedicated to the
internal values interpolation techniques (6.6.Internal values interpolation) and finally an adaptation of the former
methods applied on CCM (6.8.Adaptive remeshing methods applied on CCM). Part of this work has been published
by Cornejo and Mataix[ArtCor+19].

6.2 State of the Art in mesh refinement

6.2.1 Mesh generation

During the last years, many techniques have emerged for this purpose. The early works from O.C. Zienkiewicz[ArtZP71]
on 1970s, which was only based on the geometries boundaries of the domain size and the required distribution of
element size'. Since then many different technologies have arise, including mapping techniques, semi-automatic
remeshing methods, where the domain had to be subdivided manually in an initial stage into simpler subdomains[Art-
TWMB82]. This methodology then deals with know-how dependency from the user, and that is generally limited for
structured meshes (quadrilaterals and hexahedra).

Alternatively to the structured meshes algorithms can find the family of unstructured meshes techniques. In
contrast with the previous ones, these methods deal with the called simplex geometries, corresponding to triangles
in two dimensions and tetrahedra in three dimensions. These techniques are based mainly in four families of
algorithms[BookZZT13; BookWri08]:

e Delaunay triangulation methods[ArtBow81].

e The advancing front method[ArtLo85].

e Tree methods, quadtrees for two dimensions and octrees for the three-dimensional cases[ArtYS84].

e The algorithm of recursive region splitting[ArtRRS95] places nodes on the boundary of the region to be meshed

by considering a certain density distribution.

These techniques can be used additionally for the remesh of unstructured quadrilateral meshes with the
combination of subsequent triangles, and the use of octree meshes for the automatic generation of hexahedric
meshes[BookZZT13; ArtPJR17; ArtPVR18].

"Isoparametric mapping method
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6.2.2 Adaptive finite element refinement techniques

Mesh adaptation is now widely used in numerical simulations to improve the accuracy of the solutions as well
as to capture the behaviour of physical phenomena[ArtFA05]. This technique allows to reduce considerably the
computational cost, associated with the corresponding DOF reduction, but obtaining an accurate solution neverthe-
less[ArtAF03].

This allows to compute complex problems with good results in three dimensions without dealing with the problematic
of the initial remeshing during pre-process, which can be a time consuming and error-prone[BookZZT13] task.
Additionally, allowing to adapt the computation during the simulation evolution, which alternative implies the creation
during the first stage a mesh that fits all the problem evolution, which can be a priori not known.

The process is called adaptation due to the existing dependence nature, the process depends on the previous
results[BookZZT13]; these methodologies were introduced originally by Babuka and Rheinboldt{ArtBR78][ArtBR79]
on the late 70s. The reasons for doing these adaptive procedures can be summarised, for solid mechanics problems,
displacements and stress errors should be contained in a certain tolerance. A very common approach of this is the
computation of the error energy norm and prescribing a threshold in order to not exceed a certain percentage of the
total energy norm.

In order to doing so several techniques exist, like the Recovery by Equilibrium of Patches (REP) techniques.
One of the most extended techniques based on REP is the SPR by Zienkiewicz and Zhu [ArtZZ92]. Of course the
methodologies based on REP are not the only ones available to measure the error, also from Zienkiewicz and Zhu
we can find techniques as the recovery methods[ArtZZ87]. From Babuka and Rheinbold{[ArtBR78] we can find the
residual-based methods, these methodologies as the name suggest estimate the error from the residual obtained on
the finite element approximation. We can also find relevant contributions in the field of mesh adaptability based on the
solution error in the work of Orate and Bugeda[ArtOB93; ArtOna+06; ArtBO94]. To study on detail all the techniques
previously mentioned we address to the book of E.Stein et al.[BookRam01], a complete compendium of works from
different authors addressing a set of complex NL problems.

Recently techniques based on the Hessian have emerged[ArtWes+03], this requires that the variable to be used
as error estimation to be twice continuously differentiable in the case we consider an analytical solution, or otherwise
requires to us to be able to numerically estimate this second derivative. This methodology has additionally the
advantage of giving a proper measure in order to create an anisotropic new mesh, anisotropic meshes are those
that employ extremely narrow mesh elements. This type of meshes have the advantage to reduce the number of
new elements necessary on regions where the minimal size required would imply a high number of elements in case
of considering an isotropic mesh. These last techniques are the ones consider on this study and the theoretical
background will be expanded on the theory section (6.3.Hessian based remeshing technique).

4 -5 L 4 o )

p-refinement

p=1 —>¢ pP=2 ¢

h-refinement

—» h

&
Figure 6.2: Concept of h-refinement and p-refinement

Finally, we can identify several procedures for the finite element mesh refinement[BookWri08], the most common
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are the following four:

¢ h-refinement: The same type of elements is used but their size is changed. See Figure 6.2. This method can
be divided at the same time on:

o Enrichment: Also called element division. At the same time, we can distinguish between hanging nodes
and fransition elements methods.

o Remeshing: A complete new mesh is generated.

e p-refinement: Where the same size of element is considered, but the polynomial order of the elements is
altered hierarchically. See Figure 6.2. Here the size of the local matrices of the elements is increased, with it
corresponding computational cost in computing and assembling.

¢ hp-refinement: This last technique consists in a combination of the two previous methods.

¢ r-refinement: Replaces finite element nodes such that the element sizes are optimised within a FE mesh in
order to reduce the overall error of the FE solution. The convergence to the exact solution for this method is not
guaranteed[BookZZT13].

The methodology considered on this work corresponds with the h-refinement, in particular we will consider the
remeshing technique, which means as already introduced, that we will create a whole new mesh. In order to do so we
will consider the Mmg library, an anisotropic metric based remeshing library. For more details we will address the
corresponding section in the appendixes B.3.Mmg library.

6.3 Hessian based remeshing technique

In this section we analyse on detail the techniques considered for remeshing. In order to understand the concepts
considered on the contact applied remeshing (6.8.2.Hessian metric), we need to introduce first the concepts of error
applied to a general PDE (6.3.1.Error estimation), later the concept of metrics is introduced (6.3.2.Metric based
remeshing) and general Hessian based metric measure (6.3.3.Hessian based metric measure). The section will end
with the introduction of the transfer operators used for the damage.

6.3.1 Error estimation

6.3.1.1 Upper bound on the interpolation error

We consider a general pde defined in a bounded domain Q of % where u denotes the exact solution of the problem.
We will call to uj, the FE solution obtained in a certain mesh .7, and therefore we can define the solution error e, as
the difference between these two values, (6.1). Using this error, we desire to generate a new mesh .7, on which the
error e, computed on this mesh new mesh, is bounded by a given tolerance value.

(6.1) e, =U—u

Usually, the approximation error is usually significantly difficult to quantify, and depends intrinsically of the nature of
the PDE which define the problem. Because of this is interesting to define an indirect approach[ArtFA05] which allows
us to estimate e,. If we define N,u as the interpolation of the solution u in the mesh .7}, therefore the interpolation
error (€,) will be defined as the difference between the exact solution and this interpolated one, (6.2).
(6.2) é,=u—"Tlpu

The Cea's lemmaJArtCeab4] it is an important tool for proving error estimates for the FEM applied to elliptic PDE,

although it is possible to prove that this approach also works well for hyperbolic PDE.

(6.3) [Ju—upl| < cflu—Thull
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Where c is a constant independent of the current mesh .7,. With this it is possible to control the approximation
errore, by controlling the interpolation error €,.The solution u, converges towards u as h is reduced. In any case
the final objective is to reduce the number of DOF while preserving the desired level of accuracy for the FE solution.
Therefore, the objective of the following approach concern[ArtFA05]:

e The construction of a suitable &, estimate
e The definition of an anisotropic metric map

e The adaptation of a mesh to the sizing and stretching constraints of the metric map

Defining K as one element in the given mesh .7, with its corresponding vertices of the given geometry. For
example, for the triangle K = [a, b, ¢| and for a tetrahedron K = [a, b, ¢, d]. In here, the interpolated solution 1,u
coincides with u in K. This interpolation is performed considering the standard FE shape functions?. In the following
the deduction will assume that we work with linear tetrahedra. In order to bound &, = u — N,u on K, we consider a
Taylor expansion with integral rest of the function e at a vertex of K (in here we consider the vertex a as an example)
with respect to any interior point x in K in (6.4).

1
(6.4) (U — Mpu) (@) = (u — Mpu) () + (X&, V (U — Mau) (X)) + / (1 — ) (aX, H(x + tx&)ax) dt
0

Where Vu(x) denotes the gradient of the variable u, and H(x) denotes the Hessian, at the point x. Assuming that
the maximal error is reached at the point x (closer to a than to the rest of the vertex K, a, b, ¢ for tetrahedra), see
(6.5a), and this is equivalent to (6.5b).

(6.5a) Vu-TIu)(x)=0
(6.5b) (V,Vu—-Th)(x)) =0, VWCK

Defining e(x) as the error, defined as (6.5¢). Considering & as the point corresponding to the intersection of the
line ax with the face opposite to a. Considering the local coordinate £ such that dx = £84’. As aiis closest to x than
any other vertex of K, then ¢ < 3/4°. Therefor (6.5¢) can be rewritten as (6.5d).

1
(6.5¢) le(x)| = /0(1—t)<5’(,H(x+n@)5?>dt

1
le(x)| = / (1 — % (a& H(a+ tx&)@ ) dt
0
(6.5d) 9 2oz | [
<1 y@g;\(aa,H(y)aaM /0(1 tydt

9
< — =2 /,H =/
5 max|(ad, H(y)d)|

We can now consider the infinity norm (L) of the interpolation error &,, we obtain (6.5¢e). From this, the bound
(6.5f) can be deduced.

2In case of a triangle, these shape functions can be defined as Myu = (1 — & — n)u(a) + £u(b) + nu(c), with 0 < € +n < 1. For the tetrahedron
the shape functions are defined as MNMyu = (1 — £ — n — Q)u(a) + Eu(b) + nu(c) + Cu(d), with0 < E+n+( < 1.
3Remark, we are considering a tetrahedron in this deduction.
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(6.5€) lu — Mpul| gmaxKQ H( )a_eF>
' P lloo.k 3 yeK a4
9 — —
- < 2 7 7
(6.5 =Ml < g5 max (ad, [H(y)| ad )

As in (6.5f) the bound depends on the extremum x, which is not known a priori, we can reformulate it as (6.59).
The former equation defines a bound in the case where the maximum error is achieved inside the element K. In
the case where the maximum error is obtained on the element face, then the corresponding expression coincides
with (6.5h). In the case where the maximum value is obtained along an element edge, the expression changes to
(6.5i).

9 -
(6.59) lu = Maull oo, < 55 maxmax (7, [H(y)| V)

2 .
(6.5h) [u— I'Ihu||OC x < = max max (V,[H(y)|V)

9 yelab,d vClab,c]

1
(6.5i) lu—Thul .« < g max <a%, H(y)| a%>

As a summary, that will be taken into consideration as a base for deductions in the next section, relation (6.5f)
provides a proper bound for the interpolation error on an element K.

6.3.1.2 Numerical computation of the interpolation error

Taking (6.5f), where the upper bound on the interpolation error (é,), we can reformulate it as (6.6a), in here ¢4 is a
constant related to the space dimension. The former expression has some drawbacks, as the two maximum values
required are complex to compute.

(6.62) lu—Thul[ x < G rpggmgﬂv IH(x)| V)

Because of that, we introduce the edges of K to replace the maximum value associated with all vectors included
in K. As any vector v of K can be written as linear combination of the edges of K, it yields (6.6b), where E is the set
of edges of K.

(6.6b) WK Vi) < max 1€l jue

This allows us to rewrite the upper bound from (6.6a) as (6.6c). In this expression the RHS term is not trivial to
numerically evaluate. So we must assume the existence of a metric tensor .# (K) as defined in (6.6d). This metric .#
is such that the region defined by {(V, .# (K)V)|vV C K} is minimal in volume.

(6.6¢) lu—Thull < ca max g&x(e [H(x)| €)
(6.6d) max (&, |[H(x)| 8) < (é,.#(K)8), Vec Ex

xeK
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Finally, the interpolation error £ on an element K is given by the following relationship (6.6¢).

(6.6€) ek = cmax (8, .Z (K)8)

ecEx

The former relation relates the interpolation error ¢ to the square of the largest edge length in K with respect to
the metric .. This implies that it is possible to control the interpolation error on the mesh .7, by controlling the length
of the mesh edges in K.

6.3.1.3 Mesh adaptation

From (6.6e), which defines ¢, we can deduce that if the ¢ is fixed, the only remaining variable left to change is the
edge length of K. The objective will be adapt the mesh edges in order that the interpolation error will be equidistributed
over the adapted mesh, meaning that we aim to obtain the desired error level with a minimum number of DOF under
fixed constraints.

Considering ¢ the maximum level of error tolerated on the mesh elements. The mesh edges must be such that
(6.7a).

(6.7a) e =c(8, A(K)8), Vec Ex

Considering (6.7b) the target metric tensor, this expression leads to (6.7c).
(6.7b) M(K) = g///_(K)
(6.7¢) (6, #(K)&) =1, Vee Eg
(6.7¢) is equivalent to define the edge length with respect to the metric .# (K). In order to evaluate the length, we

need to consider the Euclidean norm of a vector U (L) for a metric .# is defined as (6.7d), and the distance between
two points given by (6.7¢).

(6.7d) U]l = /(. U).cr = V1UAT

(6.7€) d.4(A, B) = L4(AB) = | AB|.x = \/ tAB.# AB

In consequence, the relation (6.7b) is equivalent to (6.7f), which prescribes edges of unit length for any edge of K
in order to bound the interpolation error e on K by a value «.

(6.7f) (///[(K)(é))z =1

The equation (6.7f) introduces the notion of unit mesh as the target optimal mesh. An optimal mesh is the mesh
on which the interpolation error e is distributed uniformly and bounded by a tolerance value ¢.

6.3.1.4 Computation of the relative error

Finally, the relation (6.6c) gives us an absolute bound on the interpolation error c«. [ArtFA05] considers a relative
bound on this error and therefore defining an estimate of the relative error. Doing this will provide a metric independent
of the nature of the physical problem, this allows to combine different variables together. Equation (6.8a) introduces
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how to compute dimensionless variables and introduces a relative error. We will present our own normalisation
procedures in the following sections.

u-—TIyu
|ule

(6.8a)

. <4 [H(x)| q>
< ¢y maxmax ( e, é
oK XK 8eEx lu(x)|e

In here |u|. = max (|ul, €||u]|,) . Additionally we must take into account that the solutions vary from several orders
of magnitude. It is often difficult to capture the weakest phenomena via mesh adaptation. [ArtFA05] proposes as a
potential solution the consideration of a local error estimation in order to overcome this problem. Additionally[ArtCIAQ7;
ArtCas+97], the error estimate can also be normalised using the local value of the gradient (V) norm (L) of the
variable u, weak phenomena can be captured even in cases where the variables deal with sudden variations, like
shocks or BC dependent variables. In [ArtFA05] the following error estimate (6.8b) is proposed. Where h is the
element size on the mesh 7, and 0 < o < 1.

u-—TIlyu
aul, + h[[Vul|

(6.8b) ’

< cmax max <é [HO)| é>
h (X)|l2

- xeK ecEx \  alu(x)|c + h||Vu

6.3.2 Metric based remeshing

With the concepts introduced in 6.3.1.Error estimation we are now ready to introduce the Hessian metric[ArtFA05]. In
here, we will introduce in first place the concept of metric (6.3.2.1.Concept of metric), then we will show the intersection
operations needed in case than more than one metric is taken into consideration (6.3.2.2.Metric intersection).

(a) Metric analogy (b) Intersection
Figure 6.3: Metric analogies. Images from [ArtFAQ5]

6.3.2.1 Concept of metric

The metric represents the operator which is equivalent to a geometric interpolation law on h on the edge[ArtFA05].
Let .# be a discrete metric field defined at the vertices of a mesh .7}, of a domain 2. Thanks to the interpolation
operation, we have a continuous metric field in the whole domain, i.e. a Riemannian metric space (.# (x)),cq- This
representation of the metric field depends on .7} as the interpolation law is applied at the element level.

In order to compute the length, we can consider two points in the domain, a and b. The length of the segment
between this two points can be computed as Gaussian integration as seen in (6.9), where «; corresponds with the
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barycentric coefficients and w; the integration weight. In here where . (a + a;ab) is the metric at the i Gauss point.
With the former expression, the concept of metric can be understood.

1 k
(6.9) . 4(ab) = / V/tao# (a + tab)abdt ~ » " w;\/tap.# (a + a;ab) ab
0 i=1

The notion of length in a metric space is related to the notion of metric[ArtAF03] and therefore to an adequate
definition of the scalar product in the vector space considered. Define a metric tensor at a point P, respect an element
K, from a mesh .7, it considering a matrix .# (d x d) symmetric positive defined and not degenerated. In three
dimensions the we can consider (6.10), which can be assimilated to the analogy of an ellipsoid (Figure 6.3a).

M = suchthata>0,d >0,f>0

(6.10)

O T Q

b
d
e
)

o -~ 0O O

and det(.#) >

—_

, considering a, b,c,d,e € R

The tensor .# can be diagonalised because it is symmetrical. Then, .# can be written .# = ZN%Z~", where %
is the matrix of the eigenvectors and A the matrix of the eigenvalues of .7 . It should be noted that this decomposition
is not unique, indeed one can take any eigenvector of the subspace associated with one of the eigenvalues or it is
enough to invert columns of & and A.

To illustrate the effect of the metric on the actual mesh, we can observe the Figure 6.4, where the metrics present
on the nodes sketch the tetrahedra accordingly.

Figure 6.4: Effects of the metric on a tetrahedra

6.3.2.2 Metric intersection

Frequently, one is brought to work with several metrics. In the case where several metrics are specified at the same
point of the mesh, we try to define a single metric that takes into account all these metrics, that is to say to define the
metric given by the intersection of all these metrics.

To define the intersection of two metrics, we use the fact that a metric tensor is represented geometrically by a
two-dimensional ellipse or a three-dimensional ellipsoid. The metric intersection consists then in keeping the most
restrictive size constraint in all directions imposed by this set of metrics[ArtFA05] (see Figure 6.8b).

The simultaneous reduction enables to find a common basis (e;, e> and e3) such that .#; and ., are congruent
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to a diagonal matrix, in this basis then ./ is introduced:
(6.11a) N = ///;1///2

¥ can be diagonalised in %, because it is symmetrical in the metric .#;. The base in question is given by the
normalised eigenvectors of .4 that we note e, e; and e; (they form a base because ./ is diagonalisable). The
eigenvalues of . and .#> are found in this base using the Rayleigh quotient:

(6.11b) A\ = e,ﬂ///1e,- and Wi = e,t//ze,‘

Considering & = (e1eze3) be the matrix the columns of which are the eigenvectors of ./, common basis of both
metrics, so it can diagonalise at the same time .#; and ..

My = pt 0 )\2 ) i
0 )\3
(6.11¢) )

My = P o o T

0 ps

Computing the metric intersection as:

max(A1, 1) 0 0
(6.11d) My = MO My = P! 0 max(\z, 1i2) 0 P!
0 0 max(As, /13)

6.3.3 Hessian based metric measure

Taking as starting point the concepts introduced in 6.3.1.Error estimation, and the concepts of metrics from previous
sections, we are now ready to introduce the Hessian based metric (.#'). We can summarise the following properties
introduced by Alauzet[ArtAF03]:

e The analysis and results obtained are not asymptotic, which means that the size of the mesh h is not tending to
zero. This solves some potential errors.
e ltis based in the Hessian (H) of the solution.

e The obtained metric is anisotropic. This leads to reduce the number of degrees of freedom to solve the
problem as compared to the equivalent isotropic mesh, for the same level of accuracy[ArtFAQ5].

e |t is independent of the nature of the operator, so it can be used with any type of equation.

6.3.3.1 Hessian theory

We can compute the Hessian[ArtWes+03] matrix (H) of a scalar variable f as proposed in Equation (6.12).

# i
ox? Oxy Oxp
H= : : or just:
6.12
(6.12) oy o1
| OXn OXq ox3 |
L O?f
" 0x0x;
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We remark the fact that the mathematical concept underlying in the consideration of the Hessian in mesh adaptation
has been already introduced in 6.3.1.3.Mesh adaptation. Once the Hessian matrix (H) has been computed, we can
compute the corresponding anisotropic metric by the following (6.13)[ArtFA05]. We highlight that for anisotropic
remeshing the resulting metric .7, no additional operations are needed as the Hessian (H) already provides an
anisotropic mesh.

(6.13a) M = BN R with
(6.13b) A = diag()\;)

Being the eigenvalues from Equation (6.13) equivalent to the expression from Equation (6.13c). In here we will
consider both the maximum (hp,2«) and minimum (hp,;,) desired mesh sizes.

~ . Cd|)\,‘| 1 1
(6.13c) Aj = min (max( 2 ) f;2>

max min

Being ¢ the error threshold and ¢y a constant ratio of a mesh constant and the interpolation ratio*. For an isotropic
mesh the metric (.#s,) will be a diagonal matrix, where each element of the diagonal corresponds with the maximum
eigenvalue as seen in Equation (6.13d), where & corresponds with the eigenvectors matrix of .7 .

max(\;) 0 0
(6.13d) Miso = diag(max()j)) = 0 max(\;) 0
0 0 max(\;)

On the other hand, we can enforce a higher level of anisotropy using the anisotropic ratio (p) on the mesh in
consideration of a relative anisotropic radius (R,r) as seen in the metric (.#Zzniso) in Equation (6.13e).

(6.13e) Maniso = X' NanisoZ

Being the matrix Aaniso equivalent to Equation (6.13f). In here we consider the minimum between the maximal
eigenvalue and the corresponding eigenvalue. This value is at the same time compared with the relative radius, where
the maximum between the two values is taken into consideration.

) max(min(\1, Amax), Rxrer) 0 0
(6.13f) Naniso = 0 max(min(Az, Amax), Rxrer) 0
0 0 max(min(Az, Amax), Rxvel)

The relative radius then can be calculated using Equation (6.13g).

Rirer = |Amax — Rx| where:
Ry=(1- P)|5\max - :\min|

4¢ can be taken as 10~ as reference value. In the other hand ¢4 can be considered as % for 2D cases and ;—2 for 3D cases.

(6.13g)
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6.3.3.2 Numerical example

NODAL_H
0.00707 0.00707 0.00707

Figure 6.5: Initial mesh

The objective is to remesh the structured 1 mesh with the scalar function from Figure 6.5 and (6.14). The original
mesh has a high number of elements structured, our objective is to obtain an unstructured mesh where the smaller
elements will be around our objective function. The x shaped function (6.14):

f(x, y) =tanh(—100(y — 0.5 — 0.25 sin(27x)))

(6.14)
+tanh(100(y — x))

The results obtained can be seen on Figure 6.6b, here the smaller elements are around the y shape that can be
seen in the Figure 6.6a showing the scalar function representation.

DISTANCE NODAL_H
-2 o 2 000318 40313 0.0584

(a) Scalar function (b) New mesh
Figure 6.6: Solution for the example
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6.4 Level set based remeshing technique

6.4.1 Theory

On the following section, the fundamentals of the /level set technique for building a mesh metric are presented. The
concepts of the metric already presented in the previous section (6.3.2.Metric based remeshing) are taken into
account. We compute the gradient (6.15) of a scalar variable f in order to compute an anisotropic metric to remesh,
using the procedure from (6.16). On Figure 6.7 the gradient of a distance function is presented as an example. The
former example is shown in detail on the section 6.4.2.Numerical example.

_or, ony of
~Ox 8yl 0z

(6.15) vf

Figure 6.7: Scalar and its gradient
We compute the following auxiliary coefficients (6.16), with them we can calculate the metric for the 2D cases

(6.16¢) and for 3D cases (6.16d). Calling h the element size, p the anisotropic ratio, the metric .#, f the scalar value
and Vf the gradient from that scalar.

(6.162) co = 12 Isotropic metric
' ¢ = % Applying anisotropic ratio
f
(6.16b) ///=con®n+c1(l—n®n),withn=L
VAl
Then for 2D:
_ (1 - V£72) + ¢y VF? (c1 — )V VI,
(6.16c) A = ( (i — VEVE,  co(1— V) +6VF2
And for 3D:
co(1 = V) +aVZ (¢ — c)ViVi, (¢ — )V VI,
(6.16d) M = (c1 — co)VEVH, co(1 — fo) + C1fo (c1 — )V, VE,
(¢1 — @) V£ VT, (c1 — )V VL, (1 — Vi) + VI
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6.4.2 Numerical example

The challenge consists in meshing anisotropically the geometry using as metric measure the gradient of the distance,
measured previously with an octree mesher GiD[OnIMel+16]. The geometry chosen is taken from the Stanford 3D
Scanning Repository, and it denominated Stanford bunny[BookRH12], see Figure 6.8a.

The mesh corresponding before remeshing corresponds with Figure 6.8b, the surrounding mesh to the isosurface
is relatively coarse and does not fit the isosurface geometry.

(a) Stanford’s bunny (b) Original octree mesh
Figure 6.8: Stanford’s Bunny example

On Figure 6.9 the solution obtained is presented. In Figure 6.9a the anisotropy distribution (p) is represented in
isosurfaces around the bunny. The resulting mesh, which fits the zero distance isosurface of the bunny, can be seen
at Figure 6.9b.

\mjg_qglgmrﬁ—?" v
T 05 1

| | | -lix R &
(a) Anisotropic ratio (b) Mesh after remeshing

Figure 6.9: Resulting mesh after remeshing
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6.5 SPR based remeshing technique

6.5.1 Introduction

As we already mentioned previously, the SPR method was proposed by Zienkiewicz and Zhu in 1992[ArtZZ92], and
continued with later contributions[ArtZZ95]. In order to present the method, the underlying concepts related with error
measure and error estimation will be introduced. We remark that the basic concept of error estimation has been
already introduced in 6.3.1.Error estimation, here we will extend those definitions.

6.5.2 Theory

6.5.2.1 Error measures

The most basic error measure (e,,,) would be to simply sustract the obtained solution in the FEA (uy,) to the exact
solution (u), this can be extended to any value we want to use as reference like stresses or strains (6.17). Nonetheless
these local error measures are in general not applicable for a refinement strategy as many singularities, like zero-size
elements, may occur. Because of that various error norms (|e[|2) representing an integral quantity are chosen to
measure the error[BookZZT13], Equation (6.18) presents the energy norms as an example. It is relevant to mention
that according to this concept, it is not always necessary for the mesh in the entire model to be refined. This can be
seen once we consider the Saint-Venants Principle, which enforces that the local stresses in one region do not affect
the stresses elsewhere.

e, =U—uy
(6.17) e. =g —¢gp
€, =0 —Op

The global energy norm can be defined as (6.18a).
(6.182) lelit = [ (o —on"C o~ an)d
Q

The sum of the local energy norm of each element (K) contributions (6.18b).

(6.18b) lelz =% |

K

[ o ooy dﬂ} =Y el
K

Qi

6.5.2.2 Error estimation

Unfortunately, these errors measure is not possible to obtain in practice, as we do not know the exact solution most of
the time, so we need to calculate an estimation of the error (€,), in such a way that ||€,z| =~ ||evar|. Usually an a
posteriori error estimators are used. These types of error estimators are calculated based on a reference solution
of the problem which is usually obtained by a computation on a coarse mesh. On the other hand, an a priori error
estimators estimate the error before a solution is calculated. Due to the nature of the present work, an a posteriori
error estimator will be considered.

The a posteriori error estimators can be divided on[BookAO11]:

e Residual based method: These methods can be divided on:

o Explicit residual methods: Explicit schemes involve a direct computation using available data. The
explicit residual method employs the residuals in the current approximation.

o Implicit residual methods: Implicit schemes involve the solution of an algebraic system of equations.
The error is estimated via the element residual method indirectly, it generally involves the solution of a
small linear algebraic system.
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Finite element approximation u Gradient of u Recovered gradient of u

du
du

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 10 1.5 20 25 0.0 0.5 10 1.5 20 25
x x x

(a) FE approximation of up (b) Gradient of up, (c) Recovered gradient
Figure 6.10: Construction of a recovered gradient in 1D. Inspired[BookAO11]

e Recovery based methods: In linear FE the stresses and strains are constant over the element, meaning that
the stresses field will be discontinous between elements. Taking these lower order approximations, recovery
methods generate a higher-order solution (see Figure 6.11). SPR method falls inside this category.

Each of the presented method has its own strength and weaknesses[BookAO11]. Explicit residual methods
require low computational effort, but requires the estimation of an unknown constant. Implicit residual methods require
the resolution of an auxiliary problem, therefore higher computational cost, and additionally the Neurmman BC are
complex to take into account. On the other hand, recovery methods require low to very low computational costs, and
the only weakness is that no upper and lower error bounds exist.

6.5.2.3 Recovery based methods

These methods were originally based on postprocessing procedures. We want to compute the nodal recovered stress
values () from the overall recovered stresses (o *) using the standard shape functions (N) (6.19).

(6.19) o* = N&*

It is assumed that the exact solution is approximated by the recovered solution sufficiently. In consequence we
can evaluate the energy norm error from 6.18 replacing the exact stress with o*. The resulting expression (6.20)
gives us an approximation of the energy norm.

(6.20a) le||z = / (c* =) C (0" —op)dQ
Q

(6:200) lelz -3 |

K

/ 0" — o C (0" — o) dn} =3 [lel2«
K

K

6.5.2.4 Superconvergence concept

The idea to derive these error indicators is based on the fact that many FE meshes have superconvergence
properties[BookRamO01]. Superconvergent points are points of the solution field where the error of the computed
values decreases faster than elsewhere and those errors have an order O (hp”). This concept can be illustrated on
Figure 6.11, where the FE solution of the primary variable u is actually exact at the nodes while the FE solution of the
first derivative % is exact at the centre of the element. In this 1D case, the order of convergence is at least one order
higher (order p + 1) at the nodes for the primary variable and at the GP for secondary variables (order p) like stresses
or strains[ArtZZ92]. This property cannot be applied on general, but can be shown that for problems of the form
B7CBu = f with a differential deformation operator B and a symmetric constitutive tensor C this property holds.

By using a projection method, an improved stress field can be obtained from the superconvergent points. With
the superconvergent values, it is possible to smoothing of such values by a polynomial of order p within a patch of
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Optimum sampling _ —
point for u ct Linear approximation
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Piecewise linear

approximation
Linear approximation 7
Exact at nodes y F
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® ® L pointfordufdx X
[ h, | by |
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(a) Optimal sampling points for the function (b) Optimal sampling points for the gradient

Figure 6.11: Optimal sampling points in 1D linear elements. Source[BookZZT13]

® Nodal values determined
from the patch
O Patch assembly point
A Superconvergent sampling
points Element patches Q,

3-node elements {linear)
Figure 6.12: SPR example for linear triangles. Source[BookZZT13]

elements for which the number of sampling points can be taken as greater than the number of parameters in the
polynomial. For simplex linear elements®, which are used in this work, it has been shown that the average value
of the derivatives at mid sides of adjacent elements are superconvergent[ArtChu80; ArtLev82] (see Figure 6.12).
Additionally in order to avoid the singularity on the LHS of the system we need to solve for the stress recovery, some
additional precautions must be taken into account on the corner elements, with an incomplete patch. One possible
way to deal with this issue is to calculate the recovered solution from a valid neighbour patch to the original patch. It is
relevant to highlight that the optimal sampling points are considered the centroidal points for the construction of a
recovered stress field[ArtZZ92], for further detail see[BookZZT13].

6.5.2.5 SPR calculation

Based on the procedure described in the previous section, we want to construct a solution field with superconvergent
properties in the whole domain from the superconvergent sampling points. In order to do so, we will apply a smoothing
of the stress values within an element patch considering a least-square polynomial fit. In the following, the concepts
and procedures important for SPR-based error estimation are presented in (6.21).

Defining the polynomial of order p that will be considered on the recover. Being a; is a set of unknown parameters
and p contains appropriate polynomial terms. X represents the coordinates respect the interior vertex node of the
patch. Then we can deduce (6.21a).

o} = pa;
(6.21a) p=[1 X y Z - z° |
aj=[a a..am|

SLinear 2D triangular elements, and the linear tetrahedra in extension for 3D.
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Our objective is to minimise the following (6.21b).

n n

1 412 1 2
(6.21b) m|n n= m|,n > kz; lohi—o7] = min 2 ; [ohi — pal

This minimisation defines the following system of equations with LHS and RHS.

LHSa, = RHS;
(6.21¢) LHS =Y, . p®p
RHS, =Y, pon,

The superconvergent nodal stresses may be computed by different patches adding and averaging its corresponding
contribution to the shared nodes.

Finally, it is important to analyse the singularities on the patch, like the corner nodes, where the LHS from (6.21c)
becomes singular. In order to solve that issue in [ArtZZ92] it is proposed to calculate the nodal superconvergent
stress values for boundary nodes from an interior patch.

6.5.2.6 Local mesh size
6.5.2.6.1 Compute h

With the previous error computed, we are now able to compute the element size h. In order to do so we apply the
methodology from Zienkiewicz[BookZZT13], summarised in Equation (6.22).

The relative energy norm error (1) should be below a certain threshold value (9iresnoir). We can consider the error
estimated previously in all the following expressions. It is considered[BookZZT13] to be necessary to remesh in every
entity where n < 1.

_ llelle _ llelle

(6.22a) - ~
lulle  ulle

< Ninreshold

In the former expression, the total energy of deformation (||u| ) is expressed as (6.22b)°.
(6.22b) ul|z = /Qaq:*wm

With this we can define the threshold error (|| €|| reshoid) @s (6.22c).

(6.22c) ||thhreshold = nthresholdHuHE = Tthreshold HuhHi' + HeH%

We are interested on distribute this error uniformly across all the ngx elements, then the threshold error for each
element (|| || reshoia k) Would be (6.22d).

up||” + |le|? upl|” + ||é?
(6-22d) HthhresholdK—nthreshold | H H H = Nthreshold | hH H ”

With this we can define the refinement ratio for each element (¢x) as in (6.22e). We can assume that the error per
element (|| || k) is proportional to the mesh size (h) to the polynomial power (6.22f). With the previous expression, and
considering the refinement ratio for each element (¢x) the new element size (h,e) can be defined as (6.229).

(6.22¢) g = loxll
ex
(6.22f) llellx o< h?
h
6.22 Py = —1
(6:229 Vex

6C—" implies that depending on the material considered, the method may not be applicable.
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6.5.2.6.2 Compute respective metric

The previously calculated element size must be transformed into the metric format, 6.3.2.Metric based remeshing,
in order to be used with the Mmg library. In order to do so, as the size obtained corresponds with an isotropic mesh it
will be as easy as a diagonal tensor, see (6.13d), such that we obtain the final expression from Equation (6.23).

(6.23) M = S

new

6.5.3 Example

We can illustrate the method with the following example, Figure 6.13. In here we have a simple cantilever beam with a
distributed load. We start with the mesh from Figure 6.13a. Computing the energy error norm with the SPR the final
mesh from Figure 6.13b is obtained. We can appreciate that the error is reduced significantly from Figures 6.13c to
6.13d. Additionally the displacement changes significantly too from Figures 6.13e to 6.13f with the finer mesh (the
deformation factor is tweaked in order to fit better on these pages).

a hzs 0s o0rs 1 o nzs 5
ERROR_INTEGRATION_POINT ERROR_INTEGRATION_POINT
4.17e-08 0.00293 000588 B.75G 07 441005 BT4e 05
[ E— I
(c) Error (Initial mesh) (d) Error (Final mesh)

DISPLACEMENT DISPLACEMENT
9 16005 82605 o 245805 au1e0s
[ — [ —

(e) Displacement (Initial mesh) (f) Displacement (Final mesh)

Figure 6.13: SPR example

6.6 Internal values interpolation

6.6.1 Theory

In order to recover the internal values information after remeshing, necessary in order to be able to work with
constitutive models that depend on historical values, as the plasticity models used on this work. The Figure 6.14
shows graphically how each one of the transfer operators work[ArtGJ06], we can be listed as (all of them available on
Kratos):

e CPT (Figure 6.14a): It just takes the value from the closest point. It provides acceptable results at low cost.

e SFT (Figure 6.14c): It interpolates the values using the standard FEM shape functions. Leads to an artificial
diffusion of the value, but preserves the original shape of the value profile.
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— new mesh - E%wm"égﬁh

e Pld mesh O ip of new mesh
0O ip of new mesh O ip of old mesh
C ip of old mesh

v
LR

(b) Least-Square projection Transfer (LST)

(c) Shape Function projection Transfer (SFT)
Figure 6.14: Transfer operators. Source[ArtGJ06]

e LST (Figure 6.14b): It considers a least-square transfer across the closest points. Probably the most accurate
technique but computationally more expensive.

From the methodologies listed above the used in our simulations is the CPT, due to the fact that is the most
commonly used on the literature[ArtChi+12]. There are more available techniques, we address the work of Bus-
setta[ArtBBP] for alternative mesh transfers operators.

6.6.2 Example

10m

v

(a) The problem of reference

(b) Original mesh (c) Resulting mesh
Figure 6.15: The beam problem of reference for the internal interpolation

The problem presented consists in a very simple beam of 10 x 1 as seen on Figure 6.15a. On this mesh we
consider a simple plasticity law, and we wan to see if we are able to preserve the plastic strain between the initial
mesh (Figure 6.15b) and the final mesh (Figure 6.15c).

The results we wan to interpolate are shown in Figure 6.16a. Considering the CPT method (Figure 6.16b) the
resulting plastic strain profile is quite close to the original one. On the other hand, we have the results for the LST
from Figure 6.16c¢, which solution is much smoother, but as previously stated this may lead to an artificial diffusion of
the target value.

6.7 Integration points values extrapolation
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(a) Resulting values at the original mesh

FLASTIG STEAIN

(b) Interpolated results with CPT (c) Interpolated results with LST
Figure 6.16: The beam problem of reference for the internal interpolation

6.7.1 Introduction

In order to be able to consider some GP as a candidate variable to apply the level-set (6.4.Level set based remeshing
technique) or the Hessian (6.3.Hessian based remeshing technique) approach we need to transfer and extrapolate
the values from the integration points to the nodes of the mesh. The technique required to do so is presented in the
following.

6.7.2 Theory

Applying the same concepts considered for stress recovery[BookCAO01], we can extrapolate the values from the
integration points. Taking into account the concept of the integration values can be defined with the standard shape
function definition and nodal values, Equation (6.24a). With this definition we can define a matrix operation which
will allow to extrapolate locally the values from the GP, as seen in Equation (6.24b). In here n corresponds with the
number of nodes in the element and m with the number of GP.

N;
(6.24a) value (§,1,¢) = [ value; --- value, | | :
Np
value; NDo N value$P
(6.24b) S R :
valuey, Np oo NT valueyy

The recovered values from the integration points locally calculated for each element, generally exhibit jumps
between elements. In order to smooth these jumps, we can compute averaged nodal integration values. The two
main methods in order to do so are:

1. Unweighted averaging: Where we assign the same weight to all elements that meet at a node
2. Weighted averaging: The weight assigned to element contributions depends on a certain value. For example,
the integration weight of each GP, the element geometry or the element type

From these methods we will consider a weighted averaging based on the integration weights of each GP. In order
to do so, the corresponding average value at each node will be the one shown in Algorithm 6.
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Algorithm 6 Compute of nodal average value

1: procedure COMPUTE OF NODAL AVERAGE VALUE

2: Reset the nodal average value on the mesh Wyqe

3 for all node € Meshypqes dO

4 Whnode = 0

5: We add the contribution of each GP

6: for all element € Meshgjements do

7 for all GP € element do

8 Compute Jacobian J, integration weight wy, and shape functions N
9 for all node € element do

0

10: Wnode+ = NnodedWgp

In order to compute the smooth result, we just need to sum the corresponding contribution of each GP multiplied
by Wnoge, @s seen in Equation (6.25).

elem gp Jw.
d
(6.25) valuenoge = Z Z NrodeSWgp valueg,
iz j=0 Whode

6.7.3 Numerical example

The following example consists in a
very simple structural problem. | will
consist in a variable height cantilever
considering linear elastic plain strain
constitutive model. The parameters
considered are standard steel, see Ta-
ble 6.1. Figure 6.18 shows the solu-
tion obtained. On Figure 6.18a we
can see the VM stress before being
recovered, and in Figure 6.18b the so-

lution after consider the algorithm pre- = =
sented. Figure 6.17: Cantilever mesh and geometry

E v p
2.069-10""Pa | 0.29 | 7850kg/m°

Table 6.1: Parameters considered for cantilever example

(a) VM stress non-extrapolated (b) VM stress extrapolated
Figure 6.18: Resulting VM stress before and after recover

6.8 Adaptive remeshing methods applied on CCM

In this section we will introduce the particularities necessaries in order to evaluate the remeshing techniques on the
contact problems. The discontinuity and continuous evolution of the boundary, the nonlinearity of the problem itself,
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introduce several challenges that must be taken into account in order to properly evaluate the problem.

Especially in the case of CCM, an adaptive refinement procedure is very beneficial: Particularly in the transition
between the contact zone and the non-contact zone, the exact solution might not be covered appropriately by the
FE-solution, for example due to a C°-continuity in the contact pressure. A fine mesh in this area gives the possibility to
cover the contact behaviour appropriately while the computational costs are kept low due to a coarse mesh in areas
where the solution behaves nicely and can be covered by fewer elements.

6.8.1 Level set metric

6.8.1.1 Theory

One first approach we can think in order to remesh the contact problem is the consideration of a level set, see
6.4.Level set based remeshing technique. This approach is adequate for fluid simulations were with this technique,
it is possible to remesh in the boundary layer of the fluid . This is commonly used in CFD[ArtSAS13], particularly
in embedded/immersed formulations, which is known to be crucial for accuracy. An equivalent to this last approach
could be considering the equivalent to the distance gradient in CCM, which would be the gap gradient. In order to
compute the consistent gap, we will consider the formulation proposed in 4.4.4.Penetration definition. In the following
numerical example, we will study if this approach fits our needs.

6.8.1.2 Numerical example

G

(a) Original mesh (b) Normal gap original
Figure 6.19: Hertz geometry considered. Example here

In order to study the suitability of the method, we can consider a relatively simple geometry so we can see if this
solution fulfils our problematic. We will consider an Hertz-like geometry from Figure 6.19. This geometry is commonly
considered as a benchmark in CCM, but additionally we can even compute analytically the gap (g,). The initial mesh
is on Figure 6.19a and the gap representation in the Figure 6.19b.

nTiNE

(a) Resulting mesh (b) Normal gap solution
Figure 6.20: Solution obtained
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Applying the level-set technique the resulting mesh, Figure 6.20, shows us a finer mesh around the contacting
zone, but with an anisotropy that a priori does not benefit us. Therefore the we can conclude that the level-set
approach does not provide a good mesh estimation for contact problems.

6.8.2 Hessian metric
6.8.2.1 Theory

The next approach we want to consider in the CCM is the Hessian based remeshing procedure. This technique is
described in detail in the previous section 6.3.Hessian based remeshing technique. We want to consider several
variables which provide an adequate description of the contact problem so the mesh will be finer in the interest regions,
especially the boundary region that deals with the contact problem.

The variables that can be taken into account can be many, one of them may be the displacement, but this choice
does not provide a good information. In a generic CSD may be a good approach’, as the displacement may be a
relevant variable which describes in a good manner the problem itself. But, for example, in a contact problem where
the both domains are already in contact this variable will not be very helpful to describe our problem. A variable more
associated to CCM is the contact pressure, but this one it is available only in the contacting interface, therefore no
affecting the whole domain, and not providing a full information of the problem. Due to the intersection capabilities
of the metric-based technique, see 6.3.2.2.Metric intersection, we can consider one or two additional variables
which will provide a full information of the domain. We think in two different variables which are natural to consider
on this problem, the VM equivalent stress and the strain-energy. They are natural in the sense that many CCM
problems involve plasticity too, and in consequence are descriptive of the whole problem. In summary, the contact
stress will provide us information about the contact boundary, and this information will be complemented with the VM
equivalent stress and the strain-energy. The example shown in 6.8.2.2.2.Punch test explores the consideration or not
consideration of the strain-energy in combination of the VM stress.

So we can consider the contact stress on both sides of the problem, not just in the slave domain, we must map the
values from the slave domain to the master domain. In order to do so, and trying to be the most consistent possible
with the formulation considered, we will apply the Mortar mapper developed in this work, see E.Mortar mapper. With
this, the domain will be remeshed equally, or proportionally, in each one of the contact domains. Additionally, the
VM equivalent stress must be extrapolated to the nodes in considering the method present in 6.7.Integration points
values extrapolation. In order to normalise these values, so the metric obtained is not so restrictive, we will consider a
normalisation factor which will depend on the Young modulus (E) and the Poisson ratio (). These values are taken
into account in order to have a magnitude order to the stresses. The Equation (6.26) shows the normalisation factor
(f2orm) considered in our formulations. This value has been obtained via numerical experimentation to get a proportion
of factors providing a reasonable value.

20

(6-26) fnorm = ﬁ

6.8.2.2 Numerical example
6.8.2.2.1 Simplest patch test

The following is the simplest contact patch test possible, with only two blocks, and the displacements in the outer
lines being fixed in the x axis. The geometry and the mesh of the problem considered can be seen in Figure 6.21,
using triangular elements so we can remesh with Mmg. The continuous distribution of displacements in this problem
can be seen in Figure 6.21b. A contact patch test is a problem where the distribution of the stresses is constant. The
constant stresses can be observed on Figure 6.21c. The solution presented is interesting on this contest due to the
computed Hessian will be zero, as there is no variation on the stresses, Figure 6.21d, and therefore in theory the
obtained mesh with this method will be the original one, or the minimal sizes we impose on the resolution. Therefore
this is just an illustrative case to show in which cases the method will preserve the original mesh.

"This is not the case for 6.10.2.Beam problem. Hessian of displacement, where the frequency corresponds with a highly oscillating beam.
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(a) Mesh (b) Displacement (c) VM stress (d) Hessian 2D
Figure 6.21: Simplest patch test

6.8.2.2.2 Punch test

The numerical example will consist in a simple punch test in plane strain with a very coarse mesh. The problem is
remeshed considering an Hessian metric. The metric intersects the contact pressure, VM stress and additionally the
strain energy. We will evaluate 4 steps of At = 0.5s, with a vertical displacement in the top face of u, = —0.01¢. The
remesh will be performed each 2 steps. The material considered is steel for both domains (Table 6.2).

Domain E v
Upper domain | 2-10"Pa | 0.29
Lower domain | 2-10""Pa | 0.29

Table 6.2: Parameters considered for the Hessian remesh punch test

DISPLAGEMENT

(a) Original mesh (b) Displacement original (c) Strain energy (d) VM stress
Figure 6.22: Punch test geometry considered. Solution t = 0.5s. Example here

We will compare the solution between taking into account the strain energy and without it. As the initial mesh is
very coarse it does not provide much information, but in the later steps we can see as the mesh is refined around critics
points. The original mesh, as well as the displacement, strain energy and VM stress can be found in 6.22.

The Figure 6.23 shows the solution at t = 1.0s considering the Hessian metric for the contact stress and the VM
stress. This solution can be compared with the solution provided with the metric that also considers the strain energy
in the Figure 6.24. Both solutions are very similar, this is in part due to the fact that the first mesh is very coarse and
the information which provides is limited. Anyhow, there are some small differences in the distributions obtained, and
the ones which consider the strain energy provides a more detailed distribution in the solution achieved.

Solutions from Figures 6.25 and 6.26 show the results at t = 2.0s. In this case, as the previous mesh provided
much more information than the original one, the final meshes are better defined.
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(a) Solution mesh (b) Displacement solution (c) Strain energy (d) VM stress
Figure 6.23: Punch test solution for VM stress and contact stress Hessian at t = 1.0s
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(a) Solution mesh (b) Displacement solution (c) Strain energy (d) VM stress
Figure 6.24: Punch test solution for strain energy, VM stress and contact stress Hessian at t = 1.0s

DISPLACEMENT STRAIN_ENERGY VON_MISES_STAESS

(a) Solution mesh (b) Displacement solution (c) Strain energy (d) VM stress
Figure 6.26: Punch test solution for strain energy, VM stress and contact stress Hessian at t = 2.0s

In both cases, Figures 6.25a and 6.26a show meshes which are finer in the contact boundary, as we must expect,
as well as the points where the displacement is imposed, and therefore the reactions are concentrated in that region.
Both meshes are quite similar, but the solutions obtained differ significantly, in the case of considering the strain
energy too, the solution profile of the VM stress and the energy is more detailed and closer to the expected solution.
In the other hand, the displacement solution, Figures 6.25b and 6.26b, converges quite fast in comparison with the
other variables, as expected. This faster convergence was mentioned previously in the SPR section, in Figure 6.11
from 6.5.2.2.Error estimation.

Here, we remember that the intersection concepts have always provided the most restrictive of all the provides
metrics, so the consideration of the additional variable always provides additional information without worsening the
previous solution. Of course, this does not mean we can intersect all the possible variables, as our interest is to define
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DISPLACEMENT STRAIN_ENERGY VON_MISES_STRESS

(a) Solution mesh (b) Displacement solution (c) Strain energy (d) VM stress
Figure 6.25: Punch test solution for VM stress and contact stress Hessian at t = 2.0s

a good mesh to solve our problem of interest, and so we should focus on those variables that are representative
of the phenomenon of study, as we have shown in this example. We could for example, consider in addition the
displacement, but as the displacement field is relatively homogeneous in this problem, and as the initial surfaces are
already in contact, the information which is provided is not very relevant.

6.8.3 SPR metric

6.8.3.1 Theory

The adapation of the method for CCM was first introduced by Wriggers[ArtWS98]. In order to do so, the stress
recovery on contact boundaries needs some special consideration[BookRam01]. This approach states that each
node on the slave contact boundary '} (standard patch) is associated with the closest node in the master contact
boundary 2 (extended patches), as seen in Figure 6.27. The continuity requirements inside the patch system are
given by Equation (6.27). On these expressions (-)e and (-)s represent the external patch and the standard patch
respectively. ()" represents that it is computed on the boundary.

® Nodal values determined

from the patch

O Patch assembly point

A Superconvergent sampling Elﬁment patches £,
points 7

Standard patch

Patch extension

Figure 6.27: SPR contact interface example for linear triangles. Inspired[ArtWS98; BookZZT13]

The normal component:
(6.27a) N (Pla; — Pla;) =0 onTl¢
The tangent component:

(6.27b) T(Pias)=0 and T(P,a,)=0 onlg
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The normal and tangent vectors, are a the transposition in Voigt notation® of the following (6.27c¢).

" neny neng Ty Ny Ty + NxTy TNz + Nz
2
(6.27¢) Nexpandea = | NMyNx  n,  nyn; | and Texpanded = | TyNx + NyTx Ty Ny TyNz + Ny T,
n.ne ngn, n? ToNy + NyTx T2Ny + N,Ty, T2 Ny

As a new contribution adapting to our formulation Wriggers[ArtWS98] work, the contact constraint is enforced with
the ALM method. Due to this the method SPR presented in Wriggers[ArtWS98] must be adapted in order to consider
Lagrange multipliers instead of the penalty method. The main difference is that the contact pressure is an unknown
of the system of equations instead of an estimated value from the current geometrical configuration. With this, the
contact boundary conditions are enforced at each node / of the contact boundary for the normal direction (6.28), for
the tangent direction is the same as in Equation (6.27b). In here )\, is the augmented contact pressure obtained from
the ALM formulation.

For the slave domain (standard patch):
(6.28a) N (x/) P (X)as — An (X)) =0 on F};
For the master domain (extended patch):
(6.28b) N (%)) P} (X))@ — (Ano x) (X)) =0. onT%

On this expression x represents the mapping operation. This is done considering the mortar mapper developed (see
corresponding Appendix E.Mortar mapper) for a consistent computation of the normal gap (g,,) during the contact
search (4.4.Contact detection. Search techniques).

We must now minimise the expressions from Equation (6.29). It should be noticed that the patches on the standard
and extended side are not coupled. On these expressions, ¢, and ¢, are the normal and tangent penalties, which do
not necessarily coincide with the ones taken into consideration on the ALM formulation.

For the slave domain (standard patch):
n m
. . < 2 2
(6.29a) min 11 = min kz [oh (Xk) — Ps (X) a]? + /Z (En [NPL (x))a — A, (x))]” + &, [TPL (x)) a] )
=1 =1
For the master domain (extended patch):
n m
. . Y 2 2
6.29)  minM=min>"[on(x) — Po(x)al’ + > (=0 [NPL ()@ — (30 x) (x)] + - [TPL (xi)a] )
k=1 I=1
The former, leads to the following equation system on Equation (6.30).
For the slave domain (standard patch):

LHSslavea _ RHSslave
Nsjave Msjave

6.308) LHS®®® = " P (xk) Ps (Xk) + Z (2aP% T (x)) NTNPE (x)) + £, P% T (x)) T TP (x)))
.ola k=1

Nsiave Mslave
RHS®2e - Z P (Xx) op (Xk) + [€n/\n (X/)]
K1 I=1

For the master domain (extended patch):
LHSmastera — RHSmaster

Nmaster Mmaster
(6.30b) LHS™" = Z P (%) Pe (Xx) + Z (enP57 (x)) NTNPY, (x)) + £-PLT (x) TTTP] (x)))
' k=1 I=1
Nmaster Mmaster

" -
RHS™ = Y " Po(xk) on (Xk) + > [en(AnoX) (X))]
I=1
8As the Voigt notation is not standard we present the whole matrix form.
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6.8.3.2 Numerical examples
6.8.3.2.1 Simplest patch test

We will consider the same example from 6.8.2.2.1.Simplest patch test in order
to show that with the proposed method, where the resulting mesh corresponds with
the original mesh. Following the same reasoning from that previous case, we can
calculate the corresponding error in the integration points. We expect that it will be
zero, Figure 6.28, as the stress is equal in all the points of the problem.

In conclusion, the mesh that will be obtained with this procedure will coincide again
with the original one. One more time, the patch test allows us to show the relationship
between stress distribution and the resulting metrics.

6.8.3.2.2 Punch test

The following is a very simple punch test, the geometry is exactly the same shown
in the Hessian example (6.8.2.2.2.Punch test). The problem consists in one 2 x 1
lower block and one 1 x 1 upper block, with a very coarse mesh, as seen in Figure
6.29a. We impose a small vertical displacement of 0.1 m in the top of the upper block.
The Figure 6.29 shows the evolution of the mesh in each NL iteration, where the third
and fourth are almost identical, when the error has converged. The second mesh
(Figure 6.29b) is a very bad estimation, very fine a uniformly distributed, as the error
from the first coarser mesh (Figure 6.31a) does not provide much information. In the - -

following iterations (Figure 6.29c and 6.29d) we can appreciate as the mesh is finer . .
across the points with higher demand, as expected. Figure 6.28: Error obtained

g A

(a) Initial mesh (b) First NL iteration (c) Second NL iteration (d) Third NL iteration
Figure 6.29: Mesh evolution

ERROA INTEGRATION PCINT ERROA INTEGRATION PCINT ERRACA INTEQRATION PLINT EFAUA INTEGRATION PLINT
ton 2arene seme [ s | sreae auwz s R s 51 e
| —

(a) Initial mesh (b) First NL iteration (c) Second NL iteration (d) Third NL iteration
Figure 6.30: Error solution

Additionally the error, Figure 6.30, on these NL iterations is significantly smaller than in the previous ones. But
more importantly, the mesh is more homogeneous, which is one of the objectives of the methodology to distribute the
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error equally between the elements of the mesh.

1 n 5 n 1

DS AEWEN ISR AL S ACEN ENT ST ACEN SHT

(a) Initial mesh (b) First NL iteration (c) Second NL iteration (d) Third NL iteration
Figure 6.31: Displacement solution

Finally, as in the Hessian case from 6.8.2.2.2.Punch test, we see as the displacement converges faster than the
previous values (Figure 6.31). As we have already stated, this is expected, as seen in 6.5.2.2.Error estimation.

6.9 Remeshing workflow
The following summarises the simulation workflow followed during the contact simulations. We will differentiate

between the standard remeshing process considered during the Level set and the Hessian metrics, and the workflow
followed for the SPR metric computation, which are slightly different.

6.9.1 Level set and Hessian remeshing

if hed Start w | i remeshed: Start
Re-Initialize solvers " solution stage 7| Re-Initialize solvers solution stage
X - 5 1
Solution stage [ yonjinear iteration A J Solution stage ' yonfinear teration Y
Solve Lt Initialize Solve et Initialize
linear system iteration step linear system iteration step Intersection of:
- VM stress metric
A ! ‘ - Strain energy metric
*..___[.‘:onverged’.{__.‘r No
For contact only the Hessian
’fes metric is computed
n'?;,Eémeshing stef
. Yes
Remeshing Preprocess remeshing Y Remeshing
For all nodes: . . For all nodes: For all nodes:
T Z The contact information Mapping of | o 3
Two types of metrics: Compute metric e P Compute metric
remeshing duplicates and
- Hessian metric A J similar complications. For all elements: A
Execute This inf tion i Exlrapu_laie VM ‘ Execute
No remeshing ri;’;rzz]’:;’:;";‘s No||and strain energy v remeshing
- Level-set metric contact process
‘ Clear all contact |l Clear contact '
Recover model parts flags Recover
information information
Y
End End
solution stage solution stage
(a) Standard problem (b) Contact problem

Figure 6.32: Workflow for Level set/Hessian metric remesh
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We can differentiate between the standard problem and the contact problem.

6.9.1.1 Standard problem

For the standard case, we will compute the metric once the NL loop is converged, and the metric and the remesh will
be computed independently of the previous solution, this means that we will not check any value is below a certain
threshold. After remesh the information, the nodal and integration solutions, must be recovered. Once the solution
stage is computed we will need to re-initialise the solvers and processes if the problem has been remeshed in order
to restore the problem before execute the next time step.

6.9.1.2 Contact problem

The main difference between the standard problem and the contact one is that to avoid problematic and duplicated
conditions the associated conditions are removed and cleared, this will be recovered after re-initialise the processes.
In addition to that we will remap the contact stresses between domains and extrapolate the VM and the strain energy.
After that some additional information must be cleared, as the contact flags and the contact model parts.

6.9.2 SPR remeshing

|  |fremeshed: Start
Re-Initialize solvers solution stage

Solution stage [ onjinear iteration Y
- If remeshed: S‘tart Solve | < Initialize | o
ReInitialize solvers solution stage linear system Iteration step
z ! A
Solution stage [ yoniinear iteration Y Y
. Solve - Initialize | o --'.'_':'Converged_;?'_'_'_':« No
inear system iteration step )
' .‘ Error estimation ' Prep. remeshing Remeshing
For all nodes: Clear all contact For all nodes:
«_Converged? " Me Mapping of B odel parts ® Compute metric
e contact stress
Error esn’maﬂan"yes Remeshing \ Y Y
For all nodes: i For all nodes: Clear contact | Execute
C E For all nodes: Compute flags remeshin
ompute > Compute metric "
recovered stress p recovered stress
v Y
For all elements: For all elements: Recover
Compute Execlite Compute No information
estimated stress remeshing estimated stress
L\ No L Y
Compute overall Recover Compute overall The contact information is cleared
estimated error information estimated error to avoid remeshing duplicates and
similar complications.
¥
e ‘ This information is restored
Error " Error R on the comtact process
. under threshold? .- . ... under threshold?
Yes Yes
End End

solution stage

solution stage

(a) Standard problem (b) Contact problem
Figure 6.33: Workflow for SPR metric remesh

For the error estimation case the procedure is slightly different, not only because the error must be computed, but
also because if the error is below a certain threshold the remeshing is not executed.

6.9.2.1 Standard problem

The main difference respect 6.9.1.1.Standard problem is that once the NL loop has converged, we will need to
compute the recovered stress in the nodes, to later compute the estimated stress on the nodes. With this we will
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compute the estimated error, if the error is below a certain threshold the time solution stage will be finished, if not with
the previous values we will estimate the size of the elements, and with it, the corresponding metrics.

6.9.2.2 Contact problem

Additionally to the previous consideration for the SPR error metric, we will consider the modifications from 6.9.1.2.Con-
tact problem, except that the extrapolation of integration values is not required and the mapping of the contact stresses
is performed before computing the error on the mesh.

6.10 Numerical examples

This section will show more advanced cases than the previously presented. The ones formerly introduced acted
as proof of concept to the concepts that were introduced in the respective sections. In this section we will focus in
structural cases, but we will dedicate an additional section to CFD cases, 6.11.CFD numerical examples, in order to
show up that this adaptive remeshing techniques are generic and can be considered in problems of different physical
nature.

6.10.1 Coarse sphere. Level set

In this problem we remesh using the gradient of the distance function, [ Velue
which is the distance to the plane contained in the sphere centre. 987
The function can be seen in the Figure 6.34, which corresponds with - 061
a linear distance and a constant gradient. i

The solution obtained can be seen in Figure 6.35, where despite 02
the original coarse configuration, the final one is smoothed due to _ _ X
the inner Bezier cubic surface considered by the Mmg library (see -1 -¢8 06 04 02 04 06 08 |
B.3.1.What is Mmg and how does it work?). =02

It can be seen like the elements in the centre, where the dis- b Dist
tance function is zero, are the smaller ones, and the ones more i ~06- — gra'd.
anisotropic. —0.8

s T = T
D408 ‘248 anooTz 05 s

DISTANCE DISTANGE
05 o 05 0452 0.00072 05
[ | I |

(a) Original mesh (b) Resulting mesh
Figure 6.35: Mesh before and after remesh for coarse mesh. Example
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6.10.2 Beam problem. Hessian of displacement

The problem corresponds with a steel cantilever 10 x 1 and
considering as only load self-weight, see Figure 6.36. The |... 10 m

initial mesh considered is the coarse mesh from Figure 6.36. " "1 .
We consider a simulation of 1s with At = 0.01s. The whole |
example can be found in here. i

The final configuration, displacement and mesh can be
seen in Figure 6.37. Due to the high natural frequency of
the problem, the displacement is not a good measure for the
Hessian metric, as the high number of oscillations induce the

Mesh of beam example
resulting mesh in Figure 6.37. Where the distribution is not ho- Figure 6.36: Coarse mesh distgnce function

mogeneous, and does not follow any particular pattern.

1

-0.0487

-0.000163 5
DISPLACEMENT

0 0.00479 0.00858

|
Figure 6.37: Final configuration of the beam example

6.10.3 Hertz problem. Hessian of contact and VM stress

The problem consists in a Hertz contact problem remeshing considering the Hessian of the VM stress and the contact
pressure. We will consider a significant top pressure in order to maximise the contact area, which will help us to
evaluate the quality of the solution achieved, reason why the solution may look so deformed. We will not take into
consideration the strain energy,as the effect of this variable have been already taken into account in the punch test
example from 6.8.2.2.2.Punch test. The materials of this problem can be found in Table 6.3, where the base can be
considered rigid respect to the die.

Domain E v
Upper domain | 2-108Pa | 0.35
Lower domain | 2-10""Pa | 0.29

Table 6.3: Parameters considered for the Hessian remesh Hertz example .
There are 10 steps At = 0.1s, and the remesh is executed each 3 steps starting in the 4. The load applied

depends on time, and it is equal to g = 107t Pa. The example can be located in Kratos repository.

The first step, Figure 6.38, is a very coarse mesh, but dense enough to provide the information needed in order to
estimate properly the required mesh. Looking at the VM stress from Figure 6.38c we can predict where the mesh will
become denser, this corresponds mostly with the contact interface. Particularly taking into account that we consider
the contact pressure in addition to the VM stress, this area will be especially enhanced. Anyhow, despite not being
terrible, the mesh provides an improved information about the VM equivalent stress.

7Rte

H
DISFLALEYENT

(a) Mesh (b) Displacement (c) VM stress
Figure 6.38: Hertz solution step 1
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The solution in the second mesh, Figure 6.39, refines the mesh in the required regions predicted previously. In
addition to the contact interface, the loaded face is also enhanced, this is expected as is the region of the problem
where the loads are concentrated.

7Rte

3
DISFLACTWENT

(b) Displacement (c) VM stress
Figure 6.39: Hertz solution step 4

The third mesh, Figure 6.40, is more defined than the previous one, with less anisotropic elements near the load
face. Additionally, as the contact zone is wider than in the previous case, the refined contact zone is extended.

7Rte

c 3 M oy
: DISPLACCMERT ¥Oh MISTS STRESE
RER & - —— - - 1 20ME 25 e t5 zoer

(a) Mesh (b) Displacement (c) VM stress
Figure 6.40: Hertz solution step 7

Finally, we can notice that the final mesh it almost identical to the previous one, Figure 6.41. This is an indicative
that the current mesh already fits our requirements. In these two last meshes the VM stress is well represented after
the refinement.

2els

© SPLATEY =Y

(b) Displacement (c) VM stress
Figure 6.41: Hertz solution step 10

6.10.4 Hertz problem. SPR error computing

Now we take the same problem from 6.10.3.Hertz problem. Hessian of contact and VM stress, but we will consider
the SPR metric instead of the Hessian. This will allow us to compare the solution obtained with both methods in
addition to the previous punch examples. On the first step, we can observe as the error is mainly concentrated on the
contact boundary, Figure 6.42c, this is what is expected like in the former Hessian case.

With the former error estimation, the obtained mesh is the one from Figure 6.43a. The elements are relatively
small in the contact zone, as the error was concentrated due to the initial coarse mesh. In this new step, the error is
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2els

H 5 £ H
; DISFLACZWIMT FHEER_INIF G 1R FGIN
R : o s

(b) Displacement (c) Error GP
Figure 6.42: Hertz solution step 1

quite uniform on the sphere, Figure 6.43c. Therefore, we can expect that the elements will become more uniform, and
become bigger, as the current mesh provides more information than the initial one.

]
DIE ASF WENT SARDA INTECAR™ION POINT

finee e 2xsm A58 01

(b) Displacement (c) Error GP
Figure 6.43: Hertz solution step 4

¢ g 5
DISPLAREMENT FAPOR_Y FGRAL R P

(b) Displacement (c) Error GP
Figure 6.44: Hertz solution step 7

7t g

0 "
© SPLADENENT ERROA INTECRATICH PO 4~

e o g S ] - G o < e ks s

(b) Displacement (c) Error GP
Figure 6.45: Hertz solution step 10

For the third step, the mesh becomes more uniform, Figure 6.44a, as previously mentioned. In any case it
preserves the smaller elements in the contact interface and in the loaded face as it is supposed to be.
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The last mesh, Figure 6.45, is quite similar to the previous step, as it is similar to the resulting mesh obtained
with the Hessian metric, Figure 6.41. So, even if the approaches are quite different both methods provide reasonable
results a relatively similar outcome.

One important difference with the Hessian solution is that the rigid base preserves the same mesh for all steps.
This makes sense, as the stress distribution is constant for a rigid media. This doe snot happens in the Hessian case
as we map the contact stress generating a variation on the contact boundary.

6.10.5 Contacting cylinders with adaptive remeshing

0.23

0.173 -\

: gymﬂvmmq
\ : ANNAAR
TR | 'ﬁ%ﬂmﬁﬁ" i

VAVAVAYI

0.0575

-naz -0 205

Figure 6.46: Initial mesh in contacting cylinders

The problem consists in a two cylinders with a very coarse mesh, Figure 6.46, where we impose a horizontal
movement in the upper cylinder. This case is already presented in the contact chapter, 4.5.10.Contacting cylinders,
but preserving the same mesh. The cylinders are formulated as solids in TL framework with hyperelastic behaviour,
with the properties from Table 6.4. We impose a horizontal movement x = 0.2t at the upper cylinder, so the two
cylinders contact between them. The problem has been remeshed each 2.5e — 2s, and the total simulation time is
1.5s. In order to define the metric, the Hessian of the contact stress and the VM stress has been considered. This
example is located at the Kratos repository.

Domain E v
Upper domain | 2-10"Pa | 0.35
Lower domain | 2-10"°Pa | 0.35

Table 6.4: Parameters considered for the Hessian remesh contacting cylinders example
We present both the results from a 2D slice and a 3D perspective. The sliced section allows to better appreciate

the element size evolution, as well as the value distribution inside the geometry. We complement with the 3D
representation which allows us to picture the whole problem and the spatial variation in the values. In the following
we represent the solution each At = 0.35s, so we have 4 steps fully represented. The values presented are the
displacement of the configuration, the element size and the VM stress.

v B
DISPLAGEMENT
G

B
VO W SES STRESS
e

(a) Displacement (b) Element size (c) VM stress
Figure 6.47: Contacting cylinders solution at t = 0.35s
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DISPLACEMENT NODAL H VON_MISES_STRESS

] uass [ aen? 001 ) 1738408 154000 291509

(a) Displacement (b) Element size (c) VM stress
Figure 6.48: Contacting cylinders perspective solution at t = 0.35s

The solution obtained at t = 0.35s, Figures 6.47 and 6.48, shows like the region with the smaller elements is the
expected one, the contact region, where the values of the contact pressure and the VM stresses are concentrated.
This is even more notorious at t = 0.7, Figures 6.49 and 6.50, where the contact zone is expanded and therefore
there are more elements reduced in the remeshing process. The last steps, from Figures 6.51, 6.52, 6.53 and 6.54,
are basically the opposite deformation from the previous ones, and the conclusions from these steps can be extended
here.

e

P - 3 A - . A o
IS ACH ROIA1_H SON_BIGHE BIHFES
s 24 s cowi cuizs i 27 03 L]

(a) Displacement (b) Element size (c) VM stress
Figure 6.49: Contacting cylinders solution at t = 0.70s

DISPLACEMENT NODAL_H

; : VON_MISES_STRESS
[ - oari7 ] Bonise nao naies ey 2730e8 5170000

(a) Displacement (b) Element size (c) VM stress
Figure 6.50: Contacting cylinders perspective solution at t = 0.70s
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(a) Displacement (b) Element size (c) VM stress

Figure 6.51: Contacting cylinders solution at t = 1.05s

:‘ DISPLACEVENT ) :r‘ & NODAL H :r‘- e VO MISES STRESS
(a) Displacement (b) Element size (c) VM stress

Figure 6.52: Contacting cylinders perspective solution at t = 1.05s

o oAt oo o von sk srmees
— Qe QE— — 4
(a) Displacement (b) Element size (c) VM stress

Figure 6.53: Contacting cylinders solution at t = 1.4s

LH6F ACEMENT o HO3AL H el VON MISES STRESS

cist @ oces:

(a) Displacement (b) Element size (c) VM stress
Figure 6.54: Contacting cylinders perspective solution at t = 1.4s
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6.11 CFD numerical examples

6.11.1 Cavity. Level set

This is a very simple remeshing example, where we remesh a cavity 1 x 1 uses the distance to the centre as
destination function. In Figure 6.55 it can be seen as the original mesh is homogeneous (Figure 6.55a) and the size
of the mesh is equal for all elements (Figure 6.55b). The resulting mesh has the smaller elements around the centre
of the square (Figure 6.55c) and the size is distributed depending on the closeness to the centre (Figure 6.55d). The
example can be found here.

H s 23 a1 H s o3 a1 H o 25 s ¢ a8

[ STANCE HEDAL A DISTANCE hODAL H
H ) ® b

e azoime et

(a) Original mesh (b) Original nodal size (c) Resulting mesh (d) Resulting nodal size
Figure 6.55: Mesh before and after remesh cavity case

6.11.2 Embedded cylinder. Level set

The problem consists in an anisotropic remeshing of a 2D fluid channel with a cylinder, using as level-set the distance
function. It consists in a channel 5 x 1, a cylinder of 0.3m diameter, Figure 6.56.

'<:1| 5M D’
VAN :
o No slip
v=1lm/s No S|ip p=0 Pa
v

Figure 6.56: Embedded cylinder geometry

We start with a very refined mesh of 40000 nodes and it is simplified to a mesh of just 2500 nodes, centred around
the cylinder of interest, Figure 6.57. The example can be found in the Kratos Examples repository.
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(a) Original mesh

(b) Resulting mesh
Figure 6.57: Mesh before and after remesh embedded case

6.11.3 Box isosurface example. Level set

In this case the challenge consists in meshing anisotropically the geometry using again the gradient of the distance.
The initial mesh has a large number of elements (Figure 6.58a), we want to reduce them (Figure 6.58b). Additionally
the remesher will consider the isosurface and we will remove the elements with a negative distance (see Figure 6.59).
The example can be found in the following link.

DISTANGE DISTANCE
-Led 164 27 00156 108 27

(a) Original mesh (b) Resulting mesh
Figure 6.58: Base mesh before and after remesh boxes with isosurface

(a) Original mesh (b) Resulting mesh
Figure 6.59: Mesh before and after remesh boxes with isosurface
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6.11.4 Lamborghini. Level set

(a) Lamborghini (1) (b) Lamborghini (1l)
Figure 6.60: Standard Triangle Language (STL) geometry for the Lamborghini

The problem corresponds with the Figure 6.60, the geometry is quite more complex than the previous cases
considered. The challenge consists in meshing anisotropically the geometry using the gradient of the distance,
previously measured with an octree mesher (GiD[OnIMel+16]). The idea behind this is to have a boundary layer
around the car, so in case of a CFD simulation the details on the aerodynamics study can be captured. The STL file
used and the rest of required files can be found here. The mesh corresponding before remeshing corresponds with
the one shown in Figure 6.61. In here we can appreciate like the mesh elements are isotropic, and does not fit the
profile of the car.

(a) Detail on original mesh (b) Distance function before remesh
Figure 6.61: Original mesh for the Lamborghini

The resulting mesh can be found in the Figure 6.62, where we see that the mesh follows the profile of the car, and
it does in an anisotropic way. Besides, it preserves the distance map from the original mesh.

(a) Detail on resulting mesh (b) Distance function resulting remesh
Figure 6.62: Resulting mesh for the Lamborghini

6.11.5 Channel CFD. Hessian of velocity

The following examples consist in two channels, one in 2D and the next one in 3D. In both cases it has been considered
the Hessian of the velocity to define the metric of the problem.
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6.11.5.1 2D cylinder channel

This case consists in an adaptive remeshing of a 2D fluid channel with cylinder using Hessian of velocity as metric
measure. It consists in a channel 3 x 1, a cylinder of 0.5m diameter, see Figure 6.63a. Additionally the BC are the
following: An inlet velocity of 1m/s, wall conditions in the upper and lower boundary and a zero pressure in the outlet.
The total time of the simulation is 5s with a time step of At = 0.01s. The remeshing is performed each 20 steps. The
mesh corresponding before remeshing corresponds with Figure 6.64a.

3m
No slip

.
: S05m
L F

| v=1mys No slip

[ nrs (K3 208 a

(a) Geometry (b) Mesh
Figure 6.63: Geometry and initial mesh in 2D channel. The example can be found here

The results obtained correspond with the following, Figure 6.64. In these figures we can appreciate like the mesh
fits the movement of the fluid, and particularly have refined the contour of the cylinder.

(a) Step 101 (b) Step 181

100
i m  n im m En En  ae am  am A Az s 2o R AR W w1 men e

(c) Step 261 (d) Step 341

PRESSUAE .
—

(e) Step 421 (f) Step 501
Figure 6.64: Solution in 2D channel

The mesh also captures the whirlpools of the flow and its adapt to them. In the other hand the inlet, which is a BC
and therefore the velocity is imposed, preserves practically the same mesh in each of the steps.
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6.11 CFD numerical examples

6.11.5.2 3D sphere channel

This problem stands as in the previous case in an adaptive remeshing
fluid channel with sphere using Hessian of velocity as metric measure,
but on 3D this time. It consists in a channel 3 x 1 x 1, a sphere of 0.5m
diameter and with a velocity of 1m/s in the inlet an zero pressure in
the outlet, the same as Figure 6.63a. The total time of the simulation is
1.2s with a time step of At = 0.01s. The remeshing is performed each
20 steps. The initial mesh considered is the one from Figure 6.65. The
example can be found in the Kratos example repository.

The solution obtained is the one shown in Figure 6.66. On these
figures we represent the size of the elements as well as the contour
flow of the sphere. In the figures shown, we jump by 20 steps, except
in the last three pictures where we increase by 10.

(c) Step 41

(b) Step 21

(g) Step 111

(h) Step 121 (i) Step 131

Figure 6.66: Solution in 3D channel

We can see that in the first steps, the size of the elements is similar and bigger than during the rest of the
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simulation, especially in the downstream where the velocity where the fluid has not started to flow yet. Once the flow
starts to evolve, the elements start to be reduced. But it is significative that the stall of the flow keeps a relative small
size of the elements. The smaller elements are always the only surrounding the sphere. Finally, reached certain point
the flow around the sphere is fully formed.
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Chapter 7

Application

@& The hour has arrived to abandon
theories and go directly to what is

practical.
”

Samael Aun Weor
(1917 - 1977 AD, Writer)

7.1 Introduction

This chapter introduces several application test cases, integrating all the formulation and parts developed and
presented in this work. The cases presented are mainly taken from the work of OAate[ArtOZ83]. From this work the
cases considered consist in a case with a cylinder punch and a spherical punch. In the original work, the solution
was obtained considering an axisymmetric viscous shell formulation when we will consider a full 3D J» elasto-plastic
model simulation. The solution obtained will be compared with the reference presented in this work.

7.2 Cylinder punch

The geometry of this test is represented in the Figure 7.1. We have transformed the dimensions from the original work
in Imperial System to International System. The problem consists in a cylindrical punch, with a blank holder, a die and
a sheet of 8.96 mm of thickness. In this case the frictional coefficient (1) is the same in all the contactong interfaces,
and equal to 0.2.

i

Imp. displacement

K=0.2

L 021
Figure 7.1: Cylinder punch case

Figure 7.2 shows the mesh considered for the simulation of the cylinder punch case. In this case we have
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considered the full geometry, instead of considering some simplification taking into account the symmetry of the
problem.

(a) Mesh (b) Mesh cut
Figure 7.2: Mesh considered in the cylinder punch case

In the Figure 7.3 we compare the solution obtained with the original experimental results and the numerical
solution obtained in the reference. Our solution obtained does not coincide with the experimental solution, but is
closer in comparison to the reference numerical solution.

Cylinder punch solution comparison

|
80 - ]
z
< 60| N
o)
S
—_— 40 - -]
<
o
c
T 20} —— Experimental H
—e— Numerical ref.
ol B Numerical |
] ] I ]

0 20 40 60
Punch travel (mm)

Figure 7.3: Solution for cylinder punch test

7.3 Spherical punch

Figure 7.4 shows the geometry of the spherical punch case. The case consists in a spherical punch, with the
corresponding die, a blank holder and a metal sheet. In the original work, the problem was evaluated with three
different 1. between the sheet and the punch, 1 = 0.04, uy = 0.2 and iy = 0.5 in order to be compared with the
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experimental result. Here we will just consider only i1 = u2 = 0.04, as in the original work the best solution compared
with the experimental was obtained for this case.

f

| 471,85

(a) 2D sketch with measurements (b) 3D representation
Figure 7.4: Spherical punch case

In this case, instead of a full 3D case, we have considered a quarter of the full geometry, as seen in the Figure
7.5a. The Figure 7.5 also shows the solution obtained at some points of the punch travel.

(a) Mesh (b) Solution uy = 11mm

(c) Solution u; = 16mm (d) Solution u; = 21mm
Figure 7.5: 3D solution for the case p1 = 0.04 and p» = 0.04

The Figure 7.6 shows a comparison of the solution obtained with the original experimental results and the
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numerical solution obtained in the reference for 11 = 0.04. Our solution in certain points is closer to the experimental
result, but in some of the last steps the difference is greater.

Sphere punch solution comparison

I T I ]
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0 10 20 30 40
Punch travel (mm)

Figure 7.6: Solution for spherical punch test
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Chapter 8

Final conclusions

©4& Both if you think you can do it
and if you dont, you are in the right

2

Henry T. Ford
(1863 - 1947 AD, Engineer,
Industrialist and Philanthropist)

8.1 Introduction

As can be seen in the previous chapters, the main objectives delimited for this doctorate work have been reached.
This means the understanding of the concepts necessary in order to simulate forming processes[BookBan10]. This
includes the implementation of a prismatic solid-shell element[ArtOF05; ArtFlo13a; ArtFlo13b] in order to properly
simulate the sheet behaviour without the drawbacks of a standard shell element, the proper implementation of a
computational contact mechanics algorithm[BookLau10; BookWri06; BookBel+14; ArtYL08; PhDPop12; PhDYas11],
the development of elastoplastic CL[BookNPOO09] which allow to simulate the forming processes, and the addition
of adaptive remeshing techniques to the formula in order to perform the most accurate simulation possible while
preserving the minimal computational cost. All of this is not possible without a deep understanding of the FEM applied
in the resolution of highly non-linear problems[BookZZT13; BookZTF14; BookBHS07; BookWri08; BookOll14], and
how to tackle and couple all these non-linearities between them. In addition, reaching until this point this also means
that the structure of the Kratos code and C++ programming language have been mastered.

The objectives not reached in the present thesis, as well as other restlessness, are presented in the next chapter
9.Future works. Many significant left open after this work, as the metal forming processes and other similar industrial
processes involve problem of a very diverse typology, being very difficult to tackle all of them in just work.

8.2 Rotation free shells and solid-shell elements. Solid-shell

The prismatic solid-shell element implemented (3.4.Prismatic solid-shell) is fully functional, as can be seen in the
test cases shown in 3.5.Numerical examples. The element is basically based in the formulation of Flores[ArtFlo13c;
ArtFlo13a; ArtFlo13b], but modified in such a way that the methods of push-forward and pull-back can be used, see
A.1.Pull-Back, Push-Forward fundamental concepts, making the element fully compatible with the constitutive laws
implemented in Kratos. Focusing in the test cases from each one of them, we can conclude that:

e Cook’s membrane test: Figures 3.17 represent the behaviour of the Cook’s membrane, respectively elastic
and elasto-plastic, both obtained considering an implicit scheme. The results present even less than the
reference[ArtFlo13Db] locking for the elastic case and similar behaviour for the elasto-plastic case.
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e Open ended cylindrical shell test: The results (Figure 3.23) agree with the solution from [ArtSLL04].

o Slit test: Can be seen (Figure 3.27) that with the refinement of the mesh the solution tends to the correct one
[ArtSLLOA4].

e Panel test: The panel test is a common test which presents a highly non-linear behaviour, and it is necessary
an arc-length to compute. The results obtained, Figures 3.29, show a clear agreement with the reference
[ArtSLLOA4].

e Sphere test: The Figure 3.21 presents the results obtained for the semi-spherical shell with a ratio R/t = 1000,
which agrees with the results from [ArtSLLO4].

e Cone-shell test: This problem is commonly considered to study the combination both plasticity and geometrical
non-linearity, the results shown in Figure 3.31 differ from [ArtKGWO06], but with a close behaviour.

e Wrinkling test: This behaviour is originated owing to an instability, and needs the consideration of dynamic
(kinematic) forces for a correct simulation. The results obtained (Figure 3.33) are in agreement with the
reference[ArtFlo13b].

Additionally the element has been proved to be a good alternative to the traditional shells for a FSI simulation,
in 3.5.14.FSI-Vein test a simulation of an elastic vein is performed. The absence of rotational DOF as well as the
existence of two facets instead of one, differencing the inner and outer face of the structure interacting with the fluid,
have proved the suitability of the element for this kind of simulation.

8.3 Contact mechanics

The chapter 4.Contact mechanics contains the developments done in this thesis concerning the CCM. This chapter
constitutes the most relevant piece of work of all the existing document. The chapter starts introducing an historical
outline of the CCM, as well an introduction on the state-of-art of the contact techniques, compared within them, in
order to chose the one finally considered.

This implementation consists in state-of-art of the numerical contact mechanics formulation for implicit simulations,
combining the contributions of Alexander Popp[PhDPop12; ArtPop+10], Cavalieri and Cardona[ArtCC12; ArtCC13]
and the work of Yastrebov[PhDYas11; BookYas13], with off course several contributions of the author.

The formulation, 4.3.Formulation, rests in an exact mortar integration of the contact interface. This exact integration
in the FE geometry allows to obtain the most consistent integration possible between the integration domains, and
therefore the most exact solution possible. We have considered different optimisation algorithms, mainly the LMM,
the PM and particularly the consideration of a ALM with dual Lagrange multipliers, a new contribution of this work,
combining the contributions of Popp and Cavalieri. This dual LM allows us to condensate statically the system of
equations, taking off the LM of the resolution and therefore permitting the consideration of iterative solvers. The
formulation has been properly linearised, ensuring the quadratic convergence of the problem. As resolution strategy
we have considered a semi-smooth Newton method, which consists in an active set strategy, extensible also in the
case of frictional problems. The formulation works both for frictionless and frictional problems, the later essential for
the simulation of forming processes. In here we have presented the developments corresponding to Coulomb friction,
but giving the possibility to be extended to any type of frictional model.

In order to properly model the contact simulations, the algorithms of contact detection are detailed. Contact
detection is a very relevant subject in the relative of the convergence and resolution of the problem. In 4.4.Contact
detection. Search techniques, in first place the bounding volumes are presenting, highlighting the OBB in 4.4.2.1.0BB
implementation which is the technique mainly considered. The corresponding section continues with the introduction
of the tree structures (4.4.3.Tree structures) that can be considered in order to perform a search algorithm. In here
also the techniques considered in order to define a consistent gap (4.4.4.Penetration definition) and a self-contact
algorithm 4.4.5.Self-contact detection, both of them newly contributions of this work. Both techniques have been
proved successful with a series of tests included in the respective sections.

Respecting the tests, we have evaluated several test, most of them reference in the literature. The most relevant
tests can be summarised as follows:
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A basic patch test, 4.5.1.Basic patch test which allows us to evaluate both if the frictionless and frictional
formulation work as it supposed. This is expanded with the Taylor[ArtTP] patch test 4.5.2.Taylor patch test, and
it's frictional equivalent 4.5.3.Friction base test.

e Then the Hertz[ArtHer82] test, the main contact reference problem is tested, 4.5.4.Hertz problem, both
frictionless and frictional cases. In here, the analytical solution is obtained in both cases.

e The following test is a new contribution of this work. It consists in a pure frictionless case where the energy must
be conserved. In here we deduce the analytical solution with the energy conservation principle and compare
with the solution obtained. The results agree with the analytical solution, with a very small error, that can be
attributed to the numerical dissipation of the time integration scheme. See 4.5.6.Energy conservation.

e The double arc benchmark 4.5.7.Double arc benchmark, is also a very extended solution in the literature. The
solution we obtained corresponds with the expected one, both in the frictionless and in the frictional case.

e The hyperelastic tubes, 4.5.9.Hyperelastic tubes are an interesting solution that includes self-contact. The
solution obtained is the expected one.

e The contacting cylinders are another literature reference problem. In 4.5.10.Contacting cylinders the solution
obtained is presented.

e The press fit is a frictional validation test, where we obtain almost the same solution as the reference. See
4.5.11.Press fit.

e Finally, the ironing tests from 4.5.12.Ironing punch, are commonly considered in the literature as validation tests.
Our solution corresponds with the one found in the literature.

The chapter concludes with the deduction of the directional derivatives, which are necessary for a proper
linearisation of the problem and obtain the desired quadratic convergence of the problem. The derivatives obtained
have been shown to converge quadratically as expected and necessary.

8.4 Plasticity

In 5.Plasticity the developments concerning the elasto-plastic models considered is presented. This chapter also
starts with a short introduction of the state-of-art of these constitutive models, as well as a very short historical
outline.

The main contribution of this work has been, the introduction a modular large strain elasto plastic model. This
is noted as modular, as it allows the combination of arbitrary of yield surfaces and plastic potential, the so-called
non-associated elasto-plastic CL. The implementation details of these modular classes are shown in 5.5.2.Class
structure in Kratos. This implementation takes as base the developments from Cornejo[PhDCor], and extends it in
order to deal with large strain behaviours.

In order to deal with the computation of the consistent tangent tensor on these non-associate constitutive laws, a
numerical approach has been considered in 5.5.3.Numerical implementation tangent constitutive tensor. In order
to obtain this consistent C we proceed with a numerical procedure based in the stress vector perturbation method.
Two different approaches are shown, one of first order and another one of second order, with its corresponding
computational cost, precision and convergence rate.

Additionally, the chapter presents some numerical examples in order to prove that the methodology works. Starting
from very simple cases of validation as the minimal cube considered in 5.6.2.Cube minimal example, where the CL
has been compared with a perfect J, of reference, providing the correct solution. The next case tested consisted in a
more complex tensile test, from 5.6.3.Tensile test, where the solution obtained corresponds with the expected one,
but also showing a slightly mesh dependency in the solution. The final test consisted in a CCM test, 5.6.4.Application
in CCM. Gears example, consisting in two gears dealing with contact in a very small contact region, showing the
possibility of coupling these two kinds of phenomena simultaneously.
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8.5 Adaptive remeshing

The chapter 6.Adaptative remeshing contains the developments done in the field of the adaptive remeshing. The
chapter includes an initial introduction and state-of-art of the field, that can result very practical in anyone been
introduced in the topic. Aside of this, we have shown different approaches, from more conventional SPR error
measures with isotropic remeshing, as seen in 6.5.SPR based remeshing technique; to approaches based in the
computation of the Hessian error measure, which in contrast provides an anisotropic mesh, seen in 6.3.Hessian
based remeshing technique. Both techniques have been compared, and have been proven to be very capable in
order to work with structural problems, but in the case of Hessian metric we are able to consider in a larger range of
cases.

Additionally both techniques have been adapted to the contact mechanics problem 6.8.Adaptive remeshing
methods applied on CCM, which is the main contribution of this work. The case of the SPR consists in the adaptation
of the previous work of Wriggers[ArtWS98] to the ALM contact formulation developed. The real novelty consists in the
Hessian error measure for CCM, where we have considered the intersection of the different contact related metrics,
like the contact pressure and the VM stress. Both techniques have ben shown effective, but the results got from the
Hessian technique show to be more promising.

In addition to the methods previously mentioned, techniques able to deal with both interpolation and extrapolation
of integration values have been implemented in order to accommodate some needs during the remeshing process.
These techniques are detailed respectively in 6.6.Internal values interpolation and 6.7.Integration points values
extrapolation.

In the relative of the test cases, the chapter includes an extensive list of tests, this includes structural problems from
6.10.Numerical examples and the CFD application examples from 6.11.CFD numerical examples. This last category
shows how the Hessian metric is general enough to deal with a different type of physical problems, particularly
interesting the channel cases from 6.11.5.Channel CFD. Hessian of velocity. The example more characteristic,
and the pride of this work is the adaptive remeshing case of the contacting cylinders in large deformations from
6.10.5.Contacting cylinders with adaptive remeshing.

The library considered in order to implement these remeshing techniques, Mmg, is introduced in its corresponding
Appendix B.3.Mmg library.

8.6 Application cases

In the final chapter 7.Application, which additionally corresponds with the final part of this work. What this chapter
shows is that an initial capability to perform metal forming processes is proven. The combination of the former points
have allowed to perform these simulations. Additionally, as short summary of the chapter, the results obtained differ
slightly with the results present in the main reference[ArtOZ83], but in the comparison with the experimental results
the solution presented resembles more to the latter.

8.7 Other remarks

In here we will present others remarks, that not constitute the main subject of this work, but we consider important to
append to what have been said until this point, in order to have a more accurate picture of what has been done and
achieved.

8.7.1 Other developments

The appendices include different developments tangent to main developments already presented. For example,
from the mortar formulation considered CCM problems can be considered in order to compute mesh tying problems
A.3.Mesh tying, or an explicit mapping algorithm (E.Mortar mapper). This mapping algorithm has allowed to compute
a consistent gap with the mortar formulation considered during the contact pair search. Also the details of the mortar
segmentation algorithms considered can be found in A.2.Mortar segmentation.
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In order to obtain a consistent formulation for the contact mechanics problems, meaning with quadratic conver-
gence, the AD[ArtGru82; ArtKor97; ArtKor02; BookWri08] methodology has been considered. This methodology is
presented in an independent Appendix, see C.Automatic differentiation.

Also, as a complement, which helps in a proper understanding of the constraint optimisation considered in the
contact mechanics formulations, a complete Appendix has been considered, D.Constrained optimisation problems.
Where the mathematical concepts and details of these methodologies are presented.

8.7.2 Implicit approach

All the simulations and tests have been performed with an implicit approach, as one of the mains aims of this research
is to focus in this kind of solution. Some of the problems computed in this work are highly nonlinear, especially
due to the challenging nonlinearities associated with the computational contact and elastoplastic constitutive laws.
This has also implied the necessity of improving the implementation of algorithms related with the implicit resolution
of the system of equations. This includes the improvement of the NR with the inclusion of active-set strategies,
necessaries in order to properly consider the contact problem in an implicit manner. Other developments not included
in this work, but that have helped to improve the implicit approach include the implementation of different constraints
imposing techniques with the consideration of MultiPoint Constraint (MPC), as well as different systems of equations
assemblers.

8.7.3 Programming

As a final remark, and non-necessarily related with the subject treated in this work, we find relevant to highlight that in
order to achieve the results and solutions presented the author has learnt to deal with collaborative development for the
Kratos project. The structure and fundaments of the Kratos code has been understood, but also the understanding
the workflow of a version control software as git is. The main characteristics of Kratos are introduced in its respective
Appendix B.2.Kratos Multiphysics. The author has become an important member of the Kratos community, and we
feel the need to mention.
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Chapter 9

Future works

& The future belongs to those who
believe in the beauty of their dreams

2

Eleanor Roosevelt
(1884 - 1962 AD, American political
figure, diplomat and activist)

In this chapter we present the future developments that will follow to this work. The following are ideas that due to
the time constraints, and to limit the study of this work, have not been included in this final work. We will split, the
future works, relating with each one of the subjects tackled in these pages.

9.1 Solid-shell implementations

e Adapt the element from 3.4.Prismatic solid-shell, in order to properly support the UL framework.

e The reduced integration hexahedral solid-shell element from Flores[ArtFlo16] could be a good element in order
to complement the element presented on this work in 3.4.Prismatic solid-shell.

9.2 Contact mechanics

e The implementations presented on this work are mainly focused on serial implementations and only OpenlMP.
In order to make these implementations truly High Performance Computing (HPC) it is necessary to extend
the formulation to Message Passing Interface (MPI), particularly using the Trilinos APl exposed in Kratos.

e Improve the robustness of the method with iterative solvers, particularly with AMG solvers, that Kratos makes
use of.

e Trying to bring to Kratos the latest implementations emerged in the literature, like the matrix-symmetric contact
problem presented in [ArtHWP18].

e Extend the formulations in order to consider different formulations. Like the Material Point Method (MPM) or
the Iso-Geometric Analysis (IGA)[ArtLWZ12a; ArtLWZ12b; ArtSei+16] formulation. These formulations have
already initial implementations of contact constraints in the current Kratos.

e Extend the contact formulation to other types of elements, like shells or beams[ArtSN17], and combinations of
these elements between them.

e Clean up, and refactor of the code in Kratos. Particularly reduce the compilation and linking times.
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Consideration of the contact formulation, and couple it with problems of another nature like FSI.

Extension and modularisation of the frictional models, in order to be able to consider general frictional models
of any type.

Application to optimisation problems[Bookaut; BookAll07].

Plasticity

The definition of thermomechanical behaviour. The definition of thermic deformations, as well as others
thermomechanical behaviours and couplings. Particularly focused in large deformation formulations[ArtLub04].

The consideration, and extension, of general and large deformation anisotropic material behaviours. This is
necessary in order to properly simulate som metal stamping phenomena[ArtCJL02; ArtGW02].

Coupling of Kratos with the code MFront[ArtHPF15].

Extend the testing and validation of the CL in the Kratos framework.

Adaptive remeshing

Extension of the adaptive remeshing techniques to HPC and MPI.

Application of the adaptive remeshing techniques developed on this work in problems of different nature and
couplings. For example, consider it in order to remesh the background mesh present in the MPM formulation.

Enhance current implementations in order to remesh element types not supported currently, like hexahedra.

Metal stamping

Improve and extend the implementations focused on metal stamping simulations.

Validate the code considering more extended benchmarks.

Other points

Refactor, clean up and improvement of the existing code of Kratos in all levels.

Extension of the current AD[ArtKor97; ArtKor02] implementations, in order to simplify its use and its generality.
It would be nice to apply this technique, not only in the derivation of element, but the definition of CL or frictional
laws.

Extend and improve the explicit formulation that was developed and dropped during the development of this
work.

Extend the current Graphic User Interface (GUI) implementations.

Extend Kratos integration with new libraries and features.
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Appendix A

Theoretical complements

€6 The devil is in the detail.
2

Ludwig Mies van der Rohe
(1886 - 1969 AD, German-born
architect)

A.1 Pull-Back, Push-Forward fundamental concepts

In this appendix we introduce the concepts of pull-back and push-forward necessaries to understand the concepts
introduced previously, the main reference for this has been taken from [BookBel+14]. These operations allow us
to have a unified description between the Eulerian and Lagrangian tensors. In (A.1) we can appreciate some
examples.

A push-forward by F of the Lagrangian vector dX to the current configuration gives the Eulerian vector dx:
(A1a) dx =F-dX = ¢.dX
The pull-back by F~" of the Eulerian vector dx to the reference configuration gives dX.
(A.1b) dX=F'.dx=¢*dx

Where ¢, and ¢* represent the push-forward and pull-back operations respectively.

If we extend these operations, we can consider the pull-back and push-forward operations on second-order
tensors to obtain the relationships between these tensors in the deformed and undeformed configurations. These
concepts provide us a mathematically consistent method for define the pseudo-time derivatives of the tensors,
called Lie-derivatives. Considering all this, the operations can be considered for example to obtain a formulation of
hyperelastic-plastic constitutive model based on the multiplicative decomposition of the deformation gradient (F), for
more information we address[BookBel+14].

A.2 Mortar segmentation

A.2.1 Introduction

In this section we analyse in detail, the segmentation method chooses in order to compute the mortar contact
constraints. In a first section, the discussion will be focused around the integration method considered, in a second
section the triangulation methods considered on 3D will be presented.
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A.2.2 Exact integration vs Collocation
A.2.2.1 Theory

In this section we study the two different approaches for the mortar method, the exact integration (also denominated
segment base) and the collocation method (usually called element base). The first one as the method indicates,
consists on the decomposition and exact integration of the master and slave segments (Figure A.1), and is the
approach follows in Popp[PhDPop12]. The second alternative (Figure A.2) consists in consider a big number of GP
on the integration of the pair, the GP inside the opposite pair are considered into integration, and the ones outside are
discarded.

Ak

Figure A.1: Exact segmentation method for integration. Figure inspired on Popp[PhDPop12]

On the latter method, the integration points are not distributed following any Gauss quadrature, but distributed
uniformly in all the geometry, thats why the method is denominated collocation method. If the number of collocation
points is big enough, the result will be close to the exact solution. Apart from the mortar methods, this approach is
extensively considering on the isogeometric analysis[ArtAur+10; ArtSch+13].
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Figure A.2: Collocation method for integration. Figure inspired on Popp[PhDPop12]

From the point of view of the implementation, the element base is a significantly easier method to implement, as
there are not many modifications to a standard FE implementation, only a check for the inside/outside GP. Additionally
the values and derivatives definitions are exactly equal in 2D and 3D, additionally do not depend on the segmentation,
being considerably easier.

On the other hand, the exact integration, particularly complex on 3D, which requires to property implement the
clipping procedure (4.105) and triangulation (see A.2.3.Delaunay vs Convex polygon construct), in addition to the
corresponding derivatives from 4.6.2.Derivatives for 3D contact. This is quire more complex, but as it will be shown
(A.2.2.2.Solution study), the costs languish before the advantages.

The results of the study here presented comes from the experience as both approaches have been considered in
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the mortar implementation for the contact mechanics. The results obtained with the collocation method drive us take
as final approach the exact integration method, and the results and developments present on this work come from this
integration method. Similar results were obtained by Farah[ArtFPW14], where both methods were tested and the
conclusions obtained were similar.

A.2.2.2 Solution study

y axis
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Figure A.3: Taylor patch test[ArtTP]

X axis

Here we study how the solution obtained with both methods, on Farah[ArtFPW14] work the comparison is done in a
more complex setup, but we will show a simpler case which analytic solution, that even in that case does not fulfil the
analytic solution. We will consider a classical problem which is used on benchmarking the contact formulation, this
method was particularly extended for testing the NTS formulations. Figure A.3 shows this test, called Taylor patch
test[ArtTP].

(a) Vertical displacement (b) Detail displacement on the interface
Figure A.4: Displacement on Taylor test

The problem consists on two solid blocks contacting on the interface, with a distributed load on the top block.
The solution expected is a continuous field of displacements plus a constant contact pressure which coincides
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with the applied load in the top. We will consider for this problem E = 1000, » = 0.4 and the distributed load as
p=10Pa.

In our study we analyse the convergence of )\, in the resolution of the problem with a different number of GP
on the collocation. We do so, because )\, takes longer to converge to the analytical solution. On the other hand,
displacements converge even considering a low number of GP. Farah[ArtFPW14] also studies the convergence of )\,
but additionally checks the convergence of the energy error.
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(a) Augmented contact pressure with mortar segmentation (b) Augmented contact pressure with mortar collocation with 200 GP
Figure A.5: Compared solution for the augmented contact pressure

AUFSMENTD_MCRNAL CONTACT PRESSURE
AUSMENTE_MCRMAL COMTACT_PRESSURE

On Figure A.4 we can see the solution of the vertical displacements of the problem, particularly on the subfigure
A.4a. Then in the subfigure A.4b the detail on the interface is appreciated, here we can see that in the deformed
configuration the interface does not match any more. This loss of matching across of the interfaces is the reason why
the collocation method has problems to converge.
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(a) Vertical displacement convergence for different number of GP  (b) Augmented contact pressure convergence for different number of GP
Figure A.6: Convergence of the solution for different number of GP

The next Figure shows the solution for the augmented contact pressure, where Figure A.5a shows the exact
solution, corresponding with A, = —10Pa. The Figure A.5b presents the solution for 200 GP with the collocation
method. Both solutions look very close, for more details we will address a more detailed plot next.
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The last figure, Figure A.6, tries to represent with more detail the convergence of the solution for the vertical
displacement and for \,. On the first one, Figure A.6a, it can be appreciated that the vertical displacement converges
and gives the correct solution with a very small number of GP. On the other hand, Figure A.6b shows the convergence
of the augmented contact pressure, and even for a large number of GP the exact solution is not obtained, despite of
being close and getting closer with the grow of the number of GP.

A.2.3 Delaunay vs Convex polygon construct

On this section we will study the three different approaches, we can consider in order to build the integration triangles
considered on the mortar segmentation from a cloud of points obtained during the clipping procedure. These methods
are:

e The Delaunay triangulation[Onl]: The procedure (Figure A.7a) generates a set of triangles from a set of points.
The method maximises the minimum angle of all the angles of the triangles in the triangulation. In the case
of convex polygons (see next point) the number of triangles generated corresponds with (n — 2), being n the
number of vertices. The method must not be confused with Constrained Delaunay Triangulation (CDT),
which is an improved version of the method allowing to fix segments.

e The convex polygon construct: Also called fan triangulation, due to the resulting aspect of this method (Figure
A.7b). This method it is only applicable in the case that the points configure a convex polygon, which means only
in polygons in which no line segment between two points on the boundary ever goes outside the polygon[Onl].
The most important property of this kind of polygon is that every convex polygon admits a fan triangulation in
(n — 2) triangles’.

e The third method is the so-called centre-based triangulation, see Figure A.7c. This method is discarded
because generates n triangles from n vertices (then more expensive than the previous alternatives). The only
advantage compared with the previous alternative is the fact that the aspect ratio of the generated triangles is,
in general, better than the one obtained with the fan triangulation.

Comparing three methods, the Delaunay triangulation it is for sure the most general method, but algorithmically
more complex to implement and significantly more expensive in computational cost. This method is in fact implemented
as optional in Kratos, considering the robust and extensively use triangle library. On the other side, the fan
triangulation is restricted to fewer cases (convex polygons), but the implementation is much simpler, easier and less
error-prone. The third method, centre-based triangulation, despite of giving a better aspect ratio triangulation, has
as the main disadvantage that, as previously mentioned, generates a higher number of triangles, being then from a
computational point of view, more expensive.

Itis important to highlight the fact that choose between these two methods is easier if we take into consideration that
the geometries considered for the contact problems are linear all of them. This implies that the resulting segmentation
(Figure A.1) will always provide us a convex polygon, which means we can apply the fan triangulation method.
For this reason, because for a convex polygon the advantages outweigh the disadvantages.

A.3 Mesh tying

A.3.1 Introduction

The following section presents the formulation employed in the derivation of the mesh tying condition formulation
with dual Lagrange multiplier, based in the work of Alexander Popp[PhDPop12; ArtPop+10]. The aim of this section
is to shortly introduce the mesh tying formulation, which can be considered as the base formulation for the contact
formulation from 4.3.Formulation. This formulation is simpler and allows to understand and check how the mortar
integration works.

The mesh tying problem is based on the IBVP of non-linear solid mechanics and the tied contact constraints. After
recapitulating some basic notation and the strong formulation, a weak formulation of the mesh tying problem with
two subdomains will be introduced. Here, only the interpretation as constrained minimisation problem is considered,
leading to an indefinite saddle point formulation based on Lagrange multipliers.

"This is determined by the results obtained by Catalan, particularly in application of the Catalan number[ArtKG11]
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~

Ts

P5
(b) Fan triangulation. Inspired on[Onl] (c) Center-based triangulation

A.3.2 Strong formulation

On each subdomain )}, the initial boundary value problem of finite deformation elastodynamics needs to be satisfied,
this means to follow (A.2). The tied contact constraint, also formulated in the reference configuration, is given as
(A.2f).

(A.2a) V -P' +b] = phi’ in Q) x [0, T]
(A.2b) u'=0"onl %[0, T]

(A.2c) PN =%onl x[0,T]
(A.2d) u' (X', 0) =0 (X') in Qf
(A.2e) u’ (X',0) = ag (X') in Q)

(A.2f) u'=u?onl, x[0,7]

In the course of deriving a weak formulation, the balance of linear momentum at the mesh tying interface I, is
typically exploited and a LM vector field X is introduced, thus setting the basis for a mixed variational approach.

A.3.3 Weak formulation

To start the derivation of a weak formulation of (A.2), appropriate solution spaces U’ and weighting spaces V' need
to be defined as (A.3).

i— Iyl 1 i— i i
(A3) {u —{u e H@)u =&/ on T},

Vi ={6u’ € H'(Q)||6u’=00on T’}
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Additionally the Lagrange multiplier vector X = —t!, which enforces the mesh tying constraint(A.2f), represents
the negative slave side contact traction t., is chosen from a corresponding solution space denoted as M. In terms of
its classification in functional analysis, this space represents the dual space of the trace space W' of V'. In the given
context, this means that M = H'/3(T';) and £' = H'/2(I';), where M and £ denote single scalar components of the
corresponding vector-valued spaces M and W.

Based on these considerations, a saddle point type weak formulation is derived next. This can be done by
extending the standard weak formulation of NL solid mechanics as defined to two subdomains and combining it with
the LM coupling terms introduced in generic form. Find u’ € &' and A € M such that we obtain (A.4).

(A.4a) —0Lkin(U, U') — 8Lt et (U, U — 8L (N, 5U') = 0 VoU' € V
(A.4b) — 0L, 6A) =0 V6N e M

Herein, the kinetic contribution ¢ L,, the internal and external contributions 0 L exs and the mesh tying interface
contribution d L, to the overall virtual work on the two subdomains, as well as the weak form of the mesh tying
constraint 4L, have been abbreviated as (A.5).

2

(A.53) —0Lyin=Y [ / pht’ - ou'd vo]
Q/’

i=1 0

2
(A-5b) - Jﬁint,ext = Z [

i=1

2
(A.5¢) ~ L =Y l

i=1
/F

2
(A.5d) —0Lx=)
i=1
The coupling terms on I, also allow for a direct interpretation in terms of variational formulations and the principle
of virtual work. Whereas the contribution in (A.5c) represents the virtual work of the unknown interface traction
A =t} = 2, the contribution in (A.5d) ensures a weak, variational consistent enforcement of the tied contact constraint
(A.2f). Nevertheless, the concrete choice of the discrete LM space M, in the context of mortar finite element
discretisations is decisive for the stability of the method and for optimal a priori error bounds. Finally, it is pointed
out that the weak formulation (A.4a) and (A.4b) possesses all characteristics of saddle point problems and Lagrange
multiplier methods.

/_ (8" :0E'—b-su’)dV, 7/ i) ~6u’dAo]
o r

i
o

/r_ A (6u' —ou?) dAO]

i
c

SA- (u' —u?) dAO]

i
c

A.3.4 Discretisation and numerical integration

The part relative to the dual LM it is detailed in the respective section 4.3.3.4.1.Dual Lagrange multipliers, and the
Mortar operators from 4.3.3.4.2.Mortar operators. This development is identical for the mesh tying formulation, and
will not be repeated.

Finally, once computed the mortar operators, the resulting system for mesh tying corresponds with (A.6). This can
be statically condensed, as Alexander Popp shows in [PhDPop12]. With this the LM can be removed of the system
thanks to the diagonal property of D when considering the dual LM, making a pure displacement formulation (in case
the tied DOF corresponds with the displacements).

Kvnv Kvm Kys 0 Ady v

(A.6) Kyvy  Kavm 0 M7 Ad _ r
) KSN 0 Kss DT Adgs - rs

0 —M D 0 AN r
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A.3.5 Numerical example

E Solid1 | v Solid1 | E Solid2 | v Solid 2
2.-10%Pa | 0.35 2.10%Pa 0.35
Table A.1: Parameters considered for the mesh tying example

The following example, with the mesh presented on
Figure A.7, consists in a L shaped solid, where we con-
sider as a different body the circular section from the
angled corner. The mesh interface between the solids
does not match. The problem is formulated as solid
formulated on TL framework, considering Neo-Hookean
hyperelastic material with the properties from the Table
A.1. We apply in the upper corner a vertical displace-
ment equal to . with f going from [0, 2]s, the lower corner
is fixed.

4

The solution obtained is shown in Figure A.8, it can
be seen that the continuity in the interface is preserved,
despite the large displacement solution. From a practical
point of view is like considering a continuous element
of the whole domain. This is basically the type of for-
mulation originally considered in the original Mortar for
DDM[BookWoh01; BookTos05].

(a) Mesh front. (b) Mesh perspective
Figure A.7: Mesh tying example

o 05 1 15 2 [ 5 1 15 2 0 05 1 15 2 ] 05 1 15 2
DISPLACEMENT DISPLACEMENT DISPLACEMENT DISPLACEMENT
0 1 2 o 1 2 0 1 2 o 1 2
—_— = N e E— e E— -
(a) Solution at t = 0.5s (b) Solution at t = 1.0s (c) Solution at t = 1.5s (d) Solution at t = 2.0s

Figure A.8: Solution for mesh tying example
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Appendix B

Implementation

@& If | have seen further, it is by
standing on the shoulders of Giants.

2

Isaac Newton

(1643 - 1727 AD, English
mathematician, physicist,
astronomer, theologian)

B.1 Introduction

The following appendix introduces the main codes used on the developments of this work. The first one is the
multiphysics framework Kratos (B.2.Kratos Multiphysics), where most of the developments were done. The next
section is the remeshing library denominated Mmg (B.3.Mmg library) considered on the adaptive remeshing chapter
(6.Adaptative remeshing).

B.2 Kratos Multiphysics

B.2.1 Introduction

]
I<KRATOS [N

Figure B.1: Kratos Multiphysics logo. Image from Kratos web

The implementation shown in this research has been done on the Kratos multi-physics framework. Kratos[PhDDad07;
ArtDRO10] is a framework for building multidisciplinary finite element programs. We can summarise the following
features:

o Kernel: The kernel and application approach is used to reduce the possible conflicts arising between developers
of different fields.

e Object Oriented (OO): The modular design, hierarchy and abstraction of these approaches fit to the generality,
flexibility and reusability required for the current and future challenges in numerical methods. Summarised as
Multi-Layer Design Approach (MLDA). The main code is developed in C++ and the Python language is used
for scripting. The C++ practises are focus on modern guidelines[BookAle01; BookMey14]
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e Open source: The Berkeley Software Distribution (BSD) licence allows to use and distribute the existing
code without any restriction, but with the possibility to develop new parts of the code on an open or close basis
depending on the developers. Additionally Kratos can be obtained for free.

e HPC: Kratos is build-in as a powerful multiphysics HPC[ArtDad+13]. Kratos is based on Trilinos MPI and
OpenMP.

B.2.2 Framework (API)

B.2.3 Introduction. Main classes

The OO design from Figure B.2a provides different classes nec-

essary for a FE simulation which ensure the reusability and ex-

tensibility of the code. Here, basic numerical concepts are rep-

resented by classes like Vector, Matrix and Quadrature.

Node, Element, Condition, and DoF are defined directly

from FE concepts. Model, Mesh and Properties are from | o
|

| Geometry |

LinearSolver

‘ Application Properties

Data
Container

the practical methodology used in FE modelling complemented by
ModelPart, and SpatialContainer, for organising better
all data necessary for analysis. T0, LinearSolver, Process, ‘ Process
and Strategy represent the different steps of a FE program

flow. Finally, Kernel and 2pplication are defined for library
management and its interface definition. (a) Kratos classes

Condition

Spolial Constraint

| Element ‘ |
| ‘ | Vector |
| [ ]

Quadrature

In the MLDA each object only interfaces with other objects in

its layer or in layers below its layer (Figure B.2b). This approach _o scripts Scripts
is used to reduce the dependency of different parts which is

beneficial for the reduction of conflicts between different parts of

N - -
the code[ArtDRO10]. Applications

The Applications considered and developed for thiswork ~—_ — — — ——~~———=——=—=—=7"7 ;p;ic_aﬁ:n;

are the f0||owing: | Kemel | | Application | 10 || Logger Interface

e Core: Where the main classes are declared, Figure New Process | Newstralegy| . AI;;;;;
B.2a. It also includes several algorithms and utiltes _ _ _ _—— ———— ——— —
common to all the Applications, like the NR or the Bl
BuilderAndSolver. | Frocess | | Strategy | Algorithms

e StructuralMechanicsApplication: Where the el- : Dat

- . | Model | | ModelPart | | Mesh | | Spatiel e
ements, conditions and CL are implemented. Also other Containers | Structures
utilities and strategies are implemented here. The elements - - - - - —-—-—————————————— — —
from 3.Rotation-free shells and solid-shell elements and P r— ——— Egmzem
the CL from 5.Plasticity can be found here.

e ContactStructuralMechanicsApplication: Where | Node | | Properies | Element | Base
the conditions, strategies and algorithms presented on _ Erinitet
4.Contact mechanics can be found. | condon || oot || corsran o

e MeshingApplication: All the developments relative | po— | p— | 5

H . . . eometry inearSolver :
with Mmg and the metric and remeshing techniques' from il Basic
6.Adaptative remeshing. The details of the Mmg integra- | veewr || cussraure || wa | Tools
tion can be found in B.3.2.Integration between Mmg and
Kratos (b) Kratos MLDA

Figure B.2: Source[ArtDRO10], updated with the

recent classes added
The following sections will summarise the main classes existing in Kratos.

"The SPR error algorithms are located in the St ructuralMechanicsApplicationand ContactStructuralMechanicsApplication.

Page 296 of 374 Vicente Mataix Ferrandiz



APPENDIX B. IMPLEMENTATION B.2 Kratos Multiphysics

B.2.4 Model
B.2.4.1 Introduction

On Figure B.3 an example of the data structure of the Model. The Model stores the whole model to be analysed,
and manages the different ModePart used in the simulation.

Whole problem

Structure MP

Domains

Submodelparts used for
differents pourposes

~ Main
Structure

Figure B.3: Model data structure

B.2.4.2 ModelPart

The ModelPart holds all data related to an arbitrary part of model. It stores all existing components and data
like Nodes, Properties, Elements, MasterSlaveConstraint, Conditions and solution data related to a
part of the Model. The entities stored on the Mode1Part are:

e Node It is a point with additional facilities. Stores the nodal data, historical nodal data, and list of DoF.

e Condition encapsulates data and operations necessary for calculating the local contributions of Condition
to the global system of equations.

e Element encapsulates the elemental formulation in one object and provides an interface for calculating the
local matrices and vectors necessary for assembling the global system of equations. It holds its geometry that
meanwhile is its array of Nodes.

e MasterSlaveConstraint encapsulates the MPC that are used in order to impose relationships between
DOF.

e Properties encapsulates data shared by different Elements or Conditions. It stores any type of data.

B.2.4.3 Submodelparts

In our implementations we use processes (Figure B.4a) to set the BC (both Neumann or Dirichlet), as idealised on
Figure B.4b. In order to be able to assign this BC we need to subdivide the ModelPart into different pieces that we
can call submodelparts.

Y automaticinlet2D Inlet

v=1lmy/s

(a) Example of BC in json format (b) Submodelpart BC
Figure B.4: Concept of submodelpart for BC
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B.2.5 Base classes

In here we detail some relevant classes which define the basic behaviour of Kratos. The classes used in the FEM
are already defined in B.2.4.2.Mode1Part. Apart of these classes, we have another relevant base class, as the base
Process, Which defines the common interface of the processes. The Process is a class which evaluates different
types of algorithms, like searches, interpolate values, etc.

B.2.6 Geometry

The Geometry is the base class which defines all the common methods of interest in a geometry, such as volume,
area, shape functions, etc. The standard geometries store an array of nodes or points.

B.2.7 Strategy

The strategies are responsible on solving the system of equations. There are 4 types of strategies:

e BuilderAndSolver: This is the base class which defines the necessary methods to assemble the system of
equations. | order to do so it asks the Element, Condition and MasterSlaveConstraint forits local
contribution and assemble them in a global system depending of the DoF order.

e Scheme: This class provides the implementation of the basic tasks that are needed by the solution strategy in
order to integrate the solution over the time. Check algorithms on 2.4.4.Time integration schemes.

e ConvergenceCriteria: This is the base class to define the different convergence criterion considered.
Here the residual/solution increment or any other criteria is taken into account in order to check if converged.

e SolvingStrategy: This is the base class from which we will derive all the strategies (line-search, NR, etc.).
See 2.4.3.Solution of the non-linear-equilibrium equations system. It is the class responsible of actually solving
the problem. It integrates all the former classes.

B.2.8 10 classes

In this class we can include the classes dedicated to read external files, such as the *.madpa files, default input for
Kratos. We can include the utilities used to read *json files. These are the default file types used to define the
parameters of the problem and the material Properties. Additionally, in the 10 category, we can include classes
such the Logger which is used to show/register/save the simulated information.

B.2.9 Testing framework

The testing framework is very relevant in Kratos, and have allowed a faster in Kratos than the former to the
introduction of this technology. Unittest are extensibility used on Information and Communications Technology
(ICT) to ensure code quality. An unittest is a software testing method by which individual units of the source code,
hence the name comes, are tested to determine whether they behave as intended. We can differentiate in Kratos
two different approaches for the unittest:

e Python tests: These tests are based in the Python unittest framework, which was originally inspired by
JUnit. With this framework we can test and check methods exported to Python and run full short problems in
order to check that the results obtained are the expected.

e C++ tests: This is a custom Kratos testing framework where the test is fully written in C++.

B.3 Mmg library

B.3.1 What is Mmg and how does it work?

Mmg is an open source software for anisotropic automatic remeshing for unstructured meshes based on Delaunay
triangulation. It is licenced under a GNU Lesser General Public License (LGPL) licence and it has been integrated
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“ a
Lpgrade
your meshes
Figure B.5: Mmg logo. Image from Mmg web

in Kratos[ArtDRO10] via the mmg_process.h inthe MeshingApplication. It provides 3 applications and 4
libraries:

e The mmg2d application and the 1ibmmg2d library: adaptation and optimisation of a two-dimensional triangula-
tion and generation of a triangulation from a set of points or from given boundary edges.

e The mmgs application and the 1ibmmgs library: adaptation and optimisation of a surface triangulation and
isovalue discretisation.

e The mmg3d application and the 1ibmmg3d library: adaptation and optimisation of a tetrahedral mesh and
implicit domain meshing.

e The 1ibmmg library gathering the 1ibmmg2d, 1ibmmgs and 1ibmmg3d libraries.
The Mmg remeshing process modifies the mesh[BookDob12][ArtDDF14] iteratively until be in agreement with the
prescribed sizes on the idealised (Figure B.6) contour (and directions in case of anisotropic mesh). The software

reads the mesh and the metric, then the mesh is modified using local mesh modifications of which an intersubsection
procedure based on anisotropic Delaunay kernel.

(0,1)

(0,0) (1,0)
(a) A piece of parametric Bézier cubic surface associated to triangle T (b) The resulting configuration of the vertex relocation procedure

Figure B.6: Mmg idealised geometry. Source[ArtDDF14]

We can resume the algorithm in following steps:

1. Mmg tries to have a good approximation of the surface (with respect to the Hausdorff parameter).

2. It remeshes on geometric criteria. Mmg scans the surface tetrahedra and splits the tetrahedra using prede-
fined patterns if the Hausdorff distance[BookRW09] between the surface triangle of the tetra and its curve
representation doesn’t respect the Hausdorff parameter.

3. The library scans again the surface tetrahedra and collapses all the edges at a Hausdorff distance smaller than
a threshold defined in function of the Hausdorff parameter.

4. Next it intersects the provided metric and a surface metric computed at each point from the Hausdorff parameter
and the curvature tensor at the point.
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5. Then Mmg smooths the metric to respect the gradation parameter. The metrics are iteratively propagated until

the respect of the gradation everywhere.

6. Following it remeshes the surface tetrahedra in order to respect the new metric.

7. Finally, it remeshes both the volume and surface to have edges between 0.6 and 1.3 (in the metric). The long
edges are cut and short ones are deleted (collapsed).

B.3.2

B.3.2.1 Introduction

Integration between Mmg and Kratos

In order to understand the integration between Kratos and Mmg is important to understand the data structure
of Kratos. We address in first place to the corresponding section about Model structure on the Kratos API

(B.2.4.Model).

B.3.2.2 Class structure

The implementation of Mmg into Kratos is
done in the MeshingApplication. The
Unified Modeling Language (UML) dia-
gram presented on Figure B.7 shows how
the implementation is done.

In here we see like there is an auxil-
iary class called MMGUtilities, which is
called by the MMGProcess, which is the
process called for remeshing and MMGIO
which can be used to read write Mmg 10
files.

MMGUtilities is the class responsi-
ble to interact with the Mmg API. Due to
structure in Mmg library, a template ar-
gument must be considered in order to
call the respective methods for each one
of the specialised includes (1ibmmg2d.h,
libmmg3d.h and libmmgs.h).

Additionally the MMGProcess integrates
all the steps during the remesh process, in-
cluding the value interpolation and the in-
ternal variables recovery from 6.6.Internal
values interpolation. After its execution all
the solvers and the processes must be ini-
tialised.

B.3.2.3 Submodelpart recovery

| Iibmmn_hl

h! ||ibmmr-:u.h| | i

1)

Base methods ™| | 20 methods 30 methods 3D surfaces
methads

MmgProcess

TMMGLibrary | ——
</

-ModalPar& mrThisModalPart
-Parameters mThisParameters
-MmgUtilities mMmmgUtilities

-SizeType mEchaLevel

-baol mRemoveReagions

<D Cption mOy
-DofsContainerType mDofs
-slring mFilaname
<IndexType mEchoLevel

-ColorsMap mCalars
-Elementshap mpRelElamant
~CanditionsMap mpRefCondition

-FramewaorkEulerLagrange mFramework

+Execute()

+Executelnitialize()
+Executalnitialize SolutionStep()
+ExecuteFinalize()
-InitializeMeshData()
-InitializeSolDataMetrici )
-InitializeSolDataDistanca()
-ExecuteRemeshing()

-SaveSolutionToFile()
-FreeMemary()

-InitializeEle mentsAndConditions()

Figure B.

As we have previously mentioned, on B.2.4.3.Submodel-
parts we need to subdivide the mesh into submodelparts

so we can apply BC. In order to preserve that informa-
tion after remeshing we need to create an identification
system, so we are able to create a unique /D that will
allow us to reconstruct the submodelpart structure after
remeshing, this methodology is commonly called colour
identification. This is thanks to the API of Mmg which al-

Node 1
Node 2
Cond. 1
Cond. 3
Elem. 1
Elem. 4

lows to preserve a reference number, which works as an

ID. In Figure B.8 we see the concept of this idea.

Aﬁ#Cdourl

iTMMGLbmani

-SizeType mEcholeval
-bool mRemoveRegions
-DiscretizationOption mDi

+Initheshi)
+InitVerbosity()
+SalMeshSiza{)
+SetSolSizeScalan)
+SatSolSizeVacton )
+SatSolSizaTansor()
+CheckMeshData()
+Inputheshi)
+InputSol(}
+Freadll)
+MMGLIbCaliMetric()
+MMGLIbCalllsoSurface()
+SalModas()
+SetConditions()
+SetElements()
+SatMetricScalan)
+SatMetricVactor )
+SetMetricTenson)
+GetMetricScalar()
+GetMetricVactar()
+GetMetricTensor])

TMMGLibrary |

MmglO

~string mFilename
-Parameters mThisParameters
-Flags mOplions

-MmgUtilities mbmmgUtilities

+ReadModelPart()
+WriteModelPart()

7: Mmg-Kratos integration

Colour 1

Figure B.8: Concept of colours
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In Kratos this is implemented inthe AssignUniqueModelPartCollectionTagUtility
class, that can be found here. This class computes a map of collections of submodelparts, in order to do that, a tag is
assigned to each node, condition and element in order to get the collections where it belongs. The main ModelPart
tag is 0, then each submodelpart has 1, 2... Finally, a combination of these submodelparts has another tag, greater
than the former ones.

The class make use of C++ std: :unordered_map. First the list of tags of each Mode1Part is created, with
the corresponding entities belonging to it. Then with this list map, the submodelparts combination tags are computed.
Finally, with this, the list containing the tags of each submodelparts combination and the entities contained in it. The
following block showns the way it works:

void AssignUniqueModelPartCollectionTagUtility:: ComputeTags(
IndexIndexMapType& rNodeTags,
IndexIndexMapType& rCondTags,
IndexIndexMapTypeé& rElemTags,
IndexStringMapType& rCollections
)

// Initialize and create the auxiliary maps
IndexIndexSetMapType aux_node_tags, aux_cond_tags, aux_elem_tags;

// We compute the list of submodelparts and subsubmodelparts
const StringVectorType& r_model_part_names = GetRecursiveSubModelPartNames(mrModelPart);

// Initialize the collections

IndexType tag = 0;

for (IndexType i_sub_model_part = 0; i_sub_model_part < r_model_part_names.size(); ++i_sub_model_part) {
rCollections[i_sub_model_part].push_back(r_model_part_names[i_sub_model_part]);

if (tag > 0) {
ModelPart& r_sub_model_part = GetRecursiveSubModelPart(mrModelPart, r_model_part_names[i_sub_model_part]);

/* Nodes "/

NodesArrayType& r_nodes_array = r_sub_model_part.Nodes();

const auto it_node_begin = r_nodes_array.begin();

for(IndexType i_node = 0; i_node < r_nodes_array.size(); ++i_node)
aux_node_tags[(it_node_begin + i_node)->Id()].insert(tag);

/* Conditions */

ConditionsArrayType& r_conditions_array = r_sub_model_part.Conditions();

const auto it_cond_begin = r_conditions_array.begin();

for(IndexType i_cond = 0; i_cond < r_conditions_array.size(); ++i_cond)
aux_cond_tags|(it_cond_begin + i_cond)->Id()].insert(tag);

/* Elements */
ElementsArrayType& r_elements_array = r_sub_model_part.Elements();
const auto it_elem_begin = r_elements_array.begin();
for(IndexType i_elem = 0; i_elem < r_elements_array.size(); ++i_elem)
aux_elem_tags|(it_elem_begin + i_elem)->Id()].insert(tag);
}

++tag;

}

// Now detect all the cases in which a node or a cond belongs to more than one part simultaneously
std::unordered_map<std::set<IndexType>, IndexType, KeyHasherRange<std::set<IndexType», KeyComparorRange<std::set<IndexType» > combinations;

/* Nodes */

for(auto& r_aux_node_tag : aux_node_tags) {
const std::set<IndexType>& r_value = r_aux_node_tag.second;
if (r_value.size() > 1) combinations|r_value] = 0;

}

/* Conditions */

for(auto& r_aux_cond_tag : aux_cond_tags) {
const std::set<IndexType>& r_value = r_aux_cond_tag.second;
if (r_value.size() > 1) combinations[r_value] = 0;

}

/* Elements */

for(auto& r_aux_elem_tag : aux_elem_tags) {
const std::set<IndexType>& r_value = r_aux_elem_tag.second;
if (r_value.size() > 1) combinations[r_value] = 0;

}

/* Combinations */
for(auto& combination : combinations) {
const std::set<IndexType>& r_key_set = combination.first;
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for(IndexType it : r_key_set)
rCollections[tag].push_back(rCollections]it][0]);

combinations[r_key_set] = tag;

++tag;

}

// The final maps are created
/* Nodes "/
for(auto& r_aux_node_tag : aux_node_tags) {
const IndexType key = r_aux_node_tag.first;
const std::set<IndexType>& r_value = r_aux_node_tag.second;

if (r_value.size() == 0)
rNodeTags[key] = 0; // Main Model Part

else if (r_value.size() == 1) / A Sub Model Part
rNodeTagsl[key] = “r_value.begin();

else // There is a combination
rNodeTags[key] = combinations[r_value];

/* Conditions */
for(auto& r_aux_cond_tag : aux_cond_tags) {
const IndexType key = r_aux_cond_tag.first;
const std::set<IndexType>& r_value = r_aux_cond_tag.second;

if (r_value.size() == 0)
rCondTagslkey] = 0; / Main Model Part

else if (r_value.size() == 1) /A Sub Model Part
rCondTags[key] = *r_value.begin();

else // There is a combination
rCondTags[key] = combinations[r_value];

/* Elements */
for(auto& r_aux_elem tag : aux_elem_tags) {
const IndexType key = r_aux_elem_tag.first;
const std::set<IndexType>& r_value = r_aux_elem_tag.second;

if (r_value.size() == 0)
rElemTagslkey] = 0; // Main Model Part
else if (r_value.size() == 1) /A Sub Model Part
rElemTags[key] = *r_value.begin();
else // There is a combination
rElemTags[key] = combinations|r_value];
1

// Clean up the collections
for (auto& r_collection : rCollections) {
std::unordered_set<std::string> aux_set;
for (auto& r_name : r_collection.second) {
aux_set.insert(r_name);

std::vector<std::string> aux_vector;
for (auto& r_name : aux_set) {
aux_vector.push_back(r_name);

}

r_collection.second = aux_vector;
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Appendix C

Automatic differentiation

€6 God does not care about our
mathematical difficulties - he
integrates empirically.

Albert Einstein
(1879 - 1955 AD, German-born
theoretical physicist)

C.1 Introduction

The AD[ArtGru82; ArtKor97; ArtKor02; BookWri08], also called algorithmic differentiation or computational
differentiation. It consists in a set of techniques to numerically evaluate the derivative of a function specified by
a computer program. This is possible to the main principle which defines the derivative operation, which is the
differentiation of an algorithm by the use of the chain rule. This operation is completely linear, so it can be easily
adapted to any problem, nevertheless of the complexity. As said Korelc[BookJo16] says, the main advantages of the
AD are:

e Automatic generated codes are highly efficient if the software employed does the corresponding optimisations
properly.

e The symbolic formulation is more compressed, for example we only work on the definition of the energy potential,
and thus gives fewer possibilities of an error.

e The code generated can be adjusted to specific problems, leading to on-demand numerical code generation.
e The code can be generated for different environments and multi-languages from the same symbolic description.
e Some complex and error-prone operations, such algebraic operations are done automatically.

e Simplifies the implementation of multiphysics problems, as the symbolic definitions are purely mathematical and

not related to any specific problem.

Of course the methodology is not free of controversy or drawbacks, the quantity of code generated can be
enormous and less general compared with the manual counterpart, this implies bigger source code files and higher
compilation and linking times.

In order to compute the AD we need a Symbolic and Algebraic Computational Systems (SAC) for the manip-
ulation of mathematical expressions in symbolic form. Some know commercial SAC systems are Mathematica or
Maple. From the Open Source Software (OSS) side, we can find the open-source symbolic Python based package,
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Sympy[Onl]. SAC systems cannot be used in directly to define the solution of the problem, as in the case of complex
engineering problems, the uncontrollable growth of expressions and consequently redundant operations leads to
inefficient codes.

In addition we can mention the Hybrid Object-Oriented (HOO)[BookJo16] approach, an intermediate solution.
This approach has brought a new perspective for the development of complex software and several OO FE environ-
ments have been developed. The HOO systems are in general restricted to a particular type of formulations where
the strong form to the element equations can be defined. With this the expression growth problem mentioned for SAC
is reduced, since the symbolic code derivation is used on the resolution of simpler sub-problems. The most relevant
examples of this approach can be found on the OSS environments of FreeFem++ (Hecht[ArtHec+09]) and FEniCS
(Logg[ArtLog071]).

C.2 Mathematical concepts

X X
Computer program » AD Extended computer program
y y, &

Figure C.1: AD concept
The NR method (C.1) gives us quadratic convergence(C.2).

We start with ug
R(u; + Au;) = R(u)) + 2B(u))Au; =0

u
. —1
(C.1) Solving — Au; = — (%8) " R(u;)
Uiy = U+ Au;

Convergence when: [|Au;|| < ¢, or/and ||R|| < ¢,

X — X
(C.2) fim Xt = Xsoll 5"’2”
k—o0 HXk — Xso/”

= M, with M >0
Then (C.1) gives us the definition of the RHS and the LHS (C.3). In consequence it is possible to use the AD to
obtain the exact definition of the system and achieve quadratic convergence

AW ORHS
(C.3) RHS = 550 LHS = oy

Sometimes the LHS matrix is called tangent matrix, this is due to the mathematical concept underlying the
derivation of the RHS vector necessary to obtain the consistent LHS from (C.3), where in a Single Degree Of
Freedom (SDOF) problem the graphic representation of derivatives corresponds with the tangent in the given
functional (See Figure C.2).

From a developer point of view the main advantages of this technique is the fact that it reduces the development
time, reduces the computation time, and gives us robust and consistent code where the step of consistent linearisation
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S

Figure C.2: NR representation for a SDOF

is considerably simplified. Furthermore, the time that will be required modify the code will be only the needed to
modify the function to derive with AD, or the only thing that is actually debugged is the functional, not the generated
code. This technique has been already used successfully for contact problems by Jakub Lengiewicz[ArtLKS11;
ArtSLK10].

C.3 Implementation

In the implementations presented in this work for the AD derivations, we have used Sympy[Onl]. The quality of the
code obtained is lesser than in the case of the code developed by Korelc[ArtKor97; ArtKor02] AceGen[Onl], but we
have a full control of the whole workflow and the implementations actually done.

In the following section, we will introduce the principles of AD (C.3.1.Principles of Automatic Differentiation), which
will help us to understand the design choices taken of the last section. The last section (C.3.2.Kratos integration) we
introduce the integration between Kratos and Sympy and the modular design followed in order to consider properly
the derivative definition without explicit definition of the values involved and get a fully quadratic convergence.

C.3.1 Principles of Automatic Differentiation

C.3.1.1 Derivation modes

As we said previously, the AD is based on the execution of elementary operations with known derivatives, each one of
them can be evaluated exactly with the chain rule, independently of the complexity of the formulation. We can define
two procedures[BookJo16], the forward mode and the backward mode. We can show this using the example shown
in [BookJo16], taking as reference the equation from (C.4a).

n
(C.4a) f=bcwith b= & and ¢ = sin(b)
i=1
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Considering a; as n independent variables. The forward mode (C.4b) accumulates the derivatives of intermediate
variables with respect to the independent variables.

Vb %=2x,-fori=1,2,---,n

- da;
dc .
(C.4b) Ve= e cos(b)Vbifori=1,2,---,n
i
af .
Vf=—=Vbjc+bVcifori=1,2,---,n
da,-

On the other hand, the backward mode, (C.4c), propagates adjoints x = %, which are the derivatives of the final
values, with respect to intermediate variables.

. df
Fo— =1 1
af
a=ﬂ=g7=b? 1
(C.4c) dc Oc
. B—g—g? %é—c? cos(c)c 1
“db " ob Tapt T
Vf=é,-=@b=2a,-b fori=1,2,---,n
8a,-

The implementations on C.3.2.Kratos integration consider basically the forward mode. A proper implementa-
tion[BookJo16] makes use of both approaches and combine them in order to obtain the most efficient approach
according to the estimated work ratio (C.5). On this equation the work ratio of the forward mode is proportional to the
number of independent variables, and in the case of backward mode to the number of scalar-valued functions.

t(f(a), 2

C.3.1.2 Automatic Differentiation exceptions

Here we introduce the concept of AD exceptions, these exceptions appear on the derivative of an implicit dependence.
For example, let's consider the following nonlinear equation (C.6a), which we will solve via the NR method. If we
assume that (C.6a) depends on an additional independent variable a, as shown on (C.6b). If u depends on a, this will
introduce an additional implicit dependence on R (C.6c¢). This kind of implicit dependency appears in many non-linear
problems, for example on sensibility analysis or in order to obtain a fully consistent tangent on elasto-plasticity
problems or in contact problems in large deformations and the boundary moves significantly. In order to compute
the derivatives of this implicit dependence, we can apply the chain rule as in (C.6d). This can be solved by a direct
application of the AD, but an alternative approach is to take into account the AD exceptions.

(C.6a) R(u)=0

(C.6b) R(u,a)=0
(C.6¢) R(u(a),a) = 0
(C6d) DR _0Rou OR

Da ~ ouda oa
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du oR\ ' 6R

If R is defined by an algorithm then we can obtain the tangent matrix needed in the NR scheme can be obtained
by AD. Let’s define the computational derivative concept (C.7a). Then we can define the computational derivative of
(C.6b) on (C.7b). It is here where we can proceed in two ways, or directly deriving and solving in each step (C.6e),
which can be very costly, or we can apply the AD exceptions.

S
—
~

(C.7a)

(oo}
—
-

OR SR OR 4R

There are two types of AD exceptions, the local exception (C.8a) or the global exception (C.8b). The difference
between both exceptions is basically as the name indicates that in the case global exception the exceptions are
defined globally, hence valid for every AD procedure call, while it applies only for the specific call. The approach
followed in our implementation would be closer to this last exception, as the derivatives are defined in a modular way.
For more details follow the next section.

Df _ f(a,u(a))
(C.8a) Sriai e .

oo
|3

(C.8b)

Df  of(a,u(a))
Da’ ba

C.3.2 Kratos integration

The classical way of optimising expressions[BookdJo16] in Computer Algebra Systems (CAS) are searching for
common sub-expressions before the generation of code is done. This can be insufficient when applied to general
non-linear problems. This means that in the case of using Sympy environment directly, it is not possible to obtain
complex or highly non-linear FE with this approach.

The design of our AD implementation has in mind these restrictions, and because of this, several utilities which
integrate the Sympy environment has been implemented into Kratos. These utilities introduce simpler techniques
than the ones developed Korelc for AceGen', but enough in order to obtain a relatively complex formulation.

The approach followed in order to take into account the AD exceptions (C.3.1.2.Automatic Differentiation ex-
ceptions) is the definition of the derivatives (4.6.Derivatives for contact mechanics linearization) as independent
computations.

In order to do that, on the Sympy implementations we have defined an implicit dependency respect of the DOF of
the terms with derivatives, defined in a standalone way. Those algebraic expressions are carried during all the AD
procedures and finally replaced with the corresponding exceptions on the last stage of the code generation.

TLike the techniques of Simultaneous Stochastic Simplification[BookJo16].
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This integration can be represented in a UML diagram, Figure C.3. On this Figure we can distinguish the previously
stated steps. We define a base template in C++ code, which is empty, and the AD generator created based on
Sympy fills the template based in a given Galerkin functional. The derivatives are computed a priori, and the code
generated includes them implicitly until the C++ code conversion steps, where are replaced with the externally
computed values.

template.cpp
- Data : Data = @
- DerivativeData : DerivativeData = §
+ CalculatelocalRHS_empty()
+ CalculatelHS_empty()

«interface» Sympy: :AD generator
Sympy - Galerkin functional : g = f(u,w)

+ Derivate() - rhs : rhs = dg/dw

+ Simplify() - lhs : lhs = drhs/du

- symbolic_derivative_data : derivative_data = ddata/du
+ replace_lhs()
+ replace_rhs()

Python script

A\
Y
1
- - — code.cpp
DerivativesUtilities ~ Data : Data = M.D,n,u,x...
+ ComputeDerivativeData() - DerivativeData : DerivativeData = dM,dD,dn..
+ ComputeData() + CalculatelocalRHS()
+ CalculatelHS()

Code compiled on Kratos
Figure C.3: AD workflow in a UML diagram
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Appendix D

Constrained optimisation problems

@& The mathematical sciences
particularly exhibit order, symmetry,
and limitation; and these are the
greatest forms of the beautiful.

2

Aristotle
(384 - 322 BC, Greek philosopher)

D.1 Introduction

The following appendix introduces the concepts concerning the constraint optimisation needed in the resolution of
the contact problems. These optimisation methods are of general use from a mathematical point of view and can be
found extensively on the literature[BookLei04; ArtQS99], especially to the kind of problems we are interested to solve
that are the contact problems[BookAnd01; BookYas13]. The main problematic motivating us to study these constraint
optimisation methodologies is the existence of many physical phenomena such as the impact, friction, among others;
which can be studied with mathematical models with some kind of discontinuous or non-smooth behaviour. In detail,
this problem suffers of bifurcation points, therefore, may lead to non-smooth dynamic systems, where the dynamic in
each mode is associated with a different set of smooth differential equations[BookLei04].

The methods we are going to present in this annexe are the following ones:

e Penalty method (also known as exterior point method[PhDYas11]). This is probably the simplest and probably
most extended method. The last statement comes particularly true when the method can deal with explicit
contributions, then used on explicit simulations. For more details and deeper explanation see D.2.Penalty
method.

e Lagrange multiplier method. The LM can be given a rigorous justification within the context of the variational
calculus[BookCAO01], and in contrast to penalty method gives an exact solution. How it is derived and several
additional details are presented on D.3.Lagrange Multiplier method.

e Augmented Lagrange Multiplier method. The ALM basically combines the former methods, for a deeper
understanding see D.4.Augmented Lagrange Multiplier method.

There is another method that we consider is important to highlight, this is the resolution of MPC (see D.5.MultiPoint
Constraint (Master-Slave elimination method)) with the master-slave elimination method. This method is not an
optimisation method by itself, but can be used in order to impose constraints of interest in the resolution of mechanical
problems. The main reason to mention it in addition to the previous methods, it is due to the fact is available on
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B.2.Kratos Multiphysics natively. Unfortunately, it is not particularly good to deal with complex contact constraints as it
will be shown later.

There are many methods omitted on this list", as we said we will present and study just the methods used in the
developments concerning this work.

D.2 Penalty method

D.2.1 Introduction

The PM method can be idealised as the presence of fictitious elastic structural elements (Figure D.1) which enforce
the constraint approximately for mechanical problems[BookCAO1]. In the most general case, it can be defined as
penalty functional appended to our functional of interest, which increases accordingly to how severely the constraint is
violated[BookKO88].

'En(<_gﬂ>) -€,((—gn))

Figure D.1: Analogy between penalty method and springs. Image from [BookYas13]

D.2.2 Formulation

In order to formulate a generic constrained problem and solve it with the PM we just need to add the following to our
functional (D.1).

We start with the following base functional and the following constraint. It can be extended to any number of
constraints, in fact, at contrary to other optimisation methods LM can deal with overconstrained problems (this does
not mean it will fulfil all of them satisfactory).

f(w, x) = Base functional
(D.1a) ( ) )
constraint <0

Where w and x are the test function and DOF respectively. Then we add the following penalty functional to our base
functional. The objective of this penalty term is precisely to penalise the infringement of this constraint.

(D.1b) fo(w, x) = f(w, x) + g max(0, constraint)?

Where < is our penalty parameter. Simple, yet powerful and generic.

As in any functional, in order to deduce the corresponding LHS and RHS we do the following (D.2) (as follows
it will be the same for the rest of methods). This is already stated on the appendix concerning AD (C.Automatic
differentiation).

Ofp(W, X)
(D.2a) RHS(x) = ~ow

ORHS(x)
(D.2b) LHS(x) = o

"In [PhDYas11; BookWri06] we can see the following methods as an extension of the list presented: Barrier method (also known as interior
points method), perturbed Lagrangian[ArtSWT85a], Nitsche[ArtNit71] method, cross-constraint method.
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D.2.3 Applicability on contact problems

The penalty method is general and powerful enough to be applied on contact problems. So in case we want to
introduce it into a contact problem we can do the following (D.12).

We define the non-penetration condition, together with the HSM.
(D.3a) 9g>0, 0,<0, gop,=0, 0;=0

In order to fulfil these conditions, we can define the contact pressure as a continuous function of the penetration.

(D3b) { QZO, Un=0, gO’n=0

g<0, O'n=<€n(_g)<0, go'n 5(0

This approximation implies that the non-penetration condition is not respected, but the penetration movement is
resisted, the deeper is the penetration the stronger is the reaction. Then the energy accumulated on these continuous
linear springs is:

)] —{-9 1 »
(030 B =10~ [ enl-ghdd = [ egdd = penl-g)
0 0

Where () are the Macaulay brackets. Integrating over the boundary, over the normal direction, the contribution to the
balance of virtual works writes as:

(D.3d) dfp(x) = 0f(x) + /

€n(—0n) 5gndr1c = / €n (<_gn>) 5gndr1c
r re

;
D.2.3.1 Adapted Penalty Method

On (D.12) the ¢ is constant, in contrast we can adapt dynamically the value of < in order to improve the convergence
of the system. Bussetta|ArtBMP] presents the Adapted Penalty Method (APM) as a plausible method from doing
so0. The concept is summarised on the Figure D.2, where the function .% that defines the ¢ varies in function of the
penetration (g,), see (D.4).

F A
1
1
1 ______ s i i Vi
. L
f | | gmax
| | |
1— = | |
I |
/gmin: : -
gmin gmax g
Figure D.2: Representation of .%. Image from [ArtBMP]
(D.4a) Eniy = F (Ig,| s Omin; gmax) Eni
gl,g;‘x if |gi| > Gmax
(D.4b) F (|g:| sgminagmax) = % if |gi] < Gmin
1 else

This is important because as we have previously stated, the choice of the penalty coefficients is of the utmost
importance in order to get an effective solution. The smaller these coefficients are, the result obtained may not
respect the imposed contact constraint, allowing penetrations. On the other hand, a large value of these coefficients
may induce numerical oscillations and ill-conditioning of the system of equations, preventing the convergence of the
algorithm. There are other alternative proposals to this in order to improve the PM, with more layers of complexity, like
for example the consideration of a double penalty[PhDHet14].
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D.3 Lagrange Multiplier method

D.3.1 Introduction

The LMM[BookIK08], named after Joseph-Louis Lagrange, is used on optimisation theory to find the extremum, saddle
point, of a functional subjected to equality constraints[BookAkh88]. The basic idea is to convert a constrained
problem into a form such that the derivative test of an unconstrained problem can still be applied[OnlLag], the obtained
functional is called Lagrangian (L(x, A\)). On this Lagrangian functional, we add a new unknown called Lagrange
multiplier, usually referred as A. The great advantage of this method is that it allows the optimisation to be solved
without explicit parameterisation in terms of the constraints.

D.3.2 Formulation

The Lagrangian is constructed in the following manner (D.5b), this for problems where the constraint is not limited by
any inequality. For problems where we deal with inequality constraints, we need to formulate the problem following
some kind of active set strategies[PhDYas11], we can define three types of PDASS(D.5d), graphical examples for a
better understanding of the problem will be presented on the section D.7.2.Non-linear spring contact problem with
wall.

We want to minimize f subjected to g.

(D.5a) min f(x) — V.Lx(x,\) = 0
g(x)=0

Where the Lagrangian is defined as follows:
(D.5b) Lx(x, A) = f(x) + Ag(x)

The gradient (V) of £ can be defined as:

s ][ 2 anp
(D.5¢) VLA(X,A) = [ . } = { X ] =0

In case we wan to to consider to solve a problem with inequality constraint we can consider the following three active
set strategies (PDASS), where () denotes the Macaulay brackets, used to describe the ramp function:

Active set strategy 1: g(x) > 0: f(x) g(x) <0:Lx(x, )
(D.5d) Active set strategy 2: A > 0:f(x) A <0:Lx(x,A)
Active set strategy 3: g(x) >0and A > 0:f(x) g(x) <0orA<0:Lx(x, )

These strategies, combined with (D.5b) can be expressed the following way, with the Macaulay bracket.

Active set strategy 1: £,(x, \) = f(x) — (=) g(
(D.5€e) Active set strategy 2: £, (x, \) = f(x) — A (—g(x )>
Active set strategy 3: £, (x, \) = f(x) — (=) g(x) — A (—g(x)) — (M) (g(x))

The influence of each of the PDASS can be summarised as:

1. This one is based on the check of the violation of the g, it is the most commonly used due to its robust-
ness[PhDYas11], but with a higher number of NL iterations in order to converge.

2. This one checks the positivity of A. This one may lead to the continuous switch between the base functional (f)
and the Lagrangian L, lacking the robustness provided by the first strategy, even despite of having a faster
rate of convergence on ideal conditions.

3. The third alternative provides the robustness of the first strategy and the rate of convergence of the second one,
but also may diverge faster in case the initial solution is far from the final one. This last point forces to consider
a slow loading of the problem, or a fine-tuning in the BC.
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The solution of our minimisation problem is a stationary point in (D.5b), but usually not all stationary problems
of the Lagrangian(D.5b) are solutions of the initial minimisation problem. The resulting system of equations has a
higher number of unknowns with the corresponding additional computational cost. Additionally if we compute the
Hessian (H) of the Lagrangian functional, we will obtain the corresponding LHS of our optimisation problem, being the
gradient equivalent to minus RHS.

First define H as the derivative of the gradient

Vai(x)!
Vaa(x)"
(D.6a) H(x) = Vg(x) = .
Vgn(X)T
Then we can compute the H from the gradient (D.5c).
PLy  BPLy 9%f(x)  dg(x)
(D.6b) HICA(xN) = | 28 22 1 =| g &
OXON O ox 0

On (D.6) the H of £ is shown, and at (D.6b) we can see the typical LHS structure for a problem solved with LMM.
In here the equations have a zero diagonal for each multiplier term. Thus, special care is needed in the solution
process to avoid division by the zero diagonal[BookZTF14]. This issue is partially solved with the use of ALM.

D.3.3 Applicability on contact problems

Gontact solutions (Ap <C

20

Q 0 S5 No contact solutions (Ap > 0)

—20F

‘. o

. 0
< 2
Gn -4 4 A/An

Figure D.3: Lagrangian function for the contact problem

Following the same reasoning of D.2.3.Applicability on contact problems, we can define a functional for contact
mechanics using the LMM. The HSM conditions (D.3a) are still applied here, then we can obtain the corresponding
Lagrangian (D.7).

Defining A\, as the normal Lagrange multiplier which defines the normal contact pressure.

(D.7a) Ly (x,A) =f(x)+ [ Agn(x)dT}
r
The variation of the Lagrangian then can be expressed as:

(D.7b) SLx (X, \) = 0F(X) + | gn(X)ON + Aogn(x)dTs = 0
rC
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Where )\, and g, have to be fulfilled the minimisation problem with inequality constraints (D.3a). This means that from
(D.5d) the preferable strategy would be the third one.

We can represent (D.7) on the locus® of Figure D.3, where (D.7) is represented on function of g, and \,. On this
figure we can appreciate the fact that on tension state (A, > 0) there is no solution to the functional (zero solutions),
this generates a discontinuity which affects the resolution the resulting system of equations. This last problematic can
be solved precisely with the application of ALM.

D.4 Augmented Lagrange Multiplier method

D.4.1 Introduction

The ALM was originally introduced by Arrow and Solow[ArtAS58], and later improved by Powell and Hestenes[ArtPow69;
ArtHes69], reason why was originally named as the multiplier method of Hestenes and Powell. The method consists
on a regularised version of LMM[PhDYas11]. This regulazations occurs via the inclusion of penalty parameter, but
once the problem has reached convergence the influence of the penalty parameters disappears, resulting in exact
fulfilment of the constraint.

D.4.2 Formulation

D.4.2.1 Standard formulation

The Lagrangian is constructed in the following manner (D.8b), this is basically the combination of the PM and the
LMM (D.8a). This method was generalised by Rockafellar[ArtRoc73b; ArtRoc73a] for inequality constraints (D.8c), in
this particular case g(x) > 0.

The Lagrangians for the PM and LMM as previously redefined are:

(D.8a) fo(x) = f(x) + %EQ(X)Z; La(x, A) = f(x) + Ag(x)

Combination of previous methods, we obtain the augmented Lagrangian.

(D.8b) L5 (x, ) = Ly (x, \) + %5g(x)2 = f(x) + Ag(x) + %z—:g(x)z
Expressed as inequality constraints g(x) > 0:

(D.8c) L5, A) = F(x) — — ()\2 =+ 5g(x))>2)

In an expanded form, it rewrites as:

] Ag(x) + 3e9(x)? A +eg(x) <0
(D.8d) L5(x, ) = f(x) + { AR BORANE

We can call A + £g(x) as )\, or augmented Lagrangian. The gradient (V) of (D.8d) can be expressed as:

[@mg(x))ag(” <o

(D.8e) VL5 (x,\) = VA(X) + . 9(x)
[ A } ,A>0

Equivalent to what is done in (D.6) we can obtain the Hessian (H) of (D.8b). In (D.9) we see that in this case, we
have partially solved the issue concerning to the zero terms appearing on the diagonal, compared to the previously
obtained H. The problematic have been solved partially because only affects to the inactive set (A > 0), in the case

2A locus is the set of all points (usually forming a curve or surface) satisfying some condition.
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of the active set we still have to deal with this issue. A Generalized Newton-Raphson method (GNM) was proposed
by Alart and Curnier for nonsmooth potential for the ALM[ArtAla88; ArtAC91; ArtAla97].

Prx) | O 290 \? @
[ax‘% 2 (gt + < (%412) g‘f)] 5 <0

PLs 9Ly 29(x) 0
(D.9) H(L5(x, \) = @E  0pox | - ox
oLy 0Ly 92f(x)
XN oA 5. 0 1>0
o ! ’
€

D.4.2.2 Uzawa iteration

So as we have seen, we still have some problematic from the standard LMM, like the zero diagonal terms or the non-
positivity of the Lagrange multiplier. In order to solve that, on 1958 the Japanese economist Uzawa presented[ArtAS58;
ArtAHUS58] an alternative approach in order to solve this problematic following an iterative approach, known as Uzawa
algorithm[Onl].

Let's decompose the increment of the Lagrangian into two different components, one for the x DOF and the other
for the update of the Lagrange multiplier (D.10).

Calling A\; and x; the respective solution for the NL iteration number i. Then we can define the augmented
Lagrangian in a given increment of a NL iteration as:

OL5 (X, Aj
(D10a) E;\ (X,'+AX,',>\,'+A/\,') %ﬁ;\ (X,‘+AX,', )\,‘)+ % A)\,'+ O()\lz) =0
Ai
We can do the same for the Ax term, and expand it.
L5 (% + Axi, \j) = L5 (x;, ) + 2888201 Ay 0
X

(D.10b)

F06) + Nig (%) + 329 ()% + |28+ s+ 2g00)]| 2822 1], Axi+ O (x¢) = 0
Finally, concerning the Lagrange multiplier we apply an update procedure:
(D.10c) Aivt = Ai+e9 (X)), AN =eg(x)

Convergence of this method is linear for the part relative to the Lagrange multiplier (O (};)), as we have removed the
second order part of (D.10a). Besides the advantage of the method is that the £ is smooth so that a standard NR is
applicable.

For the present work, the standard approach has been taken into consideration. On the contact chapter of this
work the details concerning why the standard ALM approach has been chosen instead of the Uzawa iteration, check
the corresponding section for further details, 4.3.3.2.1.3.ALM.

D.4.3 Applicability on contact problems

Following a similar criteria to the one employed on (D.7), the equivalent formulation can be obtained for the ALM , see
(D.11). In contrast to the locus for the LMM, the corresponding locus for the ALM (Figure D.4) is C' differentiable
saddle-point, with the corresponding advantages for the resolution of the problem. Like the existence of a system of
equations contributions (LHS, RHS) even for A, > 0.

Again, considering )\, as the normal contact stress, and calling )\, the augmented contact stress, computed as
X =\ +egn(x).

B} _ Agn(X) + %5Qn(x)2 ,é\ <0 1
(D.11a) ﬁA(X’A)_f(X)+/I'}{ —21?/\2 350 dr,
The variation of the augmented Lagrangian then can be expressed as:
e IAGn(X) + (A +2gn(x) 6gn(x) A <O
(D.11b) MA(X’)\)_MXH/C{ _%5/\ 350 dal:=0
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P Contact solutions {gn = 0. Ap < 0)
40 K | Ne contact solifions (An=0.gn> D) -

Figure D.4: Augmented Lagrangian function for the contact problem

D.4.3.1 Adapted Augmented Lagrangian Method

Algorithm 7 Adaptation of normal penalty coefficient{ArtBMP]

Require: ¢, g; and gi_+
1: procedure ADAPTATION OF NORMAL PENALTY COEFFICIENT

2: if gi x gi_1 <0 then

3: if gi x gi_1 < 0 then

4 en = |(ngi=1) /9i x (19i] + Gmax) / (9i — Gi—1)|
5: else

6: Ep = |s,,g,-_1/(1 Og,-)|

7: else if g; > gmax then

8: if |g; — gi—1| > max (gi/10, gi—1/10, 5gmax) then
9: €n = 2¢n

10: else if |gi| = |gi—1] = 1% < 10gmax ;hen

11: En=5n(,/(|g,-|/gmax—1)+1)

12: else if gi > gmax then

13: en=2¢n(9i-1/9)

14: else

15: €n=5n(( (|gi|/gmax—1)+1)>

16: else

17: En=¢€n

On the expressions from (D.11) it is assumed that the ¢ is constant, but there are techniques which adapt
dynamically the value of ¢ in order to improve the convergence of the system. We can mention in particular the
work of Bussetta[PhDBus; ArtBMP] who created AALM, an ALM with a corresponding algorithm in order to update
the ¢ in function of the current penetration (g,). On Algorithm 7 the procedure is detailed, here three cases can be
distinguished: The sign of g, changes (g; x gi—1 < 0), the absolute value of g, is more relevant than the defined limit
(gi > gmax), Or the last case where the absolute value of g, is smaller than the limit (g; > gmax)-

D.5 MultiPoint Constraint (Master-Slave elimination method)

Page 320 of 374 Vicente Mataix Ferrandiz



APPENDIX D. CONSTRAINED OPTIMISATION PROBDEMultiPoint Constraint (Master-Slave elimination method)

D.5.1 Introduction

The MPC is a type of MultiFreedom Constraint (MFC)® where each several displacements (or DOF) per node[BookCAO01].
The nature of these constrains can be linear if all the displacement components appear linearly on the LHS, and non-
linear otherwise. These relationships can be solved using the former optimisation methods, but in D.5.2.Formulation

we will present the master-slave method from Felippa[BookCAQ1] book.

D.5.2 Formulation
Following the notation is taken from [BookCAO1], and can be summarised in the following way (D.12).

Our system of equations looks like (D.12a).
(D.12a) LHSAx = RHS onwards LHS = A and RHS = b
If we define relation matrix T as the following:
(D.12b) x=Tx+g
That in a incremental approach leaves the following:
(D.12¢) Xi=Xi_1+AX=TX+9g —> X1+ Ax=T(X;—_1 + AX) + ¢

If the previous time step is converged then x;_1 = TX;_1 + g then simply:

_ i=0,9
D.12d Ax; = TAX;
( ) i i+ {i 7!0, 0
This brings us to the following eliminated system:
- - - - j = A
(D.12¢) AAx =binwhichA=T'AT,b=T' (b—{’,#g’og )
/ ’

D.5.3 Applicability on contact problems

(a) Patch test not passing (b) Not matching meshes giving bad quality results
Figure D.5: Patch tests solutions obtained with Master-Slave elimination method

In order to consider the MPC to compute the contact constraint, we need to deactivate them once the residuals
concerning the corresponding DOF indicates the contact constraint is on tension, and them not respecting the
unidirectionality of the contact constraint which requires compression.

3This can be defined as functional equation where two or more DOF are written in a functional which connects them.
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Unfortunately, the MPC method presented with Master-Slave elimination method does not give a good solution
once the meshes are not matching (similar to a NTN method) for a problem of deformable domains. The solutions
presented on Figure D.5 represent the solution obtained with this method. The weights have been obtained with a
mortar segmentation, therefore exact, and the results obtained are not good.

The first case, Figure D.5a, represents a 3D patch test, with not matching meshes, in this case the constraint
is fulfilled, but as both domains are deformable the resulting solution is not continuous. The solution from Figure
D.5b deals with the same problem, but with a higher number of DOF, then the bad quality of the results is even more
noticeable.

In order to obtain good results with the methods, the master domain must be rigid, or quasi-rigid, or the meshes to
match between the interface of the domains.

D.6 Summary of the different methods

The presented methods can be summarised in the following table, see D.1, inspired and expanded from [BookCAO01].
ALM and LMM are virtually identical except for the dependence of the ALM of the penalty (not affecting the final
solution). Additionally the ALM retains partially the positive definiteness due to the fact that adds relatively small
terms on the diagonal of the LHS matrix.

Method Master-Slave Elimination PM LMM ALM
Generality Excellent Excellent Excellent
Ease of implementation
Sensitivity to user decisions High High Small to none
Accuracy Excellent Excellent
Sensitivity as regards constraint dependence High None High High
Retains positive definiteness Yes Yes No

Table D.1: Comparison of different methods presented

Apart from ALM there are other methods that try to tackle the issues presented by LMM. In short we can list the
following two methods:

¢ Double Lagrange multiplier: The Lagrange doubles* (used in the Castem2000 code) avoids the issues
from the LMM provoked by the non-positive LHS matrix obtained with the method. This method duplicates
the number of Lagrange multipliers and adds some dummy terms to the LHS matrix, which increases the
computational cost but makes the LHS positive defined. For further details see [Onl].

e Perturbed Lagrangian: Simo, Wriggers and Taylor proposed a perturbed Lagrangian formulation for the
solution of contact problems. That formulation can be classified as a stabilised method, preserving the stability
of the discretised problem if the penalty parameter, <, is small enough. For further details see [ArtSWT85b].

D.7 Numerical examples

In this section we compare the different approaches introduced (except for D.5.MultiPoint Constraint (Master-Slave
elimination method)). The problems vary on complexity, and helps us to understand the way these different methods
behave when computing the corresponding contribution of the constraints.

D.7.1 Initial spring wall problem

We start with a very simple case from[PhDYas11]. This problem consists on a SDOF problem, where we idealised a
single spring with a wall constraint that does not allow a penetration, see Figure D.6, which means that x > 0. The
function can be defined as follows (D.13), where k represents the stiffness of the spring. The base functional can be
defined as f(x) = Jk(x + 1)2. Taking k = 2.

“Not to be confused with the dual Lagrange multiplier presented on this work.
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Spring Free Constrained
A AR REAEEEAEEEEEEEEEEEEEEEEE R RN

2 k=20
————————————————————— ————Ax (const.)
0 Ax
N
NN
2
0 2 0
Figure D.6: Simplified contact problem within spring and a wall
f(x) = Tk(x +1)?
(D.13) () = phix +1)
Subjecttedto x > 0

D.7.1.1 Penalty method

—— Unconstrained function
£=125

— £=25.

— £=37.5

— £ =50.

min

i i i I i

-4 -2 0 2 4

Figure D.7: Solution for a SDOF solved with PM, comparing different values of ¢
This can be formulated as follows for PM.

(D.14) f,(x) = %k(x +1)2 4+ % (max {0, x})?

Taking (D.14) and applying (D.2) iteratively with a NR we can solve the problem. On Figure D.7 we can appreciate
the solutions obtained for different values of <. It can be seen as ¢ grows the solution comes closer to the actual
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Iteration X fo
1 1 4
2 —1 10°
3 —2x107° | 8.40465 x 10~

Table D.2: Convergence on f, with PM for (D.13)

solution of the problem. This problem takes in total three NL iterations to converge starting with x = 1 for a ¢ = 106,
see Table D.2, and even with this value the constraint is not completely satisfied.
D.7.1.2 Lagrange multiplier method

Now we can formulate the corresponding Lagrangian of (D.13) for the LMM. The (D.15) shows the proper potential of
our problem with LMM. In this example we will only show one of the possible alternatives in order to compute the A
constraint, the next section D.7.2.Non-linear spring contact problem with wall will show the three possible alternatives
available when computing the LMM contribution.

(D.15) L(x) = %k(x +1)24min {0, \} x

Lix, )

- AN i i
\\ i
A "‘//

o B RERUARES

-1 o

Figure D.8: Solution for a SDOF solved with LMM

Iteration | x | \ Ly
1 110 4.12311
2 0| -2 0

Table D.3: Convergence on L, with LMM for (D.13)

On the other hand, the convergence of (D.13) with LMM is achieved in only 2 iterations, see Table D.3, reaching
additionally the exact solution and satisfying exactly the constraint imposed. On the Figure D.8 we can see the
full space of solutions x — ), including the respective constraint and appreciate the convergence in only two NL

iterations.
D.7.2 Non-linear spring contact problem with wall

The following example[PhDYas11; BookYas13], again as seen on Figure D.6, is a simple unidimensional constrained
optimisation problem, which can show us the influence of each one of the methodologies when solving these kinds of
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problems. In this case the base functional is replaced as (D.16). Additionally we will consider the auxiliary variable
x = u + 1, this will help us to simplify the some expressions.

(D.16) f(x) =

D.7.2.1 Initial wall

We start with a simple case where the wall is fixed to its initial position, then having as constraint (D.17).

(D7) Subjectto: u < 0orx < 1

D.7.2.1.1 Lagrange multiplier method

Here we can analyse each one of the strategies we can consider for the LMM, as presented in D.3.2.Formulation.
In summary, the three options consisted on check the positivity/negativity of the constraint (g), the A\ or a combination
of both former methods.

D.7.2.1.1.1 Active set 1

Lix, 4)

I L

Figljre D.9: Solution for a NL SDOF solved with LMM. Active set 1

As stated on D.3.2.Formulation, the first strategy consists on checks g, as seen on (D.18). The convergence of
this method is shown on Table D.4, this is presented graphically on the Figure D.9, where the arrows represent each
iteration.

1
(D.18a) L(x,\) = Zx“ +Au, x <1
Expressed with the Macaulay bracket (())

(D.18b) L(x,N) = —x* = X\(—u)
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Iteration | x A Error
1 0.0 | 0.0 1.0
2 1.0 | 0.0 1.0
3 1.0 | 1.0 | 2.2204510~ 18

Table D.4: First active set strategy convergence on L with LMM for (D.16)

D.7.2.1.1.2 Active set 2

In this second case, what is checked is the negativity of A (D.19). For this case, still quite simple, the NL iterations
give the same result, see Table D.5, which coincides with Table D.4. The convergence path is presented on Figure
D.10.

]
(D.19a) L(x,)) = Zx“ +Au, A<0

Expressed with the Macaulay bracket (())

1
(D.19b) LA = 2x" = (=A)u
Iteration | x A Error
1 0.0 | 0.0 1.0
2 1.0 | 0.0 1.0
3 1.0 | 1.0 | 2.2204510 16

Table D.5: Second active set strategy convergence on £, with LMM for (D.16)

Lix &)

L L L L L
-05 oo as 10 15

Figu;e D.10: Solution for a NL SDOF solved with LMM. Active set 2

D.7.2.1.1.3 Active set 3

In the last active set case, which checks simultaneously both g and A (D.20). Again, for this simple case, the NL
iterations give the same convergence path, see Table D.6, which coincides with Table D.4 and Table D.5. The path
coincides, see Figure D.11.

(D.20a) L(x,\) = %x“ FAU, A<0 x<A1
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Expressed with the Macaulay bracket (())

1
(D.20b) L(x,\) = Zx“ — (=AU — M—u) + (=) {~u)
Iteration | x A Error
1 0.0 [ 0.0 1.0
2 1.0 [ 0.0 1.0
3 1.0 | 1.0 | 2.2204510-

Table D.6: Third active set strategy convergence on L, with LMM for (D.16)

Lix &)

Figu;e D.11: Solution for a NL SDOF solved with LMM. Active set 3

D.7.2.2 Moved wall

In order to make the problem more difficult and appreciate better the differences across methodologies, we will
partially move the wall which defines our constraint. This example is taken from Yastrebov[PhDYas11], where other
moving configurations are presented apart of the following.

(D.21) Subject to: u+0.9 < 0.0

Moving the wall 0.9m, the resulting constraint will be (D.21). The resulting case is significantly more complex, and
as it will be shown in the next sections, the convergence rate changes from one method to others, some of them even
diverging the solution.

D.7.2.2.1 Penalty method

In the case of the PM no tuning is required and the convergence is obtained in a straightforward manner. The only
thing that affects the solution is ¢ value. On Figure D.12 different solutions are presented for different values of ¢, the
trend to the exact solution can be appreciated.

For a value of ¢ = 10° the correct solution can be achieved, see Table D.7. In here it can be appreciated that on
the iteration 7 we sudden increase on the error, this is due to entering on the penalised region (u > 0.9). In any case
the number of NL iteration needed is quite high, 9 iterations, for a SDOF problem.
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Iteration u Error
1 0.0 1.0
2 —0.333333 0.296296
3 —0.555556 0.0877915
4 —0.703704 0.0260123
5 —0.802469 0.00770735
6 —0.868313 0.00228366
7 —0.912209 12208.5
8 -0.9 0.0000410749
9 -0.9 1.7180710~ 12

Table D.7: Convergence with PM for (D.21)

—— Unconstrained function
E=125
£=25.

— £=37.5

— £=150.

min

1 . . . I . . . i . . . 1 . . i

-4 2 0 2 4

Figure D.12: Solution for a NL SDOF problem solved with PM, comparing different values of c. Moved wall

D.7.2.2.2 Lagrange multiplier method

Following the same reasoning from D.7.2.1.1.Lagrange multiplier method, and applying it for (D.21). On this
section the L to be derived are not detailed, as it follows the same principle. The exact solution of the problem is
u=-0.9and X =-0.001.

D.7.2.2.2.1 Active set 1

Iteration u A Error

1 _1 0 8

3 27
2 —0.555556 0 0.0877915
3 —0.703704 0 0.0260123
4 —0.802469 0 0.00770735
5 —0.868313 0 0.00228366
6 —0.912209 0 0.0122272
7 -0.9 —0.000958925 | 0.000041075
8 -0.9 —0.001 2.168410° 1

Table D.8: First active set strategy convergence on £, with LMM for (D.16) with moved wall

The Table D.8 presents the convergence path that is also represented on Figure D.13. Compared with the
unmoved wall, the problem requires a higher number of iterations in order to converge, and it basically moves across
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the u axis, but at the end it finally converges.

Llu, Ay

=20 =15 =10 0.6 0o 06

Figure D.1é: Solution for a NL SDOF solved with LMM. Active set 1. Moved wall

D.7.2.2.2.2 Active set 2

Liu, A}

Figure D.12f: Solution for a NL SDOF solved with LMM. Active set 2. Moved wall

On this case the problem doesn’t even converge to the right solution, as can be seen on Table D.9, and from
Figure D.14 we can notice as it doesn’t move arrived certain point. If we extend the number of NL iterations to 20 we
don’t get the proper solution either, the NL loop remains around the same values.

On Figure D.14 another relevant point is the fact that the functional is almost flat, explaining part of the difficulty
coming from this active set strategy, it is not possible to find a local minima on these cases.

In the last active set we will see as this problematic is no more. Other initial conditions can be tried for the £, but the
idea is to compare the presented methods across them, and showing the problematic presented on D.3.2.Formulation,
where we introduced that the second active set converges faster than the first one, but in case we are far from the
solution we can deal with the divergence on the NR iteration.
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Iteration u A Error
1 —% 0 0.639455
2 -0.9 0.459259 0.001
3 —0.933333 | 0.459259 | 0.000296296
4 —0.955556 | 0.459259 | 0.0000877915
5 —0.97037 | 0.459259 | 0.0000260123
6 —0.980247 | 0.459259 7.70735°8
7 —0.986831 | 0.459259 2.28366°
8 —0.991221 | 0.459259 6.76639~
9 —0.994147 | 0.459259 2.00486~
10 —0.996098 | 0.459259 5.9403278

Table D.9: Second active set strategy convergence on £, with LMM for (D.16) with moved wall

D.7.2.2.2.3 Active set 3

On the case of the third active set strategy on Table D.10 we have exactly the same convergence path as Table
D.8, despite of that the graphical representation differs, Figure D.15.

Iteration u A Error

1 _T 0 8

3 27
2 —0.555556 0 0.0877915
3 —0.703704 0 0.0260123
4 —0.802469 0 0.00770735
5 —0.868313 0 0.00228366
6 —0.912209 0 0.0122272
7 -0.9 —0.000958925 | 0.000041075
8 -0.9 —0.001 2.168410~1°

Table D.10: Third active set strategy convergence on £, with LMM for (D.16) with moved wall

L{n A)

e

Figure D.1é: Solution for a NL SDOF solved with LMM. Active set 3. Moved wall

We can infer in a simplified manner that the third active set strategy will behave as the best option of the two other
alternative strategies, despite this is not always true as already stated on D.3.2.Formulation. The following section will
introduce the ALM resolution, so it will be possible to compare with the presented here for LMM, which in addition to
the convergence of the problem improves the conditioning of the system of equations.
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D.7.2.2.3 Augmented Lagrange multiplier method
The equation (D.22) shows the resulting £ for the ALM method for this problem.

i B k(u+1)4+)\(u+0.9)+%5(u+0.9)2, A+e(u+0.9) <0
(D-22) L5 (u,A) = { k(u+1)* — 22 A+e(u+09) >0

N ==

We will see like the different values of ¢ give us a similar convergence rate, but the condition number (x) of the
LHS varies in function of <. In order to properly prove that we need the definition of x (D.23), the proper definition of x
defines it as the ratio of the largest to smallest singular value in the singular value decomposition of a matrix, this
means it requires to compute the SVD of the LHS, which is an expensive operation and complex. We can simplify
and estimate x as the ratio between the largest to smallest eigenvalue, which are not necessarily coincident.

(D.23) K(A) =~

In order to do so, we need then to define the LHS from (D.22), considering (D.2), we can deduce (D.24), recalling
the augmented Lagrange multiplier as A = A + e(u + 0.9).

(D.24a) RHS(u, \) = 6L5 (U, \) = [

}=o, A < 0 (Active)
;
[2k(u+1)3} {g 0

, A > 0 (Inactive)

T 2 -
{ g; Bk(u +11) +e ; } { g;’ ] , A <0 (Active)
(D.24b) LHS(x) = AGLs (U, )) = 51T T Bkua 1?0 s
[ 5;1 ] { (u0+ ) o ] { 5;\’ } , A > 0 (Inactive)

From (D.24b) we can calculate «, in the case of inactive set is trivial as the LHS is diagonal (D.25a). On this
resulting expression, x grows linearly with €. For the active set case, we obtain (D.25b) as expression defining . On
this case the condition number of the LHS grows quadratically to the <. In conclusion, for a high <, in comparison with
the stiffness of the problem, x become very high which means we have an ill-conditioned problem, affecting the
precision of the solution and its convergence; but, on the other hand, the energy functional becomes smooth, as we
will state next.

6keu?, 1 <6ku? -
(D.25a) Kinactive(LHS) &~ { Gkie’ i S g2 Assuming — < 6ku? then ~ ke
1 2 2 2 2
(D.25b) Kactive(LHS) = > (6k(u +1)° + 5) (6k(u +1)2 4+ s) +4+ (6k(u +1)° + 5) +1~(k+¢)

Another important point to highlight is that all the graphical representation of the £ shows a continuous field
without flat areas (See Figures D.16, D.17, D.18, D.19). This already gives us an idea how the method already solves
some problems presented on the previous section (D.7.2.2.2.Lagrange multiplier method) with the LMM, avoiding the
need of choose between different active set strategies.
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D.7.22.31 =05

Ouir first case with € = 0.5 show a very similar convergence path to the one presented on D.7.2.2.2.1.Active set 1,
Table D.11, but the functional from Figure D.16 is smoother than the one from Figure D.13.

Iteration X A Error

1 —% 0 0.296296

2 —0.555556 0 0.0877915
3 —0.703704 0 0.0260123
4 —0.802469 0 0.00770735
5 —0.868313 0 0.00228366
6 —0.912209 0 0.0122272
7 -0.9 —0.000958925 | 0.000041075
8 -0.9 —0.001 4.33681°1°

Table D.11: Convergence on L5 with ALM for (D.22) with ¢ = 0.5

L{n A)

20 16 10 0.6 00 0.6

Figure Du.1 6: Solution for a NL SDOF solved with ALM. € = 0.5. Moved wall

D.7.2232 £=1.0

On this second case with ¢ = 1.0 the Table D.12 presents practically the same path as Table D.11, with the
exception that once the solution enters in the inactive region the error changes slightly. The Figure D.17 is even

smoother than Figure D.16.

Iteration X A Error

1 —% 0 0.296296

2 —0.555556 0 0.0877915
3 —0.703704 0 0.0260123
4 —0.802469 0 0.00770735
5 —0.868313 0 0.00228366
6 —0.912209 0 0.0167938
7 -0.9 —0.000958925 | 0.000041075
8 -0.9 —0.001 1.084218

Table D.12: Convergence on L5 with ALM for (D.22) with e = 1.0
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L{u, A

dn = = | .‘I A//f(//iffs\u

Figure Du.17: Solution for a NL SDOF solved with ALM. € = 1.0. Moved wall

D.7.223.3 £=50

Iteration X A Error
1 —% 0 0.296296
2 —0.555556 0 0.0877915
3 —0.703704 0 0.0260123
4 —0.802469 0 0.00770735
5 —0.868313 0 0.00228366
6 —0.912209 0 0.061588
7 -0.9 —0.000958925 | 0.000041075
8 -0.9 —0.001 2.60209 '8

Table D.13: Convergence on L5 with ALM for (D.22) with e = 5.0

L{u. A

=20 =15 =10 =05 o0 0.6

Figure IZ;.1 8: Solution for a NL SDOF solved with ALM. € = 5.0. Moved wall
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For the case with £ = 5.0, we have again a very similar NL loop, Table D.13, converging again in 8 NL iterations.
The only value that changes again is the error when crossing the constraint threshold. On the other side, the Figure
D.13 shows a significant aspect on the L representation.

D.7.2.2.34 ¢=10.0

With ¢ = 10.0 we have again a very similar NL convergence, Table D.14, but the graphical representation of £
fathom the change of aspect on L already seen in the previous case, see Figure D.19.

Iteration X A Error

1 —% 0 0.296296
2 —0.555556 0 0.0877915
3 —0.703704 0 0.0260123
4 —0.802469 0 0.00770735
5 —0.868313 0 0.00228366
6 —0.912209 0 0.122021
7 -0.9 —0.000958925 | 0.000041075
8 -0.9 —0.001 3.90313° 18

Table D.14: Convergence on L5 with ALM for (D.22) with € = 10.0

L{n A)

20 16 10 0.6 00 0.6

Figure D.u19: Solution for a NL SDOF solved with ALM. € = 10.0. Moved wall

D.7.3 Over-constrained optimisation problem

The next example[Onl], and last one on this section, concerns an optimisation problem over-constrained, that will be
shown as an example of problem that can be solved with the PM, but not with the most advanced methodologies as
the LMM or the ALM. The problem to solve of interest is shown in (D.26).

Minimize f(X)= (X —6)%+(xo—7)°

subjectto  gi(x)= —3x1 —2x+6 <0
(D26) (X) = —X+x—-3<0
X)= x1+x—-7<0
(x) =

2 4
X §X1—X2—§SO

eeR

This function and constrains can be seen visually on Figure D.20, here we can appreciate the constraints, as the
limits on the functional representation.
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L(x)

L(x)
60
50
40
30

20

Jo
6
Figure D.20: Graphic representation of (D.26)

This equation becomes (D.27), where ¢ is the penalty parameter.

fo(e, X)) = (X1 — 6)% + (x2 — 7)°
+e (max {0,—3x; — 2x2 + 6})2
(D.27) +e (max {0, —x1 + X2 — 3})2
+E (maX {O, X1+ Xo — 7})2

max ng X: ﬂ :
+& ,31 2 3

Considering (D.2) and solving applying a NR iterative resolution we can obtain the correct solution in 4 steps
starting from x = 0, y = 0 with € = 108, as can be seen on Table D.15.

lteration | x | y fo
1 0 | 0 | 21/468000384000085
2 0|3 14.4222
3 6|7 1.69706 x 107
4 3|4 1.97134 x 10~°

Table D.15: Convergence on f, with penalty method for D.26

On the other hand, if we try to solve this problem using a LMM, we will find problems to solve due to the
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overconstraint of the problem. If we formulate (D.26) considering for example the second active set strategy from
(D.5e), withx =6,y =7, \;=0fori=1,2,3,4, the resulting LHS will be (D.28). This is a matrix is rank 2, being a
6 x 6 matrix, which means that the system of equations is not solvable.

—2 0 000 0
0 -2 0000
O 0 00O0O
(D.28) ts=| 0 0 00 0 o
O 0 00000
O 0 00O0O

Same happens considering the first active set strategy, which is more robust. The underlying problem is the
overconstrained problem, which we have already shown, is not a problem for a PM. This is a small example that
shows that LMM despite being a powerful and generic technique it is not applicable for all cases.
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APPENDIX E. MORTAR MAPPER

Appendix E

Mortar mapper

©4& Projections are just bullshit.
They're just guesses.

Jason Fried
(Software entrepreneur)

E.1 Introduction

This appendix introduces the mapper developed using the Mortar formulation[ArtDB06; ArtND08]. The goal of a
map is the distribution of the variable of interest from the origin mesh to the destination mesh, see Figure E.1a. This
method provides an exact decomposition of the target mesh (Figure E.1b). With this, the procedure of mapping
has the advantage of conserving, in a weak sense at least, the important physical quantities such as mass, energy,
etc. Additionally this method satisfies the equilibrium in a weak manner, being then consistent with the FEM
formulation.

The mapping is used on this work in order to compute a consistent gap between meshes during the search
process, see Algorithm 8, in order to discard poor contact candidates. Poor candidates can be defined as the contact
candidates that will not activate during the whole NL iteration process. The inclusion of these candidates may be
difficult the convergence of the active-set strategy, then increasing the number of NL iterations computed during the
NR strategy.

Algorithm 8 Consistent gap computation

1: procedure CONSISTENT GAP COMPUTATION

2: Reset auxiliar values for nodal coordinates on origin mesh x5«
3 for all node € OriginMeshyoges dO

4 Xaux = Xnode

5: for all node € DestinationMeshnpges dO

6: Xaux = 0

7 Map xaux from OriginMeshnoges — DestinationMeshpoges

8 for all node € DestinationMeshpges dO

9 From node get the normal (n)

0

10: Geonsistent = —N + (Xnode — Xaux)

The reason why the very same Mortar formulation has been taken into consideration are, first the developments
are shared between the two frameworks; second the consistency between the results obtained between the system of
equations and the search process; but primarily the quality of the results. On this last point, the results that can be
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obtained with this method are between the best options available[ArtBBP]. Precisely on Bussetta[ArtBBP] the three
types of data transfer procedures are discussed:

e Element Transfer Method (ELM): The simplest one consists on map the value depending only on the location of
the destination mesh on the origin mesh. Methods on this category we can find the nearest element[MasBuc17]
or nearest neighbour[MasBuc17] mappers.

e Procedures based on the weak conservation of the data field. The presented method (sometimes called ELM)
would we encompassed on this category. Other techniques defined on this category can be Finite Volume
Transfer Method (FVTM)[ArtBBP], which consists on decide the meshes on Finite Volumes (FV) elements
and the transfer is computed between FV meshes.

e These are the procedures based on reconstruction of the field in the neighbourhood of this point. On this
category we can find the modern technique Moving Least Square (MLS)[ArtCho+05; ArtLIC07]. Additionally
on [ArtYu+08; ArtHC90; ArtDHC92] we can find more examples of this kind of methodology. This concept is
considered on the method presented on E.2.3.Discontinuous meshes mapping, where the nodes close to the
discontinuity are taken into consideration to reconstruct the field.

O Nodes
= Crigin mesh

== Destination mesh

.
(4

(a) Concept of mapper between two meshes (b) Mortar integration mapping between two meshes

Figure E.1: Mapping concepts

The Mortar formulation employed, based on the concept of dual[ArtWoh02; ArtWoh11] LM, which allows to
evaluate in a simplified manner the data transference between meshes. This method has been already presented on
the corresponding contact sections (4.2.3.4.DLMM). Instead of solving a whole assembled system of the transfer
operators, the dual LM allows to assemble it in a diagonal manner, which can be solved in a trivial manner. There are
alternatives methodologies for using the Mortar formulation without solving directly the system of equations, such the
Jacobian-Free Newton Krylov (JFNK) approach by Hansen[ArtHan11].

E.2 Theory

E.2.1 General mapping theory

Based on the concepts introduced on the work of Ute[Maslsr06] and Jaiman[ArtJai+06], we can start defining the
consistent transfer operation between meshes (E.1).

(E.1a) f=Mcu
Where the matrices and vectors can be defined as:

M= [ N N.dr
(E.1b) ¢ fra, o d
f= [ NiNouhdry
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And u = U}, the nodal values of the destination mesh. The index i represents the i NL iteration. We can define the
RHS and RHS of our respective system of equations.

(.10 { RHS = f — M,u;

ORHS
LHS = —W = MC

With the RHS and the LHS we can obtain the update of the update of u, Au.

(E.1d) U,1=U;+Au
Where:
(E.1e) Au =LHS 'RHS = M " (f — Mou;) = M 'f — u;

This methodology implies the whole system integration, and resolution of the whole system of equations. On
E.2.2.Dual Lagrange multiplier mapping we will introduce how with the consideration of dual Lagrange multiplier the
M. becomes diagonal, Mp, with the respective advantages.

E.2.2 Dual Lagrange multiplier mapping
E.2.2.1 Introduction

As previously stated, using the dual Lagrange multiplier allows to solve the exact system of equations with the
inversion of a diagonal matrix, trivial operation that can be parallelised. The theory introducing the concept of dual
Lagrange multiplier was first introduced by Wohimuth[ArtWoh02], who used as an alternative method for DDM. These
nonstandard Lagrange multiplier spaces provided optimal discretisation schemes and a locally supported basis for
the associated constrained mortar spaces.

E.2.2.2 Theory

Algorithm 9 Explicit contribution of the pairs during dual A mortar mapping

1: procedure EXPLICIT CONTRIBUTION OF THE PAIRS

2 while (rhs;s > toleranceaps and ratio > tolerance,) and i < iterationm,a, do
3 Reset global residual norm rhs;osz

4: Reset auxiliar values for nodal residual rhspoge

5: Reset weight areas wpoge
6
7
8

for all elem € DestinationMeShgjements 4O
if Areamortar segmentation > tO/efance then
Calculate D and M

9: Calculate local residual (E.2a) and the local weight area (E.2b)
10: for all node € DestinationMeshnoges dO
. — MSnode
11: Compute uy = ug + e
12: Compute rhSiorar = rhStotar + rhS2,ge
13: Compute the residual norm: rhs = “2ea
14: if i = 0 then
15: rhSiotain = rhStotal
. in _ IhStotal
16: Qompute ratio = e
17: i=i+1

We address the theory of the dual Lagrange multiplier previously presented, 4.3.3.4.1.Dual Lagrange multipliers,
which means that we can focus on the required operations starting from the theory already presented in E.2.1.General
mapping theory, and modify some specific operations with our alternative \.

On Algorithm 9 we present the solution designed to obtain the explicit contributions of the pairs, for them compute
the mapping. From Algorithm 9 we need to define some missing concepts (E.2). Being known D and M in every pair
of entities, where D is assumed to be diagonal as previously stated, then the explicit contribution of errors and weight
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areas are (E.2a) and (E.2b) respectively. Where the sub-index node refers to the pair entities which share certain
nodes.

Nrode

(E.2a) rhSnode = Z Melemuglem _ Delemuglem
elem=1
Nnode
elem; :
(E.2b) Whode = Z D% (inodes inode)
elem=1

E.2.3 Discontinuous meshes mapping

E.2.3.1 Introduction

This is an innovative contribution of this work, which allows to transfer data between two discontinuos meshes. We
will call a discontinuos mesh to the mesh that is not watertight, which means that the nodes are not necessarily
shared between the entities which conform the mesh. This means that following the metaphor of a container, in case
of being filled with water, the water would leak across the gaps between the nodes of the mesh, reason why is called
watertight.

This development can be used on embedded CFD simulations, where the condition of watertight mesh is not
guaranteed, especially from meshes imported from STL files, which usually undergo these problematic.

E.2.3.2 Theory

Algorithm 10 Explicit contribution of the pairs during dual A mortar discontinuous mapping

1: procedure EXPLICIT CONTRIBUTION OF THE PAIRS ON DISCONTINUOUS MAPPING
2 Create an inverse database (pairing destination-origin entities and vice-versa)
3 while (rhs;a > tolerancegps and ratio > tolerancey) and i < iterationmax do

4 Reset global residual norm rhs;otz

5: Reset auxiliar values for nodal residual rhspoge

6

7

8

Reset weight areas wnoge
for all elem € DestinationMeshgiements dO
: if Areamortar segmentation > tolerance then
9: Calculate D and M

10: Calculate local residual (E.2a) and the local weight area (E.2b)
11: for all node < elem do
12: Local wycar = D(node, node) contribution
13: Local h equivalent to length of elem
14: for all pairy,, € eleMinerse paired dO
15: for all node,,x € pair,, do
16: Compute distance d between node and nodeg,x
17: Compute local weight area discontinuous contribution (E.3)
18: for all node € DestinationMesh,,qes dO
19: Compute Uy = Uy + —amsnsde
Wnode
20: Compute rhSiorar = rhStotar + rhS2,ge
21: Compute the residual norm: rhs = "“2oa
22: if i = 0 then
23: rhSotain = rhStotal
24; Compute ratio = St
25: i=i+1

This method preserves the properties presented on E.2.2.Dual Lagrange multiplier mapping, which means
that the corresponding system of equations keeps the possibility to be solved in a simplified manner. The main
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difference between the previous approach and the current one is the need to create an inverse mapping of the
interface. This means to create a database which inverts the roles origin-destination meshes. Additionally a coefficient
of contributions is considered to take into account the contribution of close nodes, this contribution is computed
penalising the distance between the destination node and the one evaluated on the discontinuous interface. Algorithm
10 presents the modifications needed on the Algorithm 9 in order to compute the mapping of values for a discontinuous
interface.

On (E.3) the additional contribution of the discontinuous interface is specified. Being k ~ 1.0e — 4, being k called
discontinuous interface factor. This value has been estimated doing several evaluations in different cases with different
levels of discontinuity on the interface, being this value the best compromise for the different cases studied.

discontinuous local
(E.3) Whode = Whode + 7(1 N Q)Z
kh

E.3 Numerical examples
In all the cases presented below we map between two meshes with an irregular double-curvature, which makes the
problem difficult to map for simpler methods as the nearest neighbour mapping. The functions (scalar and vector) we

want to map between these two meshes is presented on (E.4). On the scalar case everything depends only on the z
coordinate, meanwhile the vector case is equivalent to the direct imposition of the coordinates of the nodes.

The scalar function:
(E.4a) f(x,y,2)=2z
The vector function:

(E.4b) fx,y,2)=[x y z]

E.3.1 Non-matching meshes of triangles

Figure E.2: Non-matching mesh of triangles

The first case from Figure E.2 present us the previously mentioned example with irregular double-curvature
meshes. On this case, both meshes are conformed by triangular elements. The results obtained for a scalar value
is shown in Figure E.9, meanwhile Figure E.10 shows the results for a vector value. Both solutions provide a very
good approach of the values, this can be appreciated with particular detail on the wireframe results (Figures E.6a and
E.7a), where it is easier to appreciate the resulting values on both meshes.
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(a) Scalar solution as a wireframe (b) Scalar solution as a continuous field
Figure E.3: Scalar solution for non-matching mesh of triangles

-
AR b

R

. I:.F

(a) Vector solution as a wireframe (b) Vector solution as a continuous field
Figure E.4: Vector solution for non-matching mesh of triangles

E.3.2 Non-matching meshes of triangles and quadrilaterals

The case from Figure E.5 instead of being fully meshed on triangles as Figure E.2, or even fully meshed with
quadrilaterals, presents both types of geometries. The origin mesh consists on triangular entities, meanwhile the
destination mesh is integrated by quadrilateral entities. This case shows how it is possible not only map values across
non-conformant meshes, but also between different types of geometries, with the additional complexity.

The results obtained on scalar and vector fields (Figures E.9 and E.10) show again a good matching between the
origin and destination values.In the same way as the previous example, the wireframe (Figures E.6a and E.7a) and
continuous field solutions (Figures E.6b and E.7b) are presented.

E.3.3 Discontinuous meshes

5

Figure E.8: Detail o? the non-matching mesh discontinuous of triangles
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-
u
T,

(a) Scalar solution as a wireframe (b) Scalar solution as a continuous field
Figure E.6: Scalar solution for non-matching mesh of triangles and quadrilaterals

The following case may a priori look similar to Figure E.2, that's why Figure E.8 zooms into the detail of the mesh, so
the discontinuity of the meshes is appreciated. Due to this the standard mapper cannot be applied, and the method
presented on E.2.3.Discontinuous meshes mapping must be taken into consideration.

The results obtained are again being of good quality despite of the existence of this discontinuity on the mesh,
both for scalar and vector fields (Figures E.9 and E.10 respectively).

(a) Scalar solution as a wireframe (b) Scalar solution as a continuous field
Figure E.9: Scalar solution for non-matching discontinuous mesh of triangles
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3
s
g
:

BN

(a) Vector solution as a wireframe (b) Vector solution as a continuous field
Figure E.7: Vector solution for non-matching mesh of triangles and quadrilaterals

(a) Vector solution as a wireframe (b) Vector solution as a continuous field
Figure E.10: Vector solution for non-matching discontinuous mesh of triangles
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AABB Axis-Aligned Bounding Box.

AALM Adapted Augmented Lagrangian Method.
AD Automatic Differentiation.

ADLM Augmented Dual Lagrange Multiplier.

AGAUR Agencia de Gestio d’Ajuts Universitaris i de Recerca.

ALM Augmented Lagrangian Method.
AMG Algebraic MultiGrid.
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CAE Computer Aided Engineering.
CAM Computer Aided Manufacturing.
CAS Computer Algebra Systems.
CBR Continuum-Based Resultant.
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JKR Johnson, Kendall and Roberts.
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KKT Karush-Kuhn-Tucker.
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LGPL GNU Lesser General Public License.
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LMM Lagrange Multiplier Method.
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NASTRAN NASA STRucture ANalysis.
NC Numerical Controlled.

NCP Non-Linear Complementary Function.
NL Non-Linear.

NR Newton-Raphson.

NTN Node-To-Node.

NTS Node-To-Segment.

NURB Non-Uniform Rational B-spline.

OBB Oriented Bounding Box.

ODE Ordinary Differential Equation.
00 Object Oriented.

OOP Object Oriented Programming.
0SS Open Source Software.

OSU Ohio State University.

PDASS Primal-Dual Active Set Strategies.
PDE Partial Differential Equation.

PK1 First Piola-Kirchhoff.

PK2 Second Piola-Kirchhoff.

PM Penalty Method.

PVW Principle of Virtual Work.

REP Recovery by Equilibrium of Patches.
RHS Right-Hand Side.

SAC Symbolic and Algebraic Computational Systems.
SAT Separating Axis Theorem.

SDOF Single Degree Of Freedom.

SFT Shape Function projection Transfer.

SPR Super convergent Patch Recovery.

SS Small Strain.

STAS Segment-To-Analytical-Surface.

STL Standard Triangle Language.
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TL Total Lagrangian.

UK United Kingdom.

UL Updated Lagrangian.

UML Unified Modeling Language.
U.S. United States.

VDI Verein Deutscher Ingenieure.

VM Von Mises.

WWI First World War.
WWII Second World War.

Mathematical symbols

C% The class C° consists of all continuous functions.

C' The class C' consists of all differentiable functions whose derivative is continuous; such functions are called
continuously differentiable.

CK When the function f is said to be of k order differentiability.

A Symbol for directional derivative, corresponding with the partial derivative respect the DOF.
H Itis a square matrix of second-order partial derivatives of a scalar-valued function or scalar field.

J For the Jacobian. When the matrix is a square matrix, both the matrix and its determinant are referred to as the
Jacobian. Except explicitly stated the latter is the case.

x The condition number of a function measures how much the output value of the function can change for a small
change in the input argument. A problem with a low condition number is said to be well-conditioned, while a
problem with a high condition number is said to be ill-conditioned.

() Macaulay brackets, these are a notation used to describe the ramp function.

L, The Euclideannorm. Asp=2inL,. L, = \/Zfﬂ IIx:|2.

L. The infinity norm. As p approaches oo the L, approaches the infinity norm or maximum norm. L., = max; || x;||.

oI

L, The p norm. For p = 1 we get the taxicab norm, for p = 2 we get the Euclidean norm. L, = (31, [|xi[[P)?.

V The vector derivative of a scalar field f.

V2 Laplace operator or Laplacian is a differential operator given by the divergence of the gradient of a function on
Euclidean space.

7 Ratio of the circumference of a circle to its diameter.

Second order PDE Second order linear PDE are classified as either elliptic, hyperbolic, or parabolic. Any second
order linear PDE in two variables can be written in the form: Auyy + 2Buy, + Cuy, + Duy + Euy, + Fu+ G = 0.
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Rotation-free shell and solid-shell elements Rotation-free shell and solid-shell elements

elliptic PDE Second order PDE is elliptic when: B> — AC < 0.
hyperbolic PDE Second order PDE is hyperbolic when: B2 — AC > 0.

Taylor expansion Taylor series is a representation of a function as an infinite sum of terms that are calculated from

the values of the function’s derivatives at a single point. f(a) + %(x —a)+ f/;(,a) (x —a)?+ %(x —a)l+---.

Rotation-free shell and solid-shell elements

« The additional internal degree of freedom considered in the stabilisation.
k. The stiffness contribution by the o DOF in the SPRISM element.

An The area of the central triangle of the EBST element.

Ci3 The mixed component in axial-normal direction of the left Cauchy tensor in the SPRISM element.
Co3 The mixed component in shear-normal direction of the left Cauchy tensor in the SPRISM element.
C3 The third row of the left Cauchy tensor in the SPRISM element.

Cs3 The normal direction component of the left Cauchy tensor in the SPRISM element.

C,3 The transverse shear component in ) direction of the left Cauchy tensor in the SPRISM element.
Ces The transverse shear component in £ direction of the left Cauchy tensor in the SPRISM element.
| The node [/ index in the SPRISM element.

N'(¢) The shape functions in the node / in the SPRISM element.

u’ The displacements in the node / in the SPRISM element.

x' The current coordinates (or deformed configuration) in the node / in the SPRISM element.

X' The original coordinates (or undeformed configuration) in the node / in the SPRISM element.

The constant curvature field in the EBST element.

x>

The curvature vector in the EBST element.

X

(@]l

The improved left Cauchy tensor in the SPRISM element.

Cs3 The normal direction component of the improved left Cauchy tensor in the SPRISM element.
F The improved deformation gradient tensor (F) in the SPRISM element.

R The improved rotation tensor (R) in the SPRISM element.

U The improved right stretch tensor (U) in the SPRISM element.

Ao The eigenvalues of U in the EBST element.

r, The eigenvectors of U in the EBST element.

f; The deformation gradient components in the first in-plane direction (£) in the SPRISM element.
fo The deformation gradient components in the second in-plane direction (1) in the SPRISM element.
f3 The deformation gradient components in the normal direction (¢) in the SPRISM element.

f: The deformation gradient components in natural coordinate derivative in the SPRISM element.
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ho The initial thickness of the shell.
L? The linear shape functions of each node in the EBST element.

¢ The coordinates of the middle surface in the EBST element.
ts The normal in the middle surface in the EBST element.

¢ The distance from the point to the middle surface in the undeformed configuration in the EBST element.

ng The number of integration points along the direction ¢ in the SPRISM element.

w? The nodal deflection of each node in the EBST element.

H This is an auxiliary relation operator between the a DOF and the displacement DOF derived from the formulation
in the SPRISM element.

r,, The residual contribution by the o DOF in the SPRISM element.

B,, The membrane tangent matrix contribution in the SPRISM element.

B’ The modified tangent matrix in the SPRISM element.

B; The normal direction tangent matrix contribution in the SPRISM element.
B The shear tangent matrix contribution in the SPRISM element.

A The parameter that relates the thickness at the present and initial configuration in the EBST element.

y3 The spatial local coordinate in the transverse direction in the SPRISM element.

Constraint enforcement and optimization
A» The augmented contact stress vector, used on the ALM for contact problems. Corresponds with n\,,.

L This is the symbol used to represent the Lagrangian functional. Different Lagrangian can be obtained depending of
the formulation considered.

L5 This is the Lagrangian resulting of the ALM method.
L This is the Lagrangian resulting of the LMM method.

A Lagrange multiplier symbols. The Greek letter A is equivalent to the Latin letter /, representing then the name of the
mathematician that gives the name to the method.

X On a ALM formulation, we call augmented Lagrange multiplier the value obtained after adding to our \ the
contribution of the constraint multiplied by a ¢ value \ + eg(x).

An Lagrange multiplier used on normal contact. It corresponds with the normal contact pressure.

X» The augmented contact stress, used on the ALM for contact problems, computed as An = A\ + £9(x), if the scale
factor k is taken into consideration then can be evaluated as A\, = kA, + £g(x).

A, Lagrange multiplier used on frictional contact. It corresponds with the frictional contact pressure.

A Lagrange multiplier vector field.

g Constraint, subjects to certain restrictions a function during optimisation problems.
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f The symbol considered to represent the function to optimise on optimisation problems.

fo This is the function augmented with the PM.

e The penalty symbol, used to represent a value considered in order to impose a certain restriction a optimisation
problem resolution. The value must be relatively big to the system of equation considered in order to take effect
over the problem resolution. An infinite value would provide a exact fulfill of the constraint, but at the same time
numerically impossible to be solved.

en The penalty € on the normal direction.

e+ The penalty € on the tangent direction.

Finite element framework

af The damping introduced on the elastic forces in the a-generalised scheme.
am The damping introduced on the inertial forces in the a-generalised scheme.

« The parameter considered in the conceptual definition of the explicit and implicit schemes on the equilibrium
equation, being explicit when a = 0 and implicit when « = 1.

B The strain matrix, which gives the strain-displacement equation ¢ = Bu.
b The left Cauchy-Green tensor.
I Represents the boundary in a generic solid.

o Represents the boundary in a generic solid in the initial configuration.

C The right Cauchy-Green tensor.

O(h)®* Represents an order s approximation in an integration scheme.

¢ The damping coefficient.

csr The critical damping coefficient. Critical damping occurs when the damping coefficient is equal to the undamped
resonant frequency of the oscillator.

& Critical-damping ratio, usually expressed in % of c;.
¢ Stiffness-proportional damping coefficient.
7 Mass-proportional damping coefficient.

F The deformation gradient is the derivative of each component of the deformed x vector with respect to each
component of the reference X vector.

R It is the rotation tensor.

U ltis the right stretch tensor.

V ltis the left stretch tensor.

ou The infinitesimal incremental of displacements.
C° It consists of all continuous functions.

C' It consists of all differentiable functions whose derivative is continuous; such functions are called continuously
differentiable.

Page 366 of 374 Vicente Mataix Ferrandiz



Finite element framework Finite element framework

" Represents a discretisation of the continuous form.
Wy The integration weight in a certain GP.

C The damping matrix.

K The stiffness matrix.

K9° The geometric stiffness matrix.

K™ The material stiffness matrix.

M The mass matrix.

P Stress divergence or stress force term.

& The first local coordinate for the surface geometries, also corresponds with the local derivative on the line.
n The second local coordinate for the surface and volume geometries.

¢ The third local coordinate for the volume geometries.

Vxu The material displacement gradient tensor.
n¢, Number of nodes in the given master condition.
ng Number of nodes in the given slave condition.

J The Jacobian operator during the NR procedure. It corresponds with the LHS of the system of equations.

¢ An arbitrary motion for a given solid.

u The increment of position or displacement.

u The velocity of a certain material point.

U The acceleration of a certain material point.
X The initial position of each material particle.
x The current position of each material particle.
¢* It represents the pull-back operation.

¢4 It represents the push-forward operation.

R° Represents the three-dimensional Euclidean space.
p The density of a given material.

f The resulting vector of forces.

N The shape function is the function which interpolates the solution between the discrete values obtained at the
mesh nodes in the FEM.

N, The shape functions corresponding to the elements considered.
N; The shape function value on the node i in a certain GP.
Q Represents a generic solid for our problem.

Qo Represent the solid in the initial configuration.
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Q. Represent the discrete elements e which conform the domain.

Q' Represent the i solid of the contact problem.

Q) Represent the i solid of the contact problem in the initial configuration.

m The parameter used to define a certain strain measure.

E'™ The strain tensor for a given strain measure in function of the parameter m.
o Cauchy stress.

& Corotational Cauchy stress.

T First Piola-Kirchhoff (PK1) stress.

P Nominal stress (transpose of PK1 stress).

S PK2 stress.

t Represents the time on our problem.

At Represents the time increment ina given step.

Other terms

git Git is a free and open source distributed version control system designed to handle everything from small to very
large projects with speed and efficiency. See link.

C++ ltis a general-purpose programming language created as an extension of the C programming language, but
Object Oriented Programming (OOP) designed.

Kratos Kratos Multiphysics (A.K.A Kratos) is a framework for building parallel multidisciplinary simulation software.
Modularity, extensibility and HPC are the main objectives. Kratos has BSD license and is written in C++ with
extensive Python interface. See B.2.Kratos Multiphysics.

Mmg Mmg is an open source software for simplicial remeshing. See B.3.Mmg library.
OpenMP Open Multi-Processing is an API that supports multi-platform shared memory multiprocessing programming.

Trilinos An OO software framework for the solution of large-scale, complex multi-physics engineering and scientific
problems.

Mortar formulation

A, The coefficient matrix for dual \ shape functions.
D, Auxiliar matrix necessary in order to compute A.. The D is used to represent that represents the slave side.

M. Auxiliar matrix necessary in order to compute A.. The M is used to represent that represents the master side.

¢! On the mortar integrated line corresponds with the local coordinate of the first segment point on the slave side.
5; On the mortar integrated line corresponds with the local coordinate of the second segment point on the slave side.
€2 On the mortar integrated line corresponds with the local coordinate of the first segment point on the master side.

&2 On the mortar integrated line corresponds with the local coordinate of the second segment point on the master
side.
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Contact mechanics Contact mechanics

Jeip The J corresponding to the integration triangle during 3D mortar segmentation.

mortar Mortar finite element methods (segment-to-segment) allow for a variationally consistent treatment of contact
conditions despite the fact that the underlying contact surface meshes are non-matching or/and non-conforming.

D Mortar operator corresponding with the slave side. When using DLMM the matrix is diagonal. It is a matrix of n x n
size.

M Mortar operator corresponding with the master side. It is a matrix of m x n size.

Npiane Normal which defines the auxiliary plane considered during the mortar segmentation procedure.

N The shape functions in the integration triangles during the 3D surface-mortar segmentation.

Xcqip The resulting point coordinates of the clipping algorithm between the segments from the master and slave side.
%! The first node coordinates on the slave side during a clipping procedure.

%} The second node coordinates on the slave side during a clipping procedure.

%2 The first node coordinates on the master side during a clipping procedure.

%3 The second node coordinates on the master side during a clipping procedure.

Contact mechanics

B, The discrete mortar unilateral contact operator.

bilateral Contact between two or more deformable solids.
unilateral Contact between a deformable and a rigid solid.

Tribology The science that covers the interfacial behaviour related to frictional response. Tribology covers topics like
adhesion, friction, wear, lubrication, thermal contact or electric contact.

W This space represents the dual space of the trace space of V.

B The velocity-traction ratio in friction theory.

1 The friction coefficient, also denominated Coefficient Of Friction (COF), is a dimensionless scalar value which
describes the ratio of the force of friction between two bodies and the force pressing them together.

g The Tresca law constant threshold parameter.

Z Represents the friction threshold, corresponding with N in the case of the Coulomb frictional law.

I': The contact boundary conditions in the initial configuration.

e The contact boundary conditions in the current configuration.

'L The contact boundary conditions in the initial configuration in the domain first domain.

2 The contact boundary conditions in the initial configuration in the domain second domain.
I The contact boundary conditions in the initial configuration in the domain .

', The Neumann boundary conditions in the initial configuration.

', The Dirichlet boundary conditions in the initial configuration.
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9n The normal gap considered during the contact computations. Can be defined as the closest distance to a certain
object in the normal direction.

tco It represents the traction on the interface.
t7, It represents the contact normal stress on the interface.
t7, It represents the contact tangent stress on the interface.

x Represents the contact interface mapping. This means that the values from the domain 1 are projected into the
domain 2.

xn Represents the discrete contact interface mapping. Discrete version of .

M The Lagrange multiplier solution space.

M The vector Lagrange multiplier solution space.

M, The discrete vector Lagrange multiplier solution space.

I, The normal contribution for the ALM frictional contact.

52 The local coordinates corresponding to the GP on the master side.
f; The local coordinates corresponding to the GP on the slave side.
n Represents the unitary normal vector for a given point.

7 Represents the complementary direction to the normal vector n.

71 Represents the first unitary tangent vector for a given point.

T2 Represents the second unitary tangent vector for a given point.

I The frictional (tangent) contribution for the ALM frictional contact.

Naea Represents the area normal vector for a given point. The area normal corresponds with the vector perpendicular
to the surface at a given point.

n Represents the averaged normal vector between adjacent entities.

n The normal of a neighbour entity to a given node.

k The scale factor used in order to define the contact £ contribution. Helps to improve the condition number (x) of
the system of equations.

t! The slave side contact traction.

c(t) Corresponds with the observer frame, which is frame indifferent.

Q(t) An orthogonal tensor considered in the slip frame indifferent formulation.

c(t) Itis the relative rigid body translation between the original spatial frame and observer c(t).
V- e It represents the tangential relative velocity of the contacting bodies.

0., It represents the nodal slip increment.

V. It represents the tangential relative velocity.

U' The solution spaces defined on the contact problem.

V' The weighting spaces defined on the contact problem.
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A This symbol is used in order to represent the slave active DOF in the algebraic representations of the contact
problem.

Z This symbol is used in order to represent the slave inactive DOF in the algebraic representations of the contact
problem.

M This symbol is used in order to represent the master DOF in the algebraic representations of the contact problem.
N This symbol is used in order to represent the DOF which are not involved in the contact problem.
S This symbol is used in order to represent the slave DOF in the algebraic representations of the contact problem.

sl This symbol is used in order to represent the slave active slip DOF in the algebraic representations of the contact
problem.

st This symbol is used in order to represent the slave active stick DOF in the algebraic representations of the contact
problem.

0? The displacements of the second (master) domain projected on the first (slave) domain on contact simulations.

0L¢ The unilateral contact contribution to the energy potential.

dn It represents the nodal weighted gap.

v, It represents the weighted relative velocity.

0Lintext The internal and external contributions to the energy potential.
0Lkin The kinematic contribution to the energy potential.

6L The unilateral contact constraint contribution to the energy potential.

0Lmnt The mesh tying interface contribution to the energy potential.

x' The coordinates on the first (slave) domain on contact simulations.

x2 The coordinates on the second (master) domain on contact simulations.

%2 The coordinates of the second (master) domain projected on the first (slave) domain on contact simulations.
X, The normal components of the coordinates of all nodes.

Xnam The normal components of the coordinates of the master nodes.

Xns The normal components of the coordinates of the slave nodes.

Adaptive remeshing

Ryrer This anisotropic relative radius is considered in order to enforce a higher level of anisotropy on the Hessian
metric tensor.

p The anisotropic ratio of the mesh, which indicates the anisotropic shape factor of the element, with 1 being isotropic
mesh and 0 a collapsed geometry.

anisotropic Anisotropic meshes are those that employ extremely narrow mesh elements.

ey The first component of the common basis in a metric (.#).
e> The second component of the common basis in a metric (.#).

es3 The third component of the common basis in a metric (.Z).

Vicente Mataix Ferrandiz Page 371 of 374



Adaptive remeshing Adaptive remeshing

f Scalar function used on the remeshing chapter to introduce concepts.

h The element size on the mesh.
hmax The maximum element size on the mesh.
Amin The minimum element size on the mesh.

hnew The new element size on the mesh.

ek This interpolation error defined in the Hessian metric remeshing.
€ The maximum level of error tolerated on the mesh elements.

Myu The linear interpolation of u in the mesh .7 in considering the FE shape functions (N).
K This identifies the element number K on the mesh .7},

./ The metric which defines the size of the elements in a mesh in all the directions.
1 The first metric considered in a metric intersection.
> The second metric considered in a metric intersection.
M aniso The metric considered in anisotropic mesh.

.# This metric defines a region that is minimal in volume.
¢ A constant independent of the current mesh .7;,.

¢4 A constant ratio of a mesh constant.

e(x) The vertices of a given geometry.

Ex ltis the set of edges of K.

€ The error threshold for the Hessian metric.

Miso The metric considered in isotropic mesh.

N Eigenvalues matrix of .Z .

" The common basis between two different metrics (.#).
& Eigenvectors matrix of /.

% Eigenvectors matrix of .7 .

4 It represents a certain mesh.

frorm The normalisation factor considered during the Hessian metric computation to adequate to the magnitude order
of the problem.

P The reference point considered in the construction of a metric.

a; The set of unknown parameters during the SPR.
e,sr The error measure for a certain variable var.
é,.r The error estimation for a certain variable var.

|e||l%2 The energy norm considered as an error measure.
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llellx The actual error in the element K.

7 The relative energy norm error.

Nthreshold 1€ relative energy norm error limit, or threshold, or sometimes also denominated permissible value.
" The nodal recovered stress values.

p The polynomial terms used to recover the stresses during the SPR.

o* The overall recovered stress values.

&k The refinement ratio for each element when considering an adaptive remeshing.

||elltreshoia The threshold error considered on the adaptive remeshing.

|lel| threshoin.x  The permissible error in the element K.

|ul|z The total energy of deformation.

u The exact solution of the PDE problem.

e, The FE error, the difference between the exact solution u and the FE solution uy,.

€, The interpolation error, the difference between the exact solution u and the interpolated solution [1,u.
u, The FE-solution.

X It represents the coordinates respect the interior vertex node of the patch x — x..

Plasticity and constitutive relations

associated plastic flow rule An associated flow rule can be interpreted as saying that the plastic strain increment
vector is normal to the yield surface (). This is denominated the normality rule.

non-associated plastic flow rule A non-associated flow rule is the normality rule is not fulfilled.

Qo The initial configuration.
2, The plastic configuration.
C The constitutive tensor.

C°T Material tangent moduli relating Truesdell rate of Cauchy stress tensor to the rate of deformation tensor.

F¢ The elastic deformation gradient.

FP The plastic deformation gradient.

RP The plastic rotation tensor.

R® The elastic rotation tensor.

U¢é, V€ The elastic stretch tensors (right and left).

UP, VP The plastic stretch tensor (right and left).

ey The elastic components of the strain tensor.
C® The elastic right Cauchy-Green tensor. Calculated as C® := (F¢)" - Fe.

C®P The elasto-plastic tangent operator.
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U The free-energy potential.
a The (strain-like) internal variables of the constitutive model.

J> The VM criterion. Denominated that way as corresponds with the second deviatoric stress invariant. It also
represents the distortion strain energy.

1 The kinematic plastic hardening internal variable.

T The Mandel stress tensor. The Mandel stress tensor is a convenient stress measure for finite plasticity.
Gy Fracture energy, the energy that has to be dissipated to open a fracture in a unitary area of the material.
v The Poisson ratio.

e The yield stress.

E The Young modulus of the material.

p The hydrostatic stress.

M, The plastic flow functions.

M, The general hardening flow function.

IC The plastic hardening function, which depends on the mechanical process.
A The plastic hardening parameter.

h.(o,q) The scalar function of plastic hardening.

h.(o,q) The tensor function of plastic hardening.

kP The internal variable of plastic hardening.

4 The plastic multiplier. Also denominated plastic consistency factor, it is a non-negative scalar which is determined
by the Prager consistency condition.

" The plastic potential.

LP The plastic velocity gradient.
q The (stress-like) internal variables of the constitutive model, usually the hardening variables.

S The stresses in the intermediate configuration.

W The stored energy potential for an hyperelastic material.

w The stored energy potential for an hyperelastic material expressed in terms of the Green-Lagrange strain.
e The strain tensor in Voigt notation.

o The stress tensor in Voigt notation.

M The total energy in the system in the final configuration.

[T* The total energy in the system in the initial configuration.

® The yield surface or discontinuity surface. Also denominated potential plastic surface.
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